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Abstract The EH and EL enstatite chondrites are the most reduced chondrite groups,

having formed in nebular regions where the gas may have had high C/O and/or pH2/pH2O

ratios. Enstatite chondrites (particularly EH) have higher CI- and Mg-normalized abun-

dances of halogens (especially F and Cl) and nitrogen than ordinary chondrites and most

groups of carbonaceous chondrites. Even relative to CI chondrites, EH and EL chondrites

are enriched in F. We have found that literature values for the halogen abundance ratios in

EH and EL chondrites are strongly correlated with the electronegativities of the individual

halogens. We suggest that the most reactive halogens were the most efficient at forming

compounds (e.g., halides) that were incorporated into EH-chondrite precursor materials. It

seems plausible that, under the more-oxidizing conditions pertaining to the other chondrite

groups, a larger fraction of the halogens remained in the gas. Nitrogen may have been

incorporated into the enstatite chondrites as simple nitrides that did not condense under the

more-oxidizing conditions in the regions where other chondrite groups formed. Literature

data show that unequilibrated enstatite chondrites have light bulk N (d 15N & -20%)

compared to most ordinary (-5 to ?20%) and carbonaceous (?20 to ?190%) chondrites;

this may reflect the contribution in enstatite chondrites of nitride condensates with d15 N

values close to the proposed nebular mean (*-400%). In contrast, N in carbonaceous

chondrites is mainly contained within 15N-rich organic matter. The major carrier of N in

ordinary chondrites is unknown.
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1 Introduction

Enstatite chondrites comprise two groups—EH (high total iron) and EL (low total iron)—

that are the most reduced chondritic samples in our collections. These meteorites are

important because they may have formed in the inner solar system (Wasson 1988) and

contributed substantially to the accretion of the terrestrial planets. The scarcity of FeO in

Mercury’s spectrum (Vilas 1985) and Mercury’s high inferred metal/silicate ratio led

Wasson (1988) to suggest that Mercury was formed from materials related to enstatite

chondrites. The rare gas abundances of the Venusian atmosphere (Donahue and Pollack

1983) resemble those of EH chondrites (Crabb and Anders 1981), suggesting that many

of the building blocks of Venus were enstatite chondrites (Wasson 1988). The O- and

N-isotopic bulk compositions of enstatite chondrites are similar to those of Earth and Mars

(e.g., Clayton 1993; Javoy 1995; Mohapatra and Murty 2003), leading some workers to

suggest that these planets also accreted largely from enstatite-chondrite-like materials (e.g.,

Jagoutz et al. 1979; Javoy 1995).

The great state of reduction of the enstatite chondrites is reflected in their mineralogy

and modal mineral abundances. These rocks are characterized by (1) graphite and Si-rich

metallic Fe (e.g., Keil 1968; Ramdohr 1973), (2) very low concentrations of oxidized iron

(e.g., *0.02–0.04 mol% Fs in EL6 enstatite grains; Wasson et al. 1994), (3) high modal

abundances of kamacite (e.g., *20–25 wt%; Keil 1968), and (4) abundant sulfide

(*10 wt%; Keil 1968). Primary sulfide phases include oldhamite (CaS), niningerite

(Mg,Fe)S, ferroan alabandite (Mn,Fe)S, daubréelite (FeCr2S4), caswellsilverite (NaCrS2),

and Ti-bearing troilite (FeS); all of these minerals contain elements that are mainly

lithophile under more oxidizing conditions.

The fugacities of some of the gas phases in the local region of the nebula where the

enstatite chondrites formed may have been non-solar: e.g., the C/O ratio of the gas may

have been close to unity (in contrast to the solar ratio of *0.6) (e.g., Lattimer et al. 1978;

Larimer and Bartholomay 1979) and/or the pH2/pH2O ratio may have been above solar

values (e.g., Wasson and Kallemeyn 1988). The high sulfide contents of enstatite chon-

drites (e.g., *12 wt% in EH vs. *5 wt% in H chondrites; Keil 1968, 1962) also suggest a

high pH2S/pH2 ratio in the gas (Wasson and Kallemeyn 1988), an inference consistent with

experimental studies (e.g., Lauretta et al. 1997).

