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ABSTRACT 

The unique mineral and chemical composition of enstatite 

chondrites has been difficult to explain. Contrary to the 

conclusions of other workers, there is no evidence for a 

significant chemical difference between EH and EL chondrites, 

except in bulk S. Analyzed splits of the enstatite chondrites 

vary widely in major element composition, largely as a result 

of analyzing inadequate sample sizes. The phases in enstatite 

chondrites most likely to reflect conditions in the solar 

nebula include enstatite, forsterite, diopside, silica 

polymorph, albite, metal, troilite, oldhamite, niningerite, 

schreibersite, minerals A and B, caswellsilverite, and 

djerfisherite. There is evidence that the enstatite 

chondrites did not form in complete equilibrium. The Na-Cr 

sulfides known as minerals A and B contain oxygen, but contain 

little hydrogen, indicating that these sulfides did not 

necessarily form under hydrous conditions. The mineralogy and 

modal composition of type 3 enstatite chondrites are best 

matched by thermodynamic models that involve two chemical 

fractionations from a gas of solar or cosmic composition. The 

first fractionation entailed the removal from the enstatite 

chondrite formation location of solids in equilibrium with a 

solar composition gas at ~1270K. The second fractionation 

involved the subsequent removal of water vapor from the 
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enstatite chondrite formation location. These fractionations 

can be understood if the enstatite chondrites formed in a 

water-depleted gas from which solids at 1270K had been 

previously removed, sunward of a water condensation front in 

the solar nebula. Enstatite chondrites largely equilibrated 

in the nebula at ~925K, although sulfidation of metal occurred 

to temperatures as low as -675K. 
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1 INTRODUCTION 

The enstatite chondrites are a unique class of 

meteorites, consisting of highly reduced phase assemblages. 

The silicates contain almost no FeO, while the Fe metal 

contains significant amounts of Si. The enstatite chondrites 

also contain a variety of unusual minerals, the majority of 

which are not found in ordinary or carbonaceous chondrites 

(Mason, 1966; Petaev and Khodakovsky, 1986). Table 3.1 lists 

the minerals found in enstatite chondrites. 

It is generally agreed that the mineral assemblages seen 

in the enstatite chondrites cannot have resulted from 

equilibrium condensation of a solar composition gas at the low 

pressures (10'^ to 10'® atm.) which probably existed in the 

primitive solar nebula (e.g., Baedecker and Wasson, 1975; 

Sears, 1980; Wood and Morfill, 1988). 

Several mechanisms to account for the origin of the 

enstatite chondrites have been proposed. The various models 

fall into one of two categories: 1) condensation from a solar 

composition gas at relatively high pressures, and 2) 

condensation in a nebular region of non-solar composition (see 

section 5) . These models produce modally incorrect enstatite 

chondrite mineral assemblages and lack a plausible mechanism 

for altering the composition of the solar nebula. In 

addition, all of the previous condensation models make the 

tacit assumption that the enstatite chondrites belong to a 
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single petrologic-chemical group. However, there is a growing 

consensus that the enstatite chondrites comprise at least two 

chemical groups (e.g. Weeks and Sears, 1985; Zhang et al., 

1995). 

The purpose of this study is: 1) to re-examine the 

evidence for two chemical groups in the enstatite chondrites 

(section 2) ; 2) to determine which of the minerals observed in 

enstatite chondrites are most likely to have formed in the 

solar nebula (section 3) ; 3) to determine whether certain Na-

Cr sulfide minerals observed in enstatite chondrites are 

indicative of hydration conditions (section 4) ; and 4) to 

determine if plausible formation models for the enstatite 

chondrites can be constructed (sections 5 and 6). 
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2 MAJOR ELEMENT VARIATION IN ENSTATITE CHONDRITES 

2.1 Introduction. 

It is generally accepted that both the mineral 

assemblages and the bulk chemistry of the enstatite chondrites 

vary with petrologic type (e.g., Dodd, 1981; Weeks and Sears, 

1985). Petrologic types are indicated by a number: 3, 4, 5 

and 6, where each number represents increasing amounts of 

thermal alteration. There is no consensus as to the 

significance of the chemical variations; various studies have 

suggested that the enstatite chondrites sample one (Dodd, 

1981), two (e.g., Baedecker and Wasson, 1975; Weeks and Sears, 

1985; Zhang et al., 1995) or three (Keil, 1968; Prinz et al., 

1984) parent bodies. 

It is the purpose of this section to show that most, if 

not all, of the bulk chemical variations that have been 

considered diagnositic in classifying the enstatite chondrites 

are artifacts of sampling. The data sources used for section 

3 are listed in Appendix A. 

2.2 Subgroups in the enstatite chondrites. 

Anders (1964) noted that the enstatite chondrites span a 

wide range of bulk Fe and S contents. Using eight chemical 

analyses, he divided the enstatite chondrites into two 

chemical subgroups, type I (E4/5) and type II (E6), delimited 
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at Fe/Si(atomic)=.85 and S/Si(at.)=•25 (Anders, 1964). 

In a study of fourteen enstatite chondrites, Keil (1968) 

noted that the E4 and E6 chondrites were distinct, but that 

the two E5 chondrites in his study showed intermediate 

properties. Therefore, Keil (1968) subdivided Anders' type I 

into type I (E4) and intermediate (E5). 

Baedecker and Wasson (1975), in a study combining 

literature data with neutron activation analyses (RNAA and 

INAA) of eight enstatite chondrites, found a compositional 

hiatus in siderophile and chalcophile elements between the 

E4/5 chondrites and the E6 chondrites. In addition, they 

found that E4/5 chondrites have higher alkali (Na and K) and 

non-volatile lithophile (Si, Ca, Al, Ti normalized to Mg) 

abundances than E6 chondrites. Consequently, Baedecker and 

Wasson (197 5) proposed that the enstatite chondrites consist 

of two groups representing two chemically distinct parent 

bodies. Wasson (1977) designated these two groups as EH (high 

iron) and EL (low iron), in analogy to the classification of 

the ordinary chondrites. Wasson's EH group is composed of 

type 4 and 5 material, while the EL group is composed of type 

6 material. 

Dodd (1981) re-examined the siderophile, chalcophile, and 

lithophile variations reported by Baedecker and Wasson (1975) 

by plotting Fe, Ni, S, NaaO, CaO, AI2O3, and SiOz (all 

normalized to MgO) versus MgO. Although Dodd's plots showed 
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a small compositional gap between E4/5 and E6 chondrites in 

terms of MgO, Fe/MgO, Ni/MgO, and S/MgO, he argued that the 

continuity of chemical trends from E4 to E6 chondrites, as 

well as the covariation of textural and compositional trends, 

suggested that the enstatite chondrites represent one 

heterogeneous chemical group. Dodd (1981) also noted that the 

lithophile element ratios SiOj/MgO, NajO/MgO, CaO/MgO, and 

AlzOa/MgO all show a slight tendency to decrease from E4/5 to 

E6, with the decrease most prominent for NajO/MgO. 

Sears et al. (1982) reexamined the question of whether 

the enstatite chondrites comprise one or two chemical groups, 

in response to comments by Mason (1966) and Keil (1968) 

emphasizing the covariation of bulk chemistry with petrologic 

type. Sears et al. (1982) analyzed four enstatite chondrites 

by INAA, and reported results similar to those of Baedecker 

and Wasson (1975). Sears et al. (1982) also used x-ray 

fluorescence (XRF) data from Von Michaelis et al. (1969) to 

plot Fe/Si versus Mg/Si for carbonaceous, ordinary, and six 

enstatite chondrites. With only six enstatite chondrite data 

points, the compositional gap in Fe/Si between the EH and EL 

chondrites appeared to be larger than the compositional gap 

between the H and L ordinary chondrites. This particular 

diagram is considered diagnostic and has appeared repeatedly 

in papers dealing with the classification of enstatite 

chondrites (e.g.. Weeks and Sears, 1985; Zhang et al., 1995). 
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It is discussed in detail in the next section. 

With the discovery of E3 chondrites (Rambaldi et al., 

1983a; Nehru et al., 1984; Prinz et al., 1984), three groups 

(E3, E4/5 and E6) were proposed on the basis of bulk and 

mineral chemistry (Prinz et al., 1984). Weeks and Sears 

(1985) reexamined the bulk chemistry of E3 chondrites, and 

assigned them to the EH group. Additional E3 chondrites were 

assigned, primarily on their bulk Fe content, to both the EH 

and EL groups (e.g., Zhang et al., 1995), and the two groups, 

EH and EL (EH3/4/5 and EL3/6), are currently recognized in the 

literature (e.g., Weeks and Sears, 1985; Zhang et al., 1995). 

Various researchers (e.g., Keil, 1968, Sears et al., 

1984) have noted that if the enstatite chondrites consist of 

two discrete isochemical groups, then each group should span 

the entire range of petrologic types. Consequently, there has 

been a recent effort to identify the "missing" EL4, ELS, and 

EH6 chondrites. 

Sears et al., 1984 reported the discovery of RKPA 80259, 

the first known ELS. However, this Antarctic meteorite is 

heavily weathered (grade C) , and was reclassified as an EH5 by 

Kallemeyn and Wasson (1986). Zhang et al., (1995) list RKPA 

80259 as an ELS; the classification of this meteorite is still 

uncertain. A second heavily weathered (grade C) E5 chondrite 

(TIL 91714) has also been assigned to the EL group (Zhang et 

al., 1995). 
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Zhang et al., (1993) announced the discovery of the first 

EH6 (LEW 88180) and EL4 (ALH 85119) chondrites. Both are 

moderately to heavily weathered meteorites (weathering grade 

B/C and B, respectively) . Both have been recently 

reclassified to EH5 (loEW 88180) and ELS (ALH 85119) (Zhang et 

al., 1995). 

To date, no EL4 or EH6 chondrites have been found. Since 

the two candidate EL5 chondrites (RKPA 80259 and TIL 91714) 

are heavily weathered (grade C) , they must therefore be 

considered to have an uncertain classification. 

2,3 Fe/Si versus Mg/Si. 

Fe, Si, and Mg are the three most abundant elements 

(aside from oxygen) in chondritic meteorites (Dodd, 1981). 

The three chondrite classes (carbonaceous, ordinary and 

enstatite) can be separated using Mg/Si values (Dodd, 1981). 

The three ordinary chondrite groups (H, L, and LL) are easily 

distinguished using Fe/Si (Dodd, 1981). As noted above. Sears 

et al., (1982), using a small data set, found a large hiatus 

in Fe/Si between the EH and EL chondrites. 

The work of Sears et al. (1982) was extended by Weeks and 

Sears (1985) , who combined INAA analyses for three E3 

chondrites with literature data to create a plot of Fe/Si 

versus Mg/Si. Since silicon is not analyzed by neutron 

activation, the new E3 data had to be plotted as lines of 
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constant Fe/Mg. The Fe/Si versus Mg/Si diagram in Weeks and 

Sears (1985) shows two distinct enstatite chondrite groups 

separated by a large hiatus in Fe/Si. While there is no 

hiatus in Mg/Si, Weeks and Sears (1985) note that the two 

groups have different, non-overlapping values of Mg/Si, 

delimited at Mg/S i(at.)=0•8. 

However, an examination of the data used to create the 

Fe/Si versus Mg/Si diagram in Weeks and Sears (1985) indicates 

that the large hiatus in Fe/Si is an artifact of data 

exclusion. Relatively high values of Fe/Si for Atlanta (E6) 

and Daniel's Kuil (E6) were excluded because they were "out of 

line with other data" (Weeks and Sears, 1985) , i.e., they were 

intermediate between the EH and EL clusters. In the case of 

Daniel's Kuil, an Fe value of 290 mg/g attributed to Mason 

(1966) was rejected in favor of a lower value of 248 mg/g 

attributed to Prior (1916). However, Mason (1966) is a 

compilation of data: his value of 290 mg/g was taken from 

Prior (1916). Prior (1916) does indeed report an Fe value of 

290 mg/g for Daniel's Kuil, but does not report the 248 mg/g 

value used by Weeks and Sears (1985) . Therefore, the 248 mg/g 

value is erroneous. In addition, there is a discrepancy 

between the raw data shown in Table 1 of Weeks and Sears 

(1985) and the averaged, plotted data in their Appendix, 

suggesting at least two arithmetical errors. One of these two 

errors artificially increases the gap between EH and EL 
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chondrites. 

Zhang et al. (1995) used a plot of Fe/Si versus Mg/Si to 

classify eleven chondrites analyzed by INAA. They 

superimposed their data, shown as lines of constant Fe/Mg, on 

the Fe/Si versus Mg/Si diagram of Weeks and Sears (1985). 

Zhang et al., (1995) state that despite considerable scatter, 

the EH chondrites are clearly distinguished from the EL 

chondrites. However, the data of Zhang et al., (1995) 

convincingly and continuously fill the purported gap defined 

by Weeks and Sears (1985) between the EH and EL chondrites. 

A literature search for chemical data was made in order 

to reexamine whether the enstatite chondrites can be 

classified into two separate groups on the basis of Fe/Si 

versus Mg/Si. Figure 2.1 plots Fe/Si versus Mg/Si for fifteen 

carbonaceous, twenty-six H-group, twenty-eight L-group, 

eighteen LL-group, and fifteen enstatite chondrites, 

subdivided as EH or EL by Weeks and Sears (1985). Multiple 

analyses for a given enstatite chondrite are averaged. The 

crosses in figure 2.1 are not error bars, but represent 

minimum and maximum values reported for Fe/Si and Mg/Si for a 

given meteorite. Intrameteorite analyses show considerable 

scatter (figure 2.1) that must be explained. The range of 

Fe/Si and Mg/Si reported for a particular enstatite chondrite 

is in three cases comparable to the entire spread of Fe/Si and 

Mg/Si in the H- or L- or LL-group ordinary chondrites. 
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Figure 2.1. Fe/Si vs. Mg/Si for various chondrite groups. 
Bars for enstatite chondrite data indicate the range of values 
for individual meteorites. Unlike other chondrites, data for 
enstatite chondrites vary widely in Fe/Si and Mg/Si and form 
a trend consistent with a 2-phase mixture of enstatite and 
metal (dashed line). 
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Figure 2.1 shows that the EH and EL groups overlap; 

neither Fe/Si or Mg/Si is diagnostic. Unlike other chondrite 

groups, neither the EH nor the EL groups occupy a well-defined 

region on the diagram. Instead, the enstatite chondrite data 

define a long, continuously varying, linear trend with a 

negative slope. This continuous negatively-sloped trend is 

unlike the discontinuous positively-sloped trend formed by the 

H- and L- ordinary chondrites. As shown in figure 2.1, the 

enstatite chondrite trend is consistent with a mixing line 

connecting pure enstatite (atomic Mg/Si=l and Fe/Si=0) and 

metal of an average enstatite chondrite composition (Keil, 

1968) (atomic Mg/Si=0 and Fe/Si=21.73), strongly suggesting 

that the bulk Mg, Fe, and Si contents of enstatite chondrites 

are controlled by the enstatite/metal ratio in the meteorite 

samples. 

Figure 2.1 demonstrates that a plot of Fe/Si versus Mg/Si 

cannot be used to identify discrete chemical groups among the 

enstatite chondrites. The large intrameteorite spread 

suggests that there is a sampling problem for these 

chondrites. The data in figure 2.1 define a trend that is 

easily explained as an artifact of sampling variable amounts 

of metal and enstatite, the two most abundant phases in 

enstatite chondrites (Keil, 1968). 
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2.4 Siderophile variations in enstatite chondrites. 

