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Abstract 

For several ordinary chondrite mineral phases,CIPW normative 

abundances are noticeably higher than modalabundances The discrepancy may 

result m part from the failure ofthe CIPW calculation to accountfor the A1 and 

Ca enriched mesostasis phasefound in ordinary chondrites. 

The discrepancy is relatively uniform among the analyzed chondrites and 

may not significantly affect certain petrologie trends that were uncovered using 

normative calculations. Specifically,the norm trend suggesting oxidation with 

increasing metamorphism(McSween and Labotka,1993)is supported by Fe 

enrichmentinH chondrite olivme and low-Ca pyroxene,and an increase in modal 

H chondrite olivme abundance. 

The chemical and mmeralogic data for H5 and H6values commonly 

overlap, possibly a result ofour small sample size or the misclassification ofone 

or more chondrites. However,overlap also appears m L and LL chondrite data 

(e g.,Gastmeau,2000;McSween and Labotka,1993)and may actually be the 

result ofthe gradational nature ofordinary chondrite metamorphism. Petrologie 

trends may be more apparentfrom analyses ofa wider range ofpetrologie types, 

as opposed to observations ofadjacent petrologie types. 

Plagioclase abundance did not appear to increase from type5 to type6in 

our meteorites,suggesting that plagioclase had crystallized completely by type 5. 

While mesostasis remains m type6 ehondrites,the plagioclase component 

appears to have devitrified during type 5 metamorphism. Geothermometers that 
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rely on plagioclase crystallizing during type6 metamorphism may not be valid 

HoAvever,the leading alternative — the pyroxene geothermometer— has its own 

pitfalls when applied to ordinary chondrites,including the possibility that high-Ca 

pyroxene may not have been completely equilibrated. 

The high-Fe chondrite Bumwell,while unique among the known ordinary 

chondrites,may not represent a specimenfrom a previously unsampled parent 

body. Many ofthe trends in our study indicate that Bumwell petrologic 

characteristics lie outside ofthe present range forH chondrites. However,in 

several trends,the gap between H chondrite and Bumwell 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 

m light ofpetrologic types other than type 4. 

Because normative and modal data are notidentical,previous applications 

ofnormative 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 6Hebe represents the best candidate 

for an H chondrite parent body. 
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I.Introduction 

Until the first asteroid samples are collected in situ,researchers mustrely 

on meteorites and spectral observations to study the thermal histories ofmeteorite 

parent bodies. Because chondrite mineral modes are difficult to determine by 

optical point counts,many studies rely upon normative minerals calculated from 
, / 

high-quality bulk chemical analyses(e.g.,McSween et al., 1991). As a result, 
1 w ' ' ' 'V ' 

several subsequentstudies have correlated asteroid spectra to normative ordinary 

chondrite mineral 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 ofchondntic meteorites. Therefore, 

the mineralogic trends researchers have observed in chondrites and inferred from 

asteroid spectra may potentially be artifacts ofthe normative calculations,notthe 

properties ofthe meteorites or their parent bodies. In light ofnew technologies 

that enable automated point counting(i.e., modal analyses)with an electron 

microprobe,normative trends can now be confirmed with modal mineral data. 

TheH chondrites comprise the largest ordinary chondrite group,and the 

conditions and timing oftheir 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)analyzedL andLL chondrites and 

found significant discrepancies between normative and modal mineral 

abundances. The present study expands on her research by determining ifa 

similar discrepancy exists in H chondrites. 
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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 ofMeSween and 

Labotka(1993)that oxidation accompanied the metamorphism ofordinary 

ehondrites,producing ohvme at the expense ofpyroxene and Fe metal. 

Additionally,welook at how progressive metamorphism within ordinary 

ehondrites is reflected by the devitrification ofglass to form plagioclase and how 

the process relates to chondrite geothermometery. Applying our conclusions,we 

explore the implications ofthe new modal data for asteroid speetroseopy — 

particularly for a proposed H chondrite parent body,asteroid6Hebe(Gaffey and 

Gilbert, 1998) Finally,we compare modal analyses ofthe extremely Fe-rich 

chondrite Bumwell to other ordinary ehondrites ofsimilar metamorphie grade. 

Bumwell has been suggested as the first sampling ofa new,low-FeO,high bulk 

Fe chondrite group(Russell et al., 1998),and our analyses will test that 

conclusion. 

Theimportance ofH ehondrites 

Ordinary ehondrites are the mostcommon meteorites among falls and m 

scientific collections. They are pnmarily classified on the basis ofFe content, 

oxidation state, and metamorphie grade. In 1953,Urey and Craig published a 

system ofnomenclature for ordinary ehondrites based upon the percentoftotal Fe 

m the meteorite and the proportion ofoxidized to reduced Fe The ordinary 



chondrites they analyzed fell into two groups,H(having high total Fe that is 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)m the 

dominant silicate phases as the defining parameter. In a plot ofFe/(Fe+Mg)m 

olivmes versus Fe/(Fe+Mg)m pyroxenes,they found three distinct groups,two of 

which are identical to theH and L groups ofUrey 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 mostthoroughly studied ordinary chondrites 

because they are much more abundantthan the LL chondrites and tend to yield 

clearer petrologic trends than the more severely shocked L chondrites. Because 

shock metamorphism has notreset 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 oflow-FeO chondritic material is either terrestrially 

weathered,is chemically disequihbrated,or occurs as silicate inclusions within 

HE iron meteorites However,Russell et al (1998)described the new meteonte 

Bumwell,which is a low-FeO chondrite and is a relatively equilibrated, 

unweathered fall. Weincluded Bumwellin our sample set,both to evaluate its 

modal relationships to theH chondntes and to expand further upon the previous 



studies ofL andLL chondrites by Gastineau(2000). 

The ordinary chondrites are subdivided based upon petrologic differences 

reflecting degree ofmetamorphism. 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 ofequilibration: homogeneity ofsilicate mineral compositions,ratio of 

low-Ca monoclimc pyroxene to orthorhombic pyroxene,absence(atlower 

metamorphic grade)ofwell crystallized feldspar,presence(at lower metamorphic 

grade)ofigneous glass within chondrules,compositions ofmetallic and sulfide 

minerals,homogenization and coarsening oftextures at higher metamorphic 

grades,and bulkC and H2O 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 H5 chondrite near the type-5 upper 

metamorphic extreme could be similar to anH6chondrite near the type-6 lower 

metamorphic extreme. From our presentresearch,we suggest that several 

mineral properties may overlap between H5and H6conditions 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 relying on siderophile element abundances(Sears and Weeks,1986)or 

measured oxygen fugaeity(Brett and Sato, 1984)suggest thatFe wasreduced 

with increasing metamorphism. However,relying on averaged normative 

mmeralogical data from McSween et al.(1991),McSween and Labotka(1993) 

observed thatin 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 olivme abundance increased with metamorphie grade atthe expense of 

pyroxene and metal. Their proposed mechanism can be expressed m the 

following reaction. 

