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ABSTRACT

The ureilites are essentially carbon-bearing, ultramafic meteorites that comprise the second 
largest of the achondrite meteorite groups. The mineral assemblage, petrography and 
certain aspects of mineral chemistry that the ureilites display suggest a differentiated and 
igneous petrogenetic history. However, in terms of oxygen isotope compositions and high 
carbon contents they appear similar to the primitive and unprocessed carbonaceous 
chondrites; evidence which has been taken to suggest a genetic link between the ureilites 
and the carbonaceous chondrites. Ureilites may be divided into four distinct groups on the 
basis of constant A170  compositions, suggesting formation on four parent bodies or four 
separate regions on a single parent body. Samples analysed herein have been taken from 
two oxygen groups to gain a better understanding of inter-/intra-group relationships and the 
petrogenetic history of the parent body (ies).
The first detailed mineralogical and petrological examination of 17 ureilite samples has 
been carried out in combination with high-resolution stepped combustion analyses of 11 of 
the samples to determine carbon form, abundance and isotopic composition. High- 
resolution stepped combustion analyses have also been carried out for the first time on 10 
samples from Disko Island, Greenland and 3 terrestrial graphites.
Results from Disko Island samples (potential terrestrial analogues to the ureilites) suggest 
that carbon isotopic compositions of lithologies that have undergone reduction reactions 
and thermal metamorphism will be little changed compared with the original composition. 
This poses a major problem to models of ureilite petrogenesis that suggest the 
carbonaceous chondrites as the ureilite progenitor material. The carbon abundance and 
isotopic composition of ureilites may be affected by fluid flow on the parent body; perhaps 
as a secondary process resulting from the (re)mobilisation of carbon-bearing fluids (formed 
though reduction reactions) during a catastrophic shock event. Indication of disruption and 
subsequent re-aggregation of the parent-body is provided by Frontier Mountain ureilite 
samples, which display mineralogically and isotopically heterogeneous lithologies in 
intimate contact with each other. This also suggests that the ureilite parent body was 
heterogeneous on a much smaller scale than previously believed.
Results from stepped combustion of terrestrial graphites indicate a correlation between 
degree of graphite crystallinity and stepped-combustion behaviour. Combined with 
detailed petrographic analyses and stepped combustion results, shock metamorphism 
appears to be the dominant process affecting the crystallinity of ureilite graphite.
Strong similarities in carbon form, abundance and isotopic composition and mineralogy 
and petrography between ureilites from different oxygen groups indicates all suffered 
similar petrogenetic processes to similar degrees. This is more consistent with derivation 
from a single ureilite parent body, which retained oxygen isotope heterogeneity.
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Chapter 1

Introduction

1.1 Ureilites -  the most bizarre and perplexing of all meteorites

The ureilite meteorites form the second largest achondrite meteorite group (after 

the Howardite, Eucrite, Diogenite -HED-group), with 111 known samples as of September 

2001 (Grady, 2000; Grossman, 2000, 2001). The first recognised ureilite, and the sample 

that gives the ureilite group its name, is Novo-Urei; on the morning of September 4th, 

1886, accompanied by light and detonations, three stones fell in the Karamzinka region of 

Russia. Two of the stones were lost; one fell into a swamp and superstitious peasants 

destroyed the other, whilst the third stone, weighing 1.9kg was recovered close to the 

Novo-Urei farm on the banks of the river Alatyr (Vdovykin, 1970; Grady, 2000).

The ureilites are most simply described as carbon-bearing, ultramafic meteorites. This 

straightforward statement is often prefixed in ureilite literature with the term ‘enigmatic’. 

Although many samples have been recognised and studied since the fall of Novo-Urei in 

1886, the paradoxical mineralogical, petrological and geochemical characteristics that the 

ureilites display remain poorly understood, with the result that there is little consensus on 

their mode of origin and petrogenetic history. For instance, the mineral assemblage that 

the ureilites contain (olivine and pyroxene) and the textural interactions between the 

mineral grains appear igneous, that is to say the ureilites have been produced through 

melting of a precursor material. However, the oxygen isotopic compositions of the 

ureilites are similar to those seen in very primitive (unmelted and unprocessed) meteorites, 

a fact which suggests that the ureilites cannot have undergone a significant degree of 

melting and processing. The presence of carbon also poses major questions with regards to 

the formation history of the ureilites. Although carbon is a major constituent of the 

ureilites, its origin and petrogenetic history is not well constrained within the current 
models of ureilite formation.
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The aim of this thesis is to carry out an integrated investigation of a number of ureilite 

samples, studying both mineralogical and petrological characteristics in combination with 

the analysis of carbon form, abundance and stable isotopic composition. With a better 

understanding of the interactions between carbon and mineralogy/petrography from a wide 

range of ureilite samples more evidence can be accrued in an attempt to solve the riddle of 

the ureilites’ petrogenesis.

1.2 The ureilite meteorites -  overview of mineralogy and petrography

The ureilites are ultramafic rocks predominantly composed of Mg-rich olivine and 

pyroxene with dark, carbon-rich interstitial ‘vein’ or ‘matrix’ material. The ureilites are 

divided into two groups, on the basis of textural characteristics, into the monomict and 

polymict types. The monomict ureilites are the most numerous type making up 

approximately 90% of known ureilite samples. In most monomict ureilites, the major 

pyroxene present is pigeonite, although some samples also contain additional augite and/or 

orthopyroxene, with a few samples containing only orthopyroxene. The monomict 

ureilites are further sub-divided on a textural basis into those that display a ‘typical’ texture 

and those with ‘poikilitic’ or ‘bi-mOdal’ texture.

Samples with a typical texture (see figure 1.1) are coarse-grained with an average grain 

size of approximately 1mm. The anhedral to euhedral olivine and pyroxene grains meet in 

120° triple junctions and have curved grain boundaries. In some ureilite samples the 

olivine grains may contain small rounded inclusions of pyroxene. Melt inclusions and 

iron-nickel carbide (cohenite) inclusions have also been reported in some samples. 

Pigeonite and orthopyroxene grains may also contain augite inclusions. Between the 

grains, and sometimes intruding them, is the carbon-rich interstitial material, which is 

composed of carbon (graphite, diamond, lonsdaleite), Fe-Ni metal, sulphides and silicates 

in varying amounts.

Some ureilite samples display a mosaicised texture where the olivine and pyroxene grains 

are very small (sub-millimetre in size). This mosaicised texture is caused by high degrees 

of shock (> ~35Gpa), which disrupts the original olivine and pyroxene grains by 

brecciating and recrystallising them (Stoffler et al., 1991). Mosaicised ureilites display 

relict grain boundaries of the original olivine and pyroxene grains and also retain carbon-
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rich vein material, which suggests that originally they were similar to the samples with 

more typical texture. In other ureilite samples, the mosaicised texture does not occur over 

the whole sample but is restricted to vein-like regions that intrude and crosscut areas 

displaying a typical texture.

Figure 1.1. Ureilite LEW 85328 showing characteristic monomict ureilite texture. Olivine and pyroxene 
grains have curved grain boundaries and often meet in triple junctions. Dark, carbon-rich interstitial matrix 
can also be seen.

Poikilitic or bi-modal ureilites (figure 1.2) are unusual monomict samples with 9 reported 

examples. These ureilites have large crystals (up to approximately 15mm long) of low- 

calcium pyroxene that poikilitically enclose areas with typical ureilite texture.

The polymict ureilites are brecciated rocks that contain clasts of typical monomict ureilite 

material and other exotic lithologies, which are set in a matrix of mineral fragments, 

carbon, sulphide and other minor phases. The lithologies seen in the polymict ureilite 

clasts are similar to materials from other meteorite types, including enstatite chondrites and 

aubrites, feldspathic melt rocks, angrite-like material containing plagioclase and Cl 

chondrite matrix-like material.
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Fig“re LZ U,reilite PC/l 82506 disp'°y>ng poikilitic texture. Large poikilitic pigeonite grains enclose areas 
with a typical texture. Dark carbon-rich matrix can be seen around grains and intruding them.

1mm

Figure 1.3. Ureilite FRO 90036 showing fine grained mosaicised olivine grains. Some relict Srai, 
boundaries can be seen. s  renci gra"
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Characteristic features of ureilite olivine are the reduction rims that occur at the olivine 

grain boundaries and also around some fractures within the olivine grains. These reduction 

rims are usually narrow, approximately 10/rni -  100/rm in width, and often occur as round 

masses, or ‘rosettes’, rather than as a rim per se around the entire grain. The reduction 

rims consist of extremely Mg-rich olivine, which contains tiny blebs of Ni-poor iron metal 

that has been exsolved from the olivine by reduction reactions involving carbon, for 

example

C + '/H^SiC^ + ,/2Mg2Si04 = Fe° + MgSiOa + CO Eqn 1.1

Reduction rims are not usually found in pyroxene grains, although when they do occur 

they are extremely narrow. A few ureilites, for example HH126, display very wide 

reduction rims that permeated nearly the whole grain with only a very small core region 

unaffected by reduction (Sexton et al., 1996).

In terms of their petrography and mineralogy the ureilites appear to have undergone a high 

degree of igneous processing and are the products of a well-differentiated parent body (e.g. 

Goodrich et al., 1987). However, chemical evidence seemingly indicates that the ureilites 

are more primitive than they appear in terms of their mineralogy and petrography. The 

oxygen isotope compositions of the ureilites are heterogeneous and may retain a signature 

that is nebular in origin, similar to that displayed by the carbonaceous chondrites (e.g. 

Clayton and Mayeda, 1988). Similarly, the abundance and compositions of the noble gases 

(which are carried in the ureilite carbon phase) show a ‘planetary’ pattern akin to the CM 

chondrites (e.g. Gôbel, 1978). Additional evidence, suggesting a more primitive history 

for the ureilites, is that they contain an abundance of siderophile trace elements similar to 

that of the Cl chondrites (e.g. Spitz and Boynton, 1991).

Detailed mineralogical and petrographic investigations have been carried out on 15 ureilite 

samples in conjunction with analyses of the abundance, form and stable isotopic 

composition of carbon. Recognising petrographic relationships between silicate minerals 

and carbon provides clues to the petrogenetic role of carbon and the possible processes that 

it encountered during the formation of the ureilites. The mineralogical and petrographic 

investigations herein provide the most comprehensive descriptions of the 15 ureilite 

samples, most of which have not previously been studied in any great detail. Indeed, two 

new samples have been recognised as ureilite meteorites on the basis of this work.
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Investigations of ureilites from the Frontier Mountain region of Antarctica have revealed 

unusual, and previously unrecognised (in any ureilite), textural characteristics that provide 

potential insights into the role of shock within ureilite formation. Four of the Frontier 

Mountain samples display unusual mixed lithologies where, within a single thin section, 

different domains with distinct mineral assemblages and compositions can be seen in 

intimate contact with each other. On the basis of nearly identical oxygen isotope 

compositions, some of the Frontier Mountain samples have been paired, even though on 

the basis of their mineralogical and petrographic characteristics, the arc quite dissimilar.

’ The mineralogical, petrographic and compositional heterogeneity displayed by the Frontier 

Mountain samples is unlike that of either polymict or poikilitic ureilites and hence a new 

textural term has been developed to describe the Frontier Mountain samples.

1.2.1 The carbonaceous chondrites -  a genetic link with the ureilites?

The carbonaceous chondrites, as their name suggests, are chondritic meteorites that 

contain up to approximately 5.5 wt % carbon (e.g. Robert and Epstein, 1982; Kerridge, 

1985; Jarosewich, 1990). The carbonaceous chondrites are divided into six groups (Cl, 

CM, CR, CV, CO and CK) on the basis of bulk compositional characteristics and oxygen 

isotope compositions. In terms of carbon, the Cl and CM chondrites show the greatest 

abundance, with the CIs containing on average approximately 3.5wt% and the CMs 

containing on average approximately 2.5wt% (Kerridge, 1985, and references therein; 

Pearson et al., 2000). Other carbonaceous chondrite groups contain less carbon, with the 

CVs containing on average approximately 0.8wt%, the COs 0.3wt% and the CRs 1.9wt% 

(Kerridge, 1985). Although all the carbonaceous chondrites have undergone some 

secondary aqueous and/or thermal processing since their formation, they are considered to ' 

be the most primitive of all extraterrestrial materials. The bulk chemical composition, of 

Cl chondrites is very similar (within a factor of three) to the elemental abundance of the 

Solar photosphere, with the exception of some very volatile elements such as H, He, N and 

O. Owing to this, the elemental abundances of the Cl chondrites are taken as a reference 

composition to compare other extraterrestrial, and indeed terrestrial materials (e.g. Anders 

and Grevesse, 1989).

Carbonaceous chondrites are composed of chondrules and matrix material but are lacking 

in metallic Fe, indicative of formation in an environment with a high oxidation state.
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Carbonaceous chondrites also contain inclusions of refractory minerals, calcium 

aluminium-rich inclusions (CAIs), which are high temperature condensates that are 

believed to have formed early in the Solar nebula. In addition to the early-formed CAIs, 

some types of carbonaceous chondrites contain pre-Solar interstellar material, such as 

grains of diamond and SiC (e.g. Brearley and Jones, 1998).

In addition to being the host to CAIs and also pre-Solar interstellar grains the carbonaceous 

chondrite matrix material is also enriched in volatile elements compared with the other 

chondrites and achondrites. H, C and N are largely present as organic material and in 

1 hydrous phyllosilicate minerals, and may be a marker for secondary aqueous alteration 

processes occurring on the parent bodies. The aqueous alteration of the carbonaceous 

chondrites is most likely to have occurred on the parent body during the mobilisation of 

fluids, whereby ices incorporated during accretion of the parent body were melted during a 

low temperature (approximately 20 to 170°C) heating event (e.g. Bischoff, 1998; Bland et 

al., 2000; Rosenberg et al., 2001). This aqueous alteration resulted in the formation of the 

hydrous phyllosilicates from previously anhydrous silicate phases.

Many models of ureilite petrogenesis propose a genetic link between the carbonaceous 

chondrites and the ureilites, where carbonaceous chondrite-like material is suggested as the 

precursor of the ureilite silicates and/or carbon. Some models suggest that the silicates 

and carbon within the ureilites are directly derived from melted carbonaceous chondrite- 

like material (e.g. Goodrich et al., 1987; Rubin, 1988) whereas others invoke the formation 

of a juvenile ureilite material from a carbonaceous chondrite-like source, which was then 

impacted by a large carbon-rich impactor, resulting in the late-stage addition of carbon 

(e.g. Warren and Kallemeyn, 1988; 1989).

By investigating in detail the abundance, form and isotopic composition of carbon in 

ureilite meteorites, the proposed petrogenetic link with the carbonaceous chondrites may 

be evaluated and tested. Owing to this, a combined stepped combustion and mass 

spectrometry investigation of 11 ureilite samples has been carried out, the experiments 

performed provide the most detailed investigation to date of ureilite carbon, its abundance, 

form and stable isotopic composition. The high-resolution nature of the stepped 

combustion experiments allow for the determination of individual carbonaceous phases 

within individual ureilite samples. A study of terrestrial graphites with known 

crystallinities has also revealed that the behaviour of carbon released during a stepped 

combustion experiment (the range over which the release occurs and the temperature of the
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peak carbon release) may be used as a proxy to determine the relative graphite crystallinity 

of a sample. Since the crystallinity of graphite may be controlled by a number of 

petrogenetic processes, for example, shock, thermal alteration, precipitation from a fluid, 

the crystallinity of graphitic carbon within a particular ureilite sample can provide clues to 

the petrogenetic processes that sample encountered.

1.2.2 Disko Island -  a terrestrial analogue for ureilite petrogenesis

Further evidence to explain the possible petrogenetic role of carbon within the 

ureilites, and the potential link with the carbonaceous chondrites, has been gathered from 

studying terrestrial, carbon-bearing igneous samples from Disko Island, Greenland. The 

geological setting of Disko Island provides a unique opportunity to investigate the carbon 

isotopic systematics of organic carbonaceous material in intimate association with mafic 

silicates under reducing conditions.

The igneous rocks of Disko Island are composed of Tertiary volcanics, which overlie 

Cretaceous-Tertiary, organic-rich sediments (Bird and Weathers, 1977; Bird et a l, 1981; 

Goodrich, 1984; Lightfoot et al., 1997). During emplacement and eruption of the igneous 

rocks, assimilation of the surrounding sedimentary country rock occurred, which 

contaminated the magmas with carbon resulting in the reduction of the ferromagnesian 

silicates and the formation of native Fe-metal (see eqn 1.1). The petrogenetic processes 

operating at Disko may be thought of as being crudely analogous to proposed formation 

histories of the ureilite parent material. That is to say the thermal alteration of organic 

source carbon (organic material from the carbonaceous chondrites) during melting and 

igneous processing of a carbonaceous chondrite-like source, the reduction of olivine and 

pyroxene by carbon to form metal and the evolution of carbon-rich gases.

An investigation of the state, abundance and isotopic composition of carbon within 

organic-rich, source sedimentary lithologies, contaminated basalts and reduced metal from 

Disko Island has been carried out. The aim is to determine the isotope systematics 

resulting from the thermal metamorphism of source organic carbon and the process of 

reducing magmatic, Fe-bearing silicates to form metal and carbon-rich gases. 

Understanding the isotope systematics of the processes operating at Disko Island will 

provide constraints to better determine the source and identity of ureilite carbon and to test 

the validity of the proposed link with the carbonaceous chondrites.
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1.3 Ureilite geochemical evidence -  clues to petrogenesis

As discussed briefly above, the ureilites display many mineralogical, petrographic 

and geochemical features that are inconsistent with each other, thus making it difficult to 

formulate coherent models of ureilite petrogenesis that successfully account for all the 

characteristics that the ureilites display. In this section different geochemical 

characteristics of the ureilites are described and the implications discussed.

1.3.1 Mineral chemistry

The olivine and pyroxene grains within individual ureilite samples are extremely 

homogeneous in terms of their magnesium number (mg# = Mg/[Mg+Fe]xlOO), major and 

minor element compositions. Berkley et al. (1980) divided eleven ureilite samples into 

three distinct groups on the basis of their mg#; 78.6-79.3 (low), 83.6-85.1 (intermediate), 

and 91.4 (high) consisting of only one sample, with a peak in the mg# distribution at 79. 

With the discovery of many more ureilite samples the number of analysed samples has also 

increased and the three distinct groupings are no longer as exhaustive. Fig 1.4 shows the 

range in mg# of analysed ureilite samples is continuous between 74 and 92, although the 

peak at mg# 79 does remain.

In terms of minor element compositions, ureilite olivines are both rich in CaO and Cr203 

containing ~0.30-0.45wt% and ~0.46-0.85wt% respectively. Pigeonite grains also contain 

large amounts of Cr203, up to ~1.6wt% (Goodrich et al., 1987; Mittlefehldt et al., 1998). 

Goodrich et al., (1987) show that for minor elements there is very little inter-grain and 

intra-grain heterogeneity within olivine and pyroxene from monomict samples. Figures

1.5 and 1.6 show that olivine cores from different monomict ureilite samples have nearly 

identical Fe/Mn and Fe/Cr ratios with respect to Fe/Mg, which have been suggested to 

represent reduction/oxidation trends (Goodrich et al., 1987). Olivine and pyroxene show a 

marked negative correlation between FeO and MnO which is in contrast to the positive 

correlation normally seen in rocks related through igneous processes (figure 1.7) 

(Mittlefehldt et al., 1998). Data for CaO/AbCb ratios for co-existing olivine and pyroxene 

grains show good correlation indicating that olivine and pyroxene are in equilibrium, this 

equilibrium relationship is also displayed by good correlation between olivine and 

pyroxene mg# (Goodrich et al., 1987; Mittlefehldt et al., 1998).
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Figure 1.4. Histogram o f core olivine composition from monomict ureilites. Data from Goodrich. 1992; 
Grady, 2000; Mittlefehldt etal., 1998; Grossman, 2000, 2001; C. A. Goodrich unpublished data.

Figure 1.5. Plot o f molar Fe/Mg vs. molar Fe/Mn showing good correlation. Data from Goodrich el al, 
1987.

Figure 1.6.. Plot o f molar Fe/Mg vs. molar Fe/Cr showing good correlation. Data from Goodrich el al 
1987.
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Figure 1.7. Negative correlation between MnO and'FeO in olivine cores among ureilite. Data from 
Goodrich etui,  1987; Takeda, 1987.

1.3.2 Lithophile elements

Figure 1.8 shows the lithophile trace element abundance pattern of several ureilite 

samples. The pattern of lithophile element abundance reflects the ultramafic mineralogy of 

the ureilites being enriched in Sc, V, Mg, Cr and Mn, which are all element compatible 

with olivine and pyroxene. The incompatible elements, Al, Rb, Sr, K, Na and Zn, are 

depleted with respect to Cl chondrite compositions, which again reflects their ultramafic 

mineralogy in that the ureilites lack a feldspathic component. It may be seen from the 

lithophile element abundance pattern, however, that the polymict samples (EET 83309, 

Nilpena and North Haig) are slightly less depleted in the incompatible elements than the 

remaining monomict samples (Boynton et al., 1976; Goodrich, 1992; Mittlefehldt et al., 

1998). The anomalous monomict ureilite LEW 88774 is highly enriched in Cr, Sc, V and 

Ca and is also one of the least depleted samples in terms of its incompatible elements.

1.3.3 Rare earth elements

Figures 1.9 and 1.10 show representative rare earth element (REE) abundance 

patterns for monomict ureilites. Fig 1.9 shows the light REE (LREE) depleted pattern 

characterised by some ureilite samples. This pattern may be attributable to the fact that 

olivine and pyroxene are generally enriched in heavy REE (HREE). The ‘classic’ ureilite 

REE pattern is V-shaped (figure 1.10) with enrichments of both heavy and light REE 

(Goodrich, 1992, Guan and Crozaz, 2000). This V-shaped pattern suggests that there is
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another phase(s), other than the ultramafic minerals, that is the carrier of the LREE 

(Goodrich, 1992; Mittlefehldt eta!., 1998; Guan and Crozaz, 2000).
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Figure 1.8. Cl- and Mg- normalised lilhophile element abundances in bulk monomict andpolymict ureilites 
and the unusual ureilite LEW 88774. Data from Mittlefehldt et a!., 1998, and references therein.
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Figure 1.9. C l normalised REE pattern showing IFEE-depletion and negative Eu anomalies. Data from 
Mittlefehldt et al., 1998, and reference therein.
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Figure 1.10. Cl normalised REE pattern showing the characteristic ‘ V-shaped' ureilite pattern. Data from 
Mittlefehldt et al., 1998 and references therein.

1.3.4 Siderophile trace elements

Siderophile elements within the ureilites show roughly chondritic abundances for 

the refractory siderophile elements Re, Os, W, and Ir, which occur in similar abundances in 

all ureilites (figure 1.11). In comparison with the ultramafic rocks from differentiated 

bodies such as the Earth, Moon and Mars, the ureilites display considerably higher 

siderophile element abundances (Mittlefehldt et al., 1998). The more volatile siderophile 

elements, Ni, Au, Co Ga and Ge are generally less abundant (Higuchi et al., 1976; Spitz 

and Boynton, 1991; Goodrich, 1992; Warren and Kallemeyn, 1992a; 1992b; Mittlefehldt et 

al., 1998). Bulk ureilites and carbonaceous vein separates contain similar abundances of 

the refractory siderophile elements suggesting that they are contained within a common 

component (Goodrich, 1992).
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Figure 1.11. C l normalised trace siderophile element abundances in ureilites. Data from Mittlefehldt et al, 
1998, and references therein.

1.3.5 Oxygen isotopes

The oxygen stable isotopic compositions of the ureilites are, perhaps, the most 

intriguing and perplexing geochemical characteristic they display. Oxygen has three stable 

isotopes, which have the following, approximate natural abundances (Miller, 2002):

160  = 99.762 %

170  = 0.038%

180  =  0.20%

The oxygen isotopic composition of a sample is described by determining the ratio of both 

170  and 180  to the major 160  isotope using the delta notation. The stable isotopes are 

measured relative to a standard reference material (SMOW) and are described in parts per 

thousand or parts per mil ( % o ) .  The ratio of the isotopes is expressed as a delta value ( 5 )  

and for oxygen is calculated as follows.

5 i7 0  % o -
(  0 /  O  (sample) - 17 O / 1' O  (reference))

17 O / '  * O  (reference)
x 1000

Caroline L. Smith Chapter 1 28



5'80% o = (  * 0 /  (> 0  (sample) -  8 0 / 0  (reference))
18,

0 / " ’0  (reference)
x 1000

Oxygen isotope compositions are commonly displayed on a three-isotope plot where 8lxO 

is plotted along the x-axis and 5170  is plotted along the y-axis. Correlations between 5170  

and 8lxO values define a mass fractionation line. For well-homogenised samples from 

bodies that have undergone igneous differentiation such as the Earth, Moon, Mars and the 

HED group of meteorites, the oxygen compositions fall along well-defined mass dependent 

fractionation lines with slopes of 0.52 on the three-isotope plot (figure 1.12). For reference 

the terrestrial fractionation line (TFL) is indicated on a three-isotope plot. Deviations from 

the TFL are due to different samples having different starting compositions and can be 

described in terms of A170, where Al70  = (817O-0.528,iiO). Well-homogenised samples 

from genetically related samples fall on the same common mass fractionation line and will 

have a constant A170  value (Clayton et al., 1976; Clayton and Mayeda, 1988a; 1988b).

o

g
To

Figure 1.12. Oxygen isotope compositions o f  well-homogenised extraterrestrial samples; SNC- Martian 
meteorites, HOW- Howardites, EUC- Eucrites, DIO- Diogenites. The oxygen isotope compositions fall along 
a line o f  slope o f -0.52, the terrestrial fractionation line -  TFL. Data from Clayton, 1993; Clayton and 
Mayeda, 1996.

Clayton and Mayeda (Clayton and Mayeda, 1988a; Clayton, 1996) and Franchi et al. 

(1997, 1998) have detailed the oxygen isotope compositions from both non-Antarctic and 

Antarctic ureilite samples corresponding to the low and intermediate mg# groups of 

Berkley (1980). Surprisingly the ureilites do not, as may be expected for samples that 

mineralogically and petrographically appear to be differentiated igneous rocks, have
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oxygen isotope compositions that fall along a mass fractionation line with a slope of 0.52. 

Instead, the samples plot along a fractionation line with a slope of approximately 1 and 
appear to be a continuation of the Allende mixing line (Clayton and Mayeda, 1988a; 

1988b) (figure 1.13). Other meteoritic samples also have oxygen isotopic compositions 

that fall on a slope of ~1 on the three-isotope plot. These include refractory inclusions from 

both CO and CV chondrites, mineral separates from individual refractory inclusions, dark 

inclusions and chondrules from CV chondrites and also chondrules from unequilibrated 

ordinary chondrites (Clayton, 1993; Clayton and Mayeda, 1988a).

Figure 1.13. Oxygen isotopic composition o f ureilites. Unlike samples from differentiated bodies (e.g. SNC 
meteorites from Mars), the ureilites fall on a slope o f ~1, similar to components from primitive, 
undifferentiated meteorites such as the CO and CV chondrites. Data from Clayton and Mayeda, 
1988a; 1996; Franchi et al., 1997; 1998.

Ureilites show a good correlation between their oxygen isotope compositions and mg# 

(mg# vs. A170) (figure 1.14). Some chondrite groups display this type of correlation, 

although it is not seen for any other achondrites with the exception of the lodranites 

(Mittlefehldt el al., 1998). The fact that the ureilites fall on a slope ~1 on the oxygen 

three-isotope plot and the apparent link with carbonaceous chondrite material, suggests that 

the ureilites retain oxygen isotope signatures that were acquired through nebular rather 

than parent body processes.
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Figure 1.14. Negative correlation between ureilite An0  and mg# from olivine cores. Data from Clayton 
and Mayeda, 1996; Mittlefehldt et al., 1998.

Franchi et al. (1997, 1998) have carried out the most detailed study to date of oxygen 

isotope compositions in ureilites. Like the earlier Clayton and Mayeda study (Clayton and 

Mayeda, 1988a; 1996), experiments were carried out on whole rock samples from both 

non-Antarctic and Antarctic samples and also from monomict and polymict ureilites from 

the low, intermediate and high mg# groups of Berkley et al., (1980). Forty-three samples 

have been analysed using a high-precision technique, which allows the A170  value to be 

determined to 0.025%o or better (Franchi et al., 1997, 1998; Miller et al., 1999). The high 

precision analyses indicate that many of the samples can be defined as falling into one of 

four distinct constant A170  values or sub-groups. Figure 1.15 shows olivine composition 

plotted against A170  for the forty-three samples indicating clearly the four different oxygen 

isotope sub-groups.

The fact that a number of the ureilites fall into well defined sub-groups, that share common 

mass fractionation lines, suggests that these samples are related through differentiation 

processes that overprint the nebula signature. It may be the case that samples from 

different oxygen isotope sub-groups represent material derived from a single, large parent 

body that, although heterogeneous in terms of mineralogy, chemical composition and 

oxygen isotope composition, underwent localised differentiation and homogenisation with 

the resultant mass fractionation of oxygen isotopes (e.g. Ash et al., 2000).

Alternatively, it may be the case that the different sub-groups represent individual ureilite 

parent bodies that each had individual mineralogical and chemical characteristics. Again,
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melting, differentiation and homogenisation would cause mass-dependent fractionation of
the oxygen isotopes resulting in the definition of individual sub-groups.

Figure 1.15. Co-variation of olivine core composition with AhO. Four sub-groups (A, B. C, D) with 
constant A1'O can be identified, dotted lines indicate 0.025%o error. Data from Franchi et al., 1997; 1998.

In order to attempt to determine whether the ureilites are derived from a single parent body 

or multiple parent bodies, the ureilites chosen for the mineralogical, petrographic and 

carbon study herein have been taken from different oxygen isotope sub-groups. Five 

samples have been analysed from sub-group B and six samples from sub-group D (table 

1.1). By constraining inter- and intra-group variations of mineralogy, petrography and 

carbon state, abundance and isotopic composition, the evolution of the ureilites as a whole 

may be unravelled, and the question as to a single or multiple parent body better 
determined.
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Table 1.1. A170  compositions of ureilite samples analysed in this study. Data from

Franchi e ta l . ,  1 9 9 7 , 1998 .

Sam ple a ,7o  % o Oxygen isotope sub-group
LEW 85328 -0.623 B
LEW 88774 -0.666 B
META78008 -0.634 B
QUE 93341 -0.605 B
Y 790981 -0.679 B
Acfer 277 -1.018 D

EET 83225 -0.995 D
Novo-Urei -0.983 D
PCA 82506 -0.984 • D
RKPA80239 . -0.997 D
Sahara 99201 -0.946 D

1.3.6 Carbon

Ureilite carbon primarily occurs in the interstitial matrix material between silicate 

grain boundaries and also in veins, which fill fractures and cleavage planes within silicate 

grains. Graphite is the predominant form of ureilite carbon and exists most usually as fine

grained material within the carbonaceous matrix. Rarely large, well crystalline blades of 

graphite occur which have their long axes parallel to the foliation of the silicate grains for 

example, as can be seen in the sample FRO 90233 (see chapter 6, section 6.2). High- 

pressure polymorphs of carbon are also found in the ureilites as diamond and lonsdaleite, 

which are believed to have been formed by the shock transformation of graphitic carbon 

during a shock event (e.g. Vdovykin, 1970; Berkley et a/., 1980; Bischoff et al., 1999; 

Grand and Bischoff, 1999; Nakamuta and Aoki, 1999, 2001; Fisenko and Semjonova, 

2001). Both diamond and lonsdaleite occur as very small (up to 3/xm in size) anhedral 

grain intergrowths within the fine-grained graphite matrix material. Carbon is also found 

as an iron carbide ([Fe,Ni]3C) mineral, cohenite, in metal-sulphide spherules in olivine 

grains in some ureilite samples including ALH 82130, PCA 82506 and ALH 79019 

(Goodrich and Berkley, 1986). Amorphous carbon and organic carbon material has also 

been reported (Vdovykin, 1970; Grady et al., 1985).

The carbon isotopic composition of a sample is expressed using the delta notation (S13C) 

and is calculated as a simple ratio of 13C/12C which is measured in parts per thousand or 

parts per mil (%o) relative to a standard reference material (PDB). The equation used to 

calculate the 513C of a sample is given below using the criteria of Craig (1957).
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x 1000¿ , 3 C % 0
’ ( ”  C / 12C  (sample) - ' 3 C / I2 C  ( p r e n c e ) ) '

13
C /  C  (reference)

The most comprehensive study of ureilite carbon abundance and isotopic composition is 

that of Grady et al. (1985), where fourteen whole-rock and acid residue samples of 

monomict and polymict ureilites were investigated using stepped combustion experiments. 

The stepped combustion experiments reveal different carbon components and their isotopic 

compositions due to the fact that different carbon polymorphs will combust at different, 

characteristic temperatures (see chapter 2, also chapter 4). The ureilites studied by Grady 

et al. (1985) reveal a low temperature component (below 500°C) with a distinctive 

5 13C(pdb) of -25 to -30%o, indicative of terrestrial organic contamination. Graphite and 

graphite/diamond intergrowth phases are combusted at higher temperatures, between 

approximately 600 and 900°C, and are enriched in C in comparison with the terrestrial 

organic contamination component. The 5 13C(pdb) of the graphite and graphite/diamond 

intergrowth phases range between -1 and -14%o, with the samples falling into two distinct 

groups. One group is isotopically light and has <513C(pdb) values clustered between -8  and 

-1 1%0, the second group is isotopically heavier with <513C(pdb> values clustered between -1 

and -3%o. At high temperatures, above 1000°C, small amounts of isotopically light carbon 

are released with 513C of between -25 and -30%o, which may be carbon released from the 

combustion of carbide or carbon dissolved in metallic portions. More recent work carried 

out by Franchi et al. (1997, 1998), in conjunction with high precision oxygen isotope 

analyses (see above section 1.3.4) also agreed with the range in ureilite isotopic 

compositions as given by Grady et al. (1985).

In terms of carbon abundance the ureilites are the most carbon-rich of all the achondrite 

meteorites containing between approximately 2 and 6 wt% carbon, a similar abundance to 

that seen in the carbonaceous chondrites (Robert and Epstein, 1982; Grady et al., 1985; 

Kerridge, 1985). However, not all ureilites are carbon-rich. A few ureilites contain very 

little carbon (less than 0.2 wt%) including FRO 90228, Hughes 009 and FRO 90054 

(Grady and Pillinger, 1993; Smith et al., 1999; Goodrich et al., 2001). Indeed, FRO 90054 

. is also unusual in terms of its carbon isotopic composition with S13C of-24.3%o, and it has 

been suggested that this meteorite may not even be a ureilite at all (Grady and Pillinger, 

1993).
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1.3.7 Noble gases

The noble gas abundance of the ureilites is another perplexing geochemical 

characteristic which, like the oxygen isotope systematics, appears to suggest that ureilites 

cannot be, and should not simply be, described as igneously differentiated rocks. Stauffer 

(1961) reported the presence of primordial argon and neon in two ureilite samples 

(Goalpara and Novo-Urei) with abundances of the isotopes of argon (36Ar and 40Ar) far in 

excess of that expected from terrestrial contamination. In the case of neon the excess' 

amounts are smaller that those seen for argon but a still greater than that expected merely 

as a result of contamination by atmospheric neon. The ureilite ratios of noble gases are 

also similar to those of the carbonaceous chondrites Lancé, Ivuna and Murray (Stauffer, 

1961). Later work showed that the trapped primordial or ‘planetary’ noble gases are 

heavily enriched in the carbonaceous vein material (Weber et al., 1971; Weber et al., 

1976).

The elemental abundances of trapped noble gases from ureilites are shown in figure 1.16, 

displaying the fractionated or planetary signature that is also displayed by the 

carbonaceous chondrites.

Gôbel et al. (1978) analysed carbonaceous vein material from seven ureilite samples and 

three bulk ureilite samples, and confirmed the presence of trapped planetary-type noble 

gases enriched by up to 600 times in the carbonaceous material compared with silicate 

phases. Most significantly, Gôbel et al., (1978) showed that graphite is not the carrier of 

the trapped gases; rather the diamonds within the carbonaceous material have extremely 

high gas contents. However, a further unknown carrier phase is present which contains an 

even higher content of noble gases than the diamonds with an abundance pattern different 

to that shown by the diamonds (Gôbel et al., 1978).

The discovery of the unshocked ureilite ALHA78019, which contains no diamonds, 

allowed investigators to determine whether or not diamonds (and the unknown carrier 

phase) truly were the predominant carriers of the trapped gases or whether graphite did 

contain some noble gases. Wacker (1986) reported that in ALHA78019 there exists a 

coarse-grained, crystalline, graphitic fraction that is indeed gas-free and a fine-grained, 

possibly amorphous, gas-rich carbon phase.
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39Ar-40Ar measurements have been carried out on Kenna, Novo-Urei, PCA 82506 and 

Haverô bulk samples. These results indicate degassing ages of 3.3Ga (Haverô), 

approximately 3.3 to 3.7Ga (Novo-Urei), approximately 4.1Ga (Kenna) and 4.5 to 4.6Ga 

(PCA 82506) although caution should be exercised when interpreting these results as the 

data may be affected by terrestrial contamination (Mittlefehldt et ai, 1998).

Sm-Nd 
Model Ages

U-Pb

“ Ar-^Ar
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Figure 1.17. Crystallisation and de-gassing ages ofureilites. Data from Mittlefehldt et al., 1998.
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1.4 Ureilite petrogenetic models -  primitive or differentiated?

Many models have been proposed to account for the petrogenetic history of the 

ureilites and explain their seemingly inconsistent primitive and differentiated 

characteristics. Petrogenetic models can be divided into two categories on the basis of 

whether the models attempt to describe and account for the ‘igneous’ (or differentiated) 

characteristics or whether the model accounts for the ‘primitive’ characteristics. The 

models are summarised in table 1.2; each will be explained in turn in the following 

sections. However, it is clear in studying the petrogenetic models that many do have 

elements that fall into both categories in an attempt to reconcile all aspects of the 

geochemical evidence.

Igneous models tend to suggest that the ureilites were formed by extensive igneous 

processing on the parent body, which resulted in their mineralogical and textural
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characteristics, for example, their appearance as ultramafic cumulates and also the 

depletion in the alkali lithophile elements. However, the igneous models struggle to 

account for the presence of primitive characteristics such as the heterogeneous oxygen 

isotopes, retention of planetary-type noble gases and the siderophile element abundances. 

The primitive models, conversely, state that the ureilites must have suffered little igneous 

processing and differentiation on the parent body to retain their nebula oxygen 

compositions and noble gas abundances. However, these models do not give a reasonable 

account of how the ureilites developed mineralogies, textures and lithophile element 

‘ chemistries of rocks that have clearly undergone a significant degree of igneous 

processing. Primitive and igneous models to describe ureilite petrogenesis are described 

and discussed below.

Table 1.2. Summary of ureilite petrogenetic models. Each model is discussed in sections 

1.4.1-1.4.7.

Type M odel References Section
Nebula sedimentation model (Takeda, 1989; Takeda et al., 1980) 1.4.1
Unified primitive meteorite (Kurat, 1988) 1.4.2

PRIMITIVE Planetisimal scale collision 
model (Takeda, 1987; Takeda et al., 1988) 1.4.3

Impact-melt model (Rubin, 1988) 1.4.4
Multi-stage igneous cumulate 

model
(Goodrich et al., 1987) 1.4.5

The partially-disruptive (Warren and Kallemeyn, 1988; 1.4.6
IGNEOUS impact model Warren and Kallemeyn, 1989)

The explosive volcanism 
model

(Scott et al., 1992; Warren and 
Kallemeyn, 1992a; Warren and 1.4.7

Kallemeyn, 1992b)

1.4.1 Primitive models -  The nebula sedimentation model

Takeda et ai, (1980) and Takeda (1989) suggest a model whereby preferential 

condensation, accretion and sedimentation’ of olivine and pyroxene grains occur in certain 

regions of the Solar nebula. The olivine and pyroxene grains condensed early and settled 

in the midplane of the nebula where they grew and acquired a preferred orientation and 

layering. The carbon-rich matrix material then condensed and was added at a later stage to
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Figure 1.16. Elemental abundances o f noble gases in representative ureilites relative to cosmic abundances. 
The ureilites show a fractionated or 'planetary' pattern, similar to that displayed by the CM chondrites. 
Taken from Mittlefehldt et al., 1998.

1.3.8 Crystallisation and de-gassing ages of ureilites

Goodrich and Lugmair (1991) and Goodrich et al., (1991) investigated seven 

ureilites in terms of their Sm-Nd and Rb-Sr systematics. These seven samples can be 

divided into three distinct groups on the basis of model ages (figure 1.17). Group 1 

samples (ALH 82130, PCA 82506, META78008) have Sm-Nd model ages of 4.55Ga, 

group 2 samples (Kenna, Novo-Urei, ALHA77257) have younger Sm-Nd model ages 

plotting at 3.79Ga ±0.02. The third group (PCA 82506,6 LEW 85440) plots between 

groups one and two with model ages of 4.23Ga.

The Rb-Sr ages for ureilites are not as clear as the Sm-Nd ages although a whole rock 

model age of 4.55Ga has been reported for META78008 (Mittlefehldt et al., 1998). 

U-Th-Pb isotope systematics have been investigated for two ureilite samples, META 

78008 and Goalpara. META78008 leachate samples show enrichment of terrestrial Pb, 

however, the least contaminated sample revealed a Pb-Pb age of 4.563Ga ± 0.021, U-Pb 

results reveal an age of 4.562Ga. Goalpara samples shows an age of 4.5Ga (Mittlefehldt et 

al, 1998).
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the olivine and pyroxene grains. The carbonaceous, ultramafic mixture was then 

incorporated into a planetesimal where the mixture was compacted and heated causing 

annealing of the crystal mixture and enhancing the preferred orientation and layering in the 

primitive ureilite parent body. At a later stage the planetesimal suffered a large impact, 

which caused the disruption and fragmentation of the body and a rapid cooling event (see 

section 1.4.3 on the planetesimal scale impact event).

The most important and perhaps interesting aspect of this model is the lack of the 

plagioclase-rich/basaltic component at any stage of the ureilites’ formation. This lack of 

'plagioclase component simply accounts for the ureilites’ lithophile element abundance; 

they are depleted in the alkali lithophile elements simply because plagioclase was never 

present in the same region (or at the same time) of the Solar nebula during the formation of 

the carbonaceous, ultramafic ureilite precursor material. This initial lack of a plagioclase- 

rich component reduces the need to explain high degrees of partial melting or formulate 

complex models of repeated fractional crystallisation or batch melting, for example, to 

remove the plagioclase-rich component from the ureilite parent material. With no need for 

high degrees of melting, and the corresponding lack of melt material, heterogeneous 

oxygen isotopes with a nebular signature can be retained as would the primitive planetary- 

type noble gases.
However, it is unclear whether a process of preferential sedimentation and accretion of 

certain mineral types would have occurred in the solar nebula. There is no evidence in 

meteorite collections of primitive (unmelted and chondrite-like) meteorites that are as 

fractionated as the ureilites although some components in some primitive meteorites (dark 

inclusions in CV3 chondrites) are depleted in plagioclase and enriched in ferromagnesian 

components (Takeda, 1989; Goodrich, 1992).

1.4.2 Primitive models -  The unified primitive meteorite model

An attractive model proposed by Kurat (1988), although not strictly designed to 

account solely for the formation history of the ureilites, recognises the genetic link between 

nearly all meteorite types and, like the nebular sedimentation model, is based on processes 

thought to operate in the Solar nebula. These important processes include:

1) an early high temperature event completely evaporates pre-solar matter;
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2) recondensation of the evaporated matter beginning with olivine, which is then 

followed by other phases;

3) aggregation of the condensate materials into millimetre-sized objects;

4) total or partial compaction of the early aggregates;

5) sintering and partial melting of aggregates, during a second heating event, 

forming chondrules and causing mild vapour fractionation;

6) vapour-solid reactions introducing Fe2+ and Mn3+, into the silicates and the 

formation of FeS through sulphur metasomatism;

7) formation of material into centimetre-sized aggregates;

8) accretion at very low temperatures with condensation of volatiles occurring;

9) formation of phyllosilicates and almost total oxidation prior to accretion 

(applicable to the carbonaceous chondrites, for example, CIs and CMs).

Depending on conditions in the Solar nebula process seven (formation of centimetre-sized 

aggregates) may take place either before or during processes four to seven.

The formation history Kurat (1988) suggests for the ureilites begins with the aggregation 

of large stacks of olivine platelets. The foliation observed in the ureilites is inferred to be 

due to the retention of the primary orientation of the olivine platelets rather than as a result 

of magmatic processes such as the formation of cumulus material. A second heating event, 

which took place under highly reducing conditions, led to the partial recrystallisation and 

growth of large grains and the remobilisation of Al, Ca, Ti and the light rare earth 

elements. During this mobilisation event, compatible elements such as Sc, Lu and also Li 

were not affected and remained in place. Perhaps most importantly the heating event also 

resulted in the formation of the ureilite pyroxene assemblage either during reaction of 

vapour with olivine (forming the poikilitic pyroxenes) or by direct precipitation from the 

vapour phase. Subsequently the aggregates suffered a metasomatic event under oxidising 

conditions resulting in different MnO and FeO contents in the silicate minerals from 

different regions of the Solar nebula. Finally the aggregates collected dust rich in carbon 

and siderophile elements prior to final accretion and subsequent isolation from the nebular 

gas.
This model successfully accounts for many of the unusual geochemical features of the 

ureilites. Oxygen isotope heterogeneity and the FeO-MnO correlations can be formed in 

the Solar nebula through the solid-vapour interactions and retained as no parent body
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magmatism is proposed. Noble gases incorporated with the carbonaceous dust can also be 

retained due to the lack of parent body igneous processing. The siderophile element 

abundances can be explained through the mixing of two dust components prior to the final 

accretionary episode. Like the nebular sedimentation model (section 1.4.1) the lack of a 

plagioclase-rich component is simply explained by the fact that that it was never in contact 
with the primary ureilite material, thus it does not have to be removed.

The major flaw in this otherwise very attractive model is based on the petrographic 

evidence and whether the preferred orientation of olivine platelets, which are sub- 

' millimetre in size, could indeed cause an inherited foliation and the preferred orientation of 
grains on a millimetre- and even centimetre-sized scale.

1.4.3 Primitive models -  Planetesimal scale collision model

The planetesimal scale collision model proposed by Takeda (1987) Takeda et al., 

(1988) and Tomeoka and Takeda (1990) suggest a primary body composed of materials 

similar to carbonaceous chondrites containing troilite-metal and carbon. The model 

attempts to allow for solid-state (or nearly solid-state), high temperature recrystallisation 
and the loss of small-scale partial melts.

Collisions between two planetesimals, or the impact of a fairly large object, are thought to 

be the cause of the preferred orientation displayed by the silicates and also to produce the 

diamond and graphite from previously amorphous carbonaceous material. Localised 

primary partial melts are formed due to the heterogeneous nature of the shock effects and 

by the preferential melting of feldspathic material, areas around grain boundaries and 

silicate rims due to the differences in shock impedance between matrix material and more 

crystalline silicate material (Takeda, 1987). These primary partial melts are then removed 

from the system, along with a loss of volatile-rich material, due to degassing of the system. 

The accumulated residual heat from the shock event may produce a second batch of partial 

melts. During this extended period of heating the mafic minerals recrystallise and grow 

from a mixture of residues, those remaining after the primary partial melts were removed 

and the residues of the secondary partial melting process. The mafic crystals grow by

Ostwald ripening (Takeda et al., 1988) and, with further compaction, the preferred 
orientation of the crystals is reinforced.
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This model can successfully account for the oxygen isotope systematics within the ureilites 

if it is hypothesised that the primary pre-collisional body is isotopically heterogeneous. 

The small amounts of localised melts produced could be in discrete regions, thus mixing 

and homogenisation of the oxygen would not necessarily take place and the heterogeneous 

nebular signature would be retained. The siderophile element abundances and patterns can 

be explained by solid/liquid metal fractionation during batch partial melting equations 

(Goodrich et al., 1987). However, to account for the range in siderophile elemental 

abundances displayed by the ureilites and retain the solid metal/liquid metal fractionation 

' calculations the primary ureilite material must have been extremely heterogeneous in terms 

of its metal content. Calculations suggest that the ureilite metal content ranged between 

approximately 3 and 40% (Goodrich, 1992) and thus, the parent body must have been 

extremely heterogeneous in terms of its metal content or perhaps metal was formed in 

varying amounts during localised reduction processes. A further problem with the model 

is that it is not clear whether the small degrees of partial melting envisaged, whilst 

advantageous in terms of oxygen isotope behaviour and siderophile elements, can account 

for the depletions in the lithophile elements.

Perhaps the most significant argument against the planetesimal scale collision model is the 

very complexity of the different stages of localised partial melting and crystal growth that 

is suggested. Indeed, Takeda (1987) notes that quantitative geochemical calculations, for 

example rare earth element equilibrium calculations, could not be applied to such complex 

processes.

1.4.4 Primitive models -  The impact-melt model

Rubin (1988) proposes a model for ureilite formation that, like the planetesimal 

scale collision model implicates the role of impact(s) as a vital petrogenetic process. The 

impact-melt model suggests that the ureilites formed at, or near the surface, of a CV-like 

parent body as crystallisation products of impact derived melt material.

The evidence in support of this hypothesis includes the apparent connection with the CV 

chondrites in terms of oxygen isotope systematics (e.g. Clayton and Mayeda, 1988a -  see 

also section 1.3.5) and the fact that the vast majority of ureilites show evidence of shock to 

greater or lesser extent, for example mosaicism of olivine and pyroxene grains. Rapid 

cooling of the melt in a surface or near-surface environment would preserve the correlation
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of nebular oxygen isotope compositions with mg# and also retain the planetary-type noble 

gas abundance. Rapid melting and cooling with resultant incomplete separation of metal- 

sulphide from the silicates may account for siderophile element abundances and patterns. 

Like the planetesimal scale collision model, the preferential partial melting of plagioclase- 

rich material during early small-scale impacts accommodates lithophile element depletions. 

The characteristic V-shaped REE pattern displayed by many of the ureilites (see figure 

1.10) can also be explained by early removal of plagioclase compatible elements from the 

precursor ureilite CV-like material during early small-scale bombardment. Eu and heavy 

' REE enrichment will occur during preferential partial melting of plagioclase-rich 

components. An attractive aspect of this model is that it specifically accounts for the 

presence of the carbon in the ureilites as being directly derived from the CV-like precursor 

material. Evidence does suggest that at least some of the ureilite carbon must be a primary 

feature due to the presence of cohenite-bearing spherules in magmatic olivine grains 

(Goodrich and Berkley, 1986). However, the CV chondrites contain, on average 

approximately 0.8 wt% carbon (see section 1.2.1), thus a concentration mechanism is 

required to account for the higher abundance of carbon displayed by the ureilites (average 

~3 wt%). Finally the layered and foliated textures of the ureilites are explained in this 

model by magmatic currents and crystal settling processes operating in the melt sheets.

The impact-melt model proposes many plausible arguments for the formation conditions of 

ureilites and their subsequent history, although as is the case with the previously mentioned 

‘primitive’ models it does have some major problems accounting for the inconsistent 

igneous evidence. In terms of the siderophile elements the impact-model has similar 

problems to the planetesimal scale collision model (section 1.4.3) in deriving the range in 

abundances and patterns displayed by all the ureilites. Model calculations again suggest 

that during rapid cooling the resulting incomplete separation of metallic melts can only be 

explained by an extremely heterogeneous (in terms of metal) parent body. Additionally the 

small primary impacts that result in the preferred melting of plagioclase-rich material 

would also most likely be accompanied by the loss of Fe-Ni-S melts adding a further 

complication to the measured distribution of siderophile elements. With regards to the 

petrographic evidence it also seems extremely unlikely that the coarse grain sizes and 

compositional homogeneity that characterises the ureilite olivine and pyroxene would be 

consistent with shallow level (or surface) magmatism and accompanying rapid melting and 

cooling. However, Rubin (1988) does state that large grains (10 -15mm in size) have been
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found in other meteorite types inferred to have formed through impact melting and also in 

the upper melt regions of terrestrial impact craters. Additionally, compositional 

homogeneity may have resulted from overprinting by a late-stage, low temperature thermal 

metamorphic event probably caused by further impacts. However, the degree of high 

temperature equilibration occurring over a long time period as suggested by the olivines 

and pyroxenes seem inconsistent with rapid cooling in a melt sheet.

1.4.5 Igneous models -  The multi-stage igneous cumulate model

The multi-stage igneous cumulate model of Goodrich and Jones (1987) and 

Goodrich et al. (1987) proposes a complex igneous history for the ureilites, which is 

characterised by multiple igneous episodes of melt formation, migration and 

crystallisation. The model proposes that the starting material for the ureilite parent 

magmas was chondritic (CV-like) in composition. This primary chondritic material 

undergoes moderate to high degrees of partial melting (approximately 30%), which results 

in a residue composed predominantly of olivine and pyroxene and which is depleted in 

plagioclase with corresponding depletions of lithophile elements such as K and Na. The 

magma(s) produced by this initial event form a differentiated crust on the ureilite parent 

body, which contains regions of cumulates both mafic and plagioclase-rich separated from 

each other spatially. A second, low-degree (less than 10%) melting event occurs affecting 

the depleted mafic cumulates which results in the formation of the ureilite parent magmas. 

Finally the ureilite parent magmas are intruded into the crust as separate magma bodies. 

This model can successfully explain the REE abundances and patterns observed in the 

ureilites with Eu depletions and slight positive heavy REE slopes, with the size of the 

negative Eu anomaly dependent predominantly on the degree of melting of the primary 

chondritic material. However, simply remelting chondritic residues without high degrees 

(greater that 25% partial melting) and resulting plagioclase loss results in positive Eu 

anomalies. Remelting of mafic cumulates, though, can result in a negative Eu anomaly 

whereby the negative anomaly is inherited by the crystallising olivine and pyroxene and, 

indeed, is enhanced if plagioclase is crystallising at the same time (Goodrich et al., 1987). 

Additionally the degree of melting involved does not affect the ratios of the major elements 

(Mg, Cr and Mn) as they are compatible with the mafic melts.
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Siderophile element patterns and abundances can be accounted for if the scenario is 

envisaged where the crystallisation of the ultramafic cumulates takes place under high 

pressure and reducing conditions. This being the case, 20 to 30% metallic liquid can be 

produced although only a portion of this metal will be lost to the system, the remaining 

solidifies and becomes trapped within the crystallising ureilite material. Equilibrium 

calculations of solid metal, liquid metal and silicate liquid partitioning behaviour agree 

well with observed ureilites (Goodrich et al., 1987).

Importantly this model also attempts to constrain the role of carbon and places significant 

'importance on its petrogenetic effects. The model proposes that carbon is a primary 

feature derived from the source region, which became entrained in the melts. If, indeed, 

the carbon is primary, its presence would be the dominant control on the oxygen fugacity 

of the magmas and the source region(s) (Berkley and Jones, 1982; Goodrich and Berkley, 

1986). Additionally, since carbon and the silicates are in intimate contact with each other, 

certain pressures must be maintained to prevent reduction reactions occurring and the total 

loss of iron from the olivine and pyroxene (Walker and Grove, 1993). Pressures of 0.5-1 kb 

have been calculated for the reduction reactions to be suppressed, thus preventing the total 

segregation of metal (Goodrich et al., 1987). A parent body size of at least 235km in 

radius is proposed to allow for high enough pressures to completely repress reduction 

reactions in the source regions. Walker and Grove (1993) confirm the necessity of a large 

parent body, although their estimate of minimum size is smaller, requiring at least 100km 

radius. An added advantage of the apparent need for a large parent body is the fact that at 

high confining pressures, noble gases may be retained.

This model successfully accounts for many aspects of the geochemistry of ureilites, most 

notably their siderophile and REE abundances and patterns and also their petrographic 

characteristics. However, there are serious flaws with this model, the most important of 

which concerns the oxygen stable isotope systematics. Although the model suggests a CV- 

like source for the primary material, which is consistent with the suggested link between 

the ureilites and the CV chondrites in terms of their oxygen isotope compositions (Clayton 

and Mayeda, 1988a), it is extremely unlikely that the degrees of igneous processing and 

differentiation involved during multiple melting and crystallisation episodes would not 

cause homogenisation of the oxygen isotopes (resulting in uniform A170  values). 

Additionally, the amount of original material that is actually converted into the final 

ureilite ‘product’ due to loses of material during different stages is extremely small, at
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most only 3ppm (McSween, 1989; Spitz and Boynton, 1991) which begs the question 

where is the rest of the material? The differentiates produced though the multi-episodic 

igneous activity proposed are not represented by any currently known meteorite type 

(Goodrich, 1992).