2.4.1 Metal-silicate fractionation. 

The EH and EL enstatite chondrite groups are classified 

primarily on bulk siderophile element content, particularly 

bulk Fe, and are considered analogous to the H, L, and LL 

ordinary chondrite groups (e.g., Baedecker and Wasson, 1975; 

Wasson, 1977; Weeks and Sears, 1985). The siderophile element 

differences between the three ordinary chondrite groups are 

due to metal-silicate fractionation in the solar nebula 

(Larimer and Anders, 1970; Dodd, 1981; Larimer and Wasson, 

1988a). If the enstatite chondrites comprise two groups, 

differing in siderophile element content, then the two groups 

must result from a metal-silicate fractionation. Larimer and 

Anders (1970) examined evidence for metal-silicate 

fractionations in chondritic meteorites. They found that the 

enstatite chondrites showed a much greater variation of Fe/Mg 

and Ni/Mg than any of the other chondrite groups. Larimer and 

Anders (1970) suggested that much of this scatter was due to 

variation in Mg resulting from loss of forsterite (MgzSiO^) 

during a "refractory lithophile element" fractionation. When 

they added forsterite, by "reconstituting" all of the data to 

a common CI Mg/Si ratio, they found that the scatter on a plot 

of Ni/Mg versus Fe/Mg was reduced and the enstatite chondrite 

data formed two well defined clumps, one overlapping the H-
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group ordinary chondrites, the other centered between the L-

and LL-group ordinary chondrites. 

The possibility that enstatite chondrites experienced a 

metal-silicate fractionation is reexamined in figures 2.2 and 

2.3. Raw (non-reconstituted) data for Fe/Mg and Ni/Mg are 

shown for the individual analyses of enstatite chondrites in 

figure 2.2a. Figure 2.2b shows an analogous plot for the 

ordinary chondrite data of Jarosewich (1990). The ordinary 

chondrite data clearly define multiple chemical groups (figure 

2.2b), while the enstatite chondrite data vary continuously 

along a linear trend (figure 2.2a). A regression line through 

the enstatite chondrite data is consistent with variation in 

metal abundance. The slope of the metal variation line 

represents the average composition of enstatite chondrite 

metal (Fe/Ni=14.95) from Keil (1968). 

Figure 2.3 plots Fe/Mg versus Ni/Mg for the enstatite 

(figure 2.3a) and ordinary (figure 2.3b) chondrites after the 

data have been reconstituted to a CI Si/Mg ratio of .928 

(Anders and Grevesse, 1989), to remove the effects of 

forsterite fractionation (Larimer and Anders, 1970). 

Renormalization reduces some scatter; the ordinary chondrite 

groups show better definition. However, the enstatite 

chondrites do not separate into the two well defined groups of 

Larimer and Anders (1970) . Instead, three of the E6 

chondrites (Blithfield, Jajh deh Kot Lalu, and 2 analyses of 
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Figure 2.2a. Fe/Mg vs. Ni/Mg for enstatite chondrites. A 
regression line through the data (solid line) is nearly 
identical to the trend expected for sampling various amounts 
of metal (dashed line) with the typical composition found in 
enstatite chondrites (Keil, 1968). 
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Figure 2.2b. Fe/Mg vs. Ni/Mg for the ordinary chondrites. 
Note the scale change from Fig. 2.2a. Unlike the enstatite 
chondrites, the ordinary chondrites tend to form relatively 
well-defined groups (although the L- and LL-groups overlap). 
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enstatite chondrites. The raw concentration data have been 
changed by the hypothetical addition of forsterite, so as to 
produce a CI Si/Mg ratio of 0.928. This procedure takes into 
account the effect of a possible fractionation of forsterite 
in the formation of the meteorites. The EH and EL chondrites 
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ratios. 
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Khairpur) form a small clump, while the rest of the E6 

chondrites overlap the E3-E5 chondrites in a long, continuous 

trend. 

Figures 2.2 and 2.3 show that Fe and Ni vary continuously 

in the enstatite chondrites, and do not define two discrete 

chemical groups analogous to the H- and L-group ordinary 

chondrites. Variations of Fe and Ni (and presumably the other 

siderophile elements) in enstatite chondrites depend on the 

amount of metal sampled. There are two plausible reasons for 

continuous metal variation in enstatite chondrites: 1) 

heterogeneity of one or more parent objects due to variable 

segregation of Fe-FeS melt, or 2) an artifact of sampling 

texturally heterogeneous meteorites. 

2.4.2 Metal variation due to metamorphism? 

Fogel et al., (1989) concluded that the peak metamorphic 

temperature for E6 chondrites (1000°C) exceeded the metal-

troilite (FeS) eutectic temperature (950-975®C) . 

Consequently, they suggested that metamorphism of the 

enstatite chondrites may have been accompanied by metal-

troilite (FeS) loss. The lower bulk Fe and S reported for E6 

chondrites (e.g., Anders, 1964), as well as the continuity of 

the Fe and S variations, could be explained by loss of Fe-FeS 

melt during metamorphism. However, if metal variation in 

enstatite chondrites is due solely to Fe-FeS loss during 
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metamorphism, then the E3/4/5 (EH) data should cluster around 

a single value of bulk Fe and only the E6 (EL) chondrites 

should spread out along a metal variation line. Figures 2.1, 

2.2 and 2.3 demonstrate that this is not the case. The low 

metamorphic grade (EH) chondrites span as great a range of 

bulk Fe as do the high metamorphic grade (EL) chondrites. 

Thus, separation of an Fe-FeS melt during metamorphism cannot 

explain the chemical trends observed in the enstatite 

chondrites. 

2.4.3 Metal variation due to sampling? 

Jarosewich (1990) discusses sample requirements for the 

analysis of ordinary chondrites. He cites a number of studies 

that suggest that 10 g is the minimum sample size needed to 

provide representative sampling of an ordinary chondrite. To 

illustrate the effects of inadequate sample size, Jarosewich 

(1990) analyzed two samples (2.4 g and 10.4 g) of Saratov 

(L4) . The bulk iron content of the smaller sample (23.95 wt%) 

suggests that the meteorite is an H-group ordinary chondrite, 

whereas that of the larger sample (21.73 wt%) places Saratov 

squarely within the L-group. Jarosewich also states that 

larger sample sizes, perhaps 15-20 g, are required for 

brecciated meteorites or meteorites with coarse metal. 

Easton (1983) showed that metal grains in E6 chondrites 

are much coarser than in E4/5 chondrites. For example, 36% to 
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75% (depending on the meteorite) of the metal grains in E6 

chondrites have a grain area greater than 1.2x10^ , while 

only 14% to 36% (depending on the meteorite) of the metal 

grains in E4/5 chondrites are as coarse. This suggests that 

a large fraction of the bulk Fe in E6 chondrites may reside in 

a small proportion of large metal grains, which could be 

easily over- or undersampled if a small sample was used for 

analysis. 

At least five of the enstatite chondrites are breccias: 

Abee (E4) (Dawson et al., 1960); Adhi Kot (E4) (Rubin, 1983a); 

Atlanta (E6) (Riabin, 1983b) ; Hvittis (E6) (Rubin, 1983c) ; and 

Blithfield (E6) (Rubin, 1984). Blithfield (E6) provides an 

excellent example of the vagaries of analyzing small, 

heterogeneous samples. 

Figure 2.4 plots bulk Fe (wt%) versus bulk S (wt%) for 

the enstatite chondrites, with symbols referring to data 

sources. The analysis of Blithfield from Mason (1966) (no 

sample size given) has the lowest bulk Fe (20.71 wt%) of any 

of the enstatite chondrites. According to Rubin (1984), 

Blithfield contains sulfide-rich clasts (about 35 vol%) that 

are chemically similar to the bulk analysis of Blithfield from 

Mason (1966), suggesting that Mason (1966) sampled a sulfide-

rich clast. These sulfide-rich clasts are embedded in a 

metal-rich matrix (65 vol%), so a preferential sampling of 

sulfide would result in an underestimate of metal and of bulk 
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Mason (1969) ; upward pointing triangles = this work and Rubin 
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Fe for the meteorite, explaining the low bulk Fe value of 

Mason (1966) . A modally determined bulk Fe value for 

Blithfield from Keil (1968) (with a sample area of 2.4 cm^) is 

lower (12.9 wt%) than Mason's Fe value (20.71 wt%) , but cannot 

be included on the graph as no other bulk elements were 

reported. 

In contrast, Rubin (1984) determined the bulk composition 

of Blithfield by modal analysis (sample si2e=17.1 cm^) and 

found a bulk Fe content (48.1 wt%) higher than that of any 

other enstatite chondrite. The third value for Blithfield 

shown in figure 2.4 is from Easton (1985) (3.4 g), who noted 

that only a metal-rich portion of the meteorite was available 

for analysis. Easton's (1985) value of bulk Fe (44.9 wt%) is 

comparable to that of Rubin (1984) , but the two analyses 

differ considerably in bulk S. Thus, different splits of 

Blithfield have both the highest and the lowest bulk Fe values 

of an enstatite chondrite and differ considerably in bulk S. 

Intrameteorite chemical variability is not limited to 

Blithfield. Nine of the meteorites shown in figure 2.4 have 

multiple analyses. All but two (Jajh deh Kot Lalu (E6) and 

St. Sauveur (E5)) of these meteorites show greater than 2 wt% 

variation in bulk Fe between the different analyses. In 

addition, two of the enstatite chondrites (Indarch (E4) and 

Daniel's Kuil (E6) ) have pairs of analyses that differ in bulk 

Fe by approximately 10 wt%. As noted above, Jarosewich (1990) 
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reported that a 2 wt% difference in bulk Fe, resulting from 

inadequate sampling, was enough to cause an L-group ordinary 

chondrite to plot with the H-group. Thus, the intrameteorite 

spread reported for enstatite chondrites is exceptionally 

large. 

Several of the data sources used in this study (e.g., 

Wiik, 1969; Von Michaelis et al., 1969; Mason, 1966) do not 

report sample sizes. Of those data sources that do report 

sample sizes, only three analyses approach the 10 g sample 

size recommended by Jarosewich (1990) for ordinary chondrites: 

6 g for Pillisfter (E6) (Jarosewich and Mason, 1968) ; 8 g for 

Khairpur (E6) (Prior, 1916); and 14 g for Daniel's Kuil (E6) 

(Prior, 1916). The latter analysis, which is arguably the most 

representative, is one that was excluded by Weeks and Sears 

(1985) for being "out of line with other data" (see section 

2.3). Eleven analyses of enstatite chondrites by Easton 

(1985) are for sample weights between 0.6 g and 3.4 g. A 

large body of RNAA and INAA analyses (not plotted on figure 

2.4 as S is not analyzed) have been made for samples weighing 

less than 1 g: 228-409 mg (Sears et al., 1982); 119-188 mg 

(Weeks and Sears, 1985) ; -250-300 mg (Kallemeyn and Wasson, 

1986); and -100-200 mg (Zhang et al., 1995). 

The most comprehensive and oft-cited (e.g., by Buseck and 

Holdsworth, 1972; Rubin, 1983c; Weeks and Sears, 1985) modal 

study of enstatite chondrites is that of Keil (1968). Data 
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from Keil (1968), including modal abundances of metal and 

troilite (FeS) , bulk Fe (wt%) and the area measured (cm^) are 

given in Table 2.1. The amount of metallic nickel-iron 

reported for Blithfield is an order of magnitude less than 

that of the other E6 chondrites, suggesting that Keil (1968) 

sampled one of the sulfide-rich clasts described by Rxibin 

(1984) . 

As the average E4/5 bulk Fe content in Table 2.1 is 

higher than the average E6 bulk Fe content, the data of Keil 

(1968) are purported to demonstrate the difference between EH 

and EL chondrites (Weeks and Sears, 1985). However, if the 

obviously anomalous analysis of Blithfield is excluded, the 

average Fe content of the E6 chondrites (25.1 wt%) is 

virtually identical to that of the E4 chondrites (25.3 wt%). 

The addition of two E5 chondrites, separated by Keil (1968) 

into an "intermediate" group, does result in the E4/5 

chondrites having an average bulk Fe that is 1.5 wt% higher 

than the E6 chondrite average bulk Fe. However, the meteorite 

with the highest bulk Fe measured by Keil (1968) is an E6 

chondrite (Daniel's Kuil), and the majority (four out of 

seven) of the E6 chondrites have higher bulk Fe than the 

majority (two out of three) E4 chondrites. Thus, the data of 

Keil (1968) do not support subdivision of the enstatite 

chondrites on the basis of bulk Fe. 
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Table 2.1. Metal and bulk Iron Data (wt%) from Keil (1968). 

Area Modal 
Measured Abundance Total 

Meteorite (cm^) of Metal Iron 

Tvt)e I fEHI : 
Indarch 0.5 17.5 21.5 
Adhi-Kot 3.2 22.7 25. 6 
Abee 6.4 23 .8 28 . 7 

Average 21.3 25.3 

Intermediate fEH): 
St. Mark's 4.0 23.2 28. 5 
St. Sauveur 1.7 23.7 28.5 

Average 23.5 28.5 

Average of 
type I and Int. 22.2 26.6 

Tvoe II CEL): 
Daniel's Kuil 2.1 25.3 27.4 
Hvittis 6.0 24.2 26.7 
Blithfield 2.4 1.6 12.9 
Jajh d.k. Lalu 4.3 17.3 20.6 
Khairpur 4.6 13.3 19.2 
Pillistfer 3.5 22.6 25.7 
Ufana 2.4 28.0 30.7 

Average 18.9 23 . 3 

Average 
(exc. Blithfield) 21.8 25. 1 



37 

2.4.4 Summary• 

Siderophile element variations in enstatite chondrites 

are not consistent with either nebular metal-silicate 

fractionation or loss of metal during metamorphism. This 

study suggests that siderophile element variations observed in 

literature data for the enstatite chondrites result from 

inadequate sample size. Modal studies by Keil (1968) shows no 

significant difference in bulk Fe content between E4/5 

chondrites and E6 chondrites. Thus, the EH (high iron) and EL 

(low iron) designations assigned by Wasson (1977), in analogy 

with the ordinary chondrite groups, is inappropriate for the 

enstatite chondrites. 

2.5 Lithophile variations in enstatite chondrites. 

2.5.1 Background. 

Baedecker and Wasson (1975) reported that E4/5 chondrites 

have higher alkali (Na/Mg and K/Mg) and non-volatile 

lithophile (Si/Mg, Ca/Mg, Al/Mg, and Ti/Mg) abundances than E6 

chondrites. Dodd (1981) also reported a tendency for 

SiOz/MgO, NaaO/MgO, CaO/MgO, and AlgOj/MgO to decrease from 

E4/5 chondrites to E6 chondrites, with the decrease most 

prominent for NajO/MgO. Variations of Si, Al, Mg and Na in 

enstatite chondrites are reexamined in figures 2.5-2.8. As Ca 
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is found in both silicates and sulfides (Keil, 1968) and Ti is 

strongly chalocophilic (Allen and Mason, 1973) in enstatite 

chondrites, variations in Ca and Ti are discussed in the 

section on chalcophile variations in enstatite chondrites. 

2.5.2 Si/Al versus Mg/Al. 

Larimer and Wasson (1988b) showed two lithophile 

fractionation trends on a diagram of Si/Al versus Mg/Al 

(figure 2.5). One trend connects all of the carbonaceous 

chondrites with a composition resembling CAIs (Ca-Al-rich 

inclusions). The other trend connects the CI chondrites with 

the ordinary and enstatite chondrites. This latter trend has 

an Si/Mg slope consistent with the loss from a CI chondrite 

precursor composition of a component consisting of a mixture 

of forsterite (MgzSiO^) and average CAI. This removed 

component is similar to the composition of amoeboid olivine 

inclusions found in CV chondrites (Larimer and Wasson, 1988b). 