Fe(metal)+O(possibly m H20) (hfg,Fe)Sl03(pyroxene) (M§jFe)2Sl04(olivine) 

McSween and Labotka(1993)proposed that progressive oxidation was 

promoted by small amounts ofan oxidizing fluid, possibly the byproduct ofthe 

heating ofices originally accreted into the parent asteroid. The progressive 

oxidation m the metamorphie sequence resulted from different degrees ofreaction 

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



ofthe fluid composition as it permeated through the asteroid(McSween and 

Labotka, 1993). 

Our study investigates the Fe oxidation trend and other petrologic 

variations forH chondrites,trends that Gastineau(2000)confirmed in modal 

analyses ofL and LL chpndntes. Foremost,she recognized that while olivine 

increased with progressive metamorphism,supporting the oxidation trend of 

McSween and Labotka(1993),the modal olivine/low-Ca pyroxene ratios were 

offset below the normative ratios. She suggested thatthe inconsistency may be 

due to the extremely reduced metal-bearing nature ofthe rocks. In addition,the 

Fe-Mg distribution coefficientfor olivine and hypersthene applied m CIPW norm 

calculations is differentfrom the actual partitions in the chondrites(McSween et 

al., 1991). 

Gastineau(2000)also recognized that the molarFe/Mn and Fe/Mg ratios 

within olivine,low-Ca pyroxene,and high-Ca pyroxene generally increasefrom 

petrologic types4to 6,although the trend is unclear forsome specimens. The 

observed trend reflects Fe enrichment within these mineral phases(Goodrich and 

Delaney,2000). Gastineau(200)suggested that as metal is oxidized during 

progressive metamorphism,Fe^"*" diffuses outwards into chondntic 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 ofFe/Mn and Fe/Mg,although some 



crossing implied disequilibnum in several meteorites. She suggested thatthe 

reason for disequilibrium was(1)the gradational boundaries between petrologic 

types,or(2)re-equilibration during cooling(following peak metamorphism). 

Gastineau(2000)concluded that forL and LL chondnte mineral modes,metallic 

Fe,pyroxene,and an oxidizing agentcombined to form olivine,following the 

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

Plagioclase abundance in the ordinary chondrites 

Another key trend in chondrite metamorphism is the conversion ofglass to 

plagioclase as metamorphism progresses. The increase in plagioclase abundance 

with metamorphism that Gastineau(2000)observed supports earlier studies(e.g. 

Van Schmusand Wood,1967);however,she also observed some high-silica 

phase(possibly glass)within the highly metamorphosed type6 meteorites. The 

occurrence ofa high-silica phase in type6 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 ofigneous glass and the development ofsecondary feldspar to be indicative 

ofincreasing petrologic type. Under their classification,igneous glass was scarce 

bytype4conditions and absent by type 5,when it was completely converted into 

feldspar. More recentthermoluminescence studies(e.g.,Sears et al., 1980)have 

shown thatsome 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 whetherthe 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 geothermometerto determine average temperatures for H6,L6,and 

LL6chondrites. However,their results forH6chondrites(725°-742°C)are 

generally lower than H6temperatures 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 ofthe different chondrite geothermometers. 

Asteroid6Hebe: A proposed parent body forH chondrites 

Several factors link asteroid6Hebe to the parent body forH chondrites, 

including size,location within the solar system,and most critically,inferred 

surface composition. Parent body size is determined fi-om internal heating 

models,ultimately derived from ordinary chondnte peak metamorphic 

temperatures. Thermal models based on the decay of^®A1(Miyamoto et al., 1981; 

Bennett and McSween,1996)indicate that parent asteroids have highly 

metamorphosed,type6chondrite material at their centers and grade outwards to 
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type 3 chondrite material at their rims. This stratified strueture is ealled the 

"onion-shell model,"in contrastto the"rubble pile"scenario proposed by Scott 

and Rajan(1981)and others which suggests thatsmaller bodies underwent 

various degrees ofmetamorphism and then accreted into the larger asteroid parent 

bodies. In addition,rubble piles could result from impact disruption and 

gravitational re-aeeretion ofa large,onion-shell body(Taylor et al., 1987). Gdpel 

et al.(1994)used U-Pb closure times in chondritic phosphates to confirm thatH6 

material cooled more slowly(i.e., at greater burial depth)than less equilibrated H 

chondrite material,supporting the onion-sheil model for the original structure of 

theH chondrite parent body. 

In revising the Miyamoto et al.(1981)model with the U-Pb closure times 

and other data,Bennettand McSween(1996)suggested thatthe radius ofthe H 

chondrite parent body ranged m size between 80km and 95 km. The range 

matches the radius ofasteroid6Hebe(Gaffey and Gilbert, 1998). The thermal 

model of6Hebe has since been refined by taking incremental accretion into 

account(Ghosh and McSween,2000),but the basic size parameters remain 

unchanged. 

In regards to location within the solar system,6Hebe 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 ve 

secular resonance(Williams and Faulkner, 1981). According to Williams(1973), 

a relatively low ejection velocity(280 m/s)can place6Hebe ejeeta — 



presumably theH chondrites — into the seeular resonanee,and eventually into 

Earth-crossing orbits,within 10^ years. 

The mineral assemblages on the surface of6Hebe also suggest a 

relationship with the H chondrites. As6Hebe rotates, different regions ofthe 

asteroid face the Earth at any given moment,and the regions reveal different 

spectra("rotational spectra")(Gaffey and Gilbert, 1998). The varied spectra 

suggest that several mineral assemblages coexiston 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 ofCloutis et al.(1986). On a plotofmineral 

reflectance versus wavelength,olivine and orthopyroxene assemblages produce 

absorption features at 1 pm(Band I)and2pm(Band II)(Cloutis et al,1986) 

Cloutis et al.(1986)found that the spectral position ofthe Band I minimum and 

the ratio ofthe areas ofBand II to BandI reflect the abundance and compositions 

ofthe olivme and pyroxene phases. Gaffey and Gilbert(1998)calculated an 

averaged H chondrite spectra using averaged H4, H5, and H6 olivine and 

pyroxene norm abundances(from McSween and Labotka,1993)and spectral 

observations ofseveral meteorites. They found that the averaged H-chondrite 

spectra and6Hebe rotational spectra are similar. 