1.4.6 Igneous models -  The partially-disruptive impact model

The partially-disruptive impact model (Warren and Kallemeyn, 1988; 1989) was 

developed to explain the petrogenesis of the polymict ureilites and explain their 

relationships with the typical monomict ureilites. Conveniently, though, the model 

provides some inventive suggestions to account the petrogenesis of both the polymict and 

monomict ureilites. The model presents a scenario where the ureilites formed through the 

impact of a large carbon- and noble gas-rich body into a largely molten juvenile ureilite 

parent body. Warren and Kallemeyn (1988; 1989) propose the juvenile ureilite parent 

body as being roughly similar in composition to the CV chondrites with a near-surface 

magma ocean, a ‘mantle’ of convective, mostly crystalline mush beneath the magma ocean 

and a primitive metal-rich core. The magma ocean is suggested to have formed through 

the primordial heating of the body resulting in the formation of a more buoyant 

plagioclase-rich basaltic melt fraction which rises through the body and segregates close to 

the surface of the body. The mantle crystalline mush material is proposed to have 

properties of both a cumulate and a partial melt residue and is thus termed a 

‘paracumulate’. At some stage an extremely carbon-rich body, approximately 10% the 

size of the juvenile ureilite parent body, impacted into the still largely molten target. The 

impact caused mixing of target and impactor material although this was not necessarily in 

proportion to the masses of the original pre-impact bodies. Impact of the projectile also 

caused the disruption of the paracumulate mush resulting in the formation of a mixture of 

large cumulus crystals suspended in a carbon-rich magma. The basaltic magma ocean 

formed by the early partial melting is entirely (or almost entirely) removed from the 

juvenile ureilite parent by the impact; during re-accretion of the body it is less likely to be 

incorporated compared with the stronger and more centrally located mantle (mafic) 

portions.

This model provides consistent explanation of many aspects of ureilite geochemistry and 

petrographic features. With regards to the Iithophile element abundances, early partial
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melting resulting in the formation of the plagioclase-rich basaltic magma ocean and its 

subsequent removal would reasonably account for the depletions of the elements such as 

Na, K, and Eu. The siderophile element abundances may be related to the introduction of 

impactor material (rich in refractory siderophile elements) and subsequent mixing of this 

component with target material depleted in refectory siderophile elements. The 

incorporation of carbon from the impactor is suggested as the process causing the retention 

of the planetary-type noble gases, whereby through injection, the noble gases are 

incorporated into the body and retained due to rapid cooling. In addition to the addition of 

’ siderophile elements, carbon and noble gases, Warren and Kallemeyn (1988; 1989) also 

suggest that the heterogeneity of the oxygen isotopes is attributable to the mixing of the 

impactor, which is I60-rich and the target material.

However, the fact that the main tenet of this model relies on the mixing between impactor 

and target to explain many of the geochemical characteristics of the ureilites is, perhaps, its 

main downfall. If mixing occurs between oxygen, siderophile and carbon it seems unlikely 

that mixing should be restricted only to these components. The impacting projectile is 

suggested as being carbon-rich, which implies it too is carbonaceous chondrite-like in its 

composition, and as such should contain plagioclase and be enriched in lithophile elements 

in addition to being enriched in siderophile elements. It is considered that the impactor 

will also introduce these components into the target, resulting in the re-enrichment of trace 

elements after the initial partial melting episode (which resulted in depletion).

1.4.7. Igneous models -  The explosive volcanism model

The explosive volcanism model proposed by Scott et al. (1992) and Warren and 

Kallemeyn (1992a; 1992b) suggests that the ureilites are partial melt residues derived from 

the melting of a carbon-rich, chondritic source. Radioactive heating of the primordial 

ureilite parent body resulted in the formation of Al- and plagioclase-rich (basaltic) partial 

melts. This basaltic component was more buoyant than the residual material (the ureilite 

parent magmas) and ascended through the parent body entraining carbon as it rose. As the 

hot basaltic melts ascended, the progressive drop in pressure resulted in the oxidation and 

volatilisation of the carbon forming CO and CO2 gas. Eventually the amount of gas was 

sufficient to cause explosive pyroclastic eruption of the basaltic material, which was of a 

velocity high enough to escape from the parent asteroid.
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This model successfully explains the mineralogy of the ureilites and their lithophile and 

siderophile element abundances if the basaltic melt fraction was formed through 

equilibrium batch melting and its subsequent removal from the system through the 

explosive volcanism event (Warren and Kallemeyn, 1992a). A further scenario this model 

proposes is similar to the partially-disruptive impact model (see section 1.4.6 above) in that 

a late- stage catastrophic impact is envisaged after the explosive volcanism event. This 

late impact results in the conversion of some of the carbon to diamond, the formation of 

the narrow reduction rims and the removal of any remaining basaltic component.

' As is the case with the other igneous models, whilst they can often successfully account for 

the mineralogical, petrographic and trace element characteristics of the ureilites the main 

argument against them concerns the question of oxygen isotope heterogeneity. Scott et al. 

(1993) attempt to explain the oxygen isotopic composition of the ureilites by envisaging 

the primary chondritic parent material as being heterogeneous in terms of its oxygen stable 

isotopic composition. Due to the slow diffusion rate of oxygen in basaltic melts - 200mm 

in basaltic liquid at 1200°C over 10 million years and 3mm in olivine over the same 

conditions (Scott et al., 1993) - it is possible that different regions of the primary body 

would not necessarily equilibrate with each other during the partial melting and melt 

extraction episode. This being the case, discrete local regions of residual material, the 

ureilite parent magmas, would retain their primary oxygen isotope compositions and 

isotopic heterogeneity would be preserved. If, however, the melt regions were connected 

with each other, for example through the formation of an actively convecting magma 

ocean, as is envisaged in the partially-disruptive impact model (section 1.4.6), it is likely 

that oxygen isotope equilibration would occur destroying any primary heterogeneity.

An additional problem with the explosive volcanism model arises when considering the 

dynamics of the ascending graphite-rich basaltic melt fraction. During the formation and 

subsequent loss of CO and CO2 it is likely that noble gases would also be lost from the 

system. Some method of retaining at least some of the noble gases must be developed to 

account for the planetary-type noble gas abundances observed in the ureilites.
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1.5 Summary

Table 1.3 gives a summary of the petrogenetic models discussed above and their 

success, or not, in accounting for the various mineralogical, petrographic and geochemical 

features that the ureilites display.

The ureilites are enigmatic meteorites that display paradoxical features in terms of their 

mineralogy, petrographic features, mineral chemistries and isotopic systematics. 

Petrography, mineralogy and mineral chemistry suggest derivation from a body or bodies 

' that underwent a significant degree of igneous processing and differentiation. Previous 

models have suggested the ureilites are residues of partial melting (e.g. Warren and 

Kallemeyn, 1992a: 1992b) or cumulates from melting of a precursor material (e.g. 

Goodrich et ah, 1987). However, evidence from oxygen isotope compositions, siderophile 

element and noble gas abundances suggest that the ureilites are not simply differentiated 

igneous rocks retaining many features similar to primitive, unprocessed chondritic 

material. Petrogenetic models have been developed to account for the retention of these 

primitive characteristics. Some models invoke a carbonaceous chondrite-like precursor 

material, usually CV-like, for the ureilites. This may be in the form of an impacting body 

or bodies that introduced foreign exotic oxygen, carbon and noble gases to the body (e.g. 

Warren and Kallemeyn, 1988; 1989). Others suggest the preferential sedimentation and 

accretion of ultramafic minerals and the addition of carbonaceous material in the solar 

nebula to account for the ureilites mineralogies, isotopic characteristics and petrographic 

fabrics (e.g. Takeda et ah, 1980).

All the models have attractive aspects in their suggestions for ureilite petrogenesis 

although they all have flaws to a greater or lesser extent and struggle to account for all the 

unusual characteristics the ureilites display. Many questions regarding ureilite 

petrogenesis remain and many others are raised by the petrogenetic models previously 

formulated.
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Table 1.3. Summary of ureilite petrogenetic models as discussed in sections 1.4.1 to 1.4.7.

Model

Nebula
sedimentation

model

Unified
primitive
meteorite

model

Planetesimal 
scale collision 

model

Impact-melt
model

Multi-stage
igneous

cumulate model

Partially- 
disruptive 

impact model

Explosive
volcanism

model

Section References Mineralogy Petrography Lithophilc
elements REE Siderophile

elements

Oxygen
stable

isotopes
Carbon Noble

gases
Yes?

1.4.1 (Takeda, 1989; 
Takeda et a t, 1980)

Although no evidence for 
preferential accretion in Yes Yes Yes Yes Yes Yes Yes

solar nebula.
No

Small-scale
1.4.2 (Kurat, 1988) Yes foliation does not 

necessarily imply Yes Yes Yes Yes Yes Yes
large-scale
foliation.

No No
1.4.3 (Takeda, 1987; 

Takeda et a t, 1988) Yes Yes Extremely complex partial 
melting and fractionation

Yes Yes Yes Yes

required.
No

1.4.4 (Rubin, 1988) Rapid cooling in a melt sheet is not compatible 
with coarse grain size of high temperature nature

Yes Yes Yes Yes Yes Yes

of olivine and pyroxene.

Yes? No

1.4.5 (Goodrich et a t, 
1987)

Complementary basaltic 
component is ‘missing’ 

from the meteorite record.

Yes Yes Yes Yes
Large degrees of 

melting will cause 
homogenisation

Yes Yes

of O isotopes
(Warren and No? No?

1.4.6 Kallemeyn, 1988; 
Warren and Yes Yes Mixing with a carbonaceous 

chondrite impact or will re-
Yes Yes Yes Yes

Kallemeyn, 1989) enrich lithophiles and REE

(Scott et a t, 1992; No No

Warren and Homogenisation Loss of noble
1.4.7 Kallemeyn, 1992a;

Warren and 
Kallemeyn, 1992b)

Yes Yes Yes Yes Yes of O isotopes 
during melting 

and
differentiation

Yes gases during 
degassing of 

CO/CCb
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This work attempts to unify the paradoxical primitive and igneous characteristics of 

the ureilites and provide insight into their genesis and evolution. Specific questions 

unanswered by previous workers will be investigated and resolved. Is the ureilite carbon a 

primary or secondary feature? Are the ureilites derived from a CV-like source or a 

different or unknown carbonaceous source? Was there one parent body or were there 

many ureilite parent bodies? These and other points will be discussed in detail in the 

' following chapters.

1.5.1 Objectives

1.5.2 Thesis structure

• Chapter 2 gives an outline of the analytical methods involved in the mineralogical 

and petrographic investigation of the ureilite samples and the study of the form, 

abundance and stable isotopic composition of carbon in terrestrial Disko Island and 

graphitic carbon samples, and also ureilite samples.

• Chapter 3 investigates the abundance, form and isotopic compositions of carbon in 

samples from Disko Island, with the aim of characterising the carbon isotope 

systematics of a terrestrial magmatic system contaminated with organic carbon, a 

petrogenetic scenario that is crudely analogous to the ureilite meteorites.

• Chapter 4 investigates the stepped combustion behaviour of terrestrial graphites 

with known crystallinities. By understanding how crystallinity affects carbon 

combustion behaviour, the combustion behaviour of the ureilite samples may be 

interpreted, allowing the relative graphite crystallinities of different ureilite samples 

to be determined. Since different petrogenetic processes directly influence the 

crystallinity of graphite within a sample, the possible petrogenetic processes that 

affected the ureilites may be constrained.

• Chapter 5 describes the mineralogical and petrographic features of the ureilite 

samples studied. The new petrographic examinations and the high-precision 

mineralogical compositions determined herein provide the most detailed study of 

many of these ureilites to date. One of the samples (Sahara 99201) has been 

classified as a ureilite on the basis of this investigation. This detailed investigation 

of the mineralogy and petrography of ureilites from different oxygen isotopic sub-
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groups will allow for the determination of any inter- and/or intra-group variations 

with the aim of understanding whether the ureilites are derived from a single or 

multiple parent bodies. Additionally, evidence of the petrographic relationship 

between carbon and ureilite silicate minerals, in combination with the isotopic 

investigation in chapter 7, allows for a better understanding of the source and origin 

of ureilite carbon.

• Chapter 6 investigates the mineralogy and petrography of five ureilites from the 

Frontier Mountain region of Antarctica. Previous investigations of these samples 

(e.g. Fioretti and Molin, 1996; Smith et al., 2000; Fioretti and Goodrich, 2001) 

have indicated that four of these samples may be paired. However, detailed 

investigation carried out as part of this study have revealed that, although the 

samples display some common mineralogical and petrographic characteristics, they 

also display mixed mineral assemblages and textures unlike any previously 

reported ureilite. These ureilite samples are heterogeneous in terms of mineralogy 

and petrography and also, importantly, their oxygen isotope compositions. The 

small scale heterogeneity of these samples has implications for the composition 

nature of the ureilite parent material and the possible process(es) that caused this 

heterogeneity. On the basis of this work a new textural type has been described, 

which has implications for the classification of new ureilite samples.

• Chapter 7 describes the carbon found in the eleven sub-group B and D ureilites, in 

terms of abundance, form and isotopic composition, as determined by a 

combination of stepped combustion and mass spectrometry. This study provides 

the most comprehensive (to date) investigation of ureilite carbon since the seminal 

study of Grady et al, (1985). The high-resolution stepped combustion techniques 

employed herein allow for different carbon species to be identified along with their 

carbon stable isotopic composition (by mass spectrometry). Using the methods 

developed and described in chapter 4, the relative crystallinities of ureilite graphitic 

carbon have been identified, providing important clues to the petrogenetic 

processes in operation during ureilite formation.

• Chapter 8 discusses the evidence garnered from the previous chapters with regards 

to proposed models of ureilite petrogenesis.

• Chapter 9 summarises the work and results of this thesis with suggestions for 
further study into ureilite meteorites.
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Chapter 2

Methodology

2.1 Introduction

A number of geochemical techniques have been utilised in this study. Broadly 

speaking these may be divided into those involving the investigation of the sample 

mineralogy and petrology and those involving the study of the sample carbon. 

Unfortunately all the techniques used in this study are destructive to a greater or lesser 

extent, for example, carbon isotope analysis involves the crushing to powder of the sample 

prior to combustion at temperatures up to 1400°C. Preparation of samples for 

mineralogical analysis often necessitates impregnating the sample with resin prior to thin 

section production (see section 2.1.1), which prevents the sample being used for further 

carbon analysis.

The equipment and analysis protocols used are detailed below. They have been divided 

into those concerned with mineralogical and petrographic investigations and those with 

light element stable isotope analysis by mass spectrometry.

2.1.1 Preparation of samples for mineralogical and petrographic analysis

The investigation of samples by microscopy, either traditional optical or electron 

microscopy necessitates the samples being prepared as a polished thin section (PTS) or 

polished block. All the ureilite samples have been prepared as PTS either at the NASA 

Johnson Space Centre (Planetary Missions and Materials Branch) (JSC), The Natural 

History Museum (NHM) or the Open University (OU). Disko Island samples have been 

prepared both as PTS or as polished blocks depending on their lithology -  metal-rich 

samples are prepared in this way due to problems with plucking out of the metal grains 
during polishing (see below).
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The preparation of thin sections at the NHM and the OU is nearly identical and briefly 

explained below (e.g. Jones and Wighton, 1999). Firstly small and/or friable samples, of 

which the ureilites are both, are impregnated with resin, which adds strength and ensures 

minimal plucking of the sample during processing. After the resin has been cured and dried 

the sample is cut using a diamond saw leaving approximately 5mm of resin around the 

edge to preserve detail. The specimen is then prepared by using different grades of 

diamond cloth and carborundum (SiC) abrasive papers on rotating laps. The speed of the 

laps starts at 450 rpm and is then decreased to 80 rpm for finishing. The lapping process 

' occurs in a steady stream of polishing oil, which reduces friction, efficiently removes 

waste material and reduces scratching. The sample is reduced in thickness to 100pm using 

diamond papers and then ground to a final standard thickness of 30pm using carborundum 

papers of different grades on slowly rotating laps. Finally any surface scratches are 

removed using 0.3pm alumina paste.

Samples prepared at JSC are produced in a very similar manner to those at the NHM and 

the OU. However, there are some major differences in the PTS preparation procedures 

between the JSC methods and those employed by the NHM and the OU and these have 

important implications for sample analysis. During the cutting and grinding procedure the 

section is ground down to a thickness of approximately 150pm by saturating the grinding 

wheel with 6pm diamond paste, cf. the NHM procedure uses diamond papers at this stage. 

During the final mounting and polishing procedure 6, 3 and 1pm diamond pastes are used 

to reduce the section thickness, polish the section and remove any scratches from the 

surface. Between the polishes using the different grades of diamond paste the section is 

sonicated in alcohol, presumably to remove any diamond paste left on the surface of the 

section or embedded within the section. Importantly, investigation of the thin sections 

obtained from NASA by both optical light microscopy and Raman Spectrographic analysis 

reveals the presence of many small diamonds within the graphite masses. These diamonds 

have a constant size range between 3 and 5pm. It is believed that these diamonds are not 

naturally occurring ureilitic diamond but rather are diamonds introduced into the ureilite 

graphite during thin section production. This assumption is supported by the fact that 

investigation of samples produced at the NHM and the OU do not display this diamond 

contamination that is inherent in the samples obtained from JSC. Obviously contamination 

is potentially a major problem in respect to investigation of carbon phases in ureilite thin 

sections and the identification of any in situ ureilite diamond (see chapter 5). However, the

Caroline L. Smith Chapter 2 54



identification of diamond in ureilites using stepped combustion (e.g. section 2.2.2, see also 

chapters 4 and 7) remains valid as sample preparation is carried out in such a way as to 

avoid contamination by any extraneous carbon source. Diamond pastes are not used at any 

stage during the preparation of a sample for stepped combustion (see section 2.2.1).

2.1.2 Optical light microscopy

The optical petrological microscope used in this study was a Zeiss® Axioplan (D- 

7082) Universal Microscope which can operate in both transmitted and reflected light 

mode. Objective lenses range in magnification from xl.25 to x50 with eyepiece lenses 

having a fixed magnification of xlO. The eyepiece lenses also have a graticule, convenient 

for quickly determining the scale of individual features.

A camera may be attached to the microscope for taking photomicrographs. The camera 

body itself is a Nikon® N90s with a Kodak® DCS420 digital unit incorporated for taking 

digital images. The digital images are captured and imported from the camera using 

Adobe® Photoshop® software and transferred to the computer at 200dpi resolution. 

Sections are viewed in both plane polarised light (ppl) and cross polarised light (xpl) which 

allows for rapid identification of different mineral phases. Montages are produced of each 

thin section to produce a ‘map’. These maps can then be used in later work for example, 

electron microscopy, allowing the rapid identification of individual grains or other features 

of interest and easy navigation around the sample.

2.1.3 Mineralogical analysis by electron microprobe

Electron probe microanalysis (EPMA) was carried out at the Open University using 

a Cameca SX100 with wavelength dispersive spectrometers. The techniques of EPMA 

followed are given in Potts (1992). Corrections are applied automatically for spectrometer 

angles, count times, crystal selection, specimen movement and on line PAP corrections 

(Potts, 1992).

Prior to analysis the PTS is coated with a layer of carbon, which provides a conductive 

layer and also minimises charge build up over the surface of the sample. EPMA was 

carried out on the main olivine and pyroxene phases within the ureilite thin sections to
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determine both major and minor element compositions. Elements analysed are listed 

below in Table 1.

Olivine and pyroxene cores were analysed to avoid the reduction rims that commonly 

occur along the grain boundaries. During investigation of the sample at least six points 

from each mineral grain were selected for analysis, although this was not always possible 

in every sample. During the selection process great care was taken to ensure that any 

inclusions for example, cohenite were avoided, and also any areas of reduction impinging 

the main body of the grain from the grain boundary.

Table 2.1. List of major elements analysed in ureilite olivine and pyroxene cores using 

EPMA.

Element Primary Standard Detection lim it (% oxide)
P Apatite 0.06
Si Wollastonite 0.05
Ti Rutile 0.05
Al Feldspar 0.06
Cr Crocoite 0.06
Mg Forsterite 0.07
Ca Bustamite 0.03
Mn Bustamite 0.06
Fe Haematite 0.06
Ni Ni-metal 0.12
Na Jadeite 0.07
K Feldspar 0.04

The total number of analyses obtained from each sample was variable and dependent on a 

number of factors. The major consideration controlling the number of analyses was the 

dimensions of the section; clearly more analyses being obtained from the larger sections. 

Another important factor was the weathering grade of the sample. During the selection of 

areas for analysis the section was checked using both reflected and transmitted light (x400 

magnification) and also by backscattered electron (BSE) imaging. Areas that are badly 

weathered (which is often the case for samples collected from hot deserts) were avoided, as 

were any areas where the carbon coating was unevenly distributed or the polish on the 

section was sub-standard (the surface being badly scratched or pitted). All these factors 

can negatively influence the quality of the data collected and, as such, were avoided.

In addition to the investigation of small areas by spot analysis, X-ray maps showing the 

concentration of specified elements over a large area may also be obtained by WDS
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analysis. Again the areas for X-ray mapping analysis were carefully selected to avoid

weathering, poor carbon coating or sub-standard polish.

2.1.4 EPMA data interpretation

Raw data obtained from EPMA is presented both as weight percent oxide and as 

number of ions for each individual element. Due to the fact that olivine is the major 

mineral phase within the majority of the ureilites the number of ions was calculated on the 

‘basis of four oxygen atoms. In respect to pyroxene (having a different chemical and 

structural formula to that of olivine) the concentration of ions was recalculated by 

multiplying the raw data value for each element by 1.5 to determine the correct number of 

ions on the basis of six oxygen atoms.

The raw data obtained is reduced in two steps prior to interpretation. Firstly, any analyses 

with weight percent oxide totals that are > ±1 from 100 are discarded. Secondly the 

mineral stoichiometry is checked and if the stoichiometric total is > ± 0.01 of the expected 

total for each mineral the data is discarded and not used for further interpretation. This 

simple two-step process allows for the rapid removal of poor data and consistent 

application to all analyses allows for comparison between samples.

Olivine and pyroxene compositions are defined in the standard way as percentages of the 

end-members of the forsterite-fayalite and enstatite-ferrosilite-wollastonite series, 

respectively. Olivine compositions are calculated as below to determine the percentage of 

forsterite, or mg#:

mg#= ' Mg '  
vFe + Mg,

xlOO

pyroxene end-member compositions are calculated as below:

En =

Fs =

'  Mg 
^Mg + Ca + Fey

f  Fe 
^Mg + Ca + Fe,

xlOO

xlOO

Eqn2.1

Eqn 2.2

Eqn 2.3
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Eqn 2.4Wo =

I  Mg
Ca

+ Ca + Fe

\

)
x 100

2.1.5 Imaging using scanning electron microscopy

Backscattered electron (BSE) images were obtained using a Philips® XL30 Field 

, Emission Gun scanning electron microscope (FEG-SEM) at the Natural History Museum. 

Analytical conditions used were an accelerating voltage of 15kV, a working distance of 15 

mm and a spot size of 5 (spot size is an arbitrary unit and with a 15kV accelerating voltage 

is approximately 5nm). As is the case with samples prepared for EMPA the samples are 

coated with a layer of carbon prior to analysis, the PTS is then mounted onto a ‘stub’ (a 

metal disc with a protruding peg) using silver dag as an adhesive, which also helps to 

minimise charging.

2.2 Light element stable isotope analysis

In this study the stable isotope ratio of carbon (12C and 13C) has been investigated 

using a combination of mass spectrometry and stepped combustion. Carbon from both 

ureilite samples (chapter 7) and also terrestrial samples from Disko Island (see chapter 3) 

have been analysed using either MS86 or the ANCA/Geo 20/20 system dependent on 

availability of sample and known or predicted carbon concentration. All the extraction and 

mass spectrometer systems used are at the Open University.

2.2.1 Sample preparation

Ureilite samples'. In this study only whole rock samples of ureilites have been 

investigated. Internal chips were taken from the samples, which avoids fusion crust and 

contamination from terrestrial weathering. The internal chips were then hand crushed in a 

clean environment using an agate pestle and mortar (cleaned prior to crushing using quartz
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sand and RO water and dried in an oven at 100°C) until a powder is produced. The 

crushing is important as it homogenises carbon distribution in the powdered sample.

Disko Island samples: Disko Island samples are prepared in a very similar way to the 

ureilite samples. However, due to the fact that some of the Disko Island samples are 

highly metalliferous and, therefore, very difficult to cmsh, certain aspects of sample 

preparation are, by necessity, different. Samples that contain a high proportion of metal 

are first crudely crushed to a very coarse powder (fragments approximately 1 mm in size). 

The metallic portions resist crushing far more readily than the silicate portions and it is 

' possible to hand pick metallic and silicate fractions from the coarse crushed powder. The 

silicate sub-samples are then crushed to a fine powder whereas small fractions of the 

metal-rich portion are selected for analysis.

2.2.2 Bulk carbon analysis

Three carbon-bearing sedimentary samples from Disko Island (see chapter 3) were 

analysed using the ANCA-SL elemental analyser coupled to the Geo 20/20 mass 

spectrometer system to determine carbon content and isotopic composition. Samples are 

loaded into pre-cleaned tin capsules, which are then sealed and loaded into an autosampler. 

Reference samples of known carbon content and isotopic composition are also analysed in 

addition to the rock samples, the reference samples used were internal laboratory standard 

‘cane sugar’, calibrated to NBS-19. One reference sample is analysed every fifth rock 

sample to ensure accurate determination of carbon content in the rock samples. The 

samples are dropped into a furnace under oxygenated conditions operating at 1000°C, 

ignition of the tin bucket raises the temperature further to 1800°C resulting in the complete 

combustion of the sample. Evolved sample gas then passes through CrO and CuO to 

ensure the gas is completely oxidised and through Ag wool to remove sulphur. The sample 

gas is then carried into a second furnace containing Cu at 600°C with a He carrier gas 

(60ml/min flow rate), this second furnace serves to remove any excess oxygen and also to 

reduce any nitrogen oxides. The sample gas is then passed through a GC column to 

separate CO2 from N2 and is admitted to the mass spectrometer and ionised. Carbon 

content and stable isotopic composition of the rock samples are determined by comparison 

with the known reference material.
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The combination of stepped combustion and mass spectrometry has proved to be a 

powerful tool for investigating the structural state and isotopic composition of 

carbonaceous components within both meteoritic and terrestrial samples. Stepped heating 

allows for the identification of different carbon phases within a sample, and thus their 

isotopic compositions, by the characteristic temperatures at which they combust. For. 

example, organic matter will combust at temperatures below approximately 500°C, 

whereas elemental forms of carbon, such as diamond, combust at higher temperatures 

(Wright and Pillinger, 1989). Figure 2.1 below shows typical stepped combustion profiles 

and the release temperatures of different carbon phases. The experiments have been 

carried out on one of two extraction/mass spectrometry systems at the Open University, 

MS86 and Geo 20/20.

MS86 is a fully automated, high sensitivity, static mass spectrometer designed and built at 

the Open University. Since its conception in the mid- to late- 1980s the system has 

undergone a variety of developmental iterations. The reader is referred to Carr et al., 

(1986), Wright and Pillinger (1989), Prosser et al., (1990) and Yates et al., (1992) for a 

detailed description and history of the system, and description of analytical procedures 

used during operation. Since its original construction the system has been fully automated, 

the extraction system, inlet system and mass spectrometer all being controlled by computer 

program.

The Geo 20/20 (PDZ Europa, UK) is a commercially available continuous-flow/dual inlet 

instrument.

2.2.3 Carbon isotope analysis by stepped combustion and mass spectrometry
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Figure 2.1. Combustion temperatures o f different carbon phases, temperature steps are in 100°C increments. 
Taken from Wright and Pillinger (1989).

2.2.4 Standards used in carbon isotope analysis

Due to the problem of mass discrimination and isotope fractionation effects that 

occur in all mass spectrometers measurements of the absolute abundance of the two stable 

isotopes of carbon ( C and C) is not possible. To account for these inter-equipment 

effects measurements are made comparing the sample analysed with a reference of known 

isotopic composition. In the case of carbon this reference is a Cretaceous belemnite
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(belemnitella americand) from the Pedee formation in South Carolina, thus, the reference 

is known as ‘PDB’. This reference is used because its 13C and 180  values are similar to 

those of average marine limestone (Craig, 1957).

The original PDB material is exhausted, however, and current standard materials now used 

are carbonatite (NBS-18) and marine limestone (NBS-19), whose composition is known, 

compared to PDB. In addition to the NBS-18 and NBS-19 standards individual 

laboratories also have their own. These reference materials are used to accurately calibrate 

the reference CO2 used to make the sample:reference comparisons on the mass 

‘ spectrometer.

2.2.5 Stepped combustion protocol

The MS86 and Geo20/20 systems incorporate both an extraction system, that 

converts carbon within the sample into the gaseous species (CO2), and a mass spectrometer 

to analyse the resulting CO2 and determine its isotopic composition.

Prior to loading in the extraction system the powered samples must first be loaded into 

clean buckets or envelopes made out of platinum (Ash, 1990). These buckets are two to 

three millimetres in width and approximately five millimetres in height. They are 

produced in a clean environment using clean tweezers (tweezers sonicated in a 50:50 

mixture of BDH AnalaR® grade toluene and methanol for at least twenty minutes and then 

dried for at least one hour in an oven at 100°C prior to use). Once produced the buckets 

are loaded into clean quartz tubes (pre-combusted at 1000°C overnight) with an outside 

diameter of six millimetres and an internal diameter of four millimetres. Depending on the 

number of buckets to be cleaned one or two are filled with high purity CuO wire and 

sealed before being inserted into the quartz tubing.

The quartz tubing containing all of the buckets is then affixed to a vacuum line and 

subjected to a vacuum of 10'5 mbar to evacuate the air. The tube is then sealed by 

collapsing the walls with a glass torch and placed in a muffle furnace programmed to 

operate at 1000°C for ten hours before returning to the starting temperature of 600°C. This 

process of baking out the Pt buckets in a pure oxygen environment removes any carbon, 

which may contaminate the buckets (Ash, 1990).

Once the buckets have been cleaned they are only opened in a clean environment just prior 

to being loaded with the desired amount of powdered sample. The sample powder is
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weighed on a Sartorius microbalance with a reproducibility of 0.1 /xg. Once loaded with 

sample the buckets are sealed and transferred to the extraction system in a pre-cleaned vial 

to avoid contamination.

Both the MS86 and Geo 20/20 systems employ a furnace, which heats the sample in 

incremental steps (up to 10°C resolution) from room temperature up to 1500°C (1200°C on 

the Geo 20/20 system). Temperature steps are chosen depending on the type of sample 

(ureilite or terrestrial), the amount of sample available for analysis, the known or predicted 

carbon yield and the known or predicted combustion temperatures of carbon phases within 

'the sample, for example, organic carbon and carbide. All the ureilite samples have 

undergone analysis using the same temperature step profile, which is designed to give 

high-resolution measurements (25°C steps) over the expected release temperatures for the 

major ureilite carbon phases of graphite and diamond. Disko Island samples were studied 

at a lower resolution using 50°C steps over the expected main carbon release.

Oxygen is supplied during the combustion stage (converting the carbon within the sample 

to the gaseous species CO2) by heating cupric oxide to 850°C, whereby it breaks down into 

its constituent elements. On cooling the cupric oxide to temperatures below 600°C the 

reaction is reversed and any excess oxygen is resorbed. After the combustion stage of the 

experiment (45 minutes from beginning to end) the CO2 is released from the combustion 

section and collected in a ‘cold finger’, which is frozen with liquid nitrogen down to a 

temperature of -196°C. Once the CO2 has been collected any non-condensable gases, such 

as nitrogen and hydrogen, are pumped away. The cold finger is then allowed to warm to 

room temperature and the CO2 gas is transferred to a second cold finger. This second cold 

finger, or cryotrap, incorporates an electronic heating element such that the temperature 

can be maintained above liquid nitrogen temperatures. The cryotrap is slowly heated until 

the CO2 is released but other species such as SO2 and H2O remain frozen. The pressure of 

CO2 is then measured by a calibrated baratron to calculate the yield of carbon. Depending 

on the carbon yield the sample gas may be split, such that the optimum amount of gas (5- 

10 ng of C as CO2) can be admitted to the mass spectrometer for isotopic analysis. On the 

MS86 system this calculation is completed automatically under computer program control 

where one of ten splitting sequences is chosen dependent on the amount of gas liberated 

from the sample.
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Geo 20/20: The Geo 20/20 system operates in dynamic mode, in that gas (whether 

it be sample or reference) is continuously pumped through the mass spectrometer at a 

constant rate via a capillary tube connecting the reference and sample reservoirs to the 

mass spectrometer. This continuous pumping of gas is advantageous for analysis as it 

results in very stable and reproducible source conditions in the ionisation chamber. During 

analytical operation a changeover valve switches the continuous gas flow from the 

reference and sample sides of the inlet to the mass spectrometer for analysis, or to waste 

through the vacuum system, such that when the reference gas is being analysed the sample 

gas is pumped to waste, and vice versa. Repeated alternate measurements of sample and 

reference gas are made (ten of each) which has the benefit of cancelling out any inherent 

mass discrimination in the mass spectrometer. The primary outcome of this approach is 

that dynamic mass spectrometers are able to analyse samples to a very high precision. In 

the case of the Geo 20/20 samples containing at least 1 pg of carbon may be analysed to a 

precision of 0.02 %o or (PDZ Europa).

To achieve this precision the flow of gas through the reference and sample capillaries must 

be precisely matched by adjusting the pressure in their respective reservoirs by means of 

two variable volumes. This necessitates that only a percentage of the gas is ever admitted 

to the capillary and of that 50% is pumped away during measurement of the reference gas. 

Also, because the mass spectrometer is continuously pumped only approximately 0.1% of 

the gas is ionised. Thus, much of the sample gas is wasted which is a major problem for 

analysis of those samples that are very small or those that contain very little carbon.

MS86: It has been mentioned previously that the MS86 system operates in static mode. In 

static operation the mass spectrometer is isolated from the pumps prior to the admission of 

all of the sample gas and initiation of analysis. Obviously this system is advantageous for 

the analysis of very small samples or samples that contain very little carbon. After the 

sample gas has been analysed the mass spectrometer is pumped and an aliquot of reference 

gas is analysed for comparison and determination of the sample isotopic composition. 

Operation of the mass spectrometer in static mode offers a 103 tolO4 gain in sensitivity but 

at the cost of reduced precision. In the large part this is due to the number of sample: 

reference comparisons and the short time available for analysis as the life-time of active 

gases (such as CO2) is adversely affected by factors such as destruction of the gas by

2.2.6 Measurement of carbon isotopes, static and dynamic systems
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ionisation processes, degradation on the hot filament and adsorption onto the clean walls of 

the chamber (Prosser et al„ 1990).

During operation of MS86 the sample gas is admitted to the mass spectrometer and the 

intensities of masses 44, 45 and 46 are measured instantaneously using a triple collector. 

The triple collector is connected to a multi-channel scanning device, which is connected to 

the computer control program. For each mass spectrometer measurement (whether of 

sample or reference gas) each collector scans 300 times resulting a total of 900 

measurements. This scanning period lasts approximately one minute, which is well within 

‘ the half-life of C02 in the analysis chamber (100 to 300 seconds), and ensures that analyses 

are performed under optimum conditions.

Once the sample gas has been measured the mass spectrometer is pumped for four minutes 

at 10"9 mbar prior to the aliquot of reference gas being admitted. The reference gas is 

under a continual bleed system through a crimped capillary and the amount of bleed time is 

calculated automatically by the computer program to match the amount of sample gas. 

The reference sample is then measured and, if necessary, a second reference measurement 

is taken, for example, if the calculated bleed time is not satisfactory (a difference of more 

than 2% between intensities of sample and first reference measurement). If there is enough 

sample gas remaining (containing more than approximately 12ng of carbon) the 

sample/reference measurement sequence is run for a second time.

Routine checks are carried out on the reference gas between experiments to ensure 

satisfactory inter-experiment consistency. ‘Reference calibration’ checks are carried out 

most usually after a blank experiment (see section 2.2.6 below) and are designed to 

monitor the sensitivity of the mass spectrometer. The program is run automatically by the 

computer where a series of ten reference aliquots, with different bleed times, are admitted 

to the mass spectrometer and the intensity of mass 44 is measured in comparison with the 

bleed time. If necessary the computer control program automatically updates the 

conversion factor used in the calculation of the reference gas bleed time in order to 

optimise the sensitivity of the mass spectrometer.

Checks are also carried out using standards, for example NBS-19 and other internal 

laboratory standards, to ensure that the reference gas has not undergone any isotopic 

fractionation over time and is providing a constant isotopic composition. Experiments are 

carried out whereby the isotopic composition of the reference gas used in analysis is 

checked against a different ‘fixed volume’ reference gas (produced from acid dissolution
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of NBS-19). These experiments have the added benefit of allowing the precision, 

reproducibility and operating conditions of the mass spectrometer to be monitored. In the 

event of fractionation of the reference gas correction factors can be applied. Figure 2.2 

below shows results from a fixed volume reference gas experiment.

Carbon yield and isotopic compositional information obtained from the analyses are 

presented using a standard method as described by Wright and Pillinger (1989). Carbon 

yield is represented by a histogram showing the temperature steps and yield for each step 

in parts per million per °C. The isotopic composition is displayed by a line graph with 

individual points indicated for each temperature step measured. Consistent application of 

this presentation method allows comparison of data between individual experiments. The 

precision of isotopic composition measurements can be determined for a single experiment 

due to the fact that if there is enough gas liberated from the sample (more than 

approximately 12ng of carbon -  see above) two measurements are taken for each 

temperature step. The difference between the two measurements can be calculated for all 

temperature steps measured in the experiment, thus giving an indication of the internal, 

instrumental precision of the mass spectrometer over the length of the experiment. For 

ureilite analysis the internal analytical precision was ±0.3%o or better for all samples with 

the exception of PCA 83506, which had a precision of ±0.6%o. A better indication of the 

analytical precision of the mass spectrometer and the reproducibility of data can be 

obtained by zero-enrichment experiments -  repeated analyses of reference gas over a 

period of approximately 48 hours -  where the analytical reproducibility is ±0.9 %o, or 

better e g. figure 2.2.
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The performance of the mass spectrometer over a longer period of time and the 

reproducibility of experimental data may also be evaluated by comparing data from the 

same ureilite samples analysed separately at different times over a period of weeks or 

months. Two of the ureilite samples investigated in this study were analysed twice (LEW 

85328 and RKPA80239). A time period of approximately six months elapsed between the 

experiments and, although the temperature profdes of the stepped combustion experiments 

were at different resolutions in the two experiments (50°C resolution in the first 

experiment and 25°C resolution in the second), there is little difference in the 5 13C (Pd b ) 

values between the results. For the sample LEW 85328 the first experiment was carried 

out in June 2000 (MS 614) and the second in November 2000 (MS 696), figure 2.3 shows 

the carbon isotopic composition and carbon yield measured over different temperature 

steps for the two experiments carried out on LEW 856328 (data is fully tabulated in 

Appendix V). Over the temperature range of the major carbon release in each sample 

(500-750°C) the isotopic composition is similar between the two experiments, differing by 

2.6%o or less. At higher temperatures only very low amounts of carbon are present and 

thus, isotopic compositions at these temperatures are much more susceptible to the 

influence of contributions from the system blank.

Figure 2.3. Results o f  two stepped combustion experiments carried out on ureilite sample LEW 85328. Over 
the main carbon release (500-750 ’C) the carbon isotopic compositions are quite similar, with a difference o f 
2.6%o or less. Individual points on d C(PDB) analyses are larger than the instrumental error for that 
temperature step.
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Over the temperature range of the major carbon release in each sample (500-750°C) the 

isotopic composition is similar between the two experiments, differing by 2.6%o or less. At 

higher temperatures only very low amounts of carbon are present and thus, isotopic 

compositions at these temperatures are much more susceptible to the influence of 

contributions from the system blank (see section 2.2.7). This may explain the much 

greater discrepancy seen in ô I3C (Pd b ) values between the two experiments at high 

temperatures. To account for differences between the two experiments e g. different 

temperature step regimes, carbon content and contributions from system blank, the 

weighted average 8 13C (pdb) value calculated over the entire temperature range may be a 

more suitable parameter to make inter-experiment comparisons. The calculated weighted 

average 5 13C (pdb) value for each experiment are very similar; the weighted average 

ô ,3C(pdb) calculated for experiment 614 is -2 . \%o and for experiment 696 is -2.8%o 

The sample RKPA80239 was first analysed in April 2000 (MS 570) and then analysed 

again in September 2000 (MS 651), figure 2.4 shows the stepped combustion profiles for 

the two experiments

T(°C)
Figure 2.4. Results o f  two stepped combustion experiments carried out on ureilite sample RKPA80239. 
Similar to the results o f  LEW 85328 over the main carbon release (600-75O’C) the carbon isotopic 
compositions are quite similar, with a difference o f  1. l%o or less. Individual points on Sl3C(pDB) analvses are 
larger than the instrumental error fo r that temperature step.
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Over the temperature range of the main carbon release (600-750°C) the difference in 

isotopic composition between the two experiments is 1.1%, or less, a lower value than seen 

in the LEW 85328 experiments. Similar to LEW 85328, however, the greatest discrepancy 

in the measured 5 Q pdb) values between the two experiments occurs at high temperatures 

where very little carbon is released. Again these results are more likely to be influenced by 

contributions from the system blank, compared with those over the main carbon release 

The weighted average <513C(PDB) values calculated over the entire temperature range of the 

two experiments are in good agreement; experiment MS 570 has a weighted average 
<5I3Q pdb) value of —9.8%o and MS 651 has a value of —9.7%0.

.Using data from the experiments on LEW 85328 and RKPA80239 the reproducibility of 

the data gathered from ureilite experiments carried out oh MS86 over the time period that 
analyses for this study were taken is determined as 0.9%o or better.

2.2.7 Blanks

Before the initiation of, and after each sample experiment a separate experiment is 

run to calculate the system ‘blank’ - the level of carbon that is inherent within the system. 

The carbon blank of the system is derived from a number of different sources, for example, 

outgassing from the mass spectrometer, inlet system and contamination of the extraction 

system. The amount of blank carbon released at each temperature step in the process of an 

experiment is not a fixed parameter and as such blank experiments are carried 

incrementally at increasing temperatures over the same temperature range as the sample 

experiment is to be run. Carrying out a blank experiment has the added benefit that the 

operation of the system at different stages can be checked to ensure that the computer

program is running as desired. A typical blank experiment stepped-combustion profile is 
shown below in figure 2.5.

High blanks are often attributable to contamination of the combustion section (part of the 

extraction system) by previously run samples. This contamination may occur if  previous 

experiments have been run at low temperatures, for example, below 600°C, and there has 

been incomplete combustion and liberation of the carbon from the sample. This situation 

may be avoided if, after completion of the experiment, a high temperature combustion 

sequence is run (furnace set to 1400°C) in order to ensure the complete combustion and 

removal of any residual carbon in the sample. Contamination of the combustion section
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may also occur as a result of carbon sublimate adhering to the walls of the combustion 

section above the level of the furnace. Raising the level of the furnace and cycling high- 

pressure oxygen through the combustion section with the furnace operating at high 

temperature can rectify this type of contamination. However, in some cases contamination

cannot be resolved and it may be necessary to remove and replace the entire combustion 
section.

In the case of ureilite samples, experiments were only carried out if the carbon yield 

between the 500 and 1000°C steps was less than 15ng. This temperature range was chosen 

owing to the fact that the vast majority of ureilite carbon combusts over this temperature 

range and 15ng of carbon (attributable to system blank) represents a negligible percentage 
of carbon compared with that derived from the ureilite sample

The reader is referred to Yates (1992) and Yates et al. (1992) for detailed discussion and 

description of the techniques used to reduce the blank component the MS86 system.
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Figure 2.5. Stepped combustion profile for a typical blank experiment carried 
experiment involving a ureilite sample. out immediately before an
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Chapter 3

Petrogenesis of ureilite carbon -  clues from terrestrial 

analogues: Disko Island

3.1 Introduction

The source, origin and role of carbon in ureilite petrogenesis is clearly important 

and yet even today, over 15 years after the comprehensive study of Grady et al. (1985) and 

with the recognition of many more samples, remains poorly understood. In terms of the 

origin of the carbon, ureilite petrogenetic models may be divided into those that suggest 

the carbon was a ‘primary’ constituent of the ureilite parent body and those that suggest 

that all, or at least some, of the carbon was introduced at a later stage into the ureilite 

parent body by an impact. In addition to the problem of whether ureilite carbon is a 

primary or secondary feature the question arises as to the source of the carbon. That is to 

say, is the carbon similar to and perhaps derived from a recognisable group or type of 

meteorite? Many authors have suggested a genetic link between ureilites and 

carbonaceous chondrites. This link is perhaps most obvious in the simple empirical 

• observation that the only other meteorite groups with similar carbon abundance to the 

ureilites are the Cl and CM chondrites, although carbon isotopic composition is quite 

different. Another argument for a genetic link between the ureilites and more primitive 

material is the observation that the oxygen isotope compositions of the ureilites display a 

nebular signature similar to that displayed by the CV chondrites (Clayton and Mayeda, 

1988). This link with the CV chondrites is utilised in many of the ureilite petrogenetic 

models where, if a specific ureilite precursor material is mentioned it will be described as 

being ‘CV-like’ in composition (e.g. Rubin, 1988; Warren and Kallemeyn, 1988; Warren 
and Kallemeyn, 1989).

Clearly, the carbon now seen in the ureilites is unlikely to be representative in terms of 

form, abundance or geochemical properties of the original ureilite carbon due to the
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complex and varied geological processing the ureilites have experience throughout their 

history. For example, the shock processes that many authors believe created the diamond 

phase, might also be responsible for fluctuations in both pressure and temperature 

conditions, which may result in the mobilisation of carbon-rich fluids and the thermal 

metamorphism of amorphous carbon (see chapter 8, section 8.3).

The presence of reduction rims around olivine grains suggests an intimate association 

between carbon and silicates at magmatic temperatures (approximately 1250°C) for at least 

some period in the ureilites’ history (Warren and Kallemeyn, 1992). It is likely that at the 

'temperatures encountered during reduction (above approximately 800°C) (Warren and 

Kallemeyn, 1992) and by the process of forming a carbon-rich gas phase during the 

reduction reactions (e.g. Eqn. 1.1) the state and isotopic properties of the carbon will be 

altered from those displayed by the original carbon.

At first sight it may seem somewhat unusual to carry out an investigation of terrestrial 

rocks as part of a study into extraterrestrial samples. However, owing to the unusual 

geological setting of Disko Island, the opportunity arises to study a set of well 

characterised and understood lithologies that may be crudely analogous to the ureilites and, 

as such, make inferences as to the petrogenetic processes occurring on the ureilite parent 

body.
The unique geological setting of Disko Island provides a natural laboratory to investigate 

the behaviour of carbon in intimate association with mafic silicates under reducing 

conditions. Situated west of Greenland, Disko Island is a location where basalts containing 

significant amounts of native iron occur; this iron being generated by the assimilation of 

carbon from surrounding carbon-rich country rock, and the resulting reduction of the mafic 

magmas (e.g. Goodrich and Bird, 1985). In many ways the geological processes resulting 

in the reduction of the magmas that occur at Disko Island may be thought of as analogous, 

albeit crudely, to those in operation on the ureilite parent body. Investigating the carbon 

isotope systematics of Disko Island material, where samples of primary sedimentary 

carbon, thermally metamorphosed carbon and carbon associated with metal are available, 

may help to constrain the carbon isotope systematics of the processes occurring on the 

ureilite parent body. Furthermore, the recognition of any isotopic fractionation between 

primary samples and samples from reduced lithologies may allow for the determination of 

the isotopic composition of the ureilite starting material and thus the source and identity of 

that component.
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Disko Island, or Qeqertarssuaq as it is also known, forms part of the Tertiary volcanic 

province of West Greenland. Approximately 63 Ma ago during the second stage of rifting 

of the Baffm-Labrador seaway, huge volumes of basaltic volcanism occurred creating one 

of the largest flood basalt provinces in the world (Lightfoot et al., 1997). During this 

magmatic activity, contiguous basaltic and picritic lavas were formed in portions of the 

Scottish Tertiary Volcanic Province, Northern Ireland, the Faroe Islands, Baffin Island and 

, in areas of south-eastern and western Greenland (Schaefer et al., 2000). Figure 3.1 shows 

the tectonic setting of the flood basalts in Greenland and Canada. The Tertiary volcanic 

rocks of Disko Island consist of approximately 1800m of plateau lavas, which 

predominantly overlie approximately 1500m of Cretaceous-Tertiary sediments. In a few 

locations the basaltic lavas unconformably overlie crystalline basement rock of Archean- 

Proterozoic age (Goodrich and Bird, 1985; Lightfoot et al., 1997).

The volcanic rocks exposed on Disko Island are composed of picritic, tholeiitic and 

subordinate alkalic lithologies with possibly co-magmatic picritic and doleritic lithologies 

found in dykes and sills. Isotopic studies of the picritic rocks indicates that they are 

uncontaminated by crustal material and represent unmodified mantle plume material 

(Schaefer et al., 2000). In contrast, the tholeiitic rocks have geochemical signatures 

suggestive of interaction with and contamination by, crustal material. Two discrete 

contaminant sources have been recognised: one typical of ancient felsic crust and the other 

suggestive of a component of local sedimentary country rock (Goodrich and Patchett, 

1991; Schaefer et al., 2000). The sedimentary rocks of Disko Island are exposed only on 

the eastern margins of the island and consist of shales, siltstones and mudstones with minor 

coal seams and sandstone units. On the western margins of the island only volcanic strata 

are exposed although the presence of xenoliths of metamoiphosed sedimentary material 

within the lavas indicates the presence of the Cretaceous-Tertiary sediments underneath 

(Goodrich and Bird, 1985; Goodrich and Patchett, 1991). Figure 3.2 below is a simplified 

geological map of Disko Island and adjacent mainland and indicates the exposure of 
basement, volcanic and sedimentary strata.

3.2 The geological setting of Disko Island
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Figure 3.1. The tectonic setting o f Tertiary flood basalts in Arctic Canada and Greenland, after Liglitfoot et 
al., (1997). The boxed area indicates Disko Island and the area shown in greater detail below in figure 3.2.

The volcanic activity that formed much of Disko Island and other areas of Greenland is 

characterised by several cycles of volcanic activity and basin development throughout the 

duration of activity of the basaltic flood province. The volcanic stratigraphy of the region 

is sub-divided into three lithostratigraphical units, the Vaîgat, Malîgat and the Haerocn 

formations, although only the Vaîgat and Malîgat formations are found on Disko Island 
(Lightfoot et al., 1997).
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The older Vaiga. formation is exposed primarily on the eastern side of the island and 

consists of p,ernes and olivine basalts. The formation is sub-divided into several members 

within two volcanic cycles. The lower Naujanqui, cycle consists of picritic lavas with two

Caroline L. Smith Chapter 3
75



thick (50-100m) tholeiite horizons, the Asuk and Kuganguaq members. In the eastern 

margins the tholeiitic basalt Asuk member overlies and interfingers Cretaceous shales and 

the basalts contain metallic iron. In contrast the Kuganguaq member is devoid of iron 

(Goodrich and Patchett, 1991; Lightfoot et al., 1997). Following the lower cycle a period 

where little volcanic activity occurred, which is represented by the Qordlortorssuaq 

member, which in turn was followed by a widespread marine transgression. The youngest 

of the two main cycles in the Vaigat formation, the Ordlingassoq member, consists of 

picrites and intercalated horizons of Fe-free, although crustally contaminated alkaline 

' rocks (the Manitdlat member) (Lightfoot et al., 1997).

The younger Maligat formation is exposed primarily on the western side of Disko Island 

and consists primarily of massive feldspar-phyric, tholeiitic basalts. The oldest member in 

the Maligat formation is the Rinks Dal, which is composed of basalt flows and does not 

contain any horizons of metallic iron (Goodrich and Bird, 1985). Emplaced into the upper 

part of the Rinks Dal member is the Hammers Dal Complex, which comprises shallow- 

depth intrusives, which probably served as feeders for the lavas of the Nordfjord and 

Niaqussat members. The Hammers Dal Complex is composed of highly contaminated, 

iron-bearing intermediate rocks (Ulff-Moller, 1977). Overlying the basal Rinks Dal 

member are the younger Nordfjord and Niaqussat members, which consist of a variable set 

of basic and intermediate to acidic lithologies. The Nordfjord and Niaqussat members also 

contain contaminated, xenolith- and metal-rich lavas. It has been suggested that the 

variable composition and contaminated lithologies representative of the Nordfjord and 

Niaqussat members may originally have been olivine tholeiite magmas that, during periods 

of quiescence in volcanic activity, ponded in magma chambers within the sedimentary 

country rock. Assimilation of country rock material resulted in contamination of the 

magmas, which were finally explosively erupted (Goodrich and Bird, 1985; Goodrich and 

Patchett, 1991). Many sub-volcanic intrusive complexes and dykes also exist in the 

Maligat formation and these are believed to be the feeder systems of the iron-bearing 

members within the Nordfjord and Niaqussat members. Figure 3.3. below provides a 

summary of the lithostratigraphical units of the West Greenland flood basalt province.
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3.3 Description of samples

Nine samples from Disko Island have been analysed to determine their carbon 

content and isotopic composition. The material includes three samples from sedimentary 

units, three samples from sediment contaminated igneous lithologies, a sample of 

uncontaminated tholeiite, a graphitic xenolith and a sample of massive iron from Uvifaq 

(see figure 3.2). Eight of the samples were collected in 1980 by Dr. C. A. Goodrich and 

were made available for the present study by Dr. M. M. Grady. Dr. B. F. Schaefer 

, supplied the sample of uncontaminated tholeiite.

T hickness (m) F o rm atio n
P rim ary  picritic  and 
tholeiitic m em bers

‘C o n tam in a ted ' tholeiitic 
m em bers

250 Haeroen

2000
Malîgat

Upper
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Niaqussat
(picritic)

Nordfjord
(tholeiite)

750 Rinks Dal 
(tholeiite)

p.FeIk

M B B M F e

800

tholeiite
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Ordlingassoq
(picrite)

150 Vaîgat
Qordlortorssuaq

(tholeiite)

900 Naujânquit
(picrite)

Kûgànguaq 
(<200m) 

p e Asuk 
(100m)

Figure 3.3. Summary o f the petrology and thickness o f the West Greenland Tertiary flood basalt formations 
and the locations o f the contaminated tholeiite members (grey horizons). After Lightfoot et ai. (1997).
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3.3.1 Sedimentary samples

The three sedimentary samples analysed, As80 3, As80 4 and As80 8 are all from 

the Asuk locality (see above, figure 3.2) although they are not in direct contact with the 

iron-bearing volcanics at Asuk, due to localised faulting. The samples were collected 

approximately 500m south of the iron-bearing locality at Asuk from an exposure of the 

Cretaceous Atane formation. The Atane formation consists primarily of mudstones, 

siltstones and shales with minor coal seams and sandstone units (Goodrich and Patchett, 

1991; C. A. Goodrich pers. comm ).

Samples As80 3 and As80 8 are composed predominantly of fine grained sandstone with 

some layers of finely laminated shale approximately 1mm in thickness. Figure 3.4 is a 

photomicrograph showing the lithology of sample As 80 8 and is very similar to As80 3.

In contrast, sample As80 4 is much darker in colour and is composed almost entirely of 

micaceous, silty shale. Within the shale there are a few discrete layers that appear to have 

a slight sand component. Figure 3.5 is a photomicrograph of sample As80 4 and it can be 

clearly seen that the lithology is somewhat different to that of samples As80 3 and As80 8.

Figure 3.4. Photomicrograph ofAs80 8 showing the predominant sandy lithologv with fine layers o f shale. 
xlO magnification, field o f view 1.6cm.
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Figure 3.5. Photomicrograph o f As80 4. In contrast to sample AstiO 8 (above) this sample is predominantly 
composed o f shale with some layers that are sandier, xl 0 magnification, field o f view 1.6cm.

3.3.2 Contaminated igneous samples

The three samples from contaminated igneous lithologies are from two different 

areas of Disko Island, As80 97 from the Asuk locality and HC80 266 and HDC from the 
Hammers Dal Complex (see figure 3.2 above).

The sample As80 97 originates from the Naujanquit member of the VaTgat formation (see 

figure 3.3. above), which is exposed along the eastern margin of the island. The sequence 

of volcanic rocks at Asuk consists of sub-aqueous andesitic breccias, which are overlain by 

15-18m of columnar basalt and approximately 15m of iron-bearing andesite. The As80 97 

sample was collected from the lower brecciated unit. Many of the volcanic lithologies at 

Asuk contain xenoliths, centimetres in size, derived from the surrounding sedimentary 

country rocks (Goodrich and Patchett, 1991; C. A. Goodrich pers. comm ). Figures 3.6

and 3.7 are photomicrographs of samples As80 97 and show the metal distribution through 
the sample.

HC80 266 and HDC originate from the Hammers Dal Complex situated in the north-west 

of the island (see figure 3.2 above). Two main dyke-like bodies, approximately 30-40m 

wide, are exposed in the Hammers Dal Complex and are referred to as the Mower' and 

‘upper’ intrusive bodies. These dykes consist of a doleritic margin with the central regions
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being highly contaminated, intermediate composition rock. Zones of olivine, 

approximately 10-20cm thick, and metallic-iron cumulate (containing 15-25 vol. % metal) 

occur along the bases and in pockets along the footwalls of the intrusions. The 

intermediate composition rocks of the central portions are also metalliferous, although the 

metal within the central zone is more dispersed than that found within the metallic-iron 

cumulate zones (Ulff-Moller, 1977; Goodrich and Patchett, 1991). Sample HC80 266 is 

from the central portion of the lower intrusive body and HDC is from the basal iron 

cumulate zone (C. A. Goodrich pers. comm.). Figures 3.8 to 3.12 below are 

photomicrographs of samples HC80 266 and HDC and show the metal distribution 

throughout these samples.
The central portions of the intrusive bodies also contain abundant sediment derived 

xenoliths. Sample HC80 2 is an almost pure graphite xenolith from the central portion of 

the lower intrusive body (C. A. Goodrich pers. comm.).