Figures 2.6a and 2.6b plot Si/Al versus Mg/Al for the 

enstatite chondrites. Figure 2.6b is an enlargement of a 

densely occupied region in figure 2.6a. The data define an 

overall trend that does not correspond to the refractory 

fractionation trend of Larimer and Wasson (1988b), suggesting 

that principal variation of Si/Al and Mg/Al in enstatite 

chondrites is not caused by the removal of amoeboid olivine 

inclusions from a CI precursor. Instead, the data show a 
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Figure 2.5. Si/Al vs. Mg/Al for carbonaceous, ordinary and 
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Figure 2.6a. Si/Al vs. Mg/Al for enstatite chondrites. A 
regression line through the data (solid line) is nearly 
identical to the trend expected for sampling various 
proportions of enstatite and feldspar (faint dotted line) and 
is unlike the trend expected for the removal of an ameboid 
olivine (AO) component from a Cl-chondrite composition (heavy 
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Figure 2.6b. Enlargement of the central portion of Fig. 2.6a. 
The EH chondrites have a slightly higher Si/Mg (or higher 
Si/Al and lower Mg/Al) ratio than the EL chondrites, 
consistent with either a) the greater removal for EH 
chondrites of an ameboid olivine (AO) component from a CI-
chondrite composition, or b) a higher proportion of Si-bearing 
metal in analyses of EH chondrites. 
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covariation of Si/Al and Mg/Al consistent with sampling 

variable amounts of enstatite and feldspar (figure 2.6a). A 

regression line through the data has a y-intercept of 

Si/Al=2.88 (for Mg/Al=0), nearly identical to the value 

(Si/Al=2.65) measured in E6 feldspar (Keil, 1968). This 

supports the idea that the overall reported trends of Mg, Si 

and A1 in enstatite chondrites are controlled by inadequate 

sampling of mixtures of feldspar and enstatite. 

For a given Mg/Al, Si/Al is slightly higher for the E4/5 

chondrites as a group than the E6 chondrites as a group 

(figure 2.6b). This indicates that Si/Mg is slightly higher 

for E3/4/5 (EH) than for E6 (EL) chondrites. On average, EH 

chondrite metal contains 3.2 wt% Si, while EL metal contains 

1.3 wt% Si (Keil, 1968). Consequently, differences in metal 

abundance would change Si/Al and Si/Mg without affecting 

Mg/Al. Lower Si/Al and Si/Mg in E6 chondrites are consistent 

with the lower bulk Fe content of E6 chondrites, which appears 

to result from undersampling of metal (see section 2.4 above). 

Thus, the variation of Si, Mg, and A1 seen in figures 2.6a and 

2.6b can be explained in terms of sampling differing amounts 

of pyroxene, feldspar and metal. Alternatively, the small 

difference in Si/Mg seen between EH and EL chondrites can be 

explained by variable loss (greater for EH) of an amoeboid 

olivine component from a CI precursor (Larimer and Wasson, 

1988b). 
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2.5.3 Al/Si versus Na/Si. 

Al/Si versus Na/Si is shown for the enstatite chondrites 

in figure 2.7. No significant difference is observed between 

EH and EL chondrites. Most of the data lie in the upper left 

portion of the diagram, to the left of the enstatite+albite 

and to the right of the enstatite+anorthite lines indicated in 

figure 2.7. This is consistent with the idea that the 

enstatite chondrites reflect a mix of pyroxene and feldspar. 

Some of the data lie to the right of the enstatite+albite line 

in figure 2.7. This is due either to the presence of another 

phase containing Na but not Al, or to analytical error (not 

sampling). The E3/4/5 chondrites are known to contain minor 

amounts of Na-bearing sulfides (e.g., Ramdohr, 1973; Rambaldi 

et al., 1983a), which can explain some of the scatter in the 

data. However, none of the Na-bearing sulfide phases have 

been reported in E6 chondrites; in these chondrites, Na occurs 

only in feldspar and as a trace constituent in pyroxene. The 

value of Na/Si for Hvittis reported by Mason (1966) is the 

only E6 chondrite analysis to the right of the 

enstatite+albite line and is notably higher than that 

determined by Rubin (1983c). Thus, it appears that the Mason 

(1966) analysis appears to reflect analytical error. 

2.5.4 Ca/Al versus Na/Al. 

Figure 2.8 plots Ca/Al versus Na/Al for the enstatite 
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Figure 2.7. Al/Si vs. Na/Si for enstatite chondrites. Most 
of the data lie in the field expected for a mixture of 
enstatite + feldspar (anorthite and albite); data points to 
the right of the enstatite + albite line reflect either the 
presence of an Na-bearing phase other than feldspar or 
analytical error. 
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chondrites. Ca/Na cannot be controlled by diopside, as it is 

only found as a trace constituent in E3 chondrites, and is 

lacking from the E4,5,6 chondrites. If Ca/Na were controlled 

primarily by feldspar, the data should lie on the albite-

anorthite mixing line. Because the data plot above this line, 

the enstatite chondrites must contain a significant amount of 

one or more phases that contains either Ca or Na. In this 

instance, most, if not all of the scatter in Ca/Al is due to 

the presence of variable amounts of oldhamite (CaS) (see 

section 2.6.3) . 

The EH (E3/4/5) and EL (E3/6) chondrites overlap in both 

Ca/Al and Na/Al. Most of the E6 data follow the trend 

expected for variable CaS abundance at a constant value of 

Na/Al of approximately 0.6-0.7 (figure 2.8). In contrast, the 

EH (E3,4,5) data vary widely in Na/Al, consistent with the 

presence in EH chondrites of one or more Na-bearing phases in 

addition to feldspar. 

2.5.5 Summary. 

Si, Al, and Mg abundances in enstatite chondrites are 

controlled by variable enstatite/feldspar ratios that vary 

continuously between EH and EL chondrites. There is a 

possible systematic difference between Si/Mg for low-type (EH) 

and high-type (EL) chondrites, although Si/Mg ratios overlap. 

This is consistent with sampling a slightly higher proportion 
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of Si-bearing metal in EH chondrites compared to EL 

chondrites. The small difference in Si/Mg ratio between low-

and high-types could be possibly related to slightly differing 

amounts of fractionation from a CI precursor of a component 

similar to amoeboid olivine inclusions (Larimer and Wasson, 

1988b). Na and Ca abundances in enstatite chondrites reflect 

various proportions of feldspar and other Ca- and Na-bearing 

phases, including oldhamite. 

2.6 Chalcophile variations in enstatite chondrites. 

2.6.1 Background. 

Anders (1964) subdivided the enstatite chondrites into 

type I (E4/5) and type II (E6) on the basis of bulk Fe and 

bulk S. Baedecker and Wasson (197 5) reported that the two 

groups are separated by a hiatus in the chalcophilic elements 

S, Se and Cu (all normalized to Mg). Dodd (1981) also found 

a hiatus in S/MgO between the E4/5 chondrites and the E6 

chondrites, but argued, based on the continuity of the trend, 

that the enstatite chondrites comprise one heterogeneous 

group. Papers on enstatite chondrite classification since 

1981 (Sears et al., 1982; Weeks and Sears, 1985; Zhang et al., 

1995) have not discussed bulk S variation, but have argued for 

two enstatite chondrite groups based on bulk Fe. This is 

because these papers are based on data obtained by INAA, which 
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does not analyze for S. This section will reexamine the 

evidence for chalcophile element variation in enstatite 

chondrites and show that the enstatite chondrites comprise two 

poorly-defined groups based on normative troilite abundance. 

2.6.2 Fe/Al versus S/Al. 

Figure 2.9 shows the relationship between Fe/Al and S/Al 

for the enstatite chondrites. Three lines are shown for 

reference: 1) Fe/S=.94489 (appropriate for Ti- and Cr-bearing 

troilite) through the mean of the enstatite chondrite data; 2) 

S/Al=constant (metal) through the mean of the EH3/4/5 data; 

and 3) S/Al=constant (metal) through the mean of the EL3/6 

data. Modal variations in either metal alone or troilite 

(FeS) alone would cause the data to scatter along one of the 

three lines. Much of the scatter in figure 2.9, particularly 

for the E6 chondrites, can be attributed to modal variation in 

metal. The data shown in figure 2.9 indicate the presence of 

two separate groups in the enstatite chondrites, based on 

S/Al. All analyses of EL chondrites scatter about an S/Al 

ratio of about 2.9 (at.) while most analyses of EH chondrites 

plot at a distinctly higher S/Al ratio of about 4.8. Two 

analyses of EH chondrites, one for Kota Kota (EH3) and St. 

Sauveur (EH5) , plot within the EL chondrite field. Another 

analysis of an EH chondrite, Abee (EH4), has a distinctly 

higher S/Al ratio. Both the Kota Kota and Abee analyses lie 
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Figure 2.9. Fe/Al vs. S/Al for enstatite chondrites. Lines 
indicate the trends expected for sampling various amounts of 
troilite and metal. Two groups are apparent based on S/Al, 
although multiple analyses of Saint Sauveur (SS) fall in both 
the high and low S/Al groups, consistent with sampling 
different proportions of metal + troilite. 
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close to the trend expected for oversampling or undersampling 

troilite from an average enstatite chondrite composition. The 

position of the St. Sauveur (EH5) analysis within the EL 

chondrite field can be explained by undersampling of both 

troilite and metal relative to a more typical EH chondrite 

value. This is supported by a second analysis of St. Sauveur 

which plots at higher ratios of Fe/Al and S/Al within the EH 

field. 

The two analyses of St. Sauveur (EH5) demonstrate that 

the two apparent groups could be artifacts of sampling 

variable amounts of metal and troilite (FeS). However, if all 

of the scatter is due solely to sample heterogeneity, then 

more overlap between the two groups, roughly between the two 

analyses of St. Sauveur, is expected. The paucity of data in 

this region of figure 2.9 leaves open the possibility that the 

enstatite chondrites comprise two chemical groups which differ 

in S/Al, or equivalently in sulfide/feldspar ratio. 

2.6.3 Ca/Al versus S/Al. 

Ca in enstatite chondrites behaves both as a lithophile 

and a chalcophile element. The relationship between Ca/Al and 

S/Al for the enstatite chondrites is shown in figure 2.10. 

Two lines with Ca/S=1.0270, the ratio observed in oldhamite 

(CaS) in enstatite chondrites (Keil, 1968), are drawn through 

the means of the E3/4/5 (EH) and E3/6 (EL) data. The 
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Figure 2.10. Ca/Al vs. S/Al for enstatite chondrites. The 
data define two trends consistent with sampling various 
proportions of oldhamite in two groups that differ in bulk S. 
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enstatite chondrite analyses scatter along the two oldhamite 

variation trends at different S/Al ratios. This suggests that 

variable Ca/Al in the enstatite chondrites is strongly 

controlled by variable amounts of oldhamite (CaS), but that 

oldhamite is not responsible for the apparent difference in 

S/Al between EH and EL chondrites. Some of the scatter along 

the oldhamite variation lines in figure 2.10 may be an 

artifact produced by sample preparation, as oldhamite is 

water-soluble (Anders, 1964) and readily dissolves during 

sample preparation (Buseck and Holdsworth, 1972) . 

2.6.4 Cr/Al versus S/Al and Ti/Al versus S/Al. 

Figures 2.11 and 2.12 show Cr/Al versus S/Al and Ti/Al 

versus S/Al, respectively. Cr and Ti, normally lithophile, 

are dominantly chalcophile in enstatite chondrites; only trace 

amounts of these elements are found in pyroxene (Easton, 

1968) . Ti and Cr are found both in troilite (FeS) and 

daubreelite (FeCraSi). The Ti concentration in troilite is 

about ten times the amount found in daubreelite (Keil, 1968), 

so Ti/Al is strongly controlled by troilite abundance. 

Although the abundance of Cr in troilite is much lower (0.5-

4.0 wt%, Keil, 1968) than in daubreelite (33.6-37.3 wt%) , 

troilite is so much more abundant than daubreelite (Keil, 

1968) that Cr/Al is controlled primarily by troilite. 
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groups that differ primarily in troilite abundance. 
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In both figures 2.11 and 2.12, the data foirm two well-

defined clumps that lie along the troilite variation line. 

In these figures, the pattern of variation is simple because 

one phase (troilite) controls the scatter along both the x-

and y-axes. In contrast, for the previous two figures the 

phase controlling scatter in the y direction (metal in figure 

2.9 and oldhamite in figure 2.10) was not the same as the 

phase controlling scatter in the x direction (troilite for 

both figures), resulting in a complicated pattern of scatter. 

Figures 2.11 and 2.12 suggest that the EH and EL groups 

differ primarily in the abundance of troilite. Significantly, 

the data in figures 2.11 and 2.12 do not scatter continuously, 

but rather define two discrete groups. This suggests that 

sampling effects are not responsible for the apparent 

differences in troilite abundance between the two groups. 

Instead, EH chondrites appear to be systematically enriched in 

troilite relative to EL chondrites. 

2.6.5 Summary. 

Unlike the data for lithophile and siderophile elements, 

data for chalcophile elements support the possible existence 

of two chemical groups in the enstatite chondrites. Fe/Al and 

Ca/Al vary greatly in enstatite chondrites, but the pattern of 

variation suggests that this is an artifact of sampling 

various proportions of metal and oldhamite. However, S/Al, 
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Cr/Al and Ti/Al support the possible existence of two chemical 

groups in the enstatite chondrites, defined by differences in 

troilite abundance. 

2.7 Ni/Ir versus Al/V. 

Zhang et al. (1995) state that the EH and EL groups are 

easily distinguished on a plot of Ni/Ir versus Al/V. They 

claim that the graph is "especially useful since it uses the 

refractory element difference between EH and EL chondrites and 

is insensitive to metal-silicate heterogeneity" (Zhang et al. , 

1993). Figure 2.13 plots Ni/Ir versus Al/V using the INAA 

data of Kallemeyn and Wasson (1986) and Zhang et al. (1995) 

for enstatite chondrites. The crosses are not error bars, but 

represent the minimum and maximum values reported for a given 

meteorite. As can be seen in figure 2.13, there is a large 

amount of intrameteorite variation, suggesting that sampling 

plays a critical role. While the data for EH and EL 

chondrites overlap, two groups on a trend line are indeed 

apparent, based on both Al/V and Ni/Ir. 

Al/V will be affected by the feldspar/sulfide ratio, 

which was previously shown to differ between EH and EL 

chondrites. This is because V is strongly chalcophile in 

enstatite chondrites, occurring primarily in troilite (Allen 

and Mason, 1973, Sears et al., 1983). A small difference in 

Al/V between EH and EL chondrites (figure 2.13) is consistent 
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with a greater abundance of troilite in EH compared to EL 

chondrites (section 2.6), assuming that most of the V resides 

in troilite. 

The difference in Ni/Ir between EH and EL chondrites 

(figure 2.13) can be explained by a chalcophile element 

fractionation if Ni is more chalcophile than Ir, as appears to 

be the case (Jones and Drake, 1986) . Alternatively, the group 

differences in Ni/Ir (figure 2.13) can also be explained if 

refractory siderophile elements (e.g., Ir, Os, Re) are 

fractionated from the less refractory siderophile elements 

(e.g., Ni, Co). Zhang et al. (1995) interpreted this to 

indicate that EH chondrites formed with a higher abundance of 

refractory material than EL chondrites. However, such a 

fractionation could still be attributed to metal-silicate 

sampling, if, as in ordinary chondrites, metal in silicate-

rich chondrules is enriched in refractory siderophiles 

compared to metal in matrix (Sears et al., 1982). Thus, a 

tendency for EH3-5 chondrites to have higher Ni/Ir than EL3,6 

chondrites (figure 2.13) can be explained by preferential 

sampling in the formerof silicate-rich chondrules relative to 

matrix metal. 