Enstatite chondrites (particularly EH chondrites) contain higher CI-normalized abun-

dances of some volatile and moderately volatile elements than other chondrite groups (e.g.,

Anders 1964; Baedecker and Wasson 1975; Palme et al. 1988; Davis 2006). For these

reduced, metal- and sulfide-rich meteorites, moderately volatile elements that are enriched

include siderophiles (e.g., Ga, As, Sb, and Au), chalcophiles (e.g., S, Se), and P. (Under

reducing conditions, P alloys with metal and forms phosphide and silicide phases asso-

ciated with metal (e.g., Keil 1968; Reed 1968).) The other volatile and moderately volatile

elements that are highly enriched in enstatite chondrites are the halogens and nitrogen. This

paper explores the possibility that the enrichment in halogens and nitrogen may have been

facilitated by the reducing conditions under which the enstatite chondrites formed.

2 Sources of Data

The bulk compositional data in Table 1 are unitless CI- and Mg-normalized abundance

ratios. Most of the data are from the compilation of Wasson and Kallemeyn (1988); the N

data in EH and EL chondrites are from Grady et al. (1986). Patzer et al. (2004) determined
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the bulk composition of the Grein 002 EL4 impact-melt breccia and reported concentra-

tions of Br, N, and Mg (among other elements). Their CI- and Mg-normalized Br and N

abundances are 0.27 and 0.22, respectively, compared to 0.15 and 0.22 in EL6 chondrites

(Table 1). In the discussion below, we use the values listed in Table 1.

The halogen values listed in Wasson and Kallemeyn (1988) are based on original data

determined by a variety of methods including neutron activation analysis and spectro-

photometric techniques. Wasson and Kallemeyn (1988) evaluated the original data, con-

structed multi-element plots looking for smooth chondritic trends, and determined

weighted means for each element. Uncertainties in the original data reflect actual sample-

to-sample compositional variations, analytical uncertainties (including counting statistics

and incomplete yields), and laboratory contamination. The uncertainties are *25% for F

(Reed 1964; Greenland and Lovering 1965; Allen and Clark 1977), *50% for Cl

(Greenland and Lovering 1965; von Gunten et al. 1965; Reed and Allen 1966; Goles et al.

1967; Quijano-Rico and Wänke 1969), *20% for Br (Kallemeyn and Wasson 1986), and

*40% for I (Goles and Anders 1962; Reed and Allen 1966; Goles et al. 1967).

The N abundances in EH and EL chondrites are based on the stepped pyrolysis

experiments of Grady et al. (1986) and have errors of\5%. Nitrogen abundances for other

chondrite groups in Table 1 are derived from Wasson and Kallemeyn (1988).

All of the EL data in Table 1 are based on EL6 chondrites. EL chondrites of petrologic

type \6 were recognized only after the Wasson and Kallemeyn (1988) compilation was

published: EL3 (MAC 88136; Lin et al. 1991; Lin and El Goresy 2002); EL4 (QUE 94368

and Grein 002; Rubin 1997a; Patzer et al. 2004); EL5 (Tanezrouft 031 and TIL 91714;

Rubin et al. 1997).

3 Discussion

3.1 Bulk Abundances of Halogens and Nitrogen in EH and EL Chondrites

Reed (1964) pointed out that the F abundance in different chondrite groups is roughly

correlated with a particular group’s degree of oxidation: F is highest in enstatite chondrites

Table 1 Fifty-percent equilibrium condensation temperatures and CI- and Mg-normalized abundances of
halogens and nitrogen in major chondrite groups

50% Tc (K) Electronegativity EH EL H L LL CM CO CV

A-R Pauling

Halogens (volatile to moderately volatile)

F 734 4.10 3.98 3.40 1.93 0.35 0.42 0.62 0.49 0.31 0.25

Cl 948 2.83 3.16 0.89 0.21 0.08 0.07 0.12 0.20 0.24 0.21

Br 546 2.74 2.96 0.61 0.15 0.10 0.14 0.11 0.60 0.24 0.28

I 535 2.21 2.66 0.27 0.07 0.09 0.07 — 0.70 0.27 0.25

Nitrogen (highly volatile)

N 123 3.07 3.04 0.33 0.22 0.02 0.02 0.03 0.84 0.04 0.04

Condensation temperatures are for a solar-system-composition gas at a total pressure of 10-4 bar (Lodders,
2003). Most chondrite abundances are calculated from Wasson and Kallemeyn (1988); the EL-chondrite
data are based only on EL6 chondrites. Nitrogen values in EH and EL chondrites are based on Grady et al.
(1986). A-R = Allred–Rochow electronegativity value; Pauling = Pauling scale electronegativity value
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and appreciably lower in both ordinary chondrites and carbonaceous chondrites (Table 1).