Figure 3.6. Reflected light photomicrograph o f sample As80 97. Small rounded metal grains (white) are 
distributed through the sample. xlOO magnification, field  o f  view 2mm.

Caroline L. Smith Chapter 3 80



Figure 3.7. Transmitted light photomicrograph o f  same region as figure 3.6 o f sample As80 97. The metal 
grains are opaque in transmitted light. The fine-grained, lath-like silicate host material can also be 
distinguished. Plane polarised light, xlOO magnification, field o f  view 2mm.

Figure 3.8. Reflected light photomicrograph o f  sample HC80 166 M r,nt.
in sample As80 97 (above) although thev are less abundant S W  , 8  'h° n those seen
(bottom right) are pvrite. x50 magnification, field  o f view 4mm ' ~C° ° Ured nms around the large grains
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Figure 3.9. Transmitted light photomicrograph o f same region o f  HC80 266 as in figure 3.8 above. Metal 
grains are opaque. Plane polarised light, x50 magnification, field  o f view 4mm.

Figure 3.10. Transmitted light photomicrograph o f  same region in I1C80 266 as in figure 3.8. Basaltic 
texture demonstrated by the fine-grained laths o f plagioclase feldspar and interstitial glass. Large grain on 
the left-hand side is a phenocryst o f clinopyroxene. Crossed polarised light, x50 magnification, field o f  view 
4mm.
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Figure 3 ! L ^ ec‘ed li8ht Photomicrograph o f sample HDC. Metal grains make up approximately 30% o f  
the sample The silicate host is fine grained and basaltic in texture. The straw-coloured areas in the metal 
grains and also in the silicate host are pyrite (FeS). x !2 5  magnification, field o f  view ''em

Figure 3.12. Reflected light photomicrograph o f  HDC showing a differ * ><don to that in fmire ? / ,
Metal grains also include inclusions o f  silicate materinl ‘ j  , . , , Jlgure 3 1 ‘-
magnification, field o f view 2cm. J ,a‘ ^  als°  rounded PT^e-rich inclusions. xJ 1 5
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3.3.3 ‘Uncontaminated’ tholeiite

Sample AF07716 is from the basal Kûgânguaq member of the Vaîgat formation. Although 

uncontaminated by Cretaceous-Tertiary sediments this tholeiitic sample does show 

geochemical evidence of crustal contamination consistent with approximately 10% mixing 

between uncontaminated picritic and ancient Archaean felsic continental crust (Schaefer et 

a l, 2000).

' 3.3.4 Metal samples

The two Disko Island metal samples are DC6, a piece of the Uvifaq massive iron 

(see figure 3.2 above) and HDC-metal, which was physically separated from cumulate iron 

bearing material from the Hammers Dal Complex (see section 3.3.2 above).

The iron found at Uvifaq occurs as compact masses in boulders up to 22 tonnes in weight, 

which are found on the foreshore and are thought to have been eroded out of iron-bearing 

volcanic sequences (Bird et al, 1981; C. A. Goodrich pers. comm.). The Uvifaq iron is 

composed of a-iron and cementite (Fe3C) with additional inclusions of silicates, Fe-Ni-Cu 

sulphides, Fe-Ti oxides and glass (Bird et al., 1981). Graphite is rarely observed in Uvifaq 

metal (Goodrich and Bird, 1985) and none can be petrographically identified in the DC6 

sample. The DC6 sample represents a ‘high-carbon’ sample as described by Goodrich and 

Bird (1985) in that it contains well-crystalline, eutectic cementite, see figure 3.13 below. 

Three forms of cementite can be distinguished in the high-carbon Uvifaq metal and are 

shown in figure 3.13. The first is large (a few millimetres in size), intergranular and well- 

crystalline eutectic cementite, the second is needle-like lamellae and finally fine 

intergrowths with iron, which forms a pearlite texture (Bird et a l, 1981). These three 

cementite forms characterise periods of different cooling conditions. The large cementite 

grains formed during a period of slow cooling at temperatures just below the eutectic point 

(1130°C). The slow cooling period was then followed by a period of rapid cooling where 

the needle-like lamellae were formed at temperatures just above the eutectoid temperature 

(723°C) and below the eutectoid the fine-grained pearlitic texture was created (Bird et al, 

1981). Figure 3.14 shows the phase diagram for the Fe-C system with the eutectic and 

eutectoid points marked for reference. An explanation for the different type of cementite 

present in the DC6 sample is given in the caption to figure 3.14.
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In contrast the HDC-sample represents a ‘low-carbon’ sample as described by Goodrich 

and Bird (1985) in that no eutectic cementite crystals are observed. Carbide may still be 

present although in far smaller quantities and the bulk carbon content of the low-carbon 

metal is less than 2 wt%, compared with approximately 2.9 -  4.0 wt% for high-carbon 
samples.

Figure 3.13. False colour X-ray element map o f sample DC6, a piece o f the massive Uvifaq iron. Areas 
high in carbon i.e. carbide are displayed in yellow. The three cementite textures can be clearly seen, targe 
eutectic grains, needle-like lamellae and fine-grained pearlitic cementite.
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7 =  Austenite 
a  =  Ferrite

Figure 3.14. Fe-C phase diagram at 1 bar pressure, after Bird et al, (1981). At temperatures just below the 
eutectic point (1147°C) large cementite grains crystallise though slow cooling. Needle-like cementite grains 
form by rapid cooling at temperatures just above the eutectoid point (723°C) and pearlite forms at 
temperatures below (Bird et al., 1981). Austenite = face-centred cubic iron or an iron alloy based on this 
structure, pearlite = a lamellar mixture o f ferrite and carbide formed by decomposing austenite of eutectoid 
composition. Eutectic = A eutectic defines the point where temperature conditions are suitable whereby a 
liquid phase transforms directly to a two-phase solid. Eutectoid = A eutectoid defined the point where a 
single-phase solid transforms directly to a two-phase solid.

3.5 Petrogenesis of Disko Island iron

Different models have been proposed to account for the presence of metallic-iron 

within the Disko Island basaltic rocks. These include the entrainment of metallic iron from 

the mantle which then absorbed crustal carbon, the eruption of immiscible iron-carbon 

liquid from the magma source and the reduction of the iron oxide components of the 

basaltic magmas by assimilation of carbon-rich sedimentary material (Bird et al., 1981). 

The intimate association of the sedimentary country rocks and the metal-containing basalts 

suggests that the reduction of the metal was indeed caused by assimilation of carbonaceous 

material from the surrounding country rocks. This hypothesis is supported by the presence
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of xenoliths of metamorphosed country rock, which are present in many of the metal

bearing igneous bodies (C.A. Goodrich pers. comm.) and geochemical evidence from Os 

and Nd isotopic studies, which indicate contamination from local sedimentary material 

(Schaefer et al., 2000).

Goodrich (1984) and Goodrich and Bird (1985) suggest a two-stage process for the 

formation of the metal in the contaminated basalts to account for the ‘high’- and Tow’- 

carbon iron alloys. Firstly, assimilation of the carbonaceous sedimentary material in the 

magma chambers at depths of between 3 and 1.2km resulted in the formation of the high- 

» carbon, carbide-rich metals, e.g. sample DC6, as immiscible droplets within the basalts. 

Subsequent upward movement of the metal-containing magmas resulted in a rise in fO i 

and the decarburisation of some of the high-carbon metal and the formation of low-carbon 

metal, e.g. HDC-metal, at depths of at least 0.6 km.

3.6 Results

Thé Disko Island samples have been analysed to determine carbon content and 

isotopic composition on one of two extraction and mass spectrometer systems at the Open 

University. The sedimentary samples were analysed as bulk samples on the ANCA/Geo 

20/20 system, an elemental analyser coupled to a continuous-flow mass spectrometer. 

Results give total carbon content and bulk isotopic composition for each sample. All other 

samples were analysed using a combination of stepped combustion and mass spectrometry 

on the Geo 20/20 or the fully automated MS86 system, allowing for the identification of 

different carbon components and their isotopic compositions. Analysis protocols and 

experimental procedures are outlined in chapter 2; results are tabulated in full in Appendix 

I.

3.6.1 Sedimentary samples

The three sedimentary samples from the Asuk locality were each measured four 

times to determine bulk carbon content and isotopic composition; the results are given in 

table 3.1.
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Table 3.1. Bulk carbon analyses ofDisko Island sediment samples.

Mean C Yield (wt%) Mean 813C(PDB)%oSample C Yield (wt%) ÔI3C(pdbv
3.49 -20.8

As80 3 3.38 -20.7
3.54 -20.8
3.41 -20.7

%0

3.46 ±0.07 -20.8 ± 0.06

As80 4

As80 8

7.73
8.60
8.38
8.65
3.18
3.81
3.46
3.58

-21.9
-22.3
- 22.1
-22.4
-16.9
-15.0
-17.5
-15.8

8.34 ± 0.42

3.51± 0.26

- 22.2 ±  0.22

-16.3 ±1.12

Sample As80 4 has the highest carbon content of the three samples with mean carbon 

abundance of 8.34 wt%. Compared with samples As80 3 and As80 8 sample As80 4 is 

much darker in colour and contains a far greater proportion of silty material. This would 

suggest that carbon is preferentially enriched in the siltstone layers compared with the 

sandy layers. As80 4 is also the isotopically lightest of the sediment samples with a mean 

ô13C(pdb) value of -22.2%o. Samples As80 3 and As80 8 have very similar carbon contents 

of 3.46 and 3.51 wt% respectively, however, the isotopic compositions of these two 

samples are dissimilar with As80 3 having a ô13C(pdb) value of -20.1%o and As80 8 a value 

o f-16.396».
Sample As80 3 has also been analysed by stepped combustion between 200 and 1200°C, at 

100°C resolution, to determine the distribution of organic and possible carbonate phases 

within the sample. The stepped combustion profile of As80 3 is shown below in figure 

3.15. The main carbon release in As80 3 occurs at temperatures below 500°C, which is 

characteristic of organic carbon combustion. Around 89.9% (32,538ppm) of the total 

carbon (32,600ppm, 3.26 wt%) is liberated over the main release with a <513C ( p d b ) value of 

-23.7%o. At temperatures above between 600 and 800°C 9.8% (3540ppm) of the total 

carbon is released and is 13C-enriched compared with the main, low temperature release 

with a weighted average Ô Q pdb) value of -7.9%o, peaking at -4.8%o. At temperatures 

above 800°C only 0.3% (129ppm) of the total carbon in the sample is released. It is likely 

that this component is representative of system blank and not attributable to any 

indigenous carbon.
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Although the bulk analysis of these samples does not allow for the identification and 

determination of specific carbon components, the stepped combustion results from As80 3 

indicate that at least some carbonate is present, comprising a small, but significant fraction 

of the total carbon yield. The carbon isotopic compositions of As80 3 and As80 4 fall into 

the range for sedimentary organic material, between approximately -18 and -37%o (Hoefs, 

1997). The isotopic compositions of both marine and freshwater carbonates are 13C- 

enriched compared with sedimentary organic compositions, with marine carbonates having 

<513C ( p d b ) values of between approximately +2 and -5%o and freshwater carbonates values 

' of between approximately +5 and -15%o (Hoefs, 1997). Thus, the isotopic composition of 

sample As80 8 with a 513C(pdb) value of -16.3%o may be due to the presence of 13C- 

enriched carbonate in a higher proportion than in As80 3 and As80 4.

3.6.2 Contaminated igneous samples

Sample As80 97, a contaminated metal-bearing basalt from Asuk has been analysed 

by stepped combustion between 200 and 1200°C, with the 600 to 1200°C range analysed at 

50°C resolution. The stepped combustion profile is shown below in figure 3.16.

At temperatures below 500°C, 326ppm carbon is released, which is 10.2% of the total 

carbon in the sample. This low temperature release has a 8 Q pdb) value of -29.9%o, 

which is suggestive of organic carbon, although it is 12C-enriched compared with the 

organic carbon measured in the sedimentary samples (see table 3.1). '

The main carbon release occurs between 600 and 900°C, which is indicative of the 

combustion of graphitic carbon (see chapter 2, section 2.2.3). Approximately 80.5% of the 

total carbon is released (2572ppm) across this temperature range with an average 5 13C ( p d b > 

value of -26.8%o. Between 750 and 900°C there is a change in the isotopic composition 1 

from -27.3%o to -25.6%o. Cementite (see section 3.6.5 below) combusts between 

approximately 750 and 1000°C with the peak release occurring at 875°C and during the 

combustion the carbon isotopic composition changes, where the released carbon becomes 

progressively enriched in C with increasing temperature. It may be the case that the 

change in isotopic composition seen between 750 and 900°C in sample As80 97 is 

indicative of the combustion of small amounts of cementite.

At temperatures above 950°C, 300ppm carbon is released, which represents 9.3% of the 

total carbon in the sample. This high temperature release has an average 6 13C ( p d b > value of
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-26.8%o. The high temperature release shows a slight peak in the release profile at 1050°C, 

characteristic of the combustion of carbon dissolved in metal (see section 3.6.5 below). 

Additionally there is a slight fractionation trend in the isotopic composition over the high 

temperature release between 950 and 1100°C from -27.4 to -26.2%o respectively. As is the 

case with cementite combustion, the combustion of carbon in metal is also characterised by 

a fractionation in isotopic composition with progressive enrichment of 13C with increasing 

temperature.

* Sample HC80 266 is a metal-bearing basalt from the central portion of the lower Hammers 

Dal Complex intrusive body. The sample has been analysed by stepped combustion 

between 350 and 900°C with the range 650 to 950°C analysed at 50°C resolution. The 

stepped combustion profile of HC80 266 is shown below in figure 3.17.

At temperatures below 500°C, 278ppm carbon is released, which represents 10.9% of the 

total sample carbon. This low temperature component in likely to be from an organic 

phase and, similar to As80 97, the isotopic composition of this organic phase is isotopically 

lighter than the source sedimentary organic material (represented by samples As80 4 and 

As80 8) with a 5 13C ( p d b ) value of -27.5%o. The main carbon release occurs between 500 

and 950°C where 89.1% of the total carbon is released (2261 ppm). Once again the 

temperature of the main release is typical of graphitic carbon combustion and has an 

average S 13C ( p d b ) value of-24.4%o.
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Figure 3.15. Stepped combustion profile o f  Disko Island sedimentary sample As80 3, sample weight 
0.369mg. Experimental error on S,3C(PDB) ±0.08%o.

Figure 3.17. Stepped combustion profile 
Experimental error on SI3C = ± 0 .08%o.

o f  contaminated basalt HC80 266, sample w eight = J.29mg .

Caroline L. Smith Chapter 3 91



The HDC sample is from the iron cumulate zone of the lower intrusive body of the 

Hammers Dal Complex. The sample has been sub-sampled and both a metal fraction (see 

section 3.6.5 below) and a silicate fraction have been analysed by stepped combustion.

The silicate sub-sample has been analysed over the temperature range 300 to 1500°C with 

the 500 to 1200°C range analysed at 50°C resolution. The stepped combustion profile of 

HDC silicate sub-sample is shown below in figure 3.18.

The majority of the carbon is released at low temperatures, below 500°C where 61.4% 

(141ppm) of the total sample carbon is released with a 513C(pdb) value of-27.4%o. This 

* main low temperature phase is likely to be organic carbon and again is 12C-enriched 

compared with the isotopic compositions of the sedimentary samples. At temperatures 

above 500°C, 38.6% (88ppm) of the total carbon is released. Between 500 and 650°C the 

carbon release becomes enriched in 13C compared with the low temperature component 

and has a 5 13C ( p d b > value of approximately -25.5%o. A peak in the release occurs between 

700 and 850°C where the isotopic composition changes once more, although in this case 

becomes isotopically lighter at -30%o. There appears to be two components combusted 

above 500°C, both of which could be indicative of graphite combustion, although there is a 

difference in the isotopic composition between the lower (500 to 650°C) component and 

the higher temperature component (700 to 850°C). The lower temperature component may 

represent the tail end of the organic component release, which would account for its 

similarity in isotopic composition with the component combusted below 500°C. This 

being the case the higher of the two releases at 700 to 850°C is more likely to be 

representative of any graphitic carbon present within this sample. However, the quantities 

of carbon present in this sample are particularly low and, therefore, these results may be 

susceptible to unaccounted variations in the blank contribution.

3.6.3 ‘Uncontaminated’ tholeiite sample

The sample AF07716 is from the base of the Vaigat formation and has not been 

contaminated by carbon from surrounding sedimentary country rocks. AF07716 has been 

analysed by stepped combustion between 350 and 900°C, with the range 600 to 900°C 

analysed at 50°C resolution. The stepped combustion profile of AF07716 is shown below 

in figure 3.19. The main carbon release occurs at temperatures below 600°C where 91.6% 

(995ppm) of the total carbon is released with an average 5,3C(PDB) value of-25.0%0. The
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low temperature of this main release and its isotopic composition is characteristic of

organic carbon. Above 600°C only 8.4% (92ppm) of the total sample carbon is released

with a ô13C(pdb) value of —27.8%o.

3.6.4 Graphite-rich xenolith

Sample HC80 2 is a graphite-rich xenolith from the central portion of the lower 

intrusive body of the Hammers Dal Complex. The sample has been analysed by stepped 

combustion between 200 and 1200°C with the range 500 to 1200°C analysed at 50°C 

resolution. The stepped combustion profile of HC80 2 is shown below in figure 3.20.

At low temperatures, below 500°C, 0.6% (3799ppm) of the total carbon in the sample is 

released with a 5 13C(pdb) value of -23.9%o. The main release occurs between 600 and 

1000°C where 99.4% (633830ppm) of the sample carbon is released. The isotopic 

composition of this graphite has a constant isotopic composition with a <513C(pdb) value 

within ± 0.6%o of the average isotopic composition of -21.7%o. The broad release profile 

of the graphite and high peak temperature of 950°C suggests that it is likely to be highly 

crystalline (see chapter 4 section 4.2).
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Figure 3.18. Stepped combustion profile o f I1DC silicate sub-sample, sample 
Experimental error on S,3C =±0.5%o. weight = 4.28mg.

Figure 3.19. Stepped combustion profiles o f  tholeiitic basalt AF07716 from the basal Vaigat formation, 
sample weight = 2.32mg. This sample has not been contaminated by the carbon-rich sedimentary country 
rocks. Experimental error on ô,3C(pDB) = ± 0 .09%o.
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3.6.5 Metal samples

Whole-rock samples from the DC6 Uvifaq metal sample and metal sub-samples 

from HDC have been analysed by stepped combustion. A sample of cohenite from the 

Canyon Diablo iron meteorite was also analysed by stepped combustion to determine its 

combustion behaviour. The stepped combustion profiles of Canyon Diablo cohenite, 
HDC-metal and DC6 metal are shown in figures 3.21 to 3.23.

The Canyon Diablo cohenite sample was analysed by stepped combustion between 400 

and 1200°C with the 750 to 950°C range analysed at high resolution with 25°C steps, the
t

stepped combustion profile is shown below in figure 3.21. At temperatures below 700°C, 

only 10.2% (5661ppm) of the total carbon was released with an average S13C(PDb) value of 

-18.0%o. The main carbon combustion occurs between 750 and 1000°C and two separate 

components can be distinguished in this temperature range. The first component combusts 

between 700 and 825°C where 32.8% (19200ppm) of the total carbon is released. The 

isotopic composition becomes progressively lighter from a <513C(PDb) value of-14.4%0 at 

700°C until it reaches the lowest 513C(PDB) value of -24.0%o at 825°C. The weighted 
average 513C(Pdb) value of this first release is -21.2%0.

The second of the two phases combusts at higher temperature, between 850 and 1000°C. 

This second release includes the peak carbon release, which occurs at 875°C. The carbon 

liberated over the second release is 55% (30387ppm) of the total carbon in the sample. In 

contrast to the first component, the characteristic feature of the second is an isotope 

fractionation trend of progressive 13C enrichment with increasing temperature, ranging 

from -20.6%o at 850°C to ~5.3%o at 1000°C. The weighted average 6!3C(Pdb> value of this 
second component is -15.5%o.

It has been reported that cohenite and graphite exist in close proximity in the Canyon 

Diablo meteorite where rims of cohenite surround schriebersite ([Fe,Ni]3P) nodules and 

graphite-troilite nodules (Brett, 1967). Thus, it is possible that the first, lower temperature, 

component is graphite (or a graphite-rich component) rather than cohenite. This 

interpretation is supported by a previous investigation into the carbon isotopic 

compositions of different carbon bearing phases (graphite, carbide and taenite) where 

graphite was found to be isotopically heavier than coexisting carbide (Deines and 

Wickman, 1973). However, the average isotopic composition of the first component 

(combusted between 750 and 825°C), with a 613C(PDB) value of-21.2%o, is much lighter 

than reported values for graphite within the Canyon Diablo meteorite (-5.6%. to -8.2%) but
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is similar to values reported for cohenite within Canyon Diablo (-17.4%o to -20.6%o) 

(Deines and Wickman, 1973; 1975). It may be the case then that this first, lower 

temperature component actually represents cohenite rather than graphite combustion. The 

second of the two components has an average <513C(PDb) value of -15.5%o, which is also 

similar to the isotopic composition reported for cohenite from Canyon Diablo (Deines and 

Wickman, 1975). However, the higher combustion temperature and progressive 

enrichment of 13C with increasing temperature compared with the first component is 

puzzling. The increase in combustion temperature may be a crystallinity or grain size 

' effect resulting in higher combustion temperatures. Alternatively, it is possible that the 

higher combustion temperature results from the cohenite being associated with metal, 

where the metal shields the cohenite causing an artificially high combustion temperature. 

This is supported by the fact that the total carbon yield of this Canyon Diablo cohenite 

sample is 4.96 wt%, somewhat less than a yield of 6.7%, which would be expected from 

pure cohenite.

Assuming that the differences in combustion behaviour and the associated isotope 

fractionation effects are due to the presence of metal, and perhaps difference in 

crystallinities, the weighted average 5 13C(pdb) value over the entirety of the main carbon 

combustion (750-1000°C) is -17.7%o, which falls into the range of compositions reported 

for Canyon Diablo cohenite (Deines and Wickman, 1973; 1975).

DC6, the whole rock sample of Uvifaq metal, was analysed by stepped combustion 

between 200 and 1250°C with the 900 to 1200°C range analysed at 50°C resolution. The 

stepped combustion profile of the whole rock DC6 sample is shown below in figure 3.22. 

Below 900°C, only 1% (196ppm) of the total carbon is released, which has a 5 Q pdb) 

value of-27.3%o and is likely to be an organic component. There is no apparent release 

associated with temperatures of graphite combustion, between approximately 600 and 

900°C. The main carbon release occurs between 900 and 1250°C, with a maximum at 

1200°C. The characteristic isotope fractionation trend, associated with the combustion of 

carbon dissolved in metal or carbon in carbide as is seen in the Canyon Diablo sample, is 

also displayed by this sample. The 513C(pdb) value ranges from -36.0%o at 1050°C to 

-7.7%o at 1250°C with a weighted average <513C(PDb) value over the entire trend of-24.0%o. 

DC6 contains approximately 30% cementite (see figure 3.13) (containing 6.7% carbon); as 

such the DC6 sample should contain approximately 2 wt% carbon.
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Above 900°C, 1.99 wt% carbon is combusted, implying that the main release is wholly 

attributable to the combustion of cementite. However, the release range and peak 

temperature are higher than those of the Canyon Diablo cohenite sample (see figure 3.20) 

by approximately 200°C. This difference may be due to the fact that the Canyon Diablo 

sample is a ‘separate’ sample consisting predominantly of cohenite with some metal and 

possibly graphite. In contrast the cementite found in the whole rock DC6 sample is wholly 

enclosed in iron metal (see figure 3.13) and thus, the carbide will only become oxidised 

and liberate CO2 once the enclosing metallic portion begins to melt and degrade.

The whole rock HDC-metal sample was analysed by stepped combustion between 200 and 

1100°C with the 500 to 1100°C range analysed at 50°C resolution. The stepped 
combustion profile of HDC-metal is shown in figure 3.23.

At temperatures below 750°C only 3.1% (360ppm) of the total carbon is released, with a 

5 13C (pdb) value of -30.9%o, again presumably organic material, although this is 

approximately 10%o lower than the sedimentary source carbon. However, it may be that 

the relatively small quantities of this low temperature component are from contamination 

introduced at a later stage, for example through sample handling. The main carbon release 

occurs over the temperature range 800 to 1100°C, with the peak occurring at 1000°C. 

96.9% (ll,298ppm) of the total carbon combust above 800°C, and there is an isotopic 

fractionation trend of progressive 13C-enrichment with increasing temperature (as observed 

in both the Canyon Diablo and DC6 samples). However, the isotope fractionation trend 

displayed by HDC-metal is even more pronounced than that seen in the Canyon Diablo 

cohenite or the DC6 sample, ranging from -34.4%o at 850°C to -1.9%o at 1100°C. The 

weighted average isotopic composition taken over the fractionation trend range has a 

6 i3C(pdb) value of-22.0%o.

The main carbon release in the HDC-metal sample is probably related to the combustion of 

carbon in metal rather than cementite combustion although the presence of cementite 

cannot be ruled out. Carbon in metal combustion is suggested by the higher overall release 

temperature and the higher peak release compared with the Canyon Diablo cohenite 

sample. However, as is the case with DC6, carbide surrounded by metal will only begin to 

combust once the metal surrounding it begins to degrade.

Caroline L. Smith Chapter 3 97



Figure 3.21. Stepped combustion profile o f  cohenite from the Canyon Diablo iron meteorite, sample weight 
= 3.75mg. Experimental error on SnC(pDB> = ±0.1%o.

Figure 3.22. Stepped combustion profile o f  DC6, Uvifaq metal sample, sample weight = 7.144mg. 
Experimental error on SnC(}>DB) = ± 0 .07%o.

' Z 7 o n f c " T i C°mbUS,i0n Pr0f"‘ « f „DC*" * *  -Experimental
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3.7 Discussion

The carbon abundance and carbon isotopic composition results from the Disko 

Island sediment, basalt and metal samples are given below in table 3.2 and figure 3.24. On 

the whole the results indicate that organic carbon, graphitic carbon, carbide and carbon 

dissolved in metal within contaminated Disko Island samples are isotopically lighter than 

the sedimentary source organic carbon.
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Figure 3.24. Carbon isotopic compositions o f different components in Disko Island samples. Circles -  
organics, squares = graphite, solid triangle = carbide, empty triangles = carbon in metal, dotted line = 
isotopic composition o f organic carbon as determined from stepped combustion results (sample As 80 3, see 
section 3.6.1). Error bars on samples DC6 and HDC-metal indicate range in isotopic composition seen over 
carbide or carbon in metal release (see section 3.6.5). Experimental errors for each sample are smaller than 
the points indicating composition. Data taken from Table 3.2.

The sedimentary samples show the greatest heterogeneity in carbon isotopic composition 

varying by approximately 6%o, with an average 5 13C (PD b ) value of-19.8%o However, as 

can be seen from figure 3.15 there may be significant amounts of carbonate present, which 

could compromise the bulk analyses of As80 4 and As80 8. Therefore, if only organics are 

to be considered, it may be more appropriate to use the 5 ,3 C (PDb ) value of -23.7%o, 

obtained by the stepped heating experiment of As80 3 (see section 3.6.1). Organic carbon 

can be recognised in all igneous and metallic samples although at very low levels of a few 

hundred ppm. All organic carbon within the contaminated igneous samples is enriched in 

I2C compared with the sedimentary carbon, ranging between 8,3C(PDb) values of-30.9%o
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(HDC-metal) and -27.3%o (DC6), and with an average value of -28.6%o. With the 

exception of the sedimentary samples, HDC-silicate and AP07716 contain the highest 

proportion of their total carbon budget as organic carbon.

It may be the case that organic carbon seen in the contaminated igneous and metal samples 

is a component added subsequent to the formation of the rock, possibly derived from 

weathering or biological processes. This material is likely to have a different isotopic 

composition from the sedimentary material, which contaminated the basalt approximately 

63Ma ago. Alternatively, it may have been introduced during sample handling and 

1 processing prior to analysis. The extent of this latter effect can be judged from the quantity 

of organic carbon present in the uncontaminated tholeiite AF07716, which can be assumed 

to contain essentially no indigenous organic carbon. Yet this sample contains 0.1 wt% 

carbon as organic carbon, significantly more than all but one of the other igneous samples. 

Although there is some isotopic variation in this component in the basaltic samples it is 

clearly possible that all such carbon found in these samples has been incorporated at a late 

stage. Such a conclusion is consistent with the expected effects of immersing organic 

material in basaltic magmas at temperatures in excess of 1000°C, namely some 

combination of volatilisation, oxidation and graphitisation.

Graphite components within the contaminated basalts have carbon isotopic compositions 

ranging between -2 8 .7  to -24.4% o, with an average 8 13C(pdb) value of -25.6% o. Like the 

organic components within the igneous samples the isotopic compositions of the graphitic 

components are also 12C-enriched compared with the source sedimentary carbon.

The graphite-rich xenolith sample, HC80 2, is the most similar in isotopic composition to 

the sedimentary source material with a <513C(pdb) value of-21.7%o, which is in fact slightly 

heavier than the organic component identified in the sediments.

The determination of the isotopic composition for carbide and carbon in metal samples is 

somewhat more difficult to resolve due to the isotope fractionation trends that characterise 

these components. However, using a mean value for the fractionation trend indicates a 

5 13C(pdb) value of -24.0%o for the carbide component within DC6, which is 

indistinguishable from the source sedimentary organic carbon. Carbon dissolved in metal 

from HDC-metal is isotopically similar compared with the source organic carbon with a 

S 13C(pdb) value of -22.5%0. In contrast, that determined for As80 97 is significantly 

lighter, with a 8 13C(pdb) value of-26.8%0.
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Table 3.2. Carbon yields and isotopic composition of carbon phases with the Disko Island samples. <5n C values are given relative to PDB. 

Components are identified from specific temperature ranges as described in the text.

Organic Carbon Carbonate Graphite Carbide Carbon in Metal Total
Sample s13p Yield % total Yield % total Yield % çl3p Yield % total cl3p< Yield % total CarbonO L (wt%) C O L (wt%) C o U (wt%) total C O U (wt%) C. o C (wt%) C Yield (wt%)

As80 3 -23.7 3.25 89.9 -7.9 0.37 10.1 3.62
As80 41 -22.2 8.34 8.34
As80 81 -16.3 3.51 - 3.51
As80 97 -29.9 0.033 10.2 -26.8 0.26 80.5 0.323

HC80 266 -27.5 0.028 10.9 -24.4 0.23 89.1 0.258
HDC-Silicate -27.4 0.014 61.4 -28.7 0.009 38.6 0.104

AF07716 -25.0 0.10 89.3 -25.8 0.012 10.7 0.112
HC80 2 -23.9 0.38 0.60 -21.7 63.4 99.4 63.78

HDC-Metal -30.9 0.04 3.1 -22.5 1.13 96.9 1.17
DC6 -27.3 0.02 1.0 -24.0 1.99 99.0 2.01

'-bulk analyses -  may be contaminated by carbonates.
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The results from the carbon isotopic analyses of Disko Island samples clearly indicate that 

a fractionation process (or processes) occurs during the contamination of magmatic rocks 

by organic-rich sediments and the resultant reduction reactions. Source carbon derived 

from organic material in the sedimentary lithologies (513C(PDb) of -23.7% o) is consistently 

13C-enriched compared to the graphitic material in the crustally contaminated basaltic 

samples (average 0 13C(PDB>of-26.8%o). Carbon within carbide (513C(pDb) of -24.0% o) and 

metal (average 6 13C(pdb) of -2 4 .7 )  is isotopically similar to, or slightly 12C-enriched 

compared with the source sedimentary organic material.

3.7.1 Possible fractionation mechanisms

A number of physical and chemical processes can be envisaged whereby 

observable carbon isotope fractionation occurs during the assimilation and resulting 

metamorphism of the source organic carbonaceous material into the ascending basaltic 

magmas. The metamorphism and alteration of organic material can result in the formation 

of a number of carbonaceous products, such as thermally matured organic material, e.g. 

kerogen and bitumen, gaseous carbon species, e.g. CO2 and CH4j and also the formation of 

graphite from previously non-crystalline material (Hoefs and Frey, 1976; Lewan, 1983; 

Seewald et al., 1994). The formation of these products and any interactions that take place 

between them after formation can result in observable changes in isotopic composition by 

both kinetic effects and also temperature-dependent exchange reactions (see Valley et al., 

1986; Hoefs, 1997; Valley and Cole, 2001).

The thermal maturation of organic matter to form kerogen has little effect on isotopic 

composition between initial and matured material, even at low temperatures (below 

approximately 400°C) (Lewan, 1983). During kerogen formation, the isotopic 

fractionation between the starting source material and the kerogen product is negligible, 

less than 0.3%o (Lewan, 1983). With increasing temperature and maturation, bitumen 

forms from kerogen, accompanied by a slight enrichment in 13C of approximately l%o in 

the bitumen compared with the kerogen, owing to the preferential breaking of 12C-12C 

bonds. With further production of bitumen, and the expulsion of a pyrolysate component, 

cracking of 13C-12C bonds is initiated and the isotopic composition of the bituminous 

residue becomes C-depleted and isotopically heavier by approximately 2%o (Lewan, 

1983).
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Organic material may also be dissolved during thermal metamorphism in the presence of 

fluids (Seewald et al, 1994). Similar to the isotopic fractionation effects described by 

Lewan (Lewan, 1983) for thermal maturation, any dissolved organic material will be 

isotopically enriched in I3C due to the breakage of 12C-I2C bonds and subsequent loss a of 

I2C-rich component (e.g. CH4), although the effects reported are greater with changes in 

013C(poB)Of up to 5.8%o (Seewald et a l, 1994). The isotopic composition of dissolved CO2 

also showed enrichment in 13C compared with the starting sedimentary material of up to 

approximately 12%o in contrast to dissolved CH4, which shows slight 12C-enrichments of 

'up  to 3.2%o (Seewald et al, 1994). Seewald et a l  (1994) also report the composition of 

residual organic carbon, which has a 813C(PDb) value that shows a slight I2C enrichment of 

approximately 0.7%o, and is consistent with material remaining after the removal of C02, 

CH4 and dissolved organic components. However, this process is less applicable to the 

relatively dry conditions expected from the igneous samples from Disko Island, a fact 

which is supported by their lack of hydrous mineral phases.

Studies of the effects of metamorphism on carbon isotopes during regional metamorphism 

of carbonaceous material also indicate the action of kinetic isotope effects in the 

conversion of sedimentary organic material to graphite (Hoefs and Frey, 1976). During 

graphitisation of organic material 12C-12C bonds will be preferentially destroyed by thermal 

stress and the evolving carbonaceous gas (which is most likely to be CH4) will be enriched 

in 12C leaving a residue enriched in 13C (Hoefs and Frey, 1976). Increasing temperature 

results in the formation of graphite with increased ordering and crystallinity until at 

temperatures above approximately 400°C fully-ordered graphite is formed (Landis, 1971; 

Tazaki and Dissanayake, 1997, and references therein). The formation of gaseous carbon 

species and the associated kinetic isotope fractionation can only occur until fully-ordered 

graphite is formed (Hoefs and Frey, 1976).

Once fully-ordered graphite has formed, isotope exchange reactions between graphite and 

co-existing carbon species such as CH4 and C02 under equilibrium conditions may occur 

(Hoefs and Frey, 1976). Equilibrium exchange reactions have been calculated for graphite 

co-existing with CH» and C02 (Friedman et a l, 1977, and references therein), which 

indicate that CH» and C02 will be enriched in 12C and 13C respectively relative to co

existing graphite. Thus, the isotopic composition of fully-ordered graphite in equilibrium 

with CH4 and/or C 02 will be dependent on the relative proportions of C02 and CH4 and the 

temperature of the system. The spéciation of carbon as C02 or CH4 is mostly dependent
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on the /O 2 of the environment, which itself is partly controlled by both temperature and 

pressure (e.g. French and Eugster, 1965; Eugster and Skippen, 1967; Ohmoto and Kerrick, 

1977; Frost, 1979). Under low f 0 2 and low temperature conditions, CFI4 is the dominant 

gaseous species and under conditions of high f 0 2 and higher temperature conditions, CO2 

becomes the dominant phase (French and Eugster, 1965; Eugster and Skippen, 1967; Frost, 

1979). However, at temperatures above 400°C, where graphitisation results in the 

formation of fully ordered graphite, the fractionation between co-existing graphite and CH4 

and/or C 02 becomes less with increasing temperatures. For example, with co-existing 

' graphite and CH4, the carbon isotope fractionation changes from approximately 34%o at 

100°C to approximately 7%o at 400°C, the 12C enrichment being in CH4 in each case 

(Friedman et al., 1977). For co-existing graphite and C02 the fractionation factor - 103 In 

a, approximately equal to “the per mil fractionation” (Friedman et al., 1977)- changes from 

a maximum of approximately 15 103 In a  at 100°C (13C-enriched CO2) to approximately 

11.6 103 In a  at 400°C (Friedman et al., 1977). Phase equilibria calculations indicate that a 

gaseous mixture of CH4/C02 will contain at most one-third CH4 to two-thirds CO2 (Frost, 

1979). Thus, the net equilibrium isotope fractionation effect between graphite and a 

CH4/CO2 gas mixture will result in an enrichment of 12C in the graphite, which will 

decrease with increasing temperatures above 400°C.

3.7.2 What happened at Disko Island?

The above discussion on possible fractionation mechanisms yields two potential 

‘end-member’ solutions to explain the carbon isotope systematics seen in the Disko Island 

samples, where carbon in the sediment contaminated basalts is isotopically lighter than the 

source sedimentary organic carbon. Carbon isotope fractionation by kinetic isotope effects 

will produce gaseous species that are enriched in 12C compared with the starting organic 

material. Likewise, thermal maturation of organic materials results in the loss of 12C- 

enriched volatile species. Subsequent removal of the ,2C-enriched fractions by degassing 

or fluid flow will result in any residual material, such as graphitic carbon, or indeed 

carbide, being depleted m C relative to the starting material. Results from the Disko 

Island contaminated basalt samples indicate that all the carbon phases: residual organic 

material, graphite, carbide and carbon dissolved in metal, are enriched in 12C compared 

with the source organic carbon from the sedimentary strata. It would seem unlikely, then,
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that the carbon isotope systematics observed at Disko Island result from purely kinetic 

isotope fractionation. However, it is possible that during the initial phases of carbon 

assimilation some kinetic isotope effects were in operation during the early phases of 

organic matter maturation. However, as soon as the temperature increased above 

approximately 400°C (which would have occurred fairly rapidly) fully-ordered graphite 

would be formed and isotope fractionation by kinetic effects would cease.

Isotope fractionation by equilibrium exchange processes is perhaps then the more suitable 

mechanism to account for the isotope systematics of the Disko Island samples. At the 

' magmatic temperatures envisaged (up to approximately 1200°C) the equilibrium isotope 

effects would be small. Studies of the fractionation between co-existing CO2 vapour and 

dissolved carbon within basaltic melts indicate small fractionations of approximately 2 and 

4%o (Javoy et al., 1978; Mattey et al., 1989; Mattey, 1991). Extrapolation of the CO2- 

graphite fractionation curve (Bottinga, 1969; Friedman et al., 1977) also indicates that at 

temperatures of approximately 1200°C the fractionation between CO2 and graphite will be 

about 2%o or less (C02 enriched in 13C).

Those Disko Island samples represented by basalts contaminated with sedimentary 

materials show consistent 12C-enrichment with Ô13C(pdb) values ranging from -28.3%o 

(average for organic material) to -24.7%o (average for carbon in metal). Assuming that the 

carbon content and isotopic composition of AF07716 (the uncontaminated tholeiite) is 

comparable to that of the pre-contaminated basalts and that all the carbon from the 

assimilated sedimentary material is entrained, the amount of carbon lost to the system 

through degassing may be determined. Additionally, since the isotopic compositions of 

both the initial carbon (in the sedimentary samples) and the final product carbon (i.e. 

graphite and carbide) are known, the isotopic composition of the Tost’ carbon may also be 

predicted. Using a mass balance calculation

Fô13Cf — Iô13 C i
¿ 13C l o s , F - I

Eqn. 3.1

where F and I are the amounts of final and initial carbon respectively and 813CF and 813C i 

are the isotopic compositions of the final and initial material. The values used to calculate 

F, I, 813Cf and ôI3Ci are taken from table 3.3. F is calculated using the total wt% yield 

values for graphite in samples As80 97, HC80 266, HDC-silicate and carbon as carbide 

(from sample DC6) (2.49 wt%) or carbon in metal (from sample HDC-metal) (1.63 wt%). 

5!3Cf is calculated by taking the average of 013C(pdb> compositions of samples As80 97,
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HC80 266 and HDC-silicate and carbon as carbide (-26.0%o) or carbon in metal (-25.6%0). 

I is calculated by taking the average of the yields of the sedimentary samples As80 3 and 

As80 4 (5.8 wt%). ¿>13Q is calculated using the average of the 5 13C ( p d b > values of the three 

sedimentary samples (-23.0%o). Sample As 80 8 has not been included in the calculations 

due to the likelihood of high carbonate content in this sample (see section 3.6.1), thus 
making it unrepresentative of source organic material.

Table 3.3. Values used to calculate the isotopic composition of the carbon phase Tost’ 
during reduction reactions in the Disko Island basalts. See also table 3.2.

Component Samples
Used

W t%
Carbon ¿13C(pdb)

Calculated 
wt % 

carbon
Calculated
¿I3C(pdb)

As80 97 0.26 -26.8
HC80 266 0.23 -24.4 0.499 -26.6

F HDC-silicate 0.009 -28.7
HDC-Metal 1.13 -22.5 1.631 -25.6

DC6 1.99 -24.0 2.492 -26.0
As80 33 3.25 -23.7I
As80 4 8.34

ï ü t j j
-22.2

5.80 -23.0

component, see section 3.6.land table 3.2.
i organic carbon

Using these values the isotopic composition of the lost carbon is determined as between 

—20.7 and —22.0 %o, the range in calculated isotopic composition for the lost carbon phase 

results from using carbon abundance values and isotopic compositions of carbon in metal 

or carbide in the calculation of the final component. As predicted by equilibrium isotope 

fractionation theory the isotopic composition of the lost component, most likely CO2 lost 

through degassing processes, is isotopically heavier than the remaining carbon preserved as 

graphite, carbide and carbon in metal. The 2.3 to 1.0%, difference in isotopic composition 

between the initial sedimentary carbon (0,3C(PDB) value of 23.0 %,) and the lost carbon

(8 13C(pdb) -20.7 to -22.0%,) is consistent with the predicted fractionation between C02 

and graphite at high temperatures as discussed above.
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3.7.3 Carbon isotope systematics at Disko Island -  a two-stage model

Previous geochemical studies have investigated possible mixing models between 

the igneous lithologies and the carbonaceous sedimentary country rocks (Ulff-Moller, 

1990; Goodrich and Patchett, 1991) in order to determine both the source and degree of 

contamination. Evidence from enrichment of A120 3 and the presence of spinel-bearing 

xenoliths found in igneous lithologies suggests that aluminium-rich carbonaceous shale 

(similar to sample As80 8) was the main contaminant (Ulff-Moller, 1990). Chemical 

analyses of 11 shale samples from Disko Island yield an average carbon content of 5.43 

wt% (Ulff-Moller, 1990, and references therein), which is greater than that analysed for 

samples As80 3 and As80 4 (3.46 and 3.51 wt%, respectively) and lower than measured for 

sample As80 8 (8.34 wt%). Based on an assimilation and fractional crystallisation (AFC) 

model the contamination trend indicates assimilation of up to 40% shale in the 
contaminated magmas (Ulff-Moller, 1990).

In terms of Nd and Sr isotope systematics, Disko Island contaminated igneous lithologies 

can be simply modelled as a mixture of uncontaminated tholeiitic magma (similar to 

sample AF07716) and an ‘average’ of the carbon-bearing sediments (Goodrich and 

Patchett, 1991). However, none of the sediments analysed in the Goodrich and Patchett 

(1991) study (including samples As 80 3, As80 4 and As80 8) simply represents the bulk 

contaminant material, suggesting that the large volumes of chemically and isotopically 

heterogeneous sediments were assimilated into the contaminated Disko Island magmatic 

lithologies (Goodrich and Patchett, 1991). The model derived from Nd and Sr isotope 

systematics also indicates high degrees of contamination by the sediments, of up to 30% 
(Goodrich and Patchett, 1991).

Although the exact nature or type of contaminating sedimentary lithologies is difficult to 

determine, it would seem reasonable to use samples As80 3 and As80 8 as ‘average’ 

sediments in terms of a model to account for the carbon isotope systematics seen in Disko 

Island samples. This is supported by the fact that the average carbon content of samples 

As80 3 and As80 8 is 5.8 wt%, a similar value to the carbon content of the shales (5.34 

wt%) as used in the model of Ulff-Moller (1990). Taking into account the above 

discussion a possible scenario to account for the carbon isotope compositions of the Disko 

Island samples is a two-stage fractionation process, although it must be stressed that this is 

based upon the samples analysed herein, which represent only a very limited sample set of 
Disko Island lithologies.
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Upon initial assimilation of sediment-derived organic matter, kinetic isotope fractionation 

occurred, where an isotopically light carbon phase (most likely CH4) was produced (and 

then lost) leaving a residue of 13C-enriched material. With rising temperatures 

graphitisation of the C-enriched residue will occur in addition to the reduction reactions 

forming CO2 . During this stage temperature dependent exchange reactions become the 

dominant fractionation process resulting in C 02 being enriched in l3C compared with the 

residue from the initial stage. Figure 3.25 shows a graphical representation of this 

proposed two-stage scenario.

The Disko Island results suggest that if the ureilite carbon is indeed relict material, derived 

from igneously processed and metamorphosed carbonaceous chondrite precursor material, 

then ureilite carbon should be isotopically similar to, or slightly enriched in 12C compared 

with the parent carbon.

Dependent 
Isotope Exchange

Temperature Increasing
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3.8 Summary

Many models of ureilite petrogenesis invoke a carbonaceous chondrite-like 

precursor material for the ureilites in an attempt to account for features such as the noble 

gas abundances and oxygen isotope signatures that the ureilites display. By better 

understanding the behaviour of carbon within environments that may be analogous to those 

encountered during ureilite formation the petrogenetic link between the ureilites and the 

carbonaceous chondrites may be confirmed or disproved. Herein, the unique geological 

setting of Disko Island, has been exploited in an attempt to provide a terrestrial analogue 

for ureilite petrogenesis.

1) The predominant lithologies of Disko Island are picritic and tholeiitic basalts that were 

erupted approximately 63Ma ago during the opening of the Atlantic. During the 

ascension of the magmas through the crust surrounding carbonaceous sedimentary 

country rock material was assimilated into the magmas. The incorporation of carbon 

into the basaltic magmas resulted in the formation of significant amounts of native iron 

metal, by the reduction of the FeO-bearing silicates, carbides within the metal and the 

graphitisation of organic material.

2) Carbon isotope analysis of Disko Island samples representing source sedimentary 

organic material and contaminated basalt metal, carbide and graphite allow for the 

determination of the isotope systematics of carbon within a magmatic and reducing 

environment. Results from contaminated samples show that graphite, carbide and 

carbon dissolved in metal are very similar to or 12C-enriched compared with the source 

carbon from the sedimentary organic material. Isotopic compositions of the 

contaminated Disko samples are consistent with an initial loss of l2C-enriched CH4 

followed by the loss of a C 02 component that was 13C-enriched (by up to about 2%o in 

13C) compared with the initial sedimentary organic matter. An effect expected to result 

from the temperature dependent equilibrium isotope fractionation of carbon between 

CO2 and graphite at magmatic temperatures.

3) Results from Disko Island analyses suggest that if indeed ureilite carbon is residual 

material, derived from an igneously processed and metamorphosed carbonaceous 

chondrite-like source carbon material, then ureilite carbon may be expected to be 

similar to, or isotopically lighter than the source material. The carbon isotopic
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composition and abundance in ureilites is discussed in chapter 7 and the implications of 

the Disko Island results in terms of the proposed genetic link between ureilites and 

carbonaceous chondrites is discussed in chapter 8.
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Chapter 4

Petrogenesis of ureilite carbon -  clues from terrestrial anlogues: 

Terrestrial graphite analyses

4.1 Introduction

The detailed investigation by Grady et a l, (1985) of ureilite carbon form and 

isotopic composition by stepped combustion and mass spectrometry revealed an apparent 

link between the shock levels of ureilite samples and the temperatures at which the 

majority of carbon was combusted. Samples that showed evidence of the highest levels of 

shock metamorphism had major carbon releases between 500 and 600°C. In contrast, 

samples that appeared to have suffered lower shock levels had their main carbon releases at 
higher temperatures of between 800 and 900°C.

To constrain in more detail the combustion behaviour of graphitic carbon within the 

ureilites, three terrestrial graphite samples of known crystallinities have been analysed by 

high-resolution stepped combustion for the first time. Two trends have been recognised, 

whereby, as the crystallinity of a graphitic sample increases (1) the temperature of the peak 

carbon release increases and (2) the profile of the main carbon release broadens. This 

correlation allows for the relative graphite crystallinities of ureilite samples to be 

determined from stepped combustion data and also may be applied to other meteoritic and 
terrestrial samples.

Determining the relative crystallinity of graphite within ureilite samples allows for a 

comparison to be made with other petrographic and geochemical features, for example 

shock grade and oxygen isotope grouping, and provides further insight into the 

petrogenetic involvement of carbon in the ureilite group as a whole.
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4.2 Results

Three terrestrial graphite samples from the duplicate collection of the Natural 

History Museum (London) were analysed by stepped combustion in order to determine 

their carbon release profiles and peak release temperatures. The samples were first 

analysed by XRD at the Natural History Museum in order to determine their relative 

crystallinities. In order to prepare the graphite samples they were lightly crushed to avoid 

possible sampling effects, prolonged crushing and grinding was avoided since this is 

known to artificially increase the crystallinity of a sample (Landis, 1971). After crushing 

the material was put through a grain size sieve where the 125-250/im grain fraction was 

collected for analysis to avoid possible sampling effects through differences in grain size 

(see Wright and Pillinger, 1989). The same prepared powders were used for both XRD 

and stepped combustion analyses.

The XRD patterns obtained are shown in figure 4.1. It can clearly be seen that their peak 

widths differ considerably, which is a diffraction effect caused by their different degrees or 

crystallinity and/or crystallite size. The crystallinity of an individual sample is dependent 

on various factors, including, for example, the distance between the layers of graphite 

crystals and the number of defects within the graphite crystallite lattice. Accordingly, 

samples with low crystallinities will have XRD spectra that show broad peaks, which are 

skewed towards lower 20 angles, whereas samples with high crystallinities will show 

narrow and well-defined peaks (Landis, 1971). Using parameters of height/width ratio at 

Z% height and doo2 at peak maximum (Imax) the relative crystallinity of the sample can be 

determined and compared with previously published crystallinity categories (Landis, 

1971). Table 4.1 shows these parameters for the Fusan, Bavaria and Ceylon samples 

compared with literature values.
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Figure 4.1. XRD 002 peak scattering profiles (normalised with respect to peak height) o f the three terrestrial 
graphite samples Fusan, Bavaria and Ceylon. The arrow indicates the order o f increasing relative 
crystallinities o f the three samples.
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Table 4.1. Descriptive parameters characterising different stages of graphite crystallinity, 

taken from Landis (1971). Fusan, Bavaria and Ceylon values as determined from XRD 

experiments.
Height/width dooîÂ-
at Vi height ( Imax)

Graphite (fully ordred) 30 3.35-3.36
Graphite-J; 3-15 3.35-3.66
Graphite - d j A 3-15 3.37-3.44
Graphite -  cfc 0.5-1 3.45-3.55
Graphite -  di 0.5 3.50-3.75

Fusan 2.86 3.360
Bavaria 5 3.357
Ceylon 6.7 3.354

Thus, it can be seen from figure 4.1 and table 4.1 that the relative peak widths are most 

likely to indicate that the degree of perfection of the crystal lattice increases in the order 

Fusan —» Bavaria —» Ceylon. Using the parameter of height/width at Vi height, the Fusan, 

Bavaria and Ceylon samples correspond with both graphite dj and d}A, although using the 

doo2 parameter the samples correspond with graphite d3 as described by Landis (1971). 

However, the doo2 parameter also decreases with increasing crystallinity and this 

corresponds with the increasing relative crystallinity of the Fusan, Bavaria and Ceylon 

samples. With the relative crystallinities of the terrestrial graphite samples established, 

they were then analysed by stepped combustion using the same extraction system as was 

used for ureilite sample analysis.

The Fusan and Bavaria samples were analysed between 300° and 950°C with the 

temperature range 500° to 800°C analysed with high-resolution, 25°C steps. The Ceylon 

sample was analysed over the range 300° to 1050°C, again with the temperature range 500° 

to 800°C measured at high-resolution. The temperature steps were chosen in order to 

analyse the entirety of the main carbon release at high resolution. However, in the case of 

both the Bavaria and Ceylon samples, the main carbon release occurred at a higher 

temperature range than anticipated, and as such the profiles are composed of a combination 

of 25 and 50°C steps. Therefore, to enable direct comparison between the data, all three 

graphite samples have had their stepped combustion results normalised to 50°C steps. The 

stepped combustion profiles for each sample are shown below in figure 4.2; results are 

fully tabulated in Appendix II.
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The three graphite samples have different release profiles, with the lowest crystallinity 

sample, Fusan, displaying the lowest peak carbon release temperature (700°C) and the 

narrowest release range. The Bavaria sample, which has intermediate crystallinity, also 

displays a peak release temperature of 700°C, although it has a broader release range than 

that of the lower crystallinity Fusan sample. The Ceylon sample, which has the highest 

relative crystallinity of the three samples as determined by XRD, displays the highest peak 

release temperature of 900°C and also has the broadest release range. An important point 

to consider from both the Ceylon and Bavaria samples is that both the range in temperature 

of the carbon release (700-1000°C) and the peak release temperature (700-900°C) coincide 

closely with that reported for diamond (Grady et al., 1985; Wright and Pillinger, 1989; see 

also figure 2.1). It is therefore clear that, with regards to whole rock ureilite samples, 

identification of the presence of diamond on the basis of stepped combustion data is 

necessarily ambiguous, since a high temperature (approximately 850 to 900°C) release 

component might be well-crystalline graphite and not diamond. This should also be 

considered in terms of the identification of cohenite, which has a peak release temperature 

of approximately 875°C, although the characteristic isotope fractionation trend observed 

during cohenite combustion is the main characterising feature of this compound (see 

chapter 3, section 3.6.5).
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Figure 4.2. Stepped combustion profiles o f terrestrial graphite samples Fusan, Bavaria and Ceylon.
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4.3 Carbon release profile -  interpretation methods

The degree of crystallinity of graphite within a sample clearly plays an important 

role in governing combustion behaviour of the carbon. The three terrestrial graphite 

samples indicate that with increasing crystallinity the release profile will increase in 

breadth with an associated increase in peak carbon release temperature. However, this 

observation relies merely on the qualitative assessment of terrestrial graphite stepped 

combustion profiles. Two different methods -  curve fitting (see 4.3.1) and cumulative 

yield calculations (see 4.3.2) -  have been developed to assess quantitatively the stepped 

combustion data from the terrestrial graphite samples. These methods can also be applied 

to ureilite stepped combustion data allowing precise comparison between samples.

4.3.1 Curve smoothing using KaieidaGraph™

The first method employed to quantify the carbon release profiles of the samples is 

a simple two-stage process using both the stepped combustion data and a ‘curve fit’ feature 

in the KaieidaGraph™ data analysis and graphics application (Synergy Software).

Using the results from the Fusan sample (see appendix II) as an example, the peak carbon 

release (342617ppm) occurs in the 700°C step. The release range is then calculated by 

determining the temperature steps where more than 10% of the peak carbon value is 

released. Thus, for the Fusan sample, 10% of the peak carbon value is 34261ppm, and the 

minimum temperature where more than 34261ppm is released is the 600°C step and the 

maximum temperature is 750°C. For the Fusan sample, then, the temperature range of the 
main carbon release is 150°C.

The second stage of the process determines the peak temperature of the release more 

accurately than simply defining a 50°C step where the peak release occurs. Using 

KaieidaGraph™ software the ‘curve fit’ function is applied to the carbon yield data, which 

results in the data being smoothed. The curve fit function used in this instance applies a 

Stineman function to the carbon yield data, which then has a geometric weight applied to 

each point and ±10% of the total data range, resulting in a smooth curve fit of the data. 

Once the carbon release profile has been curve smoothed the peak release temperature can 

be accurately resolved by determining at which temperature the apex of the curve occurs. 

An advantage of this method is that peak temperatures can be more accurately defined as
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opposed to giving a 25 or 50°C step value. Figures 4.3 to 4.5 below show the carbon 

release profiles of the three terrestrial graphite samples analysed with the curve fit function 

applied. The resolved peak release temperatures and calculated release range minima and 

maxima are also given. Instrumental errors for stepped combustion experiments are ± 5°C 

for each temperature step.

4.3.2 Cumulative yield calculations

The second method used to quantify and characterise the release range and peak 

carbon release temperature data is based on calculating the cumulative yield of carbon 

released during the experiment and has been developed after the method of Grady et al. 