2.8 Summary. 

Most of the major element chemical variations seen in the 

enstatite chondrites result from analyzing inadequate-sized 
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samples. There is no significant chemical hiatus between EH 

and EL chondrites, except possibly in bulk S. The difference 

in S content appears to be caused by a genuine difference in 

troilite abundance (higher for EH, lower for EL). Even so, 

multiple analyses of St, Sauveur (EH5) demonstrate that any 

single analysis of a meteorite can plot with either EH or EL 

chondrites. Thus, based on previously obtained data, it may 

not be possible to use one chemical analysis to reliably 

classify a meteorite into one group or the other. Bulk 

analyses of sample sizes larger than previously used (mainly 

<3 g) may be required to finally settle the issue of whether 

two S groups are indeed present. The EH and EL groups may 

differ in Si/Mg as the result of a refractory element 

fractionation (removal of an ameboid olivine component), but 

such a slight difference is largely obscured by the variation 

in Si/Mg caused by random sampling. 
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3 MINERALOGY OF THE ENSTATITE CHONDRITES 

3.1 Introduction. 

The enstatite chondrites contain minerals that are not 

found in ordinary and carbonaceous chondrites (see Table 3.1) . 

In addition, many of the minerals typically found in 

chondritic meteorites (e.g., pyroxene, metal, troilite) have 

unusual mineral chemistries in the enstatite chondrites. 

Numerous studies have attempted to use enstatite chondrite 

mineralogy to constrain the nebular conditions under which the 

enstatite chondrites formed. However, it is virtually certain 

that many of the minerals used to constrain nebular conditions 

are not condensates, but instead formed during parent body 

processes. Even in type 3 enstatite chondrites, which are 

most likely to reflect nebular conditions, much or all of the 

original nebular material may have been remelted. However, it 

still seems possible that the melting may have occurred under 

nebular conditions and if so, the mineralogy of E3 chondrites 

can be used to constrain nebular models. 

3.2 Primary versus secondary mineralogy. 

It is important to state up front that almost none of the 

material in an enstatite chondrites can be unprocessed nebular 

condensates. This is especially true of minerals such as 

sinoite and osbornite, which are found only in highly-
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Table 3.1. Mineralogy of the Enstatite Chondrites 

mineral Chemical Formula 

Alabandite (primarily MnS) 

Caswellsilverite 
Cohenite 

Copper 

Cristobalite 

Daubreelite 

Diopside 

Dj erfisherite 

Enstatite 

Graphite 

Lawrencite 

Metal (as Kamacite and Taenite) 

Mineral A 

Mineral B 

Ninigerite 

Oldhamite 

Olivine 

Osbornite 

Perryite 

Plagioclase 

Quartz 

Richterite 

Roedderite 

Silicon carbide 

Silicon nitride 

Sinoite 

Sphalerite 

Tridimite 

Troilite 

(Mn,Fe,Mg)S 

NaCrSa 
(Fe,Ni)3C 
Cu 

SiOj 

FeCr2S4 
CaMgS izOs 

K3(Cu,Na) (Fe,Ni)i2Si4 
MgaS io^ 
C 

(Fe,Ni) CI2 

Fe, Ni 

NajtOyCrSj 

NajtOyCrSj 
(Mg,Fe)S 

CaS 

(Mg, Fe) 2Si04 

TiN 

(Ni,Fe)5(Si,P)2 

(Na,Ca) (Si,Al)AlSi208 

Si02 

Na2CaMgsSi022 (OH, F) 2 

(Na, K) 2M9sSii203o 
Sic 

Si3N4 

Si2N20 
ZnS 

SiOz 
FeS 
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metamorphosed E6 chondrites. Any unprocessed nebular material 

in the weakly metamorphosed E3 chondrites is expected to be 

extremely fine-grained. Type 3 chondrites contain chondrules, 

which are solidified molten droplets. The existence of relict 

grains in many chondrules indicates that the chondrule 

precursors were, in some cases at least, coarse grains. In 

addition, E3 chondrites, unlike ordinary and carbonaceous 

chondrites, contain only small amounts of a fine-grained 

matrix (Rubin, 1983a). Most of the matrix consists of 

relatively coarse-grained material. That being said, minerals 

which are most likely to be condensates, or to reflect the 

chemistry of condensates, are those which are present in E3 

chondrites. 

The identification of E3 chondrites took place shortly 

before this study began. Thus, one goal of this study was to 

obtain modal mineralogy and bulk analyses of two E3 chondrites 

(Qingzhen (EH3) and MAC 88136 (EL3)). The results of these 

analyses are given in Appendix B, where they are compared to 

data from Weisberg et al. (1995). 

Minor amounts of forsterite are found only in E3 and, to 

a lesser extent, E4 chondrites (Binns,1967), suggesting that 

forsterite was initially present in all enstatite chondrites 

and that it was destroyed during metamorphism. Coexistence of 

forsterite and a silica polymorph in an enstatite chondrite 

indicates that the meteorites are not in complete equilibrium. 



63 

Diopside is, with one exception, restricted to E3 

chondrites. Recently, diopside was discovered in an EL6 

chondrite (Fogel, 1995). Diopside is found in E3 chondrites in 

very low abundance (approximately 1/2 to 1/3 of the CaS 

abundance) and usually as part of a disequilibrium assemblage 

(Fogel, 1995). The absence of diopside in the higher 

petrologic types has been attributed to conversion of diopside 

to CaS during parent body metamporphism (Kitamura et al., 

1987) . 

Rambaldi et al. (1983a) noted that perryite occurs at 

metal-troilite interfaces. Sulfidation of metal to form FeS 

increases the Ni and Si content of the residual metal to the 

point where perryite forms. Thus, Rambaldi et al. (1983a) 

concluded that perryite resulted from nebular sulfidation of 

metal. Kallemeyn and Wasson (1986) noted that diffusional 

gradients in perryite are consistent with its formation during 

sulfidation of metal. In addition, the abundance of perryite 

decreases from E3 to E4, as the Ni and Si content of the metal 

increases, implying that perryite dissolves into metal during 

metamorphism (Kallemeyn and Wasson, 1986). 

Graphite and cohenite are both found in metal with 

textures indicative of solid-state exsolution (Keil, 1968; 

Larimer and Bartholomay, 1979). They indicate that enstatite 

chondrite metal formed with a high C content. 

Daubreelite is always found as exsolution lamellae in 
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troilite (El Goresy et al., 1988), and therefore should not be 

considered a "primary" phase. Instead, it appears that 

trolite formed with a high Cr content. 

Grossman et al. (1985) concluded that "CaS was probably 

not a primary condensate or an independent nebular component", 

based on the results of Larimer and Bartholomay (1979), who 

predicted that a nebula with a C/O ratio high enough to 

produce CaS should also produce a greater abundance of Sic, 

contrary to observation. 

However, Ehlers and El Goresy (1988) and El Goresy et al. 

(1988) concluded that CaS and MgS in Qingzhen (EH3) and Yamato 

691 (EH3) formed simultaneously and acted as nucleation sites 

in the solar nebula for growth of other opaque phases such as 

metal and troilite. They based their conclusions on the 

observation that CaS and MgS are commonly intergrown in 

chondrules, igneous clasts and multiphase opaque spherules. 

In the multiphase opaque spherules in Qingzhen (E3) , MgS and 

CaS, containing blebs of schreibersite, occupy the cores of 

the spherules and are surrounded by metal, troilite, graphite, 

and other opaques. A thin layer of perryite separates the 

sulfide components from metal. 

While it seems possible that some CaS and MgS reflect 

primary condensates, not all of the CaS and MgS are likely to 

be primary. The disappearance of diopside in the higher 

petrologic types suggests that it could have been converted to 
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CaS during parent body metamorphism. In addition, the 

abundance of niningerite in E3s (< about 3 vol%) is 

much less than that observed for E4s (up to 25 vol%) (Fleet 

and MacRae, 1987), suggesting that much of the niningerite 

observed in E4s is due to metamorphism. Support for this idea 

is provided by the experiments of Fleet and MacRae (1987) , who 

heated olivine and FeS in a sealed tube with excess graphite, 

and produced an assemblage consisting of enstatite, metal, 

niningerite, CO and small amounts of a silicide analogous to 

perryite. 

Various alkali-bearing sulfides (including mineral A, 

mineral B, caswellsilverite and djerfisherite) are also found 

in E3 chondrites. In Qingzhen (EH3), Grossman et al. (1985) 

found that K and Na were generally lithophile within 

chondrules, but were chalcophile in the matrix. This suggests 

that chondrules and matrix formed under different fSj or T. 

However, El Goresy et al. (1983) report that caswellsilverite 

is enriched, rather than depleted, in Qingzhen chondrules. 

Part of the discrepancy between these two studies may be their 

definitions of "chondrules" and "matrix". As described in 

appendix B, two sections of Qingzhen were examined. They 

contain both silicate-rich and opaque-rich chondrules. 

Alkali-bearing sulfides are abundant in the opaque-rich 

chondrules, but were not observed in the silicate-rich 

chondrules. Presumably the opaque-rich chondrules formed 
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under higher fS; than the silicate-rich chondrules in 

Qingzhen. 

3.3 Evidence for reducing conditions. 

Reducing conditions for the enstatite chondrites are 

indicated by the chalcophile behavior of such typically 

lithophile elements as Na, K, Ca, Mg, Mn, Cr, V, and Ti (Keil, 

1968; Skinner and Luce, 1971; Allen and Mason, 1973; Petaev 

and Khodakovsky, 1986), and Li (see section 4). 

Experimental study of oldharoite (CaS) suggests that the 

enstatite chondrites formed from a gas with lower H2O/H2 and 

higher H2S/H2O than a gas of solar composition (Larimer, 1968) . 

Larimer and Ganapathy (1987) argued that ordinary and 

enstatite chondrites must have formed and evolved under 

identical fSj, buffered by the mineral pair metal (Fe,Ni) and 

troilite (FeS), which is present in both types of chondrites. 

As ordinary chondrites contain no CaS, the presence of CaS in 

enstatite chondrites must be due to low fOj. As oldhamite 

(CaS) contains both refractory trace elements (Ba, Eu, Hf and 

Sc) in addition to volatile trace elements (Cs, Sb and Zn) , 

this implies that the enstatite chondrites formed in a region 

of the solar nebula where reducing conditions existed at both 

high and low temperatures (Larimer and Ganapathy, 1987). 

The low Ni content and high Si content of enstatite 

chondrite metal is also indicative of reducing conditions 
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(Baedecker and Wasson, 1975; Weisberg et al., 1995). Metal in 

EH3 chondrites has slightly more Si and slightly less Ni than 

that in EL3 chondrites, suggesting that the two groups 

experienced somewhat different fOj conditions (Weisberg et 

al., 1995). As the EH3 chondrites contain slightly more 

sulfides than ELS chondrites, Weisberg et al. (1995) conclude 

that sulfidation reactions were important in establishing the 

relative oxidation states of the two groups. 

3.4 Evidence for changing oxygen fugacity. 

Relict ("dusty") grains of enstatite and olivine, with 

textures indicative of incomplete melting during chondrule 

formation, have been observed in Qingzhen (EH3) chondrules 

(Housley et al., 1983; Rambaldi et al., 1983b). Each dusty 

enstatite has a core rich in Ni-poor metal inclusions 

surrounded by clear enstatite. The metal inclusions appear to 

have formed by reduction of the ferrosilite component in 

pyroxenes during chondrule formation. Housley et al. (1983) 

calculate that the dusty enstatite cores must originally have 

had Fs contents between 10 and 25%. 

Rambaldi et al. (1983b) studied three chondrules in 

Qingzhen containing relict olivines. Broad beam analyses of 

dusty regions in these olivines indicated that the precursor 

olivine must have had Fa contents between 20 and 30 wt%. 

Lusby et al. (1987) found that dusty pyroxenes are 
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ubiquitous in E3 chondrites. In addition, approximately 4-8% 

of clear pyroxenes in E3 chondrites have Fs contents between 

5 and 20 wt%. Lusby et al. (1987) conclude, based on the 

coexistence in chondrules of high-FeO clear pyroxene with low-

FeO pyroxene, that these pyroxenes all formed during open 

system crystallization of chondrule melts under reducing 

conditions in the nebula. 

In a recent study of cathodoluminescent and non-

cathodoluminescent pyroxenes in enstatite chondrites, Weisberg 

et al. (1994) found FeO-rich (FSs_34) pyroxenes containing 

zones of dusty pyroxene. These FeO-rich pyroxenes are almost 

always rimmed by FeO-poor pyroxenes. Weisberg et al. (1994) 

concluded that the FeO-rich grains formed in a more oxidizing 

nebula and underwent solid-state reduction before being 

mantled by FeO-poor pyroxene. Different grains show variation 

in the degree of reduction, suggesting that reduction took 

place in the nebula, not in the enstatite chondrite parent 

body (Weisberg et al., 1994). 

3.5 Summary. 

The mineralogy and mineral chemistry of equilibrated (E4-

E6) enstatite chondrites appears to reflect the effects of 

thermal re-equilibration during parent body metamorphism 

rather than the conditions of formation in the solar nebula. 

For example, sinoite and osbornite are found only in E6 
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chondrites, and thus cannot be primary condensates. Minerals 

found in enstatite chondrites that may be primary condensates 

include: enstatite, forsterite, diopside, silica polymorph, 

albite, metal, troilite, oldhamite, niningerite, 

schreibersite, mineral A, mineral B, caswellsilverite and 

djerfisherite. Forsterite and diopside are found in 

disequilibrium assemblages, showing that an equilibrium 

condensation model cannot provide an exact match to the 

mineral assemblage seen in enstatite chondrites. 

The mineralogy and mineral chemistry of the enstatite 

chondrites suggest that they formed under reducing conditions. 

A study of oldhamite suggests that reducing conditions 

occurred at both high and low temperatures, while studies of 

relict pyroxenes and olivines suggest that the nebular region 

where the enstatite chondrites formed was initially oxidizing 

and became increasingly reducing with time. 
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4 "HYDRATED" NA-CR-SULFIDES 

Two alkali-bearing Cr-sulfides, known as mineral A and 

mineral B (Ramdohr, 1973) have been observed in several 

enstatite chondrites, including Indarch (EH4) (Ramdohr, 1973), 

Qingzhen (EH3) (El Goresy et al., 1988) and Yamato 74370 (EH4) 

(Nagahara and El Goresy, 1984) . Minerals A and B contain 

approximately 10 and 20 wt% oxygen respectively, and are 

assumed to be hydrated (Rambaldi et al., 1983a). However, as 

was discussed previously, the enstatite chondrites show 

evidence for having formed under conditions of low oxygen 

fugacity. Water depletion is one possible explanation for the 

low oxygen fugacity. The presence of hydrated phases would 

seem to contradict the idea of water depletion or indicate 

that the enstatite chondrites contain material which formed 

under widely differing conditions. 

