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ABSTRACT 

Chondrites are meteorites that represent unmelted portions of asteroids. The enstatite 

chondrites are one class of chondrites. They consist of reduced mineral assemblages that formed 

under low oxygen fugacity in the solar nebula, prior to accretion into asteroids. There are two 

groups of enstatite chondrites-EH and EL. I studied EL3 meteorites, which are understood to be 

unmetamorphosed and thus to only preserve primitive nebular products. I show in a petrographic 

study that the EL3s are in fact melt-breccias in which impact-melting produced new mineral 

assemblages and textures in portions of the host chondrites, after accretion. I document metal

and sulfide assemblages that are intergrown with silicate minerals (which are often euhedral), 

and occur outside chondrules; these assemblages probably represent impact-melting products, 

and are different from those in EH3 chondrites that probably represent nebular products. 

In situ siderophile trace element compositions of the metal in EL3s, obtained by laser 

ablation inductively coupled plasma mass spectrometry, are consistent with an impact-melting 

hypothesis. The trace element concentrations show no clear volatility trend, and are thus 

probably not the result of volatile-driven petrogenetic processes that operated in the solar nebula. 

Trace element modeling suggests that the character of the trace element patterns together with 

deviations from the mean bulk EL metal pattern is consistent with metal that crystallized in a 

coexisting liquid-solid metal system in which dissolved carbon influenced element partitioning. 

I also conducted a petrographic and mineral-chemistry study of several anomalous 

enstatite meteorites. These have igneous textures, but unfractionated mineralogy similar to 

unmelted chondrites. I show that with the exception of one, the meteorites are related to each 
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other; and probably formed by crystallization from an impact melt instead of metamorphism 

through the decay of short lived radionuclides. 

The broad importance of these studies lies in documenting the petrology of 

extraterrestrial materials that reveal the geological history of the young solar system prior to the 

existence of planets. Furthermore, they serve to identify which mineral assemblages record 

nebular processes and which record processes on asteroids, so that future studies may select the 

correct material to address particular questions. 
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CHAPTER!: 

INTRODUCTION 

The collision between rocky bodies in space (e.g., planets and asteroids) blasts off 

small fragments from their surfaces. Such collisions, or impacts, have occurred 

throughout the history of our solar system. The rock fragments travel through space, and 

may fall onto larger bodies such as the Earth. When this happens, and people find them, 

they are called meteorites. Meteorites are thus tangible samples of the natural world 

beyond our planet's atmosphere, and can be studied to understand the geological, 

cosmochemical, astrophysical, and biological history of our solar system. 

If the exact source of a meteorite is unknown, the body in question is simply referred 

to as a parent body. Meteorite parent bodies were progressively aggregated, or accreted, 

from the first rocks that formed in the solar system. Our solar system formed when the 

collapse of a gaseous molecular cloud resulted in the proto-Sun which was surrounded by 

a disk of gas and mineral dust. This disk is called the proto planetary disk, or solar nebula. 

Thus, the first minerals and rocks that formed, did so during the lifetime of the solar 

nebula. Those that escaped subsequent geological processing, today still record 

predominantly nebular processes-i.e., processes which preceded the accretion of 

meteorite parent bodies. 

Various processes, either contemporary or subsequent to accretion, have obscured the 

nebular history of meteorites. These processes were active on/in the accreted bodies 

themselves and are referred to as parent body processes. Two of the processes are 

igneous in character and are of relevance to the work in this dissertation. The first process 

is related to accretion itself. Accretion of progressively larger bodies involves impact. 

During the early stages of solar system formation, impacts would have been more 

frequent due to the existence of a larger number of accreting bodies. As progressively 

larger bodies collided, the impacts became more energetic, and imparted enough energy 

to cause melting. The second process is related to the decay of radioactive nuclides. 

Short-lived nuclide decay-for example, 26 Al decaying to 26Mg with a half-life of 0.73 

Myr-was especially important in producing radioactive heat energy that melted parent 

bodies in the early solar system. 



In order to understand the natural histories of the solar nebula and various parent 

bodies, we have to recognize and separate their signatures in the geological (meteoritical) 

record. This task represents an important aspect of the study of meteorites. The broad 

aim of this dissertation is to present a systematic characterization of the petrology of 

certain types of meteorites (enstatite meteorites), in order to determine to what extent 

their nebular histories are obscured by their parent body histories. This work thus not 

only contributes to unraveling the natural history of the early solar system, but also lays a 

foundation for more detailed hypothesis construction, research, and goals for spacecraft 

exploration. 

1.1 Enstatite chondrites 

Chondrites are meteorites that represent unmelted portions of asteroids. They are 

named after their main constituent, chondrules, which formed as igneous droplets, 

presumably in the solar nebula. Between the chondrules (in the meteorites) there may be 

a variety of different components: calcium-aluminum-rich inclusions; fine-grained 

matrix; Fe- Ni metal ; and diverse breccia clasts. Chondrites are thus cosmic sediments. 

Although unmelted, they have undergone various degrees of parent body modification. 

The degree and type of modification is designated by a scale of "petrologic types". The 

scale of 1-6 diverges into two sequences starting at 3; 3-1 indicates increasing aqueous 

alteration and 3-6 indicates increasing thermal metamorphism. Type 3 chondrites have 

undergone little to no parent body modification, and are thought of as retaining, almost 

exclusively, records of nebular processes. 

The enstatite chondrites is one class of chondrites. They consist of unique, 

reduced mineral assemblages (predominantly pure enstatite) that formed under low 

oxygen fugacity; many elements which are usually lithophile, show chalcophile 

tendencies. The enstatite chondrites are subdivided into two groups based on bulk rock 

Fe/Si ratios, which are proxies for the siderophile element abundances. EH chondrites 

have high Fe/Si and ELs have low Fe/Si. Historically ELs of petrologic type 6 (i.e. , EL6) 

dominated the meteorite collections while EL3- 5s (i.e. , less metamorphosed than EL6) 

have been found comparatively recently. Many components of these recently found less

metamorphosed meteorites have not been studied in a systematic fashion. 
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Chapters two and three of this dissertation are concerned predominantly with 

EL3s. The EL3s are understood to preserve only nebular products, but in the second 

chapter I show that the EL3s are in fact melt-breccias in which impact-melting produced 

new mineral assemblages and textures in the host chondrites. I describe many of these 

assemblages for the first time in detail. In the third chapter I systematically characterize 

the siderophile trace elements of Fe- Ni metal in EL3 melt-breccias. I find that the metal 

bears an igneous fractionation signature that is consistent with a parent body origin. 

1.2 Anomalous enstatite achondrites. 

In the fourth chapter of the dissertation I present a petrologic study of several 

anomalous enstatite meteorites. These meteorites were classified, after being discovered 

in Antarctica, as anomalous enstatite achondrites. Achondrites are meteorites that do not 

have chondritic textures because they have undergone igneous processing 

(differentiation) on their parent bodies. These meteorites are anomalous, because they 

have igneous textures but contain the same minerals as chondrites (i .e., unfractionated 

metal, sulfides, and silicates). In chapter four I discuss whether (i) these meteorites were 

related to each other, and (ii) whether they are highly metamorphosed enstatite chondrites 

that underwent low degrees of partial melting (i.e., primitive achondrites), or, whether 

they are igneous rocks that crystallized from a complete melt and somehow retained a 

chondritic mineralogy. I show that the meteorites are related and formed on an enstatite 

chondrite or enstatite chondrite-like parent body by crystallization from an impact melt. I 

also show that another meteorite (collected in a different part of Antarctica) that was 

believed to be related to these meteorites, is in fact not related to them, and that it is a 

metamorphosed chondrite. 
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CHAPTER2: 

MET AL/SULFIDE-SILICATE INTERGROWTH TEXTURES IN EL3 

METEORITES. 

2.1 Introduction 

Fe-Ni metal in unequilibrated carbonaceous and ordinary chondrites occurs in a 

variety of textural settings: (i) inside chondrule silicates as micron- to sub-micron-sized 

blebs that have been reduced out of FeO-bearing silicates (also known as dusty 

olivines/pyroxenes), (ii) inside chondrules as metal- or metal-sulfide spherules, (iii) as 

rims on the outside of chondrules, (iv) outside chondrules as metal spherules (also called 

nodules or metallic chondrules), (v) outside chondrules as isolated grains in the matrix, 

(vi) and associated with calcium-aluminum-rich inclusions (CAis) (e.g., Leroux et al. , 

2003 ; Campbell et al ., 2005 and references therein; Kimura et al. , 2008). Petrogenetic 

explanations for the origin of Fe- Ni metal in specific textural settings include 

desulfurization of troilite, evaporation and condensation during chondrule formation, and 

condensation during planetary scale impacts (Campbell et al. , 2005 and references 

therein). Whereas there is considerable literature on the origin of Fe- Ni metal in 

unequilibrated ordinary and carbonaceous chondrites, Fe- Ni metal in enstatite chondrites 

has not been studied systematically (Campbell et al., 2005). I report here a textural study 

of Fe- Ni metal in unequilibrated EL chondrites. I use the terms Fe-Ni metal, and metal, 

interchangeably. 

Unequilibrated enstatite chondrites are defined by mineralogy indicative of a reduced 

petrogenetic environment, a unique oxygen isotopic composition, abundant enstatite that 

largely lack FeO, small amount of olivine, sparse fine-grained matrix, and few CAis 

(Keil, 1968; Clayton et al. , 1984; Brearley and Jones, 1998; Fagan et al. , 2000a; Guan et 

al. , 2000). Like the ordinary chondrites, the enstatite chondrites are divided into groups 

primarily based on bulk rock Fe/Si (Sears et al. , 1982). This resolves two groups: EH 

(high-Fe) and EL (low-Fe). Secondary classification parameters (mineralogy and mineral 

chemistry) may also be used to distinguish ELs from EHs; the Fe-Mg-Mn sulfides are an 

important classification parameter. The Mg-dominant sulfide niningerite [(Mg,Fe)S] is 

characteristic of EHs, whereas the Mn-dominant sulfide alabandite [(Mn,Fe)S] is 
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characteristic of ELs. The Fe-dominant equivalent of niningerite and alabandite, is 

keilite, which Keil (2007) suggested formed during rapid cooling of impact-melts. Many 

enstatite chondrites are breccias commonly thought to have formed in thick dynamic 

regoliths of their parent bodies (e.g., Keil , 1989; Zhang et al. , 1995; Schneider et al., 

2002; Nakashima et al., 2006). Melt rocks and melt breccias from enstatite chondrites 

are abundant. Some meteoriticists have suggested that the melts may be the result of 

partial melting due to metamorphic heating (Olsen et al., 1977; Weisberg et al., 1997a; 

Patzer et al., 2001) whereas others favor impact-melting (McCoy et al., 1995; Rubin and 

Scott, 1997; Lin and Kimura, 1998; Fagan et al. , 2000b; Keil, 2007; Rubin et al., 2009). 

For a long time all the known EL meteorites were of higher petrologic types, mostly 

type 6. The first EL3s (i.e., unequilibrated/low metamorphism) were found in 1988 (Lin 

et al., 1991 ; Chang et al., 1992). EL3s are distinguished from higher-petrologic-type ELs 

by their abundant chondrules with unrecrystallized boundaries and the presence of both 

olivine and silica (which, in higher petrologic types, will react to produce pyroxene 

during metamorphism). Zhang et al. (1995) presented a study and summary of enstatite 

chondrites, including the classification of some new EL3s. 

Weisberg et al. (1997b) give an account of the textures of Fe- Ni metal in five EL3s. 

Van Niekerk and Keil (2008) reported a textural study of Fe-Ni metal in seven EL3s and 

described textures similar to those of Weisberg et al. (1997b ). Metal in the EL3s that 

were studied, contains euhedral to subhedral enstatite crystals with lath-, rod-, or needle

shaped habits. Metal from other chondrite groups does not have a similar texture. 

Weisberg et al. (1997b) invoke the spherical shape of the metal they observed, as 

potential evidence that the assemblages are metallic chondrules. I find however, that the 

intergrowth assemblages are not restricted to spherical enstatite-bearing metal. Here, I 

report my results from a study of twelve out of thirteen known EL3s, four EL4s and one 

ELS. I find these intergrowths in all of the meteorites and conclude that the textures 

support the coexistence of melt and coherent chondritic rock, probably on the parent 

body. I conclude that it is likely that the EL3s are impact-melt breccias; that is, partly 

melted rocks that contain variable amounts of elastic, unmelted debris (St6ffler et al. , 

1988). Modal abundances of the metal, which I also report here, are consistent with this 
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interpretation. Thus the EL3s may not entirely consist of pristine aggregates of material 

that formed, prior to accretion, in the solar nebula. 

2.2 Samples and analytical methods 

I studied polished thin sections from the EL3s A-881314, A-882067, ALH 85119, 

EET 90299/EET 90992, LAP 03930, MAC 02635, MAC 02837/MAC 02839, MAC 

88136, NWA 3132, PCA 91020, QUE 93351 /QUE 94321 , QUE 94594. I also studied 

polished thin sections from higher petrologic type ELs DaG l 031 (EL4 ), SaU 188 (EL4 ), 

MAC 02747 (EL4), QUE 94368 (EL4), NWA 1222 (ELS). 

Fe-Ni metal and associated phases were identified and studied with a 

petrographic microscope and a backscattered detector on a JEOL5900 L V scanning 

electron microscope (SEM). Phases were identified optically and with a Thermo 

Electron Nano Trace energy dispersive spectrometer (EDS) fitted on the SEM. The EDS 

was used with an accelerating potential of 20kV. X-ray elemental mapping of thin 

sections, including one EL6 (Jajh de Kot Lalu), was carried out at a theoretical resolution 

of 3 µm/pixel, although the actual resolution was found to be - 10 µm/pixel in some 

instances. Modal abundances (vol%) of minerals were determined from the x-ray maps 

with Multispec image data analysis software (Biehl and Landgrebe, 2002); digital point 

counting similar to this has been done by others (e.g., Hicks, 2002; Maloy and Treiman, 

2007; Van Niekerk et al., 2007): Three-element overlay maps were made for a diverse 

combination of elements in order to identify phases. The identities of phases on these 

maps were confirmed by backscattered electron (BSE) images and EDS analyses. A 

supervised classification map with point counting statistics was produced for each 

meteorite using a Minimum Euclidean Distance algorithm. An indication of uncertainty 

was assigned to the result of each meteorite, based on the statistical overall performance 

of the supervised training. These uncertainties are in%, not vol% or wt%: QUE 94594 

(8 .6), MAC 88136 (5.9), ALH 85119 (2.1), MAC 02635 (1.4), PCA 91020 (4.0), A-

881314 (14.4), A-882067 (9.3), MAC 02839 (4.1), EET 90299 (1.2), DaG 1031 (4.0), 

JdK (7.9). The final classification map was visually compared with the three-element 

overlay maps to ensure accuracy. Some pixels, such as those in holes or on the thin

section glass, were sometimes misclassified as minerals in the meteorite, affecting the 
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accuracy of some silicate data. To reduce the influence of such pixels, only a portion of 

some sections was counted. Specific instances where silicates may have been 

overcounted are indicated in Table 2.1 . Modal abundances were converted to wt% using 

the following mineral densities: kamacite (7.9); schreibersite (7.4); perryite (7.56); troilite 

(4.6); oldhamite (2.6); daubreelite (3 .8); alabandite (4.0); feldspar (2.68); silica (2.62); 

olivine (3.27); enstatite (3.2). 

2.3 Results 

2.3.1 Textural setting of Fe-Ni metal assemblages 

Chondrules do not host large discreet Fe-Ni metal assemblages. When metal 

does occur inside chondrules, it is as micron-sized blebs in silicates. These "dusty 

enstatites" are similar to dusty silicates in other chondrite groups, and probably also 

formed by in situ reduction ofFeO-bearing silicates (Weisberg et al. , 1994; Schneider et 

al. , 2002). Large Fe- Ni metal assemblages often occur as discreet masses in the inter

chondrule regions and less often as veins or chondrule-rimming metal. In all these 

settings the Fe-Ni metal, and sometimes sulfides, are intergrown with silicates (I 

abbreviate this metal/sulfide- silicate intergrowth texture as "MSSI"). A minor 

percentage of the metal does not have a silicate-intergrowth texture. All of the Fe-Ni 

metal I observed had Ni-contents less than 7.5 wt% (mean 6 wt%) and thus is kamacite. 

I classify the MSSis according to their external morphologies, as defined by the 

metal/sulfide. These are spherical and non-spherical. I use this grouping in order to 

compare MSSis that may appear to be metal chondrules [i.e. , formed as droplets in the 

nebula as suggested by Weisberg et al. (1997b)] , with those that are not. Within a single 

meteorite, one may find a diversity of MSSI textures. Many of the meteorites contain 

spherical/clast-like MSSis as well as non-spherical MS Sis. The thin sections of SaU 188, 

LAP 03930, NWA 3132, and QUE 93351/QUE 94321 only contain spherical/clast-like 

MS Sis. Figure 2.1 shows examples of spherical or clast-like MS Sis, whereas Fig. 2.2 

shows examples of non-spherical MSSis. These two main occurrences are described in 

detail in the following sections, and then contrasted with metal that is not intergrown with 

silicates (Fig. 2.3). 
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2.3.2 Spherical and clast-like metal/sulfide-silicate intergrowths 

All of the meteorites contain spherical or clast-like MSSis (Figs. 2.la, b). I define 

the latter, subjectively, by their less-spherical shapes. The spherical/clast-like MSSis in 

the EL3s are smaller than similar nodules that Rubin and Scott (1997) described in the 

impact-melt breccia Abee, by approximately a factor of six. Silicates are enclosed within 

or protrude into, metal or sulfides (e.g., Figs. 2.1 a, g). The silicates mostly consist of 

enstatite and less frequently of feldspar (albitic composition) and a silica phase [Kimura 

et al. (2005) showed that a single enstatite chondrite can contain up to three different 

silica polymorphs]. The enstatite is mostly euhedral or subhedral crystals, and less 

frequently anhedral grains, whereas the feldspar and silica are mostly anhedral grains 

(Figs. 2.1 a-j). Enstatite is often larger in size than the feldspar and silica. The metal in 

these MSSis often contains schreibersite [(Fe,Ni)3P] and graphite, while less often, 

perryite [(Ni,Fe)5(Si,P)2] . Schreibersite is usually present in one singular aggregate (Fig. 

2.1 b) as opposed to disseminated throughout the metal. This texture indicates that 

schreibersite crystallized from the Fe-Ni metal liquid, and is not a shock, subsolidus, or 

condensation product. Graphite appears to also have crystallized from the metallic 

liquid; I found no iron carbide in the metal, and generally, textural evidence for graphite 

formation by the breakdown of iron carbide into kamacite+graphite (e.g., Buchwald, 

1975, p. 103) is absent. The only exception might be the graphite in the right portion of 

Fig. 2.1 c, where graphite lamellae are intergrown with kamacite. Graphite occurs in 

various morphologies (Figs. 2.la, b, c) that, by analogy to metallurgical carbon-bearing 

steels (e.g., Burditt, 1993), likely reflect heterogeneities in carbon content, trace elements, 

or cooling rate of the Fe-Ni metal. Perryite is sometimes finely disseminated in the 

metal. This may be an indication that perryite is a subsolidus equilibration phase and did 

not crystallize from a liquid. Intergrowth assemblages that contain metal sometimes also 

include minor amounts of sulfides [troilite (FeS) ± daubreelite (FeCr2S4)] (Fig. 2.1 b ). 

The inverse is never true. That is, sulfide-silicate intergrowths never contain minor 

amounts of metal (Fig. 2.1 g). 

The silicates protruding from the metal/sulfide sometimes appear to be 

unconnected to the surrounding silicate fragments of the inter-chondrule regions (Fig. 
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Figure 2.1: Backscattered electron images of spherical and clast-like MSSis in EL 
meteorites. See text for details. (KAM=kamacite, WKAM=weathered kamacite; 
GRA =graphite, ENS=enstatite, SCH =schreibersite; FEL=feldspar, TRO=troilite; 
FRA=fragmented by weathering or physical impact). (a) Example of a spherical MSSI 
(PCA 91020). (b) Example of a clast-like MSSI (ALH 85119). (c) Weathering products 
(light gray) and brecciation make it difficult to determine if silicates in metal are 
connected to silicates outside (A-881314) . ( d) Products of extreme weathering (light 
gray) in NWA 3132 highlight potential connectivity between silicates inside and outside 
metal. ( e) Weathered metal, containing enstatite crystals which may be connected to 
enstatite outside the metal (QUE 93551 ). (f) Silicate crystals protruding into metal (QUE 
94594). 

9 



Figure 2.1 continued: Backscattered electron images of spherical and clast-like MSSis 
in EL meteorites. See text for details. (KAM=kamacite, ENS=enstatite, FEL=feldspar, 
TRO=troilite; DAU=daubreelite; SIL=silica). (g) Sulfide MSSI. The enstatite outside the 
sulfide protrudes into the sulfide (A-882067). (h) Small silicates defining a concentric 
texture (SaU 188). (i) Small silicates are randomly distributed (MAC 88136). G) A linear 
trail of small silicate inclusions is indicated (MAC 02839). (k) MSSI in EL5 NWA 1222 
- metamorphosed clast or primary texture? (1) MSSI in NWA 1222 with an igneous 
appearance. 
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2.1 c ). In other instances however, some degree of connectivity is visible on the perimeter 

of the metal/sulfide (Figs. 2.1 d-g). See for example, the fragmented grain in the lower 

right portion of Fig. 2.lfthat protrudes into the metal. 

In most MSSis, the silicates are 10-100 µm in size and apparently have a random 

spatial distribution. A few MSSis however contain finer-grained silicates ( <l 0 µm), 

some of which are concentrically distributed in the metal-sulfide (Fig. 2.lh) and some of 

which are not (Fig. 2.1 i). Fig. 2. lj shows a MSSI in which some of the smaller silicates 

define a linear trail. 

The intergrowth of metal/sulfide-silicate in NW A 1222 (EL5) is different from 

that of the EL3s and EL4s, and it is difficult to classify the MS Sis from this meteorite. 

The rock itself has a more-equilibrated bulk texture (Fig. 2.1 k). The enstatite in the metal 

of this meteorite appears to be more rounded than those of the EL3s/EL4s (Fig. 2.11). 

2.3.3 Non-spherical metal/sulfide-silicate intergrowths 

To facilitate description and emphasize diversity, I subgroup the non-spherical 

MSSis as veins (Figs. 2.2a-e), irregular morphologies (Figs. 2.2f-r), or rims around 

chondrules and lithic clasts (Figs. 2.2s-u). The mineralogy of the non-spherical MS Sis is 

the same as that of the spherical MS Sis, with the exception that keilite was found in some 

of them. I discuss the examples in Fig. 2.2 in more detail below. 

2.3.3.1 Vein metal/sulfide-silicate intergrowths 

A-881314 and MAC 02635 contain small (at least in the dimensions of the thin 

sections) metal veins (Figs. 2.2a, b). The example from A-881314 is associated with 

euhedral enstatite crystals, whereas the one from MAC 02635, has anhedral enstatite 

grains. The latter example appears to meander between chondrules and possibly 

terminates at both ends in two metal spherules. 

EET 90299 has a large, prominent vein of metal cutting through it. Although the 

bulk of the vein does not contain silicates, MSSI texture is developed along its margin. 

Its pair, EET 90992, has extensive large- and small-scale, irregular- and clast-like MSSI 

texture developed. 

In DaG 1031 , metal is present as (i) a prominent vein cutting through the 

meteorite, as well as (ii) small rounded to irregular assemblages disseminated throughout 
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Figure 2.2: Backscattered electron images [except (c)] of non-spherical MSSis in EL 
meteorites. See text for details. (KAM=kamacite, ENS=enstatite). (a) Small vein with 
euhedral enstatite in A-881314. (b) Inter-chondrule vein with anhedral enstatite in 
MAC 02635 . (c) Fe X-ray map showing metal vein (white) in DaG 1031. (d) Higher 
magnification of box in (c). Notice disaggregation of silicates (dark gray) to produce 
intergrowth texture in metal (white). (e) Magnification of box in (d). Black is graphite. 
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Figure 2.2 continued: Backscattered electron images of non-spherical MSSis in EL 
meteorites. See text for details. (KAM=kamacite, CHO=chondrule, ENS=enstatite, 
FEL=feldspar, TRO=troilite; SIL=silica; GRA=graphite; NUC=nucleated crystal on 
chondrule rim). (f) Extensive igneous textures in DaG 1031. (g) Igneous MSSI texture in 
DaG 1031 . (h) MSSI texture in DaG 1031. Notice the small resorbed/skeletal 
embayments in the silicates (dark gray). (i) Euhedral enstatite in metal. The texture is 
similar to that in DaG 1031 (QUE 94368). (j) Igneous textured inter-chondrule region. 
MSSI texture and chondrules + chondrule fragments are closely associated (PCA 91020). 
White is metal+ sulfides+ schreibersite. (k) Higher magnification of box in (j). Note 
how the metal fills in between chondrules and has an igneous intergrowth with chondrule 
fragments. 
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Figure 2.2 continued: Backscattered electron images of non-spherical MSSis in EL 
meteorites. See text for details. (KAM=kamacite, CHO=chondrules and fragments, 
ENS=enstatite, FEL=feldspar, TRO=troilite, DAU=daubreelite; SIL=silica). (1) 
Weathered and brecciated inter-chondrule region in QUE 94594 retains a degree of 
igneous appearance. (m) Large irregular MSSI with embayments. Note both large, 
euhedral crystals and smaller crystals (MAC 02839). (n) Higher magnification of left 
portion of (m). Note the apparent left-right crystal alignment in kamacite. ( o) Higher 
magnification of right portion of (m). (p) Irregular MSSI with igneous texture among 
chondrule fragments (MAC 02837). The box highlights where silicates protrude 
extensively into the metal. (q) Igneous textured inter-chondrule region. The box 
highlights metal of a MSSI intimately filling in between chondrules (MAC 88136). 
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Figure 2.2 continued: Backscattered electron images of non-spherical MSSis in EL 
meteorites. See text for details. (ENS=enstatite, KEI=keilite, TRO=troilite; 
CHO=chondrule fragment). (r) Higher magnification of central portion of ( q). Note the 
silicate shell with enstatite crystals projecting into kamacite. Also note the interlocking 
texture of fine-grained sulfide (light gray) and silicate (dark gray) in the surrounding 
region. (s) Igneous textured metal+sulfide (white) enveloping chondrule/silicate 
fragments in PCA 91020. (t) Higher magnification of box in (s). (u) Metal partially 
enveloping a chondrule fragment in MAC 02839. 
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the rock (Fig. 2.2c). In both occurrences, metal/sulfide is intergrown with silicates. The 

vein contains silicate fragments of various sizes (Fig 2.2d, e). Immediately beyond the 

vein margin, irregular MSSis appear (Fig. 2.2f). 