(Grady et al., 1988). Firstly the amount of carbon released during each temperature step is 

converted to a percentage value of total carbon released. With the percentage of carbon 

released calculated for each temperature step the cumulative yield is determined simply by 

adding the percentages for each incremental temperature step together.

As the release profiles display a moderate level of symmetry the temperature where 50% of 

the total carbon is released can be used as an alternative to the peak release temperature. 

Minimum and maximum values are determined by resolving at which temperatures 10 and 

90% (respectively) of the total carbon is released. The major advantage of this method 

over the curve smoothing method described above is that the minimum and maximum 

release temperatures can be resolved to a much greater precision. That is to say, when 

calculating the minimum and maximum temperatures to determine the release range using 

the curve smoothing method the resolution is to a much coarser degree resulting in a 25 or 

50°C step being determined. Thus, the actual temperature where the minimum and 

maximum release occurs is at some temperature within a 25 or 50°C range. Using the 

cumulative yield method a higher degree of precision is obtained when determining the 

minimum and maximum temperatures of the release range, although the ±5°C instrumental 

error must also be taken into acoount. Cumulative yield calculation results for the three 

graphite samples are shown below in figures 4.3 to 4.5.
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T (°C)
Figure 4.3. Curve smoothing and cumulative yield results for Fusan graphite showing calculated peak, 
minimum and maximum combustion temperatures. Instrumental error =±5'C .

T (°C)

Figure 4.4. ( urve smoothing and cumulative yield results for Bavaria graphite showing calculated peak, 
minimum and maximum combustion temperatures. Instrumental error = ± 5 ’C.
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Figure 4.5. Curve smoothing and cumulative yield results for Ceylon graphite showing calculated peak, 
minimum and maximum combustion temperatures. Instrumental error = ± 5°C.

4.4 Carbon combustion behaviour -  peak release and release range

Table 4.2 shows the calculated carbon peak release temperatures and minimum and 

maximum values calculated using both the curve smoothing and cumulative yield methods. 

Fusan and Bavaria show good agreement in the peak release temperatures calculated using 

the two methods, with differences of only 4°C and 7°C respectively, although these values 

are close to the instrumental error of ±5°C. The Ceylon sample shows less similarity 

between the calculated peak temperatures, with a difference 13°C between the two 

methods. The calculations of release range, however, do not show good agreement 

between the two methods. Fusan shows the most similarity in calculated release range 

with a difference of 15°C between the two methods, Ceylon, however, shows the greatest 

discrepancy of 90°C.
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Table 4.2. Calculated peak, minimum and maximum temperatures using both curve

smoothing and cumulative yield methods for terrestrial graphite samples.

Method Parameter (°C) Sample

Curve Peak
Fusan
653

Bavaria
681

Ceylon
870

Min 600 600 700Smoothing Max 750 850 1000
Release Range 150 250 300

Peak 649 688 857
Cumulative Min 571 604 738

Yield Max 706 795 948
Release Range 135 191 210

Note: Analytical error o f ±5°C on all samples.

For all the graphite samples the release range determined by the cumulative yield method 

is significantly less than that calculated using the curve smoothing method. The 

discrepancy in the results between the two methods is most likely due to the fact that the 

cumulative yield method is able to determine more precise minimum and maximum 

temperatures than the curve smoothing method. Thus, the release ranges calculated using 

the cumulative yield method express a more precise temperature range than the curve 

smoothing method. The cumulative yield method, is then, the preferred method for 

quantifying and characterising carbon stepped combustion profiles.

Figure 4.6 below clearly shows a relationship between release range and peak release 

temperature as calculated using both the cumulative yield and curve smoothing methods, 

with increasing peak temperatures there is a corresponding increase in release range. XRD 

analyses of the three graphite samples (see section 4.2 above) reveals increasing relative 

crystallinity in the order Fusan -* Bavaria -* Ceylon, which is reflected in the combustion 

data. Both the release range and peak temperature results (figure 4.6) results of the 

graphite samples also increase in the order Fusan -* Bavaria -* Ceylon, which would 

suggest that the crystallinity of a sample exerts influence over its combustion behaviour 

and, as such, peak temperature and release range data can act as a proxy to determine the 

relative crystallinity of graphitic carbon within a sample.
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Figure 4.6. Carbon stepped combustion results from graphite samples Fusan, Bavaria and Ceylon. Peak 
temperatures and release range data calculated using both the curve smoothing and cumulative yield  
methods. Error bars =±5°C.
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4.5 Potential problems

Although both the curve smoothing and cumulative yield methods reveal a clear 

relationship between crystallinity of a sample and its combustion behaviour a number of 

factors may adversely influence the combustion and hence disrupt the relationship with 

crystallinity. For example, the graphite samples analysed herein are relatively pure with 

only minor impurities of clay (which was only detected during XRD analyses), whereas 

ureilite samples consist of a number of major components, namely silicate minerals and 

metals in addition to carbonaceous material. As such ureilite samples are more likely to be 

affected by reaction conditions such as ‘promoted combustion’ where the heat generated 

by the oxidation of one component promotes the combustion of any material in the 

immediate vicinity. Grady el al. (1985) note this potential factor when discussing the 

reasons for the differences in combustion temperatures seen in their stepped combustion 

results. Conversely, the combustion of a component may be retarded if it is shielded by a 

component, which restricts the access of oxygen to the carbon.

Another scenario, which may result in the relationship between release range and peak 

temperature being disrupted, is where experimental conditions differ slightly between 

samples. For example, if a sample does not reach the optimum part of the combustion tube 

where the furnace temperature is measured from, or if the oxygen pressure is low. For the 

experiments carried out herein measures were taken to avoid the possibility of a sample
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becoming lodged in a region of the combustion section, which is away from the optimum 

part. Once the sample was loaded into the Pt bucket, the bucket was sealed and shaped 

such that it was small enough to fall comfortably down the combustion tube with no 

comers that may become caught. Additionally, the oxygen pressure was regularly checked 

between experiments to ensure good reproducibility and inter-experiment comparison so it 

is unlikely that variations in this parameter would contribute errors to the stepped 

combustion data. However, small discrepancies of a few degrees may still result between 

experiments, which would cause errors of a few degrees in the temperature calculation 

results. For these reasons it is suggested that the parameter of peak temperature of a 

sample may not be the most suitable value to use as a proxy for graphite crystallinity. In 

terms of release range, however, experimental artefacts should not influence the results to 

the same degree. For example, if the sample combusts at an artificially high or low 

temperature the release range minimum and maximum temperature will be affected in the 

same way that the peak release temperature will be compromised. However, the release 

range itself, i.e. the breadth or narrowness of the stepped combustion will still be the same 

and give the same value for a sample combusted at a typical temperature.

In addition to possible analytical errors, resolution of graphite combustion parameters may 

also be problematic if a sample contains a number of carbon phases with overlapping 

peaks. In a sample containing, for example, carbonate, graphite and diamond (phases that 

may all be found in ureilite samples) the initiation and cessation of graphite combustion 

may be masked by the combustion of the lower temperature carbonate phase and the higher 

temperature diamond phase. To avoid the possibility of masking true graphite combustion 

and hence using incorrect parameters in a cumulative yield calculation other factors may 

be employed to identify the true graphite component. These include identifying 

characteristic isotopic compositions or fractionation trends to determine non-graphitic 

phases. If present these phases can be removed from the cumulative yield calculations (see 

chapter 7, section 7.3.3 —LEW 88774).
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4.6 Summary

Three graphite samples with different crystallinities determined by XRD have been 

analysed by high-resolution stepped combustion to constrain the combustion behaviour of 

graphitic carbon and resolve any relationship between graphite crystallinity and 

combustion behaviour.

1) Interpretation of the graphite stepped combustion profiles (see figure 4.2 above) 

indicates a clear difference between graphite with the lowest crystallinity (Fusan) and 

graphite with the highest crystallinity (Ceylon), where, as crystallinity increases both 

the peak carbon temperature and the breadth of release range increases. This is entirely 

consistent with the degree of perfection of the graphite structure: the presence of 

defects will allow C-C bonds to be broken and, thus, oxidised more easily, compared 

with more defect-free graphite, which will survive to higher temperatures and break 

down more slowly. Conversely, poorly crystalline graphite structures will combust 

more quickly and at lower temperatures because less energy will be required to 

overcome initial oxidation. Importantly, for the interpretation of carbon phases within 

ureilites, the high crystallinity Ceylon sample shows a combustion profile that is very 

similar to both diamond and carbide (Grady et al., 1985; Wright and Pillinger, 1989) 

see also chapter 3, section 3.6.5). Thus, the identification of these phases within a 

whole-rock sample should not be made purely on the basis of combustion temperatures 

but should also take into account factors such as isotope fractionation trends, in the 

case of carbide (see chapter 3 section, section 3.6.5.).

2) Two simple methods have been developed to allow for the quantitative assessment of 

stepped combustion profiles from graphitic carbon samples where the peak carbon 

release temperature and the breadth of the release range can be determined. Both 

methods confirm the increase in peak temperature and release range breadth with 

increase in relative graphite crystallinity. In terms of peak temperature the results from 

both methods are quite similar for all samples, being within 13°C. The calculations of 

release range, however, differ quite markedly between the two methods, by up to 90°C 

in the case of the Ceylon sample. This is most likely due to the fact that the release 

range may be more accurately determined using the cumulative yield method, where a 

precise minimum and maximum temperature may be calculated compared with the 

curve smoothing method where only a 50°C temperature step can be resolved. As
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such, the cumulative yield method is the preferred method to assess quantitatively a 

sample’s stepped combustion carbon release profile.

3) Results from terrestrial graphite samples suggest that both release range and peak 

temperature results calculated using the cumulative yield method may be used as a 

proxy to determine a sample’s relative crystallinity. Samples with high crystallinity 

graphite will combust over a broader range in temperature and have higher peak release 

temperatures compared with samples containing lower crystallinity graphite. However, 

a number of factors including heterogeneous sample composition and experimental 

artefacts may adversely influence the peak release temperature of a sample, thus 

destroying the clear relationship seen between release range and peak release 

temperature.

It is concluded, therefore, that in terms interpreting stepped combustion data from ureilites 

the parameter best suited to act as a proxy for determining graphite crystallinity is the 

calculated release range.
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Chapter 5

Mineralogy and petrography of ureilites -  clues to the 

petrogenetic importance of carbon

5.1 Introduction

The mineralogical and petrographic characteristics of the ureilites provide some of 

the most paradoxical evidence for the formation processes and conditions the ureilites 

experienced during their history. For example, the ultramafic mineralogy that the ureilites 

possess and the foliated, cumulate-like mineral textures suggest derivation from a melted, 

or igneous source. However, the igneous characteristics of the ureilites and the suggestion 

that they have undergone igneous processing is inconsistent with their oxygen isotope 

compositions and noble gas abundances, which are both similar to the undifferentiated 

carbonaceous chondrites.

5.1.1 Carbon

Carbon within the ureilites is an important component in terms of mineralogy, 

petrography and petrogenesis, however few studies have been carried out to investigate the 

mineralogical and petrographic relationship between carbon material and the silicates. 

Goodrich and Berkley (1986) reported the presence of small (5-150/rm diameter) cohenite- 

bearing spherules in five ureilites of low-shock grade. These cohenite-spherules are found 

as inclusions in the cores of olivine and pigeonite grains and, therefore, carbon is inferred 

to be a primary component within the crystallising ureilite parent magma. Goodrich and 

Berkley (1986) also discuss the presence of graphite trapped within olivine grains and take 

this to be another indicator that carbon is a primary component i.e. not derived from a late- 

stage impact event (e.g. Warren and Kallemeyn, 1988; 1989).
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The apparent absence of diamond within ureilites of low shock grades e.g. ALHA78019 

has been taken to indicate that diamond is produced from primary graphite through shock 

processes (e.g. Wacker, 1984). Noble gases are trapped primarily within carbonaceous 

material in the ureilites and, in diamond-bearing ureilites, the gases are concentrated in the 

diamond phase (e.g. Gobel et al., 1978; Weber et al., 1976). This has also been taken as 

evidence that the diamonds within the ureilites are produced through shock transformation 

of primary, graphitic material.

However, the presence of carbonaceous material occurring mostly as veins and interstitial 

' material has been taken to suggest that it represents ‘secondary’ material, added at a late 

stage through an impact with a carbon-rich impactor (Boynton et al., 1976; Warren and 

Kallemeyn, 1988; 1989). Wasson et al. (1976) propose that ureilite diamond formed in, or 

near a carbon-rich zone or in a carbon-rich impactor, and were injected into the ureilite 

parent magmas along with carbonaceous vein material. The presence of narrow reduction 

rims around olivine grains within the vast majority of ureilites has also been used as 

evidence to support the suggestion that carbon was added as a late-stage component (e.g. 

Wlotzka, 1972; Mittlefehldt et al., 1998).

5.1.2 Mineralogy

Mineralogical and petrographic investigations have been carried out on 15 ureilite 

samples. Eleven of the samples investigated have oxygen isotope compositions that fall 

into sub-groups B and D of Franchi et al. (1997,1998). These eleven samples were chosen 

specifically owing to the fact that they have also been analysed to determine their carbon 

isotopic composition by high-resolution stepped combustion and mass spectrometry (see 

chapter 7). Specific interest has been paid to the carbonaceous material within these 

samples and its petrographic relationship with the silicate minerals.

One of the eleven sub-group B and D samples is a new ureilite, Sahara 99201, which has 

been recognised and classified during this investigation (Grossman, 2001). Furthermore, 

the petrographic and mineralogical descriptions, and also mineral analyses of the majority 

of the samples herein represent the most detailed study of these ureilites to date. Many of 

the samples have previously been described only briefly, either in conference proceedings 

or new meteorite announcements e.g. the Antarctic Meteorite Newsletter.
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Two of the samples in sub-group B are ureilites from the Frontier Mountain area of 

Antarctic continent. These two samples, although they have not been analysed in this 

study for carbon isotopic composition, display some very interesting mineralogical and 

petrographic characteristics, which may provide some important insights into the 

petrogenetic history (and the role of carbon) of the ureilite meteorites. FRO 90036 and 

FRO 990168 have nearly identical oxygen isotope compositions and very similar carbon 

isotopic compositions. On the basis of previous investigations (Wlotzka, 1994) these 

samples have been paired. However, investigations as part of this study have indicated that 

these meteorites are quite different in terms of mineralogical composition and petrography. 

Four other Frontier Mountain ureilites have also been investigated, and although the 

samples are heterogeneous in terms of composition and texture, similarities can be 

identified and the samples divided into three inter-related groups. One possibility is that 

these Frontier Mountain samples are paired and represent a disaggregated polymict sample. 

However, the samples do not appear similar to any previously identified polymict breccia, 

as such, they may represent a new textural type of ureilite. Additionally, three of the 

samples have interesting and unusual interstitial silicate materials, the presence of which 

may be related to a shock event. The mineralogy and petrography of the sub-group B 

samples FRO 90168 and FRO 90036 have been analysed in conjunction with mineralogical 

and petrographic investigations of four other Frontier Mountain ureilites, and are discussed 

in detail in chapter 6.

5.2 Classification of ureilite samples

The 15 ureilite samples have been classified using standard techniques and 

procedures. Petrographic analyses have been carried out using a petrological microscope 

and using scanning electron microscopy. Mineral analyses have been carried out using a 

Cameca electron microprobe in WDS mode (see chapter 2, sections 2.1.1 and 2.1.2). In 

addition to classification in terms of composition of olivine and pyroxene grains, shock 

grade (Stôffler et al., 1991, see also table 5.1) and weathering grade (Wlotzka, 1993, see 

also table 5.2) are also described and defined. Table 5.3 lists the samples investigated and 

classified herein; mineral analyses are tabulated in Appendix III.
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Table 5.1. Progressive stages of shock metamorphism of ordinary chondrites (also applicable to the ureilites). The prime criteria for shock 

classification are underscored. The post shock temperature refers to the temperature increase upon pressure release relative to the pre-shock 

ambient temperature. (After Stoffler et al., 1991).

Shock
stage Effects in olivine resulting from shock Effects resulting from local P- 

T excursions
Shock

Pressure
GPa

Post-shock 
temperature 
increase (°C)

Unshocked
SI Sham optical extinction, irregular fractures None <4-5 10-20

Very
weakly
shocked

S2
Undulatorv extinction, irregular fractures None

5-10 20-50
Weakly
shocked

S3
Planar fractures, undulatorv extinction, irregular 

fractures
Opaque shock veins, incipient 

formation of melt pockets, 
sometimes interconnected 15-20 100-150

Moderately
shocked

S4
Mosaicism tweak), planar fractures Melt pockets, interconnecting 

melt veins, opaque shock veins 30-35 250-350
Strongly
shocked

S5

Mosaicism (strong), planar fractures and planar 
deformation features

Pervasive formation of melt 
pockets, veins and dykes; 

opaque shock veins 45-55 600-850
Very

strongly
shocked

S6

Restricted to local regions in or near melt zones
As in stage 5

75-90 1500-1750

Solid state recrvstallisation and staining, ringwoodite, 
melting

Shock
melted Whole rock melting (impact melt rocks and melt breccia)
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Table 5.2. Weathering scale for meteorites where diagnostic features are determined in

thin section using transmitted plane polarised light. (After Wlotzka, 1993).

W e ath erin g  G rad e D iagnostic F ea tu res C om m ents

WO
No visible oxidation of metal or 
sulphide. A limonitic staining may 
already be noticeable in transmitted 
plane polarised light.

Fresh falls are usually of this grade. 
Most Antarctic meteorites are of this 
grade.

W1 Minor oxide rims around metal and 
troilite; minor oxide veins.

Some fresh falls are of this grade.
Some massive veins of iron oxide can 
be seen but these will have developed 
independently within cracks formed 
through mechanical processes. Broad 
cracks may often be filled with 
carbonates.

W2 Moderate oxidation of metal and troilite, 
about 20 to 60% being affected.

W3 Heavy oxidation of metal and troilite, 60 
to 95% being replaced.

W4 Complete (>95%) oxidation of metal and 
troilite. No alteration of silicates as yet.

W5 Start of alteration of mafic silicates, 
mainly along cracks.

W6
Massive replacement of silicates by clay 
minerals and oxides.

Table 5.3. List of samples investigated for mineralogy and petrography with oxygen 

isotope composition.

Sample Fall/Find Mass (g)(1) a17o  %o(2) O isotope sub-group®
Hammadah al 

Hamra 064
Find 136.0 -0.629 B

LEW 85328 Find 106.8 -0.623 B

QUE 93341 Find 7.5 -0.605 B

META78008 Find 125.5 -0.634 B

Acfer 277 Find 41 -1.018 D

Novo-Urei Fall 1900 -0.983 D

PCA 82506 Find 5316 -0.984 D

RKPA80239 Find 5.6 -0.997 D

Sahara 99201 Find 91.0 -0.946 D

FRO 90036 Find 34.57 -0.611 B

FRO 90054 Find 17.51 -0.857 C

FRO 90168 Find 14.26 -0.612 B

FRO 90228 Find 13.26 -0.877 C

FRO 90233 Find 31.89 -0.412 A

FRO 93008 Find 12.01 -0.869 C

(Franchi et al., 1997, 1998)
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5.2.1 Mineralogy and petrography of sub-group B samples

Hammadah al Hamra 064: Hammadah al Hamra 064 (HH064) is a monomict 

ureilite that was collected from the Libyan Sahara between 1994 and 1995 (Grossman, 

1996; Weber and Bischoff, 1996). A transmitted plane polarised light image mosaic of 

HH064 is shown in figure 5.1. The section studied is composed of olivine and pyroxene 

(augite and twinned low-Ca pyroxene) with pyroxene grains making up approximately 

60% of the silicate grains, abundant carbon-rich material is also apparent. Olivine core 

composition is mg# 11.0, augite core composition is Ens4.g W032.0 FS13.2, and low-Ca 

pyroxene En76.5 Wo4.5 FS19.0. These analyses are in good agreement with previously 

reported values (Weber and Bischoff, 1998; olivine = mg# 77; augite = En5s.3 W031.9 FS12.8', 

low-Ca pyroxene = En77 W04.5 FS18.5). On the whole the low-Ca pyroxene grains are quite 

large, up to approximately 2mm in size, although may originally have been larger as the 

grains occur at the edges of the section. Olivine and augite grains are smaller, up to 

approximately 1mm is size. HH064 has been reported as being a poikilitic, or bi-modal 

ureilite (Weber and Bischoff, 1998), although this texture is not clear from this section, 

suggesting that this is not the same section as studied by Weber and Bischoff (1998).

Figure 5.2 shows a reflected light image of HH064. Carbonaceous matrix comprises 

approximately 8 vol% of the section and occurs along grain boundaries between olivine 

and pyroxene grains. Large, blade-like masses (up to approximately 700p.m long) of 

graphitic material commonly occur. These masses occur both at grain boundaries and also 

intrude into grains along fractures and cleavage. Reduction rims are typically ~100/rm in 

width and can be seen in olivine grains along grain boundaries and also where olivine 

grains are intimately associated with the blade-like graphitic material. In a few olivine 

grains the effects of reduction are more obvious, and abundant metal veins pervade the 

grain from the grain boundary. This metal veining is associated with localised reduction, 

blebs of Fe-metal and veinlets branching off the main metal veins. The width of this grain- 

intrusive reduction is usually about 50p.m. Although reduction rims are absent from 

pyroxene grains some grains do show discrete trails of metallic inclusions, which all seem 

to run along the same orientation, although the trails do not seem to be associated with 

cleavage planes or fractures.

Olivine and pyroxene grains in HH064 display undulatory extinction, and some planar 

fractures, HH064 thus corresponds to shock stage 3 (S3), the section is also relatively 
weathered corresponding to weathering grade 2 (W2).
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LEW 85328: LEW 85328 was found in the Lewis Cliff region of Antarctica during the 

1985/1986 ANSMET field season (Antarctic Meteorite Newsletter, 1987; Grossman, 

1994). The section investigated (LEW 85328, 24) shows approximately equal proportions 

of pyroxene and olivine and displays the typical monomict ureilite texture. Carbon-rich 

material occurs in localised areas and makes up about 8 vol% of the total section. Olivine 

core composition is mg# 78.3 with pigeonite cores having a composition of En72.2 W09.5 

FS18.3. Olivine and pyroxene compositional data are in good agreement with reported 

values although this is not the same thin section (Saito and Takeda, 1990 -  LEW 85328,

‘ 25; olivine = mg# 79.2; pigeonite = En72.i Wo96 FS18.3). A plane polarised light mosaic 

image of LEW 85328 is shown in figure 5.3.

Olivine and pyroxene grains show a slight preferred orientation within the section. 

Average grain size is approximately 0.75mm, although some grains are larger at up to 

2mm in length. Many of the olivine and pyroxene grains have curved grain boundaries and 

triple-junctions can also be seen. One obvious feature of this thin section is that carbon- 

rich matrix material is not evenly distributed. Although it does exist at grain boundaries 

between olivine and pyroxene grains it is also highly concentrated in some areas. Figure

5.4 shows a reflected light image of LEW 85328. Where carbon-rich matrix occurs along 

grain boundaries, reduction rims occur in olivine grains, although they are absent from 

pyroxene grains. These reduction rims are about 100/wn in width and often very fine metal 

veins will intrude into the olivine from this boundary-reduced area. In contrast the areas 

where localised carbon-rich material occurs are more heavily reduced. Here, carbon-rich 

matrix material appears both as globular masses and also as blade-like areas and reduction 

around these masses may be up to approximately 600/rni wide and often appear as 

‘rosettes’. Olivine grains immediately adjacent to these carbon-rich areas are highly 

reduced, with reduced regions often pervading nearly the entire grain. Unusually, pigeonite 

grains in these carbon-rich areas also exhibit signs of reduction, and contain many tiny 

metallic inclusions, which give the grains a cloudy appearance. Carbonaceous material 

often intrudes into grains, especially along fractures in olivine.

LEW 85328 is of low shock grade, with olivine and pyroxene grains displaying undulatory 

extinction, corresponding to S2 (Stoffler et a l, 1991). The sample shows little alteration 

by weathering with slight limonite staining in grain boundary areas and cracks within 

grains corresponding to WO (Wlotzka, 1993).
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Figure 5.1. Transmitted plane polarised light mosaic image o f  Hammadah al Hamra 064. Black areas are 
regions o f  carbon-rich matrix material and reduction in olivine grains. Orange coloured weather,no can be 
seen along cracks in mineral grains. *

Figure 5.2. Reflected light mosaic image o f  HH064. Carbon-rich material can be seen along grain 
boundaries and also as elongate masses. Some o f  the elongate masses are restricted to the grain boundary 
areas whereas others intrude into grains along fractures. Reduction can be seen as the mottled areas at 
grain boundaries and around carbon-rich material
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Figure 5.3. Transmitted plane polarised light image mosaic o f  this section LEW 85328, 24. Carbon-rich 
matrix and areas o f  reduction are opaque in transmitted light. The sample shows slight limonite staining 
along cracks and is less than seen in HH064 above, indicating a low weathering grade. Olivine and 
pyroxene grains show a slight elongation.

Figure 5.4. Reflected light image o f LEW 85328,24. Black areas are carbon-rich material, which occurs 
around grain boundaries and also as large masses. Blade shaped carbon-rich masses follow a similar 
orientation to the elongate silicate grains. The larger carbon-rich masses do not follow the same orientation
as the elongate masses. Darker grey areas are reduction and occur at grain boundaries and around the 
carbon-rich masses.
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META78008: This ureilite was collected in the Meteorite Hills region of Antarctica by an 

ANSMET recovery team. The thin section studied is META78008, 47 and a plane 

polarised light image is shown in figure 5.5.

The section is composed predominantly of anhedral olivine grains, which make up 

approximately 95% of the silicate grains. Olivine grains show both curved grain 

boundaries and also triple junctions. Augite grains are also observed but in a very minor 

proportion compared with olivine. Carbon-rich material is relatively evenly distributed 

through the sample and composes about 5 vol% of the section. This meteorite has 

' previously been described as a poikilitic ureilite (e.g. Takeda, 1989; Takeda et al., 1989 -  

META78008, 61-1) although this section does not show this textural characteristic. 

Instead this section has a texture more typical of a monomict ureilite, with a slight 

elongation of the olivine grains. Previous investigations of META78008 (Takeda, 1989; 

Berkley and Goodrich, 2001 -  META78008, 48) have described domains that do not show 

a poikilitic texture, but rather have a typical texture, and it is likely that this section of 

META78008 only samples a typical textured area. Although displaying a typical ureilite 

texture, some olivine grains are substantially larger than the others, and may be up to 

approximately 3.5mm in size, whereas the more usual size is between 0.5 and 1mm. 

Augite grains are typically smaller that olivine grains, not exceeding 0.5mm, although one 

augite grain is significantly larger at about 2mm in size. Olivine core compositions have 

mg# of 76.0 with augite core compositions of En55.i W030.7 Fsu.2 and are in good 

agreement with previously reported values (Takeda, 1989 -  META78008, 61-1; olivine = 

mg# 76.5; Enss.g W030.1 Fs^.o).

A reflected light image of META78008 is shown in figure 5.6. Carbon-rich material 

occurs between grain boundaries and also as lath-like masses within grain boundaries, 

which also sometimes impinge the olivine grains. Augite grains do not have reduction 

rims although some have metallic inclusions running in cracks and, occasionally, cleavage. 

Reduction occurs in olivine grains at grain boundaries and also around the lath-like carbon- 

rich material. Grain boundary reduction rims are wider than those typically seen at up to 

200/im in width. Areas of reduction around the carbonaceous laths are more pronounced 

and may be up to 500/un in width. Metal veinlets are often seen intruding into grains from 

these areas of pronounced reduction. Rosette-style reduction also occurs, where reduction 

is intense but localised, and forms round masses of reduced areas. The rosettes of 

reduction occur at grain boundaries and are associated with grain boundary carbon-rich
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material, but they also can be seen within grains removed by several hundred microns from 

grain boundary carbonaceous material. The petrography of carbonaceous material in 

META78008 is quite similar to that seen in LEW 85328 and QUE 93341 in form and 

distribution, similarly the styles of reduction are also comparable to that seen in LEW 

85328 and QUE 93341.

The shock classification of META78008 is higher than that of LEW 85328 and QUE 

93341. Olivine grains exhibit undulatory extinction and also have planar fractures 

assigning a shock grade of S3 to this sample (Stoffler et al., 1991). META78008 shows 

* only a slight limonite staining within fine cracks in olivine grains and thus has a 

weathering grade of WO (Wlotzka, 1993).
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Figure 5.5. Plane polarised light image o f  META 78008, 47. Narrow, elongate blades o f  opaque carbon-rich

* ros,,,e s- le o/reduc"°n a  *-  ■— « < •  ¿ z *  * »  w

Figure 5.6. Reflected light image o f  META78008.47. Carbon-rich matrix „  . ,
boundaries and as elongate masses. Darker grey areas or reduction h i  , 'S aro^ d  the grain
also around the large carbon-rich masses. r’ 0 ^ £r°in boundaries and
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QUE 93341: QUE 93341 was collected from the Queen Alexandra Range area of 

Antarctica by an ANSMET recovery team during the 1993/1994 field season. The sample 

is paired with another ureilite sample collected during the same field season, QUE 93336 

(Antarctic Meteorite Newsletter, 1995; Grossman and Score, 1996). Figure 5.7 shows a 

plane polarised light image of the QUE 93341, 9 thin section studied.

The thin section shows anhedral grains of olivine and pyroxene (pigeonite) in roughly 

equal proportions with typical monomict ureilite texture. Carbon-rich material is not 

evenly distributed and makes up only about 3 vol% of the section. Olivine core 

'compositions have mg# 77.9, with pigeonite cores of En7i.3 W010.2 Fsis.s, these data 

compare well with previously reported values, although it is not known whether these 

literature values were determined from the same section as investigated here (Antarctic 

Meteorite Newsletter, 1995; olivine = mg# 77; pigeonite = W010 Fsig).

Figure 5.8 shows a reflected light image of QUE 93341. With regards to the carbon-rich 

matrix and styles of reduction seen in this section it is quite similar to the section of 

LEW 85328 as discussed above. Carbonaceous vein material occurs both within the 

olivine and pyroxene grain boundaries but also as prominent masses in localised areas. 

Reduction rims associated with typical grain boundary carbon-rich matrix are only found 

in olivine grains and are about 100/rm wide. Reduction rims associated with grain 

boundary carbonaceous material are absent from pigeonite grains, although many contain 
trails of inclusions and some metal veining.

Carbonaceous masses occur as elongate bodies at the grain boundaries of olivine and 

pyroxene grains and also intrude into them. Olivine grains adjacent to these large masses 

show large degrees of reduction where the entire grain is riddled with Fe-metal blebs. 

Pigeonite grains also show effects of reduction and are dusky in appearance owing to the 

presence of many tiny metal inclusions. Intense metal veining is also associated with the 

areas of high carbon-rich matrix and reduction.

In terms of shock classification the olivine and pyroxene grains show only undulatory 

extinction, indicating a low shock grade of S2 (Stoffler et al., 1991). This section appears 

slightly more weathered than that of LEW 85328, with limonite occurring around grain 

boundaries and in some cracks within grains. The weathering grade of this sample is 

determined as W0-W1 (Wlotzka, 1993).
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Figure 5.7. Plane polarised light image mosaic o f  QUE 93341, 9. Opaque, elongate masses o f  carbon-rich 
material can be seen. Dusky grey areas o f  reduction occur at grain boundaries and around the carbon-rich 
material. Some smaller olivine grains show reduction in nearly the entire grain. Orange limonite staining 
can be seen in grain boundaries and within cracks in silicate grains. The sample is more weathered than

LEW 85328 above.

grain boundary material, although grain boundary reduction rims can be seen f n ,S See" as l-vP‘cal 
olivine grains can be seen around the carbon-rich masses Large areas o f  reduction in
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Acfer 277: Acfer 277 was recovered from the Acfer region of the Algerian Sahara 

in 1991 and classified as a ureilite from investigation of this thin section (Bland et al., 

1992; Wlotzka, 1992). Figure 5.9 shows a transmitted plane polarised light image of Acfer 

277.
The sample is a typically textured monomict ureilite composed of olivine and pigeonite, in 

the approximate proportion 60:40. Carbonaceous material comprises approximately 10 

vol% of the section. Olivine core composition is mg# 78.6, with pigeonite cores En72.6 

Wo9.6 Fsi7 .8 . and are in good agreement with reported values, (Bland et al., 1992; olivine 

mg# = 79.3, pigeonite = En73.i W09.5 Fsi7.4). Olivine and pyroxene grains show a clear 

elongation and preferred orientation and are typically about 2.5mm in length and 0.6mm in 

width. Abundant opaque areas of carbon-rich material and reduction can be seen in 

transmitted light.

Figure 5.10 shows a reflected light image of Acfer 277. Carbon-rich material occurs both 

in grain boundary areas and also as large elongate masses, which follow the preferred 

orientation as demonstrated by the silicates. The elongate carbonaceous masses are about 

500-600/tm long and are quite wide, about 200/tm in width. Reduction occurs around both 

around the carbon-rich masses and as grain boundary reduction in olivine grains. 

Reduction rims associated with the carbonaceous masses are typically approximately 50/im 

wide, which is narrower than that seen associated with similar material in other thin 

sections. Reduction rims at olivine grain boundaries are wider than those associated with 

carbonaceous masses and typically about 100/«n in width. Also associated with the 

reduction rims in olivine grains are metal veins that run into the grain from the areas of 

reduction and the grain boundaries. In many of the olivine and pyroxene grains 

carbonaceous material intrudes into the body of the grain from the grain boundary. In 

olivine grains this is associated with fractures and pyroxene grains show incursion along 

fractures and cleavage. Although pyroxene grains do not show reduction rims many have 

abundant trails of metallic inclusions, which run along fractures and/or cleavage.

Olivine and pyroxene grains within Acfer 277 show both undulatory extinction and planar 

fractures, which indicate a shock grade of S3 (Stdffler et al., 1991). In terms of weathering 

grade the sample show a similar degree of alteration as HH064, which is also a Saharan 

sample. Orange-brown weathering products can be seen staining both olivine and

5.2.2 Mineralogy and petrography of sub-group D ureilites
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pyroxene grains, around grain boundaries and also filling cracks within the grains and, as

such, the sample has a weathering grade of W1 (Wlotzka, 1993).

Figure 5.9. Transmitted plane polarised light image o f  Acfer 277. Olivine and pyroxene grains are 
elongated and show a preferred orientation. Opaque carbonaceous material and reduction is prevalent. 
Weathering can be seen as orange-brown staining along cracks and at grain boundaries. The degree o f

Figure 5 .10. Reflected light image o f  Acfer 277. Black carbonaceous mntrnnt
and also as elongate masses following the preferred orientation o f  the silirnt, at Xrmn boundaries
intrudes into olivine and pyroxene grains along cracks and cleavage u  l,l , naceous material also 
boundaries and around the carbonaceous masses are reduction ^  Mottled areas around at grain
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Novo-Urei: The ureilite Novo-Urei fell on the morning of 4th September, 1886, after the 

appearance of light and detonations. In total three stones fell, one on the left bank of the 

river Alatyr at Karamzinka, another fell on the right bank of the river at Petrovka and the 

third fell into swamp to the south of the farm at Novo-Urei. Of the three stones that fell 

only the stone that fell on the left bank of the Alatyr was recovered, of the other two stones 

one was lost after being destroyed by some local peasants. (Vdovykin, 1970; Grady, 

2000). Of all the samples analysed in this work, Novo-Urei is the only fall. Figure 5.11 

shows a transmitted plane polarised light image of a thin section taken from a chip of 

' Novo-Urei (BM63625) from the Natural History Museum (London).

The sample is composed predominantly of anhedral olivine grains (approximately 95%) 

with curved grain boundaries; only minor pyroxene is present as two small grains of 

pigeonite. Olivine grains are up to about 1mm in size, whereas the small pigeonite grains 

are only about 300/m in size. In transmitted light most of the sample appears opaque, 

owing to the presence of carbon-rich material and reduction rims. Olivine core 

composition is mg# 78.0 with pigeonite core composition of En7i.6 Wo9.9 Fsig.s, which are 

in good agreement with published values (Berkley et a l, 1980; olivine = mg# 78.9; 

pigeonite = En72.2 Woio.2Fsi7.6)-

Figure 5.12 show a reflected light image of Novo-Urei. Dark, carbonaceous material 

comprises approximately 15 vol% of the section and mostly occurs as large, irregularly 

shaped masses up to approximately 200/rm wide and up to about 400/xm in length. 

Carbon-rich material also is seen between grain boundaries and interconnects the larger 
masses.

Olivine grains adjacent to the large carbonaceous masses show intense reduction where 

nearly the entire grain is reduced. In these cases the reduction rims are up to 

approximately 400¿im in width. Intense metal veining is also associated with these areas of 

intense reduction. Reduction rims in olivine grains associated with typical grain boundary 

carbonaceous material are less pronounced than those associated with the large masses and 

are only about 50/rm in thickness. Carbon-rich material often intrudes the grains along 

cracks and reduction is also associated with this material. The two pyroxene grains do not 

display reduction rims as seen in the olivine grains, although they do contain some metallic 
inclusions.

Olivine and pyroxene grains in Novo-Urei show undulatory extinction and planar fractures 

indicating a shock grade of S3 (Stoffler et a l, 1991). In keeping with the fact that Novo-
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Urei is a fall, no discernible weathering products are observed in the thin section under 

transmitted plane polarised light and thus the sample has a weathering grade of WO 
(Wlotzka, 1993).
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Figures 5.11 (left) and 5.12 (right). Transmitted plane polarised and reflected light images o f  Novo-Urei. The most noticeable feature in transmitted light is the 
predominance o f opaque areas, which are carbon-rich material and areas o f reduction. In the reflected light image o f Novo-Urei large, dark carbonaceous masses can be 
seen, which appear to be connected by grain boundary carbonaceous material. Carbonaceous material also occurs within olivine grains where it has intruded along 
fractures. Intense reduction is also associated with the large carbonaceous masses.

1mm 1mm
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PCA 82506: PCA 82506 was discovered in the Pecora Escarpment region of Antarctica by 

members of an ANSMET recovery team (Antarctic Meteorite Newsletter, 1984; Grossman, 

1994). Figure 5.13 shows a transmitted plane polarised light image of the section of PCA 

82506,24 studied.
PCA 82506,24 displays a poikilitic texture with two petrographic domains. The first 

domain comprises large grains (up to about 3.5mm long) of elongated anhedral pigeonite, 

which partially enclose areas of more typical ureilite texture with smaller (up to about 

1mm) grains of olivine and pigeonite. The second domain contains olivine and pigeonite 

' grains, about l-2mm in size, with typical texture showing curved grains boundaries and 

triple junctions. In both domains olivine and pigeonite are found in approximately equal 

proportions. Olivine and pigeonite core compositions are homogenous and there is no 

discernible compositional difference between the two domains. Olivine core composition 

is mg# 78.6, with pigeonite cores having a composition of En75.6 W05.9 Fsig.s, which is in 

good agreement with published values (Berkley, 1986 -  PCA 82506, 23 and PCA 82506, 

26; olivine = mg# 78.5; pigeonite = En76.o Wo5.8 Fsi8.,2).

Both the poikilitic and typical textured domains show a crude preferred orientation that is 

also displayed by the opaque carbon-rich material. An interesting feature of this sample is 

the abundant cohenite-bearing spherules, up to about 50/xm in diameter, that are found in 

both olivine and pigeonite grains (Goodrich and Berkley, 1986).

Figure 5.14 shows PCA 82506,24 in reflected light. Carbonaceous material is relatively 

abundant in this sample and is associated predominantly with the typical texture domain 

and the typical textured areas within the poikilitic domain. Overall carbonaceous material 

comprises approximately 10 vol% of the whole section. In the regions where the 

carbonaceous material is concentrated it occurs as large masses, up to approximately 1mm 

in length and 300/xm wide, which are connected by narrow veins of typical grain boundary 

carbon-rich material. Where the poikilitic texture domain occurs there are no large masses, 

although some smaller (about 500/rm long) blade-like shapes can be seen. In the poikilitic 

zones carbonaceous material typically is found only along the grain boundaries.

Reduction rims are present in olivine grains in both textural domains. In the poikilitic 

domains, reduction rims around olivine grains are quite narrow compared with other 

ureilites, being about 30/im wide. Reduction rims are absent from pigeonite grains, 

although the grains can contain cohenite-bearing metallic spherules, up to about 60/tm in 

diameter and trails of metallic inclusions. Where carbonaceous material is concentrated in
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the typically textured zones, and overall grain size is smaller, the effects of reduction are 

more pronounced. In these regions, reduction rims are typically up to 100/im wide, 

although where carbonaceous material intrudes a grain, reduction can affect nearly the 

entire grain.
Olivine and pyroxene within PC A 82506 show only undulatory extinction indicating a 

shock grade of S2 (Stoffler et al., 1991). Similar to the other Antarctic samples, and in 

contrast with the desert finds, PCA 82506 shows very little alteration by weathering. Only 

slight limonite staining can be seen along cracks, indicating a weathering grade of WO 

' (Wlotzka, 1993).
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Figures 5.13 (left) and 5.14 (right). Transmitted plane polarised and reflected light image ofPCA 82506,24. Two textural domains occur in this section. At the top and 
bottom o f the section large poikilitic pigeonite grains partially enclose regions o f finer grained (up to approximately 1mm), typical textured olh’ine and pigeonite. The 
second domain occurs in a band running across the middle o f  the section, where olivine and pyroxene grains with curved grain boundaries and triple junctions are seen 
that are larger (about l-2mm in size) than those in the poikilitic domain. Both domains show a crude preferred orientation, which is also marked in the opaque 
carbonaceous material. In Figure 5.15 (right), black carbonaceous material occurs as large, irregularly shaped masses and also between grain boundaries. Carbon-rich 
material (large masses) is concentrated within the typical textured domains, whereas within the poikilitic domains only grain boundary material is seen with occasional, 
small blade-like masses.
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RKPA80239: RKPA80239 was found in the Reckling Peak area of Antarctica by an 

ANSMET recovery team (Antarctic Meteorite Newsletter, 1982; Grossman, 1994). Figure 

5.15 shows a transmitted plane polarised light image of the section RKPA80239, 16 

studied.
The section is composed of anhedral pigeonite and olivine grains in approximately a 60:40 

proportion. Pigeonite grains tend to be larger than the olivine grains, with pigeonite grains 

up to about 2.5mm in size and olivine up to about 1mm. RKPA80239 has previously been 

described as having a poikilitic texture, however this texture was described in a different 

' thin section (RKPA80239, 8) from the section studied here (Berkley, 1986). Although this 

particular section does not clearly display poikilitic texture one of the large pigeonite 

grains does wholly enclose a grain of olivine. Olivine and pyroxene grains have curved 

grain boundaries and triple junctions and there is a slight preferred orientation and 

elongation of the grains. Olivine cores have a composition of mg# 83.8, with pigeonite 

cores of composition En79.o W06.5 Fs^.s, which are in good agreement with reported values 

(Berkley, 1986 -RKPA80239, 8; olivine = mg# 84; pigeonite = En78.9 Wo64 Fs]4.7).

Figure 5.16 shows a reflected light image of RKPA80239, 16. Carbonaceous material 

comprises about 10 vol% of the section and occurs predominantly as elongate lath-like 

bodies, typically about 500pm in length. The laths occur mostly at grain boundaries, and 

as such mirror the preferred orientation of the silicate grains. Some of the larger grains 

contain quite large masses of carbonaceous material (about 200-300pm long). This 

carbonaceous material intrudes olivine grains along fractures and pigeonite grains through 

both fractures and cleavage. In some of the olivine and pyroxene grains, isolated, small 

elongate bodies of carbonaceous material occur (about 100pm long), which are apparently 

unconnected with the large masses of material found along grain boundaries.

Reduction rims occur in olivine grains at grain boundaries, around fractures and around the 

isolated carbonaceous bodies. Grain boundary reduction rims are typically about 100pm 

wide whereas reduction rims associated with both the large carbonaceous masses and the 

smaller isolated material are narrower, typically 50-75pm in width. Although many of the 

pyroxene grains contain quite significant amounts of carbonaceous material, reduction 

effects are rarely seen, and if present, occur only as narrow rims about 10pm wide. Metal 

veins intrude into the olivine from grain boundary and the large masses of carbonaceous 

material. Similar veins are seen in pyroxene grains where metal veins run along fractures 

and cleavage form areas of carbonaceous material.
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Olivine and pyroxene grains show only undulatory extinction, indicating a shock grade of 

S2 (Stofiler et al., 1991). In transmitted plane polarised light limonite staining can be seen 

along cracks in olivine grains. Orange-brown iron oxidation can also be seen in grain 

boundary areas where metal veins have been weathered. In comparison with the other 

Antarctic ureilites studied the degree of weathering is similar to that seen in QUE 93341 

and as such RKPA80239 is assigned a weathering grade of W0-W1 (Wlotzka, 1993).

Caroline L. Smith Chapter5 149



Figure 5.15. Transmitted plane polarised light image ofRKPA80239.24. RKPA80239 has been described as 
a poikUitic ureilite, although this texture is not clear in this section. Large pigeonite grains can be seen, up 
to 2.5mm in size, olivine grains tend do be smaller although a large olivine grain can be seen in the top left- 
hand corner o f the section. The mineral grains show elongation and a light preferred orientation. Opaque 
elongate masses o f  carbonaceous material occur at grain boundaries and also intrude into grains.

1mm

i —  *■>'* -»* > — . » * £  7— ‘°‘are also associated with carbonaceous material. P' ' ductlon <mi‘ metal veming
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Sahara 99201: The ureilite Sahara 99201 (S99201) was found in 1999 in an undisclosed 

location within the Sahara desert. The sample studied was a chip from sample 

BM1999,M.49 obtained from the Natural History Museum, London. This sample was first 

classified as a ureilite in the process of this study and is listed in the Meteoritical Bulletin, 

85,2001 (see also Smith et al., 2001).

Figure 5.17 shows a transmitted plane polarised light image of the thin section of S99201. 

The sample is composed of olivine and pigeonite grains in approximately equal 

proportions, displaying a typical monomict ureilite texture. The olivine and pyroxene 

' grains are quite coarse (about l-2mm in size) and display a slight elongation and preferred 

orientation. Olivine and pyroxene grains within the sample tend to be quite fractured 

(irregular fracturing) although one large olivine grain is unfractured compared with the 

others. Olivine core composition is mg 78.6 with pigeonite core composition of En72.5 

W09.6Fs17.9-

Figure 5.18 shows a reflected light image of S99201. Carbonaceous material comprises 

about 5 vol% of the section and occurs in localised areas, unevenly distributed in the 

sample. Reduction rims occur in two forms. In the large unfractured olivine grain, a 

typical reduction rim occurs varying between 50 and 100pm in width. The major style of 

the reduction process, though, is as rosettes where globular or circular masses of intense 

reduction occur. Individual rosettes are typically about 100-150pm in diameter but 

frequently appear in groups where individual rosettes are interconnected and may be up to 

approximately 800pm across. Both the typical reduction rims and rosette reduction occur 

only in olivine grains.

Most of the rosette style reduction occurs in intimate association with large abundances of 

carbon-rich material, although one area contains only small amounts of carbonaceous 

material yet is still intensely reduced. Carbonaceous material occurs mostly as large 

(typically 500-600pm long and approximately 200pm wide) irregularly shaped masses. 

These large masses intrude into olivine grains along the many fractures and also into the 

pigeonite grains along fractures and cleavage. Compared with other ureilites, S99201 has 

only a small amount of carbonaceous material concentrated mostly in interstitial areas. 

Reduction rims are not seen in pigeonite grains although the grains contain numerous trails 

of metallic inclusions, which follow both fractures and cleavage.

Olivine and pyroxene grains have undulatory extinction and although the most of the 

silicate grains show large amounts of fracturing this is irregular rather than planar, thus the
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S99201 has a shock classification of S2. S99201 is relatively unweathered compared with 

other desert ureilite finds (cf. HH064 and Acfer 277) with only slight limonite staining 

along fractures in olivine and as such this sample is assigned a weathering classification of 

W O .

Figure 5.17. Transmitted plane polarised light image o f  Sahara 99201. Olivine and pyroxene grains display 
irregular fracturing, although one large olivine grain (top o f  the section, centre) is unfractured compared 
with the other grains. Opaque areas o f  reduction and carhon-rich material are concentrated in localised 
areas.

Figure 5.18. Reflected light image o f Sahara 99201. Only a few isolated
and interstitial carbonaceous material is not as developed as that bonaceous masses can be seen
as globular masses or rosettes, although is not always associated with rnrh , S° mples Redu<*'on occurs 
grain furthest left-hand side). bonaceous material (note olivine
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5.3 Summary of mineralogy and petrography of sub-group B and D 

ureilites

Table 5.4 shows a summary of petrographic and mineralogical characteristics of the 

eleven sub-group B and D samples analysed. Although the samples come from two quite 

distinct oxygen isotope sub-groups, they share many features in common. This is an 

important point with regards to ureilite petrogenesis and the question of whether the 

t ureilites are derived from a single parent body, or many parent bodies. Distinct oxygen 

isotope compositions have been taken to suggest that the ureilites formed from different 

reservoirs with distinct magmas, that is to say on different parent bodies. However, the 

fact that the ureilites studied herein, although displaying some differences in mineralogical 

assemblages and compositions also display strong evidence that they encountered similar 

petrogenetic processes. For example, all samples show evidence of reduction processes, 

and the style and the degree of reduction is mostly similar in both groups. Additionally, all 

the samples show evidence of shock effects, to a greater or lesser extent. The strong 

similarities between the groups may give credence to the suggestion that the ureilites are 

derived from a single parent body, which was heterogeneous in terms of oxygen isotope 

composition. Otherwise a scenario must be envisaged where many different ureilite parent 

bodies encountered very similar petrogenetic processes that occurred to similar degrees.

All eleven samples show homogeneity in core olivine compositions, with standard 

deviations (la) of ^).5 from the mean composition (see appendix III). Pyroxene 

compositions are also homogenous in both sub-group B and D samples, with standard 

deviations (la) of <0.8 (appendix HI). Samples that show a poikilitic or bi-modal texture 

(HH064, META78008, PCA 82506 and RKPA80239) have homogenous olivine and 

pyroxene compositions throughout the thin sections studied, even though in some cases, 

for example PCA 82506, petrographic characteristics can be strikingly different between 
different textural domains.

Sub-group D samples tend to have higher amounts of carbonaceous material compared 

with sub-group B samples. Although, as carbonaceous matrix material is heterogeneously 

distributed throughout the samples, the amount of carbon observed within a particular thin 

section should not necessarily be taken as being wholly representative of the carbon within 

that particular ureilite. Combining petrographic observations of ureilite carbon with
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elemental analyses from mass spectrometry experiments (see chapter 7) allows for a better 

determination of carbon abundance within a given ureilite sample.

Interestingly, samples in sub-group D, in addition to containing more carbonaceous 

material also tend to display typical style reduction rims (grain boundary reduction, not 

‘rosettes’ of reduction) that are narrower than those seen in the sub-group B ureilite 

samples. This is significant given that during reduction reactions carbonic gas is produced 

(see equation 5.1 -  also chapter 8, section 8.3) which, if removed, will obviously cause a 

decrease in the amount of graphitic carbon preserved. It would seem then, that the process 

' of reduction was more limited in ureilites from sub-group D, compared with those from 

sub-group B. Thus, sub-group D samples may better represent the state (abundance and 

also isotopic composition) of ureilite carbon prior to the onset of the petrogenetic process 

that initiated the reduction reactions. Evidence from carbon isotopic analyses of the sub

group B and D ureilites (see chapter 7) may elucidate this point; the creation of carbon-rich 

gas during reduction and its subsequent removal will also be accompanied by some 

fractionation effects.
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Table 5.4. Summary of mineralogy and petrographic characteristics of oxygen isotope sub-group B and D ureilites

Sample
Core

olivine
mg#

Core pyroxene 
composition

01/py
ratio Texture

Approx 
voi %  
carbon

Forms of carbon Reduction effects Shock Weathering
grade

HH 064 77.0
±0.33

Augite = En54 8 W032.0 Fsu.i 
OPX — En763 W04.3 Fsi9.o 40:60

Poikilitic/bi- 
modal, although 
not clear in this 

section

8

Grain boundary C-rich matrix. Also blade
like masses (<~700pm long) at grain 
boundaries and intruding olivine and 

pyroxene grains.

Typical reduction rims ~100pm wide. 
Also reduction effects along fractures in 
olivine grains. Absent from pyroxene, 

although some do contain metal 
inclusions.

S3 W2

LEW 85328 78.3
±0.30 Pigeonite = E n 72 2 W09.5 F s i 8 3 50:50 Typical,

monomict 8
Grain boundary C-rich matrix. Also blades 

and globular masses. C-rich material 
intrudes olivine and pyroxene.

Typical reduction rims -100pm wide. 
Also rosettes of reduced areas. Some 

grains almost entirely reduced.
S2 WO

QUE 93341 77.9
±0.54 Pigeonite = En7i.3 W010.2 Fs183 50:50 Typical,

monomict 3
Grain boundary C-rich matrix. Elongate 
masses at grain boundaries and intruding 

grains.

Typical reduction rims -100pm wide. 
Also localised areas of intense reduction 

effects.
S2 W0-W1

META78008 76.0
±0.48 Augite = Enjj.i W030.7 F s h  2 95:5

Poikiltic/bi- 
modal, although 

this section shows 
a typical, 

monomi ct texture

5
Grain boundary C-rich material. Elongate 
masses at grain boundaries and intruding 

grains. Also within grains.

Typical reduction rims ~200pm wide. 
Reduced areas adjacent to carbonaceous 

laths ~500pm wide. Rosette-style 
reduction also is seen.

S3 WO

Acfer 277 78.6
±0.26 Pigeonite = En726 Wo,6 Fs178 60:40 Typical,

monomict 10
Grain boundary and elongate masses 
(- 600pm long, 200pm wide), follow 

preferred orientation. Intrudes grain bodies.

Typical grain boundary reduction rims 50- 
lOOgm wide. S3 W1

Novo-Urei 78.0
±0.33 Pigeonite = En7| 6 W09.9 Fsi83 95:5 Typical,

monomict 15
Irregularly shaped masses (~400pm long). 
Grain boundary and interconnecting larger 

masses.

Typical grain boundary reduction rims -  
50pm wide. Areas associated with 

carbonaceous masses — 400pm wide.
S3 WO

PCA 82506 78.6
±0.34 Pigeonite = En73ls W0 5 9  P's18; 50:50 Poikilhic/bi-

modal 10 Large masses connected by grain boundary 
material.

Typical style reduction rims ~30-100pm 
wide. S2 wo

RKPA80239 83.8
±0.52 Pigeonite = En79o Wo6.3 Fsn.j 60:40

Poikilitic/bi- 
modal, although 

not clear from this 
section

10

Elongate masses ~500pm long mostly art 
grain boundaries. Also intrudes grains. 

Smaller bodies also, unconnected with large 
masses.

Typical reduction rims in olivine -50- 
100pm wide. Also reduction rims 

occasionally seen in pigeonite —10pm 
wide.

S2 W0-W1

Sahara 99201 78.6
±0.49 Pigeonite = En72 3 W09.6 Fsn .9 50:50 Typical,

monomict 5 Large masses in localised areas and intrudes 
grains. Little C-rich matrix.

Typical style reduction rims ~50-100pm 
wide. Rosette-style reduction 100-150pm 
wide, occur in masses ~800pm in width.

S2 wo

Note: Oxygen isotope sub-group B samples are shown in black. Sub-group D samples are shown in red
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Chapter 6

Frontier Mountain Ureilites -  identification of a new textural 

type of ureilite.

6.1 Introduction

The Frontier Mountain region of Antarctica is a rich source of meteorites where, to 

date, 472 samples have been collected, eight of which are ureilites. Detailed descriptions 

of the region, and the concentration mechanism that operates there are given by Delisle et 

al., (1993) and Folco et al., (2002). The eight ureilites discovered at Frontier Mountain are 

FRO 90036, FRO 90054, FRO 90168, FRO 90228, FRO 90233, FRO 93008, FRO 95028 

and FRO 97013. Previous mineralogical and petrographic investigations of four of these 

meteorites have suggested pairing relationships: FRO 90036 with FRO 90168 and FRO 

90054 and FRO 93008 (Wlotzka, 1994; Fioretti and Molin, 1996). High precision oxygen 

isotope analyses (Franchi et al., 1997, 1998) have revealed that the paired samples also 

have nearly identical oxygen isotope signatures and fall into the same sub-groups 

according to their A170  values. FRO 90036/FRO 90168 fall into sub-group B and FRO 

90054/FRO 93008 fall into sub-group C. Additionally the carbon isotope compositions of 

FRO 90036 and FRO 90168 are also similar with FRO 90036 having a <513C(PDB) value of 

-2.0%o and FRO 90168 having a value of-1.9%o (Franchi et al., 1998).

In order to better understand the relationships between the paired samples and other 

Frontier Mountain ureilites, mineralogical and petrographic examinations have been 

carried out on six of the FRO ureilites (FRO 90036, FRO 90054, FRO 90168, FRO 90228, 

FRO 90233 and FRO 93008). Statistical analysis has been carried out on high precision 

electron probe data collected from the six samples in order to determine significant 

similarity (or not) in terms of mineral composition. Additionally a detailed petrographic 

examination of each sample has also been undertaken, which in conjunction with the
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statistical analysis, reveals that the six samples may be placed into three inter-related 

fam ily  groups. Petrographic and mineralogical studies also indicate that some samples are 

composed of different lithologies, with distinct compositional and textural characteristics. 