Chlorine, Br, and I have higher concentrations in CI chondrites than in other chondrite

groups (Wasson and Kallemeyn, 1988). Nevertheless, Cl shows a pattern similar to that of

F: it is higher in enstatite chondrites than in ordinary chondrites or CM, CO and CV

chondrites. The Br abundance ratio in EH chondrites is essentially equivalent to that in CM

chondrites and higher than those in other non-CI chondrite groups. The EL-chondrite Br

abundance (Table 1) is slightly higher than those in ordinary chondrites, but lower than

those in carbonaceous chondrites. (Although we are not considering the high Br abundance

of 0.27 determined by Patzer et al. (2004) for Grein 002, inclusion of this datum would not

change the general trends.) Iodine is highest in CM, appreciably lower in EH and CO,

slightly lower still in CV, and much lower in ordinary chondrites and EL chondrites. The N

abundances in EH and EL chondrites are appreciably lower than those in CI and CM

chondrites, but much higher than those in other chondrite groups.

EH chondrites are richer in halogens and nitrogen than EL chondrites (Table 1).

Although these differences in elemental abundances may, in part, have been inherited from

the solar nebula, the EL-chondrite data compiled by Wasson and Kallemeyn (1988) are

based solely on EL6 chondrites. These rocks were thermally metamorphosed and many

have been interpreted as having been shock heated (e.g., Rubin 1983a, b, 1984, 1997a, b,

2006; Rubin et al. 1997); such processes plausibly resulted in the loss of an appreciable

fraction of volatiles (Rubin et al. 2009) and could also have caused fractionation of N

isotopes (Mohapatra and Murty 2004). Unfortunately, no halogen or nitrogen data other

than those of Patzer et al. (2004) for Br and N in Grein 002 are presently available for EL3,

EL4, or EL5 chondrites.

3.2 Occurrences of Halogens

Among the halogens, F and Cl occur in measurable quantities in only a few phases in

enstatite chondrites; the principal carriers of Br and I have not yet been identified.

(1) Fluor-richterite, an amphibole of formula Na2Ca(Mg, Fe)5Si8O22F2 that contains

*4.0–4.5 wt% F, occurs in the matrix of Abee (where it is present as rare 3.5-mm-

long acicular grains; Douglas and Plant 1969; Olsen et al. 1973) and in St. Sauveur

(where it occurs as *40 9 100-lm-size subhedral grains; Rubin 1983c). Both of

these EH chondrites have been interpreted as impact-melt breccias (Rubin and Scott

1997; Rubin et al. 1997; Keil 2007). A few aubrites also contain fluor-richterite

(Bevan et al. 1977; Lin and Kimura 1998). The fluor-richterite grains in the Mayo

Belwa aubrite contain 7.2 wt% Na2O, 3.9 wt% F, and 0.48 wt% K2O (Table II of

Bevan et al. 1977), demonstrating that this volatile-bearing phase can form by

crystallization from a melt. Rubin (2009) recently described Mayo Belwa as an

aubrite impact-melt breccia.

(2) Fluorphlogopite, a phyllosilicate of formula KMg3(Si3Al)O10F2 that averages

5.1 wt% F, is present in the EH impact-melt rock Y 82189; it occurs as rare

subhedral, 10–30-lm-size grains in association with enstatite, silica, and albite (Lin

and Kimura 1998).

(3) Djerfisherite (K6Na9(Fe, Cu)24S26Cl) (which contains *1.5 wt% Cl; El Goresy et al.

1988; Lin and El Goresy 2002) forms millimeter-size clasts and veins in the matrix of

EH3 Qingzhen, but is virtually absent from Qingzhen chondrules (Grossman et al.

1985; El Goresy et al. 1988). It also occurs in other EH3 chondrites and as an

accessory phase in EL3 chondrites (e.g., MAC 88136; Lin et al. 1991).
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(4) Chondrule glass in Qingzhen contains up to 4.4 wt% Cl (I and F were not determined;

Grossman et al. 1985; El Goresy et al. 1988). Chlorine-rich glass also occurs in EL3

MAC 88136 (Lin et al. 1991).