2.3.3.2 Irregular metal/sulfide-silicate intergrowths 

Starting immediately beyond the vein margin in Fig. 2.2c and continuing 

throughout the thin section, irregular MSSI texture is extensively developed (Fig. 2.2f). 

The rock is permeated with metal/sulfide-silicate intergrowths. Metal/sulfide is 

intergrown with isolated silicate grains/crystals as well as with enstatite crystals that 

nucleated on chondrule fragments (Fig. 2.2g). Small resorbed embayments are visible on 

the silicates (Fig. 2.2h). Figure 2.2i shows an example from QUE 94368 that has a 

similar MSSI texture, although the enstatite crystals are more euhedral and not resorbed. 

An example from PCA 91020 shows metal/sulfide and MSSI intimately filling in 

between chondrules (Fig. 2.2j). Fragments/grains of silicates and enstatite crystals are 

abundant. Figure 2.2k magnifies a portion of this region. The metal conforms to 

multiple chondrule boundaries, and enstatite crystals are nucleated to chondrules and 

chondrule fragments. In instances of weathering and fragmentation, metal and 

surrounding silicates can still sometimes be seen to conform to each other. QUE 94594 

contains an example of this in an MS SI-rich inter-chondrule region (Fig. 2.21). 

In MAC 02839 there is an example of an irregular intergrowth assemblage of 

metal-sulfide that contains very large euhedral enstatite crystals as well as smaller grains 

of enstatite, feldspar and silica (Fig. 2.2m). The smaller grains in the metal have a left

right alignment (Fig. 2.2n), as do the small grains in the sulfide (Fig. 2.20). The sulfide is 

enveloped on the right-hand side by feldspar that protrudes into it. Figure 2.2m shows 

that the MSSI have "embayments" that contain enstatite. The vein-like nature of the left 

"embayment" implies it is igneous; the right "embayment" may also be. An 

"embayment" or vein relationship within an intergrowth texture also occurs in an inter

chondrule region of MAC 02837 (Fig. 2.2p). 

In PCA 91020 there is an inter-chondrule region with pervasive igneous texture 

that is manifested by metal/sulfide-silicate intergrowth on various scales (Figs. 2.2q, r). 

Large intergrowths of metal and enstatite are visible in Fig. 2.2q. Small, disseminated 
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sulfides that are intergrown with silicates are more visible in Fig. 2.2r, as is a "silicate 

shell" (at the top of a large MSSI) from which enstatite protrudes into metal. The metal 

of the MSSI at the bottom right-hand side of Fig. 2.2q intimately conforms to the space 

between chondrules and fragments. Likewise, the large MSSI in Fig. 2.2r conforms to 

the undulating shape of the silicate clast below it. 

2.3.3.3 Chondrule-fragment-enveloping metal/sulfide-silicate intergowths 

Examples of these are rare. In PCA 91020 there is a prominent example of 

extensive metal/sulfide MSSI texture that envelops large silicate or chondrule fragments 

(Fig. 2.2s). Small euhedral and subhedral enstatites are intergrown with igneous troilite 

and keilite in some portions of the enveloping metal-enstatite (Fig. 2.2t). 

Figure 2.2u shows an example from MAC 02839 of a chondrule fragment that is 

partly enveloped by metal with a silicate intergrowth. The fragment does not retain an 

original spherical chondrule outline. 

2.3.4 Fe-Ni metal assemblages that lack silicate intergrowth 

A small percentage of metal is not intergrown with individual silicate crystals and 

grains (Figs. 2.3a, c, d). These assemblages have the same mineralogy as metal/sulfide in 

MS Sis. Figure 2.3a shows an example of a spherical assemblage of sulfides and metal 

that lacks intergrowth. Figure 2.3b shows a MSSI from a different meteorite that has the 

same sulfide assemblage and texture as the non-intergrowth assemblage in Fig. 2.3a. 

Figure 2.3c shows a metal-sulfide assemblage in an igneous relationship with 

surrounding silicates. Figure 2.3d shows an unusual sulfide-dominant assemblage where 

the sulfide is enveloped by metal. Other examples of non-intergrowth Fe-Ni metal 

assemblages are in the form of small veins (which may contain sulfide) and metal 

spherules (which do not contain sulfide). 

Spherical metal-sulfide assemblages have been described from the EH3s Y-691 

and Qingzhen (El Goresy et al. , 1988; Kimura, 1988; Ikeda, 1989). Weisberg et al. 

(2006) and Van Niekerk et al. (2008) found similar objects in other EH3 chondrites. The 

non-intergrowth metal-sulfide assemblages in EL3s are different from the metal-sulfide 

assemblages in EH3s. EL3s lack the complex intergrowth of metal and sulfides that are 

abundant in EH3s (cf Figs. 2.3 and 2.4). In EH3s Fe-Ni metal is sometimes associated 
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Figure 2.3: Backscattered electron images of metal-sulfide that lacks silicate 
intergrowth [except (b)] in EL meteorites. See text for details. (KAM=kamacite, 
ENS=enstatite, DAU=daubreelite, TRO=troilite; SCH=schreibersite; GRA=graphite; 
TAR=tamish). (a) The metal-sulfide at the top part of the image lacks silicate 
intergrowth while proximal metal contains silicate intergrowth (A-882067). (b) Compare 
this MSSI in SaU 188 to non-MSSI in (a). They both have similar sulfides. (c) Large 
metal-sulfide, lacking silicate crystals inside. The boxes highlight the igneous 
relationship with surrounding silicates (PCA 91020). (d) Unusually large sulfide in MAC 
02635. 
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Figure 2.4: Backscattered electron images of metal-sulfide objects in EH3 meteorites. 
The textures of such kamacite-bearing assemblages are not found in EL3 meteorites. See 
text for details. (KAM=kamacite, SCH=schreibersite, NIN=niningerite, TRO=troilite; 
CAS=caswellsilverite [NaCrSi]). (a) Kota Kota. (b) Qingzhen. 
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Table 2.1: Mineral abundances in EL meteorites ~wt%2. 

I Meteorites and 
calculated 
densities KAM* SCH TRO MON OLD DAU ENS OLI SIL FEL 
QUE 94594 I (3.48) 13.4 1.3 3.6 0.7 ** 0.1 72.4 4.7¥ 3.8 

(w)*** (3.71) 34.4 0.8 2.7 0.5 0.1 55.1 3.5¥ 2.9 
MAC 88136 I (3.57) 15. l 2.3 6.2 <0.1 0.9 65 .2 1.8 8.5 
ALH 85119 
(3.46) 16.0 1.5 3.1 1.9 0.1 0.4 51.6 4.4¥ 9.i 11.3¥ 

I MAC 02635 
(3 .93) 30.4 <0.1 4.6 0.6 0.1 0.3 58.4 2.8 2.7 
PCA 91020 
(3.58) 19 0.6 4.6 1.0 0.2 67.6 1.6 2.6 2.8 I A-881314 
(3.69) 13.9 7.4 8.2 <0.1 0.2 57.1 4.3¥ 1.6 7.3§ 

(w)*** ( 4.03) 27.3 6.2 7.0 <0.1 0.2 48.2 3.7¥ 1.3 6.1 § I A-882067 
(3.37) 7.2 9.6 0 0.8 77.l 0 5.3 

(w) (3 .80) 23.7 7.9 0 0.6 63.4 0 4.4 I MAC02839 
(3.42) 12.2 0.6 5.5 0.1 0.1 . 64.8 2.1 2.8 11.8 

(w) (3.79) 27.3 0.6 4.6 0.1 0.1 53.4 1.8 2.3 9.8 

I EET 90299 
(3 .83) 27.0 1.0 5.0 2.7¥ 0.1 52.8 0 0.8 10.6 

(w) (4.37) 44.6 0.7 3.8 2.0¥ 0.1 40.2 0 0.6 8.0 

I DaG 1031 
(3.60) 20.4 0.4 2.9 1.9 60.2 4.7¥ 3.6¥ 5.9 

(w) (3 .98) 34.4 0.4 2.4 1.5 49.6 3.9¥ 2.9¥ 4.9 

Jajh deh Kot I Latu (3.55) 13.8 3.8 4.3 2.9 0.4 0.2 62 .7 0 1.0 10.9 

Metal modes (wt%) from Zhang et al. (1995): EL3s = ALH 85119 (20.8), EET 90299 (13.5), 

I MAC 88180 (23.4), MAC 88184 (24.3), MAC 88136 (22.8), PCA 91020 (24.9); EL5s = TIL 
91714 (13.7), RKP A80259 (14.0); EL6s =LEW 88135 (15.5), LEW 88714 (15.3), LEW 
87119 (6.4). 

*KAM=kamacite; SCH=schreibersite; TRO=troilite; MON=monosulfide (alabandite or keilite); I OLD=oldhamite; DAU=daubreelite; ENS=enstatite; OLJ=olivine; SIL=silica; 
FEL=feldspar/mesostasis 

**The absence of a mode, reflects either that the presence/absence of the mineral could not be I confidently established, or, that severe misclassification due to the influence of background 
noise (i.e., spurious pixels) prevented an acceptable count. 

***(w)=weathered metal included 

I "'=This is an upper estimate (could be up to double the true amount) 

§=This is a lower estimate (could be up to half the true amount) 
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with the diagnostic sulfide mineral niningerite (Fig. 2.4a); in EL3s I did not observe the 

equivalent diagnostic sulfide mineral alabandite in a similar association with Fe-Ni metal. 

2.3.5 Modal abundances 

Table 2.1 presents point counting results for minerals in some of the ELs I 

studied. Due to their highly reduced nature, enstatite chondrites suffer rapidly from 

terrestrial weathering effects- this may alter their modal compositions. Metal and 

oldhamite are particularly vulnerable. Where possible, I have counted, recalculated, and 

recombined, weathered metal with unweathered metal. The accuracy of the recombined 

mode is questionable, since it is unclear to what extent Fe may have been mobilized and 

redistributed during oxidation; fluid movement may have resulted in iron hydroxide 

precipitation within pore space, which would have increased the area seemingly occupied 

by metal. Consequently, I present results both inclusive and exclusive of weathered 

metal. Reconstituting oldhamite is more difficult and was not attempted; in some thin 

sections it has been completely leached, whereas in others, thin pervasive veins of Ca

rich material occur in abundance. It is unclear whether or not this Ca-rich material is 

related to leached oldhamite, and consequently it was omitted from the results. 

Several trace minerals ( <0.1 %) were excluded from point counting. I found 

sphalerite in some of the meteorites while studying them petrographically. The noise on 

the Zn x-ray maps was too great to identify sphalerite for point counting, however. CAis, 

which are rare in enstatite chondrites, were excluded from the point counting when found 

to be present. Perryite, when present, is finely intergrown with schreibersite, and was not 

counted. 

Zhang et al. (1995) did point counting analysis for some enstatite chondrites, 

including the EL3s ALH 85119, PCA 91020, MAC 88136, and EET 90299. My 

kamacite modes for these four meteorites differ from theirs by several percent-mine are 

lower for the first three, and higher for the fourth. Their relevant data are included as a 

footnote in Table 2.1. The differences between the two datasets may be explained in 

several ways. Firstly, I did not study the same thin sections as they did. The fact that 

these meteorites are breccias, and hence are heterogeneous, may explain the 

discrepancies. As an example I point out the earlier mention that EET 90299 contains a 
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prominent metal vein, whereas its pair, EET 90992 does not. Secondly, the digital point 

counting technique I used, counted a larger number of points (2-4 orders of magnitude 

more) than they did with the optical microscope. Thus a sampling difference may 

account for the discrepancies. Thirdly, it could be that they counted grains that were 

smaller than the mapping resolution of the technique that I used. Fourthly, they assumed 

that all the silicates they counted were enstatite; this will affect the accuracy of the 

conversion from vol% to wt%, since the mineral density of enstatite would have been 

overemphasized. Fifthly, they grouped accessory minerals into one category, and it is 

unclear how they handled the conversion of vol% to wt% and the assignment of mineral 

densities to this group. Lastly, since they did not specify what mineral densities they 

used for the conversions, it is possible that they assigned a higher density to metal than I 

did, thus resulting in the discrepancies. 

The presence or absence of olivine is used as a classification parameter to 

distinguish E3s from E4s (Zhang et al. , 1995). I found olivine to be absent in EL3 EET 

90299, but its pair EET 90992-for which modal abundances were not determined-<loes 

contain olivine. EL3 A-882067 was also found not to contain olivine. Its thin section is 

small however, so it may be a sampling artifact. A-881314, which may or may not be 

paired with A-882067, has a larger thin section and did contain olivine. Olivine is 

present in EL4 DaG 1031 . Although modal abundances were not determined for EL4 

SaU 188, it too, contains olivine. 

2.4 Discussion 

2.4.1 Parent body versus nebular origin for metal/sulfide-silicate intergrowths 

2.4.1.1 Non-spherical metal/sulfide-silicate intergrowths 

The vein-intergrowth textures are postaccretionary and indicative of mobilization 

of metal melt on the parent body. In DaG 1031 , most silicates in the metal vein probably 

did not crystallize from an immiscible silicate melt, since it appears that progressively 

smaller fragments were eroded from larger ones (Figs. 2.2d, e). The mechanism of 

erosion was probably a "thermo-mechanical disaggregation"-that is, a combination of 

physical and thermal stress imparted to the larger fragments by the process responsible 

for injection of the molten metal. 
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Irregular MSSis have igneous textural relationships with the inter-chondrule 

material and the surfaces of chondrules. These are also probably postaccretionary 

textures . DaG 1031 is important in making a connection between melt mobilization (vein 

MSSis) and irregular MSSI textures. The irregular morphologies in DaG 1031 appear to 

be related to the petrogenesis of the vein, and although veins are not found in all the 

meteorites I studied, irregular morphologies are, suggesting that the same melting 

occurred in all of them. In meteorites with non-spherical MS Sis, the MS Sis, inter

chondrule components, and surfaces of chondrules often conform to each other and have 

interconnected crystals. This texture is what would be expected of metal that melted in 

situ or that was introduced as a liquid after the chondrules accreted. Euhedral enstatite 

crystals may have crystallized from a co-existing silicate liquid, but it may also be that 

some enstatite (and other silicate grains) represent preexisting chondrule fragments. The 

non-spherical MSSis are therefore unlikely to have had a nebular origin and may instead 

have had a parent body origin that involved melting and possibly melt migration. 

Of note in Table 2.1 , are the high metal abundances for some of the meteorites, 

especially compared to the EL6, Jajh deh Kot Lalu. The latter has less metal than some 

of the EL3s. Despite the discrepancy between my data and that of Zhang et al. (1995), 

their dataset (which is presumably internally consistent) also shows that EL3s generally 

have higher metal abundances than the EL5s and EL6s. Also of note in Table 2.1 is the 

large range of metal abundances, even among the EL3s. The above observations may be 

interpreted to mean that there existed heterogeneity in pre-metamorphic EL metal 

abundances. That is, some EL6s inherited their low metal abundance from EL3s with 

low metal abundance. Alternatively, it may be interpreted to mean that both EL3s and 

EL6s were affected by thermal events that redistributed metal- that is, metal was 

added/removed during melting events. Metal/sulfide-silicate intergrowth textures may 

have formed during such melting events that redistributed metal throughout the EL parent 

body. 

The metal/sulfide-silicate intergrowths in the unequilibrated ELs I studied, are 

similar to those of impact-melt rocks (i.e., meteorites that have an igneous texture but 

remains undifferentiated) and impact-melt breccias (i.e., some proportion of unmelted 
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chondritic texture remains) among EHs and EL6s (McCoy et al. , 1995; Rubin and Scott, 

1997; Lin and Kimura, 1998; Fagan et al. , 2000b; Keil, 2007; Rubin et al. , 2009). In 

these impact-affected meteorites, melting is recorded in the form of euhedral enstatite 

crystals surrounded by metal. That is, the metal was liquid when the enstatite 

crystallized, arguing for high temperatures derived from parent body impact. Many of 

those meteorites also contain keilite. Keil (2007) showed that this mineral only occurs in 

impact-affected enstatite chondrites, and argued for its crystallization after melting and 

reaction of troilite and niningerite/alabandite. In instances of sufficiently rapid cooling, 

the keilite was preserved. The impact-melt breccia Abee (EH), is one example of an 

impact-affected EH that contains keilite and has been studied in detail. Rubin and Scott 

(1997) found it to contain igneous kamacite globules/clasts that contain euhedral enstatite 

crystals (of varying sizes) and graphite, in a surrounding matrix of finer igneous texture. 

Euhedral enstatite is sometimes nucleated onto the rims of chondrule fragments , and 

protrudes into the metal. Rubin and Scott (1997) advocate that Abee underwent two 

iterations of impact-melting. The first event produced a "mush" that consisted of relict 

silicate grains+chondrules as well as immiscible silicate+metal-sulfide liquids. 

Chondrules were resorbed and euhedral enstatite crystallized from the silicate melt. 

These crystals were then enveloped by metal-sulfide that penetrated voids to form 

nodules and globules. Subsequent brecciation fractured the friable rock that crystallized 

from the first melting event. A second impact-melting event produced the matrix melt 

that engulfed the fragments from the first event. 

2.4.1.2 Spherical and clast-like metal/sulfide-silicate intergrowths 

Based on the spherical nature of some of the metal, Weisberg et al. (1997b) 

suggested that metal-enstatite intergrowths may have formed by growth from a melt 

during nebular heating of metal-rich dust, or alternatively by the trapping of vapor

condensed enstatite as relicts in a subsequent-generation of spherical metallic chondrules. 

As I have shown however, the intergrowth assemblages are variable in shape- that is, not 

restricted to spherical enstatite-bearing metal-and thus spherical MSSis are not 

necessarily metallic chondrules. I cannot conclusively state that the spherical MSSis are 

not metal-rich chondrules, however, there are several observations that suggest they are 
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not: Firstly, one would expect objects that formed as droplets in the solar nebula from 

melted dust to be discreet objects (like chondrules) that are not igneously intergrown with 

surrounding inter-chondrule material. The silicates in the spherical MSSis however, in 

some instances potentially show "connectivity" to silicates outside metal. Potential 

connectivity between silicates in the inter-chondrule region and those in the metal/sulfide 

spheres, means that the spheres may have an igneous relationship to other lithic 

components (i .e. , are postaccretionary), just like the non-spherical MS Sis. Secondly, the 

metal-silicate nodules in the Abee impact-melt breccia are not metal-rich chondrules, 

despite being spherical. The igneous matrix in Abee is evidence that the meteorite has 

been extensively melted and that the nodules are a parent body product. By analogy, it is 

thus possible that the EL3 nodules are also parent body products. Thirdly, the MSSI 

textures are unique to the enstatite chondrites. The uniqueness is more straightforward to 

explain by means of one process, rather than two (i.e., both nebular and parent body) . 

2.4.1.3 Fe-Ni metal assemblages that lack silicate intergrowth 

It is also of interest whether or not metal assemblages that lack silicate 

intergrowth, are related to the MSSis. For example, does non-intergrowth metal 

represent unmelted, primitive, nebular precursors to the metal in MSSis? There is some 

evidence to suggest that at least for the most part, it does not, and instead, that it formed 

from metal- sulfide liquids that potentially belonged to the same generation of metal in 

MSSis. That is, both MSSI- and non-MSSI metal had the same petrogenetic origin. For 

example, the two types of assemblages occur in proximity to each other and have similar 

mineralogies (Figs. 2.3a, b ), or show evidence of an igneous relationship with the 

surrounding rock (Fig. 2.3c); an analogy with rare assemblages such that in Fig. 2.3d is 

less conclusive in terms of a similar petrogenesis. 

A comparison with EH3 metal assemblages further supports a common parent 

body origin for both types of EL metal. The metal- sulfide assemblages in EH3s are 

thought to represent melts and condensation products that formed in the solar nebula (El 

Goresy et al. , 1988; Kimura, 1988; Ikeda, 1989); niningerite occurs in the EH3 metal and 

is thus a nebular product. It is generally assumed that the chemical differences between 

EH and EL chondrites is inherited from the solar nebula. As pointed out in the 
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Introduction, niningerite and alabandite are closely related in that they are end members 

of a solid solution series. It is thus likely that both these sulfides resulted from the 

condensation of slightly different gas compositions, oxygen fugacities , or pressures in the 

nebula (e.g., Petaev and Wood, 2001 ). I think that it is reasonable to assume that if 

niningerite condensed with other sulfides+metal in an intimate intergrowth in EHs, then 

the same should be true for alabandite in ELs. Alabandite, however, does not occur in 

EL3 metal. This implies that the EL3 metal-sulfide assemblages underwent subsequent 

fractionation (i.e., separation from the condensed assemblage) by a parent body melting 

process. 

2.4.2 The heat source: Impact-melting versus melting during metamorphism 

Metamorphism of chondrite parent bodies on a large scale by an external or 

internal heat source (e.g., decay of 26AI) is thought to be responsible for systematic 

thermal effects suffered by chondrites from the same parent body. The most 

metamorphosed chondrites-type 6- approach textural equilibration. Partial melting 

sets in beyond this level of whole rock metamorphic equilibration, and such meteorites 

are designated "primitive achondrites" . EL3s, on the other hand, retain prominent 

chondritic features and do not have equilibrated mineralogy or textures. They have not 

undergone whole rock partial melting; only portions of these rocks appear to have been in 

a molten state on the parent body. The metal- sulfide liquids therefore cannot represent in 

situ partial melting such as that observed in primitive achondrites. The only way that 

partial melting could have potentially contributed a melt is if the metal-sulfide liquids 

themselves ascended from depth under the influence of volatiles, in a differentiating 

parent body. Such melts could have intruded chondritic regolith material and lithified it. 

The visible predominance of Fe-Ni metal over troilite in MS Sis, however, is inconsistent 

with sulfide-rich eutectic Fe-FeS liquids [15% vs 85% (e.g., Kullerud, 1963 ; 

Kubaschewski, 1982)] that would be expected under such circumstances. Thus the 

liquids are unlikely to be derived from partial melting at depth due to metamorpshim. 

The heat source for the melts may be from non-equilibrium heating events such as 

impact onto the parent body; impact is recognized to have been a widespread geological 

process throughout the solar system. Rubin et al. (2009) invoked disequilibrium melting 
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during impact to account for refractory lithophile element fractionations in portions of 

EL3s and EL6s, advocating extraction of oldhamite-rich melts. Heterogeneous in situ 

melting, due to local contrasts in both porosity and mineral response to shock 

compression have been documented (e.g. , StOffler et al., 1991; Holsapple et al., 2002 and 

references therein; Horz et al. , 2005 and references therein; Sharp and DeCarli, 2006 and 

references therein) and would explain why the meteorites I studied retained some 

unmelted material with chondritic textures. Most EL meteorites (including some EL3s) 

record low degrees of shock based on orthopyroxene indicators [shock stages S 1 to S3 

(Rubin et al. , 1997)]. Rubin et al. (1997) and Rubin et al. (2009) suggested that impact

melting and thermal annealing erased indicators of high degrees of shock, although 

subsequent shock may have produced an additional low shock overprint. 

2.4.3 Petrogenesis of metal/sulfide-silicate intergrowths 

For the case of non-spherical MS Sis, I propose that metal-sulfide liquids were 

possibly produced during impact, and may have either: (i) enveloped pre-existing 

silicates that were thermo-mechanically disaggregated from chondrules or chondrule 

fragments during impact (e.g. , fragments and crystals in Fig. 2.2g), (ii) enveloped 

silicates growing from a contemporaneous silicate melt (e.g. , euhedral crystals in Fig. 

2.2i), or (iii) enveloped pre-existing silicates that were comminuted by earlier impact 

gardening of the regolith (e.g. , perhaps, Fig. 2.lh). The heterogeneous and 

disequilibrium nature of shock (impact), could accommodate all three scenarios. 

The spherical morphologies may have formed in situ as immiscible metal/sulfide

silicate spherules during significant melting. An alternative may be that the spherical 

morphologies are an expression of the shape control that precompaction voids or pore 

space exerted on the movement of metal-sulfide liquids on the asteroid parent body. 

Most asteroids have significant porosity (Britt et al. , 2002). Two uncompacted ordinary 

chondrites are known with porosities of ~20% including pore sizes up to> 1000 µm 

(Przylibski et al. , 2003; Friedrich et al., 2008). Interestingly, some of these pores have 

euhedral crystals of olivine and pyroxene growing into them (Wlotzka and Otto, 2001 ). 

These crystals however, are thought to be fluid or vapor products. 
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Brecciation and transport during impact gardening of a dynamic regolith may 

have resulted in some of the clast-like appearances of some MSSls. 

I offer two potential explanations for the apparent absence of unmelted primitive 

metal assemblages in the EL3s. Firstly, the absence may be due to Fe-Ni metal and 

sulfides melting easily; thus all the precursors were melted. Secondly, one may argue 

that the heterogeneous nature of the shock melting process would have allowed some 

precursor assemblages to survive. In this case the lack of precursors could point towards 

much of the metal being derived from non-local reservoirs, related to the impact(s). 

Siderophile trace element patterns of metal in EL3s may be consistent with this scenario 

(Chapter 3). 

2.5 Summary and Implications 

In summary, I have carried out a systematic textural study of Fe-Ni metal in 

twelve EL3, four EL4, and one ELS meteorites. I have found that the bulk of the metal 

(all kamacite) and some sulfides (mostly troilite) are intergrown with silicates, outside of 

chondrules. The metal in the ELs is thus texturally different from metal in EH3s and 

other unequilibrated chondrite groups. The intergrowths have a range of morphologies as 

defined by metal/sulfide. They may be spherical, clast-like, or irregular in shape, they 

may occur in veins, or may envelop chondrule fragments . They have igneous textures 

that extend to surrounding lithic components, and may best be explained by 

crystallization of metal/sulfide impact-melt liquids within a pre-existing chondritic host 

rock. This conclusion is consistent with other studies that found similar textures in some 

EH chondrites and also found impact-melting to be a likely explanation (McCoy et al. , 

1995; Rubin and Scott, 1997; Lin and Kimura, 1998; Fagan et al. , 2000b; Keil, 2007; 

Rubin et al., 2009). Euhedral silicates may have crystallized from melts 

contemporaneous to the metal/sulfide liquids, whereas subhedral/anhedral ones may have 

been preexisting. The reservoir (i.e. , precursors) of the metal/sulfide liquids may or may 

not have been external on the scale of the meteorites. Whether locally derived or not, 

likely none of the metal I studied represents primitive metal that formed in the solar 

nebula (i .e., before accretion). 
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DaG I 031 and SaU 188 contain olivine, and should therefore be reclassified to 

EL3. The progression from EL3 to EL4 in the meteorites I studied is not due to a 

metamorphic sequence. The variation in textural equilibrium between the meteorites is 

the result of igneous (impact) processes that progressively obliterated the chondritic 

textures. It is unclear however, whether textures in NW A 1222 (ELS) reflect 

unmetamorphosed- or metamorphosed igneous textures. Importantly, the EL3 meteorites 

should not be considered as pristine cosmic sediments that have escaped post-accretional 

thermal processing. Thus I suggest that the terminology "EL3 melt-breccia" be used as a 

classification modifier, to indicate that unequilibrated (type 3) features such as chondrule 

outlines, and olivine+ silica, are retained in a chondrite that has been affected by parent 

body melting. 