There has been disagreement as to whether or not minerals 

A and B are "primary" (El Goresy et al., 1983) or the result 

of terrestrial weathering (Okada and Keil, 1982). The case for 

terrestrial weathering relies mainly on the assumption that 

minerals A and B are the same phase as a schollhornite, a 

hydrated Na-Cr sulfide which occurs in the heavily weathered 

Norton Country enstatite achondrite (Okada et al., 1983). 

As part of this dissertation, additional chemical, 

mineralogical, and textural data for minerals A and B in the 

Indarch (EH4) chondrite (section USNM 334-1) were obtained to 
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better assess the significance of these phases. 

All observed grains of minerals A and B in Indarch are 

<100 microns across, and most are lath-shaped. They are 

generally found in opaque-rich regions outside of chondrules 

and are always partly or completely enclosed by troilite 

(FeS). Troilite in most E4 chondrites contains exsolution 

lamellae of daubreelite. Daubreelite is noticeably lacking in 

Indarch (EH4) ; instead, minerals A and B are the Cr-rich phase 

associated with troilite. Mineral A has been observed as an 

intergrowth with daubreelite in the Qingzhen (EH3) chondrite 

(El Goresy et al., 1983; El Goresy et al., 1988). In Indarch, 

minerals A and B are frequently associated with an SiO; 

polymorph, albite, roedderite, as well as sphalerite, 

oldhamite and niningerite, but are rarely in contact with 

enstatite. 

Textures and mineral associations in Indarch (EH4) 

strongly imply that minerals A and B are primary (i.e., pre-

terrestrial). In Indarch, minerals A and B are often spatially 

associated with oldhamite (CaS), which is highly water-

soluble. The association of minerals A and B with oldhamite 

is good evidence against the proposition that the former 

minerals are terrestrial weathering products. Figure 4.1 is 

a BSE image of a region (172) in Indarch, which shows a thin 

lath of mineral A surrounded by troilite. Both phases are 

crosscut by a silica polymorph. Silica polymorph in region 
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Figure 4.1. Backscattered-electron (BSE) image showing SiOj 
polymorph (dark gray, upper left to lower right) cross-cutting 
a lath of mineral A (light gray, lower left to upper right) 
and troilite (white, background) in region 172 of Indarch 
(EH4). This texture suggests that mineral A formed before 
silica polymorph and not as a result of terrestrial 
weathering. 
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172 clearly formed after mineral A, and both phases almost 

certainly formed prior to the fall of Indarch. 

Most occurrences of minerals A and B in Indarch are too 

small for accurate microprobe analyses. However, fourteen of 

the larger grains were analyzed with an electron microprobe. 

Of the fourteen grains, five are lath-shaped, eight are blocky 

and rectangular, and one is roughly equant. Mineral 

compositions were determined with a Cameca CAMEBAX SX-50 

microprobe at the Department of Planetary Sciences, University 

of Arizona, using wavelength dispersive methods, an 

accelerating voltage of 15 kV, and a sample current of lOnA. 

Six element were analyzed; Na, K, S (10 second counting times) 

and Fe, Cr, O (20 second counting times). A pseudo-crystal, 

which allows counting on the oxygen Ka peak, was used to 

determine oxygen. A well-characterized roedderite grain from 

the same section was used as a standard in order to avoid 

problems of differing carbon-coat thicknesses. Analysis 

totals of the fourteen grains were consistently low (92-96%), 

which may indicate that Na and O were volatilizing during 

analysis, or that the grains contain another element (with 

atomic number less than 8) which was not included in the 

analysis routine. Three of the grains were analyzed during 

separate runs on two different dates and gave consistent 

results. 
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Average oxygen and sodium contents of the fourteen grains 

are given in figure 4.2. The numbers below the data points 

indicate the number of analyses made on that grain. The bars 

indicate the range of values obtained. Ten of these grains 

(from nine different opaque regions) have approximately 10 wt% 

O, characteristic of mineral A. Some of the grains have 

uniform compositions, while others vary from 8-13 wt% o. 

These variations correlate with Z-variations observed with 

backscatter electron microscopy (BSE) and with color 

variations seen in reflected light. The darker the color in 

reflected light, the higher the O content. Two grains, from 

different areas of the section, have an 0 content in the range 

of 18-25 wt%, characteristic of mineral B. Neither of these 

two grains is associated with mineral A. 

One additional grain has a uniform composition of 15.6 

wt% O (2 analyses). No compositional variation was apparent 

in either BSE or reflected light, so it seems clear that this 

grain does not represent a fine-grained mixture of minerals A 

(approx. 10 wt% 0) and B (approx. 20 wt%0). 

The remaining grain (I16gr2) has about 5 wt% O. Although 

about 5 wt% HjO (or approximately 5 wt% O) has been reported 

previously for Fe-Cr-S grains in Indarch (Lin et al., 1990), 

that phase contained approximately 20-21 wt% Fe and no Na. 

I16gr2 contains only 1.5 wt% Fe and cannot be the same phase. 

This grain also contains 7.6 wt% Na, much more than reported 
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Figure 4.2. Mean oxygen and sodium contents in 14 grains of 
Na-Cr-O-bearing sulfide in Indarch (EH4). Bars indicate the 
range of values for each grain. Numbers below the bars in the 
top diagram indicate the number of analyses obtained for each 
grain. 
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for other hydrated Na-Cr-S phases in E3 and E4 meteorites. 

This Na content somewhat resembles that of schollhornite, but 

the latter phase has 13 wt% O, while this grain contains only 

5 vrt% O. I16gr2 appears to represent yet another undescribed 

Na-Cr sulfide. 

All but one of the grains examined (I16gr2) have a Na 

contents below 2.5 wt%; most have a Na content below 1 wt%. 

This is significantly lower than the Na content (5 wt%) of 

both natural (Okada et al., 1983) and synthetic (Schollhorn et 

al., 1979) schollhornite. The O content of schollhornite (13-

14 wt%), known to be incorporated as HjO in synthetic 

schollhornite (Schollhorn et al., 1979), is intermediate to 

that found in minerals A and B. Thus, minerals A and B appear 

to be distinctly different from schollhornite. 

Among most of the Na-Cr sulfides, bulk sodium content 

shows a slight tendency to covary with oxygen content. As 

some of the grains appear zoned in BSE, several traverses were 

made of one of the larger mineral A grains (I3grl) to 

determine whether oxygen, sodium, or both were varying. The 

results of these traverses are shown in figure 4.3. Oxygen 

appears to be concentrically zoned, varying from about 8 wt% 

in the core to about 11 wt% in the margin of the grain. The 

sodium data are more ambiguous. There is a general trend for 

Na content to increase from one side of the grain to the 
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Figure 4.3. Contour plots of oxygen (top) and sodivun (bottom) 
in Na-Cr-O-bearing sulfide grain I3grl in Indarch (EH4), based 
on four microprobe analysis traverses. Dots show the 
locations of the analyses. The grain is clearly zoned with an 
0-poor core and an 0-rich rim. 
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other. It is clear, however, that Na and O do not covary in 

this grain. 

Despite this variability in 0 and Na content, all of the 

hydrated Na-Cr sulfides in this study, as well as those 

reported in the literature, including schollhornite, have a 

Cr:S ratio of approximately 1:2. This suggests that all of 

the hydrated Na-Cr sulfides may be members of a single phase 

consisting of a CrSj framework that can accommodate variable 

amounts of 0, Na and Fe, subject to electrical neutrality 

constraints. 

It has generally been assumed (Rambaldi et al., 1983a) 

that all of the oxygen in minerals A and B is bound with 

hydrogen as OH or HjO. In order to confirm the presence of 

hydrogen in these minerals, two grains, one mineral A (I3grl) 

and one mineral B (19) , were examined with an ion probe at 

Arizona State University. Grain I3grl is one of six lath-

shaped grains of mineral A from a sub-rounded opaque region 

(approx. 800 /xm in diameter) , consisting primarily of 

troilite, with minor amounts of schreibersite, kamacite, 

niningerite and oldhamite. Grain 19 is from an irregularly-

shaped opaque region (approx. 300 /iim across) , which consists 

of one large sphalerite grain mantled by troilite. The 

troilite encloses a single large grain of mineral B as well as 

numerous grains of a silica polymorph and Na-feldspar. 

Rick Hervig at ASU operated the ion probe. A 10-20 nA 
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beam of ^®0 ions was rastered over a 50x50 /xm area, with an 

energy window of 40 eV. The two grains yielded ions only of 

Na, Cr, S, O, and Li. Ion yields depend not only on 

concentration, but also on sputtering characteristics (matrix 

effects). For example, FeS yields a greater concentration of 

Fe ions than does Fe-metal. The ion probe results confirm the 

presence of O and H in the two minerals examined. As Na, Cr, 

O, H and Li are not commonly found in sulfides, no correction 

routine exists with which to obtain quantitative results for 

these minerals. However, H ion yields were only slightly 

above background levels (Hervig, pers. comm.). Hydrogen is 

present in both phases, but at levels at least an order of 

magnitude less than needed to bind with the oxygen as OH 

(Hervig, pers. comm.). This leaves an uncertainty in how the 

majority of the oxygen is incorporated in these minerals. It 

is possible that the oxygen is bound to sodium or incorporated 

as O^'. 

In addition to oxygen and hydrogen, both grains contain 

noticeable amounts of lithium. If it is assumed that Li 

behaves similarly to Na in terms of sputtering 

characteristics, then Li is present at approximately 1% of the 

concentration of Na, or on the order of 50-300 ppm. The 

lithium is definitely present in minerals A and B; no lithium 

was detected in the troilite adjacent to these grains. 

Lithium has been reported at 0.5-3.0 ppm levels in bulk 



80 

analyses of enstatite chondrites (Shima and Honda, 1967; 

Nichiporuk and Moore, 1970; Murty et al., 1983), with some 

disagreement as to whether or not the E3/4s have a greater 

bulk lithium content than the E6s. Analyses of lithium 

contents in different fractions of Abee (E4) showed that most 

of the bulk lithium was recovered from the dissolved 

"trcilite" fraction (Shima and Honda, 1967) . It is unclear 

whether or not this fraction consisted only of troilite, or 

included commonly associated phases, such as daubreelite, 

caswellsilverite, and minerals A and B. The results of this 

ion probe study suggest that minerals A and B or related 

phases, rather than troilite itself, may be the host for 

lithium in the enstatite chondrites. 

In conclusion, minerals A and B are not the same phase as 

schollhornite. Textural relations suggest that minerals A and 

B are primary, in the sense that they formed along with other 

phases in the meteorite, not as terrestrial weathering 

products. Although both minerals contain hydrogen, they do 

not contain a significant amount of OH or HjO. Thus, the 

presence of minerals A and B is not an impediment to formation 

models for enstatite chondrites that involve water depletion. 
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5 FORMATION MODELS PROPOSED FOR THE ENSTATITE CHONDRITES 

5.1 Condensation at high pressure. 

Blander (1971) suggested slow nucleation kinetics would 

result in various gas species becoming supersaturated during 

nebular condensation. Supersaturation of iron at high gas 

pressures (10'^ to 10"^ atm.) would allow liquid troilite to 

condense (Blander, 1971) . This would enable Mg, Mn, Ca, Cr 

and alkalis to dissolve in the liquid, potentially leading to 

the formation of sulfide assemblages containing troilite 

(FeS), niningerite (MgS), oldhamite (CaS) and 

daubreelite (FeCr2S4) . 

Herndon and Suess (1976) examined the conditions 

necessary for the condensation of osbornite (TiN) and sinoite 

(SizNaO) from a solar composition gas, and calculated that P>1 

atm was required. They note that their results also explain 

the observed Si content in metal, and the presence of 

oldhamite (CaS), although immediate isolation of CaS from the 

nebular gas or gas dispersal at high temperature was required 

to prevent CaS from disappearing by reaction at lower 

temperatures. 

Sears (1980) re-examined the work of Herndon and Suess 

(1976) using a larger number of phases. He found that 

gehlenite (CajAljSiO,) formation (and presumably the formation 

of more akermanitic melilite at lower temperatures) prevented 
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the condensation of CaS from a solar composition gas, 

regardless of pressure. TiN was found to be stable for a 

small temperature interval at p>io^-^ atm. Sears (1980) 

concluded that it was possible, but unlikely, for the 

enstatite meteorites to condense from a solar composition gas 

at high pressures. 

5.2 Condensation from non-solar composition gas. 

Baedecker and Wasson (1975) examined the effects of 

localized HjO depletion in the solar nebula. They calculated 

that the Si content observed in E4 metal could be obtained at 

P=10"* atm if the H2O/H2 ratio of the gas was five times lower 

than solar. They proposed a model in which a nearly HjO-free 

gas from an area where water ice has condensed is rapidly 

transported to a region near Mercury's orbit, where this gas 

is mixed with solar composition gas. Their model requires 

radial transport of gas, without turbulent or diffusive 

mixing, to occur on a nebula-wide scale, which seems unlikely. 

For this reason, the Baedecker and Wasson model has been 

rejected by other researchers (e.g. Herndon and Suess, 1976). 

Larimer and Bartholomay (1979) determined the mineral 

assemblages produced by equilibrium condensation from a gas 

with a non-solar C/0 ratio. They used the cosmic abundances 

of Cameron (1968) (cosmic C/0=0.6). The cosmic abundances 

have been revised by Anders and Grevesse (1989) (cosmic 
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C/0=0.42). Larimer and Bartholomay (1979) found that for 

C/0>1 at P=10'* atm, a new suite of refractory minerals occurs: 

AlN, oldhamite (CaS), niningerite (MgS), Sic, osbornite (TiN), 

sinoite (SizNzO) , and graphite. As all but one of these 

minerals (AlN) are found in enstatite chondrites, Larimer and 

Bartholomay (1979) concluded that condensation in a nebular 

region with high C/0 seemed the most likely explanation for 

the observed mineralogy of the enstatite chondrites. Their 

model did not include any mechanism for altering the C/0 ratio 

of the solar nebula. 

Wood and Hashimoto (1993) calculated a series of 

equilibrium mineral assemblages that might result from 

chemical fractionations in the solar nebula. Their model 

assumes that solids would be concentrated in the nebular 

midplane, where a portion of these solids would be vaporized 

by transient heating events, resulting in a region of non-

solar composition gas. 

Wood and Hashimoto considered independently three solid 

components that could be enriched in the midplane: refractory 

dust (consisting of cosmic proportions of Si, Mg, Fe, Ca, Al, 

Na, and S) , tar (containing C, H, and O in the proportion 

found in Orgueil (CI) organic material), and ice (containing 

all excess C as CO2, and all remaining 0 as HjO) . 

In the Wood and Hashimoto model, an assemblage bearing 

some resemblence to the mineralogy of enstatite chondrites 
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exists between 1000 and HOOK for an "outer nebular midplane" 

region enriched both in refractory dust and in tar. In this 

temperature interval, the assemblage consists largely of 

enstatite, metal and MgS, with lesser amounts of feldspar, 

quartz and oldhamite. At lower or higher temperatures, the 

model predicts a large amount of forsterite (Mg2Si04) . 

However, there are two problems with this model. The first is 

that too much MgS is produced. In addition, the model 

requires that these minerals form in the outer part of the 

solar nebula, where solid organic material is stable. 

However, the enstatite chondrites are believed, on the basis 

of oxidation state, oxygen isotopic composition, refractory 

lithophile abundance and matrix/chondrule abundance to have 

formed in the inner part of the solar nebula (Rubin and 

Wasson, 1995) . In the inner part of the nebula, only 

refractory dust would be present, and the elements comprising 

the tar and ice components would occur in solar proportions in 

the gas. Calculations for an inner nebular midplane region 

enriched solely in the dust component yielded an assemblage, 

containing iron-rich olivines and Ca,Al-rich material, bearing 

no resemblance to enstatite chondrite mineralogy. 