(5) Lawrencite (FeCl2) was reported in the EH4 Indarch fall occurring as thin rims

around silica grains, as inclusions within kamacite and troilite, and as isolated grains

in the matrix associated with enstatite (Keil 1968). (Buchwald and Clarke (1989)

called lawrencite a ‘‘mineralogical chimera’’ and found that the Cl-bearing phase

associated with the metal in iron meteorites and ordinary chondrites is akaganéite,

b-FeOOH, in many cases associated with goethite, a-FeO(OH). Nevertheless, the

Fe- and Cl-bearing rims around silica grains in Indarch (Fig. 3 of Keil 1968) are

unlikely to be alteration products of metallic Fe–Ni.)

3.3 Condensation of Halogens

As shown in Fig. 1, the halogen abundance ratios in enstatite chondrites (Table 1) are not

correlated with volatility (i.e., with the 50% equilibrium condensation temperatures of the

elements from a gas with canonical solar-nebula compositions; Table 1), i.e., EH:

r = 0.295, n = 4, 2a = 0.76 (significant only at the 24% confidence level for a two-tailed

test); EL: r = 0.190, n = 4, 2a = 0.85 (significant at the 15% confidence level). (For these

statistical tests, r is the correlation coefficient, n is the number of samples, and 2a is the

significance level for a two-tailed test. The significance level is the probability of erro-

neously rejecting the null hypothesis when that hypothesis is true, i.e., committing a Type I

error.)

These results indicate that the halogen abundances in enstatite chondrites did not result

mainly either from (1) chondrite agglomeration prior to the complete condensation of the

halogens from gas with the canonical solar composition or (2) preferential loss of the more-

volatile halogen species from enstatite-chondrite materials due to heating (e.g., chondrule

formation or parent-body thermal or shock metamorphism). Nevertheless, it is possible that
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Fig. 1 Plot of halogen abundances (normalized to Mg and to CI chondrites) in EH and EL chondrites
versus the 50% equilibrium condensation temperatures of the elements from a solar-composition gas. No
correlations are evident. Abundance data from Wasson and Kallemeyn (1988)
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the EL data (which is based solely on EL6 chondrites) may have been affected by parent-

body processing.

In contrast, we find that the halogen abundance ratios in enstatite chondrites are cor-

related with the electronegativities (Allred–Rochow values) of the individual elements

(Fig. 2): F (4.10), Cl (2.83), Br (2.74), and I (2.21). If we assume that the correlations are

linear, we find that they are strong in both groups, i.e., EH: r = 0.982, 2a = 0.02, (sig-

nificant at the 98% confidence level for a two-tailed test); EL: r = 0.959, 2a = 0.05

(significant at the 95% confidence level for a two-tailed test). The Pauling scale electro-

negativity values are similar (F = 3.98, Cl = 3.16, Br = 2.96, and I = 2.66) and produce

similarly strong correlations.

The linear correlations between electronegativity and halogen abundance for the

ordinary chondrites are somewhat lower (Fig. 3) and are due in part to the high abundance

of F relative to those of the other halogens (thus approximating two-point correlations): H

(r = 0.935, 2a = 0.09), L (r = 0.947, 2a = 0.07). There are no significant correlations

between halogen abundance ratio and electronegativity for the carbonaceous chondrites:

CM (r = -0.278), CO (r = 0.706), and CV (r = -0.019).

Under relatively oxidizing conditions, the halogens condense in apatite [Ca5(PO4)3

(F,Cl)] or sodalite [Na4(Si3Al3)O12Cl] (Lodders 2003), but under the reducing conditions

pertaining to the enstatite chondrites, phosphate and sodalite are absent (Keil 1968; Rubin

1997c). The halogens are very reactive and the correlation between abundance and elec-

tronegativity in enstatite chondrites suggests that, under reducing conditions, the most

reactive halogens were the most efficient at forming compounds that were incorporated

into enstatite-chondrite precursor materials. These may have included simple metal halides

such as FeCl2, MgF2, FeBr2, MgI2, etc. Lawrencite (FeCl2) is the only simple halide that

has so far been identified in enstatite chondrites (Keil 1968).