Three of the samples that contain mixed lithologies display one lithology that is highly 

shocked and one that is relatively unshocked. At the interfaces between the different 

lithologies unusual boundary areas also occur. These boundary areas contain fine grained 

(<10-200/im) material, sometimes displaying quench textures, of silicate assemblages 

atypical of the ureilite mineral assemblage as a whole, e.g. Al-rich pyroxene, apatite, 

' feldspathic phases and olivine with compositions unlike the host ureilite olivine. The 

mixed lithologies displayed by some of the samples give important clues to the 

petrogenetic history of the ureilites and provide evidence to determine whether the ureilite 

meteorites are derived from many parent bodies or a single parent body.

Mineralogical and petrographic descriptions of the six Frontier Mountain ureilite samples 

are given below with specific regard to carbon petrography, unusual lithologies/textures 

and any boundary zones; mineral analyses are tabulated in Appendix IV.

6.2 Petrographic and mineralogical descriptions of Frontier Mountain 

ureilites

FRO 90036: FRO 90036 displays a wholly mosaicised texture (individual grains 

approximately 20-30/mi across) indicating a high shock level o f S5 (Stoffler et a l, 1991), 

although there is some indication of preservation of original grain morphology. The 

sample consists of predominantly olivine (approximately 90 vol%) with minor 

orthopyroxene. Olivine in the sample is wholly mosaicised, whereas pyroxene grains 

retain a relict grain shape and appear dusky as opposed to mosaicised. Irregularly shaped 

pockets of iron metal occur between the mosaicised grains, and metal also occurs as very 

narrow mantles around individual grains (figure 6.1). The section also shows quite a high 

degree of metal veining compared with more typical ureilite sections. Discrete, irregularly 

shaped carbonaceous masses occur, which are approximately 150jiim wide. A few blade

shaped carbonaceous masses can also be seen and one in particular is quite prominent and

Caroline L. Smith Chapter 6 157



around 1mm in length. The carbonaceous masses appear to be concentrated in the grain 

boundaries of the preserved relict grain shape and compose approximately 3% of the total 

section. A transmitted cross-polarised light image of FRO 90036 can be seen in figure 6.2. 

Olivine grains within FRO 90036 are heterogeneous in terms of core mg#. Measured 
compositions range from mg# 76.3-91.1, with an average composition of 82.5; this is in 

agreement with previously reported values (Wlotzka, 1992; mg# 81-95). Orthopyroxene 

has composition of En7 8 .6 W0 4 .1  Fsn.3 i again these compositions are in agreement with 

previously reported values (Wlotzka, 1992; Wo2-n, Fsio-15). It is not known whether this is 

the same section that was used for classification purposes.

Typical ureilite reduction rims are not seen associated with the carbonaceous material; 

instead the entire section contains metal as described above. A relatively high proportion 

of this metal is oxidised and indicates a weathering grade of W1-W2 (Wlotzka, 1993).

500x RBS 15 0

Figure 6.1. BSE image o f  mosaicised olivine in FR090036. Fine metal rims surround the individual grains 
and pockets o f  metal and melt (dark grey phase surrounding small grains, centre o f  image) also sometimes 
occur.
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Figure 6.2. Transmitted cross-polarised light image o f FRO 90036. Mosaicised texture can be seen in olivine grains. Pyroxene grains do not show the mosaicism typical 
o f olivine, although they appear dusty and have undulose extinction. Relict grain shape can be seen in some areas. Metal veins crosscut the sample. A few blades o f  
carbonaceous material occur in the sample and appear to be associated with the relict grain boundaries.
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FR090054: The thin section of FRO 90054 investigated in this study is a new section 

produced for this work and is shown in figure 6.3. Approximately 60% of the section is 

composed of olivine with approximately 20% each of augite and orthopyroxene. The 

grains show curved grain boundaries and sometimes meet in triple junctions. The section 

is quite coarse-grained with fractured, anhedral olivine grains up to about 2mm in length 

and augite and orthopyroxene grains l-2mm in length, although these values may in fact be 

larger due to the fact that the section is small and grains at the edges are not whole. 

Smaller olivine and pyroxene grains can also be seen and are typically about 500-750/xm in 

' size. The section appears to show a typical monomict ureilite texture. Olivine core 

composition is mg# 86.4, with augite En55.g W036.5 Fs7.7, and orthopyroxene En83.5 W04.6 

FS11.9. These values are in good agreement with previously reported olivine and pyroxene 

compositions for a different section of FRO 90054 (Fioretti and Molin, 1996; olivine= mg# 

87.5; augite = En54.6 W039.3 Fs6.i ; orthopyroxene = En83.0 Wo5.0 FS12.0).

Very little carbonaceous material can be identified petrographically in the this section, 

which is supported by carbon isotope analysis indicating FRO 90054 has a bulk carbon 

content of 0.24 wt% (Grady and Pillinger, 1993). Reduction rims cannot be identified in 

this section, although there is intense metal veining present in amounts that are uncommon 

for a ureilite. A similar degree of metal veining is seen in Hughes 009, which is the only 

other typical texture, olivine-augite-orthopyroxene ureilite known (Goodrich et al., 2001). 

The metal veins (typically approximately 200/im in thickness) permeate through the whole 

sample and run in a similar orientation (roughly along the length of the grain). Metal 

veining also occurs around grain boundaries and through cracks in grains. One prominent 

vein, approximately 500-600/rm in thickness, contains small (-200¡mi), angular, silicate 

grains. Many of the smaller olivine and pyroxene grains contain many tiny metal 

inclusions resulting in the grains having a dirty, or dusky appearance. However, this 

‘duskiness’ is not similar to that sometimes associated with reduction textures, neither is it 

similar to the duskiness observed in shocked silicate grains (see description for FRO 90036 

above).
Olivine and pyroxene grains display undulatory extinction and, although relatively 

fractured, do not exhibit planar fracturing suggesting a shock classification of the sample 

of S2. The degree of alteration due to weathering is very similar to that of FRO 90036, 

with oxidation of metal veins and staining in cracks and fractures, thus FRO 90054 has a 
weathering grade of W1-W2 (Wlotzka, 1993).
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Figure 6.3. Transmitted cross-polarised light 
with olivine-augite-orthopyroxene mineralogy, 
intensely veined with metal.

image o f  FRO 90054, one o f only two typical texture ureilites 
The sample has no observable carbonaceous material, but is

FRO 90168. The section of FRO 90168 investigated here is a new section produced for 

this study. FRO 90168 displays two texturally distinct lithologies -only one of which has 

been previously reported (Wlotzka, 1994,- and transmitted cross-polarised light image of 

the section of FRO 90168 studied is shown in ftgure 6.4. The first lithology is highly 

mosaicised and comprises about two thirds of the section. The mosaicked portion is 

petrographically indistinguishable from FRO 90036 and also contains predominantly 

olivine with minor orthopyroxene. For this reason it has been suggested that these two 

samples are paired (Wlotzka, 1994), which is supported by the nearly identical oxygen 

isotope composition of these two samples (Franchi et al„ 1998), although it is unclear 

exactly which lithology was sampled for oxygen isotope analysis. Olivine within the 

mosaicised lithology has an average core composition of mg# 82.2, although similar to 

tha, within FRO 90036 is heterogeneous in composition (mg# 83.3-91.8) compared with



typical, lower shock ureilites. Orthopyroxene within the mosaicised portion of FRO 90168 

has composition En80.2 W03.4 F si64, which are in agreement with previously reported 

values (Wlotzka, 1994; olivine = mg# 80, pyroxene= En83 W01.3 Fsi6).

The typical textured lithology is quite different, not just in terms of texture but also in its 

mineral assemblage. This portion of the sample contains approximately 70% olivine with 

minor pigeonite and augite, no orthopyroxene can be identified. The olivine and pyroxene 

grains are fractured and show an elongation and preferred orientation with a length to 

breadth ratio of about 3:1; the grains are typically about 1mm in length. Average olivine 

' core composition is mg# 76.4, with augite En56.4 Wo35.6 Fs8.0 and pigeonite En75.6 Wo8.8 

Fsis.6- Metal veining occurs in this portion and is concentrated towards the boundary with 

the mosaicised lithology. The boundary area of FRO 90168 is described in detail in 

section 6.3.

Carbonaceous material is not prominent in either the mosaicised or typical texture portions 

and comprises about 3% of the section. It appears to be concentrated close to the metal 

veining and the boundary between the two portions. Although carbonaceous material is 

not clearly discernible, at grain boundaries within the typical textured lithology a few 

reduction rims can be seen. These reduction rims are up to approximately 100/xm in width 

and are unevenly distributed around the grain boundary. Reduction is more commonly 

associated with fractures within grains and also with the metal veining.

The shock grade of this sample is variable and dependent on the characteristics of the two 

lithologies. The mosaicised portion of FRO 90168 has a high shock grade of S5, whereas 

the typical textured lithology exhibits undulatory extinction and some planar fracturing 

within the olivine and pyroxene grains, suggesting a shock grade of S2/S3. Oxidation of 

some metal veins and weathering along fractures indicates a weathering grade of W1-W2.
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Figure 6.4. Transmitted cross-polarised light image o f  FRO 90168. The section displays two texturally distinct lithologies: one is highly mosaicised and is identical to 
FRO 90036; the other is a typical ureilite texture.
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FRO 90228: FRO 90228 is a newly characterised ureilite from the Frontier Mountain 

described here for the first time. A transmitted cross-polarised light image of FRO 90228 

is shown in figure 6.5. The section is composed of approximately 50% olivine and 

approximately 25% each of augite and orthopyroxene. Olivine cores have an average 

composition of mg# 86.4, with augite En55.2 W037.4 Fs7.4 and orthopyroxene En83.3 Wo4.7 

FS12.0. The olivine and pyroxene are anhedral and coarse grained, with olivine grains being 

approximately 2mm in length. A large orthopyroxene grain is approximately 2mm in 

length, with a prominent augite grain about 1.5mm long. However, as is the case with 

' FRO 90054, where the size of the section is small and the grains are coarse, the grains may 

not be whole and, as such, accurate determination of grain size is problematic. The silicate 

grains show curved grain boundaries although triple junctions cannot be seen. Also the 

olivine and pyroxene grains have an elongation of about 2:1 and show a preferred 

orientation. Carbonaceous material is not apparent from petrographic investigation, a fact 

that is supported by the extremely low bulk carbon content (0.02wt%) of this sample 

(Smith et al., 1999). Some very slight reduction is seen in olivine grains along fractures, 
although typical grain boundary reduction is not evident.

A feature of interest in FRO 90228 is an area of material, which instead of displaying an 

olivine-augite-orthopyroxene mineralogy contains olivine, orthopyroxene and pigeonite. 

Olivine in this area has an average core composition mg# 77.9, orthopyroxene En79.0 Wo4 4 

Fsi6.6 and pigeonite En74.2 W07.0 Fsjg.g. The olivine and pyroxene grains in this area also 

have a slight mosaicism, a textural feature that is not seen in the silicates of the major, 
typical textured portion.

Olivine and pyroxene grains within the major portion of FRO 90228 display undulatory 

extinction with occasional planar fracturing, indicating a shock classification of S2-S3. 

Olivine and pyroxene within the olivine-orthopyroxene-pigeonite area show weak 

mosaicism indicating a shock classification for this portion of S4 (Stoffler et al., 1991). 

Similar to the other Frontier Mountain ureilites the sample shows a degree of weathering 

higher than that typical of Antarctic meteorite finds. All silicates show orange-brown 

staining in plane polarised light and some metal veins are oxidised, thus indicating a 
weathering grade of W1-W2 for this sample (Wlotzka, 1993).
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Figure 6.5. Transmitted cross-polarised light image o f FRO90228. Olivine and pyroxene grains are large, 
'-2.5 mm in length, and show an elongation and preferred orientation. The mineralogy o f the section 
-augite-orthopyroxene but one small area (protrudinv oren hnttr.*. ¡~o\ l---------

about 1 .5-^ ,.,,,. », .C'.gm, u„u snun an elongation ana prejerred orientation. The mineralogy o f the section 
is olivine-augite-orthopyroxene but one smalt area (protruding area, bottom-left) has an olivine-pigeonile
lithology. Olivine and pyroxene within this area has noticeably lower mg» than olivine and pyroxene within 
the major portion o f  the section.
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FRO 90233: FRO 90233 is a newly characterised ureilite described here for the first time, 

figure 6.6 shows a transmitted cross-polarised light image of FRO90233. The section is 

composed predominantly of olivine and pyroxene grains in a typical ureilite texture. The 

majority of the silicate grains are olivine, approximately 95%, with the remaining 

orthopyroxene. Olivine has average core composition of mg# 76.5, orthopyroxene En76.7 

W046 Fsig.7. Anhedral olivine and pyroxene grains are about l-2mm long and show a 

preferred orientation. Curved grain boundaries and triple junctions can also be seen. 

Carbonaceous material can be seen around grain boundaries and often fills in cracks and 

' fractures within olivine grains. However, reduction rims are not obvious within the olivine 

grains and, if present are narrow (at most about 50/un wide) and localised.

Running through the middle of the section is a vein, or band, of mosaicised pyroxenes, of 

which about 70% is pigeonite with about 15% each of orthopyroxene and augite. The 

orthopyroxene seen within this mosaicised portion has a different composition to that 

within the typical textured portion. Pigeonite cores have average composition En75.6 W010.2 

Fsh.2, with orthopyroxene Engo.2 W04.6 FS15.2. Augite grains within this mosaicised portion 

have an average core composition of En70.8 Woi7.4Fsii.7. A few small grains of olivine can 

be found within the mosaicised band, which have not been mosaicised and retain a typical 

olivine fabric. Similar to the pyroxenes within the mosaicised band these olivine grains 

have a slightly different composition to olivine within the typical texture portion, with 

average core composition of mg# 77.6.

The orientation of the mosaicised band follows the preferred orientation as displayed by 

the typical ureilite texture area. Associated with the mosaicised band are prominent, 

elongate carbonaceous masses' which are about 1mm long and 300/zm wide. This carbon- 

rich material also follows the general orientation of the band and typical texture ureilite 

area, and occurs mostly at the boundary between the mosaicised band and the typical 

textured lithology. One elongate carbonaceous mass crosscuts an olivine grain and divides 

it in two. Olivine grains at the boundary with the mosaicised band show a higher degree of 

metal veining and reduction than olivine away from the band. Metal veins branch off from 

the mosaicised band and permeate into the adjacent olivine grains. The mosaicised band 

and its relationship with the typical textured portion is discussed in greater detail in section 

6.3.
Similar to FRO 90168 and FRO 90228, the presence of the mosaicised band results in FRO 

90233 having two shock classifications. Olivine and pyroxene grains within the typically
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textured portion display undulatory extinction and some have planar fractures indicating a 

shock classification of S2-S3, whereas the mosaicised band has a shock classification of 

S4-S5 (Stoffler et al., 1991). FRO 90233 shows a similar degree of weathering as seen in 

other Frontier Mountain ureilites and as such has a weathering classification of W1-W2 
(Wlotzka, 1993).
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Figure 6.6. Transmitted cross-polarised light image o f FRO 90233. The section is composed predominantly o f olivine with some orthopyroxene and pigeonite with grains 
showing a preferred orientation (running approximately in the same direction as the long axis o f the section). Running across the section is a band o f mosaicised pigeonite 
and orthopyroxene (dark grey area running from middle, right-hand side).
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FRO 93008: A transmitted cross-polarised light image of FRO 93008,00 is shown in 

figure 6.7. This section of FRO 93008 shows two distinct textural domains with different 

lithologies, although the texture is not suggestive of either a poikilitic or polymict breccia 

ureilite. Unlike a poikilitic textured ureilite, neither of the textural domains has coarse

grained orthopyroxene grains that enclose areas with a typical textured lithology. 

Similarly, neither of the domains could be described as polymict in texture owing to the 
lack of a brecciated fabric or exotic lithologies.

The first textural domain comprises about 20% of the section and consists of fine-grained 

‘ olivine, pigeonite and orthopyroxene, with a layered texture and preferred orientation. 

Approximately 80% of the silicate is olivine with roughly 10% each of pigeonite and 

orthopyroxene. Olivine within this domain has an average core composition of mg# 78.1, 

orthopyroxene has an average core composition of En83.0 Wo4 8 Fs12.2, with pigeonite En72.6 

Wog.8 Fsi8.6. Olivine and pyroxene grains in this textural domain are typically up to about 

1mm in length. Carbonaceous matrix material can be seen in grain boundary areas and 
follows the general orientation displayed by olivine and pyroxene.

The second textural domain is quite different from that seen in the fine-grained portion. 

This second domain consists of coarse-grained olivine, augite and orthopyroxene with 

approximately 35% augite, 35% orthopyroxene and 30% olivine. Average pyroxene grain 

size is approximately l-2mm with olivine grains being smaller at up to about 1mm across. 

Olivine within this coarse-grained domain has a strikingly different average core 

composition to that displayed by the fme-grained domain, with mg# 86.3. Orthopyroxene, 

however, has a similar composition to that seen in the fine-grained domain, with En82.8 

W04.8 Fsi2.4. Augite within the coarse-grained domain has an average core composition of 

En 54 .6 Wo38.i Fs7.3. The compositions of pyroxene within the coarse-grained domain are 

similar to those previously reported for FRO 93008 (Fioretti and Molin, 1996; 

orthopyroxene = En83 Wo5 Fs12, augite = En53.3 W039.2 Fs7.3) although olivine composition 

is dissimilar (Fioretti and Molin, 1996; olivine = mg# 81.8). Unlike the grains in the fme- 

grained portion, there is no elongation or preferred orientation. The grains show curved 

grain boundaries and some pyroxene grains partially enclose smaller olivine grains. Little 

carbonaceous matrix material can be seen in the grain boundary areas in this portion. In 

keeping with the lack of interstitial carbonaceous matrix material, little reduction can be 

seen around the olivine grains, although quite a few do show metal veining.

Caroline L. Smith Chapter 6
169



Importantly, previous investigation of a different thin section of FRO 93008 does not 

indicate the presence of the two textural/lithological domains as seen in this section of 

FRO 93008,00 (Fioretti and Molin, 1996). Additionally, a further thin section, produced 

from the butt of material remaining after FRO 93008,00 was prepared, also does not show 

the two domains, but consists only of the olivine-augite-orthopyroxene lithology (Fioretti 
and Goodrich, 2001).

Close to the boundary between the two textural domains, the olivine and pigeonite grains 

become smaller (300-500/xm in size) and angular in shape, although a few are rounded.

‘ Fioretti and Goodrich (Fioretti and Goodrich, 2001) give a detailed description of this 

boundary zone, which they describe as a cataclastic belt. The boundary zone between the 
two lithological domains is described in more detail in section 6.3.

Both textural/lithological domains in FRO 93008,00 show the same shock characteristics, 

with undulatory extinction and some planar fracturing, suggesting a shock grade of S2-S3 

(Stofiler et al, 1991). Again, alteration due to weathering is of a similar degree to that 

seen in the other five Frontier Mountain ureilite samples analysed, with staining of silicates 

and a fair degree of metal oxidation and, as such, is assigned as W1-W2 (Wlotzka, 1993).
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Figure 6.7. Transmitted cross-polarised light image o f FRO 93008,00. Two textural/lithological domains can be seen in this section. At the top right-hand side o f  the 
section a fine-grained, typical textured region can be seen, which contains only olivine and pigeonite. The majority o f the section, however, is composed o f coarse-grained 
olivine-augite- orthopyroxene lithology. Some o f the pyroxene grains in this region partially enclose the smaller olivine grains.
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6.3 Boundary zones in mixed lithology samples

Four of the Frontier Mountain ureilite samples described above (FRO 90168, FRO 

90228, FRO 90233 and FRO 93008) display mixed textures and lithological domains. 

Here the mineralogy and petrography of the lithological interfaces, or boundary zones 

between the different domains, are described with discussion on their possible mode of 
formation.

x

FRO 90168: The boundary zone between the mosaicised and typical textured lithologies 

in FRO 90168 is shown in figures 6.8 and 6.11. The boundary zone is composed of three 

different textural and material types. The first is a very fine-grained (sub-micron) or glassy 

groundmass, which is composed of silicate material with the occasional sub-micron 

particle of metal. Within the groundmass material are larger, rounded grains 

(approximately 5-20fim in size) of predominantly olivine and pyroxene, occasionally some 

of the larger grains are composed of apatite. Olivine grains have an average core 

composition of mg# 82.5, which although similar to the composition of the mosaicised 

portion (mg# 82.2), is quite distinct from that of the typical textured portion (mg# 76.4). 

However, the apparent similarity between the composition of olivine grains within the 

boundary zone and those within the mosaicised portion should be treated with caution, due 

to the extreme compositional heterogeneity of olivine within the boundary zone (core mg# 

fall in a range between 60.7 and 99.4), figure 6.9 shows a histogram of olivine 

compositions in the mosaicised, typical and boundary domains of FRO 90168. Pyroxene 

grains within the boundary zone are composed predominantly of pigeonite (about 70%) 

with about 25% orthopyroxene and about 5% augite. Pigeonite grains have average 

composition of En76.9 Wo7.9 Fsi5.2, which is somewhat similar to the composition of 

pigeonite grains within the typical textured portion of FRO 90168 (En75.6 Wo88 Fs,56). 

Orthopyroxene grains within the boundary zone have a composition of En93.7 Wo,., Fs52 

Unlike pigeonite, the orthopyroxene grains within the boundary material are not similar to 

those observed in the mosaicised lithology of FRO 90168 (orthopyroxene has not been 

found within the t>pical texture portion of FRO 90168). Augite within the boundary zone 

has a composition of En76.0 Wo16 9 Fs7,,  which is dissimilar from augite within the typical 

texture portion (En56.4 Wo35.6 Fs8.0, augite has not been found within the mosaicised portion
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of FRO 90168). Figure 6.10 shows a ternary diagram of pyroxene compositions within the 
typical, mosaicised and boundary regions of FRO 90168.

Finally, within the boundary are large grains (approximately 50- 100pm in size) of Mg-rich 

olivine (mg# ~ 95), that are riddled with blebs of metallic iron (2-3 pm in size), and appear 
very similar to typical style reduction often observed in ureilite olivine grains.

Figure 6.8. Boundary material within FRO 90168. Mosaicised portion is to the top-left o f  the image, typical 
texture lithology to the bottom-right. The boundary region runs between the two lithologies and is composed 
o f  a very fine-grained, groundmass o f  silicates; larger, rounded olivine, pyroxene and the occasionally 
apatite grain; Mg-rich olmne grains riddled with iron-metal blebs. The boundary is about 100pm at its 
widest point. Note how the boundary material narrows to a point and disappears in the bottom- left hand 
region.

The boundary zone runs along nearly the entire length of the interface between the 

mosaicised and typical textural domains. However, the boundary material is not of 

constant thickness, it narrows and widens along the length, and is some regions no 

boundary material may be observed. In some sections the boundary material intrudes into 

the mosaicised/typical domain, as a vein of material (figure 6.11). Within some areas of 

boundary material -pockets' of mosaieised/typieal domain material occur. These pockets 

of material appear to have been entrained within the boundary material, perhaps through 
Caroline L. Smith Chapter 6
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some mechanical process, for example, through shearing (and localised melting) associated
with shock. Shock processes are discussed in more detail in section 6.3.1)
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Figure 6.9. Histogram shoving olivine core compositions from the mosaicised domain, typical domain and 
boundary regions within FRO90168. Olivine from the boundary regions show a greater 'spread in mg# than 
either the typical or mosaicised domain olivines. &
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Figure 6.11. Vein o f boundary material that has intruded the mosaicised lithology. Note the pocket of 
mosaicised material in the centre o f the image that appears to be surrounded by boundary material.

FRO 90228: Similar to FRO 90168, albeit on a much smaller scale, FRO 90228 also 

displays a typical textured and mosaicised lithology (see section 6.2 above). Figure 6.12 

shows a BSE image of a portion of the boundary material in FRO 90228.

The boundary material is found at the interface between the mosaicised portion and the 

typical textured domain and also intrudes into grains within the typical textured portion of 

the sample (figure 6.12). The boundary material is composed of very fine-grained silicates 

(micron sized) as a groundmass with larger silicate and metal grains (approximately 50- 

75pm in size). On the whole the petrography of the boundary is extremely similar to that 

seen in FRO 90168, although the material in FRO 90228 has slightly less groundmass 

material and also the large silicate and metal grains are slightly more angular than those 

observed in FRO 90168.
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Figure 6.12. Boundary area o f FRO 90228. The boundary appears as a vein and is composed o f very small 
(10-20pm) grains o f  silicates and metal. The interstitial material sometimes intrudes into the main olivine 
and pyroxene grains (centre o f image). Typical textured lithology is to the top right.

Olivine grains within the boundary material are Mg-rich and have compositions between 

mg# 80.9 and 85.2, with an average composition of mg# 83.8, a value that is quite similar 

to the composition of the olivine grains within the typical textured lithology (mg# 86.4). 

One of the olivine grains within the boundary material is more forsteritic, with an mg# of 

68.5. Figure 6.13 shows a histogram of olivine compositions within the boundary material, 

the mosaicised domain and the typical textured domain. Pyroxene within the boundary 

material occurs as augite and orthopyroxene, in roughly equal proportions, similar to the 

typical textured lithology. Augite grains have an average composition En548 Wo36.2 Fs™, 

which is similar to those in the typical textured domain (En55.2 Wo37.4 Fs7.4). 

Orthopyroxene grains within the boundary zone have an average composition of En789 

Wo3.8 Fsn .3 and are similar to those in the mosaicised and typical portions of FRO 90228. 

Figure 6.14 shows a ternary plot of pyroxene compositions within the typical and 

mosaicised domains and within the boundary material.
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Unlike the boundary material seen in FRO 90168, the material in FRO 90228 does not 

contain any pockets of entrained material. This may be due to the restricted nature of the 

boundary material and the small sample size (compared with FRO 90168) available for 

analysis. Similar to FRO 90!68, the boundary material in FRO 90228 is most likely
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related to a shock process, with localised re-melting through mechanical shearing (see 
section 6.3.1)

FRO 90233'. FRO 90233 is also composed of two petrographic domains; the predominant 

texture is a typical, foliated ureilite fabric, through which runs a vein or band of mosaicised 
material (see figure 6.6 above).

The mosaicised vein is composed predominantly of pigeonite (approximately 70%), with 

about 15% each of augite and orthopyroxene; the typical texture portion however, contains 

only pigeonite and orthopyroxene. A few small olivine grains (approximately 500pm in 

size) can be seen in the mosaicised vein, although these grains do not display a mosaicised 

grain texture. These olivine grains have an average composition of mg# 77.6 compared 

with olivine in the typical texture portion which has an average mg# of 76.5. Figure 6.15

shows a histogram of olivine composition within the different domains observed in 
FRO 90233.

Figure 6.15. Histogram showing composition o f olivine grains within PVn a m i*  m  
mosaicised vein is slightly more fayalitic than olivine within the typical te x te d  domain. * *
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Orthopyroxene grains within the mosaicised portion of FRO 90233 have an average 

composition of En8o.2 Wo4.6 FS15 .2 and are slightly more Mg-rich than those within the 

typical textured portion (En767 Wo4.6 FS18.7 ). Pigeonite grains within the mosaicised vein 

have average composition of En7 5 .6 W0 1 0 .2  FS1 4.2 , with augite having a composition of 

En7o.8 W0 1 7 .4  Fsi 1.8 A ternary diagram of pyroxene compositions within the mosaicised 

vein and the typical textured domain is shown below (figure 6.16).

Figure 6.16. Ternary plot o f  pyroxene compositions within PRO 90233. Orthopyroxenes within the 
mosaicised vein are similar in composition to those within the typical textured portion, although are slightly 
more Mg-rich.

Figure 6.17 below shows a BSE image of the lithological interface between the typical 

lithology and the mosaicised lithology. Unlike the interface between the different textural 

domains in FRO 90168 and FRO 90228, the boundary region between the mosaicised vein 

and the typical texture domain does not show the distinct very fine-grained groundmass 

with larger, rounded silicates texture (e g. figures 6.8 and 6.11). Instead the interface 

between the mosaicised vein and typical texture domain in FRO 90233 takes on a more 

gradational appearance, where the boundary is much less distinct. The mosaicised portion 

appears similar to those seen in other samples (e g. FRO 90036 -  see section 6.2), with 

small (approximately 10 pm) individual grains and dark areas of mesostasis. Similar to the 

boundary regions of FRO 90168 and FRO 90228, the interface in FRO 90233 shows
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higher amounts of Fe-metal than is found in other regions of the sample, either in 

mosaicised or typical domains.

Figure 6.17. BSE image o f FRO 90233 mosaicised vein and typical textured domains. The mosaicised vein 
can be seen in the upper portion o f the image, the typical textured domain is in the lower portion o f the 
image. To the right o f  the typical textured portion is an olivine grain, to the left a pyroxene grain. The 
boundary between the mosaicised vein and the typical texture portion is unlike that seen in the samples FRO 
90168 and FRO 90228. A large Fe-metal grain (white) can be seen in the centre o f the image.

Figure 6.18 shows a higher magnification BSE image of the interface between the 

mosaicised vein and the typical texture domain. This image clearly shows the lack of a 

clear boundary between the two different textural domains. Unlike the mosaicised 

lithologies in FRO 90168 or FRO 90036, the mosaicised pyroxenes within FRO 90233 

lack metal mantles around the individual fragments of grain. Dark grey mesostasis can be 

seen around the individual fragments. Veins of FeO, derived from weathering, crosscut 

many of the individual mosaic fragments and also the typical textured grain adjacent to the 

mosaicised vein.
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Figure 6.18. BSE image o f  interface betw een the typical textured domain and the mosaicised vein FeO 
veins crosscut individual grains within the mosaicised portion (left o f  image) and also the typical texture 
portion (right o f  image).

Although it is clear that FRO 90233 must have undergone a degree of shock to form the 

mosaicised lithology, the lack of boundary material (fine-grained groundmass, rounded 

silicates and metal blebs) suggests that the petrogenetic process was somewhat different to 

that in operation in FRO 90168 and FRO 90228. It may be the case that in FRO 90233 the 

shock waves were more localised and there was little, or no mechanical shearing resulting 

in re-melting within the boundary zone (see section 6.3.1).

FRO 93008: FRO 93008 is somewhat different to FRO 90168, FRO 90228 and FRO 

90233 in that the whole of the section is of low shock grade (S2-S3) with no mosaicism 

seen in the polished thin section. The section is composed of two lithological domains; a 

fined-grained, olivine-pigeonite domain with preferred orientation and a coarse-grained, 

olivine-augite-orthopyroxene domain, that does not exhibit any preferred orientation. The 

boundary zone between the two distinct lithologies has been described as a ‘cataclastic 

belt’ by Fioretti and Goodrich (2001) and is quite similar to that seen within FRO 90168
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and FRO 90228. The cataclastic belt is composed of mostly of angular silicate grains 

(olivine and pyroxene) within a fine-grained groundmass of silicates and some metal blebs 

(see figure 6.19). Similar to FRO 90168, the boundary material is unevenly distributed 

along the lithological interface, it narrows and widens and in some regions is completely 

absent.

Figure 6.19. BSE image o f interface between the two distinct lithologies in FRO 93008. To the left o f the 
image is the fine-grained olivine-pigeonite lithology, to the right is the coarse-grained olivine-augite- 
orthopyroxene lithology. In the centre and at the bottom o f  the image (just above the large metal grain) 
areas of boundary material can be seen.

In addition to the boundary material found at the interface, FRO 93008 also displays a 

pocket of boundary-like material that is wholly enclosed within the coarse-grained, olivine- 

augite-orthopyroxene lithology. This boundary material is petrographically similar to that 

seen at the lithological interface, and that seen in FRO 90168 and FRO 90228. It contains 

rounded grains of olivine pyroxene and albitic feldspar (up to about 60pm in size) in a 

fine-grained groundmass of silicates and metal blebs (figure 6.20).
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Figure 6.20. BSE image o f  boundary material within the olivine-augite-orthopyroxene lithology in FRO 
93008. The material is very similar to that seen at the lithological interface within FRO 93008 and also in 
FRO 90168 and FRO 90228. The boundary material is composed o f  a fine-grained silicate groundmass with 
metal blebs and larger, rounded grains o f  olivine, pyroxene and albitic feldspar.

Figure 6.21 shows a histogram of olivine core compositions within the boundary zones. 

Olivine and pyroxene within both areas of boundary material mostly show compositional 

affinity with olivine and pyroxene within the fine-grained and coarse-grained lithologies of 

FRO 93008. Two olivine grains found in the boundary material in the coarse-grained 

lithology, however, have more fayalitic compositions (mean mg# 60.3) compared with 

other olivines from the boundary material, or indeed, from either of the lithological 

domains. This is similar to both FRO 90168 and FRO 90228, both of which contain a few 
olivine grains in the boundary zones that are unusually fayalitic.

Pyroxene within the boundary material in FRO 93008 is composed of both orthopyroxene 

and pigeonite. Orthopyroxene grains have an average core composition of En9i.4 Woi.g 

Fseg, with pigeonite having an average core composition of En73.2 Wo77 Fsi9.i. Figure 6.22 

shows a ternary diagram of pyroxene compositions within both the fine-grained and 

coarse-grained lithological domains and boundary material zones of FRO 93008. Both 

orthopyroxene and pigeonite grains, whilst showing some similarity in composition with
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pyroxene grains from the fine-grained and coarse-grained domains, are more

heterogeneous in terms of Ca and Mg.
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Figure 6.21. Histogram o f  olivine compositions in FRO 93008. Boundary material olivines are similar in 
composition to olivine within both the fine-grained and coarse-grained portions o f FRO 93008. Similar to 
FRO 90168 and FRO 90228, two olivine grains within the boundary material have more fayalitic 
compositions than the other boundary olivines, or olivines within the two lithological domains.

Figure 6.22. Ternary diagram o f  pyroxene compositions in FRO 93008. No augite has been found in the 
boundary material. Pigeonite and orthopyroxene show some similarity in composition compared with 
pyroxenes within the fine-grained and coarse-grained lithological domains, although both are more 
heterogeneous in composition.
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grains of albitic feldspar with average composition of Ab75.7 Org.4 An^.g. No feldspathic 

grains have been identified in any of the boundary zones within FRO 90168 or 

FRO 90228, or indeed the lithological interface zone in FRO 93008. The only ureilites to 

contain feldspar are the polymict ureilites, which commonly contain plagioclase fragments 

and also feldspathic melt clasts (e.g. Goodrich, 1992; Mittlefehldt et al., 1998). However, 

it is clear that FRO 93008, although displaying unusual textural and lithological 

* characteristics for a monomict ureilite, is not similar to the previously described polymict 

breccias (see chapter 1, section 1.2).

Although neither of the sets of boundary material in FRO 93008 are associated with areas 

of high levels of shock {cf. FRO 90168 and FRO 90228), it may be the case that they 

represent material derived from shock melting which was then injected away from the 

shocked area, into an area where shock levels were lower (see section 6.3.1).

The boundary materials described in samples FRO 90168, FRO 90228 and FRO 93008 are 

the first of their kind to be described within any of the known ureilites. Interstitial silicate 

materials have been previously recognised in monomict ureilites samples (e.g. Goodrich et 

al., 1987b; Ogata et al., 1991; Ikeda, 1999). These materials commonly occur in narrow 

zones (about 10-2 0pm wide) at the boundaries between olivine and pyroxene grains an 

sometimes intrude into the olivine and pyroxene grains. Most usually the interstitial 

silicates are composed of euhedral to subhedral grains of low-Ca pyroxene and augite 

(< 10pm in size) surrounded by Si-Al-alkali-rich glass, olivine is not reported within 

interstitial silicates. Tiny metal grains may also occur within the interstitial silicates in 

varying amounts. Pyroxenes within the interstitial silicates commonly have higher mg# 

than core pyroxene and augite grains are rich in A120 3 and Na20  (Goodrich et al., 1987b; 

Mittlefehldt et a l, 1998). The petrogenetic origin of interstitial silicates within the ureilites 

is controversial. Goodrich and Berkley (1985) and Goodrich (1986) proposed that 

interstitial silicate materials represented primary liquid that was trapped during the 

cumulate process. Alternatively, interstitial silicates have been suggested to represent 

partial melts produced through shock (Ogata et al., 1987; Ogata et al., 1988), or from the 

mixing of shock-produced melt from nearby olivine and pyroxene grains with residual 

primary trapped liquid (Goodrich et al., 1987b).

Although the boundary material within the coarse-grained, olivine-augite-orthopyroxene

domain is mostly very similar to that seen in FRO 90168 and FRO 90228 it also contains
*
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Whilst there are some similarities between the boundary materials observed herein and the 

commonly described interstitial silicates, there are a number of significant differences, 

which indicate that they have different origins and/or histories. Firstly, olivine is not 

reported in interstitial silicates commonly found in ureilites (e.g. Goodrich et al., 1987b; 

Ogata et al., 1991; Mittlefehldt et al., 1998; Ikeda, 1999), whereas it is a common 

constituent within the boundary materials in the Frontier Mountain samples. Secondly, 

although the pyroxenes within the boundary zones in FRO 90168, FRO 90228 and FRO 

93008 are compositionally heterogeneous and sometimes enriched in Mg compared with 

’ core pyroxene, they are similar enough to suggest that they are derived from the 

surrounding pyroxenes rather than being produced from trapped interstitial liquids. 

Thirdly, all the boundary zones within the Frontier Mountain samples contain abundant 

metal blebs within the groundmass and larger grains of metal. Although metal is reported 

in some interstitial silicates, it is not a ubiquitous component (e.g. Ogata et al., 1991).

The fact that in FRO 90168 and FRO 90228 boundary material is intimately associated 

with shocked lithological domains, suggests that the boundary material may also have 

formed through shock, perhaps by shearing and associated melting of adjacent areas. 

However, FRO 93008 is a low shock sample and neither of the two boundary zones (at the 

lithological interface or in the olivine-augite-orthopyroxene lithology) shows any 

relationship with areas of shock. Similarly, the sample FRO 90233 displays an area of 

mosaicised material intimately associated with unshocked material with no accompanying 

distinct boundary zone. The following section discusses shock effects and processes and 

the likelihood of generating localised areas of higher shock on a small scale.

6.3.1 Shock and the production of boundary zones

The physics of shock wave propagation and behaviour is extremely complex and 

beyond the scope of this study, however, the major points that are directly applicable to 

geological and cosmic environments are discussed by Stoffler et al. (1991) and a summary 

is given below. The paper of Stoffler et al. (1991) outlines the main principles of shock 

metamorphism and shock wave behaviour with regards to chondritic meteorites, although 

the same principles are also applicable to the ureilites since they contain a similar 

mineralogical assemblage i.e. olivine, pyroxene and some metal.
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Compression of material resulting from a shock event, for example, the impact of one body 

into another, results in the formation of a shock front that propagates through the material 

in a matter of milliseconds to seconds in natural, rock-forming materials. Compression 

caused by the shock front causes an increase in the entropy of the material; after the shock 

front passes, and decompression occurs, the final result is an increase in the temperature of 

the material compared with pre-shock ambient temperature. At very high shock levels, the 

post-shock temperature rise may be high enough to cause melting or even vapourisation of 

material.

' The propagation behaviour and structure of the shock front is influenced by a number of 

factors, including the porosity, polycrystallinity and density fluctuations of the material it 

passes through. The density of the material is perhaps the most important of these factors, 

as it has a direct bearing on the shock impedance of a particular material constituent, 

which, in the case of a rock sample is the mineral density. The shock impedance of a 

mineral is the shock wave velocity multiplied by the mineral’s density. Figure 6.23 shows 

the different shock impedances of materials commonly found in chondritic meteorites. For 

ureilites, the most relevant minerals shown in figure 6.23 are olivine, pyroxene and 

possibly metal.

An important result of a shock front travelling through any material composed of 

constituents with different shock impedances, such as a ureilite, is that the propagating 

shock will reverberate, reflect or focus as it travels through the material resulting in 

heterogeneity of the actual shock pressure an individual grain or region experiences. 

Correspondingly, the post-shock temperature through a sample will also be heterogeneous, 

with localised areas of higher or lower temperatures depending on the propagation of the 

shock front.

Localised levels of increased shock, relative to the sample as a whole, are recorded in the 

ureilites and the samples FRO 90233 and FRO 90168 display this quite prominently with 

area of mosaicised material immediately adjacent to areas that are relatively unshocked.
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Considering the above, it is reasonable to invoke shock as the petrogenetic process that 

formed the boundary materials in FRO 90168, FRO 90228 and FRO 93008. FRO 90168 

and FRO 90228 display regions of localised melting resulting from restricted high 

temperature excursions. This evidence is supported by the overall similarity in olivine and 

pyroxene compositions between the boundary material and the adjacent textural domains. 

Although FRO 93008 does not display any regions with obvious high shock levels, 

boundary material may also be produced through shock melting, where melt was forced 

into area displaying lower shock levels. The presence of the feldspathic component in an 

FRO 93008 boundary zone (olivine-augite-orthopyroxene lithology) along with the 

similarity in composition with the fine-gained and coarse-grained lithologies, may support 

the theory that at least some interstitial silicates formed from a mixture of shock melting of 

local material and trapped primary material (e.g. Goodrich et a l, 1987b). Finally, the 

sample FRO 90233 does not display any boundary material similar to that seen in 

FRO 90168 or FRO 90228 even though it displays shocked material. Instead, the interface 

between the mosaicised vein and the typical textured portion simply appears gradational
Caroline L. Smith Chapter 6
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implying that even though the shock level was high enough to cause mosaicism, it was

localised and not o f a degree to cause melting of the local material.

6.4 Mixed lithologies in Frontier Mountain ureilites

Table 6.1 shows a summary of textures and lithologies seen in the six Frontier 

Mountain ureilite samples. Owing to the fact that many of the samples display mixed 

lithologies and textures the samples are divided and named according to a specific textural 

or lithological characteristic that they display. For example, FRO 90168 displays a 

mosaicised portion and a typical texture portion, and as such is divided into ‘FRO 90168- 

M ’ and ‘FRO 90168-T’.

On the basis of texture and mineral assemblages, the samples may be divided into three 

groups or families. Family 1 consists of FRO 90054, FRO 90228-T and FRO 93008-CG, 

and all samples within this group show a coarse-grained texture and an olivine-augite- 

orthopyroxene lithology. Family 2 samples are FRO 93008-FG, FRO 90233-T and FRO 

90168-T. All sample within family 2 show typical ureilite texture with elongate grains and 

preferred orientation. Family 2 samples also tend to have a high proportion of olivine and 

contain minor pigeonite ± augite ± orthopyroxene. Family 3 comprises samples that 

display mosaicised textures and have an olivine with minor pigeonite and/or orthopyroxene 

lithology, FRO 90036, FRO 90168-M and FRO 90228-M. FRO 90233-MV may also 

belong to family 3 although it displays a predominantly pigeonite + minor orthopyroxene 

and augite lithology and contains only minor olivine.
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Table 6.1. Summary of petrographic and mineralogical characteristics of Frontier Mountain ureilites. Section 6.2 gives a more detailed 

description of each sample.

Sample Family
Group Texture Mineral Assemblage

Core
Olivine

m g #

Weathering
grade

Shock
Grade

FRO 90036 3 Mosaicised Olivine + minor pigeonite and orthopyroxene 82.5 (3.9) W1-W2 S5
FRO 90054 1 Typical,

equigranular Olivine + augite + orthopyroxene 86.4 (0.8) W1-W2 S2
FRO FRO 90168-T 
90168 FRO 90168-M

2
3

Mosaicised 
Typical, oriented

Olivine + minor pigeonite and augite 
Olivine + minor orthopyroxene

82.2 (4.4) 
76.4 (2.0) W1-W2 S5

S2-S3
FRO FRO 90228-T 
90228

1 Typical,
equigranular Olivine + augite + orthopyroxene 86.4 (0.6) W1-W2 S2-S3

FRO 90228-M 3 Mosaicised (weak) Olivine + minor pigeonite and orthopyroxene 77.9 (0.2) S4
FRO 90233-TFRO

90233 FRO 90233-MV
2 Typical, oriented Olivine + orthopyroxene 76.7 (0.5) S2-S3
3? Mosaicised Pigeonite +minor orthopyroxene and augite, some 

olivine 77.6 (0.8) W1-W2 S5
FRO 93008-FGFRO

93008 FRO 93008-CG
2 Typical, oriented Olivine + pigeonite + orthopyroxene 78.1 (0.5) S2-S3
1 Typical,

equigranular Olivine + augite + orthopyroxene 86.3 (0.7) W1-W2 S2-S3

T = typical texture; M = mosaicised texture; MV = mosaicised vein; FG = fine-grained; CG = coarse-grained. Numbers in parentheses after 
olivine core mg# = 1er standard deviation.
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Pyroxene compositions from the main lithologies (i.e. not including boundary material) in 

Frontier Mountain ureilite samples also show the three family groupings. Figures 6.25, 

6.26 and 6.27 show ternary diagrams of pyroxene compositions within the Frontier 

Mountain ureilites. As is the case with olivine core compositions, pyroxene core 

compositions show some distinction between family 1 and family 2, although this is not 

quite as clear as that demonstrated by olivine core composition. Family 3 samples show a 

range in compositions that falls between the domains of both families 1 and 2.

Figure 6.24. Histogram o f  olivine compositions from Frontier Mountain ureilite samples. Olivine core 
compositions refect the family groupings determined from petrographic characteristics and mineral 
assemblages.
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Figure 6.25. Pigeonite core compositions within the main lithologies in Frontier Mountain ureilites. Family 
3 samples (green) show similarity in composition to those in family 2 (blue).

Figure 6.26. Orthopyroxene cores within the main lithologies in Frontier Mountain ureilite samples. There 
is some similarity in composition between family I (red) and family 2 (blue) samples, although the range in 
composition is greater in family 2 samples. Family 3 samples (green) are similar to the Fe-enriched family 2
samples.

Wo

Figure 6.27. Augite cores within the mam lithologies in Frontier Mountain ureilite samples Thor. ,v
similarity in composition between family 1 (red) and Tamilv 3 i/ioht <7ro.n> . / amPley There is some
90233 mosaicised vein have a distinct composition. ^ mp es. Augite cores from FRO
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The textural and lithological similarities between samples within each family group may 

indicate that samples within each family are paired, and represent fragments from an 

individual meteorite or meteorite shower. The fact that samples display mixed lithologies 

and textures and show affinities with other family grouping suggests that all six of the 
Frontier Mountain ureilites are inter-related, and quite possibly paired.

x

6.4.1 Statistical analysis of Frontier Mountain nreilite mineralogical data

In order to test the validity o f assigning the different samples to family groupings a 

statistical analysis was carried out on electron microprobe data from the six samples. 

Olivine core compositional data (mg#) were subject to a two-tailed t-test with unequal 

variances, a statistical test that evaluates the differences in means between two groups, 

whilst taking into account different standard deviations between the groups. The' 

hypothesis that is to be tested is that olivines in samples from the same family group have 

similar mg», i.e. the null hypothesis (Ho) in this instance is that the means of olivine 

composition are statistically similar. A t-test analysis of two data sets results in the 

calculation of a probability level or ‘p-value\ This p-value can be converted to a 

percentage, (1-P)xl00, and this gives the percentage probability that H0 is true, that the 

olivine compositions in individuals from each family are statistically similar. A 

confidence level of 99% was used in this test and if the percentage probability calculated is

less than 99% then H0 is accepted. T-tests were run using the Microsoft EXCEL computer 
program.

Table 6.2 shows results from the t-tests. For family 1 samples, olivine core compositions 

are statistically similar in all three family members (FRO 90054, FRO90228-T and 

FRO 93008-CG). In addition to the petrographic similarity between these samples, this 

statistical similarity in olivine core compositions supports the suggestion that they may be 

paired. With family 2 samples, there is a statistical similarity in olivine composition 

between FRO 90168-T, FRO 90233-T FRO 90233-V and FRO 93008-FG although 

FRO 90233-T and FRO 93008-FG do not show a statistical match. Also FRO 90228-M, 

which on the basis of its mineralogy and texture was assigned to family 3 shows a 

statistical similarity with FRO 90168-T, FUO90233-V and FRO 93008-CG, although not 

with either of the mosaicised samples FRO 90036 or FRO 90168-M. In tetms of femth, a ' 
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samples, both FRO 90036 and FRO 90168-T show a statistical similarity in their mean 
olivine core compositions.

6.4.2 Isotopic evidence of pairing

In addition to similarities in petrography and mineralogy samples within each 

family grouping also show similarities in terms of their oxygen and carbon isotope 

, signatures. Table 6.3 shows oxygen and carbon isotopic compositions from the Frontier 
Mountain ureilite samples.

Unfortunately, both the carbon and oxygen isotope analyses were performed prior to this 

detailed study of the mineralogy and petrography of these samples and, therefore, the exact 

lithological grouping of each sample analysed is unknown. However, from the relative 

proportions of the different lithologies in the polished thin sections as discussed above, it 

can be estimated that the most probable lithologies samples for oxygen and carbon 

analyses from the samples with mixed lithologies are: FRO 90228-T (Family 1), FRO 

90233-T (Family 2) and FRO 93008-CG (Family 1). In the case of FRO 90168, roughly 

equal proportions of the lithologies make it difficult to assess which lithology was most 
likely sampled.

Using such an approach it can be seen that all the family 1 samples have indistinguishable 

Ai70  values around -0.87%o, quite distinct from the other two samples. The FRO 90168 

oxygen isotope composition is indistinguishable from FRO 90036 (but quite distinct from 

family 2) suggesting that it was the mosaicised lithology that was sampled for oxygen 

isotope analysis. The oxygen isotope analysis of FRO 90233 (family 2) reveals a AnO 
composition distinct from the other lithologies.
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Table 6.2. Results from two-tailed t-test on olivine core composition from Frontier Mountain ureilites. Percentage probability values are 

given and where percentage probability < 99% there is statistical similarity. Highlighted boxes show samples where there is statistical 

similarity.
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Table 6.3. Oxygen and carbon isotope compositions of Frontier Mountain ureilite samples. Family groupings and determining petrographic

characteristics are also shown for reference (see accompanying text).

Sample
Oxygen (1) 

A170  ( % o )

Carl 

013C (%o)

ton 

wt %

Textural characteristics 

(% Area in PTS)
Mineral assemblage

Olivine 

core mg#

Family

grouping

FRO 90036 -0.611 -2.0 (1) 7.0 (1) Mosaicised (100%) Olivine + minor pigeonite and 
orthopyroxene 82.5 3

FRO 90054 -0.857 -23.4 (2) 0.24 (2) Typical, equigranular 
(100%) Olivine + augite + orthopyroxene 86.4 1

FRO 90168 -0.612 -1.9 1.79 (1) Mosaicised (40%) Olivine + minor pigeonite and augite 82.2 3
Typical, oriented (60%) Olivine + minor orthopyroxene 76.4 2

FRO 90228 -0.877 -22.3 (3) 0.07 (3)

Typical, equigranular 
(90%) Olivine + augite + orthopyroxene 86.4 1

Mosaicised (weak) (10%) Olivine + minor pigeonite and 
orthopyroxene 77.9 3

FRO 90233 -0.436 -0.9 (1) 2.73 (I)
Typical, oriented (90%) Olivine + orthopvroxene 76.7 2

Mosaicised vein (10%) Pigeonite + minor orthopyroxene and 
augite, also some olivine 77.6 3?

FRO 93008 -0.889 0.01 (1)
Typical, oriented (20%) Olivine + pigeonite + orthopyroxene 78.1 2
Typical, equigranular 
(80%) Olivine + augite + orthopyroxene 86.3 1

Text colour indicates oxygen isotope sub-groups as defined by Franchi et al., (1998): green = sub-group A, black = sub-group B, blue = sub
group C. References:(1) (Franchi et al., 1998);(2) (Grady and Pillinger, 1993); (3)(Smith et al., 1999).
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Carbon isotope and abundance analyses of Frontier Mountain ureilites also show 

similarities between samples within family groups. All samples from family 1 show 

unusually low carbon abundance (<0.24wt%) compared with other ureilites. Carbon 

isotope analyses of FRO 90054 and FRO 90228 also show unusually light <513C ( p d b ) 

(approximately -24%0) values compared with other ureilites (Grady and Pillinger, 1993; 

Smith et al., 1999). Samples from family 3 show dissimilar carbon abundance, with FRO 

90036 containing 7wt% carbon whereas FRO 90168 contains only 1.8 wt% carbon. This 

discrepancy in carbon abundance may result from sampling effects owing to the 

' heterogeneous distribution of carbon with the samples (see section 6.2) and as such it is 

believed that the value of 1.8 wt% carbon for FRO 90168 is a more realistic figure for 

carbon abundance within family 3 samples. However, the carbon isotopic compositions of 

FRO 90036 and FRO 90168 are very similar, with ô13C(PDB) values o f -2.0 and -1.9%o 

respectively. As is the case with oxygen isotope compositions FRO 90233 is distinct from 

both families 1 and 3 with regards to its carbon abundance and isotopic composition. FRO 

90233 contains 2.73 wt% carbon with a ô13C(PDb> value of 0.9%o.

6.5 Heterogeneity of Frontier Mountain ureilites -  an anomalous

phenomenon.

In order to understand better the compositional and textural heterogeneity of the 

Frontier Mountain ureilite samples, mineralogical and petrographic data from the eleven 

sub-group B and D samples (see chapter 5, sections 5.2 and 5.3), were compared with the 

Frontier Mountain results. As a rule olivine and pyroxene core compositions within a 

single ureilite are extremely homogeneous (e.g. Goodrich et al., 1987a; Mittlefehldt et al., 

1998). This homogeneity is demonstrated by the sub-group B and D samples (see sections

5.2 and 5.3), with olivine core composition results having standard deviations from the 

mean of f£).5 (la). Pyroxene compositions in sub-group B and D ureilite samples are also 

fairly homogenous, with standard deviations of ^).8 (la ) (see appendix IV for 

mineralogical data summary). In contrast with the ureilite samples from oxygen isotope 

sub-groups B and D, the Frontier Mountain ureilites show a far greater degree in 

heterogeneity of both olivine and pyroxene compositions. Frontier Mountain samples that
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display mosaicised textures (FRO 90036 and FRO 90168-T) show the greatest 

heterogeneity in olivine compositions, with standard deviations (la) of up to 4.4 from the 

mean olivine composition. This heterogeneity displayed by the mosaicised samples may 

be a sampling effect. Each individual mosaicised grain is very small, usually about 20- 

30pm across (see figure 6.1), and often the individual grains are surrounded by a mantle of 

metal and/or are adjacent to pockets of metal. As such, it is possible that during the 

electron probe analyses metal-rich areas may be included in the activation area of the 

electron beam, and thus compromise the mineralogical data. However, it may be the case 
‘ that the observed heterogeneity is a real phenomenon.

The fact that both olivine and pyroxene from family 3 samples fall across the range 

described by family 1 and 2 ureilites may suggest that family 3 samples represent a 

mixture of material with affinities to both family 1 and family 2 olivine and pyroxene. 

This suggestion is supported by the fact that in two of the samples (FRO 90168 and 

FRO 90233) mosaicised material is present in intimate contact with non-mosaicised, 

typical ureilite fabric material. It is possible that the mosaicised regions represent a type of 

shock vein, injected or sheared into relatively unshocked material during a large impact. 

This being the case it is likely that the source material of the shock vein could be 

heterogeneous and sample material exotic to the region into which the vein intrudes. FRO 

93008 may be a good example of this scenario, in that it contains clasts of feldspathic 

material. Alternatively mosaicised material may represent a ‘breccia’ or ‘cataclasite’ type 

of material rather than an injected vein of exotic material. During a shock event the 

propagation of a shock wave, and hence the localised intensity of the shock effects may be 

altered if the wave encounters, for example, a change in lithology or porosity (see section 
6.3.1).

Olivine and pyroxene grains from samples with a more typical ureilite fabric show a more 

usual degree of homogeneity with regards to their core compositions, with standard 

deviations (la) from mean olivine composition of <0.8. The typical textured portion of 

FRO 90168 is an exception to this in that it has relatively heterogeneous olivine core 

compositions with a standard deviation (la) from the mean of 2.0. The reason for this is 

unknown, although it is perhaps significant that the typical textured portion is intimately 

linked with a highly mosaicised portion. It may be the case that the typical textured 

portion, whilst not manifesting the degree of shock demonstrated by the mosaicised
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material, has been contaminated by some exotic material with a slightly different 

composition.

In order to better constrain the possible heterogeneity within a ureilite sample, detailed 

electron probe analyses have been taken of three individual polished thin sections of the 

olivine-pigeonite ureilite Hajmah (a) (BM1980, M.19), stored in the repository at the 

Natural History Museum (London). The three thin sections, Al, A2 and B2, were taken 

from different portions of the main mass, spatially separated on a centimetre scale. Unlike 

many of the Frontier Mountain ureilite thin sections, the thin sections taken from Hajmah 

‘ (a) were quite large, measuring approximately 1cm x 2cm. This size of section allows for 

the identification of any petrographic heterogeneity on even a small scale. Full results of 

the electron probe analyses are given in the appendix (appendix IV). Table 6.4 shows 

average olivine and pyroxene core compositions are homogeneous both within each thin 

section and also between the three different thin sections.

Table 6.4. Mean olivine and pyroxene core compositions from Hajma (a) thin sections.