Gaffey and Gilbert(1998)also compared the normative mmeralogie 

pattern ofincreasing Fe oxidation with petrologie type observed by MeSween and 

Labotka(1993)to the varied spectra("rotational spectra")of6Hebe(fig. 1). If 
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Figure 1: When the spectral characteristics ofasteroid6Hebe are plotted 
(specifically the relationship between the center ofthe Band I absorption feature 
and the ratio ofthe areas ofthe Band I and Band II absorption features),the data 
points overlap regions defined byH chondrite spectra. Gaffey and Gilbert(1998) 
suggest that the variety ofspectra forH chondrite petrologic types reflect varied 
mineral assemblages resulting from progressive oxidation(McSween and Labotka, 
1993). Because the surface of6Hebe overlaps the various petrologic types,Gaffey 
and Gilbert(1998)believe the asteroid is a rubble pile with a surface that reflects 
the differentH chondrite mineral assemblages. After Gaffey and Gilbert(1998)and 
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the norm oxidation trend reflects modal abundances,then the variations in olivine 

and orthopyroxene proportions on the surface of6Hebe may reflect the different 

oxidation histories ofthe materials now on the surface ofrubble-pile asteroid. 

Again,because so many ofthe chondrite to parent body comparisons rely upon 

normative mineral data,the comparison ofH chondntes to the surface mineral 

assemblage of6Hebe may have to be adjusted ifthe preexisting norm data do not 

reflect modal values. , 

Burnwell:a possible"HH"chondrite 

The Burnwell meteorite fell on September4,1990,smashing through the 

roofand front porch ofa home in Burnwell,Kentucky(Russell et al, 1998). 15.5 

X7X5cm in dimension,Bumwell displays several unusual mineralogic 

characteristics that distinguish it from other ordinary chondrites. According to 

Russell et al.(1998),it has lowerFa in olivine(15.8 mol%),lower Fs in 

orthopyroxene(13.4 mol%),lower Co in kamacite(0.36 wt%),lower bulk FeO 

(9.43 wt%),lower (0.51±0.02 per mil),and higher metallic Fe,Ni,and Co 

(combined 19.75 wt%from bulk wetchemical analysis)than observed inH 

chondrites. Ourresearch compares Bumwell modal mineral abundances to norm 

mineral abundances calculated from the bulk analyses ofRussell et al.(1998). In 

addition,we compare the petrologic properties ofH4,L4,and LL4chondrites to 

Bumwell— also classified as petrologic type4(Russell et al., 1998)— to 

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

Weanalyzed two thin sections for each petrologic typefrom H4through 

H6and one low-FeO chondrite.(;Table 1).'The chondrites were chosenfrom a list 

ofthose 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 ofterrestrial weathering products 

such as ferric oxides which alter the visible-near-mfrared(VISNIR)spectra. 

However,only oneH chondrite,Allegan(H5),was on the list ofspectrally 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 ofStoffler et al.(1991),we analyzed the six ordinary 

chondrites and Bumwell 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. 

ModalMineralogy 

Few modal data sets exist for the ordinary chondrites(e.g.;Bryan and 

Kullerud,1975)because ofdifficulties 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 ofpoints 

and identify grains that are only afew microns in size. Composition maps ofeach 

meteorite sample were made using the University ofTennesee's Cameca SX-50 
/ r 

electron microprobe,with each map consisting ofbetween 208,886(Allegan)to 

583,282(Bumwell)points depending upon thin section size. To compile the 

point counts,we first determined approximate compositions ofmineral phases 

using the Oxford Instruments(LINK)ModeleXL II energy-dispersive 

spectrometer(EDS). Wethen made modal composition maps using the EDS and 

the Oxford software FeatureScan 

FeatureScan is a semiquantitative technique,with an estimated precision 

of~10%ofthe amount present(Taylor et al., 1996). Asa spot is analyzed. 

Feature Scan compares the chemistry ofthe analysis to a user-defined list of 

possible mineral candidates,with certain characteristic element abundances 

serving as defining parameters(Table2m Appendix 5). Cracks,overlapping 

phases,or phases not included in the list are delegated to the"unclassified"bin. 

AsFeatureScan progresses,an EDS spectrum is acquired at every 4"^ pixel(each 

pixel 4.8|xm). The conditions for the acquisition ofX-ray data by the EDS were 

20kV excitation potential,3nA beam current,and a60 msec,counting time.The 

program then tabulates the modalabundance ofeach mineral. 

Because the modal analyses provided byFeatureScan are in area percent, 

we used the procedure ofGastineau(2000)to convert area percentinto weightper 

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 

ofspecific 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%Enfrom the quantitative analyses and applied the value to a standard 

graph ofspecific 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 Gastmeau(2000). 

Chemical Analyses 

Feature Scan does not give an exactchemical composition. Therefore,it 

was necessary to perform quantitative chemical analyses to determine the 

compositions ofprincipal minerals—ohvme,low-Ca pyroxene,and high-Ca 

pyroxene. Using a beam voltage of15 kV,a beam current of30nA,and a beam 

size of1 pm,we collected quantitative point analyses ofolivine and pyroxene 

grams using the Cameea electron microprobe Appropriate natural and synthetic 

standards were used. Matrix corrections were based onZAF procedures 

incorporated m the Cameea software. For the H5 and H6chondrites,we analyzed 

3 cores and 3rims for each gram ofolivine and low-Ca pyroxene,and4grains of 

each mineral per meteorite(Appendices2and 3). ForH4chondrites and 

Bumwell,we analyzed twice as many grams because the meteorites are less 

equilibrated. For high-Ca pyroxene,the grains were too small(most were less 

16 



than 10|j,m in diameter)to analyze a different core and rim region. Therefore,we 

analyzed 24individual high-Ca pyroxene grains perH5 and H6chondrite and 48 

grains perH4chondrite(and Bumwell)(Appendix 4). The need for many 

analyses wasjustified by the relatively wide range ofcomposition for each 

meteorite phase. 
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III.Results 

Petrologic trendsfor the H4-H6 chondrites 

There are significant, yet generally parallel, differences between the 
I 

normative and modal trends in all analyses(Table 3). The ratio ofolivme/low-Ca 

pyroxene(low-Ca pyroxene is orthopyroxene+pigeonite)increased with 

metamorphic grade m both normative and modal data sets(fig.2). While the 

trend appears to supportthe oxidation trend ofMcSween and Labotka(1993),H5 

values are greater than H6values. In addition,error bars for all three petrologic 

types overlap. In an attemptto 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 H6chondrites. 

In low-Ca pyroxene,the H6chondrites have the highest average modal 

abundance,yet the H4chondrites are more enriched than the H5. The normative 

mineral trend is more difficult to discern because ofthe wide spread in values 

between the two H5 chondrites(fig. 2). 

Plagioclase consistently increases in concentration from H4to H6,though 

as in other trends,there is significant overlap betweenH5 and H6 values(fig.4). 

In contrastto the observations ofL and LL chondrites by Gastineau(2000),the 

modal and normative trends do not converge in type6H chondrites. The trend 

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

the normative and modaltrends more closely parallel each other(fig. 5). 
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Figure 2; The above diagram shows that the H4 ehondrites contain less ohvine -
with respect to low-Ca pyroxene - than the H6 ehondrites. In light of the 
hypothesis of McSween and Labotka (1993), the trend suggests that Fe metal 
oxidizes during chondnte metamorphism, because olivine increases at the expense 
ofpyroxene and Fe metal. However, there is an overlap between the H5 and H6 
data. Standard deviation is 10% relative to the ratio value. 