At least some of the minor phases that are rich in halogens may be secondary. If so, then

this indicates that these elements were redistributed during parent-body processing. In turn,

this may explain why few of the proposed simple metal halides have been identified in

these chondrites.
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The high abundance of F in the ordinary chondrites compared to those of the other

halogens suggests that the F enrichment in ordinary chondrites may have been due to the

same mechanism that caused its enrichment in enstatite chondrites, i.e., to the incorpo-

ration of a simple metal fluoride during accretion. Nevertheless, because the F contents of

ordinary chondrites are much lower than those in enstatite chondrites, the process must

have been much less efficient.

The lower halogen abundances in other chondrite groups (Table 1) implies that, under

the more-oxidizing ambient nebular conditions that characterized the local environments

where these other groups formed, a larger fraction of the halogens remained in the gas.

3.4 Occurrences of Nitrogen

The three principal N-rich minerals in enstatite chondrites are osbornite (TiN), sinoite

(Si2N2O), and nierite (a-Si3N4).

Graphite, an accessory constituent of enstatite chondrites (constituting, for example,

0.04 wt% of EH4 Indarch and 0.46 wt% of EH5 St. Mark’s; Table 2 of Keil 1968),

contains small amounts of N. Individual occurrences of graphite in EH5 St. Mark’s contain

300–1,200 ppm N and average 632 ± 321 ppm N (n = 13; e.g., Mostefaoui et al. 2005).

Graphite in St. Mark’s therefore accounts for 2.9 ppm N in the whole rock. Stepped

combustion and stepped pyrolysis experiments by Grady et al. (1986) indicate that the St.

Mark’s whole rock contains 195 ppm N. It is thus apparent that only about 1.5% of the N

in St. Mark’s is in graphite.

The low solubility of N2(g) in kamacite (e.g., Fegley 1983) implies that little of the N in

enstatite chondrites is derived from the metal. Nevertheless, small amounts of N may be

present in graphite grains intergrown with kamacite.

Osbornite occurs in impact-melted enstatite chondrites, a few EL6 chondrites (some of

which may have been partly impact melted; e.g., Rubin 2006), and a few aubrites (e.g.,

Derham et al. 1964; Buseck and Holdsworth 1972; Ramdohr 1973). Kinsey et al. (1995)
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found 15-lm-size osbornite grains inside an impact-melt-rock clast in EL6 Hvittis. McCoy

et al. (1995) reported a few 10- to 20-lm-size osbornite grains in the Ilafegh 009 EL

impact-melt rock and a single 15 9 30 lm grain in impact-melted regions of the Happy

Canyon EL impact-melt breccia. Patzer et al. (2004) identified a few 1- to 10-lm-size

grains of osbornite in EL4 Grein 002, a partly impact-melted rock.

The occurrence of numerous small grains of osbornite in the Stardust sample of Comet

Wild 2 indicates that this phase also formed by condensation in the solar nebula (Brownlee

et al. 2008), consistent with condensation calculations (e.g., Fegley 1983; Petaev et al.

1987; Lodders and Amari 2005).

Sinoite occurs as 10- to 210-lm-size subhedral and euhedral grains in impact-melted

portions of EL4 QUE 94368 (Rubin 1997a) and as heterogeneously distributed euhedral

grains in EL4 Grein 002 (Patzer et al. 2004). Sinoite has also been reported in an EL5

chondrite (TIL 91714) and in at least 10 EL6 chondrites (e.g., Rubin et al. 1997; Bischoff

and Zipfel 2003; Bischoff et al. 2005; Rubin 2006). Although Muenow et al. (1992)

suggested that the EL6 sinoite grains formed by thermal metamorphism over long periods

of time, in view of the interpretation that many of the EL6 chondrites are annealed impact-

melt breccias (e.g., Rubin et al. 1997; Rubin 2006), it seems plausible that sinoite in these

rocks formed by crystallization from impact melts (Rubin 1997a; Bischoff et al. 2005).

Consistent with this model is the report of Lee et al. (1995) that identified a single sinoite

grain in a perchloric-acid-resistant residue of Abee, a rock interpreted to be an EH impact-

melt breccia (Rubin and Scott 1997; Rubin et al. 1997).

Nierite was reported in EH3 Qingzhen and EH4 Indarch as tiny (0.1–10 lm) grains

associated with kamacite, perryite and schreibersite, phases that contain metallic Si in solid

solution (Alexander et al. 1994; Lee et al. 1995; Russell et al. 1995). Most of the nierite

grains have solar Si-, N- and C-isotopic compositions, indicating that they are unlikely to

be presolar (Alexander et al. 1994). The high nebular pressures (*1 atm) required for

nierite to condense at temperatures [400�C from a gas with a solar H/N ratio led Alex-

ander et al. (1994) to suggest that the nierite grains in EH3 and EH4 chondrites formed

during parent-body thermal metamorphism.