Finally, future analytical measurements aimed at studying nebular processes 

recorded by EL material, must avoid assemblages affected by parent body melting. 

29 



CHAPTER3: 

SIDEROPHILE ELEMENTS IN Fe-Ni MET AL OF EL3 CHONDRITES: 

3.1 Introduction 

Enstatite chondrites are meteorites that contain reduced mineral assemblages in which 

elements that are commonly lithophile become chalcophile, Fe-Ni metal is Si-bearing, 

and abundant enstatite grains largely lack FeO. They are also characterized by sparse 

fine-grained matrix, few CAis, and have oxygen isotopic compositions the same as the 

Earth-Moon system (e.g. , Keil , 1968; Clayton et al. , 1984; Brearley and Jones, 1998; 

Fagan et al. , 2000a; Guan et al. , 2000). They are divided into two groups, EH (high-Fe) 

and EL (low-Fe), primarily based on bulk rock Fe/Si (Sears et al., 1982). EHs and ELs 

can also be distinguished from each other by their monosulfides. The Mg-dominant 

sulfide niningerite [(Mg,Fe)S] occurs in EHs, whereas the Mn-dominant sulfide 

alabandite [(Mn,Fe)S] occurs in ELs. (e.g. Keil , 1968). When either of these two sulfides 

reacts with troilite (FeS) during impact melting, and is cooled quickly, an Fe-dominant 

sulfide (keilite) results (Keil, 2007). Breccias, including regolith breccias, are common 

among enstatite chondrites (e.g. Keil , 1989; Zhang et al. , 1995; Schneider et al. , 2002; 

Nakashima et al. , 2006). Many melt-rocks and melt-breccias from enstatite chondrites 

are known. These have been interpreted to be the result of melting due to thermal 

metamorphism (Olsen et al. , 1977; Weisberg et al. , 1997a) or, more likely, impact 

(McCoy et al. , 1995; Rubin and Scott, 1997; Lin and Kimura, 1998; Fagan et al. , 2000b; 

Keil, 2007; Rubin et al. , 2009; Van Niekerk and Keil , 2008). 

Fe-Ni metal in type 3 (i.e. , virtually unmetamorphosed) chondrites may have various 

origins. Below I summarize the petrogenesis of metal in primitive chondrites based on 

the review by Campbell et al. (2005). Nebular processes such as condensation, reduction, 

and FeS devolatilization all probably produced metal. Metal may potentially be produced 

by the devolatilization of FeS during chondrule melting (Hewins et al. , 1997), or the 

reduction of C-bearing FeO-rich silicates during chondrule formation (e.g. Connolly et 

al. , 1994). 

In CR chondrites, refractory siderophile trace elements (Ru, Re, Os, Ir, Pt) in metal 

are unfractionated from each other and close to solar values (e.g. , Connolly et al. , 2001). 
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This supports a nebular origin for the precursors to CR metal. CR chondrules that have 

been melted to progressively higher degrees are associated with progressively larger 

metal grains. The metal is present inside the chondrules and on their surfaces. Volatile 

siderophile elements are relatively depleted in the CR metal inside chondrules and are 

enriched in grains on their surfaces. This complementarity is consistent with 

volatilization of metal during chondrule melting, followed by recondensation on the 

surface. Metal in the interchondrule matrix of CR chondrites is thought to have been 

expelled from chondrules during chondrule formation. The same textural settings of 

metal in CRs are also observed in COs, reduced CV s, and ordinary chondrites. 

Compositions of their various metals suggest a similar petrogenetic scenario as for CRs, 

while large grain-to-grain variations of siderophile trace element abundances in 

metamorphosed ordinary chondrites are interpreted to reflect incomplete homogenization . 

of precursor siderophile-element carriers (e.g., Campbell and Humayun, 2003). The 

above-described mechanism of metal production in chondrites thus involves thermal 

processing of pre-existing siderophile element carriers (metal, FeS, or refractory nuggets) 

during chondrule formation. 

Metal in CH and CBb chondrites is different from that in the other chondrites 

described above. In these meteorites, most of the metal occurs as mm- to cm-sized metal 

particles, some of them compositionally zoned, outside of chondrule fragments. In zoned 

grains, siderophile trace elements that are compatible in igneous systems correlate with 

incompatible Ni, proportional to their volatilities, thus supporting a volatility-driven 

origin. Palladium and Fe, which have similar volatilities, exhibit nearly solar relative 

abundances (e.g. Campbell et al. , 2001 ). These are signatures of a volatility-controlled 

petrogenesis, and suggest condensation of the metal. The trace element abundances in 

the metal have been more or less reproduced by modeling the condensation of a gas of 

solar composition. Trace element compositions of unzoned metal grains complement 

those of the zoned grains. It is thought that the unzoned metal also condensed from the 

gas, but at slower cooling rates. Metal in CBa chondrites is different from that in CBb. 

CBa metal grains are droplet shaped, and evidence for volatility-controlled petrogenesis 

lies in refractory siderophile trace elements being unfractionated from each other while 
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less refractory elements (Fe, Co, Ni, Pd, Au) are depleted (Campbell et al. , 2002). 

Palladium/Fe is above solar, and the refractory element abundances are higher than 

expected for condensation in the solar nebula. These signatures are ascribed to metal 

condensation or evaporation in a siderophile-element-rich impact plume (Campbell et al. , 

2002; Rubin et al. , 2003). 

Textures of the metal in EL3 chondrites were described in Chapter 2. The metal (all 

kamacite) occurs outside of chondrules (except for "dusty" silicates), and is mostly 

intergrown with silicate crystals-often euhedral enstatite. It sometimes contains 

schreibersite [(Fe,Ni)3P] ± perryite [(Ni,Fe)5(Si,P)2] ±graphite± troilite [FeS] . I referred 

to these intergrowth assemblages as metal/sulfide- silicate intergrowths (MSSis). MSSis 

do not occur in other chondrite classes. I interpreted these textures, which were also 

found in some EL4s and EL5s, as the products of melting on their parent body, by 

impact-heating. These meteorites are impact-melt breccias, consisting of melted and 

unmelted rock. I also indicated that the current classification of some enstatite chondrites 

according to petrologic type may be incorrect; loss of chondritic texture may be the result 

of impact melting and not thermal metamorphism. In DaG 1031 (EL4), for example, the 

loss of some chondritic texture is likely the result of higher volumes of impact-produced 

melt, and not of an increased degree of thermal metamorphism. Some of the metal in 

unequilibrated ELs is not intergrown with silicates (non-MSSI metal). Based on 

similarities in morphology and mineral assemblages, I suggested in Chapter 2 that MSSI 

and non-MSSI metal potentially had the same petrogenesis. 

As discussed above, siderophile trace elements are important tracers of metal 

petrogenesis. In the ELs, they have been measured for bulk rock (Zhang et al. , 1995 ; 

Rubin et al. , 2009; Fisher-Godde et al. , 2010) and bulk metal (Kong et al. , 1997). Only a 

few of the analyzed ELs were EL3s. The bulk data were mostly discussed in context of 

general cosmochemical trends and siderophile precursors in the enstatite chondrites; 

therefore they do not bear on the petrogenesis of individual metallic assemblages and 

their textures in the EL3s. In this chapter I present results of the first spatially resolved 

study of siderophile trace elements in EL Fe-Ni metal. I analyzed metal in six EL3s, one 

EL3-an, one EL4, one EL6, and one EL-related impact-melt rock. 
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3.2 Samples and analytical techniques 

I studied polished thin sections from the EL3s EET 90299, MAC 88136, MAC 

02635, MAC 02839, PCA 91020, QUE 94594, and EL3-an LEW 87223. I also studied 

polished thin sections from higher petrologic type ELs DaG 1031 (EL4), Jajh deh Kot 

Lalu (JdK; EL6), and Ilafegh 009 (EL impact-melt rock). I concluded in Chapter 2 that 

DaG 1031 is probably an EL3, and I will refer to it as such in this chapter. X-ray 

elemental mapping of the sections was carried out at a resolution of ~ 10 µm/pixel on a 

JEOL5900 L V scanning electron microscope (SEM) fitted with a Thermo Electron 

NanoTrace energy dispersive spectrometer (EDS). The maps were used to identify 

textural settings of minerals and assemblages intended for chemical analysis. Phases 

were identified by EDS analysis at 20kV accelerating potential, and assemblages were 

further documented with optical micrographs and backscattered electron images. 

Trace element analyses were performed with a New Wave UP213 Nd:YAG laser 

ablation system coupled to a Finnigan Element Inductively Coupled Plasma Mass 

Spectrometer (ICP-MS), and a New Wave UP193-FX ArF excimer laser ablation system 

coupled to a Thermo Element-XR ICP-MS. Metal grains were analyzed with a spot 

mode using 15-50 µm spot sizes, 10- 20 Hz repetition rate, and 5-8 s dwell time. The 

isotopes 57Fe, s9Co, 6°Ni, 63Cu, 69Ga, 74Ge, 75 As, l02Ru, l03Rh, l06Pd, 184W, 185Re, 1920s, 

193Ir, 195Pt, and 197 Au, were acquired in low resolution mode. Further details of data 

acquisition are given in Appendix 1. All trace element data were corrected for isobaric 

interference of 192Pt on 1920s and 1840s on 184W. Concentration corrections were applied 

to the measured elements to compensate for unanalyzed Si in the metal. The Si values 

were obtained from literature sources (Keil, 1968; McCoy et al., 1995 ; Zhang et al. , 

1995) as well as EDS data, and amounted to corrections ~0.5% per element (of the 

amount present for each element) for the unequilibrated ELs, 1 % for llafegh 009 and 

1.3% for Jah de Kot Lalu. Standards used included North Chile (Filomena) IIA 

hexahedrite and Hoba IVB ataxite . Hexahedrites and ataxites lack the small-scale 

chemical heterogeneity possessed by other structural classes of iron meteorites. 

Published elemental abundances for the standards were taken from Campbell et al. (2002) 

and Walker et al. (2008); uncertainties for most elements amount to 1-2%. Instrumental 
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sensitivity factors derived from the standards were used to convert intensity ratios relative 

to 57Fe, to elemental concentrations. Counting statistical uncertainties from unknowns 

and standards were combined with an estimated error associated with plasma instability; 

the uncertainties are included in Table 3.1 . Error bars in Fig. 3.1 represent the median 

relative uncertainty for an element (for a given meteorite), applied to the mean data value 

for that element (for a given meteorite). For LEW 87223 the blue error bars represent 

high-value abundances and the green error bars represent low-value abundances. Below 

detections are not plotted in Fig. 3.1. CI abundance values used for normalization of the 

data are from Anders and Grevesse (1989). 

3.3 Results 

3.3.1 Trace element patterns 

Results of individual measurements of metals are presented in Table 3.1, and trace 

element patterns relative to CI abundances with elements arranged according to volatility 

are presented in Fig. 3.1 (the petrographic contexts of analyses are described in the next 

section). Element abundances are Ni-normalized rather than Fe-normalized to reduce the 

influence of potential oxidation effects. 

The trace element patterns of the meteorite metals appear to be defined by many 

inter-element fractionations (Fig. 3 .1 ), however, many apparent fractionations are within 

measurement uncertainty and must be approached cautiously due to statistical uncertainty 

as well as potential propagated errors from standards and CI-normalization values. Most 

metals in the meteorites have broadly chondritic abundance patterns with relatively small 

inter-element fractionations . Elements that are sometimes resolved from others at the 2cr 

level are W, Co, As, and Au. At the lcr level, consistent fractionations involving these 

elements are present. These same fractionation trends are often present below the 1 cr 

level. Below I point out these trends. 

In the majority of analyses of LEW 87223 , MAC 08239, EET 90299, QUE 

94594, PCA 91020, and MAC 02635, Wis resolved from the other refractory siderophile 

elements (Re, Os, Ir, Ru, Pt, Rh) at the lcr level. The fractionation defines a positive 

anomaly produced by superchondritic W/Os and W/Ir. By "anomaly", I am referring to a 

positive or negative spike in the trace element curves. The positive anomaly is also 

34 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



-------------------
Table 3.1 Elemental analyses (ppm) of metal in EL meteorites ~ 

EET 90299 EET 90299 EET 90299 MAC MAC MAC MAC MAC MAC MAC MAC MAC MAC MAC 
88136 88136 88136 88136 88136 02635 02635 02635 02635 02635 02635 

Fe 943700 930400 936600 941600 932900 928300 931400 929500 941100 947600 953000 951100 948000 946100 
Co 3440 3720 3550 3660 3170 4450 3900 4320 2940 3050 2960 2830 3050 2970 
Ni 52500 65500 59500 54600 63600 66900 64400 65900 55600 49000 43700 45600 48600 50600 
Cu 114 (7) 120 (14) 94 (8) bdl 96 ( I 0) 91 (9) 125 (9) 53 (12) 127 (9) 109 (7) 100 (6) 133 (8) 106 (6) 125 (8) 

Ga 62 (4) 63 (20) 48 (9) 42 (7) 54 (5) 67 (5) 52 (4) 54 (6) 71 (6) 77 (5) 66 (5) 61 (4) 73 (5) 75 (5) 
Ge 130 (8) 195 (17) 126 (9) 104 (10) 118 (8) 122 (9) 103 (7) 134 (11) 160(13) 148 (9) 153 (9) 170 (JO) 157 (9) 158 (9) 
As bdl 18 (2) 12 (I) 12 (3) 11 (2) 14 (2) 14 (2) 22 (3) 19 (5) 19 (2) 19 (3) 19 (2) 20 (2) 20 (2) 

Ru 3.4 (0.3) 2.8 (0.6) 2.1 (0.3) 4.3 (2) 3.8 (0.9) 3.6 (0.8) 4.7 (0.6) 5.8 (1 .6) 5.1 (0.6) 4.0 (0.3) 3.6 (0.3) 2.8 (0.3) 3.7 (0.3) 4.1 (0.3) 
Rh 0.50 (0.06) 0.6 (0.2) 0.4 (0.1) bdl 0.5 (0.1) 0.7(0.1) 0.6 (0.1) 1.2 (0.3) 0.7 (0. 1) 0.46 (0.05) 0.44 (0.05) 0.29 (0.04) 0.44 (0.05) 0.46 (0.05) 
Pd 2.3 (0.2) 3.3 (0.6) 2.2 (0.3) 4.2 (I) 3.7 (0.6) 3.8 (0.6) 3.4 (0.4) 5.5 (LO) 3.6 (0.4) 2.8 (0.3) 2.4 (0.2) 2 .3 (0.2) 2 .7 (0.2) 2.7 (0.2) 
w 0.44 (0.07) 0.7 (0.1) 0.35 (0.06) 2.4 (0.6) 0.7 (0.2) 0.37 (0.1) 0.8 (0.1) 1.7 (0.4) 0.9 (0.2) 0.8 (0.1) 0.56 (0.08) 0.8 (0.1) 0.7 (0.1) 0.8 (0.1) 
Re 0.08 (0.02) 0.07 (0.02) 0.08 (0.02) bdl 0.28 (0.09) 0.24 (0.07) 0.21 (0.05) bdl 0. 18 (0.05) 0.24 (0.03) 0.22 (0.03) 0 .09 (0.02) 0.16 (0.02) 0.17 (0.02) 
Os 0.62 (0.06) 0.83 (0.09) 0.48 (0.05) 3 .6 (0.6) 3.1 (0.4) 1.2 (0.2) 2 .6 (0.3) 3.3 (0.5) 2.1 (0.2) 2.5 (0.2) 2.5 (0.2) 0.9 (0.1) 1.6 (0.1) L6 (0.1) 
Ir 0.52 (0.05) 0.84 (0.09) 0.51 (0.05) 2.5 (0.5) 2.7 (0.3) 1.3 (0.2) 2 .3 (0.2) 3.0 (0.4) 1.8 (0.2) 2.2 (0.2) 1.9 (0.2) 0.9 (0.1) 1.3 (0.1) L4 (0.1) 
Pt 2.3 (0.2) 2.7 (0.3) 1.7 (0.2) 6.4 ( I) 4.3 (0.6) 4.0 (0.5) 5.3 (0.6) 5.6 (0.9) 3.7 (0.4) 4.0 (0.3) 3.0 (0.3) 1.5 (0.2) 2.4 (0.2) 2.6 (0.2) 

v.> Au 2.3 {0.22 1.4 {032 1.1 {022 1.6 {0.42 1.5 {0.22 1.6 {O 22 1.7 {0.22 2.1 {0.42 2.3 {0.32 L8 {0. 12 I 7 (0 2) 1.5 (0 I) 1.7 (0 I) I 8 (0.1) 
Vi MAC MAC MAC MAC MAC MAC MAC MAC MAC MAC PCA 91020 PCA 91020 PCA 91020 PCA 91020 

02635 02635 02635 02635 02839 02839 02839 02839 02839 02839 

Fe 958600 948200 949600 953600 945100 938500 954600 952600 945500 947400 938700 938900 934200 935400 

Co 2780 2210 3140 2970 2870 3220 3360 3290 3160 3110 3870 3660 3660 3890 
Ni 37900 49200 46900 43100 51800 57900 41700 43700 51000 49100 57100 57100 61800 60400 
Cu 451 (27) 128 (8) 121 (7) 132 (8) 85 (5) 79 (5) 102 (6) 139 (8) 172 (10) 145 (9) 109 (8) 116 (9) 90 (9) 105 (1 1) 
Ga 74 (5) 65 (5) 78 (5) 77 (5) 46 (3) 49 (3) 57 (4) 52 (4) 61 (4) 64 (4) 58 (4) 68 (5) 64 (5) 57 (4) 

Ge 165 (10) 123 (7) 142 (9) 142 (9) 93 (6) 137 (8) 159 (9) 122 (7) 131 (8) 116 (7) 154 (10) 138 (9) 129 (9) 143 (1 1) 
As 17 (2) 21 (3) 20 (3) 19 (2) bdl 13 (2) bdl 13 (2) bdl bdl 16 (2) 13 (1) 12 (2) 10 (2) 
Ru 2.9 (0.3) 3.4 (0.3) 3.0 (0.3) 2.8 (0.3) 3.3 (0.2) 4 .1 (0.3) 2.6 (0.2) 2.9 (0.2) 3.3 (0.3) 3.2 (0.3) 3.4 (0.9) 4.5 (LO) 3 (2) bdl 
Rh 0.46 (0.05) 0.40 (0.05) 0.33 (0.05) 0.35 (0.05) 0.42 (0.04) 0.49 (0.04) 0.37 (0.04) 0.42 (0.04) 0.46 (0.04) 0.45 (0.04) 0.68 (0.10) 0.55 (0.09) 0.4 (0.1) 0.8 (0.2) 

Pd 2.0 (0.2) 2.0 (0.2) 2.2 (0.2) 2 .2 (0.2) 2.4 (0.2) 3.0 (0.2) L6 (0.1) 2.1 (0.2) 2.4 (0.2) 2.2 (0.2) 2.3 (0.4) 2.4 (0.4) 4.2 (0.6) 4 .0 (0.6) 
w 0.47 (0.07) 0.45 (0.07) 0.68 (0.10) 0.57 (0.08) 0.62 (0.07) 0.79 (0.09) 0.67 (0.08) 0.49 (0.06) 0.64 (0.08) 0.56 (0.07) 0.7 (0.1) 0.8 (0.1) 0.4 (0. 1) 0.9 (0.2) 
Re 0.10(0.02) 0. 16(0.02) 0.06(0.01) 0.10(0.02) 0.08(0.01) 0.19(0.02) 0.06(0.01) 0.13(0.02) 0.19(0.02) 0.17 (0.02) 0.14(0.04) 0. 19(0.05) bdl 0 .23 (0 09) 

Os 0.94 (0.08) 1.03 (0.09) 0.86 (0.08) 0. 70 (0.06) 0.48 (0.04) 2.0 (0.1) 0.38 (0.04) LO (0. 1) 1.9 (0.1) L9 (0. 1) 1.4 (0.1) 2 .7 (0.2) 1.8 (0.2) 1.7 (0.2) 
Ir 0. 79 (0.06) 0.85 (0.08) 0.64 (0.06) 0.58 (0.05) 0.53 (0.04) 1.8 (0.1) 0.34 (0.03) 0.9 (0. 1) 1.7 (0.1) 1.7 (0.1) 1.2 (0.1) 2.3 (0.2) 1.4 (0.2) 1.5 (0.2) 

Pt 1.8 (0.2) 2.5 (0.2) L4 (0.1) 1.4 (0.1) 2.4 (0.2) 4 .8 (0.4) L9 (0.2) 3.2 (0.3) 3.7 (0.3) 3.8 (0.3) 4.1 (0.4) 4 .0 (0.4) 4 .8 (0.5) 4 .9 (0.6) 

Au 1.5 (0.1) L6 (0. 1) 1.7 (0.2) L6 (0. 1) 1.5 (0.1) 1.5 (0.1) 1.4 (0.1) 1.4 (0. 1) 1.5 (0.1) L5 (0.1) 1.3 (0.1) 1.5 (0.1) 1.6 (0.2) 1.6 (0.2) 



Table 3.1 continued. 
PCA 91020 PCA 91020 PCA 91020 PCA 91020 PCA 91020 PCA 91020 PCA 91020 PCA 91020 PCA 91020 QUE QUE QUE QUE QUE 

94594 94594 94594 94594 94594 

Fe 940400 943100 933 JOO 927700 933000 934300 920700 920900 940200 936000 942600 935700 941600 938800 
Co 4060 3870 3910 3810 3560 3580 3990 4600 3500 3900 3650 3940 3510 3700 
Ni 55200 52600 62700 68200 63100 61800 75000 74200 56100 59800 53500 60100 54600 57200 
Cu 105 (8) 90 (7) I 15 (8) I 19 (8) 119 (11) I 14 (8) 118 (7) 114 (7) 82 (5) 78 (9) 50 (5) 62 (5) 53 (5) 48 (5) 
Ga 63 (4) 64 (4) 72 (5) 56 (4) 49 (4) 65 (5) 49 (3) 48 (3) 30 (2) 48 (4) 44 (4) 49 (3) 49 (4) 45 (4) 
Ge 161 (10) 173 (I I) 121 (8) 123 (8) 105 (8) 123 (8) 103 (6) 128 (8) 53 (3) 140(10) 114 (7) 119 (7) 124 (9) 128 (9) 

As 12 (I) 14 (I) 15 (2) 14 (I) 13 (2) I I (I) 15 (I) 15 (I) 12 (I) 13 (2) 13 (1) 12 (1) 12 (1) 14 (2) 
Ru 4 (I) 4.7(1.0) 4.7 (0.8) 3.3 (0.6) 5.1 (1.8) 3.6 (1.0) 2. 7 (0.4) 5.9 (0.6) 4 .6 (0.5) 3.4 (0.9) 3.3 (0.5) 3 .7 (0.4) 2.9 (0.6) 3.7 (0.6) 
Rh 0.8 (0.1) 0.65 (0.09) 0.55 (0.08) 0.50 (0.06) 0.51 (0.1) 0.7 (0. 1) 0.60 (0.06) 1.3 (0. I) 0.79 (0.08) 0.7 (0.2) 0.6 (0. 1) 0.64 (0. 1) 0.6 (0.1) 0.7(0.1) 
Pd 3.4 (0.4) 2 .8 (0.4) 3 .3 (0.4) 3.5 (0.3) 3.3 (0.6) 2 .9 (0.4) 4.8 (0.4) 4 .7 (0.4) 3.0 (0.3) 3. 7 (0.6) 2.8 (0.3) 3. 1 (0.3) 2.6 (0.4) 2. 7 (0.4) 
w 0.7(0.1) 0 .6(0. 1) 0 .8 (0.1) 0.74 (0.10) 0.5 (0. 1) 0.7(0. 1) 0.9 (0. 1) I.I (0.1) 0.64 (0.08) 0.9 (0.2) 0.9 (0. I) 0.75(0. 1) 1.02 (0.2) 0.9 (0.2) 
Re bdl 0.13 (0.04) 0.23 (0.04) 0.18 (0 .03) bdl 0.15 (0.05) 0.05 (0.0 I) 0.54 (0.05) 0.22 (0.03) 0.29 (0.09) 0.24 (0.05) 0.19 (0.04) 0.23 (0.06) 0 15 (0.05) 

Os 0.7(0.1 ) 0.9 (0.1) 1.8 (0.2) 1.6 (0. 1) 0.9 (0.1) 2 .7 (0.2) 0.37 (0.04) 3.4 (0.3) 2 .5 (0.2) 2.5 (0.3) 2.0 (0.2) 2.0 (0.2) 1.5 (0.2) 2.1 (0.3) 

Ir 0.8 (0.1) I.I (0.1) 1.8 (0.2) 1.6 (0. 1) 0.70 (0.10) 2 .3 (0.2) 0.35 (0.03) 3.1 (0.2) 2 .5 (0.2) 2.2 (0.3) 2.0 (0.2) 2.2 (0.2) 1.7 (0.2) 2.0 (0.2) 
Pt 3.9 (0.4) 3.2 (0.3) 5.2 (0.5) 3.5 (0.3) 2.0 (0.3) 4.6 (0.4) 0.96 (0.10) 7.9 (0.6) 5.5 (0.4) 5.5 (0.7) 5.3 (0.5) 5.6 (0.6) 4 .0 (0.5) 5.3 (0.6) 
Au 1.5 (0.2) 1.5 (0.1) 1.4 (0.1) 1.5(0. 1) I. 7 (0.2) 1.6 (0.2) 2.6 (0.2) 2.3 (0.2) 1.5 (0. 1) 1.5 (0.2) 1.4 (0.2) I. 7 (0.2) I .6 (0.2) 1.6 (0.2) 

w 

°' QUE QUE LEW LEW LEW LEW LEW LEW LEW LEW DaG I 031 DaG I 03 I DaG I 03 I DaG 103 I 
94594 94594 87223 87223 87223 87223 87223 87223 87223 87223 

Fe 936900 939100 904600 909400 957300 960300 961400 961500 925400 960500 935400 930700 919800 933500 
Co 3700 3930 1970 1980 3490 3100 3030 3070 1720 3130 3220 3490 3270 3380 
Ni 59100 56700 93000 88200 39000 36300 35400 35200 72500 36200 60800 65300 76300 62600 