20 



 

35 

^Buhiwell < > 0 
aH6 k S

r /-N30 □ H5 \ O 
oHA 

0 
25 

20 

■o 
L 

A 

15 i\ 

10 

i 
0 1 6 

/ 

i3 @ F7 
SiAI-Rich llmenite Taenite H igh-Ca Pyx Qlvlne 

1 
K-R ch Chnomite Su fide Magioclasi

P hos pha te Ka ma c ite P igeonite Low)-Ca P yx 
Figure 3: There exists an overlap between H5 and H6 modal abundances, particularly for the 
SiAl-nch phase, pigeomte, high-Ca pyroxene, the plagioclase phase, and olivine In addition, 
olivine appears to increase in abundance with metamorphism, as does high-Ca pyroxene, while 
pigeomte and the SiAl-nch phase appear to decrease. 

21 



 

 

 

11 0 

100 

sS- 90-1 

0) 

!c 80 
re 

? 7. 
3 

60< 
O I 
w 50 
re 

o 
O 40 ONorm 

"5) •Mode 

iS 30 Burnwell Mode 
Q. 

20 

H4 H5 H6 

Petrologic Type 

Figure 4: Plagioclase concentrations increase with progressive metamorphism. 
Because the H5and H6values overlap,no new plagioclase appears to form after 
H6 conditions. The modal and normative data do notconverge atH6 as they do for 
the L and LL chondrites in Gastmeau(2000). Standard deviation is 10% relative. 

22 



�

60 

—' 50 
0) 
o 
c 
(0 
X3 40 
c 
3 
n 

< 
30 -

o 
c 
0) ♦
X 
o 

>» 
20 i ONorm 

Q. 
•Mode 

(0 

O 1 0 
Burnwell Mode 

£ 
O) 

00 

H4 H5 H6 

Petrologic Type 
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Chemical analyses ofmineral phases 

Goodrich and Delaney(2000)analyzed Fe-Mg-Mn relations between 

different meteorite groups by plotting bulk molarFe/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 4-6L and LL chondrites to 

determine Fe-Mg-Mn relations between these meteorite groups Shefound that 

Fe enrichment could be seen with increasing metamorphism in L chondnte 

olivme and low-Ca pyroxene,and in LL chondrite high-Ca°pyroxene. ForH 

chondrites,the concentration ofFe generally increases from petrologic type4to 

type 6,m both our data and data from earlier studies(e.g.,Wang and Rubin, 

1987),supporting the hypothesis ofoxidation with metamorphism(fig.6). 

Tie lines between the mineral phase data points are generally parallel from 

low-Ca pyroxene to olivine,butsome crossfrom low-Ca pyroxene to high-Ca 

pyroxene(fig.6). The crossing may suggestthat the olivine and low-Ca pyroxene 

reached equilibrium m terms ofFe distribution, whereas high-Ca pyroxene may 

not 

The high-Ca pyroxene dis-equilibrium may be because the mineral failed 

to reach equilibration temperatures for a significant duration oftime. In addition, 

the high-Ca pyroxene continues to form dunng metamorphism,so metamorphic 

histories for grains from the same meteorite may differ. 

Plots ofminor element concentrations support the obseryation ofFe 

enrichment within several phases. In olivine(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 pattern forFed enrichment(fig. 9). 
'i ' ' -

Burnwell 

Several graphs showed Bumwellto be distinct from the other chondrites. 

Comparing olivine/Iow-Ca pyroxene ratios among the LL4,L4,and H4 

chondrites and Bumwell(fig. 10),Bumwell has the lowest value. In fig. 10,the 

offset between Bumwell and theH group is greater than the offset betweenH and 

L,but less than the offset betweenL and LL. On a diagram showing Fe-Mg-Mn 

relationships m Bumwell,two H4chondrites,an L4chondrite,and an LL4 

chondrite(fig. 11),Bumwell olivme and low-Ca pyroxene are depleted in Fe. In 

addition,Bumwell high-Ca pyroxene is enriched in relation to H4but depleted m 

relation to L and LL. However,Bumwell values are far closer to the H4values 

than the H4is to L4orL4is to LL4. 

In an olivme/low-Ca pyroxene comparison between Bumwell and H4-H6 

chondrites(fig. 2),Bumwell plots far below the other meteorites,with error bars 

noteven overlapping the H4values. When Bumwellolivme and low-Ca 

pyroxene abundances are analyzed separately againstthe H4-H6chondrites(fig. 

3),the Bumwell olivine abundance is substantially lower than the other 

chondrites,well below the H4values. On the same plot,the low-Ca pyroxene 

abundance is substantially higherthan the other chondrites,although the relation 

to petrologic trends is clouded by the overlap ofthe H4, H5, and H6 values. 
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The abundance ofplagioclase in Burawell is also lower than in the other H4 

chondrites,again without overlapping error bars(fig.4). However,the abundance 

ofhigh-Ca pyroxene in Bumwell is identical to thatin the lower ofthe two H4 

chondrites(fig. 5). For Bumwell minor elementconcentrations in olivme,no 

clear trends were apparent. However,oxidized Fe was significantly lowerthan in 

the otherH chondrites.— as mightbe expected from an extremely metal-rich 

chondrite with strong type4character. 

Forlow-Ca pyroxene,only Cr203 and AI2O3 were substantially more 

abundantthan in the other chondrites. However,the concentration ofCaO was 

higher than the otherH chondrites,on the opposite side ofthe trend from the H4 

chondrites. FeO concentration was not as depleted as in olivine,butthere is a 

~0.5 wt%gap between Bumwell values and the lowestH4values. 

In Bumwell high-Ca pyroxene,Bumwell wasthe most enriched in Na20, 

AI2O3,Cr203,and FeO. However,CaO is substantially depleted for high-Ca 

pyroxene in relation to the otherH chondrites(extending a possible H4trend). 
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 \ , IV.Discussion 

Similarities and differences in normative and modaltrends 

As Gastineau(2000)found in Land LL chondrites,there is also a 

discrepancy between normative and modal mineralogies inH chondrites. In 

graphs relating petrologic type to the ratio ofolivine/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,it may be possible to devise 

correction factors to apply to the pre-existing sets ofordinary ehondrite norms. 

Gastineau(2000)suggested thatthe 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 inapplicability ofthe CIPW norm 

calculation to extremely reduced metal-bearing chondrites. We believe that for at 

least high-Ca pyroxene and plagioclase,the inconsistency may also resultfrom 

the presence m the meteorites ofa mesostasis that is notconsidered m the CIPW 

norm. Additional analyses,including thin sectionsfrom various regions ofthe 

same meteorite,may help clarify what corrections are needed. 