3.5 Condensation of Nitrogen

Nitrogen in the solar nebula occurs mainly as N2 and, to a lesser extent, as NH3; the overall

N2/NH3 ratio of the nebula was *4 (Womack et al. 1992). Molecular nitrogen and

ammonia are highly volatile phases that remained in the gas down to very low tempera-

tures; thus, little nitrogen was incorporated into ordinary chondrites, CO, and CV chon-

drites. The comparatively high N contents of CI and CM chondrites are due mainly to the

high modal abundances of soluble and insoluble N-bearing organic compounds in these

rocks (e.g., Cronin et al. 1988; Pizzarello et al. 2006).

Nitrogen has a very high electronegativity (with an Allred–Rochow value of 3.07 and a

Pauling-scale value of 3.04). In the enstatite-chondrite region of the nebula, where the

pH2S/pH2 ratio may have been high and ambient conditions were reducing, small amounts

of N could have reacted with various common species to produce condensable compounds

(e.g., TiN, Si3N4, and S4N4) that were incorporated into agglomerating EH and EL

chondrites. Some of these phases may have condensed and then been destroyed and/or

redistributed during parent-body processing. (Although AlN is expected to condense from

the nebula, it converts to Al2O3 and other Al-bearing phases as the nebula continues to cool

(Lodders and Amari 2005)).
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The N-isotopic compositions of enstatite chondrites are a mixture of different N

components (Mohapatra et al. 2003). Enstatite chondrites have isotopically light N: bulk

d15N values are typically -10 to -45% (e.g., Grady et al. 1986); Mohapatra and Murty

(2003) calculated a mean d15N value of -28 ± 10%. Ordinary chondrites (-5 to ?20%;

Kung and Clayton 1978) and many carbonaceous chondrites (?20 to ?190%; Kung and

Clayton 1978; Kerridge 1980; Robert and Epstein 1980; Robert et al. 1980) have heavier

N. Some workers have suggested that the N-isotopic differences among these chondrite

groups are not primordial, but rather result from thermal metamorphism and/or aqueous

alteration of enstatite chondrites and concomitant loss of 15N-rich labile organic matter

(e.g., Sephton et al. 2003; Pearson et al. 2006).

However, even relatively unequilibrated EH chondrites (e.g., EH3 Kota-Kota and EH4

Indarch) have isotopically light N (d15N&-20%; Grady et al. 1986). These low values

may reflect the contribution of nitride condensates from the nebula that had d15 N values

close to the proposed nebular mean (*-360% to -400%, as estimated from Hashizume

et al. 2000; Fouchet et al. 2000; Owen et al. 2001; and Meibom et al. 2007).

If we assume that chondrites have a mean d15N value of *40% (close to the bulk

N-isotopic composition of CI and CM chondrites as given in the literature and determined

by the pyrolysis and sealed-tube-digestion kjeldahl methods; Table 1 of Kung and Clayton

1978) and that enstatite chondrites have a bulk d15N value of -20%, then mass-balance

calculations show that *15% of the N in enstatite chondrites is contained in isotopically

light N condensates with an d15N value of -400%. (If N in ordinary chondrites comprise

the same components and has a mean d15N value of *15% (Kung and Clayton 1978), then

*5% of bulk ordinary-chondrite N would consist of condensates with a d15N value of

-400%. However, there are little data on where N is sited in ordinary chondrites.)

Carbonaceous chondrites probably lack such a component (or possess it in very low

abundances); instead, the N-isotopic compositions of CI and CM chondrites are dominated

by 15N-rich organic matter (e.g., Aléon and Robert 2004).

4 Conclusions

Halogen abundance ratios in EH and EL chondrites are strongly correlated with the

electronegativities of the individual halogens. Reducing conditions prevailed at the time

and place in the solar nebula where the mineral precursors of enstatite chondrites con-

densed. These conditions may have been caused by high C/O ratios and/or high pH2/pH2O

ratios in the local gas; the high modal abundances of sulfide phases in enstatite chondrites

suggest that the pH2S/pH2 ratio may also have been elevated. Because of the reducing

conditions, enstatite chondrites (particularly EH chondrites) became enriched relative to

most other chondrite groups in halogens (mainly F and, to a lesser extent, Cl) and nitrogen.