Cu 54 (5) 58 (6) 353 (21) 348 (21) 123 (8) 129 (8) 103 (6) 109 (6) 321 (19) 112 (7) 332 (20) 335 (20) 362(21) 348 (2 I) 
Ga 50 (4) 52 (4) 30 (2) 31 (3) 27 (2) 31 (2) 3 I (2) 30 (2) 34 (3) 29 (2) 60 (4) 60 (4) 55 (4) 60 (4) 

Ge 118 (8) 121 (8) 31 (3) 23 (2) 40 (3) 48 (3) 49 (3) 51 (3) 30 (3) 53 (4) 123 (8) 131 (8) 125 (8) 130 (8) 

As 12 (!) 12 (I) 4 .0 (0.6) 3.9 (0.6) 7.4 (0.9) 14 (2) 14 (2) 15 (2) 6 (2) 15 (2) 12 (I) 12 (I) 11 (I) 12 (I) 
Ru 4.0 (0.6) 4 .0 (0.8) 4 .0 (0.4) 3.0 (0.3) 2.5 (0.3) 2 .8 (0.2) 3.5 (0.3) 3.1 (0.3) 4 . 7 (0.4) 3.2 (0.3) 2.9 (0.3) 3.3 (0.3) 3.0 (0.3) 3.0 (0.3) 
Rh 0.7 (0.1) 0.7 (0. 1) 0.55 (0.06) 0.39 (0.05) 0.43 (0.05) 0.39 (0.04) 0.49 (0.05) 0.46 (0.04) 1.00 (0.09) 0.43 (0.04) 0.44 (0.05) 0.53 (0.06) 0.46 (0.05) 0.50 (0.06) 
Pd 3.0 (0.4) 3.5 (0.5) 2 .9 (0.3) 2.7 (0.3) 1.6 (0.2) 2.0 (0.2) 2.4 (0.2) 2.0 (0.2) 2.3 (0.2) 2.0 (0.2) 2 .7 (0.2) 2.7 (0.3) 2.4 (0.2) 2.7 (0.3) 
w 0.7(0.1) 1.0 (0.2) 0.27 (0.04) 0.29 (0.05) 0.34 (0.05) 0.9 (0.1) 0.9 (0.1) 0.9 (0.1) 0.67 (0.10) 0.82 (0.10) 0.39 (0.05) 0.43 (0.06) 0.37 (0.05) 0.45 (0.06) 
Re 0.31 (0.07) 0.26 (0.07) 0.18 (0.02) 0.24 (0.03) 0.09 (0.02) 0.17 (0.02) 0.23 (0.02) 0.19 (0.02) 0.63 (0.06) 0.23 (0.02) 0.14 (0.02) 0.14 (0.02) 0.15 (0.02) 0.15 (0.02) 
Os 2.6 (0.3) 2 .5 (0.3) 1.6 (0.1) 2 .3 (0.2) 1.2 (0.1) 1.6(0.1) 2.4 (0.2) 1.7 (0.1) 1.8 (0.1) 2.2 (0.2) 1.18 (0.10) 1.2(0.1) 1.16(0.10) 1.3 (0. 1) 
Ir 2.1 (0.2) 2 .6 (0.3) 1.3 (0.1) 2.3 (0.2) 1.04 (0.09) I .33 (0. 10) 2.1 (0.1) 1.4(0.1) 1.15 (0.10) 1.8 (0.1) 1.14 (0.09) 1.21 (0.10) 1.06 (0.09) 1.23 (0.10) 
Pt 6.4 (0.7) 7.4 (0.8) 3.3 (0.3) 5.9 (0.5) 2.2 (0.2) 2 .4 (0.2) 3.4 (0.3) 3.0 (0.2) 4 .3 (0.4) 3.0 (0.2) 3.5 (0.3) 3.6 (0.3) 3.2 (0.3) 3.4 (0.3) 
Au 1.3 (0.2) 1.5 (0.2) I.I (0.1) 1.0 (0. 1) 0.72 (0.10) 0.99 (0.09) 1.02 (0.09) 1.00 (0.09) 1.6 (0.2) 0.99 (0.09) 1.2 (0. I) 1.4 (0.1) 1.2 (0. 1) 1.3 (0. 1) 

-------------------



-------------------
Table 3.1 continued. 

DaG 1031 DaG 1031 DaG 1031 DaG 1031 DaG 1031 DaG 1031 JdK JdK JdK JdK JdK Ilafegh 009 llafegh 009 Ilafegh 009 

Fe 930900 942200 937200 941000 940100 950400 957600 955700 954400 953000 956600 943500 942500 926400 
Co 3580 3380 3520 3180 3290 3310 2900 3100 2970 2790 2970 3040 3090 3630 
Ni 65000 54100 58900 55300 56100 45900 39100 40900 42300 43900 40100 53100 54100 69600 
Cu 367 (22) 128 (8) 165 (10) 275 (17) 298 (18) 223 (14) 78 (5) 81 (5) 105 (6) 110 (7) 87 (5) 192(12) 179 (11 ) 143 (14) 
Ga 60 (4) 53 (4) 61 (4) 57 (4) 62 (5) 56 (5) 78 (5) 80 (6) 82 (6) 85 (6) 82 (6) 61 (4) 58 (4) 78 (14) 
Ge 123 (8) 117 (7) 120 (7) 114 (7) 130 (8) 93 (6) 127 (8) 125 (9) 131 (8) 117 (7) 128 (8) 97 (6) 94 (6) 128 (11) 
As 12 (!) bdl bdl bdl bdl bdl 20 (2) 18 (2) 19 (2) 17 (2) 19 (2) 11 ( I) 11 (!) 15 (2) 
Ru 3.2 (0.3) 3.4 (0.3) 3.3 (0.3) 2.9 (0.3) 3.3 (0.3) 2.7 (0.4) 3.4 (0.3) 3.4 (0.3) 3.3 (0.3) 3.2 (0.3) 3.2 (0.3) 2.6 (0.3) 2.4 (0.3) 3.4 (0.5) 
Rh 0.56 (0.06) 0.58 (0.06) 0.56 (0.06) 0.49 (0.07) 0.58 (0.07) 0.50 (0.08) 0.43 (0.05) 0.42 (0.05) 0.40 (0.05) 0.34 (0.04) 0.44 (0.05) 0.39 (0.05) 0.41 (0.05) 0.7 (0.2) 
Pd 2.7 (0.3) 2.4 (0.2) 2.5 (0.2) 2.5 (0.3) 2.5 (0.2) 1.8 (0.3) 1.7 (0.2) 1.6 (0.2) 1.8 (0.2) 1.8 (0.2) 1.7 (0.2) 1.9 (0.2) 2.2 (0.2) 2.7 (0.4) 
w 0.48 (0.06) 0.9 (0.1) 0.9 (0.1) 0.7 (0.1) 0.7 (0.1) 0.6 (0.1) 0.5 (0.1 ) 0.6 (0. 1) 0.5 (0. 1) 0.4 (0.1) 0.5 (0.1) 0.33 (0.05) 0.32 (0.05) 0.59 (0.09) 
Re 0.22 (0.03) 0.23 (0.03) 0.25 (0.03) 0.18 (0.03) 0.23 (0.03) 0.26 (0.04) 0.20 (0.03) 0.23 (0.03) 0.24 (0.03) 0.20 (0.03) 0.22 (0.03) 0.15 (0.02) 0.13 (0.02) 0.17 (0.03) 
Os 1.3 (0.1) 2.6 (0.2) 2.6 (0.2) 1.9 (0.2) 2.0 (0.2) 2.5 (0.2) 2.4 (0.2) 2.2 (0.2) 2.4 (0.2) 2.0 (0.2) 2.2 (0.2) 1.8 (0.1) 1.7(0.1) 1.8 (0.2) 
Ir 1.20 (0.10) 2.4 (0.2) 2.3 (0.2) 1.6 (0.1) 1.9 (0. 1) 1.9 (0.2) 2.0 (0.2) 2.1 (0.2) 1.9 (0.2) 1.6(0. 1) 1.8 (0.1) 1.6 (0.1) 1.6 (0.1) 1.7(0.1) 
Pt 3.4 (0.3) 6. 7 (0.5) 8.1 (0.6) 4.8 (0.4) 5.9 (0.5) 4.8 (0.4) 3.3 (0.3) 3.4 (0.3) 3.4 (0.3) 2.7 (0.2) 3.1 (0.2) 3.0 (0.3) 3.5 (0.3) 3. 7 (0.4) 

w Au 1.4 {0.12 1.3 {O 12 1.4 {O. Q 1.4 {02) 1.5 (0.2) 1.2 (0.2) 1.6 (0.1) 1.5 (0.2) 1.7 (0.2) 1.7 (0.2) 1.6(0.1) 1.2 (0.1) 1.3 (0.1) 1.3 (0.3) 

......i bdl=delow detection limit 
1 value (±!er uncertainty); Fe(5%); Co(6%) Ni(7%) 
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Figure 3.1. Siderophile element patterns of metal in EL meteorites. 
Error bars are Is. Legend denotes noteworthy aspects of the metal (see text). 
Element volatility increases from left to right on x-axis. 
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evident below the 1 a level in the aforementioned meteorites. The anomaly is more often 

than not, below the la level in DaG 1031 , MAC 88136, and Jahde Kot Latu. In some of 

the Ilafegh 009 metals W is unfractionated. 

Many of the metals show evidence of a superchondritic Re/Os fractionation; this 

is resolved at the 1 a level in the majority of analyses of LEW 87223, MAC 08239, DaG 

1031 , EET 90299, QUE 94594, Jahde Kot Latu, a minority of analyses of PCA 91020, 

MAC 88136, and none for Ilafegh 009 and MAC 02635. Below the la level in all the 

meteorites, the same fractionation is still evident and is probably significant because the 

mean EL bulk metal composition compiled from instrumental neutron activation analysis 

measurements, by Kong et al. ( 1997), shows the same fractionation. 

A positive Co anomaly is more often than not defined at the 1 a level by 

superchondritic Co/Ni and Co/Pd in Jahde Kot Latu, MAC 06235, MAC 08239, QUE 

94594, PCA 91020, large grains in LEW 87223 , and in -50% of the analyses ofDaG 

1031; in most of these meteorites the anomaly is also present below the 1 a level. In 

MAC 88136 the anomaly is present in some cases but not in others-all below la. In 

Ilafegh 009 the Co-Pd fractionation is not resolvable at the 1 a level, but the anomaly is 

present in all of the analyses, suggesting that it is significant. Small grains in LEW 

87223 are different from all other metals in part due to higher Ni-content; at the I a level 

they have resolvable subchondritic Ni/Co but only one has a concomitantly resolvable 

Co-Pd (the Co/Pd is subchondritic and defines a negative anomaly). 

A positive Au anomaly is more often than not resolved at the I cr level by 

superchondritic Au/Fe and Au/As in MAC 88136, QUE 94594, PCA 91020, Ilafegh 009, 

the small grains in LEW 87223, and 50% of the analyses in DaG 1031 and MAC 06235 . 

In Jahde Kot Latu, MAC 02839, and the large grains in LEW 87223 (subchondritic 

Au/As), the Au-As fractionation is below the lcr level. One analysis ofEET 90299 hints 

at Au-As fractionation. In most meteorite analyses where Au-As is not resolved at the 1 cr 

level, a positive anomaly is still consistently present but resolved by superchondritic 

Au/Ga. 
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3.3.2 Petrographic context 

Figure 3.2a shows an example of a MSSI in which Fe-Ni metal (kamacite) 

containing accessory phases (schreibersite; troilite ; graphite), is intergrown with silicate. 

Examples of metal containing all three accessory phases are not the norm. During 

analyses I carefully positioned the laser beam so as to avoid overlap onto adjacent phases 

(cf Figs. 3.2b, c). Figure 3.2d shows an example of metal that is not part of a silicate 

intergrowth assemblage. 

In the EL3s, MSSI metal is more common than non-MSSI metal, and thus my 

measurements were mostly of the former. I made the most non-MSSI metal 

measurements in PCA 91020. In Jahde Kot Lalu (EL6) and Ilafegh 009 (impact-melt) 

however, I did not find MSSis. In LEW 87223 (EL3-an) MSSis are rare. I find that 

there is no systematic distinction between the trace element patterns of MSSI- and non

MSSI metal (Fig. 3.1). Other notable petrographic features of the analyzed metal are 

described below. 

In the small thin section of EET 90299 I analyzed both a prominent metal vein 

and non-vein metal. The vein has lower Au abundance than the non-vein metal (Fig. 

3.lb). One of the vein measurements is of severely weathered metal (Fig. 3.3a), while 

the other one is of unweathered metal. The similar siderophile abundances for the 

weathered and unweathered vein metal imply that weathering did not involve 

mobilization of Fe or trace elements. 

Some meteorites contain metal that has rims defined by inclusions, and cores 

defined by a lack thereof (Fig. 3.3b). Figures. 3. ld-f show that there is no systematic 

difference in composition between the metal in rims and cores. 

In LEW 87223, metal compositions differ in a somewhat systematic fashion 

according to grain size. Figure 3.lg shows that the large grains (e.g. Fig. 3.3e) appear to 

have higher trace element abundances, but this is an artifact of Ni-normalization of the 

data; small grains (<100 µm; average Ni=8.46 wt%) contain more Ni than large grains 

(average Ni=3.64 wt%). Their trace element patterns are slightly different, most 

prominently expressed by W, and Co, (Fig. 3 .1 g). Some of the small grains are the most 
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Figure 3.2: EL metal in MSSI and non-MSSI settings. See text for details. 
(KAM=kamacite; GRA=graphite, ENS=enstatite, SCH=schreibersite; TRO=troilite; 
LC= laser crater). (a) An example of metal intergrown with silicate, and also containing 
sulfide, phosphide and graphite in PCA 91020 (BSE image). (b) An example of metal 
before laser ablation in PCA 91020 (BSE image) . (c) The assemblage in (b) after laser 
ablation (reflected light image). (d) An example of metal not intergrown with silicate, 
from PCA 91020 (BSE image). 
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Figure 3.3: Metal in EL chondrites. See text for details. (KAM=kamacite, 
WKAM=weathered kamacite; GRA=graphite, ENS=enstatite, SCH=schreibersite; 
TRO=troilite; OLD=oldhamite; KEI=keilite). (a) Weathered kamacite in kamacite vein 
ofEET 90299 (BSE image). (b) Metal with a silicate-intergrown rim, but a clear core, in 
QUE 94594 (BSE image). (c) Large kamacite in LEW 87223 (BSE image). (d) 
Kamacite outside of vein in DaG 1031 (BSE image). ( e) Oldhamite-rich region in Jajh 
deh Kot Lalu. Kamacite is black in the image (flatbed scanner image of thin section). (f) 
Metal-sulfide vein in PCA 91020 (BSE image). 
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depleted in moderately volatile elements (relative to CI) among all the EL metals. The 

large grains are the only metals that hint at superchondritic As/Au (below the lcr level). 

In the thin section of DaG 1031 a prominent metal vein is present (cf Fig. 2.2c ). 

The vein, and the non-vein metal throughout the rest of the section, have well-developed 

MSSI textures (Fig. 3.3d). My measurements of these metals show no systematic 

difference in composition (Fig. 3.1 h). 

The thin section of EL6 Jah de Kot Lalu contains an oldhamite-rich region that 

was described by Rubin et al. (1997) as a shock-melt vein (Fig. 3.3e). Metal inside the 

vein is slightly smaller than metal outside the vein. The metal in both settings is similar 

in composition (Fig. 3.1 i). 

Figure 3 .3f shows a vein in PCA 91020 that consists of metal and sulfides; keilite 

is present. I analyzed the troilite and kamacite. The troilite contains no detectable 

siderophile elements, whereas the kamacite does. 

I analyzed one schreibersite grain in a kamacite-sulfide assemblage. I used Fe

concentration data from an EDS analysis of the schreibersite to convert the ICP-MS data 

into absolute concentrations. Most of the siderophile elements were below detection. 

Gallium (10 ppm), and especially Ru (9ppm) and Pd ( 4ppm), were found in significant 

quantities . Lehner et al. (2010) also found these elements to be present in schreibersite in 

EH metal, but in much lower concentrations. 

3.4 Discussion 

3.4.1 Solid-liquid metal controlled elemental fractionation 

The keilite-bearing metal-sulfide vein in PCA 91020 (Fig. 3 .3f) is consistent with 

crystallization from a melt since sinuous veins are unlikely to have formed by 

condensation, because condensation is expected to produce small aggregate particles. 

The siderophile elements in the metal support this hypothesis. The presence of 

siderophile elements in the vein metal excludes the possibility that the metal formed via 

devolatilization of FeS, which is the host of chalcophile and not siderophile elements. 

The phases in the vein likely crystallized from a S-rich metal liquid wherein the 

siderophile elements partitioned into the metal and the chalcophiles into the sulfide. 
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My data shows that melting and crystallization processes rather than volatility

driven processes (such as condensation or evaporation) have affected the siderophile 

element carriers in the ELs. The fairly flat trace element patterns (Fig. 3 .1 ), punctuated 

by W, Co, and Au enrichments, demonstrate that there is no clear volatility trend. Inter

element relationships-fractionations or lack thereof---do not correspond to volatility. 

An example of non-volatile fractionation is the superchondritic Re/Os. These two 

elements have very similar volatilities [50% condensation temperatures from Lodders and 

Fegley (1998) are: Re (1818 K), Os (1812 K)] and are unlikely to be fractionated much 

by condensation or evaporation. In a melt-system however, Re and Os fractionate due to 

differences in atomic size. Chondritic Ni/Ga is an example of the lack of fractionation 

between elements of different volatilities [50% condensation temperatures from Lodders 

and Fegley (1998) are : Ni (1354 K), Ga (918 K)] ; these elements should have 

fractionated during a volatile-driven petrogenesis. Figure 3.4 emphasizes the above 

points by contrasting my data with condensed CB meteorite metal. 

3.4.2 Modeling 

3.4.2.1 Physical processes represented by the modeling 

In Chapter 2, I discussed textural evidence that metal in many EL chondrites 

experienced impact melting. There are not many rigid constraints on the physical setting 

in which this took place. One or more impacts by unknown bodies presumably took 

place on a parent body of enstatite chondrite composition and contributed to the 

formation of impact-melt breccias. Melt may have been ejected outside of craters and/or 

remained in situ, perhaps followed by subsequent impact gardening. Local 

chemical/mineralogical fractionation may have taken place during melting. It is 

unknown if mixing of the impacting material into the impacted body occurred. The EL 

impact-melt breccias are the result of these processes. 

The physics of shock dictates that impact melting will be instantaneous and 

spatially heterogeneous- that is, it is a disequilibrium process (e .g. , Sharp and DeCarli, 

2006). If melting affects a given polycrystalline metal assemblage, two scenarios are 

hypothetically possible. Firstly, all the metal in the rock may melt and then either quench 

or crystallize. Secondly, some of the metal in the rock may melt and then cool (rapidly 
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Figure 3.4: Siderophile element patterns of mean metal data for EL3s compared to 
CB metal from Campbell et al. (2002) and mean metal from Ilafegh 009. 
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by quenching or more slowly). In either scenario the following is likely to happen: (i) 

Quenching of metal will likely lead to inheritance of the pre-existing trace element 

pattern. (ii) Slow crystallization will lead to a trace element pattern that reflects element 

partitioning between solid-liquid metal ; in this case, one can apply crystallization 

modeling to simulate the evolution of the siderophile trace element patterns. 

It is thermodynamically very difficult for an FeNi liquid to cool without 

crystallizing and thus I anticipate that case (ii) can be applied to understand the 

geochemical evolution of the melt. Although the exact nature, setting, and scale of 

melting-and-crystallization on the parent body is speculative, it remains a fact that whole 

scale melting of most ELs did not occur. Thus the process may be visualized as small 

interconnected vein/melt pools that permeated and crystallized throughout the regolith. 

Below, I use trace element crystallization modeling equations and experimental 

partition coefficients (i.e., the concentration of an element in a solid relative to a 

coexisting liquid) to simulate the expected crystallization of a metallic melt of average 

bulk enstatite chondrite metal composition, with the aim of comparing the modeling 

results to my measurements. 

3.4.2.2 Input parameters 

Modeling the evolution of the element patterns of the EL metal required the 

selection of equations that would be appropriate to the anticipated crystallization 

processes described in the previous section. I applied both equilibrium (batch) and 

fractional crystallization equations (Appendix 2), taken from Rollinson (1993). It is 

probably impossible to know what the compositions of individual metals were prior to 

impact melting, and one thus has to make an assumption with respect to the starting 

composition of the liquid for modeling purposes. It is generally assumed in 

meteoritics/cosmochemistry that the bulk chemistries of chondrites were established in 

the protoplanetary disk (i .e, solar nebula) prior to, or during, accretion. I thus assumed 

that the composition of the metal prior to impact melting approximated the mean bulk 

metal siderophile element abundances of the EL group. These averages (Kong et al., 

1997) include measurements from EL3s, EL5s and EL6s. I used them as the starting 
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compositions of elements in the liquid. I assumed kamacite to be the only host of 

siderophile elements. 

No directly relevant modeling of partitioning has been done for E-chondrite 

conditions. Whole rock partial melting experiments were conducted on Indarch (EH) by 

McCoy et al. (1999) and Berthet et al. (2009). The McCoy et al. (1999) study was aimed 

at understanding aubrite (i.e. , igneous enstatite meteorite) formation at latm. pressure 

under oxygen fugacities approximately intrinsic to Indarch. Berthet et al. (2009) 

investigated partitioning in planetesimal cores. Their study was conducted at 1 GPa 

pressure, several orders of magnitude higher than relevant to enstatite chondrites, and at 

variable oxygen fugacities, some of which approximate those intrinsic to the enstatite 

chondrites [/02 ~IW-6 (Berthet et al., 2009)]. The results of these two studies are not of 

quantitative value in modeling trace element evolution in the EL metal; siderophile trace 

element contents were not measured, and the experiments involved whole rock 

(equilibrium) partial melting. The potentially relevant implication from these studies for 

melting of EL metal is that melting produced immiscible metallic liquids that were 

defined by their S-, C-, Si-, and P-contents. Although silicide, phosphide, graphite, and 

sulfides do not host significant abundances of siderophile elements, their presence in 

some EL metal indicates that Si, P, C, and Smay have, at least potentially, influenced the 

partitioning behavior of siderophile elements in the metal. Siderophile trace element 

partitioning in the Fe-Ni-S-C-Si-P system remains undetermined under any conditions, 

however. Also, partition coefficients for siderophile trace elements in metallic systems 

specifically under the intrinsic physical and chemical state of enstatite chondrites, do not 

exist. This means that I potentially cannot account for all chemical influences on 

partitioning in my modeling. There are however studies that have attempted to quantify 

the influence of non-metals, separate from each other, on siderophile trace element 

partitioning in metal systems (applicable to iron meteorites) to which one may turn for 

some quantitative constraints. 

Some modeling has been done for iron meteorites including the effects of P and S. 

Corrigan et al. (2009) found in partitioning experiments emulating crystallization of iron 

meteorites, that when both Sand P were present in a single metallic liquid, the influence 
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of Pon siderophile elements was negligible compared to that of S. The fact that I found 

significant Ru and Pd in schreibersite, however, serves as caution that potential scatter 

among my data for these elements may be due to the presence of schreibersite in some 

metal assemblages. The modal abundance of schreibersite compared to metal is low 

however, and thus probably does not affect partitioning too much. 

The partitioning of siderophile elements under the influence of Si, between solid

liquid metal, has not been studied (Chabot et al. , 2010). 

Some relevant data exist for partitioning between solid-liquid metal at oxygen 

fugacities below the iron-wilstite buffer, and interesting behavior of W and Re, has been 

documented. Chabot el al. (2003, 2006) have determined experimental partition 

coefficients for siderophile elements in solid-liquid Fe-metal below the iron-wilstite 

buffer at 1 atm. pressure under the influence of the non-metals C and S. Chabot et al. 

(2006) caution however, that a clear understanding of partitioning in a combined Fe-Ni

S-C experimental system does not exist, and that it is unclear how to effectively combine 

the partition coefficients for the C- and S-bearing systems for application to a single 

system. The experimental work demonstrated that while C and S may have a similar 

influence on the partitioning of many elements, they influence opposite behavior in a 

few. Most elements will become more compatible (i.e., concentrate in the solid metal) as 

the C- or S-content of the liquid increases. In the case of W and Re however, the 

influence of C and S is opposite; increased C in the liquid will drive them to become 

more incompatible, while increased S in the liquid will drive them to become more 

compatible. The speculative reason for this is because W and Re may form carbide 

domains in the C-rich liquid. Note that this distinct partitioning behavior of Re provides 

a mechanism (additional to atomic size differences that make Os more compatible than 

Re) for non-volatile fractionation of Re from Os. 

I used partition coefficients from Chabot et al. (2006) for a C-rich system and 

from Chabot et al. (2003) for a S-rich system, in trace element modeling to investigate 

the evolution of siderophile element patterns of EL metal in a solid-liquid Fe-metal 

system. The EL metal contains predominantly between 0- 1 wt% C (but up to 3.9 wt%) 

and 0- 0.4 wt% S (but up to 5.9 wt%); I calculated these numbers from the modal 
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abundances of graphite and troilite in the metal. I used partition coefficients from Chabot 

et al. (2006) applicable to 0.1 wt% and 3.8 wt% C. For S, I calculated the partition 

coefficients applicable to 0.3 wt% S and 6 wt% S with a parameterization equation 

(equation [8] , Chabot and Jones, 2003). The equation is derived from partitioning 

experiments that suggest that the dominant control on the partitioning of siderophile 

elements is the relative availability of Fe domains versus Fe+non-metal domains (Chabot 

and Jones, 2003)--for example, in the Fe-S system, Fe- versus FeS domains; the more S 

there is in the system, the more FeS-domains exist in the liquid and conversely the fewer 

Fe-domains exist in the liquid. Thus, the partition coefficient of a siderophile element 

will increase (i.e., the element becomes more compatible). Partition coefficients are 

expressed as "D" in this manuscript; D> 1 means that an element is compatible and D<l 

means that an element is incompatible. I use the terms "higher-D'' and " lower-D" to 

indicate relative D-values (i.e., more compatible and less compatible elements) in the 

Discussion. 

The partition coefficients applicable to the modeling in the following section are 

listed in Appendix 3. 

3.4.2.3 Modeling Results 

A simplified example of the evolution of trace element patterns during 

progressive crystallization of a metallic liquid of EL composition is considered in Fig. 

3.5. 