The trend ofoxidation with progressive metamorphsim observed m 

normative minerals by McSween and Labotka(1993)is generally supported by 

our modal data;however,the similarities are not straightforward. The mam 

reason is thatthe trends that we observed do notfollow a linear progression,and 
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in many cases,the less metamorphosed H5 chondrites display the mostextreme 

concentrations(or depletions). The overlap ofH5 and H6values is relatively 

subtle compared with the gap between these chondrites and type 4,and it actually 

appears to reflect an overlap ofH5and H6values. From both ofour principal 

oxidation parameters— the ratios ofolivine/low-Ca pyroxene and Fe-Mg-Mn 

relationships —there appears to be some overlap between adjacent petrologic 

types(including type4and type 5). Many ofthe minor element comparisons also 

revealed an overlap ofH5 and H6data,but there is a gap between these values 

and H4values. 

Patterns ofoverlap may also be presentin L and LL data. The 

olivine/low-Ca pyroxene data in Gastineau(2000)show a type 5-6 overlap with 

modalLL data and perhaps a type 4-5 overlap with modaltypeL data. Her plot 

ofnormative data also shows the possibility ofan overlap oftype 4-5 m LL. The 

normative analyses ofMcSween and Labotka(1993)showing%fayahte m 

ohvme and%ferrosilite in pyroxene show an H5-H6 overlap in one olivme data 

set(from Mason,1974),H4-H5 overlap m another ohvme 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 observed may suggestthat our small data setincludes 

H5 chondrites with ohvme,pyroxene,and plagioclase concentrations at the higher 

end ofthe H5range and/orH6chondrites with properties at the lower end ofthe 
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H6range. The petrographic distinction between type5 and6chondrites is based 

on broad classifications ofnear to complete obliteration ofprimary textures and 

the extensive developmentofplagioclase grains(Van Schmus and Wood,1967). 

Asa consequence,it may be easy to misclassify chondrites that are near the 

border for classification. Ourown observations ofthese 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 ofsampling size. 

Taking into consideration the possibility that petrologic types may 

overlap,the oxidation trend ofMcSween and Labotka(1993)wasrecognized in 

both our normative and modal data sets. The61ivine/low-Ca pyroxene ratio for 

both norm and mode followed the oxidation trend(fig 2) However,because of 

differences in H5 normative values,it was impossible to determine iftrends were 

parallel When each mineral was analyzed separately(fig. 3),an increase in 

olivme abundance was 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 ofthe few strong differences between normative and modal mineralogies m 

our analyses oftheH chondrites. 

Oxidation with metamorphism is also seen in a comparison ofthe Fe-Mg-
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Mnrelationships in olivine,low-Ca pyroxene,and high-Ca pyroxene(fig. 5). The 

trend was most apparent in olivine,and was least apparent in high-Ca pyroxene. 

The diffuse data in the diagram may be partially explained by the overlapping 

nature ofchondrite 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 

ofpyroxene,with type4chondrites containing mostly low-Ca pyroxene and type 

5 and6 containing more calcic pyroxenes. Manyofthe high-Ca pyroxenes that 

we observed are very small(less than 10 pm across)and appear to haveformed 

from Ca- and Al-rich mesostasis or along rims oflow-Ca pyroxenes,suggesting 

thatCa diffusion between phases may have also continued. 

The main difference between our results and those ofGastineau(2000)is 

her observation ofa convergence between normative and modal high-Ca 

pyroxene abundances bytype 6. Webelieve thatthe convergence ofhigh-Ca 

pyroxene mode and norm abundances in Gastmeau's data,m addition to her 

observation ofconvergence for plagioclase mode and norm abundances,may 

resultfrom her exclusion ofthe SiAl-rich phase from her type6analyses. 

Both our data and that ofGastineau(2000)show mesostasis in type6 

chondrites(expressed as SiAl-rich phase and K-nch phase m our modal 
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abundances). The mesostasis has a vaned composition,and is enriched in A1 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 A1 and Ca and appear 

more abundant..The result is the relatively parallel discrepancy that we observed 

forH chondrite modal and normative mineralogies(figs.4and 5). 

However,when Gastineau(2000)did notinclude the SiAl-nch phase and 

K-rich phase in her type6analyses,the mesostasis ended up in the"unclassified" 

bin. Because mostofthe phases m ordinary chondrites are well known and were 

included in our criteria list, the unclassified category was largely reserved for 

analyses ofcracks or overlapping phases. When Gastineau removed the 

unclassified elementsfrom her modal analysis totals and normalized the 

remaining data to 100%,she was also removing the mesostasis phases. This 

resulted in an artificial inflation ofthe remaining phases. An artificially enhanced 

modal value will be more likely to converge with a CIPW normative value,and 

we believe this is what occurred with the L and LL chondrite plagioclase and 

high-Ca pyroxene abundances. 

Geothermometryin ordinary chondrites 

Researchers have applied various geothermometers to ordinary chondrites; 

however,each method has yielded a different set oftemperature values. Using 

the two-pyroxene geothermometer ofLindsley and Andersen(1983),we 

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

geothermometer(Table 4). In addition,weshow that the Fe-Mg order-disorder 

closing temperatures in orthopyroxenes observed by Folco et al.(1996)may not 

affectFe-Mg-Mn interdiffusion between low-Ca pyroxene,high-Ca pyroxene, 

and olivme that occurred at higher metamorphic temperatures. 

In pyroxene geothermometry,crystallization temperatures are interpreted 

from the partitioning ofCa between coexisting high-Ca and low-Ca pyroxenes 

(Lmdsley and Andersen,1983). The pyroxene geothermometer assumes that the 

two pyroxenes are in equilibrium; however,the high-Ca pyroxene-derived 

temperature in chondrites,as read from temperature contours on the pyroxene 

quadrilateral ofLindsley and Andersen(1983),can differ from the low-Ca 

pyroxene-derived temperature. In their study ofLL6 chondrites,McSween and 

Patchen(1989)determined high-Ca pyroxene temperatures of900-960°C and 

low-Ca pyroxene temperatures of800-900°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 

mighthave been different. They also suggested the possibility that both phases 

were once m equilibrium,butthe low-Ca pyroxene might have re-equilibrated at a 

lower blocking temperature than the high-Ca pyroxene dunng 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 ofpeak metamorphism. However,the 
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Table 4. GeothermometryforH Chondrites 

Two-Pyroxene Geothermometery 

Low-CaPyroxene' High-Ca Pyroxene' Both Pyroxenes^ 

Canon City(H6) 

Chiang Khan(H6) 

Ucera(H5) 

Allegan(H5) 

Girgenti(L6)̂  
Saint Severm(LL6)̂  

800°C 

800°C 

800°C 

800°C 

850°C 

825°C 

675°C 

800°C 

675°C 

625°C 

790°C 

725°C 

904±45°C 

877±64°C 

879±53''C 

886±43°C 

893±47°C 

895±33°C 

Plagioclase Geothermometry 

H6 

L6 

LL6 

725-742°C 

808-820°C 

800°C 

1-Estimated from the graph ofLmdsley(1983). Error is±50°C. 
2-Pyroxene analyses ofGastineau(2000). 
3-Calculated using the QUILF program ofAndersen et al.(1993). 
4-Reported by Nakamuta and Motomura(1999). 
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pyroxenes may not have reached equilibrium with each other. Many ofthe high-

Ca pyroxene grains occur as rims on low-Ca pyroxene,however we observed a 

substantial number ofgrains as an exsolved phase within the Ca-nch mesostasis. 