Thin section Olivine core composition (m g # ) Pigeonite core composition

Al n=85 84.5 (0.3) n=63
En 77.8 (0.2) 
Wo 8.9 (0.1) 
Fs 13.3 (0.2)

A2 n=90 84.8 (0.4) n=76
En 78.2 (0.2) 
Wo 8.7 (0.1) 
Fs 13.1 (0.1)

B2 n=43 84.7 (0.3) n=39
En 78.0 (0.1) 
Wo 8.9 (0.1) 
Fs 13.1 (0.1)

The investigation of the Hajmah (a) thin sections suggests homogeneity of olivine and 

pyroxene core compositions over a large area within a ‘typical’ ureilite, similar to that 

displayed by the sub-group B and D samples. This is in contrast to the heterogeneous and 

complex petrography and mineralogy displayed by the Frontier Mountain ureilite samples. 

Considering the unusual characteristics displayed by the Frontier Mountain ureilites it is 

proposed that they represent a new textural type of ureilite, dissimilar from both polymict 

breccias and poikilitic/bi-modal samples. Taking into account that four of the samples 

(FRO 90168, FRO 90228, FRO 90233 and FRO 93008) show mixed lithologies that,
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although distinct in terms of mineralogy, petrography and also possibly isotopic 

characteristics are intimately associated, the name suggested to describe these samples is 

‘co-mingled’ or ‘C-texture’. Although samples FRO 90036 and FRO 90054 do not show 

mixed lithologies it is proposed that, on the basis of strong compositional and isotopic 

affinities with samples that do, FRO 90036 and FRO 90054 may also be described as C- 

texture ureilites. To the best of the author’s knowledge no other ureilites display such a 

texture, and this work is the first to describe and report on this unusual texture.

6.5.1 Frontier Mountain ureilites -  single or multiple ureilite parent bodies?

The fact that C-texture samples are apparently not similar, or related to polymict or 

poikilitic ureilites, suggests a different petrogenetic formation mechanism for these 

samples. Goodrich et al., (2002) suggest a mechanism whereby a large impact disrupts a 

single juvenile ureilite parent body producing meter-sized bodies, which are ejected, and at 

some later stage re-assemble. These meter-sized bodies may sample original areas with 

distinct lithologies/mineralogies and oxygen isotope compositions, which during re

assembly become intimately linked. A formation mechanism such as this, invoking a large 

and disruptive impact event, is supported by evidence of shock and possible compositional 

mixing in samples such as FRO 90168 and FRO 90228, where shocked areas are 

intimately linked with compositionally distinct, relatively unshocked material. This 

hypothesis can be altered slightly whereby, instead of disruption of a single juvenile parent 

body by an impact, multiple juvenile ureilite parent bodies (with different lithological and 

isotopic characteristics) accrete to form a large, compositionally heterogeneous parent 

body. At some later stage this body may then become disrupted through a large impact 

(e.g. Warren and Kallemeyn, 1988; 1989), perhaps with the addition of carbon.

Another mechanism that may explain the lithological mixing and formation of boundary 

material seen within the C-textured ureilite samples, is the movement and transposition of 

compositionally distinct material along ‘fault zones’ (formed through impacts) within a 

single ureilite parent body. However, this implies that this single parent body was 

isotopically and lithologically heterogeneous on a small-scale (perhaps only metres), a fact 

that is difficult to reconcile with the high-temperature igneous nature of the ureilites. 

However, the slow diffusion rates of oxygen in both basaltic melts and olivine at magmatic 

temperatures (200mm and 3mm over 10 million years, respectively) (Scott et al., 1993)
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may account for the retention of heterogeneous oxygen isotopic compositions, even on a 

small scale.

6.6 Summary

One of the challenges arising from the collection of small, weathered meteorites 

from desert regions is the ability to recognise whether meteorites are paired. Previous 

' investigations have suggested that four Frontier Mountain ureilites are paired 

(FRO 90054/FRO 93008, FRO 90036/FRO 90168) (Wlotzka, 1994; Fioretti and Molin, 

1996). Detailed mineralogical and petrographic investigation of six Frontier Mountain 

ureilite samples also indicates that these samples are most likely paired.

1) Petrographic analysis of the six Frontier Mountain ureilites suggests that they can be 

divided into three families, on the basis of common textures and mineral assemblages. 

Importantly, three of the samples (FRO 93008, FRO 90168 and FRO 90228) display 

distinct lithological/textural domains that can be related to other Frontier Mountain 

samples. Samples that show mixed lithologies/textures cannot be described as 

poikilitic or bi-modal samples, nor do they appear similar to the polymict breccia type 

of ureilite. This suggests that the process(es) that produced these textures are not the 

same as those that produced the poikilitic or polymict ureilites. It is proposed that FRO 

90228, FRO 93008 and FRO 90168 represent a new textural type of ureilite, named C- 

texture.

2) Family groupings are supported by statistical analyses of olivine compositional data 

and oxygen and carbon isotopic compositions. However, C-texture samples show 

nearly identical oxygen and carbon isotopic compositions for the different family 

groupings, even though they are mineralogically and petrographically heterogeneous. 

It is likely that sub-samples taken from C-texture samples only sampled one textural 

domain, resulting in the similarities in isotopic composition.

The recognition of C-textured samples suggests that ureilites may be more heterogeneous 

in terms of mineralogy, petrography and isotopic composition than is presently thought. 

This being the case the characterisation o f ureilites on the basis of a single, small thin 

section or a small sub-sample chip may be potentially flawed. However, a balance must be
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made between taking a significant proportion of samples for detailed mineralogical and 
isotopic characterisation and the destruction of rare and precious material.
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Chapter 7

Carbon in Ureilites: Results from stepped combustion and mass 

spectrometry

7.1 Introduction

Carbon in the ureilites, whilst being an extremely important constituent is, in terms 

of ureilite petrogenesis, poorly understood. Many models of ureilite petrogenesis invoke a 

carbonaceous chondrite-like material being involved at some stage during the ureilites ’ 

formation. The presence of this carbonaceous chondrite material, most usually described 

as CV-like, may be described as ‘primary’ or ‘secondary’ (see chapter 1).

The analysis of the abundance, form and isotopic composition of carbon in ureilites should 

offer insight into the petrogenetic processes that affected the ureilites and also provide an 

opportunity to determine more conclusively the progenitor of ureilite carbon. 

Additionally, by analysing carbon in ureilites from the different oxygen isotope sub-groups 

which have been identified by Franchi et al, (1997, 1998), inter- and/or intra-group 

variations may be recognised, which could provide additional evidence for the differences 

in oxygen isotope compositions, for example different ureilite parent bodies, or different 

geological and geochemical processes on the same parent body.

7.2 Ureilite sample results

The eleven samples from oxygen isotope sub-groups B and D (described in 

chapters 1 and 5) were analysed for carbon content and stable isotopic composition using a 

combination of stepped combustion and mass spectrometry. Ten samples were analysed 

over a temperature range of 300-1300°C with the 500-950°C range analysed at high- 

resolution using 25°C steps. The sample META78008 (sub-group B) was measured using a
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slightly different set of conditions with analyses taking place between 200 and 1450°C 

using slightly lower resolution with 50°C steps analysed between 600 and 1200°C. 

Samples LEW 85328 and RKPA 80239 were analysed twice, with one experiment using 

50°C temperature steps and the second using higher resolution 25°C steps (see also chapter 

two, section 2.2.6). The temperature range and degree of resolution chosen for this study 

allows for the identification and discrimination of the different carbon phases found in the 

ureilites. Analysis protocols and experimental procedures are outlined in detail in chapter 

2, section 2.2.

' Results from the eleven samples are given below and are divided into sections according to 

release temperatures, profiles and isotopic behaviour. Summaries of stepped combustion 

results are shown in tables 7.1 to 7.6 and profiles for each sample are shown in figures 7.1- 

7.4; results are fully tabulated in Appendix V.

7.2.1 C a rb o n a ceo u s co m p o n en ts  re lea sed  b e lo w  500°C

In all samples an isotopically light component is released at temperatures below 

500°C, most usually with a S13C(pdb) of approximately -25 to -30%o. Tables 7.1 and 7.2 

show low temperature carbon yield and isotopic composition results obtained below 500°C 

from the eleven sub-group B and D ureilites respectively. This low temperature 

combustion behaviour and isotopic composition is indicative of terrestrial organic carbon 

(Hoefs,. 1997). Carbon yields of the low temperature contaminant are small compared with 

the total carbon yield of the samples; only three out of 11 samples have more than 8% of 

their total carbon liberated below 500°C. META78008 (figure 7.2) shows a slightly higher 

amount of carbon released at low temperatures with 11.5% of total carbon released below 

500°C. QUE 93341 and Novo-Urei (figures 7.1 and 7.3 respectively) display the highest 

amounts of low temperature component compared with the other samples with 19.9-23.0% 

of their total carbon yields represented by the low temperature component.
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Table 7.1. Low temperature (<500°C) component data for sub-group B samples.
Sam ple W eight (mg) Y ield (w t% ) ^CpoB %o % o f  t o t a l eLEW 85328(l) 0.234 0.12 -25.6 2 8

LEW 85328(2) 0.336 0.09 -24.8 2.3LEW 88774 0.861 0.14 -26.2 6.7META78008 0.194 0.19 -26.0 11.5QUE93341 1.064 0.33 -34.1 ' 23.0Y 790981 1.079
1  l i c i n c r  « ¡ n ' r 1 K

0.10 -29.6 4.0

’ Table 7.2. Low temperature (<500°C) component data for sub-group D samples.
Sam ple W eight (mg) Y ield (w t% ) S l j Q p D m % o %  o f  total CAcfer 277 1.155 0.04 -22.2 1 6EET 83225 0.694 0.14 -29.6 7 2Novo-Urei 0.846 0.67 -26.2 19 9PCA 82506 0.396 0.22 -37 1

RKPA80239(1) 0.106 0.38 -26 5
J . O
A  0

RKPA80239(2) 0.271 0.22 -23.2
4.y 
1 1Sahara 99201 0.215

^ n c i n r r  “¡ i l T  c to ^ c
0.08 -21.5 2.6

Two Antarctic samples also have low temperature carbon with isotopic compositions 

lighter than those that may be expected as resulting from terrestrial organic contamination. 

QUE 93341 and PCA 82506 (figures 7.1 and 7.3) have 813C(PDB) values o f -34.1 and 

-37.1%o respectively. Although these values fall into the range for some types of terrestrial 

bacteria (Hoefs, 1997) it is more likely that these components are contamination products 

introduced into the samples during collection, curation or sampling handling. After 

collection from the ice, Antarctic meteorite samples are often stored in Teflon® bags prior 

to storing and curation. Teflon® has a carbon isotopic composition of approximately 

-48%o (S. S. Russell, unpublished data), which is somewhat similar to the 6 13C(PDb) values 

of the contaminants seen in QUE 93341 and PCA 82506. Additionally the stepped 

combustion profile of QUE 93341 (figure 7.1) shows a distinct carbon release at 525°C, a 

temperature, which is suggestive of the combustion of Teflon®, although there is no clear 

carbon peak at low temperature in the PCA 82506 sample (figure 7.3). QUE 94431 does 

display the highest amount of low temperature component in all the ureilites analysed. It is 

possible, then, that the isotopically light, low temperature components displayed by 

QUE 93341 and PCA 82506 are mixtures between a ‘natural5 terrestrial organic 
component and an accidentally introduced (Teflon®-like) component.
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7.2.2 Main carbon release, 500° to 850°C

In all eleven samples the main carbon release occurs in the temperature range 500 

to 850°C, which is indicative of the temperature range of both graphite and diamond 

combustion (Grady et al., 1985, see also chapter 2, section 2.2.3). Carbon yield and 

isotopic composition results from the ureilite sub-groups B and D main release component 

are given in tables 7.3 and 7.4.

» Table 7.3. Main carbon release data for sub-group B samples.

Sample Weight (mg) Yield (wt%) ¿13Q pDB1%0 % of totalC
LEW 85328°' 0.234 4.10 -0.9 95.5
LEW 85328 0.336 3.71 -2.2 97.6
LEW 88774 0.861 1.61 -4.8 78.7
META78008 0.194 1.48 -1.1 87.5
QUE 93341® 1.064 1.05 -4.9 65.2

Y 790981 1.079 2.41 -1.4 95.4
(1) Sample analysed using 50°C steps. w  Sample analysed using 25'C  steps.t3) Note the percentage value for
QUE 93341 is taken between 575-850°C to avoid the contamination at 525°C

Table 7.4. Main carbon release data for sub-group D samples.

Sample Weight (mg) Yield (wt%) S13Q pdb> %o % of total C
Acfer 277 - 1.155 2.40 -2.7 97.4
EET 83225 0.694 1.81 -5.6 90.4
Novo-Urei 0.846 2.64 -3.1 78.6
PCA 82506 0.396 5.84 -8.0 96.3

RKPA80239® 0.106 7.11 -8.9 90.1
RKPA80239® 0.271 6.85 -9.2 96.6
Sahara 99201 0.215

---------— ■ . .L  —  ■
3.15 -2.5 96.5

(l) Sample analysed using 50°C steps.( ) Sample analysed using 25°C steps.
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FigUre  7.2 S tepped combustion profile o f  ureilite sam ples LEW  85328. M EJA78008 and RKPA80~>39 from  
5 0  C  resolution experiments. E rrors on S ,3C,pdb> are better than +0 ->v̂  n . , JWm
circ les marking the results f o r  isotopic composMon. - - d  sm aller ihan ,he Individual

208



Figure 7.3. S tepped combustion profile  o f  sub-group D  ureilite sam ples Acfer277, EET 83225 Novo-Urei 
and PCA 82506 from  high resolution (25 ’C) experiments. Instrumental errors on hn C0,m > are better than 
±0.2%o a n d  sm aller than the individual circles marking the results f o r  isotopic composition.
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Figure 7.4. Stepped combustion profiles o f  sub-group D ureilites RKPA80239 and Sahara 99201 from  high 
resolution (2 5 ’C) experiments. Instrumental errors on Sn C(f>DB) are better than ±0.2%o and sm aller than the 
individual circles marking the results fo r  isotopic composition.

In terms of isotopic composition the samples display a range of 8 13C(pdb) values between 

—9.2%o (RKPA80239) and —1.1 %o (META78008). The isotopic compositions do not vary 

over the temperature range of the main carbon release in all samples, staying within 

±1.5%o of the mean 513C(Pdb) value for each temperature step measured. Grady el al. 

(1985) reported that the samples analysed in their study were clustered within certain 

ranges of isotopic compositions and could be divided into two distinct groups, one with 

813C(pdb) values between -1 and -3%o and the other with values between -8  and -1 l%o. 

The eleven samples in this study do not follow this pattern and have main release carbon 

isotopic compositions falling in a range between -9 .2  and -1.1 %o. Two of the samples fall 

into the isotopically lighter group, with 513C(pDb) compositions that fall into the range -8  to 

-1 l%o, six samples fall into the group with isotopic compositions between -1 and -3%0 and 

the remaining three samples have 813C(pdb) values intermediate to the two groups (figure 

7.5).
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Figure 7.5. Carbon y ie ld  p lo tted  against stable isotopic composition. Data from  G rady et al., (1985) (blue 
squares) clusters in two distinct groups according to  carbon isotopic composition: an isotopically heavier 
group with d ‘3C(PDB} values between -1  and  -3%o, and  an isotopically lighter group, wit S 3C(pDB> values 
between-8 and - 1 1%o. D ata from  this study (black circles a n d  re d  triangles) do  not strictly fo llow  this 
pattern.

Although the main carbon release of all eleven samples occurs between 500° and 850°C 

the release profiles of the samples can be quite different, indicating different combustion 

behaviour. Some samples show broad profiles where significant amounts of carbon are 

released over a sizeable portion of the 350°C window describing the main 

graphite/diamond combustion. Figure 7.3 shows the stepped combustion profile for the 

sample EET 83225, which has a broad release profile. Other samples show much narrower 

and sharper release profiles where the main carbon release occurs over a more limited 

temperature range, the sample Sahara 99201 shown in figure 7.4 displays a narrow and 

sharp release profile. A further noteworthy feature to consider when interpreting stepped 

combustion release profiles is demonstrated by the sample Acfer 277 (figure 7.3), which 

displays a broad release profile with two distinct components. In this case most carbon is 

released between 600° and 700°C, whilst at higher temperature (700° to 850°C) there is a 

smaller, yet still significant release of carbon. The 513C(PDB) value remains very constant 

over the entire release with no discernible difference between the two components 

In addition to displaying different carbon release profiles in terms of main release 

temperature range, the samples also have different peak release temperatures (the step 

where the highest amount of carbon is liberated). In all samples, the peak release 

temperature occurs between 650° and 725°C with five of the samples having the same peak 
release temperature of 675-700°C.
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The breadth of the major carbon release profile and the peak release temperature may 

reveal important clues as to the form of carbon within the graphite/diamond release. 

However, it is not sufficient merely to interpret the stepped combustion data ‘at face value’ 

in a qualitative way. Chapter 4 describes two methods developed to quantify results from 
carbon stepped combustion analyses.

7.2.3 High temperature component, 850° to 1300°C

Tables 7.5 and 7.6 show results of the high temperature stepped-combustion analyses of 
the eleven sub-group B and D ureilite samples.

Table 7.5. High temperature component data for sub-group B samples

Sample Weight (mg) Yield (wt%) ^1JQpnm %o % of totalCLEW 85328(U 0.234 0.07 -27 0 1 7
LEW 85328® 0.336 0.005 -19 6

1 .  / 
fi 1

LEW 88774 0.861 0.28 -6.0
U. 1
14 6META78008 0.194 0.02 -17.5 1 0QUE93341 1.064 0.04 -35.7 2 6Y 790981 1.079

ir .fr  <n°n r  fo rre  W o . ™

0.02 -28.0 0.6
(1)Sample analysed using 50"C steps. '^Sample analysed using 25°C steps.

Table 7.6. High temperature component data for sub-group D samples.

Sample Weight (mg) Yield (wt%)  ̂1JC(PDB) %o % of total CAcfer 277 1.155 0.02 -15.7 1 0EET 83225 0.694 0.05 -28 7 7 A
Novo-Urei 0.846 0.05 -27 0 1 ^
PCA 82506 0.396 0.004 -25.2

L.J 
0 1RKPA80239(1) 0.106 0.4 -10 5 c fi

RKPA80239® 0.271 0.02 -26.5
j.U
0 1Sahara 99201 0.215 0.03 -24.1 0.9

’Sample analysed using 50°C steps. ^Sample analysed using 25°C steps.

At temperatures above 850°C two further carbon components may combust: imn-nickel 

carbide (cohenite) and carbon dissolved in metal. Previous stepped combustion 

experiments (see chapter 3) reveal that carbide combusts between approximately 750 and 

100O-C with a peak carbon release a. 875"C (chapter 3, figure 3.21). These temperatures
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also fall into the range reported for diamond (Grady et al., 1985; see also chapter two, 

section 2.2.3), although a characteristic feature of carbide combustion is the fractionation 

trend displayed by the carbon isotopic composition, with increasing temperature over the 

release the <513C(PDb) values become progressively heavier. In the case of the cohenite 

sample from Canyon Diablo there is an approximately 20%o fractionation in <513C(PDb) over 
the temperature range of the release (chapter 3, figure 3.21).

The temperature where carbon in metal starts being liberated during combustion is also 

approximately 850°C although carbon continues to be released until approximately 

’ 1100°C, compared with carbide where carbon combustion is complete by 1000°C. The 

peak release temperature for carbon dissolved in metal is also higher than for carbide at 

1000°C. Combustion of carbon in metal is also characterised by a fractionation trend 

displayed by the carbon isotopic composition. Figure 3.23 (chapter 3) shows the stepped 

combustion profile of a whole rock metal sample and a fractionation trend of 513C(PDb) 

values similar to that of carbide can be seen over the range of carbon release. In this case

the fractionation displayed by the carbon isotopes is even greater than that for carbide, at 
nearly 35%o over the release.

Of the eleven ureilites analysed, ten have very low carbon yields of 0.05wt% or less, 

accounting for 2.6% or less of the total carbon yields, at temperatures above 850°C. 

Indeed, in some cases the amount of carbon released is equivalent to the system blank level 

of the extraction system and mass spectrometer. However, one sample, LEW 88774 

(shown in figure 7.1), releases approximately 20 times the amount of carbon released by 

the other samples with a carbon yield of 0.28 wt% (14.6% of its total carbon budget) at 

temperatures above 850°C. This high temperature release in LEW 88774 ranges from 

approximately 875 to 1200°C where it ends sharply; by 1300°C, blank levels of carbon are 

measured. Over the high temperature release, the fractionation trend characteristic of 

carbide or carbon in metal is displayed, with the <513C(PDb) value ranging between 

approximately -16%o at 875°C and -1.6%0 at 1200°C. However, since the peak release 

temperature occurs at 1100°C, it is more likely that carbon dissolved in metal is 
combusting rather than carbide.
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7.2.4 Total carbon

In order to exclude the ubiquitous low temperature contaminant phase, total carbon 

content and isotopic composition for each ureilite is calculated using the weighted average 

for temperature steps 500° to 1300°C, inclusively. The exception to this is QUE 93341 

where calculations are summed above 575°C to avoid the carbon contamination peak at 

525°C as described in section 7.2.1. A summary of total carbon yield and isotopic 

composition for each ureilite sub-group at temperatures above 500°C as determined in this 

study is given below in tables 7.7 and 7.8, with additional data from the literature for
\

comparison.

Table 7.7. Summed carbon yields and isotopic compositions for temperatures above 500°C,

sub-group B samples.

S a m p le
W eigh t

(m g)
Y ield
(w t% ) 5 13C(PDB) %o

Lite
Yield (wt%)

rature data  

¿ 13C(PDin R e f

LEW 85328vl; (find) 0.234 4.17 -1.4 7 1 f, -1 A
LEW 85328(2) (find) 0.336 3.72 -2.3 1 u

LEW88774 (find) 0.861 1.89 -5.0 1.87 -3.4 a
META78008 (find) 0.194 1.50 -1.3 5.40 -7.6 a
QUE93341(3) (find) 1.064 1.09 -6.0 2.61 -4.6 a

Y 790981 (find) 1.079 2.43 -1.6 1.9 -2.8
— _____:— :----------- TTT

b
Ref: (a) (Franchi et al., 1998), (b) (Grady et al., 1985). '  'Sample analysed using 50°C steps. (2)Sample 
analysed using 25’C steps. (3)Data calculated from temperatures above 575°C.

Table 7.8. Summed carbon yields and isotopic compositions for temperatures above 500°C, 

sub-group D samples.

Sample
Weight Yield

S13C(PDB) %«
Literature data

(mg) (wt%) Yield (wt%) 5,3C(PDBi%0 Ref

1.155 2.42 -2.80 2.4 -2.8 c
1.29 -2.2 a

0.694 1.86 -6.2 1.58 -5.3 a

0.846 2.69 -3.5 2.3 -3.4 b
2.17 -3.4 a

0.396 5.84

o001 3.01 -7.2 a
0.106 7.50 -8.9 5.5 -8.9 b
0.271 6.85 -9.2 5.49 -8.8 a
0.215 3.18 -2.7 « ------ : " j .—TTTz---- :----- :--- -

Acfer 277 (find)

EET 83225 (find)

Novo-Urei (fall)

PCA 82506 (find) 
UCPA80239(1)(find) 
IKPA80239(2) (find) 
Sahara 99201 (find)

y,“/ V* ------y  » '
using 50°C steps. ' 'Sample analysed using 25 "C steps.
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Owing to the fact that the high temperature component in each sample makes up such a 

small percentage ( ̂ .6%) of the whole carbon release, its effect on the total carbon yield 

and isotopic composition is negligible. The exception to this is the sample LEW 88774, 

which, as has been previously noted, has the largest high temperature carbon release of any 

of the samples, with approximately 15% of its total carbon liberated above 850°C. In this 

case the <513C(Pdb) of the high temperature component (-6.0%o) does alter the summed 

carbon isotopic composition for the sample, even though the main carbon release (500° to 

850°C) makes up 85% of the carbon liberated above 500°C and has a ô13C(Pdb) value of 

» -4.8%o.

7.3 Discussion

7.3.1 Comparison with literature values

The majority of the results from this study are in good agreement with previously 

reported values of ureilite carbon abundance and isotopic composition (see tables 7.7 and 

7.8).
In terms of the values for ureilite carbon isotopic compositions of the eleven samples 

analysed in this study, nine have S13C(Pdb) values within ±1.5%o of previously reported 

values. However, two of the samples (LEW 88774 and META78008) have quite different 

carbon isotopic compositions from previously reported values with discrepancies of up to 

6.3%o in the worst case (META78008). There are a number of explanations that may 

account for the differences in isotopic compositions of these samples in this study 

compared with the literature values. Importantly the literature results that differ most 

significantly from the values determined in this study are all bulk analysis, sealed tube 

combustion data (Franchi et ah, 1998; I. A. Franchi unpublished data).

Although sealed tube combustion provides a rapid method of determining both the carbon 

isotopic composition and the carbon abundance of a sample there are inherent problems 

with this method of analysis. For example, in the case of analysis by the stepped 

combustion method, different combustion characteristics and/or characteristic carbon 

isotopic composition can readily determine different carbon phases. Thus, any stepped 

combustion data with a clear contamination signature, such as Teflon® or terrestrial
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carbonate, can be accounted for and, if necessary, correction factors may be applied or the 

data may be discarded from the interpretation. However, in the case of bulk analyses 

different carbon components cannot be resolved and thus if there is a major contamination 

problem, for example if the sample becomes contaminated during preparation or weighing 

the bulk data can be seriously compromised. The process of pre-combusting bulk samples

at a temperature of 400°C for at least two hours prior to the tube being sealed does allow 

for the removal of some low temperature contaminants such as organic contamination. 

However, the pre-combustion process may not, in fact, successfully remove all potential 

•plastic contaminants (see discussion of the stepped combustion profile of QUE 93441, 

section 7.2.1 and figure 7.1 above). Additionally, contamination of a sample by terrestrial, 

weathering-derived carbonates with carbon isotopic compositions of approximately +5%0 

to -15%o (Hoefs, 1997), are also not removed by pre-combustion at 400°C due to the fact 

that carbonates combust at the higher temperature of approximately 500°C. The analysis 

of bulk samples in duplicate or triplicate can offset the probability of acquiring erroneous 

data due to sample contamination, equipment malfunction or operator error.

Considering each of the two samples (META78008 and LEW 88774) that have isotopic 

compositions determined from this study that are significantly different from those 

reported previously there are some important points to note. If the differences seen in the 

5 13C (pdb) values are indeed due to contamination (by some type of plastic component) of 

the bulk sealed tube combustion samples, then they should have isotopic compositions that 

are lighter than the samples analysed herein by stepped combustion. For the sample 

META78008 this is the case with the bulk isotopic composition reported as -7.6% and the 

stepped combustion data giving a result o f - 1 .3 % .  The stepped combustion profile for the 

sample (figure 7.2) shows no evidence of any contamination within this sample. 

Furthermore, the bulk isotopic composition of -7.6%  for META78008 results in this 

sample being a significant outlier in the data from other sub-group B samples, where the 

<$13C (pdb) values range between - 1 .4 %  and - 4 .6 %  for bulk sealed tube combustion data 

(table 7.7). The lack of a clear contamination component in the stepped combustion profile 

and the fact that the sample is an outlier with regards to other sub-group B samples 

suggests that the bulk sealed tube combustion data for META78008 is erroneous, although 
the exact reason for this is unknown.

The other sample that shows a difference of greater than 1.5%, in its carbon isotopic 

composition as determined in this study compared with the o°C(,,Da) value given in the
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literature is the sample LEW 88774. LEW 88774 has a <5I3C(pdb) value of -5.0%o, as 

determined by stepped combustion in this study, compared with a bulk sealed tube 

combustion value of -3.4%o. The difference in isotopic composition between the data is 

readily explained by the significant high temperature release of 0.28 wt% carbon, at 

temperatures above 850°C, with a 5,3Q pdb) value of -6.0%o identified in the stepped 

combustion profile of LEW 88774 (figure 7.1). The sealed tube combustion data was 

acquired by combusting the bulk samples at 1000°C, whereas the stepped combustion 

analysis was performed at temperatures up to, and including 1300°C. The peak of the 

‘ LEW 88774 high temperature release occurs at 1100°C and, as previously discussed (see 

section 7.2.4), has an isotope fractionation trend that is characteristic of the combustion of 

carbon in metal. Thus, combusting the sample at 1000°C during the sealed tube 

experiment results in the failure to combust carbon dissolved in metal. It is suggested, 

then, that the combustion of the high temperature carbon in metal phase during the stepped 

combustion analysis of LEW 88774 in this study can account for the discrepancy between 

these data and the previously reported sealed tube combustion data.

In terms of carbon abundance measurements only five of the analyses carried out in this 

study compare favourably (within ±0.55wt%) with the previously reported literature values 

(tables 7.7 and 7.8). The remaining six samples show greater discrepancies in their carbon 

yields between this study and reported values, ranging between differences of 1.13 and 3.9 

wt% in the worst case. As is the case with the carbon isotopic composition the greatest 

discrepancies in carbon abundance data occur when considering the sealed tube 

combustion data. The same problems that can adversely affect the sealed tube carbon 

isotopic composition data can also compromise carbon yield data. That is to say carbon 

excesses in the sealed tube data may be accounted for by the presence of a contaminating 

component, such as carbonate, which, if present in significant amounts could significantly 

affect the ‘true’ carbon complement of the sample. The results from sample META78008 

may give credence to this theory if the differences seen in the isotopic composition values 

between the bulk data and the stepped combustion data are due to contamination, as 

suggested above. This being the case the fact that the carbon yield data from the 

META78008 bulk sealed tube analysis at 5.40 wt% (Franchi et al.t 1998) is 3.9 wt% 

greater than that determined herein by stepped combustion could be due to the presence of 

a contaminating phase in the sealed tube sample.
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To calculate the isotopic composition of such a putative contaminating phase a simple 

mass balance calculation can be performed, comparing the data from stepped combustion 
data with the bulk sealed tube method:

(Y ield(Scal(.d tube) *  ^ (̂Sealed tube))- (Y ield(S(cpped̂ X 5 C(Slepped̂ ) 5-1 3 ,̂ ,
---- ---  7 ^ 7 7 7  = °  ^Contaminant) t q n .  7 .1I  lCKl^gca|ed stepped)

Using equation 7.1 the composition of the possible contaminant phase in META78008 is 

calculated as having a 5l3CffDB) value of -10*,. This i>3C(PDB) value is unlike either 

Teflon® (approximately -48*.) or NASA sample bag (approximately -26*,) so 

contamination by these sources can be ruled out. As has been mentioned previously the 

range in isotopic composition displayed by terrestrial carbonate ranges from approximately 

+5 to -15% , and thus the possible contaminant in the bulk META78008 sample may be 

weathering-derived carbonate. However, no characteristic carbonate signature can be 

identified from the stepped combustion data (figure 7.2), which suggests that any carbonate 

present must be heterogeneously distributed within the source sample crushed powder.

The suggestion that the difference in carbon yield values for META78008 may be due to 

heterogeneous distribution of carbonate reveals an important issue that can readily explain 

the discrepancies seen in the carbon yield data between this study and literature values. 

Petrographic examination of ureilite samples revels that carbon is heterogeneously 

distributed occurring as both localised carbon-rich vein material and in some cases as 

distinct blades of crystalline graphite (see chapter 5). Thus, if  the sub-sample acquired for 

carbon analysis happens to be derived from a silicate-rich region with little carbon then the 

resulting carbon analysis will reflect this carbon depletion. This point was noted by Grady 

el al„ (1985) when constdenng the apparently anomalous low carbon yield of Goalpara 

(0.24 wt%) compared with petrographic evidence and a previously reported carbon yield of 

1.54 wt% (Vdovyldn, 1970). Conversely, if a sub-sample is taken from a region that is 

carbon-rich, for example i f  it includes a graphite blade, the resulting carbon analysis will 

indicate an anomalously high carbon yield. For these reasons it is preferable to acquire a 

sub-sample that is large enough to be representative of the ureilite as a whole, however the 

rarity of the ureilites and difficulty in acquiring samples dictates that this is not always 

possible. The problem of heterogeneous carbon distribution adversely affecting carton 

yield data can also be compounded by the amount o f sample used for analysis The
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process of crushing a sample prior to carbon analysis does have the benefit of 

homogenising the sample to a certain extent however, the large density difference between 

graphite and the rest of the material within ureilites (olivine and pyroxene) means that 

partial separation/concentration of graphite may occur during handling of the powdered 

sample, even if great care is taken during sample preparation. Carrying out replicate 

analyses and using larger sample sizes can account for these factors and decrease the 

possibility of acquiring unrepresentative results. However, a balance must be made 

between obtaining accurate and representative data, and destroying rare and precious 

‘ ureilite material.

Taking into account the above discussion it is suggested that the discrepancies seen 

between the carbon yields determined in this study and those from the literature values 

largely result from sample effects and are not due to any inherent analytical error. The 

exception to this is the sample META78008 where it is believed that the bulk sealed tube 

combustion data is erroneous, perhaps due to machine or operator error.

7 .3 .2  C a rb o n  ab u n d a n ce  an d  iso to p ic  co m p o sitio n  in su b -g ro u p  B  and D  sam p les

Although the eleven ureilite samples are from different oxygen isotope sub-groups 

and show different mineralogical and petrographic characteristics (see chapter 5) they are 

somewhat similar in terms of carbon abundance and isotopic composition. Figures 7.6 and

7.7 show carbon yield and isotopic compositions plotted for each ureilite from sub-group B 

and D. To allow for comparison between samples results from high-resolution (25°C) 

stepped combustion experiments are used, unless otherwise stated. As discussed 

previously in chapter two (section 2.2.6) results from stepped combustion experiments on 

the same ureilite samples over a relatively long time period (6 months) suggest that 

measurements of carbon isotopic composition are reproducible to a value of 0.9%o or 

better.
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Figure 7.6. Carbon abundance from sub-group B and D (temperatures above 500°C). Sub-group B samples 
are shown as black circles, sub-group D samples as red triangles.

In terms of carbon abundance there is no statistical difference between the two sub-groups, 

with the exception of the outliers PCA 82506 and RKPA80239. The mean carbon yield of 

sub-group B samples is 2.13 wt% (lo  = 1.02) and sub-group D (not including PCA 82506 

or RKPA80239) samples 2.53 wt% (la  = 0.55). A two-tailed t-test analysing the carbon 

yields from each group gives a p-value of 0.47 (see also chapter six, section 6.4.1). Two 

sub-group D samples, PCA 82506 and RKPA80239, are outliers with much higher carbon 

contents than the other sub-group D samples, of 5.84 and 6.85 wt% respectively. Indeed, 

the value of 6.85 wt% carbon for the sample RKPA80239 is the highest ever recorded for a 

ureilite (e.g. Vdovykin, 1970; Grady elal., 1985; Mittlefehldt etal., 1998) and importantly 

is the highest ever recorded for any carbon-bearing stony meteorite, including the 

carbonaceous chondrites (e.g. Robert and Epstein, 1982; Kerridge, 1985; V. K. Pearson, 

unpublished data). The high carbon content of RKPA80239 is confirmed by the fact that it 

is one of the two ureilite samples measured twice over the course of this study. The first 

stepped combustion experiment (MS 570) on this sample, carried out at 50°C resolution, 

gave a result of 7.5 wt% carbon at temperatures above 500°C. It would seem then that 

high carbon abundance for RKPA80239 is a genuine feature and not an artefact of 

heterogeneous carbon distribution. This is supported by the investigation of a polished thin 

section of RKPA80239 (see chapter 5, section 5.3), where approximately 10 vol% of the 

section is composed of carbonaceous vein material and graphitic blades.
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Figure 7.7. Carbon isotopic compositions o f sub-group B and D ureUites (temperatures above 500°C). Sub
group B samples shown as black circles, sub-group D samples as red triangles.

Like carbon abundance, carbon isotopic compositions of the sub-group B and D samples 

do not display any major discernible inter-group variation. Samples from sub-group B fall 

into a range of 5 1 3 C(pdb) values between - 1 .3 and -6.0%o. Sub-group D samples describe a 

wider range of 5 u C(pdb) values with samples falling between - 2 .7  and -9.2%o. 

Interestingly the two samples in sub-group D that have the lightest carbon isotopic 

compositions and are outliers compared with the other samples are PCA 82506 and 

RKPA80239, the two samples that are also outliers in terms of carbon abundance.

The similarity in carbon abundance and isotopic composition between ureilite samples in 

different oxygen isotope sub-groups raises some important petrogenetic implications. If 

the different oxygen isotope sub-groups signify different ureilite parent bodies the physical 

and chemical processes that may affect carbon, for example redox reactions, must have 

been occurring in a very similar way on all the ureilite parent bodies.

7.3.3 Carbon release profiles -  interpreting graphite crystallinity using cumulative 

yield calculations

When considering the ureilite stepped combustion results in conjunction with the 

results from the terrestrial graphite samples (see chapter 4) it would seem that the
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crystallinity of graphite within a sample plays an important role in governing the 

combustion behaviour over the main carbon release. The terrestrial graphite samples 

indicate that with increasing crystallinity the release profile will increase in breadth with an 

associated increase in peak carbon release temperature. This interpretation would seem to 

suggest, then, that the differences seen in the combustion profiles from the ureilite samples 

might be as a result of different samples possessing graphite with different crystallinities. 

Taking into account the results from the analyses of terrestrial graphite samples, and the 

interpretation of their profiles (chapter 4), the cumulative yield calculation method can be 

applied to the ureilite samples in order to ascertain any relative differences in crystallinity 

in their graphitic carbon. For ureilite samples cumulative yields are calculated using high- 

resolution (25°C steps) stepped combustion data for temperature steps 500° to 1300°C 

inclusive, excluding the ubiquitous low temperature contamination phase. Figures 7.8 to 

7.18 show the cumulative yield curves and calculated peak temperature and minimum and 

maximum temperatures of the eleven sub-group B and D ureilite samples.

T°C
Figure 7.8. Stepped combustion profile and cumulative yield results for LEW 85328, showing calculated 
peak, minimum and maximum temperatures. Analytical error ± 5 °C on all points.
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Figure 7.9. Stepped combustion profile and cumulative vield results for LEW 88774 
peak, minimum and maximum temperatures. Note: maximum temperature taken at 80°a 
temperature component (see text for discussion). Analytical error ± 5'C on all points

showing calculated 
to account for high

showing calculated
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FiSure 7 ,1 Stepped combustion profile and cumulative yield results for QUE 93341. showing calculated 
peak, minimum and maximum temperatures. Note: cumulative vield calculations from 575° to I400°C to 
account for the low temperature contamination (see section 6.2.1). Analytical error ± 5 T  on all points

Figure 7.12. Stepped combustion profile and cumulative vield results for Y70nont u ■
minimum and maximum temperatures. Analytical error ± 5 ’C on all points 9098 ' sflow,n8  calculated peak.
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Figure 7.13. Stepped combustion profile and cumulative yield results for Acfer 277, showing 
peak, minimum and maximum temperatures. Analytical error ± 5 °C on all points. calculated

Figure 7.14. Stepped combustion profile and cumulative yield  results for EFT 832 
peak, minimum and maximum temperatures. Analytical error ± 5'C on all points. showing calculated
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T°C
Figure 7.15. Stepped combustion profile and cumulative yield results for Novo-Urei. showing calculated 
peak, minimum and maximum temperatures. Analytical error ± 5 'Con all points
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Peak T (°C) = 684 
Min T (°C) = 618 
Max T (°C) = 723
1 1 I 1 1 1 I 1 1 ■ I 1 1 1

1400

Figure 7.17. Stepped combustion profile and cumulative yield results for RKPA80239, showing calculated 
peak minimum and maximum temperatures. Analytical error ± 5 °C on all points.

Figure 7.18. Stepped combustion profile and cumulative yield results for Sahara 99201, showing calculated 
peak, minimum and maximum temperatures. Analytical error ± 5 °C on all points.
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Table 7.9 shows the calculated carbon peak release temperatures and minimum and 

maximum values calculated using the cumulative yield method for ureilites from sub

groups B and D.
The results from sample LEW 88774 highlight a potential problem in using the cumulative 

yield method. LEW 88774, as has been discussed above (see section 7.2.3), contains a 

significant portion (approximately 15%) of its total carbon as a high temperature 

component (i.e. released above 850°C), most probably carbon dissolved in metal. The 

presence of this high temperature component significantly skews the cumulative yield 

curve to higher temperatures resulting in an artificially high result for maximum 

temperature and thus for the calculated release range.

Table 7.9 Calculated peak release temperatures and minimum and maximum release 

temperatures from ureilite stepped combustion data using the cumulative yield method. 

Sub-group B samples are shown in black and sub-group D samples are shown in red. All

temperatures in °C. *See accompanying text.

Sample Peak release T Min. release T Max. release T Release range

LEW  85328 663 602 711 109

LEW  88774 684 601 734 n 133

M ETA 78008 663 592 730 138

Q U E 93341 677 604 758 154

Y 790981 706 631 766 135

A cfer 277 677 609 798 189

EE T  83225 709 626 780 154

N ovo-U rei 634 548 686 138

PCA  82506 672 607 717 110

R K PA 80239 684 618 723 105

S ahara 99201 636 581 682 101
Analytical error on all samples -  ± 5 C.

In samples where a significant high temperature component occurs (contributing more than 

10% of the carbon budget of the sample) it is necessary to alter the parameters of the 

cumulative yield method to account for the high temperature component. For example, in 

the case of LEW 88774 the maximum temperature calculated to determine the release 

range is expressed as the temperature where 80% of the total carbon is released, to discount 

the high temperature component from the calculations. The corrected maximum 

temperature for LEW 88774 using the 80% value is 734°C (see table 7.9), which is
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significantly lower than the 1013°C maximum determined if the 90% yield value is used. 

Thus, for samples where a high temperature component is identified, which comprises 

more than 10% of the total carbon released above 850°C, a correction must be applied to 

the cumulative method to avoid skewing the results.

Figure 7.19 shows the relationship between release range and peak release temperature for 

the eleven ureilite samples. Unlike the terrestrial graphite samples, the ureilites do not 

show any relationship between the sample crystallinity, release range and the peak 

temperature (see also chapter 4, section 4.4), which may be due to a number of factors. 

However, as discussed in detail in chapter 4, using both peak release temperature and the 

breadth of release range may not be the best method to determine the relative crystallinity 

of graphitic carbon within a ureilite sample.
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Figure 7.19. Variation o f release range and peak release temperature o f sub-group 11 and D ureilite samples 
and terrestrial graphite samples calculated using the cumulative yield  method. Lines o f  best fit for each 
group are shown along with R2 values for each group.

Because of factors such as sample heterogeneity and experimental artefacts the apparent 

relationship between breadth of release range and peak release temperature, in the 

terrestrial graphite samples may not necessarily hold for ureilite samples. As such, it is 

more sensible to use the parameter of release range as a proxy to determine the relative 

crystallinity of graphitic carbon within any given ureilite sample.

Using the cumulative yield release range results the relative graphite crystallinities of the 

eleven ureilites can be determined and are shown in figure 7.20. On the basis of
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crystallinity, the samples can be divided into three groups with low, medium and high 

crystallinity designations.
The low crystallinity group comprises RKPA80239, PCA 82506, LEW 85328 and Sahara 

99201 and has a mean release range of 106°C ± 4. The medium crystallinity group also 

comprises four samples LEW 88774, Novo-Urei, Y 790981 and META78008 and has a 

mean release range of 136°C ± 3. The final, high crystallinity group comprises only two 

samples EET 83225 and QUE 93341 with both samples displaying a release range of 

154°C.
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Figure 7.20. Release range calculations o f ureilite samples showing the three groups as determined bv 
release range and graphite crystallinity. Acfer 277 does not fit into any o f the three groups due to its 
anomalous two-component combustion profile.
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The sample Acfer 277 does not fall into any of the three crystallinity groups as it has an 

anomalously broad release range of 189°C. It has already been noted that Acfer 277 has an 

unusual release profile compared with the other ureilite samples with a distinct two-stage 

release over the main carbon release, a low temperature release at 600 to 700°C and a 

higher temperature release at 700 to 850°C (see figure 7.3). It is possible that the higher 

temperature component is diamond or, bearing in mind the results from the terrestrial 

graphite samples, it could be graphite with higher crystallinity than that of the lower 

temperature component. It is interesting that although this main release displays such a bi- 

modal release profile, the isotopic composition of the two parts of the release have
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identical carbon isotopic compositions. Whether the bi-modal release pattern is 

attributable to graphite and diamond combustion, or graphite with differing crystallinities, 

the identical isotopic composition is an important factor when considering the physical and 

chemical processes that occurred and resulted in the structural change seen in the 

combustion profile. However, in terms of assigning Acfer 277 to one of the groups on the 
basis of graphite crystallinity it is treated as an anomalous sample.

A number of factors can influence the crystallinity of a sample including shock 

compression, the environment of formation, (e.g. if  the graphite has been precipitated from 

a fluid), and also thermal effects associated with metamorphism. In terms of ureilite 

petrogenesis all of these factors potentially could play a role in influencing the overall and 

final crystallinity recorded in individual ureilite samples. Other parameters may also be 

directly influenced by the geological processes affecting graphite crystallinity, for example 

carbon isotopic composition will change as a result of isotopic fractionation and carbon 

content can be changed by the removal or addition of carbon during fluid flow.

Again, the fact that ureilite samples from both sub-groups B and D show very similar 

graphitic crystallinity characteristics suggests that the process(es) controlling the 
crystallinities of the samples were very similar in both groups.

Various petrogenetic scenarios will be considered in the chapter 8 to account for the carbon 

state and isotopic compositions of the ureilite samples as determined herein.

7.4 Summary

High-resolution stepped combustion and mass spectrometry analyses of eleven 

ureilite samples, from oxygen isotope sub-groups B and D have been carried out in order to 

determine their carbon content, state and isotopic composition. This study of ureilite 

carbon is the most detailed since that of Grady er al„ (1985) and improves on their results 

due to the higher resolution of the experimental method used here. Better understanding 

the nature of carbon within the ureilites is important to provide insight into the source of 

ureilite carbon and also the petrogenetic processes that the ureilites encounteted during 
their formation and history.
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1) All eleven samples display a ubiquitous low-temperature carbon component, which is 

released at temperatures of 500°C and below in the stepped combustion experiments. 

In eight of the samples this phase comprises only 8%, or less, of the total carbon in the 

sample. The isotopic compositions of this phase suggests that it is likely to be 
terrestrial contamination.

2) The main carbon release in all samples falls in a temperature range between 500 and 

850°C, which is indicative of graphite and diamond combustion. The samples liberate 

at least approximately 80% of their total carbon over this temperature range. Isotopic 

compositions of this major carbon component vary between 5 13C(pdb) values o f - 9 .2  

and -1.1 %o and fall into the values reported previously for ureilite graphite and 

diamond. However, unlike the study of Grady et al., (1985) the samples do not fall 

into two well-defined groups on the basis of carbon isotopic compositions. Both sub

group B and D samples show a range of isotopic compositions, although the range 

displayed by sub-group B (3.5%o) is less than that displayed by sub-group D samples 

(6.7%o).

3) At temperatures greater than 850°C, where carbides and carbon in metal combust, ten 

of the samples have very low yields and liberate only 2.6%, or less, of their total 

carbon budgets. The sample LEW 88774 is an exception, in that it releases nearly 15% 

of its total carbon at high temperature, suggestive of the combustion of carbon in metal.

4) The cumulative yield method (see chapter four) has been applied to the stepped 

combustion data of the main carbon release for each of the eleven samples. Unlike 

terrestrial graphite samples the ureilite samples do not display a clear relationship 

between release range and peak temperature. However, using the parameter of release 

range as a proxy for determining a sample’s relative crystallinity, the eleven ureilites 

fall clearly into three distinct groups, with Tow’, ‘medium’ and ‘high’ crystallinity 

designations. Importantly the three crystallinity groups contain samples from both sub

groups B and D, suggesting that the physical and/or chemical processes controlling 

graphitic carbon crystallinity must have been operating in a similar way (and to a 

similar degree) in regions where ureilites were forming with distinct oxygen isotope 

compositions. This observation has important implications when considering the 

petrogenetic history of the ureilites and the source and role that carbon played within 

that history.
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The geological processes associated with the possible physical and chemical environments 

encountered during ureilite formation and the likely effects on carbon are discussed in 

detail in the chapter 8. Evidence from the ureilite samples analysed in this study and also 

from terrestrial samples (Disko Island samples and terrestrial graphite material) is 

considered in order to clarify the possible petrogenetic history and the role of carbon in the 
genesis of the ureilite meteorites.
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Chapter 8

Ureilite Petrogenesis -  The source and role of carbon

8.1 Introduction
x

The ureilites are considered by many to be the “most bizaire and petplexing of all 
meteorites” (McSween, 1999) and, has been mentioned previously, their petrogenetic 
history has proved difficult to unravel. Ignoring, for the moment, the differences between 
the ‘primitive’ and ‘differentiated’ models of ureilite petrogenesis, all mention that the 
source material for the ureilites was carbonaceous chondrite-like or, in some models, 
specifically state that juvenile or source ureilite material was CV-like in composition. T h i  

basis for this link with carbonaceous chondrites includes the similarity in oxygen isotope 
composition of the ureilites with CV chondrites and also the similarity in abundances of 
the noble gases with carbonaceous chondrites (see chapter 1). Some models of ureilite 
petrogenesis invoke the presence of a carbonaceous component early in the formation 
history of the ureilites derived either through condensation of carbonaceous material in the 
nebula (e.g. Takeda, 1989) or by the partial melting of a carbonaceous chondrite (CV-like) 
parent material (e.g. Goodrich e l <  1987).' Other models suggest that the ureilites’ carbon 
component was added at a later stage in their history by a large-scale impact between the 
juvenile ureilite parent body and a carbon-rich projectile (e.g. Wamen and Kallemeyn, 
1989).

However, the ureilites display characteristics that seem difficult to reconcile with 
derivation from a carbonaceous chondrite-like source material, for example, their igneous 
textures and also their lack of a feldspathic component. Thus, it may be the case that the 
long proposed genetic link between the carbonaceous chondrites and the ureilites is Hawed, 
either in terms of the suggested petrogenetic models or, indeed, as crucial an error as using 
carbonaceous chondrites as the precursor material for the ureilites?
In this chapter evidence from previous chapters will be considered with regards to 
previously published models of ureilite petrogenesis. For example, does the evidence from
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the Disko Island samples support the supposition that carbon was a primary constituent of 

the ureilite parent body? What does the evidence from graphitic carbon crystallinity and 

mineralogy and petrography suggest about the role of shock in ureilite petrogenesis? Here 

possible petrogenetic processes that may have affected ureilite carbon are considered in 

order to gain a better understanding on the source and role of carbon within the ureilites.

8.2 Carbonaceous chondrite carbon -  a link with the ureilites?

Apart from the ureilites the carbonaceous chondrites contain the highest carbon 

abundance of any known meteorite type. This simple observation, in addition to the 

similarity in O isotope composition to CV chondrites (e.g. Clayton and Mayeda, 1988) and 

petrological evidence of Cl-like material clasts in the polymict ureilite Nilpena (e.g. Jaques 

and Fitzgerald, 1982) has lead many authors to suggest a genetic link between the ureilites 

and the carbonaceous chondrites. However, the source and origin of ureilite carbon 

remains unclear; was it derived from a carbonaceous chondrite-like precursor material, was 

it present as a primary constituent of the ureilites or was it added at a later stage in an 

impact between the juvenile ureilite parent body and a carbon-rich impactor? With 

knowledge gained from the study of Disko Island samples a better understanding of the 

isotope systematics of carbon interacting with mafic magmas in a reducing environment 

yields some important insights into the possible petrogenetic history of ureilite carbon.

8.2.1 Carbon isotopic composition and content of the carbonaceous chondrites

In comparison with the ureilites the carbonaceous chondrites are more 

heterogeneous in both the amount of carbon phases they contain and also the isotopic 

compositions of these phases. The majority of carbon within the carbonaceous chondrites 

exists as organic material with the remaining portion consisting of carbonates and very 

small amounts of exotic carbon components such as diamond, silicon carbide and graphite 

from inter-stellar sources (Grady et aï., 1988; Grady et al., 1991; Anders and Zinner, 1993; 

Alexander et al., 1998). In addition to being heterogeneous in form, the carbon is also 

heterogeneously distributed and the different carbon phases have quite strikingly different 

carbon isotopic compositions, which not surprisingly, are most marked in the exotic, inter
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stellar components (see table 8.1 below). This heterogeneity In form and Isotopic 

composition is reflected in results from whole-rock carbon abundance and isotopic 

composition analyses of samples from the same carbonaceous chondrite group, and indeed 

the same individual meteorite (e g. Kerridge, 1985; V. K. Pearson, unpublished data).

Table 8.1. Carbon isotopic composition of different carbon components in Cl and CM 
carbonaceous chondrites (from Grady et al., 1991).

Component ft 0(1*1)11) %«
Organics: solu¡>le fraction 

insoluble fraction
Carbonates
Diamond
Amorphous carbon 
Silicon carbide (fine)
Silicon carbide (coarse)

>-10
<-10
>+20
<-30
approx. +340 
>+1000 
0-30000

Figure 8.1 below shows the carbon isotopic compositions of different carbonaceous 

chondrite groups from whole-rock analyses compared with data from the ureilites.

m 2-. r« 4 -« < * . / * *  * * * * *  Sobm
1996; Alexander et al., 1998; V K. Pearson (unpublished data) 1995’ Weisber8  et at.,
Grady et al., 1985 and this work (chapter 6). L"‘ ' L ^ata f rom bronchi et al., 1998;
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The heterogeneity in carbon isotopic composition of the carbonaceous chondrites is clearly 

demonstrated in figure 8.1, where both the CM and CO groups show ranges in isotopic 

composition of up to approximately +33%0. Although <513C(PDB) values of the Cl, CM, CO, 

CR and CH carbonaceous chondrite groups overlap with reported ureilite carbon isotopic 

composition this is most likely due to the presence of l3C-enriched carbonate (e.g. Grady et 

al., 1988; Grady et al., 1991). In an attempt to better constrain the carbonaceous chondrite 

data and account for the ranges seen in isotopic composition mean values are also shown 

on figure 8.1. The mean carbon isotopic compositions of the carbonaceous chondrites 

'consistently show 12C-enriched values compared with the mean ureilite composition, 

although the mean isotopic compositions of the CM and CR groups do coincide with the 

isotopically lightest ureilite values. The whole-rock carbonaceous chondrite data would 

suggest that the ureilites are isotopically enriched in 13C compared to the carbonaceous 

chondrites. Taking into account the results from Disko Island (see chapter 3), and if it is 

assumed that ureilite carbon represents residual material from a thermally altered and 

reduced carbon source, then the ureilites should show l2C enrichment relative to the 

carbonaceous chondrites. Perhaps then, the carbonaceous chondrites cannot be the source 

of the ureilite carbon. However, with the inherent problems (i.e. carbonate contamination) 

in the carbonaceous chondrite whole-rock analyses it may be pertinent to investigate the 

carbon isotope compositions of the carbonaceous chondrites in more detail before 

dismissing them as the source of ureilite carbon.

8.3 Possible petrogenetic processes -  whence the carbon?

It has been mentioned previously that the vast majority of carbonaceous chondrite 

carbon exists as organic matter thus, during thermal processing and reduction, it is this 

organic matter that is going to contribute the highest proportion of material and isotopic 

signature to any final product, now preserved as ureilite carbon. Figure 8.2 below shows 

carbon isotopic compositions of carbonaceous chondrite organic carbon and ureilite carbon 

for comparison. In contrast to the whole-rock analyses the organic carbon results show 

distinct differences both in range of isotopic composition and also mean composition 

compared with the ureilites. The mean organic carbon 613C(Pdb) value is at least 6.2%o 

lighter than the lightest ureilite carbon.
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Studies of CM and Cl carbonaceous chondrite organic carbon has shown that it exists as 

two, broadly divided fractions. The first is a solvent soluble or ‘free’ component, which 

comprises up to approximately 25% of the organic budget. The second is a solvent 

insoluble or macromolecular material, comprising the majority of the organic budget and, 

indeed, the majority of the carbonaceous chondrite carbon inventory (Alexander et al., 
1998; Sephton et al., 1998, 2000).

F,Z“re 8 1  C°rb0nu lSOt° ^  analvses ° f  organic carbon from carbonaceous chondrites. Data for ureilite 
carbon are also sh o w  for comparison. Mean carbon isotope compositions are denoted by a ne 
Carbonaceous chondrae data from (Robert and Epstein, 1982; Grady e ta i ,  1991; Alexander et al. ¡998

The minor, ‘free’ organic component, is composed of low molecular weight organic 

compounds, such as toluene, and shows increasing enrichment of l3C with increasing 

carbon number (Sephton et al., 1998). Recent studies of the solvent insoluble, 

macromolecular material have shown that it can be sub-divided, grossly into two fractions 

on the basis of behaviour during hydrous pyrolysis experiments (Sephton et al., 1998, 

1999, 2000; Sephton and Gilmour, 2001). The first component represents macromolecular 

material that is readily pyrolysable or ‘reactive’, and has a carbon isotopic composition that 

is isotopically enriched in 13C compared with the bulk macromolecular carbon, with 

6 13C(pdb) values of up to -5%o (Sephton et al., 1998, 1999, 2000; Sephton and Gilmour, 

2001). The second component represents recalcitrant material that is more robust and 

condensed than the reactive component and has an isotopic composition representative of 

bulk organic material with a 8 13C(pdb) value of around -20% o (Sephton et al., 2000-
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Sephton and Gilmour, 2001). Stepped combustion experiments of carbonaceous chondrite 

macromolecular material reveals that the reactive component is released at temperatures 

between 200 and 350°C whereas the more robust unreactive component is released at 

temperatures between 350 and 500°C (Sephton et al., 2002). These results suggest that 

during thermal metamoiphism of carbonaceous chondrite organic matter the total or partial 

loss of the reactive, C-enriched component will leave a residue of recalcitrant, 12C- 
enriched material (Sephton et al., 2002).