During the equilibrium crystallization (liquid and solids remain in equilibrium) of 

a metallic liquid with low S content (Figs. 3.5a-<l), the higher-D elements are initially 

enriched in the resulting solid relative to the lower-D elements and to the starting 

composition. With progressive crystallization the solid ' s element pattern becomes less 

fractionated relative to the liquid ' s starting composition. The element pattern of the 

remaining liquid behaves inversely; it becomes progressively more fractionated relative 

to the parental liquid and more depleted in higher-D elements. 

During progressive fractional crystallization (liquids and solids not in 

equilibrium) the solids may be regarded as either a total/cumulative solid or as 

incrementally fractionated solids (solids did not equilibrate with one another). In the case 
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Figure 3.5: (a--<l) Comparison of modeled element patterns during progressive 
equilibrium crystallization of a melt of mean bulk EL composition that contains 0.3 
wt% sulfur. "Liquid" refers to the remaining liquid. "Solid" refers to the solid 
assemblage that is continuously in equilibrium with the liquid. Elements are arranged 
according to decreasing compatibility in a S-bearing Fe-metal system. 
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Figure 3.5: (e-h) Comparison of modeled element patterns during progressive 
fractional crystallization of a melt of mean bulk EL composition that contains 0.3 wt% 
sulfur. "Total Solid" refers to a hypothetical integrated/cumulative solid assemblage 
resulting during fractionation of solids from the liquid. Elements are arranged 
according to decreasing compatibility in a S-bearing Fe-metal system. 

51 



0 100.00 
10% Crystallization 

0 100.00 
40% Crystallization ·e -+- fractional solid .E I -+- fractional solid 

- liquid -liquid 
1l 1l 
c 10.00 c 10.00 "' "' .,,, .,,, 
c c 
::I ::I 

..c ..c 
::I ::I :::::::;;- ·<::: ..c 1.00 • '"'= 

..c 1.00 .. 
"' "' .,,, 

] " .!:l 
Oi 

0.10 
Oi 

0.10 e e 
0 0 
7 7 z 0.01 z 0.01 ...'.i ...'.i 

L1.l Os Ir Re W Pt Fe Co Ga Ni Ge Pd As Au L1.l Os Ir Re W Pt Fe Co Ga Ni Ge Pd As Au 

incompatibility incompatibility 

• .g 100.00 0 100.00 
60% Crystallization I -+- fractional solid ''e 90% Crystallization I -+- fractional solid E - liquid - liquid 

" " (.) (.) 
c 10.00 ~ 10.00 "' .,,, .,,, 
c c 

~-~ 
::I ::I ..c ..c 
::I ---<::::: ::I ..c 1.00 
~ 

..c 1.00 

fif "' "' .,,, 
al " !:l N 

Oi 
0.10 

~ 
0.10 e e 

0 0 
7 7 z 0.01 z 0.01 ...'.i ...'.i 

L1.l Os Ir Re W Pt Fe Co Ga Ni Ge Pd As Au L1.l Os Ir Re W Pt Fe Co Ga Ni Ge Pd As Au 

incompatibility incompatibility 

Figure 3.5: (i-1) Comparison of modeled element patterns during progressive 
fractional crystallization of a melt of mean bulk EL composition that contains 0.3 wt% 
sulfur. "Fractional Solid" refers to an instantaneous solid assemblage resulting during 
fractionation of solids from the liquid. Elements are arranged according to decreasing 
compatibility in a S-bearing Fe-metal system. 
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of the total solid (Fig. 3.5e-h), the higher-0 elements are initially enriched relative to 

lower-0 elements and then continues to evolve like the solid of equilibrium 

crystallization. In the case of the incrementally fractionated solids (Fig. 3.5i-l) the 

higher-0 elements are initially enriched relative to the lower-0 elements, but then 

become depleted during increased crystallization. The residual liquid of fractional 

crystallization-which has the same element pattern for a given degree of fractional 

crystallization regardless of the type of solid considered-becomes progressively 

depleted in higher-0 elements, and more fractionated relative to the parental liquid. 

With the above discussion in mind, I present in the remainder of this subsection 

the results of modeled element patterns for solids and residual liquids produced during 

crystallization of parental liquids with variable S and C contents (refer to previous section 

for the ranges in concentration); the modeling results are summarized in Figs. 3.6a-l. 

The Wand Re of the patterns evolve as expected from the Chabot el al. partition 

coefficients, i.e. , due to the influence of the amount of Con element partitioning (as 

discussed earlier). Note that the total/cumulative solids produced during fractional 

crystallization are not considered because it is not applicable; a spot analysis (of EL 

metal) by its very definition cannot represent a total/cumulative fractionated solid 

assemblage, and must either sample a composition produced by equilibrium 

crystallization or incremental fractionation. 

At low degrees of crystallization (Figs. 3.6 a, b, g, h) the liquid patterns of 

intermediate-to-high C-content have positive W anomalies, whereas the solid-patterns 

have negative anomalies (cf Figs. 3.6a, g with 3b, h). The more C in the liquid, the larger 

the positive W anomaly. This is because, as explained earlier, the effect of increased C is 

to more strongly concentrate W and Re in the liquid that remains after a given degree of 

crystallization. For both the residual liquids and the sol ids, Re-Os fractionation is most 

pronounced in the higher C-content patterns. For low C-, low S-, and high S-contents, 

the liquid-patterns are similar to one another, and the solid-patterns are similar. Also, 

these patterns are devoid of a W anomaly and large Re-Os fractionation (Figs. 3.6c, d). 

Although these solids have no negative W anomaly they do have a high Re/W; this 
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compatibility in a S-bearing Fe-metal system. 
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fractionation is only manifested in solids of low degrees of crystallization (cf. Figs. 3.6 a

l). The solid patterns are enriched in the higher-D elements. 

At intermediate degrees of crystallization (Figs. 3.6 c, d, i, j), the liquid patterns 

have evolved to a greater degree of fractionation but according to the patterns set at low 

degrees of crystallization. Inversely, the solids of equilibrium crystallization (Fig. 3.6d) 

have smaller fractionations than are present at low degrees of crystallization. The 

patterns of incremental solids of fractional crystallization increasingly resemble the 

patterns of residual liquids; for example, at 50% crystallization (Fig. 3.6j) the 

incompatible elements have increased and the compatible elements decreased in 

concentration, relative to low degrees of fractional crystallization. The liquids of 

equilibrium (Fig. 3.6c) and fractional (Fig. 3.61) crystallization are depleted in 

compatibles and enriched in incompatibles; the pattern of the high C-content liquid 

differs in that it is enriched in Re and W, and depleted in Ga, Pd, and Au. In both the 

liquids and solids of fractional crystallization (Figs. 3.6i, j), the highest C-content pattern 

shows extreme depletion in Os, Ir, and Pt, but still differ from each other in that the Re/W 

remains high in the solid. 

At high degrees of crystallization (Figs. 3.6 e, f, k, 1) the above trends have 

continued to extremes. The solids of equilibrium crystallization (Fig. 3.6f) are now fairly 

unfractionated while for fractional crystallization the W anomaly is now present in the 

intermediate-to-high C-content solids. At this degree of fractional crystallization all solid 

patterns resemble their liquid counterparts (Fig. 3.6k, I) , although the magnitude of 

depletions and enrichments are more extreme in the liquids. 

In the following two sections I compare the element patterns from the modeling to the EL 

metal analyses. 

3.4.3 Comparison between EL metals and modeled patterns 

The EL patterns have positive W-anomalies that are similar to the ones produced 

by modeling the crystallization of liquids containing C> 1 % (Fig. 3.7). In the modeling, 

the anomalies are found in patterns of residual liquids of equilibrium and fractional 

crystallization, as well as solids of high degrees of fractional crystallization. However, in 

most cases the liquids and solids of high degrees of fractional crystallization are too 
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depleted in Os, Ir and Pt to represent a believable match to the EL patterns; the solids 

especially are not good matches to the EL patterns. Thus, the positive W anomalies in 

the EL patterns are best represented by residual liquids of equilibrium crystallization and 

intermediate degrees of fractional crystallization. 

Aside from the important W-anomaly, the general shapes of the EL patterns are 

reproduced in the majority of modeled element patterns. 

There are however potential systematic fractionations that are different between 

the modeled patterns with positive W anomalies, and the EL patterns. The modeled 

patterns lack the positive Ge and negative Pd anomalies that many (but not all) of the 

meteorite patterns show (Fig. 3.7a- f) ; LEW 87223 and MAC 88136 are exceptions and 

are not considered here. Despite the appearance of a Pd anomaly, there are no meteorites 

with statistically significant fractionation of Ni-Pd (EL-normalized) at the 2cr level of 

uncertainty; fractionation is resolved in DaG 1031 at the 1 cr level. It is thus unclear if the 

Pd anomaly is a significant discrepancy. In contrast, the Ge discrepancy between the 

meteorite patterns and the modeled patterns appears to be significant. All the meteorites, 

except DaG 1031 , predominantly have patterns with resolvable Ni-Ge (EL-normalized) 

fractionation at the 1 cr level ; DaG 1031 does not. Several meteorites have resolvable Ni

Ge fractionations at the 2cr level. The significance of the Ge discrepancy is unclear to 

me. Perhaps it might be ascribed to (i) imperfect correspondence between the 

experimental conditions and the natural system (EL parent body), leading to incorrect 

partition coefficients, or (ii) the effect of simultaneous influence of S, C, and Si on 

partitioning, which remains experimentally undetermined. 

There are a few patterns that do not have positive W anomalies (Fig. 3.8). These 

do not clearly match any model patterns. With the exception of LEW 87223 , these 

patterns are either flat (unfractionated) within error, or bear some resemblance to the 

other EL patterns and modeling curves in Fig. 3.7 but differs in that Re/W ~ l. The 

patterns in LEW 87223 are from the small grains. These patterns have a negative Ge 

anomaly, defined by a fractionation of Ge-Ni and Ge-Pd that is significant at the lcr level. 

The Re/W> 1 and negative As anomaly is a feature of solids at low degrees of 

crystallization. The significance of these patterns is hard to comprehend, but must be 
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Figure 3.8 Siderophile element patterns (of EL3 metal grains) that do not strikingly 
match modeled patterns well. Elements are arranged according to increasing 
incompatibility in a S-bearing Fe-metal system. See text for discussion. 
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significant somehow in the petrographical context. This meteorite is currently classified 

as an anomalous EL3. It is somewhat coarse-grained and appears to be recrystallized. 

Notably, the metal in this meteorite is texturally different from that in other EL3s; it is 

not commonly intergrown with silicates. Zhang et al. (1995), in their classification of 

LEW 87223, described it as an EL3 that lost sulfide and gained metal. 

I conclude based on the comparison in this section that the majority of siderophile 

element patterns of the EL3s are more or less consistent with having been established by 

element partitioning in a solid-liquid metal system, under the influence of C. It is striking 

that no EL3 patterns resemble patterns of model solids. This could have been achieved if 

impact melted metal physically solidified in such a manner that only the residual-liquid 

signature of crystallization was retained in the stratigraphic column sampled by the 

meteorites. For example, if molten metal permeated through the regolith, perhaps under 

an overlying melt sheet, and then crystallized in a directional front. 

3.5 Summary and Conclusions 

I have collected the first in situ siderophile trace element data for Fe-Ni metal in 

EL meteorites. The trace element patterns of metal in silicate intergrowth and non

intergrowth relationships do not differ from each other; thus, all the metal likely had the 

same petrogenesis. The character of the trace element patterns together with deviations 

from the mean bulk EL metal pattern is consistent with metal that represent products of 

crystallization in a liquid-solid metal system. The fractionation of Re-Os and the 

presence of W anomalies are a geochemical and not a cosmochemical, signature. The 

mineral chemistry is consistent with textural data that suggest an impact melting origin of 

the metal assemblages (on a parent body). The precursor metal and sulfide that were the 

targets of the impacts likely had less-fractionated, bulk-EL compositions. The 

partitioning of trace elements was affected by the presence of C in the metal liquids. 

Almost all of trace-element patterns fit broadly to modeled liquids that remain 

after a given degree of crystallization; none of the patterns clearly correspond to solid 

compliments. The solid compliments are of course the equivalent of earlier crystallized 

solids whereas the residual liquids solidified (by equilibrium crystallization or quenching 

to preserve its composition) later. Assuming that my analyses were representative of the 
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metal population in each meteorite, the early solid compliments to these residual liquids 

must be outside the scale of the host lithologies- it is not clear where such a compliment 

might be located on the parent body. This implies that the metallic melts produced 

during impact were mobile in the EL parent body, perhaps crystallizing while permeating 

through the regolith. The presence of metal veins in some meteorites is consistent with 

metal mobility; it is conceivable that more veins may have been present but were 

destroyed during subsequent gardening of the regolith. 

Further experimental work is required to understand trace element partitioning in 

a complex solid-liquid metal system specifically of relevance to the EL chondrites, to 

understand the significance of discrepancies between the modeling and the data. Also, 

the petrogenetic implications of impact melting may be further explored by future 

analysis of enstatite chondrites that have not been impact melted. 
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CHAPTER4: 

ANOMALOUS ENSTATITE METEORITES AND THEIR RELATIONSIDP TO 

ENSTATITE CHONDRITES AND AUBRITES 

4.1 Introduction 

Enstatite chondrites are undifferentiated meteorites (i .e., their primitive mineral 

proportions of silicates, metal, and sulfides have not been fractionated by magmatic 

differentiation on a parent body), whereas enstatite achondrites (aubrites) are 

differentiated silicate-rich rocks (i.e., they melted and lost metal/sulfide by density-driven 

fractionation). The petrogenesis of, and relationships between these two types of 

meteorites were discussed in Chapter 1. As discussed in Chapters 2 and 3, there are also 

impact-melt breccias and total impact-melts, which were melted but remained mostly 

undifferentiated. 

Several enstatite-rich meteorites, which could not be classified into known categories, 

were (comparatively) recently discovered. They appear to be different from previously 

known enstatite meteorites. These meteorites and their Meteoritical Bulletin 

classifications are: QUE 97289/97348 (anomalous aubrite), QUE 

99059/99122/99157/99158/99387 (anomalous enstatite meteorite), and QUE 94204 

(EH7). Note that the term "petrologic type 7" is not used consistently. The Meteoritical 

Bulletin defines it as chondrites which have been metamorphosed to near the point of 

melting, but it was first used in the literature to describe an impact-melted meteorite 

(Hutchison 2004). At the time of the classification of the QUE 99-series in the Antarctic 

Meteorite Newsletter, it was stated that all these QUE-meteorites are probably paired as 

ungrouped enstatite meteorites that are either unusual aubrites or impact-melt rocks. In 

the original classification in the Antarctic Meteorite Newsletter, QUE 97289/97348 was 

also noted to be similar to LEW 88055. LEW 88055 is classified as an ungrouped iron 

meteorite but Casanova et al. (1993) suggested that it is related to aubrites. 

Literature on the meteorites is scarce. Weisberg et al. (1997a) studied QUE 94204 

and concluded that it is an EH melt-rock that crystallized from an "internally-derived 

melt" on its parent body (i.e., heat presumably came from within the parent body itself by 

radioactive nuclide decay). They point out that there are mineralogic similarities between 
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QUE 94204 and Ilafegh 009 which was shown by McCoy et al. (1995) to be a total 

impact-melt rock. Lin and Kimura (1998) concluded that QUE 94204 and Y-793225 

share petrographic and mineralogic characteristics that set them apart from other enstatite 

chondrite melt rocks and assigned them to a new grouplet, intermediate between EH and 

EL; Izawa et al. (2011) studied QUE 94204 and concluded that it represents a primitive 

enstatite achondrite (i.e., it has undergone minor magmatic differentiation) similar to 

NW A 2526 (Keil and Bischoff, 2008) derived from partial melting of an enstatite 

chondrite protolith (i.e., it is a partial melt residue). 

In this chapter, I present results from a petrographic and mineral-chemistry study that 

characterizes the anomalous QUE meteorites, examines relationships between them, and 

explores potential relationships with enstatite chondrite impact-melt rocks, primitive 

achondrites (i.e., partial melt residues of enstatite-chondrite parentage), and aubrites. 

4.2 Samples and analytical techniques 

I studied polished thin sections from Y-793225 and QUEs 94204, 97289, 97348, 

99059, 99122, 99157, 99158, 99387. Direct study of LEW 88055 was not possible 

because the small size of the meteorite (1.7 g) prevents loan of sample material; thus I 

was unable to make a first-hand comparison between that iron and the QUE meteorites . 

I studied the thin sections with a petrographic microscope and a backscattered 

detector on a JEOL5900 L V scanning electron microscope (SEM). I identified the phases 

optically and with a Thermo Electron Nano Trace energy dispersive spectrometer (EDS) 

fitted on the SEM. I used the EDS with an accelerating potential of 20 kV. I carried out 

the X-ray elemental mapping of thin sections (not QUE 99158) for 19 chemical elements 

at a theoretical resolution of 3 µm/pixel , although the actual resolution was found to be 

~ 10 µm/pixel in some instances. I determined the modal abundances of minerals (vol%) 

from the X-ray maps with Multispec image data analysis software (Biehl and Landgrebe, 

2002); digital point counting similar to this has been done by others (e.g., Hicks, 2002; 

Maloy and Treiman, 2007; Van Niekerk et al., 2007; Van Niekerk and Keil , 2011): I 

made three-element overlay maps for a diverse combination of elements in order to 

identify phases. I confirmed the identities of phases on these maps by backscattered 

electron (BSE) images and EDS analyses. I produced a supervised classification map 

63 



with point counting statistics for each meteorite, using a Minimum Euclidean Distance 

algorithm. I used a statistical indicator (overall class performance) in the software to 

assess the quality of, and if necessary, refine, the supervised training. I visually 

compared the final classification map with the three-element overlay maps to ensure 

accuracy. 

I obtained quantitative elemental analyses on a JEOL JXA-8500F electron 

microprobe analyzer (EMPA) using 20 kV accelerating potential and a beam current of 

25 nA. Counting times for all elements were 30 s for peaks and 30 s for backgrounds. I 

used well-characterized standards; these are listed in Appendix 4. I used automated ZAF 

procedures to correct for differential matrix effects. The data were collected and 

processed with Probe for Windows software. I excluded data with totals below 98.5 % 

and above 101.5 % from the data tabulated in this manuscript. 

I collected Raman spectra (for identification of silica minerals) in "single 

spectrum mode" with a Witec Alpha300-R confocal Raman microscope linked to a 532 

nm Nd:YAG excitation laser and a UHTS-300 spectrometer. The laser power at objective 

magnification 50 was 10 mW. The spectrometer was equipped with a diffraction grating 

of 600 lines/mm that provided a spectral resolution of <3 cm-1 and that dispersed the 

signal onto a thermoelectrically cooled charged-coupling device (CCD). A spectral 

measurement consisted of the average of 5 acquisitions of 5 seconds each. I used a Si

wafer with Raman shift centered at 520 cm- 1 for calibration. 

4.3 Results 

4.3.1 Petrography and X-ray maps 

Modal abundances of phases in the meteorites are listed in Table 4.1; grain sizes 

and textures of the meteorites are compared in Fig. 4.1. 

Due to their highly reduced nature, enstatite chondrites suffer rapidly from 

weathering (i.e. , terrestrial aqueous alteration) effects-this may alter their modal 

compositions. Metal and oldhamite are particularly vulnerable. Enstatite meteorite 

parent bodies are commonly assumed to be largely anhydrous and, hence, all aqueous 

alteration is of terrestrial origin. Thus, the present abundances of minerals in the 

weathered meteorites do not reflect the original abundances on their parent bodies. 
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Table 4.1: Mineral abundances. 

Meteorites* MET** WMET SCH TRO NIN WOL DAU ENS OLI SIL FEL AGL 

Y-793225 
(vol%) 
(vol%)*** 

(wt%)*** 

(vol%)• 
QUE 94204 
(vol%) 

(vol%)*** 

(wt%)*** 
QUE 97289 
(vol%) 

(vol%)*** 

(wt%)*** 
QUE 97348 
(vol%) 

(vol%)*** 

(wt%)*** 
QUE 99059 
(vol%) 

(vol%)*** 

(wt%)*** 
QUE 99122 
(vol%) 

(vol%)*** 

(wt%)*** 
QUE 99157 
(vol%) 

(vol%)*** 

(wt%)*** 
QUE 99387 

5.1 
9.4 

20.2 

3.0 

5.7 

10.4 

22.3 

3.3 

9.4 

20.6 

1.9 

5.4 

12.7 

18.5 

21.2 

38.9 

31.6 

34.8 

56.6 

0.9 

3.9 

9.1 

17.3 

0 

0 

20.6 

0.5 4.1 0 0 0.8 60.0 
0.9 70.0 

0.9 61.2 

0.9 66 .9 

0.6 4.8 0 0 

1.2 6.0 0 0 

0.5 4.8 <0.1 0 

18.6 0.5 2.2 0.1 0.7 0.3 60.5 

0 0.6 2.6 0.1 

0 1.2 

24.7 0.3 

0 0.4 

0 0.8 

16.2 0.1 

0 0.1 

0 0.2 

7.9 1.3 

0 1.4 

0 2.4 

7.2 0.6 

0 0.6 

0 0.9 

3.3 0.1 

1.3 0 
1.6 0 

2.0 0 

2.1 0.3 

2.4 0.3 

3.3 0.4 

6.0 1.1 

6.4 1.2 

6.8 1.1 

3.0 1.2 

3.2 1.3 

3.0 1.1 

0.8 0.4 71.6 
0.6 0.4 62 .2 

1.8 0.4 57.4 

2.3 

1.7 

5.4 

6.2 

4.8 

3.3 

3.5 

2.1 

1.1 

0.5 72.2 

0.5 64.2 

0.2 59.3 

0.2 68.5 

0.2 64.9 

0.8 55 .2 

0.9 59.1 

0.8 44.0 

0.2 46.4 

1.2 0.2 49.4 

0.6 0.2 32.5 

15.0 1.2 2.1 <0.1 5.4¥ 0.3 64.6 

0 1.4 2.4 <0.1 6.2¥ 0.3 73.8 

0 3.1 3.3 <0.1 4.8¥ 0.3 69.9 

0 

0 

0 

0 

0 

0.9 11.3 
1.1 13.2 

0.8 9.7 

0.3 3.0 

2.1 9.0 

0 

0 

0 

0 

0.3 

0 2.5 10.6 0.4 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1.8 7.8 0.3 

0.9 9.9 0 
1.1 12.5 0 

0.8 9.4 0 

1.7 12.7 0.1 

2.0 14.8 0.1 

1.5 11.9 0.1 

1.5 4.4 <0.1 

1.6 4.7 <0.1 

1.0 2.9 <0.1 

3.0 5.5 0.2 

3.2 

1.7 

5.9 

3.3 

0.2 

0.1 

0 0.7 8.6 1.2¥ 

0 0.8 9.8 1.4¥ 

0 0.6 7.8 1.1¥ 

(vol%) 2.5 10.6 0.2 3.1 0.4 2.4 0.4 68.0 0 0.7 10.2 1.5¥ 

(vol%)*** 4.7 0 0.2 3.4 0.4 2.6 0.4 74.6 0 0.8 11.3 1.6¥ 

(wt%)*** 11 0 0.4 4.6 0.5 2.0 0.4 70.3 0 0.6 9.0 1.2 .. 

*Area (mm2) ofrock counted in thin section. Void and crack space excluded: Y-793225 (26); QUE 
94204 (95); QUE 97289 (88); QUE 97348 (70); QUE 99059 (44); QUE 99122 (58); QUE 99157 (34); 
QUE 99387 (40.6) 
**MET=Fe,Ni metal; WMET=weathered metal; SCH=schreibersite; TRO=troilite; NIN=niningerite; 
WOL=Ca-rich weathering products, presumably of oldhamite; DAU=daubreelite; ENS=enstatite; 
OLI=olivine; SIL=silica (cristobalite); FEL=feldspar; AGL= Aluminum-alkali-rich silica glass 
***weathered metal reconstituted as unweathered metal (see text for explanation) 
• = modes recalculated from Lin and Kimura (1998) to include weathering products (20.6%) that were 
reported in their text but not included in calculation of the modes reported in their data table 

¥=This is an upper estimate (could be up to double the true amount) 
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Figure 4.1: Comparison of rock textures with Red-Green-Blue (S-Mg-Al) ka X-ray 
map mosaics of meteorite thin sections. Black inside the rocks are metal and accessory 
minerals. (a) Y-793225. (b) QUE 94204; most grains/crystals that appear to be 
individual entities are in fact so. They have uniform extinction under crossed polars. 
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Figure 4.1 continued: (c)QUE 99387. (d) QUE 99059; the large individual masses of 
enstatite have uniform extinction under crossed polars. 
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Figure 4.1 continued: (e)QUE 99122. (f) QUE 99157. The large individual masses of 
enstatite have uniform extinction under crossed polars. 
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I report data in Table 4.1 that not only reflect the modal compositions of the 

presently weathered meteorites (in vol%), but also the modal compositions of the pre

weathered meteorites as they would have existed on their parent bodies (in vol% and 

wt%). Izawa et al. (2011), using micro X-ray diffraction on QUE 94204, identified 

goethite as the weathering product of metal. Goethite's unit cell volume is -6 times 

greater than that of kamacite's (i.e., a volume increase occurs during weathering). I have 

counted the Fe-rich weathering products of metal (assumed to be goethite) in vol% and 

then corrected the weathered metal mode for volume and density differences between 

kamacite and goethite. Thus, in Table 4.1 the second line of vol% of each meteorite, as 

well as the wt%, represents the pre-terrestrial unweathered mineral abundances. Note 

that I assume complete volume increase of weathered metal, in situ, and that mobilization 

of Fe in veins during weathering metal did not lead to some degree of "cancellation" of 

volume increase. The abundances I report for pre-weathered metal are thus upper limit 

estimates. The same type of corrections were not done for weathered oldhamite, because 

it has more than one weathering product which were indistinguishable on X-ray maps. 

I could not determine graphite abundance from the X-ray maps, but petrography 

indicates that graphite seldom occurs and when it does, it is present in trace amounts (and 

occurs in metal). 

4.3.1.1 Y-793225 

The meteorite does not contain any chondrules. Minerals are mostly 

homogeneously distributed throughout the enstatite-dominated matrix (70 vol% pre

weathering) but with a few larger-than-average aggregates of plagioclase here and there 

(Fig. 4.la). Minerals are anhedral to subhedral; enstatite [50-300 µm (Lin and Kimura, 

1998)] does not occur as the large elongated euhedral crystals protruding into 

metal/sulfide that are usually found in enstatite chondrite impact-melt rocks. The texture 

of the rock is similar to that of a petrologic type 6 meteorite; Lin and Kimura (1998) 

made the same observation. 