5,3 Summary. 

None of the formation models described above produce 

modally correct enstatite chondrite mineral assemblages from 
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a plausible solar nebula. All of the previously discussed 

formation models assume that all of the unique mineral phases 

observed in enstatite meteorite are products of condensation 

from some type of nebular gas. The possibility that many of 

these minerals might be produced by igneous processes during 

chondrule formation or by reheating of the bulk meteorite has 

been ignored. For example, SijNjO and TiN are observed only 

in the highly equilibrated (E6) enstatite chondrites. 

Niningerite (MgS), on the other hand, never occurs in E6 

meteorites. Thus, these two minerals, which formed together 

in the model of Larimer and Bartholomay (1979) , have never 

been seen to coexist in enstatite chondrites. 
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6 CONDENSATION IN A TURBULENT NEBULA 

6.1 Introduction. 

A study by Morfill (1985) suggests a plausible mechanism 

for locally altering the composition of the solar nebula. He 

examined the effect of gas and solid transport near a 

condensation front in the solar nebula. For a given species, 

a condensation front separated the region where temperatures 

were low enough that the species existed as a solid, from the 

region where the species was in the vapor phase. Morfill 

(1985) concluded that turbulence in the nebula could transport 

gas across the condensation front, where the species would 

condense and decouple from the gas, resulting in concentration 

gradients in the gas and in an enhancement of the abundance of 

the solid on the low-temperature side of a condensation 

front. 

This mechanism was quantified by Stevenson and Lunine 

(1988) for water in the solar nebula. In their model, water 

vapor is transported across the condensation front by eddy 

diffusion. The water condensation front is assumed to be 

approximately stationary around 5 AU from the protosun. At 

the condensation front, water vapor rapidly precipitates as 

ice and the ice is assumed to mechanically decouple from the 

gas. The net result is an accumulation of water ice outward 

from the condensation front, and a broad zone of substantial 
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water vapor depletion in the gas inward from the condensation 

front, which becomes more depleted with time. 

Similar condensation fronts should have existed for other 

condensible species, including troilite (FeS). Troilite forms 

when Fe metal reacts with HjS gas. Only minor FeO is present 

at the onset of FeS formation. The atomic cosmic abundance of 

S is roughly 5/9 that of Fe. Thus, only about half of the 

metal would be converted to troilite in a non-turbulent 

nebula. At a stationary condensation front, turbulence would 

replenish HjS in the region where troilite had formed, 

allowing more of the metal to be sulfidized. This would 

continue until all of the metal had reacted to form troilite. 

Vaporization of troilite-rich solids at the troilite 

condensation front would produce a gas with an excess of S 

relative to solar composition. 

The purpose of this section is to examine the effects of 

likely chemical fractionations on condensation calculations 

and to determine if a plausible formation model for the 

enstatite chondrites can be constructed. 

John Wood kindly provided a copy of the PHEQ program and 

data library used by Wood and Hashimoto (1993) . This program 

searches for the minimum free energy configuration of a system 

with a particular bulk elemental composition as a function of 

gas pressure and temperature. The program includes 93 

possible gas species and 148 possible solid species. The 
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elements included in the model are H, 0, C, Mg, Si, Fe, S, Al, 

Ca and Na. The cosmic abundances of Anders and Grevesse 

(1989) were used for the benchmark cosmic case. Cr was not 

included, as there are no thermodynamic data available for the 

Cr-sulfides seen in enstatite chondrites. All of the 

calculations were run at 10'® bars, as this is currently 

considered a plausible pressure for the inner part of the 

solar nebula (e.g.. Wood and Morfill, 1988; Wood and 

Hashimoto, 1993). The precision of the calculations is 

estimated to be 0.1 mole/10 Si atoms. This accuracy was 

determined from the apparent mismatch in atomic abundances 

between output and input values. 

6.2 Cosmic composition. 

As a benchmark against which to compare other results, 

figures 6.1a and 6.1b show the abundances of solids in 

equilibrium with a gas of cosmic composition. The abundance 

is given as the number of molecules relative to 10 Si atoms. 

Figures 6.1a and 6.1b have different scales on the x-axis. 

With the exception of ferrosilite and fayalite, phases more 

abundant than 1 mole/10 Si stoms are plotted in figure 6.1a, 

while those phase less abundant than 1 mole/10 Si are plotted 

in figure 6.1b. This will be true for all of the figures in 

section 6. 
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Figure 6.1a. Temperature vs. molar abundances for the most 
abundant stable phases in a system of overall cosmic (or 
solar) composition at a pressure of 10'^ bars. Cosmic 
abundances are from Anders and Grevesse (1989) . Molar 
abundances are given in terms of moles per 10 Si atoms in the 
system. Forsterite is abundant at all temperatures between 
-1350 and 500 K. 
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Figure 6.1b. Temperature vs. molar abundances for the less 
abundant stable phases in a system of overall cosmic (or 
solar) composition at a pressure of 10'® bars. Cosmic 
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abundances are given in terms of moles per 10 Si atoms in the 
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The mineralogy of the solid species in equilibrium with 

a solar composition gas does not resemble the mineralogy of 

enstatite chondrites at any temperature (figure 6.1a-b). The 

most obvious discrepancy is that forsterite, which is rare in 

E3 chondrites, is abundant at all temperatures below 1300K. 

6.3 Sulfur enrichment. 

The enstatite chondrites contain a number of unusual 

sulfide minerals, suggesting that they have undergone 

sulfidation (e.g., Rubin, 1983a; Weisberg, 1995). One way of 

possibly forming enstatite chondrites is to produce them by 

vaporizing sulfur-rich solids near the troilite condensation 

front in the solar nebula. Figures 6.2a and 6.2b examine 

the case of vaporization and subsequent recondensation of FeS-

enriched solids in the solar nebula. The abundance of S was 

increased to equal the cosmic abundance of Fe. This can be 

considered to be the maximum amount of sulfur enrichment that 

could occur near a troilite condensation front. All other 

elemental abundances are cosmic. 

The major differences between this case and cosmic are 

that 1) the abundance of troilite (FeS) and pyrrhotite (Feo.gS) 

is increased; 2) NajSiOj forms at the expense of enstatite at 

T i 9 0OK; and 3) nepheline (NaAlSiO^) forms at T ^ 85OK. 

Notably, CaS and MgS do not form at any temperature in this 

model. Lower amounts of sulfur enrichment give similar 
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Figure 6.2a. Same as for Fig. 6.1a, except that the abundance 
of sulfur in the system has been set equal to the cosmic 
abundance of iron to simulate the effects of S-enrichment. 
Note that the solid NajSiOj is stable below -900 K. 
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results, with the abundance of NajSiOa, nepheline, troilite and 

pyrrhotite correlated with the degree of sulfur enrichment. 

Thus, sulfur enrichment alone does not produce a mineral 

assemblage similar to an enstatite chondrite. 

6.4 Water depletion. 

Depleting the water vapor content of a gas, as might be 

expected sunward of the water condensation front, has the 

effect of increasing the C/0 ratio of that gas. Figures 6.3a 

and 6.3b examine the case of loss of 85% of "cosmic water" on 

the condensation sequence. "Cosmic water" is defined as the 

abundance of water (127 molecules/10 Si atoms) present at high 

temperature in the cosmic model of section 6.2. Calculations 

were run for models ranging up to 100% cosmic water loss. 

From 0-80% cosmic water loss, the only effect was a lowering 

of the appearance temperatures for the silicate phases. The 

appearance temperatures and character of the solid assemblage 

is significantly different at 85% cosmic water loss (figures 

6.3a and 6.3b) compared to the cosmic case (figures 6.1a and 

6.1b). Differences from the cosmic case include: 1) the 

stability temperature for enstatite is significantly lowered; 

2) at 900K, enstatite becomes very abundant at the expense of 

forsterite; and 3) also at 900K, CaS and MgS are present as 

condensed phases. The assemblage at 900K in the 85% water-

depleted case bears some resemblance to enstatite chondrites. 
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but differs from the latter in some important respects. 

Graphite is overabundant, and some phases which are present in 

E3 chondrites, such as SiOz and albite, are absent. This 

situation gets worse with additional water depletion, as 

graphite becomes increasingly abundant. Thus, it appears that 

water depletion alone cannot explain the enstatite chondrites. 

6.5 Solid removal at low (600K) and high (1270K) temperatures. 

6.5.1 Removal from cosmic composition of 90% solid at 600K. 

Another way to increase the C/0 ratio of the system is to 

remove a substantial fraction of the condensed silicates. In 

order to increase the sulfur abundance at the same time, solid 

loss from the cosmic case must occur at temperatures where 

some, but not all of the troilite has condensed. A model was 

run with 50% loss of solid from cosmic composition at 600K. 

The results were similar to the cosmic case, except at low 

temperatures where NajSiOj formed at the expense of enstatite. 

A larger solid removal seemed warranted. 

Figures 6.4a and 6.4b show the results of vaporization 

and recondensation of material from which 90% of the solids 

were lost at 60 OK. As with the sulfur enrichment case 

(section 6.3), NajSiOj forms at low temperature at the expense 

of enstatite. However, troilite does not form in this model. 

Instead, NajS and CaS form at T i 800K, and coexist with 
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Figure 6.4a. Same as for Fig. 6.1a, except that 90% of the 
solids stable in a cosmic system at 600 K have been removed to 
simulate a low-temperature fractionation. A variety of 
unusual minerals are stable at low temperature (s 900 K) . 
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metal. Thus, the removal from cosmic of solids at low 

temperatures (-600K) cannot explain the mineralogy of the 

enstatite chondrites. 

6.5.2 Removal from cosmic composition of 56% solid at 1270K. 

None of the previous models matched the observed bulk 

chemistry of the enstatite chondrites. Larimer and Wasson 

(1988b) concluded that the enstatite chondrites (EH and EL 

combined) had lost about 58% of cosmic A1 and Ca, 51% of 

cosmic Mg, and 33% of cosmic Si in a "refractory element" 

fractionation. Trial and error calculations show that an 

approximation to the bulk composition of the enstatite 

chondrites can be obtained by the removal of 56% of the solids 

in equilibrium with a solar composition gas at 1270K. Figures 

6.5a and 6.5b and 6.5c show the results of vaporization and 

recondensation of material from which 56% of the solids stable 

in a system of overall cosmic composition at 127OK have been 

removed. The principal discrepancy between the predicted and 

observed assemblages at 925 K are the absence in the model of 

various sulfur-bearing species, including troilite, CaS and 

MgS (figures 6.5a and 6.5b). Figure 6.5c shows how Ca/Si, 

Al/Si, Na/Si, S/Si, Mg/Si and Fe/Si in the condensed 

assemblage vary with temperature. The range in the same 

elemental ratios for enstatite chondrites are shown for 

comparison. As can be seen, the solid assemblages existing 
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solids stable in a cosmic system as 1270 K have been removed 
to simulate a high-temperature (refractory element) 
fractionation. Note that the solid NazSiOj is stable below 
-900 K, and that forsterite is absent between -1200-900 K. 
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Figure 6.5c. Elemental ratios of the stable solid assemblages 
as a function of temperature for a model in which 56% of the 
solids stable in a cosmic system at a temperature of 1270 K 
and a pressure of 10'® bar have been removed to simulate a 
high-temperature (refractory element) fractionation. For the 
cosmic system the composition of Anders and Grevesse (1989) 
was assumed. Bars at the top of the diagram indicate the 
ranges observed for enstatite chondrites. Except for S/Si, 
the calculated and observed element ratios agree for model 
assemblages stable between -1150-900 K. 
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at temperatures between 1150K and 900K in the model have the 

same bulk chemistry as that of the enstatite chondrites. 

Compared to enstatite chondrites, the condensed assemblage 

contains too high a Na/Si ratio below 900K and too high a 

Mg/Si ratio above 1150K (figure 6.5c). The high Na/Si ratio 

at low temperatures in the model is primarily caused by an 

abundance of NazSiOa (figure 6.5a) which is not observed in 

enstatite chondrites. Below 850K, the abundance of forsterite 

exceeds that of enstatite, unlike the observations for the 

enstatite chondrites. Thus, for this model, enstatite 

chondrites could not have equilibrated at temperatures below 

about 900K. On the other hand, in order to match the observed 

S/Si ratio of enstatite chondrites, equilibration at about 

700K would be required (figure 6.5c). This could indicate 

that the enstatite chondrites were only partially equilibrated 

below 900K because of kinetic inhibition (see section 6.6). 

6.6 Removal of 1270K solid and water. 

Models were run for the removal of "cosmic water" (as 

defined in section 6.4) from the 1270K solid removal case of 

section 6.5.2. These models should approximate the major 

element composition of enstatite chondrites and share some of 

the attributes (namely, the presence of CaS and MgS as stable 

solids) of the water depletion case discussed earlier. 



105 

Figures 6. 6a and 6. 6b show the mineral assemblage 

produced by the loss from cosmic composition of 58% solid at 

1270K and a subsequent depletion of 80% of the cosmic water 

(hereafter referred to as model 1). For this case, the only 

major difference from the previous model (section 6.5.2) is a 

lowering of the condensation temperatures for the silicates 

(figures 6.6a and 6.6b). The condensates have the correct 

bulk chemistry for an enstatite chondrite between 105OK and 

850K, except for S/Si, as for the previous case (figure 6.5c). 

Figures 6,7a and 6.7b show the mineral assemblage 

produced by the loss from cosmic composition of 58% solid at 

1270K and a subsequent depletion of 85% of the cosmic water 

(model 2) . Graphite peaks in abundance around 850K. CaS and 

MgS exist over a narrow temperature interval, peaking in 

abundance at 90OK. Between 90OK and 80OK, the condensates 

have the same bulk chemistry as the enstatite chondrites, 

except for S/Si and an excess of C/Si (figure 6.7c). The C/Si 

excess is caused by the stability of graphite at these 

temperatures. The C/Si ratio matches that observed for 

enstatite chondrites at 925K. However, rather than carbon 

occuring as a separate phase, most of the carbon in enstatite 

chondrites is dissolved in metal. 

The mineralogy of the condensed assemblages of models 1 

and 2 most closely resemble that observed in enstatite 

chondrites at a temperature around 925K. Table 6.1 shows the 
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Figure 6.6a. Same as for Fig. 6.1a, except that two chemical 
fractionations have occurred: 1) removal of 56% of the solids 
stable in a cosmic system at 1270K, followed by 2) removal of 
80% of the water vapor present in a cosmic system at high 
temperature. Note that solid NajSiOj is stable below ~800K and 
that fosterite is absent between ~1100-850K. 
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Figure 6.6b. Same as for Fig. 6.1b, except that two chemical 
fractionations have occurred: 1) removal of 56% of the solids 
stable in a cosmic system at 1270 K, followed by 2) removal of 
80% of the water vapor present in a cosmic system at high 
temperature. For temperatures between -1100-850 K, feldspar 
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as a function of temperature for a model in which two chemical 
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abundance of each solid phase, converted to volume percent, at 

925K for the two models. Also shown is a 50-50 mixture of 

models 1 and 2 at 925K (model 3) . Such a mixture could result 

from mixing material from related, but distinct, nebular 

reservoirs. Of the three models, the phase assemblage of 

model 3 most closely resembles enstatite chondrites as it 

contains all of the major phases observed, and in roughly the 

correct proportions (Table 6.1). The only major exception to 

this is that troilite and the S/Si ratio of the predicted 

assemblage is too low compared to that observed in enstatite 

chondrites. 