The carbon isotopic composition data from carbonaceous chondrite macromolecular 

* material confirms the C-ennchment of the carbonaceous chondrites compared with the 

ureilites. Assuming that results from the Disko Island investigation do provide a 

reasonably analogous model to elucidate the carbon isotope systematics of the ureilites, the 

suggestion that ureilite carbon represents material derived from thermally altered 

carbonaceous chondrite carbon appears incorrect. A model must be developed to account 

for the 13C-enrichment of ureilite carbon compared with carbonaceous chondrite, organic, 
macromolecular material.

One possible scenario is that ureilite carbon represents material derived from the labile, 

13C-enriched portion of the carbonaceous chondrite macromolecule. During the early 

stages of thermal alteration of carbonaceous chondrite-like material the labile material will 

be the first available to then form ureilite carbon. If by some process the labile material is 

removed from its carbonaceous chondrite source area and concentrated in the juvenile 

ureilite material, perhaps through injection during an impact or by fluid transport, then the 

ureilite carbon will indeed show heavier <513C values than the source, carbonaceous 

chondrite material.

One significant drawback to this scenario, however, are the very large volumes of 

carbonaceous chondrite material required to generate the volumes of carbon represented in 

the ureilites. The average carbon yield of the ureilites is approximately 3 wt%, with a 

range between approximately 1 and 7 wt% (Grady et al., 1985, also this study, see chapter 

7, section 7.2.4). The carbonaceous chondrites also display a range in yields of their 

organic carbon, with the Cl chondrite Orgueil containing about 2.3 wt%, the CM 

chondrites (Murray, Murchison and Cold Bokkeveld) containing between approximately 

0.6-1.4 wt%, and the CR chondrite Renazzo containing about 0.75 wt% (Robert and 

Epstein, 1982; Kerridge, 1985; Alexander et al., 1998).
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However, as discussed above the 13C-enriched, ‘reactive’ portion of the macromolecule 

represents only about one third of the total organic carbon within the carbonaceous 

chondrites. Thus, the yield of 13C-enriched, reactive component within the carbonaceous 

chondrites ranges from about 0.2-0.8 wt% of their total organic carbon budget. As such, if 

indeed ureilite carbon is derived from the isotopically heavy, “reactive” portion of the 

carbonaceous chondrites’ organic material, then a process must be envisaged whereby this 
carbon is concentrated by a factor of between 1.25 and 35.

8.3.1 Reduction reactions and the formation of carbonaceous gases

The presence of characteristic reduction rims around ureilite olivine grains 

indicates that for at least some period in their history, graphite in the ureilites was not 

stable and reduction reactions could occur. French and Eugster (1965) in their study into 

graphite stability and oxygen fugacity (f 0 2) noted that the oxidation of graphitic carbon to 

the gas phase (COx) is highly sensitive to both pressure (and the resulting pressure of the 

gas phase -  PCOx) and the f 0 2 of the system. The phase boundary divides the PCOx-P- 

/ 0 2 into two different phases; one that has all the carbon as a graphitic, reduced and 

condensed phase and the other that has all the carbon as an oxidised gas phase (French and 

Eugster, 1965). With regards to the petrogenetic processes occurring on the ureilite parent 

body, the behaviour of graphite is highly dependent on both the pressure and the f 0 2 of the 

ureilite system. At high pressures and at constant magmatic temperatures (~1250°C), 

graphite is stable and is in equilibrium with intimately associated olivine and pyroxene 

phases. If the pressure of the system drops, for example as ureilite magma rises, or by 

excavation through impact, carbon will reduce the silicates and the relative f 0 2 of the 
system will decrease (Sato, 1978).

The reduction reaction involving the carbon and the silicates can be written simply as

C + V2 Mg2Si04 + '/2 Fe2Si04 = Fe° + MgSiC>3 + CO Eqn. 8.1
or

C + Mg2Si04 + Fe2Si04= 2Fe° + Mg2Si04 + Si02 + C02 Eqn. 8.2

The above reduction reactions combine elemental carbon with oxygen ions to form CO or 

C02 gas, the loss o f which from the liquid causes the reduction (Sato, 1978), although at
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magmatic temperatures and at low pressures (less than 100 bar) the predominate spéciation 

of the gas is to CO rather than C02 (Mathez and Delaney, 1981; Warren and Kallemeyn, 
1992).

The limited width of the reduction rims (usually 10pan to 100/xm), indicates that the PCOx- 

f  0 2-T conditions necessary for reduction to occur was transient, which has important 

implications for ureilite petrogenesis (see section 8.3.3). However, by using the above 

equations the amount of carbon required to produce the reduction rims (and as such the 

amount of carbon oxidised to CO) can be calculated if the amount of Fe-metal is known.

‘ By determining the amount of carbon “lost” to the system as CO the amount of original or 
primary carbon can be deduced.

Figures 8.3 to 8.5 below show the amount of carbon used in producing reduction rims of 

varying thickness (10/xm, 50/tm and 100/rm) in olivine with different core compositions 

(mg# 65-95). It should be noted however, that the parameters used in the model are 

simplified compared with the actual ureilite reduction rims. For example, it is assumed 

that all the Fe in the olivine has been reduced to Fe° leaving the remaining olivine as 

purely magnesian i.e. Fol0o- In reality, the reduced olivine does not necessarily lose all of 

its Fe to Fe and the composition of the magnesian olivine in the reduction rim may be in 

the region of F097. Additionally, reduction rims around the ureilites do not occur evenly 

around individual grains or indeed, throughout the whole of ureilite. Often some olivine 

grains will more reduced than others and the style of reduction can often be as a ‘mass’ 

rather than a rim around the grain boundary (see chapter 5, sections 5.3.1 and 5.3.2). 

Notwithstanding these differences between the model parameters and ureilites, it is 

believed that the model is a useful indicator of the amount of carbon involved in ureilite 
reduction.

The results determined by the modelling do reveal some interesting insights. The graphs 

reveal a relationship where with increasing Mg content the olivine requires less carbon to 

reduce the metal and thus less CO will be produced. For example, if considering an olivine 

grain 1mm in diameter with a core composition of mg# 77 and a reduction rim 100/un 

wide, approximately 1.7 wt% carbon is required to produce that rim and is then converted 

to CO. Comparing this with a grain of identical size and reduction rim of identical width 
but a composition of mg# 85,1.2 wt % carbon is required.
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Figure 8.3. Wt% carbon required (and thus converted to CO) 
different composition with a fixed grain diameter o f  1mm. to produce reduction rims in olivine grains o f

Figure 8.4. Wt% carbon required (and thus converted to CO) to produce 
different composition with a fixed grain diameter of2mm. reduction rims in olivine grains o f
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So, in terms of a ‘typical’ ureilite with an olivine composition of mg# 79 and olivine grains 

of 1mm in size between approximately 0.9 and 1.6 wt% carbon is required to produce 

reduction rims of 50 to 100/rm in width. Thus, approximately 0.9 to 1.6 wt% carbon is 

oxidised to produce CO, which may subsequently be lost to the system through degassing 

and/or fluid flow processes. Additionally, temperature dependent isotope exchange 

reactions (see chapter 3, section 3.7.1) suggest that any CO produced from graphitic carbon 

during reduction reactions will be 13C-enriched, compared with the graphite it is derived 

from. Consequently, carbon remaining after production (and removal) of CO gas will be 
‘ 12C-enriched compared with its starting 6I3C(PDB) composition.

The movement or loss of the significant quantities of CO produced by reduction, through 

degassing or fluid flow, has important implications for ureilite petrogenesis. Fluid 

mobilisation to different regions, or total loss of fluid from the system, may account for the 

range in carbon abundance and isotopic composition displayed by the samples and, in

addition to shock, could account for the different crystallinities seen in the ureilite 
graphites.

The movement or loss of CO produced in the reduction reactions, however, also poses a 

problem in terms of carbon abundance within the ureilites. All o f the ureilites have 

undergone reduction to a greater or lesser extent and, as such, the carbon contained therein 

represents carbon remaining after the period of reduction. Using the scenario discussed 

above, for a -typical* ureilite, up to 1.6 wt% carbon may be removed from the original 

carbon complement by reduction reactions. Ureilite carbon abundance ranges between 

approximately 1 and 7 wt% (average approximately 3 wt%), thus, the pre-reduction carbon 

abundance of the ureilites may have been in the region of 2.6 -  8.6 wt% (average 
approximately 4.6 wt%).

However, as discussed above, the -reactive' portion of carbonaceous chondrite organic 
material most consistent (in terms of carbon isotope systematics) with being ureilite 
precursor carbon is only about 0.2-0.8 wt%. Consequently, a process must have occurred
to concentrate this carbon by about 3 to 43 times to account for the pre-reduction ureilite 
carbon abundance.

Caroline L. Smith Chapter 8 243



There is no doubt that the ureilites have undergone shock metamorphism to a 

greater or lesser extent at some stage in their history. This shock metamorphism is 

recognised by changes in the silicate minerals, such as fracturing of olivine and pyroxene 

grains at low levels of shock metamorphism (experiencing pressures, up to 5 GPa) and the 

recrystallisation of grains causing mosaicism at higher pressures (up to 55 GPa) (Stdffler et 

al., 1991) (see also chapters 5 and 6). The presence of diamond within the ureilites has 

also been ascribed to the shock conversion of graphitic carbon under high pressure (e.g.

' Vdovykin, 1970; Nakamuta and Aoki, 2000). Many ureilite petrogenetic models invoke 

the disruption of the ureilite parent body or ureilite parent material by impacts, for example 

the planetesimal scale collision model (e.g. Takeda, 1987; Takeda et al., 1988), the impact- 

melt model (Rubin, 1988) and the partially disruptive impact model (e.g. Warren and 

Kallemeyn, 1988; 1989), all of which would certainly result in shock compression of 

ureilite parent materials.

Experimental studies have been carried out to investigate how shock pressures and 

compression affects carbonaceous material, specifically with regards to the phase transition 

between graphite and diamond (Yamada et al., 2000, and references therein). Calculated 

shock pressures for the transformation of graphite to diamond by martensitic or diffusive 

transformation range from approximately 20 GPa (with a corresponding temperature of 

approximately 1150°C) in experiments using powdered graphite samples up to 45GPa 

using well-ordered solid graphite samples (Yamada et al., 2000). The minimum shock 

pressure of 20 GPa required to transform graphite to diamond coincides with the pressures 

reported to cause the relatively low degrees of shock metamorphism seen in some ureilites 

(Stoffler et al., 1991), see also table 5.1. Bischoff et al. (1999) instigated a study into 

ureilites of well-determined shock grade to resolve whether the presence (or absence) of 

diamond could be correlated with shock grade. Their results confirmed that diamonds 

were only present in ureilites of shock grade 3 (corresponding to pressures of 15-20 GPa) 

or greater, and diamonds could not be found in ureilites with lower shock classifications. 

The fact that diamonds are apparently absent from unshocked ureilites such as 

ALHA78019 (Wacker, 1986) seems to confirm that shock is indeed the process that causes 

their formation. However, another model to explain the presence of diamond in the 

ureilites suggests that they may have formed directly from gases in the solar nebula by a 

process of chemical vapour deposition (CVD) (Fukunaga et al., 1987; Fukunaga and

8.3.2 Shock effects and carbon behaviour
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Matsuda, 1997; Miyamoto et al., 1988a; Miyamoto et al., 1988b). The CVD origin of 

diamonds in ureilites has an attractive aspect, in that the noble gas enrichment observed in 

the diamonds can be explained by trapping mechanisms during diamond formation in the 

nebula (Fukunaga et al., 1987; Fukunaga and Matsuda, 1997). However, Matsuda and 

Nagao (1989) and Matsuda et al. (1995), noted that the shock transformation of diamond 

from graphite could also trap and retain high abundances of noble gases, provided that the 

starting material was sealed in a container i.e. the experiment was carried out under closed 

system conditions. When the experiment was performed using a vented container, under 

1 open system conditions, high abundances of the noble gases were not seen and the 

abundance patterns observed suggested that only gases adsorbed onto the surface of the 

pre-shocked graphite were retained. Interestingly, and also controversially, the models 

suggesting a CVD origin for the ureilite diamond propose that diamond-free samples such 

as ALHA78019 are in fact the ureilites that suffered the highest level of shock.

At extremely high levels of shock, thermal metamorphism becomes the dominant process 

affecting a sample and if the temperature is great enough (at least approximately 600°C) 

thermal annealing will cause the recovery of fractures and other microstructures developed 

during lower grades of shock metamorphism (Bauer, 1979; Bischoff et al., 1999). 

However, the recent discovery of the weakly shocked ureilite Dar al Gani 868, which 

contains diamond may prove conclusively that ureilite diamonds are indeed shock 

generated. Dar al Gani 868 is classified as very low shock ureilite by virtue of the fact that 

there are no observable shock textures, such as fracturing or undulatory extinction, 

observable in the silicate minerals. However, reflected light microscopy and XRD analysis 

revealed the presence of very fine-grained diamonds in a graphite lath, which is completely 

enclosed in a pigeonite grain (Takeda et al., 2001). The fact that the graphite lath is wholly 

enclosed within a pigeonite grain precludes the formation of this diamond by CVD 

processes (Takeda et al., 2001).

The study of Yamada et al. (2000) into carbon alio tropes formed under shock conditions 

provides some interesting results that have important implications for ureilite diamond 

formation. Even at relatively low shock pressures of less than 15 GPa - relating to shock 

grades SI and S2 of Stoffler et al. (1991) -  many carbon allotropes were formed including, 

most importantly, diamond. Yamada et al., (2000) recognised that diamond co-existed 

with areas where the previously well-ordered and crystalline graphite had become 

disordered, with a decrease in its crystallinity. To explain this observation, Yamada et al.
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(2000) suggested that both pressure and temperature within the graphite would be 

heterogeneous, owing to the interaction of shock waves reflected within the sample. Thus, 

under even low shock pressure conditions of less than 15GPa diamond may form, which 

would provide a reasonable explanation as to the presence of diamond in even very weakly 

shocked ureilites such as Dar al Gani 868.

It is apparent from experimental studies into the shock compression behaviour of both 

graphite and rock-like material that the propagation of a shock wave and its resulting 

effects can be extremely heterogeneous on a very small scale such as in an individual grain 

• and on a larger, perhaps even regional, scale (see chapter 6, section 6.3.1).

In terms of the ureilites available for thin section analysis in this study their shock 

classifications have been determined according to the scheme of Stoffler et al. (1991) (see 

also table 5.1) and the results are shown in table 8.2 (see also chapter 5). For comparison 

with literature values given by Mittlefehldt et al. (1998) the ureilites have been classified 

into Tow’, ‘medium’ or ‘medium-high’. Samples described as low shock correspond to S2 

of Stoffler et al. (1991) and display undulatory extinction and irregular fracturing in olivine 

and pyroxene grains. Medium shock samples fall into S3 of St6filer et al. (1991) and 

additionally display planar fractures as well as features seen in the low shock samples. The 

third group of medium-high shock samples corresponds to a mixture of S3/S4 as described 

by Stoffler et al. (1991). Whilst they also contain planar fractures their slightly higher 

shock classification is determined by the presence of cloudy pyroxene grains.

Comparison of the shock grade of a sample (as determined by petrography - see chapter 5) 

with the crystallinity of the graphite it contains (as determined by analysis of stepped 

combustion profiles - see chapters 4 and 7) indicates a crude correlation, as shown in figure 

8.6. Although there are some discrepancies, the low shock samples all contain low 

crystallinity graphite and, as the shock grade increases, the graphite crystallinity of the 

sample also tends to increase, see also table 8.2. Perhaps the most important point to note 

is that whatever the process that affects crystallinity, if it is indeed shock, affects samples 

from both sub-group B and sub-group D, with the correlation applying to both groups. The 

discrepancy seen in the high graphite crystallinity group, grade, may be due to a sampling 

'error in that this group only contains the two samples.

An alternative explanation is that, as has been discussed previously, shock is a highly 

heterogeneous process and results in highly heterogeneous effects. It is possible that whilst 

the sample QUE 93341 contains silicate minerals that display a low shock grade the
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graphite in the sample possesses and retains graphite with a high crystallinity. Perhaps the

sample QUE 93341 is analogous to Dar al Gani 868, which contains diamond although,

displays a very low shock grade.

Table 8.2. Shock classifications and graphite crystallinity grades of the eleven sub-group 

B and D samples analysed in this study (see chapter 5). Graphite crystallinity index is

determined using the cumulative yield method as described in chapter 4.

Sam p le
S h ock  C lassifica tion  

Stiiffler et al., (1991)
S h ock  C la ssifica tio n  
Mittlclchldt et al., (1998)

G ra p h ite  
cry sta llin ity  index

LEW 85328 S2 Low Low
LEW 88774 Medium? Medium

META 78008 S3 Medium Medium
QUE 93341 S2 Low High
Y 790981 S3/4 Med. Medium
Acfer 277 S3/4 Medium Anomalous

EET 83225 S3 Medium? High
Novo-Urei S3 Medium Medium
PCA 82506 S2 Low Low

RKPA80239 S2 Low Low
Sahara 99201 S2 Low Low

200
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O
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Figure 8.6. Ureilite samples showing graphite crystallinity index and shock classification, shock grade tends 
to increase with a corresponding increase in graphite crystallinity. Note the unmarked sample is the 
anomalous sample Acfer 277, this sample has a medium-high shock classification. See also chapter 6 
section 6.3.2.
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8.3.3 Carbon and fluid

In addition to shock transformation of graphite to diamond, or disrupting its 

crystallinity, another geological process influencing graphite crystallinity is the 

precipitation of graphite from fluids. In terms of ureilite petrogenesis, the partially 

disruptive impact model of Warren and Kallemeyn (1988; 1989) is perhaps the most reliant 

on carbon transport, in that it proposes that at least some of the ureilite carbon may have 

been injected into the juvenile ureilite parent body by impact and mixing with a carbon- 

rich projectile. However, other ureilite petrogenetic models also rely on carbon-rich fluid 

behaviour, if it is supposed that carbon can be transported from one region to another. This 

type of scenario may be envisaged if primary carbon is mobilised during a shock event by 

heating and pressure fluctuations, or by the formation of C 02 or, most likely, CO-rich 
fluids during reduction reactions.

As is the case with shock physics, the phase equilibria of carbon-bearing fluids is 

somewhat complex and a full discussion beyond the scope of this work. Experimental and 

modelling studies have been carried out with regard to terrestrial geological applications, 

such as interactions with metasomatic fluids and, therefore, are not directly applicable to 

the processes and petrogenetic conditions on the ureilite parent body. For example, the 

minimum pressure most usually described in the terrestrial geological literature is usually 1 

kbar, although the pressures suggested for the ureilite parent body are typically in the 

region of 100 bar (Warren and Kallemeyn, 1992; Walker and Grove, 1993). Also, in 

terrestrial environments water is likely to be present, thus phase equilibria involving 

carbon are usually described as part of the three-component C-O-H system. There is no 

evidence of a high water content in the ureilite parent body from the mineralogy of the 

ureilites e.g. the lack of hydrous mineral phases, additionally, little water is expected to be 

retained by a differentiated asteroidal body. However, in general terms the factors 

governing carbon-fluid behaviour may be applicable to the environmental conditions 

supposed for the ureilite parent body and reveal some important insights into possible 
graphite formation mechanisms.

With regards to the transportation of carbon as a dissolved component in an aqueous fluid, 

there are six possible species of geological interest: H20 , C02, 0 2, CH4, H2 and CO As 

the ureilites are clearly anhydrous, the carbonic fluids C02 and CO are the species o f direct 

relevance to ureilite petrogenesis (Ohmoto and Kerrick, 1977; Frost, 1979)
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Phase diagrams of graphite-fluid equilibria show the composition of fluid at fixed pressure 

and different temperatures, and are given below in figure 8.7. The phase diagrams indicate 

that changes in a fluid composition by re-speciation or reaching saturation, and by changes 
in temperature or pressure all cause carbon to precipitate.

Figure 8.7. Carbon content versus Log fO : phase relations in the C-O-H system at Ikbar and 400°, 500°, 
600° and 700°C. QMF = quartz-magnetite-fayalite buffer. From Frost (¡979).

In general, the stability field of graphite shrinks with increasing temperature at fixed 

pressure and with decreasing pressure at fixed temperature (Frost, 1979). Thus, graphite 

precipitation from a fluid will occur when the bulk composition of that fluid falls within
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the graphite + fluid field and is controlled through either or both of two basic mechanisms 

(Frost, 1979; Holloway, 1984; Holloway and Blank, 1994; Pasteris, 1999):

1) The composition of the fluid is constant but pressure/temperature fluctuations cause the 

stability field to increase resulting in the fluid reaching graphite saturation.

2) The composition of the fluid changes such that graphite saturation is reached. 

Composition may be changed by hydration, changes in oxygen fugacity or by the 

mixing of different carbon-bearing fluids or re-speciation of the fluid.

Figures 8.8 and 8.9 show the three-component C-O-H system as a ternary diagram. The 

thick line in figure 8.8 denotes the graphite saturation curve and divides the system into 

two fields, the graphite + fluid field and the fluid only field.

Graphite C

Figure 8.8. Stability relations in the C-O-H system at fixed temperature and pressure. Graphite precipitates 
from a fluid when the bulk composition of the fluid enters the graphite + fluid stability field. From Pasteris, 
(1999).

Changes in pressure and/or temperature control the size of the graphite + fluid stability 

field (Frost, 1979; Holloway, 1984) and figure 8.9 demonstrates that with decreasing 

temperature at fixed pressure the size of the graphite stability field becomes larger.

Mathez and Delaney (1981) note that at high pressures (greater than 100 bar) C 02 will be 

the major species present as carbon-rich fluid, at pressures below 100 bar CO is the
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predominant species. Given that the ureilite parent body (or the region of the body where 

the ureilites formed) must have been under a pressure of approximately 100 bar to suppress 

the smelting of fayalite (Walker and Grove, 1993, see also section 8.3.1 above) then it is 

unlikely that changes in carbon spéciation or fluid composition would be the major 

controlling mechanism on ureilite graphite precipitation. Pressure and/or temperature 

fluctuations are, therefore, the most likely controlling parameters determining graphite 
precipitation in the ureilite parent body.

Figure 8.9. C-O-H system at 1000 bar pressure. Dashed lines indicate graphite saturation isotherms for 
different temperatures, above the lines is the graphite + fluid field and below is the f u i d  only field. As 
temperature decreases the graphite + fluid stability filed increases in size. From Holloway, (1984).

Temperature is clearly an important factor in both determining the graphite stability field 

and the state of graphite saturation but it also has a role in determining the degree of 

crystallinity of any graphite deposited from the fluid. In terrestrial metamorphic 

environments, high-crystallinity graphite is deposited where high-temperature fluid 

processes were operating (Pasteris, 1999). In tenus of pressure, different factors have to be 

considered when determining the control it exerts on the graphite + fluid stability held. 

With a drop in pressure, for example during fluid transport through a fracture, the carbon 

content of the fluids in equilibrium with graph,te increases, and so the graphite + fluid 

stability field shrinks in size (Frost, 1979). Thus, in geological environments where 

decreases in temperature are most usually associated with a decrease in pressure, there are 

opposing effects determining whether graphite precipitation will be favoured or hindered
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In summary, at low pressures and low to moderate temperature conditions graphite 

precipitation will be hindered due to the high solubility of graphite within the carbon-rich 

fluid phase and the pressure related shrinking of the graphite + fluid stability field. 

Cooling may cause an initially undersaturated fluid to precipitate graphite due to slight 

enlargement of the graphite stability field during a decrease in temperature, although low 

pressure can hinder the precipitation. Any graphite that is precipitated in a low 

pressure/low temperature environment will be of low crystallinity and precipitate material 

as a thin film. In higher pressure and temperature environments the degree of graphite 

* solubility is educed, as the graphite + fluid stability field shrinks, and precipitation of 

graphite will occur more readily. In this environment the amount of graphite precipitated 
is enhanced and it will have a higher crystallinity (Pasteris, 1999).

The correlation of ureilite graphite crystallinity with shock has already been established 

(see section 8.3.2 above). This can now be further interpreted in the light of the above 

discussion. In environments where higher shock levels occur, there will be corresponding 

increases in both pressure and temperature, resulting in suitable conditions for graphite 

precipitation from a carbon-rich fluids; the resultant graphite will be of higher crystallinity. 

Conversely, in an environment unaffected by shock, if the ambient conditions are low 

pressure and/or low temperature, graphite precipitation will be hindered and, if precipitated 
at all, will be of low crystallinity.

Furthermore, if a scenario is envisaged whereby significant volumes (a few wt%) of carbon 

are transported between different regions of the ureilite parent body, for example through 

injection and mixing of material from a carbon-rich impactor (e.g. Warren and Kallemeyn, 

1992) the role of transport by a fluid is imperative. Reduced, i.e. graphitic carbon is 

extremely immobile within the grain boundaries of natural silicates, and during 

experiments designed to measure the mobility of reduced carbon at magmatic temperatures 

(~1250°C) no discernible movement could be determined (Mathez and Delaney, 1981; 

Tingle and Green, 1987; Brenan and Watson, 1988; Tingle et al., 1988). Thus, movement 

of carbon through the ureilite parent material must be by fluid transport processes.

If a carbon-rich fluid is mobilised at low temperatures and pressures, any graphite 

precipitated from it will be of low crystallinity/ However, as the fluid moves and cools, 

carbon will be deposited rapidly and closer to the fluid source. In high temperature and 

high pressure environments, because the graphite stability field is much smaller, the fluid 

will be able to transport the carbon over much greater distances, where graphitewould be

Caroline L. Smith Chapter 8 252



precipitated once pressure and temperature conditions were suitable. Thus, injection of 

carbon from a source external to the primary ureilite parent is possible, provided that the 

carbon is in the form of a carbon-rich fluid. Additionally, the movement of any carbon- 

rich fluid, formed from primary ureilite carbon perhaps during reduction reactions, over 
large distances within the ureilite parent body is also plausible.

8.4 Models for ureilite petrogenesis -  evidence from the form, 

abundance and isotopic composition of carbon

With a better understanding of the possible petrogenetic processes that may have 

affected ureilite carbon a number of possible scenarios have been developed which allows 

the previous petrogenetic models of ureilite petrogenesis to be tested. It is entirely 

possible, and indeed most likely, that the ureilites have encountered all of the processes 

discussed in section 8.3 to a greater or lesser extent. Here, a number of scenarios are 
described using evidence gathered in the preceding chapters.

8.4.1 Is ureilite carbon derived from thermally altered carbonaceous chondrite 

carbon?

Using results from Disko Island samples (chapter 3), and comparing the carbon 

isotopic composition of carbonaceous chondrites and ureilites, suggests that ureilite carbon 

cannot simply be thermally metamorphosed, carbonaceous chondrite carbon. If this was 

the case, ureilites and carbonaceous chondrites should display similar (within a few per 

mil) carbon isotopic compositions, the ureilites should also be slightly 12C-enriched. 

Average carbon in ureilites, however, is at least 4%0 heavier than the average isotopic 
composition of bulk carbonaceous chondrite carbon (see figure 8.1)

However, ureilite carbon may be derived from only a certain portion of carbonaceous 

chondrite carbon inventory, the ,3C-enriched. ‘reactive' portion of the macromolecule. 

This component is quite similar to ureilite carbon in ternis of its 5I3C(PD0), consequently
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using the proposed isotope systematics this ‘reactive’ component is compatible with being 
the progenitor of ureilite carbon.

A major drawback of this model is that only a very small proportion of the carbonaceous 

chondrites’ carbon inventory is composed of the ‘reactive’ component. Ureilites contain, 

on average about 3 wt% carbon (with a range between about 1 and 7 wt%), whereas 

calculations indicate that the abundance of the reactive component within the carbonaceous 

chondrites is, at most, about 0.8 wt%. Some, as yet undetermined, mechanism must have 

been in operation to concentrate the primary, carbonaceous chondrite-derived,
' macromolecular material into the abundances now recorded in the ureilites.

This evidence would seen to suggest that ureilite carbon cannot be simply derived from 

carbonaceous chondrite organic material. This being the case models of ureilite 

petrogenesis that suggest that ureilite parent material is derived from igneously processed 

and differentiated carbonaceous chondrites e.g. (Goodrich and Jones, 1987; Rubin, 1988; 

Warren and Kallemeyn, 1992) are seriously compromised. If ureilites are derived from 

material that contained primary carbon, then the material must have been carbon-rich 

compared with currently known carbonaceous chondrites in the meteorite record. 

Similarly if ureilite carbon is secondary, then it must be derived from a carbon-rich 
material that is presently unknown within the meteorite record.

8.4.2 What happens during reduction reactions?

Reduction reactions produce CO or C02 gas, although at the pressures estimated 

for the ureilite parent body, CO is likely to be the dominant phase. Calculations suggest
i

that during ‘typical’ degrees of reduction up to approximately 1.6 wt% carbon may be 

oxidised to form CO. Temperature dependent exchange reactions indicate that this CO gas 

will be isotopically enriched in C compared with the graphite from which it is produced. 

Mobilisation and movement of this 13C-enriched carbonic fluid to different zones within 

the ureilite parent body will result in changes, both in abundance and isotopic composition, 

compared with the original carbon. In parts this scenario is consistent with both primary 

and secondary models of ureilite carbon. With regards to primary models, the basis is 

similar to that described in section 8.4.1 - the carbon present in the ureilite parent body, 

represents the 13C-enriched portion derived from carbonaceous chondrite macromolecular 

material, which is then converted into CO during reduction reactions. The reduction
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reactions can be considered as a late-stage process, perhaps initiated after a shock event. 

On the basis of isotopic composition and abundance the production and resulting 

movement of a carbonic fluid may account for the range displayed by the ureilites.

Residual carbon remaining after reduction will be enriched in ,2C compared with the 

original source material. Perhaps then ureilites with the lightest 5,3C(pdb) values represent 

samples that suffered the most intense reduction reactions. This being the case we might 

expect these samples also to display the lowest carbon abundances and also the highest 

graphite crystallinities due to the high temperatures required to facilitate reduction Figure 

8.10 shows the relationship between carbon yield and isotopic composition for the eleven 

ureilite samples from sub-groups B and D as determined in chapter 7. Figure 8.11 shows 

the relationship between graphite crystallinity (inferred from stepped combustion 

behaviour) and carbon abundance. The results indicate that the isotopically lightest 

samples (RKPA80239 and PCA 82506) contain the highest abundance of carbon and the 

lowest relative graphite crystallinities.
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Figure 8.10. Carbon yield and stable isotopic composition o f sub-group B and D ureilites.
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A different scenario may also be suggested to account for the abundance, form and isotopic 

composition of the ureilites resulting from reduction reactions The carbon-rich fluids 

produced through reduction reactions will be 13C-enriched compared with the starting 

material. Similarly the abundance of graphitic carbon deposited from these fluids will be 

of lower than the original starting material. Different pressure/tempcrature conditions in 

the regions where graphitic carbon is precipitated from the carbonic fluids will influence 

the crystallinity. Perhaps ureilite samples with isotopically heavy 5I3C(pdb) values 

represent carbon derived from carbon-rich fluids produced during reduction reactions and 

mobilised and transported to different regions of the ureilite parent body.

Figures 8.10 shows that samples with higher 8n C(PDu) values show lower carbon 

abundances than the two 12C-enriched samples (RKPA80239 and PCA 82506), although 

with the isotopically heavier samples there is no clear relationship between carbon yield 

and 513C(pob) value. The relationship between carbon yield and graphite crystallinity 

(figure 8.11) reveals that the low carbon abundance samples also display the highest 

crystallinities. This might suggest that the carbon in these samples is precipitated from 

carbonic fluids in a high pressure/temperature environment, perhaps carbon produced and 

mobilised from the source area during a shock event.
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8.4.3 RKPA80239 and PCA 82506 — preservation of primary carbon?

Figure 8.10 shows that in terms of carbon yield and stable isotopic composition 

samples RKPA80239 and PCA 82506 fall well outside the field defined for the other sub

group D samples and also the sub-group B samples. RKPA80239 and PCA 82506 display 

both the isotopically lightest 5 ,3 C (p DB) values and the highest carbon abundances of any of 
the ureilite samples analysed.

Considering reduction reactions, it has already been noted that carbon abundance will be

. lowered “  material that has suffered red“«i°n due to the formation (and subsequent 
removal) o f carbonic fluids. The fact that RKPA80239 and PCA 82506 preserve such high 

carbon abundances compared with other ureilites implies that these samples have 

undergone only limited reduction. This suggestion is supported by petrographic evidence 

(see chapter 5) that RKPA80239 and PCA 82506, as well as other sub-group D samples, 
show a lower degree of reduction compared with samples from sub-group B.

Both RKPA80239 and PCA 82506 also fall into the group of low graphite crystallinity 

samples. Both shock effects and the high temperatures required for reduction will enhance 

the crystallinity of graphitic carbon. Petrographic study indicates that both samples have 

low shock grades (S2) suggesting that the low crystallinity of the graphitic carbon is an 

original feature that has been unaffected by shock. Previous investigations of the 

crystallinity of ureilite graphitic carbon suggests that amorphous carbon or semi-ordered 

graphitic carbon may be the best representative of ‘primary’ or relic carbon derived from a 
carbonaceous chondrite precursor (Kagi et al., 1991).

It may be the case then that the carbon preserved in RKPA8029 and PCA 82506 provides 

the best example of the form, abundance and isotopic composition of ureilite carbon prior 

to the onset of late-stage reduction reactions and/or shock effects. This suggestion is 

supported by the fact that the sample PCA 82506 contains inclusions of cohenite within 

olivine and pyroxene, the implication of which is that carbon was present during the 

earliest stages of ureilite formation (Goodrich and Berkley, 1986). Owing to this the 

isotopically light 8n C{Pm) values may be considered as ‘primary’ compositions, 

representative of the isotopic composition of ureilite carbon prior to secondary processing 
through reduction and shock.

If, indeed, the carbon in RKPA80239 and PCA 82506 represents p rim a l ureilite carbon it 

provides a further piece of evidence to suggest that the ureilites are not derived from any 

carbonaceous chondrite-like material currently known. Figure 8.2 shows that the mean
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<513Q pdb) value of organic material within carbonaceous chondrites is approximately 

-18%o. It has already been discussed that during the thermal metamorphism of organic 

carbon, temperature dependent isotope fractionation will result in the formation of 12C- 

enriched graphitic carbon. Owing to this, the fact that RKPA80239 and PCA 82506 both 

have 5 C(pdb) values enriched in C compared with average carbonaceous chondritic 

material suggests that the source material must have contained organic carbon with 

<513C(pdb) values heavier than those of currently known carbonaceous chondrites.

8.4.4 Sub-group B and sub-group D -  similar petrogenesis; a single ureilite parent

body?

The processes controlling the form, abundance and isotopic composition of carbon 

within the ureilites are complex and it is highly likely that the carbon now preserved 

records a combination of thermal metamorphism, reduction reaction effects and shock 

effects. With the exception of two sub-group D samples (RKPA80239 and PCA 82506), 

all the samples from sub-groups B and D show little variation in their carbon form, 

abundance or stable isotopic composition. Figure 8.10 indicates that there is little 

discernible difference in either carbon yield or isotopic composition. Samples from sub

group B define a range in carbon yield of 2.66 wt% (between 1.05 and 3.71 wt%) and a 

range in S,3C<mB, values of3.8%„ (-4.9 lo -1.1%«). Samples from sub-gmup D (excepting 

RKPA80239 and PCA 832506) define a range in carbon yields of 1.34 wt% (between 3.15 

wt% and 1.81 wt%) and a range in 6,3C(PDB) values of 3.1 %„ (-5.6 to -2.5%0). Figure 8.11 

indicates that samples from both sub-groups fall in all three defined crystallinity groupings. 

The lack of any significant difference between the samples from different sub-groups 

suggests a common history regarding their carbon complement i.e. the carbon was derived 

from the same source and both sub-groups encountered the same (or very similar) 

processes that influenced the form, abundance and isotopic composition of the carbon now 

preserved. Owing to this it is difficult to envisage a scenario where many ureilite parent 

bodies existed; all of which derived their carbon (whether primary or secondary) from 

nearly identical sources and encountered the very similar petrogenetic processes to very 

similar degrees, particularly if  ureilite carbon is derived through an impact with a carbon- 

rich impactor (e.g. Warren and Kallemeyn, 1988;-1989). Additionally the large numbers 

of ureilites now recognised suggests derivation from a single, large parent body; the largest
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achondrite group, the HEDs, are believed to have been derived from the asteroid 4 Vesta, 

which has a diameter of ~520km (e.g Drake, 2001; Ruzicka et a l, 1997; Takeda, 1997). 

The similarity in carbon (form, abundance and isotopic compositions), mineralogical 

assemblages and compositions in ureilites from different oxygen isotope reservoirs 

suggests that repeatable processes occurred on the ureilite parent body, strongly favouring 

a magmatic regime on a single ureilite parent body rather than a shock-derived origin for 

the ureilites. However, shock clearly played a significant role in the petrogenesis of the 

ureilites, albeit as a late-stage process resulting in the formation of reduction rims and 
' mosaicism of olivine and pyroxene grains.

8.5 Summary

The ureilite meteorites have clearly undergone a complex petrogenetic history that 

has resulted in perplexing and paradoxical mineralogical, petrographic and geochemical 

characteristics. It has long been proposed that the ureilites are genetically linked with the 

carbonaceous chondrites, from evidence such as the similarities in oxygen isotope 

composition and noble gas abundances. Owing to this many models of ureilite 

petrogenesis suggest that ureilite precursor material was carbonaceous chondrite-like, or 

indeed in some cases propose that the ureilites are derived from CV-Iike material By 

concentrating on the role of carbon within ureilite petrogenetic processes the apparent link 

with the carbonaceous chondrites can be better constrained and the validity of different 
petrogenetic models tested.

1) Using results from Disko Island samples the suggestion that ureilites are thermally 

metamorphosed carbonaceous chondrites may be examined. The carbon isotope 

systematics of the Disko Island samples suggest that the thermal alteration of primary 

organic material in a magmatic system, with accompanying reduction reactions, results 

in residual carbon having a similar (or slightly 12C-enriched) SI3C(PDB) value compared 

with the source organic material. The isotopic compositions of the ureilites are 

consistently 13C-enriched compared with organic material in different carbonaceous 

chondrite groups, suggesting that the ureilites cannot simply be derived from igneously 

processed carbonaceous chondrites. However, recent work indicates that part of the 

organic constituent of the carbonaceous chondrites is 13C-enriched compared with bulk



organic S 13C(pdb> values, thus, it may be this material that ureilite carbon is derived 

from. Unfortunately, the high carbon abundance of the ureilites (average 

approximately 3 wt%) requires a major concentration mechanism for this component, 

since the carbonaceous chondrites contain on average much less carbon in this form 

than there is carbon in a typical ureilite.

2) Reduction reactions operating as a secondary petrogenetic process will also result in 

the loss of carbon, through the formation and subsequent removal of carbon-rich fluids. 

Calculations indicate that for a ‘typical’ ureilite between 0.9 and 1.6 wt% carbon may 

be converted to an oxidised species during the reduction process. Temperature 

dependent isotope exchange reactions indicate that this carbon-rich fluid will be 

enriched in C compared with the starting graphite from which it is derived. 

Consequently residual material remaining after the production and removal of the 

carbon-rich fluid will have S13C(pdb> values enriched in 12C compared with the starting 

material.

3) Experimental determinations of the effects of shock on graphitic carbon reveal that in 

addition to increasing the crystallinity o f graphite, the structure and crystallinity may 

also be disrupted. However, the shock classification of the ureilite samples analysed 

herein correlates well with the relative crystallinities of graphitic carbon determined by 

stepped combustion behaviour. This would seem to indicate that shock is the dominant 

processes controlling the crystallinity of graphite seen within the ureilite samples.

4) A further petrogenetic process that may affect the crystallinity of graphite within the 

ureilites is mobilisation and subsequent deposition of graphite from carbon-rich fluids. 

In order to satisfy models that suggest the injection of carbon from an impacting 

carbon-rich projectile, carbon must be dissolved in a fluid, since reduced carbon is 

extremely immobile in silicate melts. Furthermore, creation of carbon-rich fluids 

during reduction reaction will result in the mobilisation of carbon and movement to 

different regions of the ureilite parent body. Phase equilibria indicate that high 

crystallinity graphite will be precipitated more readily in regions of high temperatures 

and pressure. Lower temperatures and pressures hinder graphite precipitation and 

result in graphite with lower crystallinities. The high pressures and temperatures 

associated with shock may cause localised areas with the necessary conditions to 

promote graphite precipitation from fluids.
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5) All of the above processes will have affected the ureilite meteorites to a greater or 

lesser extent at some point during their history.

6) Two of the samples (RKPA80239 and PCA 82506) have carbon abundances and stable 

isotopic compositions that are anomalous compared with the other ureilite samples. It 

may be the case that the carbon within these samples is the best representative of ‘relic’ 

carbon. That is to say carbon that has been little affected by secondary processes such 

as shock, reduction or the mobilisation of carbonic fluids. Importantly the high carbon 

abundance of these samples (5.8-6 .6  wt%) and the isotopically light <513C (Pdb) values 

(-8 to -9.2%o) are difficult to reconcile with derivation from any currently known 

carbonaceous chondrite source material.

7) Nine of the eleven samples from sub-groups B and D show very similar relationships 

between their carbon abundance, stable isotopic composition and relative crystallinities 

indicating that the carbon within all samples is derived from a common source and that 

all samples encountered similar petrogenetic processes to a similar degree. This has 

major implications for whether the ureilites are derived from different bodies or one 

single parent body. It would seem unlikely that many (and different) ureilite parent 

bodies had the same carbon source or that all underwent the same petrogenetic 

processes to similar degrees. More likely is that a single ureilite parent body, although 

retaining separate regions with different oxygen isotope compositions, mineral 

assemblages and petrographic characteristics, underwent petrogenetic processes that 

resulted in common carbon characteristics.
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Chapter 9

Concluding remarks and suggestions for further work

9.1 Results
*

This aim of this thesis was to carry out an investigation of the mineralogy and 

petrography of ureilite meteorites in combination with a detailed study of the carbon 

complement (form, abundance and stable isotopic composition) of the same samples. 

Samples were chosen on the basis of falling into either sub-group B or sub-group D on the 

basis of oxygen stable isotope compositions (Franchi et al., 1997, 1998) in order to 

determine inter- or intra-group variations, potentially answering the problem as whether 

ureilites are derived from a single parent body or multiple parent bodies. Three standard 

techniques were used to gather information on the mineralogy, petrography and carbon 
complement of the ureilite samples investigated herein:

1) Detailed electron probe microanalysis (EPMA) of the major silicate assemblages 

within the ureilite samples. The investigation of the composition of olivine and 

pyroxene within the ureilites herein provides the first and most comprehensive study of 

many of these samples. Two new ureilites have been classified on the basis of this 
work.

2) Investigation of the petrographic and textural relationships of silicates and 

carbonaceous material within the ureilites by traditional light microscopy and scanning 

electron microscopy. The petrographic relationships between carbon and silicates are 

combined with investigations of the state, abundance and stable isotopic composition 
of carbon to better determine its origin and petrogenetic history.

3) Stepped combustion and mass spectrometry of carbon within terrestrial samples and 

ureilites in order to determine the presence and abundance of different carbon phases 
and their stable isotopic compositions.
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A number of key questions have been raised by the various petrogenetic models developed 

to account for the characteristics that the ureilite meteorites display (see chapter 1, section 

1.4). The investigations carried out herein have provided results that satisfactorily answer 

these important questions and have major implications for past and future models of 

ureilite petrogenesis.

Are the ureilites derived from a carbonaceous chondrite (CV-like) source material?

, Investigation of terrestrial carbon- and metal-bearing igneous rocks from Disko Island, has 

been carried out as its unique geological setting provides a crude terrestrial analogue for 

ureilite petrogenesis. Situated west of Greenland, Disko Island is a location where basalts 

containing significant amounts of native iron occur; this iron being generated by the 

assimilation of carbon from surrounding carbon-rich country rock, and the resulting 

reduction of the mafic magmas. Stepped combustion and mass spectrometric analyses of 

source organic material and contaminated metal-bearing basalts indicate that carbonaceous 

phases within the contaminated igneous lithologies show similarities in 6 13C(pdb) (or slight 

enrichment in 12C) compared within source organic material. If ureilites are simply 

derived from igneously processed carbonaceous chondrites then the Disko Island results 

imply that the ureilites should be isotopically similar to, or slightly 12C-enriched compared 

with the carbonaceous chondrites. However, comparison of ureilite carbon with organic 

carbon from different carbonaceous chondrites reveals that ureilite carbon is consistently 

13C-enriched. Furthermore, if ureilite carbon is indeed derived from thermally altered and 

igneously processed carbonaceous chondrite material, then a concentration mechanism 

must be in operation to account for the high carbon abundances preserved by the ureilites. 

Petrogenetic processes such as reduction effects and mobilisation of fluids during a shock 

event will result in removal of carbon from the source region, therefore, the source of 

carbon in the ureilites must have contained more carbon than is presently observed in the 

ureilites and importantly, the currently known carbonaceous chondrite groups.

The problems in reconciling carbon now preserved within the ureilites, with derivation 

from a carbonaceous chondrite-like source, severely compromises the proposed 

petrogenetic link between the ureilites and the carbonaceous chondrites (e.g. Goodrich et 

al., 1987; Rubin, 1988; Warren and Kallemeyn, 1988; Warren and Kallemeyn, 1989).
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High-resolution stepped combustion analyses of terrestrial graphite samples, in conjunction 

with the determination of degree of crystallinity by XRD, provides a tool to determine the 

relative graphite crystallinity of a sample from its combustion behaviour. Graphitic carbon 

with low degrees of crystallinity combust over a narrow range of release temperatures and 

have low peak carbon release temperature. Conversely, samples that possess higher 

degrees of graphite crystallinity combust over a broader range in temperatures and have 

high peak carbon release temperatures. Combustion behaviour may thus be used as a 

proxy for degree of graphite crystallinity and applied to any sample (meteoritic or 
' terrestrial) that contains graphitic carbon and is analysed by stepped combustion.

Are the ureilites derived from a single or multiple parent bodies? Is carbon a 
‘primary’ or ‘secondary’ feature?

Mineralogical and petrographic investigations of eleven ureilite samples (which have also 

been analysed by stepped combustion and mass spectrometry) reveal that on the whole 

samples from sub-groups B and D have many characteristics in common, and cannot be 

simply divided on the basis of mineral assemblages, mineral composition or distinct 

silicate textures. However, it has been noted that samples from sub-group D tend to 

exhibit a lower degree of reduction effects than samples from sub-group B. This may

imply that sub-group D samples have undergone less secondary processing compared with 
samples from sub-group B.

Six ureilite samples from the Frontier Mountain region of Antarctica have also been 

investigated to better determine their mineralogical and petrographic characteristics. It has 

been suggested that some of these samples are paired on the basis of similarities in 

mineralogy, petrography and oxygen stable isotopic compositions. A detailed 

mineralogical and petrographic investigation has been carried out, in combination with 

statistical analysis of EPMA data, which reveals that the samples can be divided into three 

distinct family groupings. Some samples display unusual mixed lithologies, which fall 

across the family groupings and suggest that all six samples may in fact be paired. 

Furthermore some of the samples that display mixed lithologies also contain unusual 

regions of material at the interfaces between the different lithologies. These areas are 

suggested to have formed through shock processes, possibly through the generation of 

shear zones within the ureilite parent body during a massive and catastrophic impact. This
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implies that the areas with distinct oxygen isotope composition were relatively close to 

each other, suggesting that the ureilite parent body was heterogeneous on a small scale, 
perhaps tens of metres.

High-resolution carbon analyses by stepped combustion and mass spectrometry have also 

been earned out on the eleven sub-group B and D samples. As with a previous 

investigation of ureilite carbon (Grady el el., 1985) stepped combustion allows for the 

identification of different carbon phases in addition to their stable isotopic compositions. 

Results indicate that nine of the samples from sub-groups B and D are mostly similar, both 

'in  terms of carbon abundance and values. Using methods developed to Assess

the degree of graphite crystallinity, it is found that the ureilites from sub-groups B and D 

fall into three well-defined groups, with ‘low1, 'medium’ and ’high’ crystallinity 

designations. Samples from both oxygen isotope sub-groups fall into all three crystallinity 

groups. The shock classification of the samples coincides well with the degree of graphite 

crystallinity, suggesting that shock level is the overall process that defines the crystallinity 

state of the graphitic carbon. The fact that the majority of the samples from sub-groups B 

and D show no clear distinction in carbon abundance, stable isotopic composition or 

graphite crystallinity suggests that the petrogenetic processes that influenced these 

characteristics must have been very similar in both groups. This evidence also «..g;.o.c 

that carbon was a primary constituent of the ureilite parent body, rather than being injected 

into the juvenile ureilite parent body through an impact with a carbon-rich impactor 

(Warren and Kallemeyn, 1988; 1989). The form, abundance and stable isotopic 

composition of carbon within these samples may be explained by a combination of the

petrogenetic processes o f shock and reduction, with cotresponding production and 
mobilisation of carbon-rich fluids.

Owing to this it seems more probable that the ureilites are derived from a single parent 

body rather than multiple parent bodies that all encountered the same petrogenetic 

processes. Two samples in sub-group D show anomalously high carbon abundance, 

isotopically light 6,3C<rDB) values and low graphite crystallinities. It is suggested that 

these samples my be the best representative of the state, abundance and stable isotopic

composition of ‘primary’ (pre-reduction effects/pre shock) carbon within any ureilite 
sample.
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9.2 A ‘new’ model of ureilite petrogenesis?

Although a new model of ureilite petrogenesis has not been specifically developed 
within this thesis the evidence gathered from the preceding chapters certainly builds the 

foundations for developing a new model of ureilite formation and answer some of the 

questions left open by previous models. One of the major results of this thesis is to raise 

questions over the validity of supposing a genetic link between carbon preserved in the 

ureilites and carbon in carbonaceous chondrites. This also raises the important implication 

■that using carbonaceous chondrites as a precursor material, to explain the various 

characteristics of the ureilites, may also be seriously compromised. Although many 

models of ureilite petrogenesis suggest that the ureilites are derived from a carbonaceous 

chondritic source material, difficulties remain to reconcile the various contradictory 

primitive and differentiated characteristics. For example, the lithophile element abundance 

pattern displayed by the ureilites suggests the loss of a plagioclase component, which has 

been taken to imply that the ureilites have undergone rather significant degree of 

fractionation and differentiation. However, the oxygen stable isotopic composition and the

presence of planetary-type noble gases in the ureilites is taken to indicate a link with the 
carbonaceous chondrites.

One possibility is that rather than being derived from a 'bulk' carbonaceous chondrite 

sornce material (i.e. material composed of fenromagnesian chondrules, feldspathic 

material, matrix, CAIs etc.) the ureilites may be derived from a specific component or 

components similar to those found within the carbonaceous chondrites. This point has 

previously been noted in the nebula sedimentation model (Takeda et al„ 1980; Takeda, 

1989), where ureilite precursor material is suggested as being similar to dark inclusions 

from carbonaceous chondrites. This negates the need for complex melting models to 

account for the depletion in lithophile elements; quite simply there is no feldspathic 

component preserved in the ureilites simply because it was never present. It would be 

pertinent to cany out geochemical modelling (e.g. partial melting modelling, fractional 

crystallisation modelling) on different components within the carbonaceous chondrites, for 

example, the dark inclusions, refractory inclusions, chondrule and matrix. Comparing 

these components with ureilites using a variety of different isotope systems will also help 

to better constrain the precursor material that produced these enigmatic achondrites 

Another possibility is that the precursor material that fomted the ureilites is unlike any '
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known material within the meteorite record. Rather than producing complex models to 

link the ureilites with the known carbonaceous chondrites it may be pertinent to ‘back- 

calculate’ a possible ureilite precursor. That is to say, modelling the composition of a 

precursor material using geochemical, mineralogical and petrographic evidence that the 

ureilites now display. From the evidence gathered in this work there are tantalising clues 

that will facilitate the development of a model of this type:

1) The ureilites are derived from a single parent body. Igneous processing resulted in 

homogenisation of at least four separate reservoirs, which remained spatially 

separated and did not mix. Overall, however the parent body retained its 

‘primitive’ heterogeneity.

2) At a later stage the parent body was disrupted through a large and catastrophic 

impact. During this impact reduction reactions were initiated and some mixing of 

material from previously separate reservoirs occurred.

9.3 Suggestions for further research

Although the results from this thesis have expanded the available data set of ureilite 

mineralogy, petrography and carbon abundance and composition, many problems 

regarding ureilite petrogenesis remain. Here suggestions for further work are given.

9.3.1 Disko Island samples

Disko Island samples have been analysed at either 100 or 50°C resolution. 

Although this resolution allows for the identification of organic, graphite and carbide 

phases within the samples further analyses should be undertaken with higher resolution 

(25°C) steps. This will allow for the better discrimination of phases, for example between 

graphitic carbon and carbide or between carbide and carbon dissolved in metal. 

Furthermore, with the addition of a new high-temperature furnace to the MS86 extraction 

and mass spectrometer system, stepped combustion experiments may be carried out to 

temperatures up to and including 1500°C. Experiments carried out to 1500°C will also
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allow for the identification of high temperature phases such as carbide and carbon

dissolved in metal.

9.3.2 Terrestrial graphites

Firstly, the terrestrial graphites were analysed using a combination of high« 

resolution 25°C steps and 50°C owing to the failure in anticipating the high temperatures 

where graphite would continue to combust. Therefore, it would be advantageous to re« 

examine the terrestrial graphite standards to high temperatures consistently using high- 

resolution, 25°C steps. More detailed XRD investigation should be carried out on these 

and other terrestrial graphite samples, with the aim of producing a well-defined scale of 

crystallinity, as opposed to a Tow’, ‘medium’ and ‘high’ designation. With the 

crystallinity of graphite defined by XRD, high-resolution stepped combustion may be 

carried out to determine the factors for crystallinity proxy. Raman spectroscopy may also 

be carried out on terrestrial graphite samples in conjunction with the stepped combustion 

experiments. Raman spectroscopy is a useful tool, which can be used to determine the 

crystallinity of graphite with a sample. Sampling can take place on powdered samples, 

polished thin sections or polished block/thick sections. It would be interesting to combine 

a Raman spectroscopy investigation of carbon within ureilite samples in order to see how 

the results compare with graphite crystallinities as determined by the stepped combustion 

method.

9.3.3 Mineralogy and petrography

Although samples from oxygen isotope sub-groups B and D were chosen for this 

study it would be very beneficial to carry out a detailed investigation of the mineralogy and 

petrography of samples from sub-groups A and C. It may be the case that with the 

investigation of more samples, some inter- or intra-group variations will be recognised. A 

further study to improve on the work herein would be a detailed investigation of the 

reduction effects seen within the ureilites. Additionally, due to time constraints and the 

availability of samples, it was not possible to study all known sub-group E and D samples. 

It would be interesting to continue the study o f samples within these groups. It would also 

be beneficial to quantify the degree of reduction that different ureilites have suffered
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rather than merely estimating using simple petrographic techniques. The reduction rims 

could be studied in detail using point analysis EPMA, to determine the precise composition 

of olivine; combining this with high-resolution element mapping of reduction rims, the 

amount of metal formed through reduction reactions may be deduced, thus allowing the 

amount of carbon-rich fluid produced during the reduction to be determined. With a better 

constraint on the degree and style of reduction each ureilite sample encountered,

relationships may be determined that result from secondary petrogenetic processes as 
opposed to primary petrogenetic processes.

9.3.4 Carbon in ureilites

Furthering the mmeralogical and petrographic investigations, to include samples 

from sub-groups A and C, and also the samples from sub-groups B and D that were not 

analysed, should also necessitate the analysis of these samples to determine their carbon 

content and isotopic composition. By analysing the remaining sub-group B and D 

samples, the apparent inter-group similarities will be better constrained. Analyses of sub

group A and C samples will also help to identify and constrain the role that various 
petrogenetic processes played in the formation history of the ureilites.
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Appendix I

Carbon yield and isotopic composition data from stepped 

combustion experiments -  Disko Island samples

Table 1. Sample As80 3, sedimentary sample. Sample weight = 0.369mg. Errors on 

ô' 3C(pdb) are instrumental errors during experiment.

Temperature 
Step (°C)

Carbon 
Yield (ng) ppm carbon ppm/°C

carbon ¿ 13C(PDB) Iff (%.)
2 0 0 135 366 1.80 -26.5 0.06
300 833 2260 2 2 .6 -28.5 0.07
400 355 9610 96.1 -2 1 .8 0.06
500 7490 20310 203 -24.0 0.06
600 623 1689 17.0 - 1 1 .0 0.06
700 639 1730 17.3 -4.8 0.06
800 44.1 120 1.2 -9.8 0.06
900 11 .6 31.4 0.30 -2 2 .1 0.08
100 0 7.30 19.8 0 .2 0 -21.5 0.06
110 0 8.90 24.1 0 .2 0 -24.3 0.06
120 0 19.8 53.7 0.50 -26.5 0.06

Table 2. Sample As80 97, contaminated metal-bearing basalt. Sample weight = 1.898mg. 