Lin and Kimura (1998) determined modal abundances for phases in Y-793225 

and found that compared to enstatite chondrite melt-rocks they studied, Y-793225 had 

much less plagioclase (3.8 versus -11 vol%). In the thin section I studied, which was a 
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different one from that which Lin and Kimura (I 998) studied, I found ~I I vol% 

plagioclase (Fig. 4.1 a) in post-weathering abundance; our observations therefore differ 

from one another. Lin and Kimura (1998) found a higher abundance for enstatite than I 

did, but the post-weathering plagioclase+enstatite totals of our two studies are similar; 3.0 

+ 66.9 vol% (refer to Table 4.1 for my recalculation of their data) versus 11.3 + 60 vol%. 

I suspect some of their plagioclase may have been classified as enstatite. They used a Si 

X-ray map to distinguish between enstatite and plagioclase and to determine the modes. 

They point out that the plagioclase they analyzed in Y-793225 had lower Si02 contents 

than in the other meteorites; It is thus possible that some plagioclase and enstatite 

overlapped in their Si02 contents and were indistinguishable on their X-ray map. I 

confirmed this possibility by comparing some plagioclase and enstatite (both identified 

by three-element overlay maps) to each other on my Si X-ray map and found them to be 

indistinguishable. I conclude that Y-793225 is not really depleted in plagioclase relative 

to the other enstatite chondrites studied by Lin and Kimura ( 1998). 

The post-weathering modal abundances of the other phases in the meteorite 

compare well between the two studies (Table 4.1) . Silica (0.9 vol%) occurs interstitial to 

enstatite in heterogeneously distributed grains. Schreibersite (0.5 vol%) is associated 

with metal (5.1 vol%). Daubreelite (0.8 vol%) predominantly occurs adjacent to troilite 

(4.1 vol%) yet part of the same sulfide assemblage, but is also sometimes exsolved as 

fine lamellae in troilite, as a minor component. Lin and Kimura (1998) found trace 

amounts of alabandite (one grain) and perryite; I found none. I found that Y-793225 does 

not contain oldhamite, and Ca-rich veins that are often found in enstatite meteorites and 

assumed to be weathering products of oldhamite (Van Niekerk et al., 2011 ), are absent. 

Thus, this meteorite may never have contained oldhamite. Olivine and diopside (present 

in aubrites) was not found. 

4.3.1.2 QUE meteorites 

None of the QUE meteorites contain chondrules, and none of them contain olivine or 

diopside (which are found in aubrites). 

All of the enstatite crystals in these meteorites are polysynthetically twinned. 

Polysynthetic twinning in enstatite meteorite orthopyroxene is usually a very fine (micron 
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Figure 4.2: Fe,Ni metal in Group 1 and Group 2 meteorites. Metal is white (silicates 
are dark grey; sulfides and iron oxide are lighter shades of grey). (a) QUE 94204. (b) 
QUE 99122. 
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to submicron sized) intergrowth of clino- and orthopyroxene (e.g., McCoy et al. , 1995 ; 

Haack et al. , 1996; Rubin et al., 1997); in this case clinopyroxene would be a minor 

component. The fine clinopyroxene would only be readily identifiable by a transmission 

electron microscope (TEM). 

Some of the QUE meteorites are more similar to one another, than others, in terms 

of texture and modal compositions; they are described according to these groupings, 

below. Note that the modes referred to below are pre-weathering abundances. 

Group 1: 

QUEs 94204, 97289, 97348, 99158, and 99387 are similar. They have a texture 

that resembles that of an orthocumulate (Fig. 4.1 b, c ). An orthocumulate is a slowly 

cooled magmatic rock that has a texture produced by cumulus crystals with trapped 

intercumulus liquid. Note that the meteorites are probably not crystal-settled cumulates; 

the point is that they resemble slowly cooled magmatic rocks dominated by large 

equigranular crystals of a major mineral (enstatite in this case), with less abundant 

minerals filling in the interstices. 

Enstatite: Enstatite (68.5- 74.6 vol%) occurs as large crystals (Fig. 4.lb, c) with 

small inclusions. The inclusions are individual entities; that is, they are not part of 

curvilinear trails of minute metal and sulfide inclusions described by Izawa et al. (2011) 

in QUE 94204 enstatite. The inclusions consist of (i) optically isotropic Al-alkali-rich 

silica glass (0.4-1.6 vol%) with minor silica-rich domains (no glass in QUE 97289), (ii) 

plagioclase feldspar, (iii) troilite with minor daubreelite/niningerite, (iv) iron oxide as 

well as unweathered metal, and (v) silica. Excluding the glass, all these phases are also 

found (in greater abundance) outside enstatite. The different inclusion phases often occur 

together in a single inclusion. However, plagioclase and glass do not occur together. 

Plagioclase feldspar: Plagioclase (10.6-14.8 vol%) predominantly occurs 

interstitially to the enstatite and conforms to its outlines. 

Fe,Ni metal: Fe,Ni metal (4.7-10.4 vol%) occurs interstitially to the enstatite and 

conforms to the outlines of the enstatite (Fig. 4.2a). Iron oxide (presumably weathered 

metal) surrounds some metal assemblages and troilite ; it is common as veins permeating 
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Figure 4.3: Backscattered electron images of mineral assemblages. (MET=Fe,Ni metal, 
CRI=cristobalite (silica) ; ENS=enstatite; FEL=feldspar (plagioclase), TRO=troilite; 
DAU=daubreelite; NIN=niningerite; AGL=aluminum-alkali-rich silica glass; 
WEA=weathered (iron oxide). (a) Interstitial cristobalite (silica) in QUE 94204. (b) 
Interstitial Ca-Fe-rich weathering products of presumably oldhamite in QUE 94204. (c) 
A co-assemblage of troilite, daubreelite, and niningerite in QUE 99387. (d) A co
assemblage of troilite (with exsolved daubreelite) and weathered niningerite (with finely 
exsolved troilite lamellae) in QUE 99122. (e) An inclusion ofplagioclase feldspar, 
troilite with exsolved daubreelite, and cristobalite (silica) in an enstatite crystal in QUE 
99157. (f) An inclusion oftroilite and aluminum-alkali-rich silica glass in the same 
enstatite crystal as ( e ). 
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throughout the rock in-between enstatite grain/crystal boundaries. Notably, there is a 

factor of two Jess metal in QUEs 97348 and 99387, than in 94204 and 97289. 

Silica: A silica phase (0.8-2.5 vol%) is irregularly distributed throughout the 

meteorites. In QUE 97348 I identified it as cristobalite (see Raman spectroscopy 

section); Izawa et al. (2011) identified cristobalite in QUE 94204 with micro X-ray 

diffraction. The silica occurs interstitially to enstatite, as well as along enstatite 

grain/crystal faces (and conforms to the enstatite outline) and separates metal and 

enstatite from each other (Fig. 4.3a). This is less the case in the other QUEs, where silica 

often occurs as anhedral grains interstitial to enstatite and intergrown with plagioclase. 

The silica sometimes contains small K-Na-Al-rich silicate inclusions. 

Troilite: Troilite (1.6-3.4 vol%) predominantly occurs interstitially to enstatite 

and often conforms to the outlines of the surrounding enstatite crystals. 

Ca-rich weathering products: Ca-Fe-sulfate and Ca-Fe-oxide are present and they 

sometimes contain " islands" of iron oxide sometimes rare millerite (NiS). Izawa et al. 

(2011) identified gypsum and calcite in QUE 94204 by micro X-ray diffraction. The Ca

rich material (0 .8-6.2 vol%) is present in all the meteorites and occurs in two 

morphologies: (i) interstitial to enstatite and conforming to the morphologies of 

surrounding minerals (Fig. 4.3b), and (ii) as thin, meandering stringers/veinlets 

throughout the rock. In QUE 99387 some of it occurs inside inclusions in enstatite. The 

Ca-rich material is probably a weathering product of oldhamite. 

Daubreelite and niningerite: Daubreelite (0.2-0.5 vol%) and niningerite (0.1-0.4 

vol%) are found either exsolved as lamellae in troilite or as discreet grains within or 

adjacent to troilite (Fig.4.3c ). QUE 97289 contains no niningerite. 

Schreibersite: Schreibersite (0.1-0.6 vol%) is always associated with metal, either 

as individual grains or as thin bands that separate metal and enstatite (the thin bands are 

discontinuous). 

Group 2: 

QUEs 99059 and 99122 have similar textures. They contain the same minerals as 

Group 1, but their mineral abundances and textures differ from Group 1. Notably, they 

have much more metal, less feldspar (by a factor of two) and less enstatite; QUE 99059 
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contains less metal than 99122, but more enstatite (they have almost the same amount of 

feldspar). Their textures are not as homogenous as that of Group 1; metal, enstatite, and 

feldspar in Group 2 are unevenly distributed and have heterogeneous crystal sizes with 

irregular outlines and embayments (Figs. 4. ld, e). Group 2 meteorites do not have the 

even-sized interstitial space between enstatite crystals that Group 1 has. 

Enstatite: Enstatite (49.4-59.l vol%) occurs as large crystals (larger than in 

Group 1) with small inclusions. The types of inclusions are the same as those described 

for Group 1. Some enstatite crystal outlines are irregular in either an undulating fashion 

or with deep symmetric to irregular embayments. 

Plagioclasefeldspar: Plagioclase (4.7-5.9 vol%) predominantly occurs (i) 

interstitial to the enstatite, (ii) as thin bands between enstatite and metal, and (iii) fills into 

irregular embayments in the enstatite. It conforms to the outlines of enstatite. 

Fe,Ni metal: Fe,Ni metal (21.2-34.8 vol%) occurs predominantly as large patches 

comparable to the sizes of enstatite crystals. The metal conforms to the outlines of the 

enstatite, fills into embayments, and completely envelopes some enstatite grains (Fig. 

4.2b ). Iron oxide (presumably weathered metal) surrounds some metal assemblages and 

troilite. It is common as veins permeating throughout the rock in-between enstatite crystal 

boundaries. 

Silica: A silica phase (1.6-3.2 vol%) is irregularly distributed throughout the 

meteorites. In QUE 99059 I identified it as cristobalite (I discuss this in the section on 

Raman spectroscopy). In QUE 99059 silica is mostly associated with plagioclase; in 

QUE 99122 it is more abundant and occurs both intergrown with plagioclase, and in thin 

bands between enstatite and metal (conforming to the enstatite morphology). 

Troilite: Unlike Group 1, troilite (3.2-6.4 vol%) predominantly occurs in contact 

with metal; it conforms to the outlines of metal and enstatite and fills into embayments in 

enstatite. QUE 99059 contains the most troilite of all the QUE meteorites. 

Ca-rich weathering products: Similar to in the Group 1 meteorites, Ca-rich 

material (1.2-3 .5 vol%), which, sometimes contains "islands" of iron oxide occurs as 

large individual patches connected by thin veins that permeate through the meteorites. In 
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Group 2 it more commonly occurs intergrown with iron oxide (and rare millerite) 

surrounding metal-troilite assemblages. 

Daubreelite and niningerite: Daubreelite (0.2-0.9 vol%) and niningerite (1.2-1.3 

vol%) are found either exsolved as lamellae in troilite or as discreet grains within or 

adjacent to troilite (Fig. 4.3d). 

Schreibersite: Schreibersite (0.6-1.4 vol%) is always associated with metal, and 

commonly occurs at the edge of metal either as individual grains or as thin bands that 

separate metal from enstatite or troilite (the thin bands are discontinuous). 

QUE 9915 7: 

QUE 99157 contains the same minerals as meteorites in Groups 1 and 2, but its 

mineral abundances and texture differ from them. It has the least metal of the QUE 

meteorites in this study (but similar abundances to those of QUE 97348 and 99387). Its 

texture is dominated by a range of enstatite crystals sizes; the largest enstatite crystal that 

I observed in the QUE meteorites occurs in QUE 99157 (top left in Fig 4.1 f) . The 

enstatites are less dramatically embayed than the Group 2 enstatites (Fig. 4.1 f). QUE 

99157 lacks the large patches of metal that Group 2 meteorites have. 

Enstatite: Enstatite (73 .8 vol%) occurs as large crystals with small inclusions. 

The types of inclusions are the same as those described for Groups 1 and 2 (Figs. 4.3e, f). 

Plagioclase feldspar: Plagioclase (9.8 vol%) conforms to the outlines of enstatite. 

It predominantly occurs interstitially to the enstatite, or fills into irregular embayments. 

Fe,Ni metal: Fe,Ni metal (3.9 vol%) occurs interstitially to the enstatite and 

conforms to the outlines of the enstatite. Iron oxide (presumably weathered metal) 

surrounds some metal assemblages and is common as veins permeating throughout the 

rock in-between enstatite crystals boundaries; thinner veins meander through feldspar. 

Silica: A silica phase (0.8 vol%) is irregularly distributed throughout the 

meteorite. It occurs interstitial to enstatite and is not intergrown with plagioclase as is the 

case in Group 2. It conforms to the enstatite morphology. 

Troilite : Interstitial to enstatite, troilite (2.4 vol%) occurs by itself, in contact with 

feldspar or surrounded by minor iron oxide. 
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Figure 4.4: Raman spectra of silica (identified by EMP A) in 

this study compared with cristobalite. In the wavenumber range 

displayed here a single band is diagnostic, among the silica 

polymorphs, of cristobalite. Cristobalite data from Downs (2006). 
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Table 4.2. Average enstatite compositions (wt%). 

QUE 94204 QUE 97289 QUE 97348 

n=16 n=37 n=46 

Si02 58.8 59.2 58.8 

Al20 3 0.12 0.14 0.09 

FeO 0.54 0.26 0.40 

MgO 40.7 40.7 40.3 

Cao 0.23 0.20 0.23 

Total 100.4 100.5 99.9 

Wo 0.4 0.3 0.4 

En 98.9 99.3 99.0 

Fs 0.7 0.4 0.6 

Table 4.3. Average glass composition (wt%). 

Si0 2 

Al20 3 
Na20 

K20 

Total 

QUE 99059 

n=2 

77.9 

12.91 

2.15 

6.18 

99.1 

QUE 99059 

n=11 

59.1 

0.08 

0.72 

40.8 

0.24 

101 .0 

0.4 

98.6 

1.0 

Table 4.4. Average feldspar compositions (wt%) . 

QUE 94204 QUE 97289 QUE 97348 QUE 99059 

n=9 n=13 n=14 n=36 

Si0 2 62.0 61.3 61 .3 61 .7 

Al20 3 23.2 24.1 23.9 24.3 

FeO 0.1 0.2 0.3 0.1 

cao 4.34 4.98 5.01 5.05 

Na20 8.80 8.37 8.24 8.40 

K20 0.47 0.37 0.39 0.38 

Total 98.9 99.2 99.1 99.9 

Ab 76.5 78.0 73.1 73.4 

An 20.8 19.3 24.6 24.4 

Or 2.7 2.7 2.3 2.2 
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QUE 99122 

n=13 

59.8 

0.08 

0.25 

40.9 

0.21 

101 .2 

0.4 

99.3 

0.3 

QUE 99122 

n=34 

63.7 

22.8 

0.2 

3.33 

9.16 

0.52 

99.7 

80.8 

16.2 

3.0 

QUE 99157 

n=21 

58.9 

0.11 

1.01 

40.1 

0.41 

100.5 

0.7 

97.9 

1.4 

QUE 99157 

n=40 

62.1 

23.5 

0.2 

4.76 

8.53 

0.46 

99.6 

74.4 

23.0 

2.6 
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Ca-rich weathering products: Ca-rich material (6.2 vol%) is similar to that in 

meteorites of Groups 1 and 2. It sometimes contains "islands" of iron oxide and occurs 

as large individual patches interstitial to enstatite, connected by thin veins that permeate 

through the meteorite. 

Daubreelite and niningerite: Daubreelite (0.3 vol%) and niningerite (<0.1 vol%) 

are found either in an exsolution relationship with troilite or as discreet grains within or 

adjacent to troilite. 

Schreibersite: Schreibersite (1.4 vol%) is always associated with metal or iron 

oxide, and occurs at the edge of these as individual grains. 

4.3.2 Micro Raman spectroscopy 

Micro Raman spectroscopy of the silica phase in QUEs 97348 and 99059 (Fig. 

4.4) reveals that it is the polymorph cristobalite; silica polymorphs have unique Raman 

spectra. Cristobalite can be of either the a- or P-varieties; the former is tetragonal and the 

latter cubic. The cristobalite in the QUE meteorites is not optically isotropic under 

crossed polars, and thus is not cubic. The cristobalite in the QUEs is thus of the a

variety. 

4.3.3 Mineral chemistry 

Average mineral compositions for the QUE meteorites (measured by wavelength 

dispersive X-ray spectrometry in the electron probe) presented in Tables 4.2-4.10. 

Enstatite: The average compositions (Table 4.2) of enstatite in all the meteorites 

are similar; they are all Mg-rich (average En979_993; range En9os-99.1). There appears to 

be slight variation in ferrosilite content (0.3-1.4 mo!.%), but there is no systematic 

correlation with petrographic groups. The pyroxene contains trace to minor amounts of 

Ah03 (0.04-0.64 wt%). It does not contain detectable Mn, Cr, Na or Ti . The small 

inclusions of Al-alkali-rich silica glass typically have high or low analytical totals, and 

thus most analyses were excluded from Table 4.3. Note however that excluded analyses 

are otherwise identical to the presented analyses (overestimation of Si often Jed to high 

totals). The glass contains major amounts ofNa20 (~2 wt%),K20 (~6 wt%) and Ah03 

(~13 wt%); it does not contain Ca. There is no compositional variation between the 

different meteorites. The glass has a granitic composition. 
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Figure 4.5: Examples of zoning (rim to rim) in feldspar. (a) QUE 99059; interstitial setting. (b) QUE 94204; interstitial setting. Error bars 
are 2cr. (c) QUE 99157; inclusion in Fig. 4.3e. 
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00 

QUE 94204 

KAM* H-Ni** 

n=8 n=2 

Fe 91 .8 80.0 

Ni 6.77 16.71 

Co 0.37 0.34 

Si 2.46 3.59 
p 0.05 0.52 

Total 101.4 101 .2 
*KAM=kamacite 
**Hi=high-Ni 

QUE 97289 

KAM H-Ni 

n=27 n=2 

90.2 84.7 

6.64 11 .54 

0.33 0.33 

2.47 2.93 

0.08 0.24 

99.7 99.7 

QUE 97348 QUE 99387 

KAM H-Ni KAM H-Ni 

n=9 n=2 n=13 n=3 

91 .2 87.0 90.4 84.4 

7.31 10.80 6.21 11 .58 

0.37 0.35 0.38 0.36 

2.40 2.81 2.29 2.94 

0.05 0.17 0.02 0.16 

101 .3 101.1 99.3 99.4 

Table 4.6. Avera e cristobalite silica com ositions wt% . 
QUE 99059 QUE 97348 

n=4 n=1 

Si02 97.5 95.7 

Al203 2.2 2.91 

FeO 0.2 0.3 

MgO n.d.a 0.03 

Na20 0.44 0.47 

K20 0.13 0.01 

Total 100.5 99.4 

anot detected 

QUE 99122 QUE 99157 

KAM H-Ni KAM H-Ni 

n=36 n=7 n=10 n=1 

92.4 85.9 89.6 76.8 

6.15 11 .55 6.14 17.75 

0.37 0.35 0.36 0.32 

2.26 2.85 2.45 4.12 

0.04 0.27 0.03 0.37 

101 .2 100.9 98.6 99.4 



Plagioclase feldspar: Feldspar (Table 4.4) in all the QUE meteorites is sodic 

plagioclase-predominantly oligoclase (defined as Ab90-Ab7o}-averaging -8-9 wt% 

Na20. Compositions range from -7-10.5 wt% Na20. There is minor variation in 

average Ab composition between the meteorites, but no correlation with petrographic 

groups. The plagioclase contains minor K20 (0.2-0.7 wt%) and FeO (0-0.9 wt%). 

Izawa et al. (2011) found no zoned plagioclase in QUE 94204; I did however. 

Plagioclase in the QUE meteorites is sometimes zoned, both in inclusions and interstitial 

settings, with higher-Ca/lower-Na cores and lower-Ca/higher-Na rims (Fig 4.5). 

Fe,Ni metal: The average compositions of metal (Table 4.5) and the ranges of 

composition of composition in the different meteorites are similar. There is no correlation 

with textural groups, and poikilitic inclusions have the same composition as metal outside 

inclusions. Metal predominantly has the composition ofkamacite (Ni<7.5 wt%), but a 

few high-Ni domains exist; the Ni-content of the metal ranges continuously from - 5- 15 

wt% with one analysis at - 18 wt%. There is no grain size effect; that is, smaller grains 

do not have higher Ni-contents than larger grains, as is often the case in chondrites. The 

kamacite has lower Si-content (- 2.0-2.6 wt%) than the high-Ni domains (-2.6-3.4 wt%; 

one analysis at 4 wt%). The metal contains minor Co (0.31-0.40 wt%). Kamacite grains 

are predominantly unzoned; in many cases the composition of kamacite varies irregularly 

across a given grain (in these cases Ni- and Si-variation are correlated). I found one case 

of minor zoning; the Ni- and Si-contents decrease slightly towards the interior of a 

kamacite grain. Metal does not contain Cr (the detection limit is 0.01 wt%). 

Silica: Many cristobalite analyses have totals not suitable for presentation, due to 

overestimation of Si02, and were excluded from Table 4.6. The cristobalite in all the 

meteorites contain Ah03 (1.8-2.91 wt%). Cristobalite has an open crystal structure 

compared to that of quartz, and as a result commonly contains Al in Al-saturated 

systems; alkali and alkali earth elements balance the charge deficiency created by 

replacement of Si4
+ by Al3

+ (Deer et al. , 1992). In the QUE meteorites the cristobalite 

contains minor amounts ofNa20 (0.4- 0.5 wt%) and K10 (- 0- 0.3 wt%). It also contains 

trace to minor amounts of FeO (0.06-0.25 wt%). 
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Table 4.7. Average troilite compositions (wt%). 

QUE 94204 QUE 97289 QUE 97348 QUE 99387 

n=4 n=4 n=3 n=5 

Fe 60.8 59.5 61 .1 59.7 

Cr 1.18 0.80 0.90 0.91 

Mn 0.05 0.04 0.06 0.04 

Ti 1.68 2.01 1.59 1.54 

Ni 0.05 0.03 0.06 0.04 

s 37.1 36.7 37.0 37.4 

Total 100.8 99.1 100.8 99.6 

Table 4.8. Average daubreelite compositions (wt%) . 

QUE 94204 QUE 99387 QUE 99059 QUE 99122 

n=3 n=3 n=3 n=3 

Fe 17.0 18.1 17.4 18.3 

Cr 35.4 35.2 35.3 34.9 

Mn 2.28 1.92 2.18 1.68 

Ti 0.10 0.10 0.10 0.06 

s 44.5 44.9 44.7 44.3 

Total 99.3 100.3 99.6 99.2 

Table 4.9. Average niningerite compositions (wt%) . 

QUE 99387 QUE 99059 

n=2 n=1 

Fe 17.8 20.7 

Cr 1.22 0.51 

Mn 22.8 21.8 

Mg 13.47 13.12 

s 43.8 43.0 

Total 99.1 99.1 

Atomic proportions based on 1 S 

Fe 0.23 0.28 

Mn, Cr 

Mg 

0.33 

0.41 

0.30 

0.40 
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QUE 99059 K:lUE 99122 ~UE 99157 

n=16 n=6 n=5 

60.6 60.5 58.1 

1.84 2.26 1.57 

0.09 0.08 0.07 

1.25 0.80 1.66 

0.04 0.02 0.06 

37.2 37.4 37.5 

101 .1 101 .1 99.0 

QUE 99157 

n=4 

18.8 

33.8 

2.08 

0.15 

44.3 

99.2 



Table 4.10. Average schreibersite compositions (wt%) . 

QUE 94204 QUE 99387 QUE 99059 QUE 99122 

n=3 n=4 n=2 n=2 

Fe 68.4 66.8 64.9 65.6 

Ni 17.1 19.8 20.7 19.8 

Co 0.15 0.14 0.15 0.15 

Si 0.17 0.20 0.15 0.18 
p 13.8 13.7 13.7 13.6 

Total 99.6 100.7 99.6 99.3 
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QUE 99157 

n=2 

65.5 

20.5 

0.13 

0.19 

13.9 

100.2 
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Troilite : Troilite in all QUE meteorites is similar in composition(Table 4.7). 

There is no chemical difference between troilite inside and outside inclusions. The 

mineral contains 0.7-5.7 wt% Cr, and notably, 0.7-2.4 wt% Ti . The lowest Cr- and Ti

contents in Group 2 meteorites are lower than in the other QUEs (0. 7 vs -1.5 wt%); the 

significance is unclear given that there are more datapoints from QUE 99059 than the 

other meteorites. The Ti-contents in the QUE troilites are higher than those of enstatite 

chondrites [<0.8 wt% (Keil, 1968)], and comparable to some aubrites [0.46-5 .7 wt% 

(Keil, 201 O)]. A 500 µm microprobe traverse across a large troilite in QUE 99059 

showed no zoning of any elements. 

Daubreelite: The composition of daubreelite in all the QUEs is similar to each 

other, and there is no distinction according to group textural properties (Table 4.8). The 

daubreelites contain 1-2.6 wt% Mn, making it manganoan daubreelite. 

Niningerite : Analyses of niningerite commonly have low totals (low- to mid-90s). 

The low totals are due to unanalyzed oxygen; the niningerite has been partially oxidized 

during terrestrial weathering. Because Fe is locally removed from sulfides during 

weathering (e.g., Rosso and Vaughan, 2006), the composition of niningerite might have 

changed during weathering and thus the composition might not be representative of 

unweathered niningerite; I therefore do not include analyses with low totals in the 

average compositions (Table 4.9). A microprobe traverse across a large grain in QUE 

99122 shows that there is no zoning of Fe, Mg or Mn; the Mn-content of adjacent troilite 

decreases away from the contact with niningerite. The niningerite grain is slightly 

weathered, but the low analytical totals are constant and thus the analysis can be 

justifiably used to check for zoning. In unweathered cases, niningerite, contains a large 

amount of Mn (-20 wt%) and some Cr (0.5-1.5 wt%). 