Model 3 requires that all phases except metal reach 

equilibrium at 925K, without further reaction. The presence 

of troilite in enstatite chondrites requires that metal react 

with sulfur in the gas to form troilite at temperatures lower 

than 925K. To match enstatite chondrites, roughly half of the 

metal in the model assemblage (Table 6.1) has to be 

sulfidized. S/Si in enstatite chondrites matches the value 

observed in models 1, 2 and 3 between about 70OK and 675K, 

implying that sulfidation of metal occurred at these 

temperatures. 

Fegley (1988) suggested that the minerals that formed in 

a given region of the solar nebula would have equilibrated at 

different temperatures as a result of kinetic effects. 

Thermodynamic equilibrium would not have been strictly 
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Table 6.1. Mineral abundances (vol%) in three 
equilibrium models compared to E3 chondrites. 
All models include: 1) removal of 56% solid 
from cosmic at 127OK and 2) subsequent removal 
of 80%-85% cosmic water. 

model 1 model 2 model 3 
80% 85% 50/50 

water water mixture of 
mineral loss loss models 1&2 

enstatite 61 56 59 
forsterite 8 0 4 
metal 20 20 20 
troilite 0 0 0 
silica 1.7 0 0.9 
alb. + anor. 14 12 13 
diopside 3 . 3 0 1.7 
CaS 0 2. 4 1.2 
MgS 0 1. 2 0.6 

observed EH3* observed EL3* 
(Weisberg (Weisberg 

mineral et al •, 1995) et al ., 1995) 

enstatite 60.4 (56-64) 65.2 (64-66) 
forsterite 4.4 (3-7) 2.4 (2-4) 
metal 9.3 (4-13) 10.1 (9-11) 
troilite 10.4 (7-16) 7.6 (7-10) 
silica 1.6 (0.1-2.6) 1.1 (0.9-1.4) 
alb. + anor. 8.3 (6-11) 10.4 (10-12) 
diopside 0.1 (0-0.5) 0.3 (0-0.5) 
CaS 0.7 (0-1.6) 0.6 (0.4-1.0) 
MgS 2.2 (0.3-5.4) 0 
MnS 0 0.4 (0.2-1.1) 

*mean and range 
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obtained, as different reactions would ahve proceeded at 

different rates. Fegley (1988) concluded that: 1) the least 

likely reactions to reach equilibrium are those requiring 

extensive solid-state diffusion, especially at low 

temperatures; 2) troilite formation is kinetically feasible 

down to low temperatures (~570K) ; and 3) formation of hydrated 

silicates and incorporation of FeO into crystalline silicates 

at low temperatures in the solar nebula is not chemically 

feasible. 

Assuming that reactions other than conversion of Fe to 

FeS are kinetically inhibited at temperatures below about 

925K, the enstatite chondrites can be produced by condensation 

in a nebular region where 56% of a refractory solid component 

(T=1270K) and 80-85% of the cosmic water has been removed. 

This implies that the enstatite chondrites formed well inward 

of the water condensation front in the nebula from a gas in 

which more refractory solids had been segregated. 

6.7 Summary. 

Several models were run to determine the effects of 

likely chemical fractionations on condensation calculations 

and to obtain a plausible formation model for the enstatite 

chondrites. The solar composition (cosmic) model produces an 

assemblage of minerals that does not resemble the mineral 

assemblage seen in enstatite chondrites at any temperature. 
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The model in which sulfur is enriched differs from the 

cosmic case in that the abundance of troilite (FeS) and 

pyrrhotite (Feo.gS) is increased, and minerals such as NazSiOj 

and nepheline (NaAlSiO^) are formed at low temperatures. 

Water depletion alone cannot produce the enstatite 

chondrites. For 0-80% loss of water, the models differ from 

cosmic only in a lowering of the stability temperatures of the 

silicate phases. For 85% water loss, an assemblage that 

somewhat resembles that found in enstatite chondrites is 

produced. However, this assemblage contains too much 

graphite, and some phases which are present in E3 chondrites, 

such as SiOj and albite, are not present. 

Re-equilibration after loss of 90% of low-temperature 

condensates from a solar composition gas produces an 

assemblage least similar to those found in enstatite 

chondrites. Several peculiar sodium-bearing solids are 

produced and troilite does not form. 

Re-equlibration after loss of 56% of condensates at 127 0K 

produces an assemblage that resembles that found in enstatite 

chondrites, except for the absence of CaS and MgS. 

The most successful model is that of condensation in a 

nebular region where 56% of a solid component at 1270K and 80-

85% of the cosmic water has been removed. This model matches 

the bulk chemistry and modal mineralogy observed in enstatite 

chondrites, assuming that all phases other than metal cease 
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equilibration at around 925K and that sulfidation of metal to 

form FeS ceases at about 675K. 
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7 CONCLUSIONS 

This dissertation had several goals. The first was to 

re-examine the evidence for two chemical groups in the 

enstatite chondrites. As described in section 2, most of the 

major element chemical variations seen in the enstatite 

chondrites result from analyzing inadequate sample sizes. 

There is no significant chemical hiatus between EH and EL 

chondrites, except possibly in bulk S. The difference in S 

content appears to be caused by differences in troilite 

abundance (higher for EH, lower for EL) . Even so, multiple 

analyses of St. Sauveur (EH5) demonstrate that any single 

analysis of a meteorite can plot with either EH or EL 

chondrites. Thus, it is not possible to use one chemical 

analysis to classify an enstatite chondrite. The EH and EL 

groups may differ in Si/Mg as the result of a refractory 

element fractionation (removal of an ameboid olivine 

component), but such a slight difference is largely obscured 

by the variation in Si/Mg caused by random sampling. 

The second goal of this dissertation was to determine 

which of the minerals observed in enstatite chondrites are 

most likely to have formed in the solar nebula. As discussed 

in section 3, these minerals include: enstatite, forsterite, 

diopside, silica polymorph, albite, metal, troilite, 

oldhamite, niningerite, schreibersite, mineral A, mineral B, 

caswellsilverite and djerfisherite. Forsterite and diopside 
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are found in disequilibrium assemblages, suggesting that the 

enstatite chondrites did not form at complete equilibrium. 

The third goal of this dissertation was to determine 

whether two Na-Cr sulfide minerals (minerals A and B) observed 

in enstatite chondrites are indicative of hydration 

conditions. As discussed in section 4, textural relations 

suggest that minerals A and B are primary, in the sense that 

they formed along with other phases in the meteorite, not as 

terrestrial weathering products. While both minerals contain 

hydrogen, they do not contain a significant amount of OH or 

HjO and are not therefore appreciably hydrated. 

The final goal of this dissertation was to determine if 

a plausible formation model for the enstatite chondrites could 

be constructed. As discussed in sections 5 and 6, the modal 

mineralogy and bulk chemistry of the enstatite chondrites are 

reproduced by a model involving the mixture of two equilibrium 

assemblages the formed by the removal of solids in the solar 

nebula. Two chemical fractionations appear to be required to 

form enstatite chondrites. The first is a "refractory 

element" fractionation (Larimer and Wasson, 1988b) which 

removed condensates at a temperature of around 1270K. The 

second is the removal of water, caused by the turbulent 

transport of water vapor to a region of the nebula where water 

ice was condensing. To form the enstatite chondrites, roughly 

56% of the 1270K solid and 80-85% of the cosmic water must be 
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removed. Unlike all previous formation models for the 

enstatite chondrites, this model can quantitatively account 

for both the bulk chemistry and modal mineralogy observed in 

enstatite chondrites. The only exception to this is an 

overabundance of metal and a lack of troilite in the model 

phase assemblage. This discrepancy can be explained if 

sulfidation of metal continued to temperatures (-675K) lower 

than that at which other phases equilibrated (-925K); a 

kinetic effect is proposed to achieve this. 
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APPENDIX A: CHEMICAL ANALYSES OF ENSTATITE CHONDRITES 

FIND 
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1. 42 
0.0648 

FIND 
MAC85119 
EL3 
Zhang 

10.5 
16.4 
0.89 
1.2 
0.58 

0.073 
0.229 
0.17 

1.05 
0.0497 

O  

total 
29.56 
98 . 64 

Si 
Mg 
Fe 
A1 
Ca 
Na 
K 
Cr 
Mn 
Ti 
P 
Ni 
Co 
S 
0 
total 

FIND 
MACS8180 
EL3 
Zhang 

13. 3 
17. 3 
0.98 

0.52 
0 . 046 
0. 242 
0.15 

1.09 
0.0457 

FIND 
MAC88136 
EL3 
Zhang 

14.1 
21.5 
0.96 
1.2 

0.61 
0.068 
0.295 
0.197 

2.15 
0.0617 

FIND 
MACS8184 
EL3 
Zhang 

11.9 
20.3 
0.91 
1.3 

0.49 
0.042 
0.33 

0.227 

1.22 
0.0588 

FALL 
Abee 
EH4 
Mason 1966 

17.66 
11.48 
30.35 
0.709 
0.743 
0.749 
0.083 

0 . 2  
0.05 
0 . 2 6  
1. 66 
0. 07 
6.12 
29.26 

99.394 
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FALL FALL FALL FALL 
Abee Adhi Kot Indarch Indarch 
EH4 EH4 EH4 EH4 
VonMic Mason 1966 Kall&Wass VonMic 

Si 16.3 16.8 16.65 
Mg 11.1 10.05 10.5 11.02 
Fe 32. 52 33.31 24.7 30.41 
A1 0.776 1.07 0.78 0.78 
Ca 0.872 0.87 0.86 0.811 
Na 0.6 0.726 
K 0.08 0.08 0.0902 0.08 
Cr 0.3 0.303 
Mn 0.192 0.17 0.238 0.215 
Ti 0.047 0.08 0.043 
P 0.196 0.16 0.209 
Ni 1.95 1.63 
Co 0.09 0.0805 
S 5.65 

0 27.47 
total 98.65 

FALL FIND FIND FIND 
Indarch South Oman RKPA80259 RKPA8025! 
EH4 EH4, 5 EH5 EH5 
Wiik Easton 1985 Kall&Wass Weeks&Se< 

Si 16.47 18.62 
Mg 10. 54 13 .14 10.3 11.3 
Fe 33.15 29.66 24.9 22.7 
A1 0.77 0.91 0.81 0.89 
Ca 0.89 0.27 0.72 0.81 
Na 0. 75 0.59 0.446 0.462 
K 0. 09 0.05 0.05 0.0386 
Cr 0.23 0.18 0.303 0.322 
Mn 0.19 0.27 0.185 0.21 
Ti 0. 04 0.06 
P 0.22 0.05 
Ni 1.83 1.88 1.61 1.41 
Co 0. 08 0.08 0.0754 0.0673 
S 5. 18 4.5 

O 
total 

29.79 
100.05 



si 
Mg 
Fe 
A1 
Ca 
Na 
K 
Cr 
Mn 
Ti 
P 
Ni 
Co 
S 

FALL 
St. Marks 
EH5 
Easton 1985 

16.84 
11.47 
35.23 
0.69 

0 . 8  
0 .  6 6  
0, 
0  

0, 

0, 
0, 
2 ,  

06 
19 
13 
12 
03 
08 

0.1 
4.18 

FALL 
St. Marks 
EH5 
Kall&Wass 

11 
28.7 
0.84 
0 . 8 6  

0.657 
0.0726 
0.316 
0.232 

1.77 
0.0845 

FALL 
St. Marks 
EH5 
Wiik 

17.14 
11.64 
32.43 

0 . 8 8  
0.87 
0.64 

0.096 
0. 34 
0.289 
0.087 
0.039 
1.81 
0.1 
5.5 

FALL 
St. Marks 
EH5 
VonMic 

17. 01 
11.06 
31.42 
0.716 
0.85 

0.069 

0. 199 
0. 043 
0. 193 

O  

total 
2 6 . 8  

99 . 38 

FALL FALL FALL FIND 
St. Sauveur St. Sauveur St. Sauveur ALHA81260 
EH5 EH5 (or EH4) EH4 or EH5 EL6 
Easton 1985 Kall&Wass Mason 1966 Kall&Wass 

Si 17 15.61 
Mg 11.06 10.6 10.25 13.9 
Fe 35.55 29.4 35.02 20.4 
A1 0.8 0.81 1.74 1.14 
Ca 0.68 0.9 1.44 0.94 
Na 0.77 0.735 0.71 0.625 
K 0.09 0.088 0.17 0.0715 
Cr 0.25 0.374 0.08 0.312 
Mn 0.18 0.21 0.05 0.179 
Ti 0.07 
P 0.02 0.07 
Ni 1.93 1.69 1.62 1.16 
Co 0.09 0.0808 0.12 0.0628 
S 4.61 5.82 

O 26.92 27.02 
total 100.02 99.72 
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FIND FIND FIND FIND 
Atlanta Atlanta Blithfield Blithfield 
ELS EL6 EL6 EL6 
Wiik VonMic Mason 1966 Riabin (1984) 

Si 17.72 17.63 19.87 12.48 
Mg 12.96 12.73 14.86 9.59 
Fe 28.95 24.81 20.71 48.1 
A1 1.43 0.99 1.1 0.31 
Ca 0.27 0.37 0.62 0.31 
Na 0.42 0.68 0.16 
K 0.07 0.06 0.07 0.01 
Cr 0.28 0.24 0.38 
Mn 0.12 0.189 0.12 0.11 
Ti 0.03 0.059 0.04 0.07 
P 0.2 0.105 0.06 0.25 
Ni 1.68 1.11 3.3 
Co 0.12 0.08 0.15 
S 2.62 4.44 4 

O 35.06 20.99 
total 99.06 100.21 

FIND FALL FALL FALL 
Blithfield Daniels kuil Daniels Kuil Hvittis 
EL6 EL6 EL6 EL6 
VonMic Easton 1985 Mason 1966 KAll&Wass 

Si 22.19 15.15 17.98 
Mg 15.99 12.86 13.04 14.4 
Fe 19.66 38 29.03 20.7 
A1 1.108 0.82 0.94 1.06 
Ca 0.609 0.48 1.21 1.15 
Na 0.46 0.47 0.58 
K 0.07 0.05 0.12 0.0763 
Cr 0.23 0.31 0.325 
Mn 0.182 0.15 0.02 0.117 
Ti 0.07 0.09 0.07 
P 0.12 0.1 
Ni 3.04 1.87 1.23 
Co 0.13 0.12 0.0636 
S 2.33 3.46 

O 25.96 30.89 
total 99.85 99.53 



125 

FALL 
Hvittis 
EL6 
Mason 1966 

FALL 
Hvittis 

EL6 
Rubin 83a 

FALL 
Hvittis 
EL6 
VonMic 

FALL 
Hvittis 
EL6 
Wiik 

Si 
Mg 
Fe 
A1 
Ca 
Na 
K 
cr 
Mn 
Ti 
P 
Ni 
Co 
S 

19.41 
14.01 
24.92 

0 . 8 2  
1.01 
0.93 
0.27 
0.39 

0.08 
1.96 
0.07 
3 . 3 

19.68 
15.38 
25.9 
0.67 
0 ,  
0, 
0 .  
0, 
0 .  
0, 
0, 

64 
35 
03 
21 
12 
02 
11 

1.67 
0.13 
2.06 

17.29 
12.69 
23.49 
0.86 
0.882 

0 . 0 6 2  

0.152 
0.043 
0.109 

19.81 
14.66 
22.63 

0.95 

0.31 
0.18 

0 . 0 8  
3.6 

O  

total 
32.85 

100,02 
33 . 52 

100.49 

FALL 
Jajh d.K.L. 
EL6 
Kall&Wass 

FALL 
Jajh d.K.L. 
EL6 
Wiik 

FALL 
Khairpur 
EL6 
Easton 1985 

FALL 
Khairpur 
EL6 
Mason 1966 

Si 
Mg 
Fe 
A1 
Ca 
Na 
K 
Cr 
Mn 
Ti 
P 
Ni 
Co 
S 

14.6 
20.5 
1. 07 
10.2 

0.581 
0. 0725 
0.259 
0. 152 

1.23 
0.0649 

20.47 
14.03 
22.17 
1, 
0, 
0 .  
0 ,  
0 ,  
0 ,  
0 ,  
0 .  