In addition,the high-Ca pyroxene appears to not have equilibrated in terms ofFe-

Mg-Mn diffusion(fig.6). 

Jones(1997)suggested thatthe 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 in equilibration may be related to the slopes ofthe 

pyroxene solvus limbs;for the same temperature interval,a greater change ofCa 

composition is observed m low-Ca pyroxene than m high-Ca pyroxene. They 

suggested that the greater high-Ca pyroxene temperatures may be inherited from 

the onginaligneous chqndrule crystallization,reflecting the sluggish diffusion of 
1 ^ I , 

Ca atlower temperatures and relatively dry conditions. However,ifthe two 

coexisting pyroxenes never equilibrated,then thermodynamically the pyroxene 

geothermometer may not be appropriate for our chondrites. 

Our data show Fe-enrichment m olivine and low-Ca pyroxene with 

increased metamorphism buta diffuse trend in high-Ca pyroxene(fig.6). The 

patterns suggest thatFe-Mg-Mn diffusion in olivine is fastest,slower m low-Ca 

pyroxene,and slowestin high-Ca pyroxene. Ca diffusion is slower than Fe,Mg, 

and Mn(Jurewiczand Watson,1988),so Figure6suggests that high-Ca pyroxene 

may not have reached equilibrium. Either Jones(1997)is correct that high-Ca 
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pyroxenes reflect pre-accretionary igneous crystallization temperatures,or the 

olivines and low-Ca pyroxenes have re-equilibrated at lower temperatures. From 

Figure6 and an analysis ofhigh-Ca pyroxene minorelement data,it appears that 

the first suggestion may be correct and high-Ca pyroxene yields only pre-

accretionary temperatures. 

Because ofthe possibility that ourH5and H6chondrites experienced 

similar metamorphism,we graphically determined temperatures for all four of 

these meteorites using the Lindsley(1983)geothermometer(Table 4). We also 

determined temperatures forL6 and LL6 chondrites using the pyroxene analyses 

ofGastineau(2000). Given 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 ofAndersen et al.(1993), 

which takes minor elements in pyroxenes into account(Table 4). While our type 

5 and type6chondrites had overlapping temperatures,Allegan(H5)had the 

lowest high-Ca pyroxene temperature of600-650°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 

ofthe greatest high-Ca pyroxene temperatures(~740°C). From the one L6 

chondrite ofGastineau(2000),we derived temperatures of850°C for low-Ca 

pyroxene and 775-800°C for high-Ca pyroxene. From one LL6 chondrite of 

Gastineau(2000)we derived temperatures of800-850°C forlow-Ca pyroxene and 

675-775°C for high-Ca pyroxene. Our results do notfollow the trend for 
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pyroxene-derived temperatures inLL chondrites by McSween and Patchen 

(1989),whofound higher temperaturesfor high-Ca pyroxenes,butthey may 

supportstudies that suggestthatL and LL chondrites were subjected to higher 

temperatures thanH 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 values and trends differ from those ofMcSween and 

Patchen(1989). 

The plagioclase geothermometer(e.g.,Nakamuta and Motomura,1999)is 

based on disordering ofSi and A1in the crystal lattice ofsodic plagioclase with 

increasing temperature. Nakamuta and Motomura(1999)analyzed several 

sectionsfrom three H6chondrites,two L6 chondrites,and one LL6chondrite,and 

found temperature ranges of725-742°C for H6,808-820°C for L6,and 800°C for 

LL6. The spread ofour pyroxene temperature values makes a direct comparison 

difficult, but the plagioclase values are generally within our range ofdata. 

The plagioclase thermometer relies upon thermodynamic influences 

within a single crystal,and therefore does not depend on the diffusion ofions 

between two minerals. A range ofordering is observed within plagioclase grains 

m a given chondrite,and Nakamuta and Motomura(1999)selected the least 

ordered plagioclase grains thatthey could identify. However,even the least 

ordered grains may not represent the peak metamorphic conditions ifno new 

plagioclase wasforming under type6 conditions. 

While mesostasis is observed in ourH6chondrites,plagioclase abundance 
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does not appear to inerease after type5(fig.4). Our analyses agree with earlier 

studies(e.g.,Sears et al., 1980)that suggest plagioclase has largely crystallized by 

type5 conditions. Ifthis is true,then temperatures recorded by the plagioclase 

thermometer would be type5temperatures,notthe peak ehondrite temperatures 

oftype 6. However,to determine peak metamorphie temperatures the most 

equilibrated type6chondrites need to be analyzed. 

Folco et al.(1996)measured ordering ofFe 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 suggestthat the various ehondrite petrologic types all 

experienced similar temperature-time conditions when they cooled through this 

interval. Our analyses show that even ifordering reflects a period ofcooling,Fe-

Mg-Mn interdiffusion between pyroxenes and olivine withinH chondrites 

changes progressively with metamorphism and is 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),H5(0 197),and H6(0.208)chondrites from the 

data ofFoleo et al.(1996),as well as for pyroxenes and olivme inL and LL 

chondntes(Gastmeau,2000). 

Applications to the search for theH6parent body 

Gaffey and Gilbert(1998)used the normative mineral abundances of 

MeSween and Labotka(1993)— ultimately derived from MeSween et al.(1991) 
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—to calculate averageH chondrite spectra and link these spectra to6Hebe. In 

addition,Gaffey and Gilbert(1998)used the same data set to determine the 

effects ofimpacts on the FeNi metal abundances at the surface of6Hebe 

(although many researchers attribute the observed spectral reddening to space 

weathering,not metal). Because our study suggests that normative and modal 

data are notidentical,spectral comparisons are drawn into question. However, 

because Gaffey and Gilbert used averaged values,the overlap between6Hebe 

spectra and H chondrite spectra will probably persist,even ifthe specific values 

oftheir data set change. 

Gaffey and Gilbert(1998)also used the Fe oxidation mechanism of 

McSween and Labotka(1993)to link6Hebe more generally to theH chondrites. 