Schreibersite: Schreibersite compositions are similar between the different 

meteorites (Table 4.10). It contains more Fe (64-69 wt%) than Ni (16.5-21.5 wt%), and 

contains minor amounts of Si (0.13-0.23 wt%) and Co (0.13-0.17 wt%). 
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Figure 4.6: Comparison of grain sizes and textures between (a) Y-793225 and (b) QUE 
94204. Metal in white; Silicates in dark gray; Sulfides and iron oxide in light gray; 
Graphite in black (this is the only metal that had substantial graphite, in the meteorites 
studied). 
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4.4 Discussion 

4.4.1 Relationships between the meteorites 

4.4.1.1 The QUE meteorites 

The QUE meteorites are all similar enough to be considered paired; that is, they 

were part of the same meteoroid that traveled to Earth. There are only two other 

meteorites that are similar to them (discussed below in section 4.4.2.1 ), so the fact that so 

many (similar) anomalous meteorites come from one geographic location on the 

Antarctic ice sheet, implies that they fell together. Minor petrologic differences between 

the groups (pointed out in the Results) thus represent small-scale lithic heterogeneities 

from a single parent body. For reasons I discuss in section 4.4.3, the QUE meteorites are 

probably melt-rocks, and not recrystallized metamorphic rocks. 

4.4.1.2 Y-793225 and the QUE meteorites 

Y-793225 and the QUE meteorites do not have the same mineralogy. The QUEs 

probably contained oldhamite but Y-793225 never did. The latter is evident because 

these meteorites have similar modal abundances of weathered metal, and hence similar 

degrees of weathering, however Y-793225 lacks weathered oldhamite whereas the QUEs 

appear to contain it. Enstatite in the QUE meteorites contains Al-alkali-rich silica glass 

inclusions, whereas enstatite in Y-793225 does not. 

The QUEs and Y-793225 have dissimilar textures (Figs. 4.la, b; 4.6) and grain 

sizes, indicating that they have different petrogenetic histories. As stated in the Results, 

Y-793225 resembles a metamorphic type 6 chondrite, and probably is one. Trace 

amounts of Zn in Y-793225 daubreelite (Lin and Kimura, 1998) are characteristic of the 

ELs [daubreelite in EHs often bears several percent Zn (Keil , 1968)]. The meteorite is 

probably an EL6. 

Lin and Kimura (1998) suggested that several compositional similarities between 

QUE 94204 and Y-793225 indicate that they should belong to a new grouplet, but below 

I show that Y-793225 is probably an EL6. The compositional similarities they cite 

include the Mn-rich compositions of daubreelite, the Ti-rich compositions of troilite, and 

the Ca-rich compositions of plagioclase. I briefly compare these compositions in Y-

793225 with those of EL6s from Keil (1968). The Mn-compositions of the daubreelite 
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Mn, Ca, Cr 

0 QUE 94204 
D QUE 99059 
£::,. QUE 99387 
+ Y-793225 

* Blithfield 
ltqiy 

*tr 0 Norton County 

* 

Keilite 

Figure. 4.7: Compositions (atomic%) ofmonosulfides 
in meteorites from this study compared to other enstatite 
meteorites. The compositions ofY-793225 and the QUE 
meteorites are relevant to section 4.4. l, whereas that of 
the other meteorites are relevant to section 4.4.4. 
Y-793225 from Lin and Kimura (1998); Blithfield from 
Rubin (1984); Itqiy from Patzer et al. (2001); Norton 
County from Okada et al. (1988) and Wheelock et al. (1994). 
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(0.97-2.56 wt%) in Y-793225 are similar to those ofEL6 chondrites (1.41-3.67 wt%;). 

The average Mn-content is similar to that of Pillistfer (1.86 vs 1.53 wt% respectively). 

The average Ti-content of troilite (l.07 wt%) in Y-793225 is, however, outside the range 

of averages ofEL6s (0.55-0.77 wt%). The Ca-content of plagioclase (average 2.34 wt% 

CaO) in Y-793225 is only enriched when comparing it to EH chondrites (average 0.43 

wt% CaO), but not to ELs; EL6s range from 1.96-3.61 wt% CaO and the value for Y-

793225 is similar to that of Ufana (2.81 wt% CaO). Once again, Y-793225 is best 

classified as an EL6. Because the QUEs are melt-rocks (to be discussed in section 

4.4.3 .1 ), a direct comparison between their compositions and that of unmelted rocks such 

as Y-793225 is unreliable (this is discussed further in section 4.4.4 ). 

Despite my above statement about not being able to compare the mineral 

compositions of unmelted and melted rocks, a brief comparison of monosulfides in the 

QUEs and Y-793225 is necessary here, to address statements from the literature. 

Literature states that the (Fe,Mg,Mn) monosulfide compositions of Y-793225 and QUE 

94204 support a new grouplet, but a comparison shows that this is not the case. Weisberg 

et al. (1997a) found that "The rare MgMnS present in QUE 94204 is unlike that in any 

other enstatite meteorite ... " ; that is, the monosulfide has a unique composition. Likewise, 

Lin and Kimura (1998) found that the Mg:Mn ratio of the monosulfide in both meteorites 

is unlike that of any other enstatite chondrite, and that Y-793225 compositions plot 

" .. . between the end members of niningerite and alabandite ... ". I point out that whereas it 

is true their compositions plot away from most other enstatite meteorites, QUE 94204 

falls slightly in the niningerite (Mg-dominant; characteristic of EHs) side of the solid 

solution series and Y-793225 slightly in the alabandite (Mn-dominant; characteristic of 

ELs) side (Fig. 4.7). Thus, strictly speaking, the QUE meteorites contain niningerite 

whereas Y-793225 contains alabandite. If a genetic relationship for each meteorite had to 

be assigned based on the monosulfide compositions, then QUE 94204 would be EH-like 

and Y-793225 EL-like, thus precluding a genetic relationship between the two 

meteorites. 
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4.4.2 Comparison of the QUE meteorites to other anomalous enstatite meteorites 

4.4.2.J NWA 2526 and Itqiy 

NWA 2526 (Keil and Bischoff, 2008) is a coarse-grained achondritic enstatite 

meteorite whose texture looks remarkably similar to that of the QUE meteorites in thin 

section. It has polysynthetically twinned enstatite up to 2 mm in diamter and has 120° 

triple junctions between enstatites. It consists predominantly of enstatite (85 vol%), metal 

(10 vol%), and weathering products. The similarities between this meteorite and QUE 

94204 were pointed out by Izawa et al. (2011) and are discussed in detail below. A 

striking difference between NW A 2526 and the QUE meteorites is that the former 

contains no plagioclase feldspar, and only trace amounts of troilite, whereas the QUE 

meteorites contain abundance of both. The Si-content of metal in NW A 2526 might be 

different from that of the QUEs. NWA 2526 metal contains 5 wt% Si versus ~2.4 wt% in 

the QUEs, but the NWA metal analysis from Keil and Bischoff (2008) has a total> 102, 

so it could be that the NW A Si-content is closer to 3 wt% if it is assumed that the extra 2 

wt% in the total comes from overestimation of Si. Itqiy (Patzer et al., 2001) appears to be 

identical to NWA 2526; it has a Si-content in metal of3.1 wt%. Both NWA 2526 and 

ltqiy have been interpreted as residues of partial melting (Patzer et al., 2001; Keil and 

Bischoff, 2008). 

4.4.2.2 Happy Canyon, Zaklodzie, and NWA 4301 

Zaklodzie (Pryzlibski et al., 2005) is an enstatite achondrite-like meteorite that 

consists of granoblastic enstatite (60 vol%) 0.1-1 mm in size, metal (20 vol%), troilite 

(10 vol%), feldspar (10 vol%) with a bimodal composition, alabandite, oldhamite, and 

amphibole. It was noted in the Meteoritical Bulletin that this meteorite might be very 

similar to QUE 97289. My data show that the meteorites are not very similar. Metal in 

Zaklodzie has 1.6 wt% Si whereas the QUEs have ~2.4 wt%. Feldspar in the QUEs does 

not have a bimodal composition. From thin section micrographs in Pryzlibski et al. 

(2005) it is apparent that the crystal shapes and texture of Zaklodzie are not similar to that 

of the QUE meteorites; instead it looks like Happy Canyon (Olsen et al., 1977) and NWA 

4301. These meteorites consist of small equigranular crystals tightly packed together. The 

enstatites are more euhedrally elongated than enstatite in the QUE meteorites. Happy 
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Canyon has been interpreted as an impact-melt breccia (McCoy et al., 1995), as has 

Zaklodzie (Keil, 2007). Both Happy Canyon and NW A 4301 contain minor Al-alkali-rich 

silica glass. In summary, the QUE meteorites are thus unlikely to be related to Happy 

Canyon, Zaklodzie, and NWA 4301. 

4.4.2.3 Ilafegh 009 

Ilafegh 009 (e.g., McCoy et al., 1995) is an enstatite meteorite that lacks 

chondrules. It is interpreted to have crystallized from a total impact-melt. It has more-or

less unfractionated proportions of minerals (including all the minerals typical of enstatite 

chondrites ), including~ 10 vol % plagioclase, -6 vol% troilite, and -12 vol% metal. It 

contains large (-1 cm) prismatic enstatites that protrude into metal-sulfide; impact-melt 

rock textures such as this were described in Chapter 2. The textures of the QUE 

meteorites do not look like that of Ilafegh 009. They are not as coarse-grained, enstatites 

are not prismatic, and Ilafegh 009 does not have the orthocumulate-like texture that many 

QUE meteorites have. Metal contains 1.8 wt% Si. Ilafegh 009 enstatites contain abundant 

inclusions of plagioclase, metal, troilite, and Al-alkali-rich silica glass. In summary, the 

QUE meteorites are thus unlikely to be related to Ilafegh 009. 

4.4.2.4 Aubrites 

Aubrites (e.g., Keil, 2010) consist almost exclusively of enstatite. Metal and 

troilite, when present, occur in trace amounts. Plagioclase content varies from 0.3-16.2 

wt%. These meteorites are often brecciated, and can contain equigranular enstatites that 

are several cm in size; enstatites sometimes have poikilitic textures, and include all other 

minerals. Aubrites are commonly accepted to have had an igneous petrogenesis; they 

possibly formed by fractional crystallization from a magma ocean during differentiation 

of their parent bodies. They often contain diopside and forsterite . The QUE meteorites do 

not resemble aubrites (other than having formed from enstatite-chondrite-like material). 

4.4.2.5 LEW 88055 

Despite comments in the Antarctic Meteorite Newsletter, it is unlikely that the 

QUE meteorites are related to the anomalous iron/aubrite (Casanova et al., 1993) LEW 

88055. Like aubrites this meteorite contains diopside, whereas the QUE meteorites do 
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not. LEW 88055 contains potassium feldspar, whereas the QUE meteorites do not. All 

the minerals in the meteorite is contained inside Si-free kamacite. 

4.4.3 Petrogenesis of the QUE meteorites 

4.4.3.1 Features that indicate that the QUE meteorites are melt-rocks 

The QUE meteorites are all probably melt-rocks that represent crystallization 

products of complete liquids (melts). This is evident because of the following 

characteristics of the meteorites. 

The absence of chondrules in the meteorites indicates that they are not chondrites. 

Because it is commonly assumed that chondrites represent the earliest and most pristine 

preserved rocks that accreted from the solar nebula, all rocks that do not have chondrules 

have probably been subjected to at least some degree of melting on a parent body. 

Although petrologic type 6 (i.e. , metamorphosed; unmelted) chondrites may have no 

chondrules, they sometimes contain relict ("ghost") chondrules. 

The orthocumulate-like texture of Group 1 meteorites, is characteristic of plutonic 

rocks (i.e. , rocks that crystallized relatively slowly from a magma/melt). Once again, 

these meteorites are probably not crystal-settled cumulates; the point is that they resemble 

rocks that crystallized from liquids, during slow cooling, and are dominated by large 

equigranular crystals of a major mineral, whereas less abundant minerals fill-in the 

interstitial space. Minerals that solidify at lower temperatures (silica, feldspar, metal, and 

troilite) conform to the outlines of enstatite, which starts crystallizing at a higher 

temperature. The former remained in a liquid state longer and filled the spaces between 

the latter. Likewise, irregular embayments in the enstatite of Group 2 meteorites are filled 

in with minerals of lower crystallization temperatures. 

The zoning of plagioclase feldspar is consistent with crystallization from a liquid 

(melt); that is, more-calcic and less-sodic cores grading into less-calcic and more-sodic 

rims. The zoning is the result of Ca being more refractory than Na, and being more 

compatible than Na; that is, early crystallized (high temperature) plagioclase will contain 

more Ca than later crystallized plagioclase. 

Cristobalite is the highest-temperature (low-pressure) polymorph of the silica 

minerals (e.g., Deer et al. , 1992). P-cristobalite has a primary stability field between 
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molten silica (1726° C) and trydimite (14 70° C). ~-cristobalite will thus crystallize 

directly from a liquid/melt at high temperature. It inverts upon cooling to a-cristobalite at 

-250° C. The presence of a-cristobalite in the QUE meteorites is consistent with initial 

crystallization of silica at high-temperature and inversion at lower temperature. 

In magmatic systems, sulfide and metal liquids coexist immiscibly with silicate 

liquids. Inclusions of sulfides and metal inside the QUE enstatite are consistent with such 

immiscible liquids being trapped (in minor amounts) during crystallization of enstatite. 

Inclusions of Al-alkali-rich silica glass, troilite, and metal , inside enstatite have also been 

observed in other enstatite meteorites that crystallized from melts. For example, Ilafegh 

009 [total impact-melt; McCoy et al. , 1995)] and Bishopville [aubrite ; (Fuchs, 1974)] 

among others. 

In summary, the QUE meteorites are probably total-melt rocks. 

4.4.3.2 The QUE meteorites are mostly unfractionated melts 

In this section I show that some of the Group 1 meteorites have modal abundances 

that are unfractionated from those of enstatite chondrites, whereas other Group 1 

meteorites, the Group 2 meteorites, and QUE 99157 have slightly fractionated 

abundances. It can be argued however, that even the fractionated meteorites are still 

chondritic in the sense that they contain significant amounts of metal, troilite, and 

plagioclase. 

There exists very little literature on enstatite chondrites that gives the modal 

abundances of individual silicates ( enstatite and plagioclase ). In major works that list 

modal abundances (e.g., Keil, 1968; Zhang et al. , 1995) the silicate totals are given. As 

will be seen in section 4.4.3.3 , knowing the modal abundance of plagioclase feldspar in 

enstatite chondrites is important, because it is one of the first phases to melt (and may be 

extracted) during partial melting processes. So, if you know the initial abundance present 

in the chondrites, you can tell whether or not a rock that was produced by melting and 

crystallization processes (e.g. , impact melting or partial melting) was fractionated with 

respect to the composition of the unmelted precursor. Knowing this may help greatly in 

determining whether a rock has merely been metamorphosed, impact melted, or partially 

melted. Metamorphism (up to a point before melting) and impact melting are generally 
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Table 4.11 : Modal abundances (vol%) of minerals that are the first 
to melt and fractionate during partial melting.* 

Plagioclase Troilite Metal 

EL3 imQact-melt 

breccias1
: 

MAC 02839 14.9 4.1 6.7 
EET 90299 14.7 4.1 15 .2 
QUE 94594 4.8 2.6 9.5 

Grein 002 10.5 10 13.8 

lmQact Melts2 

Ilafegh 009 9.7 6.5 12.7 
Y-8414 11.9 5.2 10. l 

Y-86004 10.4 15.2 10.8 
Y-82189 9.7 11.8 12.9 

Petrologic T)'.Qe 63 

Y-792335 13.2 4.8 9.4 
Residues of Qartial 

melting 4 

NWA 2526 0 <1 10-15 
Itqiy 0 < l 14.3-22 

QUE meteorites 3 

QUE 94204 10.6 2.6 10.4 
12.5 1.6 9.4 c. QUE 97289 ::> 

0 rl 

0 QUE 97348 14.8 2.4 5.4 
QUE 99387 11.3 3.4 4.7 

4.7 6.4 21.2 c. QUE 99059 ::> 
0 N 

0 QUE99122 5.9 3.2 34.8 
QUE 99157 9.8 2.4 3.9 

*for literature data where weathered metal abundances were 
reported, I reconstructed the weathered metal as unweathered metal, 
as described in the text and Table 4.1 . 

1 MAC, QUE, and EET from Van Niekerk and Keil (2011); Grein 
002 from Patzer et al. (2004) 

2 Ilafegh 009 recalculated from McCoy et al. (1995) wt% data with 
bulk density from Macke et al. (2010). Note that the metal mode 
includes minor schreibersite; Yamato meteorites from Lin and 
Kimura (1998) 

3 This study 
4 NW A 2526 from Keil and Bischoff (2008); ltqiy from Patzer et al. 
(2001) and the Meteoritical Bulletin Database 
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understood to preserve chondritic modal abundances, whereas partial melting >5% 

caused by extreme metamorphism produces fractionated compositions (partial melting is 

discussed in section 4.4.3.3). Troilite and metal are also among the first phases to be 

extracted during partial melting. Plagioclase, troilite, and metal are thus indicator 

minerals for petrogenetic processes on chondritic asteroids that have undergone melting 

of some kind. 

The literature contains only a limited number of modal abundances for these three 

minerals in enstatite chondrites (Table 4.11 ). For EL3 and EL6 chondrites, as well as 

unfractionated impact melts, plagioclase ranges from - 10-15 vol%, troilite has a large 

range with perhaps bimodal populations at - 4 vol% and 10 vol%, and metal averages 

- 10 vol%. The four Group 1 meteorites have plagioclase contents that are within 10-15 

vol%. They are thus unfractionated in terms of plagioclase. Their troilite abundances are 

slightly below the 4 vol% baseline. Their metal contents are bimodal - 5 vol% (QUEs 

97348 and 99387) and - 10 vol% (QUEs 94204 and 97289). There are two Group 1 

meteorites with slightly fractionated metal content, although it is worth noting that the 

metal content is similar to the EL3 MAC 02839. The Group 2 meteorites have a depleted 

plagioclase content by a factor of - 2, troilite that is unfractionated, and metal that is 

enriched by a factor of - 2 and 3. QUE 99157 has unfractionated plagioclase, slightly 

fractionated troilite, and depleted metal by a factor of-3. 

As I have shown, some of the QUE meteorites are unfractionated relative to 

enstatite chondrites, and must therefore represent isochemical, total-melt rocks. The 

meteorites that do show slightly fractionated mineralogy, remain broadly chondritic

much more so than products of partial melting like NW A 2526 and ltqiy (see Table 4.11 ). 

The slightly fractionated meteorites could thus be interpreted in the context of impact 

melting. 

Unfractionated total-melt rocks are known to form from total impact-melts, for 

example, Ilafegh 009. As I discuss next, in section 4.4.3 .3, high degrees of partial melting 

cannot produce an unfractionated composition. Unfractionated mineral abundances in 

completely melted rocks are most consistent with impact-melting and subsequent 

crystallization. Although the various textures of the QUE meteorites are different from 
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that of Ilafegh 009, this may merely indicate different post-impact cooling histories. For 

example the Zaklodzie-type impact melts have different grain sizes and textures, for 

example, than Ilafegh 009. Aspects of variable cooling rates coupled with crystal 

nucleation and growth remain unexplored for all enstatite impact-melt meteorites. In the 

case of the Group 1 meteorites, after rapid cooling (possibly indicated by captured melt 

inclusions inside enstatite ), their textures indicate that slow cooling and annealing must 

have taken place. The textures of the Group 2 meteorites are more chaotic, but the large 

enstatites must also have undergone slow cooling and annealing. 

In summary, the QUE meteorites probably represent unfractionated melts. 

4.4.3.3 Arguments against metamorphism and partial melting instead of total melting 

and crystallization. 

As pointed out earlier, QUE 94204 was studied by Izawa et al. (2011) and is 

thought by them to be a highly metamorphosed and partially melted (residue) primitive 

achondrite similar to NWA 2526 (Keil and Bischoff, 2008). Izawa et al. (2011) concede 

(as do I) that many features of QUE 94204 are ambiguous with respect to an impact 

melting versus partial melting origin, and admit that QUE 94204 could be an impact melt 

rock. Ultimately however, Izawa et al. (2011) conclude that the character of the rock is 

most consistent with that of a product of partial melting, whereas I ultimately favor 

impact melting. Below, I discuss their interpretations of the petrology of QUE 94204, and 

why I disagree with them. 

Partial melting is the process whereby heating (by radioactive nuclide decay) 

inside a rocky planetary body leads to progressive metamorphism that transitions into 

melting of the rock. The melting is progressive, and which minerals melt in which 

proportions at what temperatures is governed by phase equilibria appropriate to the rock. 

It is usually an equilibrium process, especially in early stages before melt is extracted 

from the residue. Equilibrium in this case is the consequence of ample time being 

available for progressive heating. Partial melting of chondrites has been studied in most 

detail with respect to the petrogenesis of the primitive achondrites, acapulcoites and 

lodranites, which are the residues of ordinary chondrite partial melting. Note that 

ordinary chondrites and acapulcoites and lodranites are linked by their oxygen isotopic 
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signatures. The strongest evidence for a partial melting origin of acapulcoites and 

lodranites (which represent residues of different degrees of partial melting), is a loss of 

mineral proportions relative to ordinary chondrites. The metamorphism that leads to 

melting produces recrystallization and annealing of mineral grains so that 120° triple 

junctions between the grains are common. Petrographic observations and melting 

experiments have shown that the first (i.e. , eutectic) melts to form are from the melting of 

troilite and metal, followed closely by melting of plagioclase. Local melt migration sets 

in at low degrees of melting, >5%, in the form of melt-vein formation. The degree of 

melting at which partial melt liquids are efficiently extracted from the zone of melting is 

poorly constrained, but is thought to be between 10-20% in the acapulcoites/lodranites 

(McCoy et al. 1997). Upon extraction, troilite and plagioclase are essentially absent from 

the residue. 

Partial melting and metamorphism of enstatite chondrites are less well studied. 

McCoy et al. (1999) studied the progressive experimental melting of the enstatite 

chondrite Indarch. They found that similar to the case for ordinary chondrites, the first 

melt to form is from melting of sulfides and metal. In contrast to ordinary chondrites, 

melting of all metal and all sulfides were complete by 1000° C. This potentially has 

important implications. In the case of ordinary chondrites, after sulfide has completely 

melted, there remains residual (unmelted) metal. The implication is that at a comparable 

temperature there will exist a greater proportion of partial melt in enstatite chondrites. 

Thus, melt extraction might begin at lower temperatures in enstatite chondrites. McCoy et 

al. (1999) suggest that the reason for melting of all metal at lower temperatures could be 

the result of a higher proportion of metal in the Fe-FeS-CaS-MnS system (applicable to 

enstatite chondrites) than in the Fe-FeS system (applicable to ordinary chondrites). I 

suggest that the melting of metal in enstatite chondrites is probably aided by its high Si

content. It is known from the metallurgical studies that Si dissolved in metal lowers the 

melting temperature. The first silicate melts in the experiments of McCoy et al. (1999) 

were observed at 1100° C and all al bite plagioclase (but not intermediate composition 

plagioclase) was molten. This is consistent with the eutectic temperature of 1062° C in 
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the theoretical forsterite-albite-silica phase equilibrium system. At higher temperatures 

pyroxene also started to melt. 

Keil and Bischoff (2008) found that NW A 2526 has 120° triple junctions between 

enstatite, and is almost completely devoid of troilite, and is completely devoid of 

plagioclase. They interpreted these features to be analogous to those in lodranites. Triple 

junctions are consistent with annealing during metamorphism, and the absence of troilite 

and plagioclase is consistent with the extraction of Fe-FeS + plagioclase-enstatite melts 

after 15-20% partial melting (of an enstatite chondrite-like precursor). They also note that 

in these respects NWA 2526 is the same as Itqiy, which was suggested by Patzer et al. 

(2001) to be a residue of partial melting. 

Izawa et al. (2011) cite 120° triple junctions between enstatites as major evidence 

for the partial melting in QUE 94204. The triple junctions are supposed to have formed 

during metamorphism, partial melting, and annealing. I point out that 120° triple 

junctions are known to commonly form in terrestrial magmatic rocks as a result of 

textural maturation by slow cooling during crystallization (Shelley, 1993). Triple 

junctions are thus not conclusive evidence by themselves for the process of metamorphic 

heating, partial melting, and annealing. Shelley (1993) summarizes the ambiguity wel, "A 

plutonic rock may pass very slowly through conditions appropriate to metamorphic 

change" . 

Another major argument by Izawa et al. (2011) for partial melting, is their 

contention that melting of the chondrite precursor was limited; " .. . temperatures did not 

exceed the solidus of enstatite ... " . Izawa et al. (2011) thus deduced that enstatite was 

never molten in QUE 94204. They came to this conclusion based on their observation 

that plagioclase contains melt inclusions (and hence was molten), whereas enstatite does 

not (and hence was not molten). The small (silicate) melt inclusions would have been 

trapped as liquids during crystallization of plagioclase. As I point out in the Results and 

in the previous subsection, enstatite does in fact contain inclusions of silica glass, 

plagioclase, cristobalite, troilite, and sulfides that are similar to inclusions in other 

enstatite melt-rocks. These inclusions in enstatite were not recorded by Izawa et al. 
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Furthermore, the compositions of the glass inclusions they found in plagioclase are the 

same as that of the glass I found in enstatite. I conclude that enstatite was molten. 

Izawa et al. (2011) cite literature on ordinary chondrite partial melting, that 

describes the petrogenesis of acapulcoites/lodranites, to indicate that partial melting of 

enstatite chondrite-like rocks should produce plagioclase-pyroxene partial melts at the 

eutectic temperature (i.e., the temperature of first melting). They then infer the presence 

of plagioclase±pyroxene partial melts in QUE 94204 based on the presence of interstitial 

feldspar. There are several things wrong with their inferences. Firstly, ordinary chondrite 

compositions are different from those of enstatite chondrites; Fogel (2005) showed that 

the first (eutectic) silicate partial melts in the liquidus system forsterite-albite-silica 

(which is applicable to partial melting of enstatite chondrite-like bodies), should be 

granitic in composition and will only become basaltic (i.e. , able to crystallize plagioclase 

and pyroxene) at a temperature approaching 1400° C. This is consistent with the 

composition of eutectic silicate melts formed in the experiments of McCoy et al. (1999). 

There are no granitic liquids preserved in the interstitial spaces in the QUE meteorites, 

and thus no evidence for eutectic liquids of partial melting. Such hypothetical granitic 

partial melts could not have been extracted from the rock, because sulfides and metal 

which have lower eutectic melting temperatures, should then also have been extracted in 

substantial amounts, but clearly were not. Secondly, to infer the presence of 

plagioclase±pyroxene partial melts based on the presence of only plagioclase is simply 

wrong; there is no evidence for a pyroxene melt-component. Playing devil's advocate, if 

there were such pyroxene-bearing melts, they would have to be camouflaged as 

overgrowths of pyroxene onto enstatite. There are no overgrowths however; the. enstatites 

have uniform compositions throughout each crystal, and uniform extinction in cores and 

rims (taking into account, of course, the stripe effect caused by polysynthetic twinning). 