These elements may have condensed as simple halides and nitrides, respectively, that were

destroyed and/or redistributed during parent-body processing. Under the more-oxidizing

conditions pertaining to the other chondrite groups, larger fractions of N and the halogens

remained in the gas.
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A. Patzer, J. Schlüter, L. Schultz, M. Tarkian, D.H. Hill, W.V. Boynton, New findings for the unequilibrated
enstatite chondrite Grein 002. Meteorit. Planet. Sci. 39, 1555–1575 (2004)

V.K. Pearson, M.A. Sephton, I.A. Franchi, J.M. Gibson, I. Gilmour, Carbon and nitrogen in carbonaceous
chondrites: Elemental abundances and stable isotopic compositions. Meteorit. Planet. Sci. 41, 1899–
1918 (2006)

M.I. Petaev, A.K. Lavrukhina, I.L. Khodakovskiy, The origins of minerals in enstatite meteorites. Geochem.
Int. 24, 1–12 (1987)

S. Pizzarello, G.W. Cooper, G.J. Flynn, The nature and distribution of the organic material in carbonaceous
chondrites and interplanetary dust particles, in Meteorites and the Early Solar System II, ed. by D.S.
Lauretta, H.Y. McSween (University of Arizona Press, Tucson, 2006), pp. 625–651

M. Quijano-Rico, H. Wänke, Determination of boron, lithium and chlorine in meteorites, in Meteorite
Research, ed. by P.M. Millman (Reidel, Dordrecht, Holland, 1969), pp. 132–145

P. Ramdohr, The Opaque Minerals in Stony Meteorites (Elsevier, Amsterdam, 1973), p. 245
G.W. Reed, Fluorine in stone meteorites. Geochim. Cosmochim. Acta 28, 1729–1743 (1964). doi:

10.1016/0016-7037(64)90019-5
G.W. Reed, R.O. Allen, Halogens in chondrites. Geochim. Cosmochim. Acta 30, 779–800 (1966). doi:

10.1016/0016-7037(66)90132-3
S.J.B. Reed, Perryite in the Kota-Kota and South Oman enstatite chondrites. Mineral. Mag. 36, 850–854

(1968). doi:10.1180/minmag.1968.036.282.13
F. Robert, S. Epstein, Carbon, hydrogen, and nitrogen isotopic compositions of the Renazzo and Orgueil

organic components. Meteoritics 15, 355–356 (1980)
F. Robert, R.H. Becker, S. Epstein, Hydrogen, carbon and nitrogen isotopes in organic extracts and HF-

treated residues of the Murchison and Murray meteorites. Lunar Planet. Sci. 11, 935–937 (1980).
Abstract

A.E. Rubin, Impact melt-rock clasts in the Hvittis enstatite chondrite breccia: Implications for a genetic
relationship between EL chondrites and aubrites. Proceedings of the Lunar Planetary Science Con-
ference 14th, B293–B300 (1983a)

A.E. Rubin, The Atlanta enstatite chondrite breccia. Meteoritics 18, 113–121 (1983a)
A.E. Rubin, The Adhi Kot breccia and implications for the origin of chondrules and silica-rich clasts in

enstatite chondrites. Earth Planet. Sci. Lett. 64, 201–212 (1983b). doi:10.1016/0012-821X(83)90204-2
A.E. Rubin, The Blithfield meteorite and the origin of sulfide-rich, metal-poor clasts and inclusions in

brecciated enstatite chondrites. Earth Planet. Sci. Lett. 67, 273–283 (1984). doi:10.1016/0012-821X
(84)90167-5

A.E. Rubin, Sinoite (Si2N2O): Crystallization from EL chondrite impact melts. Am. Mineral. 82, 1001–1006
(1997a)

A.E. Rubin, Igneous graphite in enstatite chondrites. Mineral. Mag. 61, 699–703 (1997b). doi:10.1180/
minmag.1997.061.408.09

A.E. Rubin, Mineralogy of meteorite groups. Meteorit. Planet. Sci. 32, 231–247 (1997c)
A.E. Rubin, Shock and annealing in EL chondrites. Meteorit. Planet. Sci. 41, A154 (2006). doi:Abstract
A.E. Rubin, Shock, brecciation, impact-melting and post-shock annealing in aubrites. Meteorit. Planet. Sci.