Because the link is based upon a normative mineral trend that is also paralleled m 

the modal minerals, the comparison should be unaffected. However,with 

similarities in H5 and H6chondrites adding confusion to the oxidation trend,care 

should be taken m how the trend is applied to sjpectral variation(Gaffey and 

Gilbert 1998). Because none ofour results appear to invalidate the data presented 
i 

by Gaffey and Gilbert(1998)and others,we believe6Hebe remains the leading 

candidate for theH chondrite parent body. 

Burnwell's place among the ordinary chondrites 

In almostevery analysis,thqlow-FeO,type4chondrite Bumwellremains 

unique,although like Russell et al.(1998),wefound Bumwellto be mostsimilar 

'44 



to the H4chondrites. In plots comparing Bumwellto the H4-H6 chondrites, 

Bumwell abundances he on the H4side ofthe graphs,often appearing to be an 

extreme extension ofthese values(figs.2-4). In addition,the modes we 

determined for Bumwellshow the same discrepancy between norm and mode as. 

is seen in the H chondrites(fig. 12). 

The graphs ofohvme/low-Ca pyroxene(figs.2and 10)are the most 

suggestive ofBumwellrepresenting a new group — although they are not wholly 

convincing In these graphs,Bumwell plots far below the other chondntes, 

fartherfrom the H4chondrites than the H4chondrites arefrom theL4chondrites. 

When olivme and low-Ca pyroxene are analyzed separately(fig. 3). In addition, 

Bumwelllow-Ca pyroxene abundance is substantially higher than in the other 

chondrites,while olivine abundance is substantially lower than in the other 

chondrites. The abundance ofplagioclase in Bumwell is also substantially lower 

than in the other type4chondrites(fig.4),and Bumwell contains the highest 

abundance ofthe SiAl-rich component(Table 3),suggesting abnormally high 

concentrations ofglass However,the concentration ofhigh-Ca pyroxene m 

Bumwell is identical to the concentration in the lower ofthe twoH4chondrites 

(Farmville),again implying greater similanties to the H4chondrites. 

On the Fe-Mg-Mn plot(fig. 11),Bumwell olivine and low-Ca pyroxene 

phases are depleted in Fe,while the high-Ca pyroxene phase is enriched,relative 

to the other chondrites(including H4). This would seem to suggestthatBumwell 

is independentofthe H group;however,for both olivine and low-Ca pyroxene, 
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Figure 12: Type 4 ordinary chondntes in 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 olivine/(low-Ca 
pyroxene + pigeonite) and references our data for Bumwell and H4, and the data of 
Gastineau (2000) for L4 and LL4 data. 
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Bumwell plots much closer to H4chondrites than H4plots in relation to L4,orL4 

plots in relation to LL4. The minor element concentrations for Bumwellfollowed 

similar pattems,although the mostobvious was the FeO depletion in olivine and 

low-Ca pyroxene and enrichment m high-Ca pyroxene. Generally,the low-Ca 

pyroxene CraOa was substantially more abundant,as was olivine AI2O3and CaO 

The CaO abundance is opposite the trend ofthe H4ehondrites,which may reflect 

the overall lack ofhigh-Ca pyroxene in Bumwell. In high-Ca pyroxene,CaO is 

aetually depleted far below the other chondrites and FeO is more abundant, 

although the overlap ofthe data makes any H4-H6 trend impossible to 

distinguish. Bumwellhigh-Ca pyroxene was also the most enriehed m Na20, 

AI2O3,and Cr203 

Beeause Bumwellplotted as the farthest extreme for type4chondrites on 

most,but not all,graphs and because those extremes were generally large,it may 

well represent a distinct type ofchondrite. However,without any type 5 or type6 

low-FeO chondrites to compare to Bumwell,our studies do not resolve whether 

Bumwell actually represents a new high bulk Fe,"HH"group 
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V.Conclusions 

Our research concludes that the mineral abundances computed forH 

chondrites by the CIPW normative calculation are significantly differentfrom the 

modalabundances determined for these meteontes. The discrepancy may result 

in partfrom the failure ofthe CIPW calculation to accountfor the Al- and Ca-

enriched mesostasis phase that is found in ordinary chondrites ofall petrologic 

types 

The discrepancy is relatively uniform from chondrite to chondrite and 

does not greatly affect mineralogic trends with metamorphism that were identified 

using normative calculations(McSween and Labotka, 1993). We determined the 

variations in the modal ratio ofolivine/low-Ca pyroxene m H chondrites and 

found that olivine does increase in abundance,supporting the oxidation trend. We 

also plotted modalFe-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 ofthe study,it also became apparent that data from 

adjacent petrologic types frequently overlapped,particularly for H5 and H6 

chondrites. The overlap may be an artifact ofour small data set or the 

misclassification ofone or more ofour equilibrated chondrites. However,overlap 

also appears m L and LL chondrite data(e.g., Gastineau,2000;McSween and 

Labotka,1993)and may actually be the resultofthe gradational nature of 

ordinary chondrite metamorphism. Petrologic trends may be more apparentfrom 
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analyses ofa wider range ofpetrologic types,as opposed to observations of 

adjacent petrologic types. 

Weconclude that plagioclase crystallized completely by type 5,otherwise 

type6abundances would be substantially higher than type5 abundances. While 

Al- and Si-rich mesostasis remains in type6chondrites,the plagioclase 

component appears to have devitrified completely during petrologic type5 

metamorphism. Therefore,thermometers which rely on plagioclase crystallizing 

during type6metamorphism may not be valid. However,the altemative —the 

two-pyroxene geothermometer— has its own pitfalls when applied to ordinary 

chondrites. Ifthe pyroxene geothermometry for our specimens is valid,our data 

may suggest a greater agreement between low-Ca and high-Ca pyroxene 

temperatures than previously found and closer agreement with plagioclase 

geothermometry than earlier comparisons. 

We also provide additionaldata confirming thatBumwell is unique among 

the known ordinary chondrites,although its differences may not be sufficient to 

confirm a new HH group. Hopefully,additional low-FeO falls will find their way 

into research collections,and the classification can be determined in the light of 

petrologic types other than type 4. 

Because normative and modal data are notidentical,the previous 

applications ofnormative data to asteroid spectroscopy should be revisited. 