Izawa et al. (2011) argue that if QUE 94204 were the product of impact melting, 

the melt would have had to cool quickly to prevent segregation of metal and sulfide from 

silicate liquids. In this regard, they cite Arculus et al. ( 1990), who discuss core formation 

in the Earth. They state that "Industrial experience in iron and steel making shows that 

separation of liquid metals from silicates takes place in time periods of <l 03 sec over 

99 



distances of~ 10 m when the silicate is also molten". Note that inferences regarding 

immiscible liquid segregation under the influence of gravity in a large planet such as 

Earth are bound to be incorrect when applied to small asteroids; segregation should be 

much slower on small asteroids. Thus, there is considerable uncertainty involved in this 

argument. It could be that segregation simply does not occur readily on asteroids or that 

the Group 1 meteorites initially had rapid cooling rates after impact melting, followed by 

slow cooling due to insolation either provided by burial under an ejecta blanket or 

because of melting at depth in the parent body. Rapid initial cooling might prevent 

segregation of the liquids, whereas subsequent slow cooling produced the annealed 

texture of enstatite. Another speculative possibility is that during impact melting, which 

melts individual minerals to liquids of their own compositions via instantaneous 

disequilibrium shock melting, the viscosities of the various silicate and metal-sulfide 

liquids prevent segregation. In summary, there are too few constraints available to make 

effective arguments either for or against segregation. The fact remains however, that 

there are enstatite meteorites in which immiscible liquids apparently did not segregate 

during impact melting (e.g., Ilafegh 009). 

Ironically, the issue of segregation and fractionation is more damning for a partial 

melting model than for an impact melting model. In the case of partial melting, 

equilibrium heating (which increasingly favors increasing melt mobility) is the dominant 

process. This means that more time is available for segregation of immiscible liquids than 

during rapid cooling associated with impact melting. The slow and gradually increasing 

heat of metamorphism and partial melting will favor melt migration/fractionation, 

whereas the cooling of an impact melt will retard fractionation. Iflzawa et al' s. (2011) 

inference of low degrees of partial melting are correct, then by analogy to the 

acapulcoites and lodranites, there should at least have been some melt veins present by 

the time plagioclase was molten; there are no melt veins in the meteorites. Furthermore, 

when high degrees of partial melting take place, segregation must occur at some point. 

The QUEs, as I have shown, probably experienced total (or near total melting) melting of 

all phases. So they should, at the very least, have fractionated plagioclase and troilite 

compositions (like NWA 2526 and Itqiy) if they were partial melting products. An 
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important observation in my work is thus that QUEs 94204/97289 contain unfractionated 

plagioclase, troilite and metal relative to enstatite chondrites, and are unlikely to be 

residues of partial melting. The QUEs differ from NW A 2526 and Itqiy in this very 

important respect. 

An indirect argument for partial melting might be that the recrystallized texture of 

QUE 94204 is similar to the texture of partially melted and annealed 

acapulcoites/lodranites (Keil, personal communication, 2011 ), but this does not hold. 

Acapulcoites (they have not undergone fractionation) have grain sizes - 0.1-0.2 mm 

whereas lodranites (they have lost some, but not all , troilite and plagioclase) have grain 

sizes - 0.5-0.7 mm (Lauretta and Killgore, 2005). In comparison, enstatites in QUE 

94204, which is unfractionated, have grain sizes of - 1 mm (Fig. 4.2b ). There are thus 

clear differences between QUE 94204 and acapulcoites/lodranites; they are not directly 

comparable. But even if one were to compare them under the assumption of partial 

melting, one would have to explain how the chondrite precursor to QUE 94204 could be 

recrystallized to a greater extent (as indicated by grain size) than the lodranites, yet have 

undergone no fractionation. To bring the point home, monomict (olivine- pigeonite) 

ureilites have grain sizes comparable to QUE 94204 and are residues of partial melting. 

Their chondritic precursor lost> 15% melt during partial melting including all 

plagioclase, and much troilite and metal (e.g., Mittlefehldt et al. , 1998; Hutchison, 2004). 

In the experiments of McCoy et al. (1999) they found that residual enstatite grains had 

coarsened to several hundred microns in size by 1425° C during metamorphism, and had 

progressed to 1 mm in size by 1450° C. At 1450° C, 46 % of the silicates were molten. If 

grain size were used as an argument favoring a metamorphic origin of the QUE 

meteorites, one would have to explain why large volumes of melt were not extracted (i.e. , 

why the rock remained unfractionated). 

There are also other arguments against partial melting. Partial melting should first 

occur at the contact between minerals (e.g., enstatite and plagioclase ). If parts of enstatite 

were subjected to partial melting at such contacts, there should be reaction rims present 

between the partially melted rims and the remainder of the unmelted enstatite crystals. 

There are no reaction rims on QUE enstatites. Once all plagioclase has melted during 
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partial melting, enstatite will continue to melt. It will do so incongruently (i.e. , to a liquid 

of different composition than the pure solid), below pressures of 1.3 kb (Chen and 

Presnall , 1975); it will melt to forsterite and silica. Although there is silica present in the 

QUEs, there is no forsterite , and thus no evidence for incongruent partial melting of 

enstatite. Above pressures of 1.3 kb pyroxene melts may be expected to form due to 

congruent melting. If no melt extraction occurs overgrowths should form on enstatite, 

but, there are none. 

In summary, literature arguments in favor of a partial melting origin of the QUE 

meteorites do not consider important petrogenetic details. When such details are 

considered the partial melting hypothesis becomes weak. 

4.4.3.4 A caveat: metamorphism reconsidered 

After having just refuted arguments by others in favor of a partial melting origin 

for QUE 94204, I will now point out some observations of my own that might favor a 

partial melting origin for the QUE meteorites . 

The unfractionated meteorites (QUEs 94204/97289), by themselves, cannot be 

taken to represent residues of partial melting. However, collectively, the QUE meteorites 

might. The slightly fractionated compositions of some of the QUE meteorites together 

with some of their textural features may be interpreted as evidence of partial melting. 

However, this hypothesis is not without complications. I discuss these matters below. 

The texture of Group 2 meteorites (Figs. 4.1 d, e) does not appear to be annealed, 

because there are no 120° triple junctions. The chaotic texture of the rocks could imply 

large scale melting. It could be that these meteorites represent a local zone of more 

intense partial melting and/or melt extraction in proximity to the other QUE meteorites. 

The irregular (thin) "films" of plagioclase between enstatite crystals and between 

enstatite and metal (Fig. 4.1 e) may be the result of migrating plagioclase partial melts . 

It could be argued that the inclusions inside enstatite represent eutectic partial 

melts that were trapped by unmelted enstatites. In the experiments of McCoy et al. (1999) 

discussed earlier, they found that partial melting produced a first silicate melt (7% of 

sil icates melted) of a composition similar to the granitic glasses I found in trace amounts 

inside QUE enstatites. The glasses they found are enriched in Ca and depleted in K 
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relative to the ones I found. It could be argued that the melt inclusions inside enstatites 

represent products of partial melting that existed outside smaller enstatites at the time. 

The enstatites subsequently captured/enveloped the melts as grains grew during 

metamorphic annealing. There is a problem with this scenario however. As discussed 

previously, zoning and textures of plagioclase indicate that all plagioclase was molten, 

probably along with all metal and troilite. Thus, the problem is that a considerable 

amount of granitic melt is missing from the meteorites and would have had to drain away 

after the inclusions were trapped. If such melts were extracted outside the scale of the 

meteorites, why were the molten plagioclase, troilite, and metal preserved? I cannot 

answer this question. 

As discussed in section 4.4.3.2, some of the QUE meteorites are either slightly 

enriched or depleted in plagioclase, troilite and metal. It could be argued that although 

they are broadly chondritic in composition, these minor fractionations are significant and 

not just random. Next, I consider a scenario in which the meteorites were 

stratigraphically arranged in a way that would be most consistent with the observed 

fractionations in a partial melting scenario. Let us assume that because QUE 94204 and 

97289 are unfractionated, they did not undergo significant melting. This might mean they 

were at the top of the stratigraphy. Group 2 meteorites are enriched in metal and depleted 

in plagioclase. They must be at the bottom of the stratigraphic column, if we assume that 

they gained liquid metal from some upper part of the stratigraphic column and lost 

plagioclase liquids upwards. QUE 99157 might be placed in the middle of the 

stratigraphic column, because it has the least metal (let' s presume it drained downwards). 

However, it has unfractionated plagioclase. If Group 2 plagioclase moved upwards, then 

QUE 99157 should be enriched in plagioclase, but it is not. The idealized stratigraphy is 

thus slightly flawed but plausible on paper. One critique of this hypothesis could be that 

these meteorites were probably not greatly separated from each other on their parent 

asteroid (because they presumably arrived in the same meteoroid after all) and thus that it 

is unlikely that some of them could have escaped the very high temperatures and melting 

that others were subjected too. This is a significant problem, because metamorphism via 

heat generated by radioactive nuclide decay should be homogenous in its areal extent. 
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After the above cases have been made for partial melting in the QUE parent body, 

there still remains the questions of (i) why melt veins are absent from these meteorites 

when they are present in acapulcoites/lodranites; (ii) why congruent melts of plagioclase 

would have formed and migrated between enstatite crystals when experiments and phase 

equilibria show that eutectic (e.g., granitic) melts should have formed; and (iii) why, even 

if enstatite did not melt, was more melt not extracted during high degrees of melting (as 

indicated by molten troilite, metal, and plagioclase)? 

Finally, an important point has to be made regarding the fractionated abundances 

of NW A 2526 and Itqiy. NWA 2526 and ltqiy have lost almost no metal (Table 4.11). In 

fact, ltqiy may be enriched in metal. It is remarkable in the face of experiments by 

McCoy et al. (1999) that show that all metal melts before plagioclase in enstatite 

chondrites, molten metal would not have been extracted from these residues (whereas 

plagioclase and troilite melts were). This is one important aspect of the petrogenesis of 

NW A 2526 and Itqiy that requires an explanation. It could be that the seemingly 

unfractionated (and possibly enriched) metal abundances are the result of metallic liquid 

that is migrating downward in the stratigraphic column, as a result of partial melting 

above the locations of the precursors to these meteorites in their parent bodies. The metal 

that was originally part of the NW A/Itqiy matrix may itself have drained down into lower 

stratigraphy. Plagioclase and troilite would have been lost by migrating upwards in the 

stratigraphic column. I would have expected these meteorites to have a more chaotic 

texture under such circumstances, like that of the Group 2 meteorites, but these matters 

are poorly constrained. 

In summary, when some petrologic features of the QUE meteorites are considered 

collectively, a case for partial melting processes may be made more strongly than when 

considering individual meteorites. However, important obstacles to this hypothesis 

remain. 

4.4.3.5 A scientific conclusion 

Although I agree with Izawa et al. (2011) that there are textural similarities 

between NWA 2526 and QUE 94204 (and thus the Group 1 meteorites), I conclude that 

the evidence that QUE 94204 represents a residue, is indirect and thus weak. The 
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strongest and most direct evidence that NW A 2526 is a product of partial melting, is a 

fractionated composition with a complete absence of plagioclase (and essentially troilite). 

Once again, I emphasize that there is an important difference between NW A 2526 and 

the QUE 94204-the latter is unfractionated. The matter of the slightly fractionated 

meteorites, however, is less clear-cut. 

An integral component of the scientific method is the principle of parsimony 

(Gauch, 2003). In plain terms, it holds that among competing hypotheses that fit data 

equally well , the simplest one must be chosen. Which is more likely? That partial melting 

at very high temperature was unaccompanied by significant melt extraction (i.e. , 

fractionation) as a result of partial melting mechanics that deviate from our conventional 

understanding of the subject, or, that the broadly unfractionated compositions are the 

result of impact-melting and crystallization which by its very nature is able to, and known 

to, preserve chondritic mineral proportions? In the context of the present dataset, the 

latter hypothesis must prevail. 

4.4.4 The identity of the chondrite precursor to the QUE meteorites 

Workers often link enstatite chondrite-related meteorites to EH or EL parent 

bodies based on the Si-contents of their metal, the identity of their monosulfide phases, 

and the compositions of other minerals. There is however, a complication that renders 

any such classification of melt-rocks (such as the QUE meteorites), unreliable. Take the 

monosulfide compositions, for example. The fact that QUE 94204 (and the other QUEs) 

contain niningerite as monosulfide does not necessarily mean that the QUEs are derived 

from an EH precursor. Despite the assertions of Weisberg et al. (1997a) and Lin and 

Kimura (1998) that QUE 94204 and Y-793225 have unique monosulfide compositions, 

there are in fact other meteorites that contain alabandite/niningerite with Mg:Mn close to 

1, similar to QUE 94204 (Fig. 4.7). Blithfield (EL6 and/or impact-melt breccia) contains 

monosulfides that range in composition from very low Mg:Mn (alabandite) to slightly 

> 1:1 Mg:Mn (barely niningerite). Norton County (aubrite) contains monosulfides that 

range in composition from very high Mg:Mn (niningerite) to slightly > 1: 1 Mg:Mn 

(barely niningerite). Itqiy, which is a partial melt residue (Patzer et al. 2001), contains 

monosulfides (with Cr- and Ca-contents of several percent) that plot both in the 
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alabandite and niningerite fields. The point is that, in melt-rocks, the composition of the 

monosulfide phase reflects the post-melting cooling rate (Skinner and Luce, 1971; Keil, 

2007) as well as the extent to which Mn has equilibrated between enstatite and sulfides 

(Rubin, 2008); extreme ranges in alabandite and niningerite compositions within a single 

meteorite (as pointed out above for Blithfield, Norton County, and Itqiy) attest to this. It 

is thus evident that alabandite in ELs or niningerite in EHs may be compositionally 

altered during melting and resolidification to the extent that the new composition may 

overlap the alabandite/niningerite phase boundary (i.e., Mg:Mn=l ). This means that the 

identity of the monosulfide phase may no longer be an accurate indicator of the precursor 

chondrite ' s identity. 

The same complication renders the use of the Si-content of metal in melted rocks 

unreliable for determining affinity to EHs or ELs. Given that chondrites form as 

unequilibrated rocks, it is inevitable that repartioning of elements will occur during 

melting and subsequent crystallization (i.e., thermal re-equilibration). That is, it is 

unlikely that chondrite phases that originally condensed-potentially physically separated 

from each other- from a gaseous nebula, will retain their exact chemical compositions 

when undergoing melting and crystallization for the first time in each other' s presence 

within a parent body. Furthermore, changes in the oxidation state of the system during 

parent body melting may also occur and affect the new compositions of phases. For 

example, during melting on the parent body, the inevitable melting/vaporization of 

carbon-rich matrix might lead to even more reducing conditions than those under which 

the precursor (chondrite) minerals formed , and thereby lead to an increase in the Si

content of the melted metal. This is exactly what was observed by McCoy et al (1999) 

during partial melting experiments on the EH Indarch; Si02 in melts were reduced by C, 

leading to increased Si-content in the metal. 
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Thus, the fact that the QUE meteorites have a similar Si-content in metal 

(Weisberg et al. , 1997a) as well as niningerite in common with EHs, and manganoan 

daubreelite in common with ELs (Keil, 1968), does not necessarily mean that these 

meteorites are a new grouplet intermediate to EHs and ELs. The compositions of the 

phases more likely reflect the thermal environment in which they crystallized after 

melting on the parent body, which could be EH-like, EL-like, or of previously unknown 

composition. 

In melt-rocks, the bulk chemistry represents a more constant parameter by which 

to judge the precursor chondritic material, provided that melting was isochemical. A plot 

of bulk rock Mg/Si versus Al/Si is an important classification tool used for chondritic 

meteorites (e.g., Hutchison, 2004). I plot the compositions of Y-793225 and QUE 94204 

in Fig. 4.8. Average chondrite values of Mg/Si and Al/Si have been used to define EH 

and EL groups in the past, but I also chose to plot individual meteorites from the 

literature. It is evident from Fig. 4.8 that the averages conceal a great range in 

compositions. I calculated the bulk rock compositions of QUE 94204 and Y-793225 

from modal abundances and silicate mineral chemistry. The Al/Si of Y-793225 is similar 

to some ELs, but the Mg/Si is similar to a different set of ELs. Y-793225 plots very close 

to the EH5 St. Mark' s. The Al/Si of QUE 94204 is characteristic of EHs, whereas the 

Mg/Si is characteristic of ELs; the meteorite plots in a compositional space devoid of any 

enstatite chondrites for which bulk compositions are available. The bulk compositions of 

Y-793225 and QUE 94204 thus indicate that they are unrelated, and that the QUE 

meteorites might have formed from enstatite chondrite-like material other than EH or EL. 

4.5 Summary and Conclusions. 

QUE 94204 has been studied previously by several groups. I present new data for 

QUE 94204, and present data on QUEs 97289/97348/99122/99157/99158/99387 for the 

first time. I also presented new data on Y-793225, which has been suggested by other to 

form a new grouplet with QUE 94204. 

QUE 94204 is similar to QUE 97289/97348 and QUE 99158/99387. QUE 99059 

and 99122 are similar. QUE 99157 is slightly different from the others. Despite minor 

differences in texture and modal abundances, these meteorites are all likely paired. 
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Figure 4.8: Bulk atomic Mg/Si versus Al/Si of chondrites, after Hutchison (2004 ). 

Ratios were derived from bulk analyses that were renormalized to exclude trace elements and volatiles (but 
not sulfur when available). 

Values for meteorites in this study were calculated from modal abundance (wt%) and mineral chemistry. 
Mineral chemistry for Y-793225 from Lin and Kimura (1998). 
Mean values for chondrite groups from Table 2.2 in Hutchison, which was recalculated by Hutchison from 
compiled data in Wasson and Kallemeyn (1988). I modified the EL and EH means as follows : The EL and 
EH means in the Wasson and Kallemeyn ( 1988) compilation represent 5 and 12 meteorites respectively, 
from Kallemeyn and Wasson ( 1986). Silicon however, was compiled from work by "Wiik, Easton, 
Jarosewhich, etc." (Wasson, personal communication, 2010). By my calculations, the compiled Si values 
for EL [from Wiik (1969), Easton and Elliot (1977), and Jarosewhich (1990)] represent more meteorites 
(8) than those analyzed by Kallemeyn and Wasson (1986). That is, compiled Mg (for example) and Si 
averages do not represent the same meteorites. To address this, I recalculated the means for Si (from 
compilation sources noted above), and Al+Mg from Wasson and Kallemeyn (1986) to represent the same 
meteorites . Ultimately, the mean EL I plot represents 4 meteorites--Pillistfer, Hvittis, JdK, and Khairpur. 
The result is that the mean compiled Si-value from Wasson and Kallemeyn (1988) increases from 18.6 % 
to 19.6 %. It is perhaps worth noting that the single largest contributor (now omitted) to the lower mean, 
was from an analysis of Daniel's Kuil (14.6 %). The changes to the Mg and Al means are negligible. The 
same procedure when applied to the EH mean, results in the contribution of 5 meteorites--Indarch, Kota
Kota, St. Mark's, St. Sauveur, and ALH A77295. 

1 Patzer et al. (2004); 2 Jarosewhich (1990); 3 Kallemeyn and Wasson ( 1986). Si and S from other sources 
listed here; 4 Wiik (1969). 
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Interpreting the differences between the meteorites is difficult, but the differences are 

probably related to heterogeneous melting and crystallization processes. 

QUE 94204 has previously been interpreted as a residue of partial melting, based 

on several observations and a textural comparison to NW A 2526. I have shown that all 

evidence put forward in previous work that argues for a partial melting origin of QUE 

94204 is either indirect, ambiguous, inconsistent with what is known about partial 

melting in meteorite parent bodies, or, in error. Most importantly, the unfractionated 

modal abundances of minerals in QUE 94204 stand in direct contrast to those of NW A 

2526. To conclude that QUE 94204 is a residue is unjustifiable. Thus, contrary to earlier 

studies, I find that metamorphic heating by radioactive nuclide decay is unlikely to be 

responsible for melting of QUE 94204, and it is not a partial melt residue like NW A 

2526. Despite some similarities of QUE 94204 to NWA 2526, its petrologic 

characteristics are best explained by isochemical crystallization from a total impact melt. 

Having made the previous point, I emphasize that there may be some evidence 

that the QUE meteorites collectively may represent partial melting products. The 

strongest evidence for this comes from the slightly fractionated QUE meteorites I studied. 

I observed heterogeneous textures and some fractionation of minerals that melt at eutectic 

temperatures (troilite, metal, and plagioclase). However, there are many lines of 

evidence that also argue against partial melting in these same meteorites. Although I am 

hesitant to rule out that partial melting could have been responsible for the melting and 

crystallization of these meteorites, a direct case for partial melting remains elusive. The 

overwhelming scientific conclusion is that the features of the meteorites are best 

explained by total melting during impact, followed possibly by crystallization during 

rapid cooling and subsequent slower cooling, on a parent body of enstatite chondrite-like 

composition. These meteorites probably come from a previously unsampled parent body 

that is neither directly EH nor EL in composition. 

Contrary to an earlier study, I conclude that Y-793225 and QUE 94204 are 

unrelated and do not warrant a new grouplet, and I find that plagioclase in Y-793225 is 

not depleted relative to enstatite chondrites. Y-793225 is probably an EL6. 
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APPENDIX 1: 

AN EXTENDED SUMMARY OF THE LA-ICP-MS SETUP 

The sample material is mounted on a stage in an ablation cell in the laser unit. The 

laser fires onto the sample surface and the vaporized material are transported via plastic 

tubing to the mass spectrometer (MS) via carrier gas (He). Both wavelengths of laser I 

employed couples equally well to metal; the major difference in coupling between them 

is applicable to silicates. The ablation cell is continually flushed with a He atmosphere, 

after which the He is mixed with Ar before delivery to the source in the MS. The source 

is the Inductively Coupled Plasma (ICP). The plasma is produced in the "torch" when 

electrons are stripped from the Ar gas while oscillating electric and magnetic 

fields produced by a radio frequency (RF) load coil connected to a RF generator captures 

the Ar ions and combines them with Ar atoms to produce the ICP. The sample atoms 

introduced into the ICP from the laser cell, transitions from gaseous to ionized (positively 

charged) down the length of the torch. They are ionized extremely effectively 

(siderophile elements at close to 100%; chalcophile elements at lower ionization) due to 

the high temperature of the Ar plasma (8000 K). The ions are then accelerated and 

filtered at - 1 % of the original volume by the skimmer cone. The skimmer cone, which is 

part of the interface region before the ion lens system, required cleaning from material 

buildup during my analytical sessions to assure that count rates were not degraded. The 

ions are focused by the lens system into the mass analyzer, which in the case of the two 

Elements I used, is an electromagnetic field. Separation of the ions (isotopes) takes place 

in the magnetic sector, because the path of travel of the ions is uniquely deflected (at the 

same kinetic energy) according to their mass/charge ratios. The MSs are high resolution 

double focusing instruments, i.e., the ions pass through the electrostatic analyzer (an 

energy filter of potential difference) after the magnetic field, in order to separate the ions 

(isotopes) based on their energy. The electrostatic analyzer is second in the sector 

sequence (reverse Nier-Johnson geometry) in order to decouple its electric field from that 

of the RF generator in the torch . The separated ions strike a single detector, which in the 

case of the Element is a secondary electron multiplier (SEM) and for the XR either 
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discrete dynode secondary electron multiplier or Faraday collector. I collected the 

isotopes of Fe, Co, and Ni in SEM analog mode, and the other masses in SEM counting 

mode. Entrance and exit slits in front of and after the sector analyzers are used to 

regulate the ion intensities allowed to hit the detectors to protect the detectors from wear

and-tear. The slits are fixed at three predetermined settings: low-, medium-, and high

resolution mode; " low" corresponds to a mass resolving power of - 400 for a 10% valley 

definition. This is insufficient to resolve many molecular interferences, but its advantage 

is that the signal peaks are flat-topped and the count rates - 10 times higher than higher 

modes. Fortunately, the elements of interest for my study have isotopes that are free of 

major molecular interferences and thus I could operate in low resolution mode. Minor 

interferences from plasma gases (e.g. , 36Ar38Ar) and instrument components (Ni, Pt, Au) 

were subtracted from the sample signal by means of background (gas blank) subtraction. 

In doing a point analysis, the laser sampling time is shorter than the MS signal 

detection time. Although the most intense part of the signal is only a few seconds long, 

the signal remains present for 20-50 s. For example, for a laser firing 10 s, the signal is 

stretched during its travel in the tubing from to 50 s including a 10 s peak. During this 

process the count rate rises steeply to the peak followed by exponential decline (washout). 

To accommodate analysis of many isotopes, rapid magnet scans across each mass is 

required. Fortunately, the elements I analyzed required only four magnet jumps, which 

combined with the rapid electrostatic scanning speeds of the MSs (Element and XR scans 

mass range 7Li-238U in 0.3 sand 0.1 s respectively), made point analysis possible. 
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APPENDIX2: 

CRYSTALLIZATION MODELING EQUATIONS 

Equilibrium Crystallization equation: 

CJ Co = l/[D + F(l-D)] 

Fractional Crystallization equation: 

CJ Co = F (D- t) 

Legend : 

CL: Concentration of element in remaining liquid 

Co: Concentration of element in parental liquid 

D: Distribution coefficient of element 

F: Fraction of melt remaining 
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APPENDIX3: 

PARTITION COEFFICIENTS 

Experimental partition coefficients CD synonymous with Kd) for modeling presented in 

Figs. 3.6 and 3.7. See text for references. 

1%C 3.8%C 0.3%S 6%S 

Os 2.3 7 2.1 3.6 

Ir 1.9 14 1.5 2.7 

Re 2 1.6 2.1 3.6 

w 1.2 0.24 1.2 1.8 

Pt 1.3 9 0.8 1.4 

Fe 1.02 0.98 

Co 1.01 1.19 1.0 1.2 

Ga 3 0.8 1.1 

Ni 0.96 1.42 0.9 0.9 

Ge 0.75 1.6 0.7 0.9 

Pd 0.66 2.1 0.4 0.5 

As 0.29 0.4 0.2 0.3 

Au 0.46 1.7 0.3 0.3 
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APPENDIX4: 

MICROPROBESTANDARDS 

Standards used in electron microprobe analyses. 

Element Standards 

Na 115 Amelia albite 

Mg 106 San Carlos olivine 

Al 120 anorthite 

Si 110 augite; 106 San Carlos olivine 

p 125 apatite 

s 143 Staunton troilite 

Cl 125 apatite 

K 119 orthoclase 

Ca 110 Kakanui augite 

Ti 111 sphene glass 

Cr 112 chromite; Cr-metal 

Mn 102 Verma garnet 

Fe 143 Staunton troilite; I 06 San Carlos olivine 

Co 629 Co-metal 

Ni 168 NiO 
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