(submitted) (2009)
A.E. Rubin, E.R.D. Scott, Abee and related EH chondrite impact-melt breccias. Geochim. Cosmochim. Acta

61, 425–435 (1997). doi:10.1016/S0016-7037(96)00335-3
A.E. Rubin, E.R.D. Scott, K. Keil, Shock metamorphism of enstatite chondrites. Geochim. Cosmochim.

Acta 61, 847–858 (1997). doi:10.1016/S0016-7037(96)00364-X
A.E. Rubin, H. Huber, J.T. Wasson, Possible impact-induced refractory-lithophile fractionations in EL

chondrites. Geochim. Cosmochim. Acta 73, 1523–1537 (2009). doi:10.1016/j.gca.2008.12.002
S.S. Russell, M.R. Lee, J.W. Arden, C.T. Pillinger, The isotopic compositions and origins of silicon nitride

from ordinary and enstatite chondrites. Meteoritics 30, 399–404 (1995)

52 A. E. Rubin, B.-G. Choi

123

http://dx.doi.org/10.1016/0016-7037(92)90267-M
http://dx.doi.org/10.1086/320501
http://dx.doi.org/10.1016/0016-7037(64)90019-5
http://dx.doi.org/10.1016/0016-7037(66)90132-3
http://dx.doi.org/10.1180/minmag.1968.036.282.13
http://dx.doi.org/10.1016/0012-821X(83)90204-2
http://dx.doi.org/10.1016/0012-821X(84)90167-5
http://dx.doi.org/10.1016/0012-821X(84)90167-5
http://dx.doi.org/10.1180/minmag.1997.061.408.09
http://dx.doi.org/10.1180/minmag.1997.061.408.09
http://dx.doi.org/Abstract
http://dx.doi.org/10.1016/S0016-7037(96)00335-3
http://dx.doi.org/10.1016/S0016-7037(96)00364-X
http://dx.doi.org/10.1016/j.gca.2008.12.002


M.A. Sephton, A.B. Verchovsky, P.A. Bland, I. Gilmour, M.M. Grady, I.P. Wright, Investigating the
variations in carbon and nitrogen isotopes in carbonaceous chondrites. Geochim. Cosmochim. Acta 67,
2093–2108 (2003). doi:10.1016/S0016-7037(02)01320-0

F. Vilas, Mercury: Absence of crystalline Fe21 in the regolith. Icarus 64, 133–138 (1985). doi:10.1016/
0019-1035(85)90044-2

H.R. von Gunten, A. Wyttenbach, W. Scherle, Determination of chlorine in stony meteorites by neutron
activation analysis. Geochim. Cosmochim. Acta 29, 475–480 (1965). doi:10.1016/0016-7037(65)
90041-4

J.T. Wasson, The building stones of the planets, in Mercury, ed. by F. Vilas, C.R. Chapman, M.S. Matthews
(University of Arizona Press, Tucson, 1988), pp. 622–650

J.T. Wasson, G.W. Kallemeyn, Compositions of chondrites. Philos. Trans. R. Soc. Lond. A325, 535–544
(1988)

J.T. Wasson, G.W. Kallemeyn, A.E. Rubin, Equilibration temperatures of EL chondrules: A major down-
ward revision in the ferrosilite contents of enstatite. Meteoritics 29, 658–662 (1994)

M. Womack, S. Wyckoff, L.M. Ziurys, Observational constraints on solar nebula nitrogen chemistry: N2/NH3.
Astrophys. J. 401, 728–735 (1992). doi:10.1086/172100

Origin of Halogens and Nitrogen in Enstatite Chondrites 53

123

http://dx.doi.org/10.1016/S0016-7037(02)01320-0
http://dx.doi.org/10.1016/0019-1035(85)90044-2
http://dx.doi.org/10.1016/0019-1035(85)90044-2
http://dx.doi.org/10.1016/0016-7037(65)90041-4
http://dx.doi.org/10.1016/0016-7037(65)90041-4
http://dx.doi.org/10.1086/172100

	Origin of Halogens and Nitrogen in Enstatite Chondrites
	Abstract
	Introduction
	Sources of Data
	Discussion
	Bulk Abundances of Halogens and Nitrogen in EH and EL Chondrites
	Occurrences of Halogens
	Condensation of Halogens
	Occurrences of Nitrogen
	Condensation of Nitrogen

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