06 
96 
67 
05 
22 
12 
05 
12 

1.29 
0.09 
3 .19 

20.63 
14.71 
21.14 
1. 
0 .  
0 .  
0 ,  
0 .  
0 ,  
0, 
0, 

28 
56 
68 
07 
21 
21 
08 
12 

1.22 
0.04 
3.95 

19.93 
13.92 
23.48 
0.93 
1.24 
0. 59 
0.08 
0.28 

1.29 
0.17 
2.84 

O 
total 

34.56 
99.46 

33.6 
98.35 



126 

FALL 
Khairpur 
EL6 
Kall&Wass 

FALL 
Pillistfer 
EL6 
DK&Y 1979 

FALL 
Pillistfer 
EL6 
Jaros 

FALL 
Pillistfer 
EL6 
Kall&Wass 

Si 
Mg 
Fe 
Al 
Ca 
Na 
K 
Cr 
Mn 
Ti 
P 
Ni 
Co 
S 

14 
20.2 
1. 05 
0.91 

0.591 
0.0821 
0.338 
0.221 

10.7 
0.0562 

19.01 
13.44 
27.84 
0.87 
0 .  
0 .  
0 .  
0 .  
0 ,  
0 .  
0 .  

66 
89 
13 
29 
16 
05 
05 

1.75 

3.01 

18.8 
12.63 
27.78 
1.15 
0.94 
0.59 
0.07 
0.29 
0.16 
0.08 
0.09 
1.68 
0.08 
3.98 

13.7 
25.2 
1.03 
0.96 

0.544 
0.065 
0.273 
0.162 

1.5 
0.0814 

O  

total 
32.24 

100.39 
31.12 
99 .44 

FALL 
Pillistfer 
EL6 
VonMic 

Si 19.05 
Mg 13.58 DK&Y 1979 = Dyakanova et al. (1979) 
Fe 26.71 Easton 1985 = Easton (1985) 
Al 1.024 El Goresy = El Goresy et al. (1988) 
Ca 0.97 6 Jaros = Jarosewich and Mason (1969) 
Na Kall&Wass = Kallemeyn and Wasson (1986) 
K 0.067 Mason 1966 = Mason (1966) 
Cr Rubin 1984 = Rubin (1984) 
Mn 0.162 Riibin 83b = Rubin (1983b) 
Ti 0.047 Shima = Shima (1974) 
P 0.134 VonMic = Von Michaelis et al. (1969) 
Ni Weeks&Sears = Weeks and Sears (1985) 
Co Wiik - Wiik (1969) 
S Zhang = Zhang et al. (1995) 

0 
total 
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APPENDIX B: CHEMISTRY OF TWO E3 CHONDRITES 

Two E3 chondrites, Qingzhen (EH3) and MAC88136 (EL3) were 

studied with an electron microprobe to determine the 

composition of mineral phases, and the modal and bulk 

compositions of the meteorites. 

Mineral phase compositions were determined with a Cameca 

CAMEBAX SX-50 microprobe at the Lunar and Planetary 

Laboratory, University of Arizona, using wavelength dispersive 

methods, an accelerating voltage of 15 kv, and a sample 

current of lOnA. The analytical precision and the background 

detection limits at a 95% confidence level were calculated 

from the formulas of Ziebold (1967) . The concentration error 

is given by: 

= [2.33/tIR] (l/c*J {Rc*i(l-c*J+2}'/2 

where 

t = counting time on peak of unknown (phase 4>) 

I = count rate on peak of standard 

R = ratio of counts on peak to background in 

the standard 

c*i = concentration of element i in phase (|) 

The calculated detection limit at a 95% confidence level for 

each element is given by: 

CD.I,. ^ 3.29/(tIR)^^2 

Mean compositions of silicates and opaques, along with their 

propogated precision errors are given in Tables B1 and B2. 
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The modal abundances of each meteorite were determined by 

point counting with the microprobe, as phase identification of 

the sulfides in E chondrites by optical and scanning electron 

microscopy is difficult. The microprobe was set up for 

automated analyses in a grid pattern that covered an entire 

section. Two sections of Qingzhen, with a total of 808 

points, and one section of MACS8136, with a total of 331 

points were analyzed. At each point, sixteen elements were 

analyzed, which was sufficient to discriminate between all 

phases. 

The errors in determining the modal abundances through 

point counting were calculated using the method outlined in 

Appendix B of Best (1982) . The error associated with each 

mineral (4)) is given by: 

s (44X4SVRA) [1+5.8 (R/s)^] 

where x^ = modal percentage of the mineral 

s = mean grid spacing 

R = mean grain diameter 

A = area over which the grid extends 

The modal abundances of phases and their associated errors are 

given in Table B3 for Qingzhen and MAC88136. 

Modal data from a study by Weisberg et al. (1994) for ten 

EH3 and four EL3 chondrites are given in Table 6.1. This data 

was obtained by an "automated electron microprobe technique" 

(Weisberg et al., 1994). Examination of Table 83 indicates a 
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few minor differences between the modal abundances determined 

in this dissertation, and those reported for E3 chondrites by 

Weisberg et al. (1994) . Compared to Weisberg et al. (1994) , 

the abundances of enstatite and forsterite are somewhat lower 

and the abundances of metal are somewhat higher. For Qingzhen 

only, silica and oldhamite are higher (Table B3) . For all 

other phases, the two studies are in good agreement. Both 

studies suggest that EL3 chondrites have approximately the 

same or a slightly higher modal abundance of metal relative to 

EH3 chondrites. 

The bulk composition of each meteorite was determined, 

using the mode and the mineral analyses, as 

Ci(bulk) = nSx^c*iP^ 

where 

= modal abundance of phase (J) 

c*i = concentration of element i in phase ({) 

= density of phase <|) 

n = a normalization factor 

The mineral densities that were used are given in Table B4. 

Precisions of bulk compositions were determined by error 

propagation using the technique outlined in Ch. 4 of Bevington 

(1969). The error on the bulk analysis is given by 

= n22p%[c*2iO*2^ + 

where c*i = concentration of i in phase 4> 

= error in mode for phase <j) 
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= mode of phase (|) 

= error in concentration of i in phase <() 

= mineral density of phase 

n = a normalization factor. 

The bulk compositions together with their associated errors 

for Qingzhen and MAC88136 are given in Table B5. 

Comparison of the data in Table B5 with four analyses of 

Qingzhen and one analyses of MAC88316 by other analysts (see 

Appendix 1), shows that the Fe values obtained in this study 

for Qingzhen (37.35) and MAC88136 (39.26) are higher than 

those reported in the literature (Qingzhen: 26.8-32.6 and 

MAC88136: 20.3). All other values are in good agreement with 

the analyses in Appendix A, except for Ca in Qingzhen, which 

is in excess, reflecting an unusually large modal abundace of 

CaS. 
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Table Bl: Mean compositions of silicates in MAC88136 and 
Qingzhen in wt%. Values below calculated background levels 
are not reported. Number in parenthesis indicates number of 
analyses averaged. Oxygen calculated from stoichiometry, 
assuming +2 valence for Fe. 

^MAC88136 
enstatite 

Na -

Si 27.24±0. 63 
A1 0.35±0. 20 
Mg 22.75±1. 04 
Fe 2.53±0. 37 
K -

Ca 0.47±0. 30 
0 47. 70 
Total 101.04 

^MAC88136 
albite 

fN=l) 
Na 7.87±1. 13 
Si 33.08±0. 71 
A1 10.26±0. 44 
Mg -

Fe 0.41±0. 24 
K 0.40±0. 31 
Ca 0.4510. 30 
0 50. 08 
Total 102.55 

^Qingzhen 
enstatite 

fN=7l) 

27.5710.63 

23.55±1.06 
0.83±0.27 

47.68 
99 . 63 

*Qingzhen 
albite 
(N=3) 

7.55±1.12 
32.07±0.69 
9.90±0.44 

0.30±0.30 
0.33±0.29 

48.90 
99.05 

MAC88136 
Si-polymorph 

(if =2) 

46.22±0.87 
0.48±0.21 

0.52±0.25 

53.48 
100.70 

®MAC88136 
plagioclase 

fN=l) 
1.94±0.86 

22.21±0.56 
17.40±0.57 

11.41±0.78 
46.74 
99.70 

Qingzhen 
Si-polymorph 

fN=2) 

45.78±0.86 

52. 90 
98. 68 

®Qingzhen 
plagioclase 

fN=l) 
4.02±0.96 
29.98±0.67 
11.33±0.46 

4.88±0.54 
48.59 
98.80 

•'MAC88136 
forsterite 

fN=l) 

®Qingzhen 
forsterite 

fN=2) 

Qingzhen 
roedderite 

fN=l) 
Na - - 1. 5110. 84 
Si 19.2010. 52 19. 4110.52 32. 26+0. 70 
A1 0.6610. 21 - -

Mg 28.9611. 19 33 . 7511.29 11. 5110. 75 
Fe 5.0810. 49 0. 4010.24 0. 5710. 45 
K - - 6. 4210. 66 
Ca 0.6510. 32 - -

0 43.46 45. 09 47. 36 
Total 98. 01 VO

 
00

 
• 65 99. 63 

En94. 
En^g 

Abg4 

Abgs, 

3FS4 gWOi 2 

sFSi 5 

lO^z.sAns 1 

2^^2.4 

® Abzz.gAn,, 

Abss oAn4i 

FO92.9 
FO99.5 

.0 
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Table B2: Mean compositions of opaques in MAC88136 and 
Qingzhen in wt%. Values below calculated background levels 
are not reported. Number in parenthesis indicates number of 
analyses averaged. 

MAC88136 
troilite 

fN=4) 
Si 
Zn 
Fe 
S 
Cr -
Total 100,38 

63.63±1.99 
36.75±1.38 

Qingzhen 
troilite 

fN=13) 

61.6411.85 
36.64±1.38 
0.97±0.23 

99.25 

MAC88136 
daubreelite 

fN=l) 
0.50±0.15 
1.2710.53 

18.7910.94 
43.9311.54 
35.3911.11 
99.88 

Qingzhen 
greigite 

fN=3) 

56.9111.85 
37.8411.41 
4.2510.38 

99.00 

Mg 
Fe 
Ca 
S 
Mn 
Total 

MAC88136 
oldhamite 
(N=2) 

0.7210.26 
52.8811.88 
45.1311.50 
0.6410.20 

98 .73 

Qingzhen 
oldhamite 

(N=2) 
0.4810.36 
0.8010.26 

51.5111.85 
44.9811.57 
_0 

97.77 

MAC88136 
alabandite 

(N=l) 
1.1510.40 
6.6410.55 

37.9411.41 
55.7411.42 

101.47 

Qingzhen 
niningerite 

fN=l) 
25.7511.11 
13.3010.78 

46.6611.60 
11.8610.58 
97.57 

MAC88136 Qingzhen 
schreibersite schreibersite 

(N=l) 
Si 
Fe 
Ni 
P 
Total 102.61 

52.8111.76 
36.1311.58 
13.6711.53 

fN=l) 

72.5810.86 
15.1410.97 
12.1611.45 
99.88 

Qingzhen 
perryite 

fN=4) 
10.9810.39 
8.7410.63 
76.3610.76 
2.9310.97 

99.01 

Si 
Fe 
Co 
Ni 
Total 100.09 

MAC88136 
metal 
(N=6) 

0.2810.14 
95.3612.66 
0.2910.25 
4.1610.54 

Qingzhen 
metal 
m=26) 

2.4210.21 
93.9612.69 
0.3310.25 
3.1310.50 

99.84 

Mg 
Zn 
Fe 
S 
Mn 

Total 

Qingzhen 
sphalerite 

fN=2) 
0.4710.36 

30.6911.84 
30.7811.25 
34.3211.33 
2.9310.31 

99.19 
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Table B3: Modal abundance in Qingzhen and MAC88136 

Qingzhen MAC88136 
Modal Abundance Modal Abundance 

Phase (Volume Percent) fVolume Percent) 
enstatite 51.05 + 2.60 59.14 + 7.82 
metal 15.66 + 1.44 17.61 + 4.27 
Si-polymorph 4.76 + 0.79 1.15 + 1.09 
albite 8.11 ± 1.04 8.11 + 2.90 
plagioclase 2.74 ± 0.60 2.93 + 1.74 
troilite 8.87 ± 1. 08 7.66 + 2.82 
oldhamite 3.27 ± 0.66 0.81 + 0.92 
niningerite 0.77 ± 0.32 0 
alabandite 0 . 04 ± 0.07 0.91 + 0.97 
perryite 1. 14 ± 0.39 0. 08 + 0.29 
roedderite 0.81 + 0.33 0 
greigite 0 . 50 ± 0.26 0 
daubreelite 0 0.31 + 0.56 
Na/Cr/S phase 0. 43 ± 0.24 0 
schreibersite 0.77 ± 0.32 0.95 + 0.98 
forsterite 1.06 ± 0.37 0.39 + 0.64 
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Table B4: Mineral densities (g/cm^) . 
Data from CRC Handbook (1991), except 
where noted. 

enstatite 3.19 
metal 7.89 
Si-polymorph 2.26 
albite 2. 61 
plagioclase 2.7 
troilite 4.74 
oldhamite 2.5 
niningerite 2.84 
alabandite 3.99 
perryite 6^ 
roedderite 2.63^ 
greigite 4 . 74 
daubreelite 3.8^ 
Na/Cr/S phase 2 . 1 *  
schreibersite 6.74 
forsterite 3 .21 

^ extrapolation from phases with 
similar chemistry 

^ Fuchs (1966) 
^ Keil (1968) 
* value for Schollhornite, from 

Okada, et al. 1985 
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Table B5: Bulk chemistry of Qingzhen and 
MAC88136, as determined by modal and 
microprobe analyses. Values given in wt%. 
Oxygen determined by stoichiometry, assuming 
+2 valence state for Fe in silicates. 

Qingzhen MAC88136 

Na 0. 54 + 0.40 0.50 + 0.46 
Si 15.97 + 0.69 14.93 + 1.86 
A1 0.82 + 0.13 1.02 + 0.30 
Mg 10. 14 + 0.59 10.44 + 1.47 
Zn 0.06 + 0.22 0. 05 + 0.25 
Fe 37.35 + 2.94 39.26 + 8 .40 
Co 0.12 + 0.13 0. 10 + 0.13 
Ni 2.50 + 0.49 2. 08 + 0.80 
K 0.61 + 0.14 0.04 + 0.16 
Ca 1.27 + 0.26 0.74 + 0.38 
S 5.42 + 0.56 3 .97 + 1.34 
P 0.23 + 0.42 0.22 + 0.51 
Cu 0.03 + 0. 12 0.05 + 0.14 
Mn 0. 14 ± 0.09 0.54 + 0.54 
Cr 0.33 ± 0.11 0.18 + 0.21 
Ti 0. 06 ± 0.13 0.06 + 0.15 
0 24.95 25. 56 

Total 100.54 99.74 
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