While trends and overall conclusions probably will notneed adjustment,the 

comparisons between asteroid andH chondrite spectra may need to be re-
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evaluated. Since overall eonelusions should persist in the light ofnew modal 

data,we still believe that asteroid6Hebe represents the best candidate for anH 

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

H6 H6 HS H5 H4 H4 HH4 

Canon City Chiang Khan Ucera . Aiiegan Farmviiie Avanhandava Burnweii 

ri8i risi [24] 1241 1481 1451 1341 

Si02 388(2) 392(2) 39.2(2) 392(4) 397(3) 39.2(5) 39.5(3) 

A1203 <003 <003 <0.03 <003 <0.03 <0.03 <0.03 

MgO 426(5) 42.6(3) 432(3) 43.5(4) 43.7(3) 432(3) 45 1(6) 

Na20 <0.03 <003 <0.03 <003 <0.03 <0.03 <003 

CaO <003 <0.03 <003 003(1) 004(3) 0.04(6) <0.03 

Ti02 <0.03 <003 <0.03 <003 <0.03 <0.03 0.04(5) 

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

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

Cr203 003(3) 0.03(3) 003(3) <0.03 <003 <0.03 004(3) 

Total 1000 999 1004 1000 1002 99.6 100.4 

Cations based on4oxygens 

Si 0990 0998 0993 0.994 1 001 0996 0991 

Ai 0000 0.000 0000 0000 0000 0000 0000 

Mg 1 622 ,1 616 1 631 1 644 1.644 1 637 1 684 

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 3009 3001 3007 3005 2998 3002 3007 

Fe/Mn 4043 3736 38.50 3605 35.52 3651 ' 3238 

Fe/Mg 0238 0.233 0.228 0216 0207 0218 0189 

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

were notrounded 

2~For all tables,number ofanalyses appears m brackets 
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Appendix 3: Low-CaPyroxenes(wt%) 

H6 H6 H5 H5 H4 H4 HH4 

Canon City Chiang Khan Ucera Allegan Farmville Avanhandava Burnwell 

1201 1221 121] [221 [441 [451 [43] 

Si02 558(3) 56.2(4) 56.1(4) 56.4(5) 57.1(3) 56.6(4) 563(8) 
A1203 0.18(2) 016(5) 0.15(4) 020(7) 018(15) 021(17) 053(57) 
MgO 31 0(1) 30.7(3) 31.3(3) 31.5(1) 31.5(2) 31 0(3) 31.9(11) 
Na20 <0.03 <003 <0.03 <0.03 <003 <003 005(7) 
CaO 0.79(11) 0.69(7) 0.73(12) 071(17) 052(8) 066(17) 0.87(105) 
Ti02 0 17(2) 0.14(3) 0.14(5) 0.17(4) 014(8) 018(10) 0.15(9) 
FeO 11 2(2) 11 1(2) 11.2(2) 10.6(2) 10.2(2) 107(2) 9.66(49) 
MnO 0.48(3) 049(3) 0.49(4) 0.49(4) 0.48(4) 050(3) 048(5) 
Cr203 0.16(6) 0 13(5) 0.11(4) 014(10) 0 12(6) 0.15(14) 0.38(48) 

Total 99.7 996 997 1002 1003 1000 1003 

Cations based on6oxygens • 

Si 1 979 1 992 1 886 1 984 1998 1 995 1 973 

A1 0007 0007 0.006 0.008 0008 0009 0.022 

Mg 1 639 1.624 1.567 1.650 1.646 1.626 1 665 

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 0004 

Fe 0.332 0328 0315 0313 0299 0315 0283 

Mn ' 0.014 0.015 0.014, f. .0015 0.014 0015 0.014 

Cr 0005 0004 0003 0004' 0003- 0004 0011 

Total 4011 4001 4018 4006 3993 3994 4008 

Fe/Mn 23.03 , 22 13 2302 2145 21 00 21 01 1996 

Fe/Mg 0.202 0202 0201 0 190 0 182 0 194 0170 
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Appendix 4: High-Ca Pyroxenes(wt%) 

H6 H6 H5 HS H4 H4 HH4 

Canon City Chiang Khan Ucera Allegan Farmville Avanhandava Burnvrell 

[211 [251 [241 [211 1391 [441 [211 

Si02 537(4) 545(5) 539(2) 54.8(3) 53.7(9) 545(7) 534(16) 
A1203 076(4) 06(2) 0.59(20) 051(11) 1 00(62) 084(50) 240(185) 
MgO 16.7(3) 174(3) 169(2) 16.9(2) 18.5(20) 16.7(4) 196(26) 
Na20 059(11) 053(5) 0.54(10) 054(5) 053(10) 0.58(9) 073(22) 
CaO 222(3) 22.4(4) 22.5(5) 227(2) 202(29) 226(3) 170(30) 
Ti02 054(11) 048(8) 0.49(3) 0.39(8) 049(20) 050(23) 0.58(47) 
FeO 366(14) 355(24) 3.52(24) 3.23(14) 389(97) 3.20(17) 4.59(114) 
MnO 023(3) 022(3) 023(4) 023(3) 0.25(5) 0.22(3) 0.32(7) 
Cr203 090(18) 079(10) 078(7) 073(7) 0.95(32) 094(39) 1 36(44) 

Total 993 1005 99.4 1000 994 100 1 999 

-Cations based on6oxygens 
Si 1 975 1 978 1 978 1 995 1 962 1 983 1 934 

AI 0033 0026 0026 0022 0043 0036 0 103 

Mg 0.915 0.942 0.925 0.916 1.007 0.905 1 055 

Na 0.042 0.037 ' 0.038 0.038 0.037 0041 0051 

Ca 0.876 0.870 0.884 0.885 0.791 0882 0659 

Ti 0015 0013 0014 0011 0013 0014 0016 

Fe 0.113 0 108 0108 0098 0 119 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 4001 4004 4003 3992 4008 3992 4005 

Fe/Mn 15.66 1596 15.10 14.16 15 26 14 19 14.07 

Fe/Mg 0123 0 114 0117 0107 0 118 0 108 0 131 
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Appendix 5: Table2-ChemicalParametersfor MineralPhases 

MineralPhase' 

Olivine 

Low-Ca Pyroxene 

High-CaPyroxene 

Pigeonite 

FeS ' 

Kamacite 

Taemte 

Plagioclase 

Phosphate 

Chromite 

Ilmenite 

K-nch Phase 

SiAl-rich Phase 

Defining Cnteria^ 

Mg:20-52,Si: 32-53,Ca- 0-3 

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

Mg:7-20,Si:47-62,Ca: 15-40,Al:0-6 

Mg:12-30,Si.48-65,Ca:4-12 

S- 20-70 

Fe:85-101,Ni.0-10 

Fe.50-100,Ni: 10-35 

Al- 12-35,Si:54-74,Na.2-7,K:0-4 

P- 10-57,Ca- 25-70 

Cr- 15-80 

Ti:20-100 

Si: 50-80,K:4-20 

Si.40-85,Al:4-12 

Note These criteria, based upon preliminary EDS analyses,apply only to the mineral phases m ourH 
chondrite specimens 

1-The criteria are m terms ofpercentage ofspectrum as provided by the Feature Scan software The 
values are similar to the oxide weight percentages for given elements The seemingly wide ranges allow 
mineral phases to be appropriately classified even ifthey partially overlap adjacent phases 

2-The phases are organized according to a first-fit For example,ifan analyzed phase does not meetthe 
olivme criteria.Feature Scan compares the phase to low-Ca pyroxene Ifthe analyzed phase does not meet 
the low-Ca pyroxene criteria, it is compared to the next mineral phase on the list m descending order until it 
finds the first match 
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