Errors on 513C(PDb) are instrumental errors during experiment.

Temperature 
Step (°C)

Carbon 
Yield (ng) ppm carbon ppin/°C

carbon ¿I3C(pdb) Iff (%o)

2 0 0 62.8 33.1 0 .2 -28.8 0.06
400 299 157 0 .8 -29.2 0.05
500 258 136 1.4 -30.9 0.05
600 745 393 3.9 -27.1 0.05
650 973 513 10.3 -26.5 0.05
700 1190 629 12 .6 -26.7 0.05
750 802 423 8.5 -27.3 0.05
800 508 268 5.4 -27.1 0.05
850 367 194 3.9 -26.1 0.05
900 292 154 3.1 -25.6 0.06
950 104 54.5 1.1 -27.4 0.05
1 0 0 0 129 68 .1 1.4 -26.9 0.06
1050 215 113 2.3 -26.8 0.05
1 1 0 0 104 54.6 1.1 -26.1 0.05
1150 11.9 6.30 0.1 -26.2 0.05
1 2 0 0 4.80 2.50 0.1 -26.2 0.06
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Table 3. Sample HC80 266, contaminated metal-bearing basalt. Sample weight = 1.29mg.

Errors on <513Q pdb) are instrumental errors during experiment.
Tem perature 

Step (°C)
Carbon 

Yield (ng) ppm carbon ppm /°C
carbon 5 13C(pdb) lff(%o)

350 19.1 14.8 0.04
Not

measured
400 197 153 3.1 -28.7 0.05
500 142 110 1.1 -27.6 0.04
600 423 328 3.3 -25.1 0.05
650 816 633 12.7 -24.1 0.04
700 831 644 12.9 -24.1 0.04
750 527 408 8.2 -24.5 0.04
800 220 170 3.4 -24.5 0.05
850 58.0 45.0 0.9 -25.2 0.05
900 23.4 . 18.2 0.4 -23.4 0.05
950 19.5 15.1 0.3 -25.0 0.07

Table 4. Sample HDC silicate sub-sample, metal-bearing basalt. Sample weight = 4.28mg. 

Errors on 5 13C(pdb) are instrumental errors during experiment.

Tem perature 
Step (°C)

Carbon  
Yield (ng) ppm carbon ppm /°C

carbon 0 mpdb) l a  (%o)

300 146 34.2 0.1 -29.8 0.05
400 211 49.2 0.5 -26.3 0.08
500 245 57.2 0.6 -27.0 0.08
550 53.5 12.5 0.2 Not measured
600 58.6 13.7 0.3 -25.5 0.5
650 54.3 12.7 0.3 Not measured
700 14.6 3.4 0.1 -25.2 0.3
750 109 25.4 0.5 -29.7 0.06
800 86.8 20.3 0.4 -30.3 0.04
850 6.8 1.6 0.0 Not measured
900 3.5 0.8 0.0 Not measured
950 3.0 0.7 0.0 Not measured
1000 2.9 0.7 0.0 Not measured
1050 2.6 0.6 0.0 Not measured
1100 2.7 0.6 0.0 Not measured
1150 2.6 0.6 0.0 Not measured
1200 2.3 0.5 0.0 Not measured
1300 2.2 0.5 0.0 Not measured
1400 2.5 0.6 0.0 Not measured
1500 3.0 0.7 0.0 Not measured
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Table 5. Samples AF07716, ‘uncontaminated’ tholeiite basalt. Sample weight = 2.32mg.

Errors on 513C(pdb) are instrumental errors during experiment.
Temperature 

Step (°C)
Carbon 

Yield (ng) ppm carbon ppm /°C
carbon ¿ 13C(pdb> Iff (%o)

350 395.2 170 0.5 -28.6 0.05
400 330.4 142 2.8 -26.1 0.05
500 1010 437 4.4 -22.6 0.04
600 570.0 246 2.5 -26.0 0.04
650 89.1 38.4 0.8 -27.7 0.05
700 54.8 23.6 0.5 -28.5 0.06
750 70.4 30.4 0.6 -27.1 0.04
800 16.9 7.3 0.1 Not measured
850 20.2 8.7 0.2 Not measured
900 17.8 7.7 0.2 Not measured

Table 6. Sample HC80 2, graphite-rich xenolith. Sample weight = 2.687mg. Errors on 

<513C(pdb) are instrumental errors during experiment.

Temperature 
Step ( ° 0

Carbon 
Yield (ng) ppm carbon ppm /°C

carbon ¿,3Q pdb) Iff (%.)

200 310 115 0.6 Not measured
300 1300 484 4.8 -29.7 0.05
400 7100 2640 26.4 -24.2 0.07
500 1500 558 5.6 -22.1 0.07
550 1800 670 13.4 -20.4 0.03
600 7500 2790 55.8 -21.5 0.08
650 35200 13100 262.0 -21.3 0.01
700 12400 46100 922 -21.5 0.01
750 223000 82900 1660 -21.7 0.04
800 262000 97500 1950 -21.6 0.01
850 298000 111000 2220 -21.5 0.01
900 266000 98900 1980 -21.3 0.01
950 334000 124000 2490 -22.3 0.04
1000 151000 56400 1130 -21.6 0.09
1050 330 123 2.5 Not measured
1100 150 55.8 1.1 Not measured
1200 110 40.9 0.4 Not measured
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Table 7. Cohenite sample from Canyon Diablo iron meteorite. Sample weight = 3.75mg.

Errors on <513C(pdb) are instrumental errors during experiment.

Tem perature 
Step (°C)

Carbon 
Yield (ng) ppm carbon ppm /°C

carbon 0  MPDB) Iff (%o)
400 3600 960 2.4 -22.5 • 0.02
500 5000 1330 13.3 -19.7 0.02
600 5100 1360 13.6 -18.6 0.09
700 7530 2010 20.1 -14.4 0.13
750 22200 5920 118 -19.7 0.03
775 15900 4240 170 -20.6 0.03
800 19600 5230 209 -21.2 0.02
825 14300 3810 153 -24.0 0.01
850 17100 4560 182 -20.6 0.05
875 43200 11500 461 -18.0 0.01
900 26400 7040 282 -11.5 0.01
925 8750 2330 93.3 -13.6 0.01
950 11700 3120 125 -15.1 0.02
1000 6800 1810 36.3 -5.3 0.01
1100 130 34.7 0.35 Not measured
1200 120 32.0 0.32 Not measured

Table 8. Sample DC6, carbide-bearing metal from Uvifaq. Sample weight = 7.144mg. 
Errors on <513C(pdb> are instrumental errors during experiment.

Tem perature 
Step (°C)

Carbon  
Yield (ng) ppm carbon ppm /°C

carbon
£13/-'
0  M P D B ) Iff (%.)

200 72.6 10.2 0.1 -29.8 0.06
400 514 71.9 0.4 -27 0.06
500 310 43.3 0.4 -26.2 0.05
600 89.3 12.5 0.1 -22.7 0.07
700 Not measured
800 417 58.4 0.6 -29.1 0.06
900 1120 157 1.6 -29.9 0.06
950 2040 285 5.7 -32.9 0.06
1000 3340 467 9.3 -32.4 0.06
1050 4560 639 12.8 -36 0.06
1100 16500 2310 46.3 -34.9 0.05
1150 33300 4660 93.2 -30.3 0.06
1200 52200 7300 146.0 -23.6 0.06
1250 29100 4080 81.6 -7.71 0.06
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Table 9 .  Sample HDC, metal sub-sample. Sample weight = 5.33mg. Errors on 6 13C ( p d b )

are instrumental errors during experiment.

Temperature 
Step ( ° C )

Carbon 
Yield (ng) ppm carbon ppm/°C

carbon ¿ ,3C(pdb) Iff (%o)
200 1.4 0.3 0.0 -7.1 0.3
300 69.0 12.9 0.1 -28.0 0.04
400 260 48.8 0.5 -29.4 0.04
500 216 40.5 0.4 -30.9 0.05
550 13.8 2.6 0.1 -32.5 0.08
600 75.4 14.1 0.3 -32.8 0.07
650 283 53.2 1.1 -32.6 0.04
700 540 101 2.0 -31.2 • 0.04
750 462 86.6 1.7 -30.3 0.05
800 2720 510 10.2 -32.3 0.04
850 4440 833 16.7 -34.4 0.04
900 8600 1610 32.3 -31.2 0.04
950 8110 1520 30.4 -30.0 0.04
1000 22400 4210 84.2 -21.3 0.04
1050 6340 1190 23.8 -17.2 0.05
1100 7590 1420 28.5 -1.9 0.05
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Appendix II

Carbon yield data from stepped combustion experiments -

Terrestrial graphite samples

Table 1. Fusan terrestrial graphite. Sample weight 0.0426mg. Data normalised to 50°C 

temperature steps.

Tem perature 
Step (°C)

Carbon Yield 
(ng) ppm carbon ppm /°C carbon

300 182 4270 14.2
400 171 4020 40.2
450 130 3050 61.0
500 213 5000 99.9
550 1110 26000 520
600 4740 111000 2220
650 12800 301000 6030
700 14600 343000 6850
750 4030 94500 1890
800 218.0 5110 102
850 14.8 347 6.90
950 12.3 288 5.80

Table 2. Fusan terrestrial graphite. Sample weight 0.0426mg. Raw data.

Tem perature 
Step (0O

Carbon Yield 
(ng) ppm  carbon ppm /°C carbon

300 182 4270 14.2
400 171 4020 40.2
450 130 3050 61.1
500 213 5000 99.9
525 361 8460 338
550 747 17500 701
575 1570 36800 1470
600 3170 74400 2970
625 5470 128000 5130
650 7370 173000 6920
675 7890 185000 7400
700 6720 158000 6300
725 3010 70600 2820
750 1020 23900 956
775 190 4460 178
800. 27.8 652 26.1
850 14.8 347 6.9
950 12.3 288 2.9
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Table 3. Bavaria terrestrial graphite. Sample weight 0.0426mg. Data normalised to 50°C
temperature steps.

Temperature 
Step CC)

Carbon Yield 
(ng) ppm carbon ppm /°C carbon

300 107.0 2510 8.4
400 85.0 1996 20.0
450 68.9 1619 32.4
500 130 3052 61.0
550 675 15870 317
600 2527 59390 1190
650 8253 193910 3880
700 13565 318720 6370
750 9509 223440 4470
800 5710 134150 2680
850 3046 71570 1430
900 827 19430 389
950 20.5 482 9.6

Table 4. Bavaria terrestrial graphite. Sample weight 0.0426mg. Raw data.

Temperature 
Step (°Q _____

Carbon Yield 
(ng)

ppm  carbon ppm /°C carbon

300 107 2513 8
400 85.0 1996 20
450 68.9 1619 32
500 130 3052 61
525 227 5326 213
550 449 10540 422
575 868 20400 816
600 1660 38990 1559
625 3100 73000 2920
650 5150 120900 4836
675 6740 158400 6335
700 6820 160300 6414
725 5570 130900 5234
750 3940 92580 3703
775 3000 70490 2819
800 2710 63670 2547
850 3050 71570 1431
900 827 19430 389
950 20.5 482 10
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Table 5. Ceylon terrestrial graphite sample. Sample weight 0.0430mg. Data normalised to

50°C temperature steps.

Temperature 
Step (°C)

Carbon Yield
_______ (ng)

ppm  carbon ppm /°C carbon
300 89.9 2090 7.0
400 35.0 812 8.1
450 27.6 641 12.8
500 30.7 714 14.3
550 54.4 1263 25.3
600 117.9 2740 54.8
650 423.6 9842 197
700 1386.7 32220 644
750 3552.0 82530 1650
800 7273.0 169000 3330
850 9435.0 219200 4380
900 12310.0 286000 5720
950 9360.8 217500 4350
1000 4257.2 98910 1980
1050 36.5 848 17.0

Table 6. Ceylon terrestrial graphite sample. Sample weight 0.0430mg. Raw data.
Temperature 

Step (0O
Carbon Yield 

(ng) ppm  carbon ppm /°C carbon
300 89.9 2089 7.0
400 35.0 812 8.1
450 27.6 641 12.8
500 30.7 714 14.3
525 28.6 663 26.5
550 25.8 599 24.0
575 41.4 963 38.5
600 76.5 1778 71.1
625 147.7 3432 137
650 275.9 6410 256
675 508 11800 472
700 878.7 20420 817
725 1432 33300 1330
750 2120 49250 1970
775 2950 68600 2744
800 4320 100400 4015
850 9435 219200 4384
900 12310 286000 5720
950 9360 217500 4350
1000 4257 98910 1980
1050 36.5 848 17.0
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Appendix III

Compositions of olivines and pyroxenes from sub-group B and

sub-group D ureilites

Table 1. Olivine core compositions in sub-group B ureilites.

HH 064

( SD (n=25)

LEW 85328
^ V' SD (n=183) ^

QUE 93341
Av.

(n=81) SD

META78008
SD(n=60) SD

C hem ical com position  (w t% )

S i0 2 38.87 0.37 38.99 0.17 39.04 0.16 38.77 0.35
T i02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

A120 3 0.03 0.01 0.03 0.01 0.03 0.01 0.09 0.18
Cr20 3 0.46 0.02 0.56 0.02 0.56 0.03 0.39 0.02
MgO 39.20 0.26 40.04 0.24 39.68 0.36 38.88 0.34
CaO 0.24 0.01 0.29 0.01 0.31 0.02 0.26 0.01
MnO 0.42 0.01 0.40 0.01 0.41 0.01 0.43 0.01
FeO 20.82 0.29 19.82 0.26 20.07 0.47 21.87 0.44
P2O5 0.04 0.02 0.02 0.01 0.04 0.01 0.04 0.01
NiO 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Na20 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.01
K20 nd nd nd nd nd nd nd nd
Total 100.14 0.40 100.20 0.28 100.17 0.36 100.76 0.30

Cation fo rm u la  b a se d  on  fo u r  oxygens

Si 1.0034 0.0051 1.0017 0.0021 1.0040 0.0019 0.9993 0.0056
Ti 0.0001 0.0003 0.0000 0.0002 0.0000 0.0002 0.0000 0.0000
Al 0.0010 0.0005 0.0010 0.0004 0.0010 0.0004 0.0029 0.0055
Cr 0.0094 0.0005 0.0113 0.0006 0.0113 0.0007 0.0080 0.0004
Mg 1.5086 0.0076 1.5332 0.0064 1.5214 0.0100 1.4942 0.0090
Ca 0.0068 0.0005 0.0081 0.0004 0.0083 0.0006 0.0071 0.0004
Mn 0.0092 0.0004 0.0088 0.0004 0.0090 0.0003 0.0093 0.0004
Fe 0.4496 0.0078 0.4258 0.0060 0.4318 0.0108 0.4714 0.0109
P 0.0010 0.0004 0.0006 0.0005 0.0009 0.0003 0.0008 0.0004

Ni 0.0000 0.0002 0.0000 0.0001 0.0000 0.0001 0.0000 0.0002
Na 0.0012 0.0004 0.0007 0.0006 0.0007 0.0005 0.0009 0.0005
K 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total 2.9904 0.0050 2.9913 0.0023 2.9885 0.0020 2.9938 0.0050

77.0 0.33 78.3 0.30 77.9 0.54 76.0 0.48
Note: n= number of individual points analysed. SD= standard deviation (la). FeO = total 
iron as FeO. nd = not detected.
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Table 2. Pyroxene core compositions in sub-group B ureilites.

Av.

HH064 
Augite

SD

HH064 
OPX

Av.
SD

LEW 85328 
Pigeonite

AV.
v.=q i \ SD

Chemical composi
Si02 53.60 0.30 55.16 0.33 54.48
T i02 0.17 0.01 0.09 0.01 0.09
a i2o 3 2.41 0.13 1.54 0.04 1.35
Cr2Oj 1.96 0.04 1.19 0.03 1.25
MgO 18.15 0 .2 0 27.34 0.16 ,25.67
CaO 14.77 0.16 2.26 0.05 4.69
MnO 0.35 0 .01 0.39 0.01 0.42
FeO 7.82 0.16 12.09 0 .2 2 11.63
P2O5 0 .0 2 0 .0 2 0.01 0.01 0.01

NiO 0 .01 0 .01 0.01 0 .0 2 0 .0 0

Na20 0.90 0 .11 0.19 0.04 0.19
K20 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0

Total 100.16 . 0.36 100.27 0.36 99.78

Cation formula based
Si 1.9527 0.0050 1.9651 0.0060 1.9627
Ti 0.0046 0.0004 0.0025 0.0007 0.0024
Al 0.1034 0.0059 0.0645 0.0018 0.0573
Cr 0.0565 0.0014 0.0335 0.0009 0.0357
Mg 0.9854 0.0088 1.4521 0.0087 1.3788
Ca 0.5762 0.0063 0.0864 0.0019 0.1812

Mn 0.0106 0.0003 0 .0 1 2 0 0.0004 0.0128

Fe 0.2382 0.0054 0.3603 0.0070 0.3503
P 0.0008 0.0009 0 .0001 0.0004 0 .0 0 0 0

Ni 0 .0 0 0 1 0.0004 0 .0 0 0 2 0.0006 0 .0 0 0 0

Na 0.0638 0.0077 0.0133 0.0027 0.0131

K 0 .0 0 0 1 0.0003 0 .0 0 0 0 0.0003 0 .0 0 0 0

Total 3.9923 0.0057 3.9901 0.0059 3.9944

mg# 79.9 0.44 79.6 0.31 79.7
En 54.8 0.35 76.5 0.26 72.2
Wo 32.0 0.28 4.5 0.10 9.5
Fs 13.2 0.31 19.0 0.31 18.3

QUE 93341 
Pigeonite

Av.
(n=82) SD

META78008 
Augite

Av.
(n=36) SD

0.29

0.01

0.02

0.03

0.12

0.06

0.01

0.10
0.01

0.00

0.01

0.00

0.37

wi 6 oxygi 

0.0036 

0.0007 

0.0010 

0.0009 

0.0036 

0.0025 

0.0008 

0.0036 

0.0002 

0.0000 

0.0009 

0.0000 

0.0036

0.16
0.20
0 . 1 1
0.14

54.89

0.08

1.19

I .  17 

25.43 

5.03 

0.42

I I .  83 

0.01 
0.00 

0.13 

0.00
100.19

ns

1.9712

0.0020

0.0504

0.0332

1.3611

0.1938

0.0130

0.3552

0.0001
0.0000
0.0090

0.0000
3.9889

79.3
71.3 
10.2 
18.5

0.20

0.01

0.02

0.03

0.15

0.04

0.01

0.10
0.01

0.00

0.01

0.00

0.38

0.0024

0.0007

0.0010

0.0009

0.0041

0.0015

0.0007

0.0028

0.0003

0.0000
0.0009

0.0002

0.0026

0.15
0.14
0.08
0.13

52.90

0.22

3.14

1.70

18.45

14.30

0.36

8.50

0.03

0.02

0.66

0.00
100.28

1.9276

0.0061

0.1351

0.0490

1.0021
0.5583

0.0108

0.2592

0.0007

0.0004

0.0469

0.0000

3.9963

0.44

0.01

0.14

0.05

0.24

0.29

0.01

0.48

0.02
0.03

0.03

0.00

0.34

0.0069

0.0003

0.0065

0.0014

0.0097

0.0112

0.0006

0.0157

0.0008

0.0008

0.0018

0.0000

0.0061

79.5 1.0
55.1 0.58
30.7 0.63
14.2 0.80

(la). FeO = total iron as FeO.
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Table 3. Olivine core compositions in sub-group D ureilites.

Acfer 277 Novo-Urei PCA 82506 RKPA80239 Sahara 99201
Av.

(n=33) SD
Av.

(n=6 6 ) SD Av.
(n=94) SD Av.

(n=107) SD Av.
(n=44) SD

Chemical composition (wt%)

Si02 39.10 0.25 38.75 0.24 38.51 0 .2 0 40.00 0.19 38.66 0.39

T i0 2 0 .01 0.01 0.01 0.01 0.01 0 .01 0 .0 1 0 .0 1 0.01 0 .0 1

a i2o 3 0 .0 2 0 .01 0.03 0.01 0 .0 2 0.01 0 .0 2 0 .01 0 .0 2 0 .01

Cr20 3 0.72 0 .0 2 0.71 0 .0 2 0.76 0.03 0.73 0.03 0.76 0.03

MgO 40.37 0.28 39.90 0.31 39.99 0.26 43.84 0.37 40.31 0.44

CaO 0.39 0 .0 2 0.35 0 .0 2 0.31 0 .01 0.30 0 .01 0.38 0 .0 2

MnO 0.42 0.01 0.42 0.01 0.41 0 .01 0.45 0.Ò1 0.41 0 .0 2

FeO 19.62 0 .2 2 20.04 0.29 19.40 0.28 15.06 0.46 19.60 0.39

p 2o 5 0 .0 2 0.01 0 .0 2 0.01 0 .0 2 o.pi 0 .0 2 0 .01

NiO 0 .01 0 .01 0.01 0.01 0 .01 0 .01 0 .0 0 0 .0 0 0 .0 1 0 .01

Na20 0 .0 1 0 .01 0 .0 2 0.01 0.01 0 .0 1 0 .0 1 0 .0 1 0 .0 1 0 .0 1

K20 0 .0 0 0 .0 0 0 .0 0 0.00 0.00 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0

Total 1 0 0 .6 8 0.25 100.26 0.46 99.46 0.30 100.45 0.33 100.16 0.52

Cation formula based on four oxygens

Si 0.9993 0.0048 0.9972 0.0027 0.9968 0.0023 1.0023 0.0023 0.9944 0.0047

Ti 0.0000 0.0000 0.0000 0.0001 0.0000 0.0001 0.0000 0.0001 0.0000 0.0000

Al 0.0007 0.0005 0.0009 0.0004 0.0007 0.0005 0.0007 0.0005 0.0007 0.0005

Cr 0.0147 0.0005 0.0144 0.0006 0.0156 0.0006 0.0144 0.0006 0.0154 0.0007

Mg 1.5380 0.0104 1.5304 0.0074 1.5428 0.0075 1.6376 0.0104 1.5455 0.0123

Ca 0.0106 0.0005 0.0096 0.0005 0.0086 0.0005 0.0081 0.0003 0.0105 0.0006

Mn 0.0091 0 .0 0 0 2 0.0090 0.0003 0.0091 0 .0 0 0 2 0.0096 0.0005 0.0090 0.0004

Fe 0.4195 0.0049 0.4313 0.0068 0.4200 0.0067 0.3157 0 .0 1 0 2 0.4215 0.0098

P 0 .0 0 0 2 0.0004 0.0005 0.0005 0.0004 0.0005 0.0005 0.0005

Ni 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0 .0 0 0 2

Na 0.0004 0.0005 0 .0 0 1 0 0.0006 0.0004 0.0005 0.0004 0.0005 0.0003 0.0005

K 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Total 2.9925 0.0048 2.9943 0.0029 2.9943 0.0024 2.9894 0.0024 2.9974 0.0049

m g # 78.6 0.26 78.0 0.33 78.6 0.34 83.8 0.52 78.6 0.49
Note: n = number of individual grain compositions analysed. SD= standard deviation
(la). FeO = total iron as FeO. P was not analysed in sample Sahara 99201.
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Table 4. Pyroxene core compositions in sub-group D ureilites.

Acfer 277 N o v o -U rei PCA 82506 RKPA80239 Sahara 99201
Av.

(n=30) SD Av.
(n=6 ) SD

Av.
(n=l 0 1 ) SD

Av.
(n=55) SD Av.

(n=44) SD

Chemical composition (wt%)

Si02 55.19 0.41 54.62 0.37 55.07 0.29 55.94 0.27 55.02 0.39

T i0 2 0.06 0.01 0.09 0 .0 0 0.05 0 .01 0.08 0.01 0.06 0.01
Al20 3 0.83 0.17 1.00 0 .0 2 0.69 0 .0 s 0.58 0.01 0.71 0.02
Cr2C>3 1.21 0.01 1.32 0 .0 2 1.24 0.03 1.23 0.03 1.24 0.03

i MgO 26.34 0.23 25.53 0.32 27.26 0.15 29.06 0.12 26.24 0.19

CaO 4.87 0.04 4.92 0.03 2.97 0.03 3.31 0.03 4.86 0.06

MnO 0.42 0.01 0.42 0.01 0.42 0.01 0.46 0.01 0.40 Ó.01
FeO 11.53 0.05 11.75 0 .1 0 11.87 0.17 9.48 0.06 11.50 0.15

P 2 O 5 0.01 0.01 0.01 0 .01 0 .0 0 0.01 0.01 0.01
NiO 0.00 0.00 0 .0 0 0 .0 0 0 .01 0.01 0 .0 0 0.00 0.01 0.01
Na20 0.07 0.01 0.14 0 .01 0.07 0 .01 0.09 0.01 0.06 0.01
K20 0.00 0.00 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0.00 0.00 0.00
Total 100.52 0.43 99.79 0.70 99.65 0.39 100.24 0.35 100.09 0.53

Cation formula baaed on six oxygens

Si 1.9719 0.0070 1.9703 0.0023 1.9774 0.0036 1.9771 0.0034 1.9744 0.0044

Ti 0.0015 0.0003 0.0030 0.0000 0.0015 0.0000 0.0019 0.0007 0.0015 0.0000
Al 0.0350 0.0071 0.0425 0.0008 0.0291 0.0035 0.0242 0.0008 0.0298 0.0011
Cr 0.0344 0.0004 0.0375 0.0009 0.0353 0.0009 0.0343 0 .0 0 1 0 0.0353 0.0008

Mg 1.4031 0 .0 1 2 1 1.3725 0.0073 1.4593 0.0047 1.5307 0.0051 1.4039 0.0077

Ca 0.1863 0.0021 0.1903 0 .0 0 2 2 0.1143 0.0015 0.1253 0.0015 0.1867 0.0026

Mn 0.0127 0.0008 0.0130 0.0008 0.0127 0.0007 0.0138 0.0006 0.0121 0.0003

Fe 0.3446 0 .0 0 2 1 0.3543 0.0029 0.3564 0.0055 0.2803 0.0019 0.3451 0.0049

P 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Ni 0.0000 0.0000 0.0000 0.0000 0.0000 0.0003 0.0000 0.0000 0.0000 0.0000
Na 0.0051 0.0007 0.0095 0 .0 0 1 2 0.0049 0.0007 0.0059 0.0006 0.0043 0.0008

K 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Total 3.9943 0.0058 3.9928 0.0033 3.9909 0.0033 3.9936 0.0035 3.9930 0.0042

m g # 80.3 0.14 79.5 0.17 80.4 0.26 84.5 0.09 80.3 0.27
En 72.6 0.21 71.6 0.22 75.6 0.25 79.0 0.11 72.5 0.26
Wo 9.6 0.11 9.9 0.14 5.9 0.07 6.5 0.07 9.6 0.12
Fs 17.8 0.12 18.5 0.15 18.5 0.24 14.5 0.08 17.9 0.25
Note: n = number of individual grain compositions analysed. SD= standard deviation 
(la). FeO = total iron as FeO. P was not analysed in Sahara 99201.
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Appendix IV

Compositions of olivines and pyroxenes from Frontier Mountain 

ureilites and the ureilite Hajmah (a)

Table 1. Pigeonite core compositions from Frontier Mountain ureilites.

FRO 90168-T FRO FRO FRO 90233- FRO 93008-
90228-M 90233-T M V FG

Av.
(n-3) SD n=l n-1 Av.

(n*12i SD Av.
(n-2 ) SD

Chemical composition (wt%)
Si02 55.61 0.50 55.66 56.28 55.55 0,96 54.49 0.72
Ti02 0.07 0.03 0.04 0.04 0.10 0.05 0.06 0.01
A IA 0.80 0.35 0.24 0.38 1.03 0.53 0.55 0.04
C rA 1.07 0.03 1.16 1.11 1.16 0.15 1.09 0.01
MgO 28.11 1.30 27.37 29.98 27.39 2.04 26.05 0.18
CaO 4.57 0.95 3.60 2.79 5.14 1.78 4.39 0.18
MnO 0.47 0.09 0.40 0.41 0.42 0.04 0.40 0.01
FeO 10.29 3.08 12.36 9.28 9.11 1.21 11.87 0.36
NiO 0.05 0.02 0.04 0.03 0.08 0.06 0.02 0.01
Na20 0.03 0.01 . 0.01 0.06 0.19 0.11 0.05 0.00
K20 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00
Total 101.09 0.46 100.87 100.35 100.20 0.40 98.96 0.78

Cation fo rmitla based on six oxygens

Si 1.9635 0.0078 1.9815 1.9815 1.9719 0.0140 1.9793 0.0053
Ti 0.0025 0.0009 0.0015 0.0015 0.0029 0.0015 0.0015 0.0000
Al 0.0335 0.0147 0.0105 0.0150 0.0434 0.0225 0.0233 0.0011
Cr 0.0295 0.0009 0.0330 0.0315 0.0325 0.0045 0.0315 0.0000
Mg 1.4790 0.0509 1.4520 1.5735 1.4486 0.0926 1.4108 0.0053
Ca 0.1730 0.0343 0.13S0 0.1050 0.1958 0.0684 0.1703 0.0053
Mn 0.0135 0.0026 0.0120 0.0120 0.0128 0.0012 0.0120 0.0000
Fe 0.3045 0.0950 0.3675 0.2730 0.2708 0.0383 0.3608 0.0138
Ni 0.0015 0.0000 0.0015 0.0000 0.0023 0.0019 0.0000 0.0000
Na 0.0025 0.0009 0.0000 0.0045 0.0134 0.0079 0.0038 0.0011
K 0.0000 0.0000 0.0000 0.0000 0.0004 0.0007 0.0000 0.0000

Total 4.0030 0.0017 3.9975 3.9975 3.9945 0.0062 3.9930 0.0064

mg# 83.0 4.84 79.8 85.2 84.2 2.46 79.6 0.56
En 75.6 3.09 74.2 80.6 75.6 4.29 72.6 0.24
Wo 8.8 1.79 7.0 5.4 10.2 3.61 8.8 0.34
Fs 15.6 4.72 18.8 14.0 14.2 2.08 18.6 0.58

Note: 
total iron as FeO

SD = standard deviation (la). FeO =
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Table 2. d iv ine core compositions from Frontier Mountain ureilites.
FR O  90036 

SD
(n=15)

F R O  90054

A v ‘ SD  
(n=211

F R O  90168-T

A v ' SD
(n=9) SD

F R O  90168-M

A v" SD  
(n=19)

F R O  90228-T

A v ' SD 
(n =18) bD

F R O  90228-M

, A v ' SD
(n=3)

FR O  90233-T

A v‘ SD 
(n=67)

FR O  93008-FG

A v' SD 
(n=15)

FR O  93008-CG

A v‘ SD
(n=8)

Chemical composition (wt%)
Si0 2 39.22 0.73 40.03 0.33 38 .62 0.43 39.76 0.62 40.31 0.27 39 .06 0.12 38.44 0.37 38.47 0.45 39.80 0.17
T i0 2 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
a i 2o 3 0.05 0.04 0.03 0.01 0.03 0.03 0.14 0.22 0.03 0.01 0.03 0.01 0.05 0.06 0.03 0.01 0.03 0.01
C r20 3 0.62 0.11 0.53 0 .02 0.72 0 .12 0.47 0.08 0.55 0.02 0.77 0.04 0.47 0.08 0.76 0.02 0.55 0.03
M gO 43.07 2.80 46 .16 0.54 39.25 1.33 43.24 3.32 45.99 0.42 40 .17 0.28 39.23 0.52 39.78 0.35 45.61 0.52
C aO 0.37 0.19 0.28 0.01 0.37 0 .04 0.36 0.27 0.28 0.01 0.38 0.06 0.27 0.01 0.40 0.03 0.29 0.01
M nO 0.43 0.03 0.53 0.02 0.40 0 .02 0.44 0.04 0.53 0.01 0.41 0 .0 1 0.40 0.01 0.40 0.01 0.53 0.02
FeO 16.20 3.39 12.98 0.73 21.58 1.70 16.57 3.90 12.92 0.56 20.37 0.09 21.54 0.65 19.84 0.44 12.91 0.58
NiO 0.04 0.02 0.01 0.01 0.02 0 .02 0.02 0.02 0.01 0.01 0.04 0.02 0.04 0.04 0.02 0.01 0.01 0.01
N a20 0.02 0.01 0.01 0.01 0.01 0.01 0.03 0.05 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.02 0.02
K jO 0.00 0.00 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01
Total 100.02 0.49 100.57 0.36 101.01 0 .32 101.06 0.43 100.65 0.22 101.24 0.41 100.45 0.37 99.71 0.42 99.77 0.21

C ation  fo r m u la  ba sed  on  fo u r  oxyg en s

Si 0.9937 0.004S 0.9933 0.0049 0.9937 0.0023 0.9972 0.0052 0.9986 0.0037 0.9967 0.0012 0.9940 0.0049 0.9954 0.0060 0.9957 0.0029
Ti 0 .0000 0.0000 0.0001 0.0004 0.0001 0.0003 0.0002 0.0004 0.0001 0.0002 . 0 .0000 0.0000 0.0000 0.0002 0.0000 0.0000 0.0000 0.0000
Al 0.0016 0.0015 0.0008 0.0004 0.0009 0.0009 0.0041 0.0067 0.0010 0.0003 0.0010 0.0000 0.0015 0.0019 0.0010 0.0005 0.0010 0.0004
C r 0.0124 0.0021 0.0104 0.0005 0.0146 0.0026 0.0093 0.0016 0.0108 0.0005 0.0153 0.0006 0.0095 0.0017 0.0153 0.0005 0.0107 0.0006
M g 1.6259 0 .07S9 1.7077 0.0143 1.5048 0.036S 1.6153 0.0972 1.6984 0.0101 1.5273 0.0045 1.5120 0.0137 1.5343 0.0045 1.7010 0.0154
C a 0.0099 0.0051 0.0074 0.0005 0.0104 0.0012 0.0099 0.0074 0.0074 0.0005 0.0103 0.0015 0.0073 0.0005 0.0111 0.0008 0.0077 0.0006
M n 0.0094 0.0005 0 .0110 0.0005 0.0088 0.0004 0.0094 0.0010 0.0112 0.0004 0.0090 0.0000 0.0087 0.0005 0.0090 0.0000 0 .0 1 11 0.0004
Fe 0.3445 0.0773 0 .2694 0.0160 0.4648 0.0405 0.3489 0.0857 0.2677 0.0123 0.4347 0.0038 0.4659 0.0161 0.4294 0.0121 0.2702 0.0129
Ni 0 .0009 0.0005 0.0001 0 .0004 0.0003 0.0005 0.0004 0.0006 0.0001 0.0003 0.0007 0.0006 0.0008 0.0010 0.0003 0.0005 0.0001 0.0003
N a 0.0009 0.0006 0.0005 0.0005 0.0002 0.0004 0.0016 0.0026 0.0004 0.0006 0.0003 0.0006 0.0008 0.0006 0.0006 0.0007 0.0010 0.0012
K 0.0000 0.0000 0 .0000 0 .0000 0.0000 0 .0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0003
T otal 2 .9992 0.0055 3.0008 0.0053 2.9986 0.0027 2.9961 0.0061 2.9956 0.0038 2.9953 0.0012 3.0006 0.0046 2.9963 0.0060 2.9987 0.0034

™g# 82.5 3.92 86.4 0.78 76.4 2.01 82.2 4.44 86.4 0.60 77.9 0.19 76.5 0.76 78.1 0.50 86.3 0.66
Note: n= number of individual points analysed. SD = standard deviation (la). FeO = total iron as FeO.
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Table 3. Augite core compositions from Frontier Mountain ureilites.

FR090054

Av- SD (n=5)

FRO 90168- 
T

Av* SD( ii= 2 )

FRO 90228-T

, AW’ SD (n=12)

FRO 90233- 
MV

f A V A \  SD(n=4)

FRO 93008- 
CG

Av‘ SD (n=9)
C h em ica l c o m p o sitio n  (w t% )

Si0 2 53.75 0.59 53.56 0.14 53.64 0.36 54.66 0.20 53.24 0.39
Ti0 2 0.25 0.02 0.33 0.01 0.26 0.02 0.21 0.06 0.29 0.04
A 120 3 1.96 0.03 1.80 0.01 1.93 0.06 2.02 0.59 1.84 0.11
Cr20 3 1.35 0.04 1.16 0.03 1.35 0.04 1.11 0.09 1.35 0.04
M gO 19.51 0.22 20.09 0.04 19.51 0.17 25.14 0.73 19.23 0.20
CaO 17.73 0.24 17.63 0.15 18.35 0.24 8.62 1.20 18.65 0.39
M nO 0.38 0.01 0.38 0.01 0.39 0.02 0.45 0.03 0.39 0.01
FeO 4.81 0.73 5.09 0.29 4.66 0.48 7.42 1.69 4.58 0.67
N iO 0.01 0.02 0.03 0.03 0.01 0.01 0.13 0.03 0.01 0.01
N a20 0.24 0.01 0.13 0.01 0.23 0.01 0.30 0.13 0.24 0.02
K 2 0 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.00
Total 99.99 0.37 100.19 0.41 100.32 0.38 100.07 0.67 99.83 0.33

Cation  fo rm u la  b a se d  on  six oxygens

Si 1.9473 0.0095 1.9388 0.0011 1.9403 0.0053 1.9493 0.0104 1.9380 0.0054
Ti 0.0066 0.0008 0.0090 0.0000 0.0071 0.0007 0.0056 0.0014 0.0079 0.0011
Al 0.0834 0.0017 0.0765 0.0000 0.0821 0.0021 0 .0 S51 0.0249 0.0791 0.0048
C r 0.0390 0.0015 0.0330 0.0000 0.0388 0.0013 0.0311 0.0026 0.0390 0.0009
M g 1.0539 0.0064 1.0838 0.0011 1.0520 0.0056 1.3369 0.0365 1.0434 0.0058
Ca 0.6882 0.0062 0 .6S33 0.0074 0.7113 0.0091 0.3289 0.0438 0.7271 0.0126
M n 0.0120 0.0000 0.0120 0.0000 0.0118 0.0006 0.0135 0.0012 0.0120 0.0000
Fe 0.1458 0.0230 0.1545 0.0085 0.1410 0.0151 0.2213 0.0511 0.1399 0.0211
N i 0.0003 0.0007 0.0008 0.0011 0.0000 0.0000 0.0034 0.0008 0.0002 0.0006
N a 0.0165 0.0011 0.0098 0.0011 0.0161 0.0007 0.0210 0.0084 0.0167 0.0010
K 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0008 0.0009 0.0000 0.0000
Total 3.9930 0.0090 4.0013 0.0011 4.0004 0.0062 3.9968 0.0063 4.0033 0.0054

m g# 87.9 1.70 87.5 0.61 88.2 1.13 85.8 3.14 88.2 1.58
En 55.8 0.61 56.4 0.30 55.2 0.51 70.8 1.11 54.6 0.46
Wo 36.5 0.46 35.6 0.54 37.4 0.46 17.4 1.99 38.1 0.75
Fs 7.7 1.16 8.0 0.40 7.4 0.75 11.7 2.83 7.3 1.08

Note: n=number of individual points analysed. SD= standard deviation (lo). FeO= total 
iron as FeO.
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Table 4. Orthopyroxene core compositions from Frontier Mountain ureilites.

F R O  9 0 0 3 6

e r »
(n=2) bD

F R O  9 0 0 5 4

^ v‘ SD  
(n=12) 0U

F R O 9 0 1 6 8 - M

(n= 3)

F R O  9 0 2 2 8 -T

^ v ‘ SD 
(n= 8) bD

F R O  9 0 2 2 8 -M  

(n = l)

F R O  9 0 2 3 3 -T

/ ^  SD (n= 4)

F R O  9 0 2 3 3 -M V

, A v ‘ SD (n=3)

F R O  9 3 3 0 8 -C G

. A v - SD 
(n=5)

F R O  9 3 0 0 8 -F G

í AV»  SD (n=2)
, Chemical composition (wt%)

S i0 2 55.46 0.80 56.33 0.36 56 .70 0.83 56.38 0.38 56.47 55 .24 0.66 55.99 0.87 55.63 0.59 55.85 0.07

T i0 2 0.03 0.01 0.12 0.01 0.02 0.00 0.12 0.01 ’ 0.01 0.11 0.01 0.03 0.01 0.12 0.02 0.11 0.01

A ! 2O j 0.39 0.12 1.24 0 .06 0.57 0.27 1.22 0.03 0.19 1.72 0.41 0.33 0.07 1.19 0.01 1.21 0.03

C r20 3 1.08 0.04 1.07 0.02 0.74 0.25 1.07 0.04 0.98 1.15 0.10 1.06 0.08 1.06 0.03 1.13 0.01

M gO 29.10 0.24 31.12 0.24 29.83 1.69 31.00 0.23 29.68 27.79 0.60 29.68 0.79 30.59 0.27 30.62 0.03

CaO 2.12 0.38 ' 2.38 0.03 1.77 0.64 2.43 0.03 2.28 2.31 0.05 2.39 0.23 2.48 0.03 2.44 0.01

MnO 0.37 0.01 0.52 0.01 0.32 0.08 0.52 0.01 0.37 0.37 0.03 0.38 0.02 0.51 0.01 0.52 0.02

FeO 11.41 0.34 7.90 0.46 10.86 1.93 7.96 0.61 11.11 12.06 0.77 9.98 1.76 8.14 0.54 8.03 0.50

NiO 0.07 0.05 0.01 0.01 0.20 0.29 0.01 0.01 0.09 0.02 0.02 0.11 0.05 0.01 0.01 0.01 0.00

N a20 0.11 0.01 0.04 0.01 0.07 0.03 0.05 0.01 0.03 0.13 0.03 0.05 0.02 0.06 0.03 0.04 0.01

K-.0 0.00 0.00 0.00 0 .00 0.01 0 .00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00

Total 100.14 1.04 100.72 0.23 101.08 0.84 100.78 0.20 101.22 100.91 0.23 100.00 0.12 99.81 0.36 99.96 0.44

C ation  fo r m u la  b a sed  on  s ix  oxyg en s

Si 1.9733 0.0053 1.9610 0 .0067 1.9865 0.0100 1.9628 0.0077 1.9830 1.9553 0.0153 1.9820 0.0122 1.9590 0.0079 1.9620 0.0064

Ti 0.0008 0.0011 0.0030 0.0000 0.0005 0.0009 0.0030 0.0000 0.0000 0.0030 0.0000 0.0010 0.0009 0.0030 0.0000 0.0030 0.0000

Al 0.0158 0.0053 0.0507 0.002S 0.0235 0.0113 0.0501 0.0014 0.0075 0.0724 0.0174 0.0140 0.0031 0.0495 0.0000 0.0503 0.0011

Cr 0.0308 0.0011 0.0^96 0 .0007 0.0200 0.0069 0.0298 0.0010 0.0270 0.0323 0.0029 0.0300 0.0015 0.0294 0.0008 0.0315 0.0000

M s 1.5443 0.0053 1.6153 0 .0074 1.5575 0.0641 1.6091 0.0089 1.5540 1.4663 0.0266 1.5660 0.0270 1.6059 0.0031 1.6035 0.0042

Ca 0.0803 0.0138 0.0SS9 0 .0009 0.0660 0.023S 0.0908 0.0011 0.0855 0.0S7S 0.0026 0.0905 0.0083 0.0933 0.0007 0.0923 0.0011

Mn 0.0105 0.0000 0.0150 0.0000 0.0095 0.0017 0.0150 0.0000 0.0105 0.0109 0.0007 0.0110 0.0009 0.0150 0.0000 0.0158 0.0011

Fe 0.3398 0.0138 0.2299 0.0142 0.3190 0.0622 0.2316 0.0184 0.3270 0.3566 0.0243 0.2960 0.0553 0.2403 0.0177 0.2355 0.0148

Ni 0.0023 0.0011 0.0001 0 .0004 0.0055 0.0083 0.0002 0.0005 0.0030 0.0008 0.0009 0.0030 0.0015 0.0003 0.0007 0.0000 0.0000

N a 0.00S3 0.0011 O-OO^ 0 .0004 0.0045 0.0015 0.0034 0.0007 0.0015 0.0094 0.0026 0.0030 0.0015 0.0042 0.0020 0.0030 0.0000

K 0.0000 0.0000 0.00 0 .00 0.0000 0.0000 0.0002 0.0005 0.0000 0.0000 0.0000 0.0000 0.0000 0.0006 0.0008 0.0000 0.0000

T otal 4.0058 0.0053 4.00 0.01 3.9925 0.0083 3.9958 0.0075 3.9990 3.9945 0.0070 3.9965 0.0131 4.0005 0.0083 3.9968 0.0053

m e# 82.0 0.5 87.5 0 .7 83.0 3 .3 63.6 38.9 82.6 80.4 1 J 84.1 2.7 87.0 0.8 87.2 0.7

En 78.6 0.1 83.5 0 .6 80.2 2 .4 83.3 0.8 79.0 76.7 1.4 80.2 2.2 82.8 0.8 83.0 0.6

Wo 4.1 0 .7 4 .6 0.1 3 .4 1.2 4.7 0.1 4.4 4 .6 0.1 4.6 0.5 4.8 0.1 4.8 0.1

Fs 1 7 J 0 .7 11.9 0 .7 16.4 3 .4 12.0 0.9 16.6 18.7 1 J 15.2 2.6 12.4 0.8 12.2 0.7

Note: n=number of individual points analysed. SD= standard deviation (la). FeO= total iron as FeO
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Table 5. Olivine core compositions in Hajmah (a) ureilite.

A l
Av.

(n=85) SD

Thin Section 
A2

^ V’ SD (n=90)

B2
Av.

(n=43) SD

Si02 40.00 0.20
Chemical Composition (wt%) 

40.17 0.17 40.18 0.23
T i0 2 0.01 0.01 0.01 0.01 0.01 0.01

a i2o 3 0.02 0.01 0.02 0.01 0.02 0.01
Cr20 3 0.75 0.02 0.74 0.03 0.76 0.03
MgO 44.42 0.29 44.43 0.29 44.39 0.27
CaO 0.40 0.01 0.39 0.01 0.40 0.02
MnO 0.45 0.01 0.44 0.01 0.44 0.01
FeO 14.58 0.30 14.22 0.40 14.25 0.28
P2O5 0.01 0.01 0.01 0.01 0.01 0.01
NiO 0.01 0.01 0.01 0.01 0.01 0.01

Na20 0.01 0.01 0.01 0.01 0.01 0.01
k 2o 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.64 0.34 100.44 0.33 100.46 0.53

Si 0.9988
Cation formula based 

0.0020 1.0030
on four oxygens 
0.0019 1.0032 0.0016

Ti 0.0000 0.0001 0.0000 0.0001 0.0000 0.0002
Al 0.0005 0.0005 0.0004 0.0005 0.0005 0.0005
Cr 0.0149 0.0005 0.0146 0.0007 0.0150 0.0007
Mg 1.6537 0.0073 1.6535 0.0079 1.6522 0.0066
Ca 0.0106 0.0005 0.0104 0.0005 0.0106 0.0006
Mn 0.0094 0.0005 0.0092 0.0004 0.0092 0.0004
Fe 0.3044 0.0068 0.2971 0.0086 0.2974 0.0056
P 0.0001 0.0003 0.0001 0.0003 0.0001 0.0004

Ni 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Na 0.0002 0.0004 0.0002 0.0004 0.0003 0.0005
K 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total 2.9926 0.0023 2.9885 0.0022 2.9885 0.0016

m g# 84.5 0.3 84.8 0.4 84.7 0.3
Note: n=number of individual points analysed. SD= standard deviation (la). FeO= total 
iron as FeO.
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Table 6. Pigeonite core compositions in Hajmah (a) ureilite.

A l
Av.

(n=63) SD

Thin Section 
A2

^ V' SD (n=76)

B2
Av.

(n=39) SD

Chemical Composition (wt%)
Si02 56.06 0.32 56.32 0.26 56.36 0.29
TiOz 0.07 0.01 0.07 0.01 0.07 0.01
a i2o 3 0.47 0.16 0.46 0.08 0.53 0.33
Cr20 3 1.08 0.03 1.05 0.03 1.07 0.03
MgO 28.89 0.15 28.87 0.16 28.88 0.19
CaO 4.61 0.04 4.47 ' 0.06 4.58 0.05
MnO 0.45 0.01 0.44 0.01 0.45 0.01
FeO 8.78 0.11 8.60 0.10 8.64 0.06
P2O5 0.00 0.01 0.00 0.01 0.01 0.01
NiO 0.00 0.00 0.01 0.01 0.00 0.00

Na20 0.04 0.01 0.04 0.01 0.04 0.01
k 2o 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.46 0.42 100.35 0.32 100.63 0.34

Cation formula based on six oxygens
Si 1.9773 0.0044 1.9847 0.0034 1.9816 0.0066
Ti 0.0017 0.0005 0.0016 0.0004 0.0018 0.0006
Al 0.0193 0.0066 0.0194 0.0035 0.0220 0.0137
Cr 0.0302 0.0009 0.0294 0.0010 0.0299 0.0007
Mg 1.5190 0.0064 1.5165 0.0054 1.5136 0.0075
Ca 0.1743 0.0018 0.1690 0.0023 0.1725 0.0019
Mn 0.0135 0.0003 0.0134 0.0004 0.0134 0.0004
Fe 0.2589 0.0032 0.2534 0.0034 0.2540 0.0019
P 0.0000 0.0000 0.0000 0.0002 0.0000 0.0000
Ni 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Na 0.0026 0.0007 0.0026 0.0007 0.0027 0.0006
K 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total 3.9969 0.0034 3.9900 0.0033 3.9913 0.0024

mg# 85.4 0.2 85.7 0.2 85.6 0.1
En 77.8 0.2 78.2 0.2 78.0 0.1
Wo 8.9 0.1 8.7 0.1 8.9 0.1
Fs 13.3 0.2 13.1 0.1 13.1 0.1

Note: n=number of individual points analysed. SD= standard deviation (Iff). FeO= total 
iron as FeO.
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Appendix V

Carbon yield and isotopic composition data from stepped

combustion experiments -  Ureiiite samples

Table 1. LEW 85328 (MS614), sample weight = 0.234mg. Errors on 513C(PDb) are 
instrumental errors during experiment.

Tem perature 
Step (°C)

Carbon Yield 
(nS)

ppm carbon ppm/°C
carbon 5 '3C(pdb) (%#) 1(7 (%o)

200 50.6 216 . 1.08 -31.1 0.2
300 164 700 7.00 -28.9 0.2
400 67.6 288 2.89 -13.5 0.2
500 75.9 324 3.24 -6.5 0.2
600 372 1590 15.9 -1.5 0.2
650 2390 10210 204 - 1.0 0.2
700 4980 21280 426 -0.9 0.2
750 1730 7410 148 -0.4 0.2
800 45.4 194 3.88 -3.4 0.2
850 4.99 21.3 0.43 -15.4 0.3
900 7.24 31.0 0.62 -19.7 0.3
950 7.03 30.1 0.60 -21.3 0.3
1000 4.75 20.3 0.41 -18.6 0.3
1050 6.93 29.6 0.59 -21.6 0.3
1100 5.59 23.9 0.48 -20.9 0.3
1150 9.55 40.8 0.82 -25.6 0.3
1200 5.32 22.7 0.45 -25.6 0.3
1300 112 479 4.79 -29.2 0.2
1400 8.96 38.3 0.38 -25.9 0.2
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Table 2. LEW 85328 (MS696), sample weight = 0.336mg. Errors on 513C(pDb) are
instrumental errors during experiment.

Temperature 
Step (°C)

Carbon Yield 
(ng) ppm carbon ppm/°C

carbon ^ 13C(pdb) (%o) lff(°/oo)
300 202 601 2.0 -29.8 0.1
400 59.1 176 1.8 -14.3 0.1
450 27.9 83.1 1.7 -10.5 0.1
500 32.7 97.3 1.9 -9.1 0.1
525 29.5 87.8 3.5 -7.5 0.1
550 82.4 245 9.8 -4.5 0.1
575 254 754 30.2 -3.3 0.1
600 727 2160 86.5 -2.9 0.2
625 1560 4640 186 -2.2 0.2
650 2230 6650 266 -1.9 0.1
675 2600 7750 310 -2.0 0.1
700 2780 8280 331 -2.2 0.1
725 2030 6040 242 -2.2 0.1
750 106 318 12.7 -2.6 0.1
775 2.9 8.7 0.3 -16.7 0.2
800 3.9 11.7 0.5 -20.2 0.2
825 6.7 . 19.8 0.8 -20.7 0.1
850 5.0 14.9 0.6 -24.0 0.2
875 2.6 7.7 0.3 -24.1 0.2
900 3.6 10.8 0.4 -22.3 0.2
950 1.6 4.7 0.1 -15.9 0.3
1000 2.7 7.9 0.2 -15.8 0.2
1100 3.6 10.8 0.1 -15.8 0.2
1200 2.5 7.4 0.1 -24.3 0.2
1300 1.9 5.7 0.1 -18.2 0.2

Table 3. LEW 88774, sample weight = 0.861mg.
Temperature 

Step (°C)___
Carbon Yield 

(ng) ppm carbon ppm/°C
carbon ¿ 13C (p d b ) ( % o ) Iff (%o)

300 450 523 1.7 -25.8 0.1
400 401 465 4.7 -26.0 0.1.
450 320 372 7.4 -26.9 0.1
500 236 274 5.5 -18.9 0.1
525 234 272 10.9 -18.0 0.1
550 294 341 13.6 -16.7 0.1
575 343 399 16.0 -11.3 0.1
600 487 566 22.6 -6.3 0.1
625 911 1058.0 42.3 -3.8 0.2
650 1800 2091.6 83.7 -3.2 0.1
675 2702 3138.9 126 -3.6 0.1
700 3240 3768.1 151 -3.8 0.1
725 2530 2935.1 ■ 117 -3.5 0.2
750 874 1014.6 40.6 -4.4 0.1
775 112 129.5 5.2 -9.0 0.1
800 59.2 68.8 2.8 -14.1 0.1
825 51.0 59.2 2.4 -16.1 0.2850 59.8 69.5 2.8 -15.5 0.2875 62.8 73.0 2.9 -15.9 0.2900 80.9 94.0 3.8 -11.4 0 1950 152 177.0 3.5 -9.2 0.1
1000 363 421.0 8.4 -8.9 0 11100 1120 1294.5 12.9 -5.8 0 21200 648 752.7 7.5 -1.6 0 21300 24.7 28.7 0.3 -23.0 0.1
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Table 4. QUE 93341, sample weight = 1.064 mg.
Temperature 

Step (°C)
Carbon Yield 

(ng) ppm carbon ppm/°C
carbon 5 , 3C (pdb) (%<*) Iff (%o)

300 1375 1293 4.3 -29.5 0.1
400 1254 1178 11.8 -35.5 0.1
450 825.1 775.5 15.5 -38.4 0.1
500 899.1 845.0 16.9 -35.7 0.1
525 1356 1275 51.0 -33.2 0.1
550 471.1 442.8 17.7 -26.9 0.1
575 352.3 331.1 13.2 -16.6 0.1
600 562.9 529.1 21.2 -9.2 0.1
625 1102 1036 41.4 -4.6 0.1
650 1667 1567 62.7 -3.8 0.1
675 1899 1785 71.4 -3.1 0.1
700 1802 1694 67.7 -3.5 0.1
725 1595 1499 60.0 -3.9 0.1
750 1226 1153 46.1 -3.9 0.1
775 631.8 593.8 23.8 -5.2 0.1
800 212.3 199.5 8.0 -11.1 0.2
825 74.1 69.6 2.8 -28.1 0.1
850 57.7 54.2 2.2 -35.3 0.1
875 56.9 53.5 2.1 -34.4 0.1
900 56.4 53.0 2.1 -34.4 0.2
950 60.4 56.8 1.1 -34.9 0.2
1000 62.6 58.8 1.2 -35.1 0.1
1100 42.9 40.4 0.4 -36.5 0.1
1200 33.0 31.1 0.3 -39.4 0.2
1300 72.9 68.5 0.7 -36.7 0.1

Table 5. Y 790981, sample weight = 1.079mg.
Temperature 

Step (°C)
Carbon Yield 

(ng) ppm  carbon ppm/°C
carbon ¿ 13C(pdb) (%«) Iff (%o)

300 479.5 444.5 1.5 -28.2 0.1
400 459.8 426.3 4.3 -29.5 0.1
450 152.5 141.4 2.8 -33.8 0.1
500 131.8 122.2 2.4 -27.8 0.1
525 92.1 85.4 3.4 -15.7 0.1
550 93.1 86.3 3.5 -9.1 0.1
575 162.5 150.7 6.0 -5.1 0.1
600 405.8 376.2 15.0 -2.6 0.1
625 1202 1114 44.6 -1.2 0.1
650 2216 2054 82.2 -0.6 0.1
675 2940 2725 109.0 -0.7 0.1
700 4440 4116 164.6 -0.9 0.1
725 5807 5384 215.3 -1.4 0.1
750 4192 3887 155.5 -1.1 0.2
775 2857 2648 105.9 -1.3 0.2
800 1219 1130 45.2 -1.7 0.2
825 164.9 152.9 6.1 -7.1 0.1
850 38.2 35.4 1.4 -26.2 0.2
875 36.0 33.4 1.3 -28.0 0.2
900 34.1 31.7 1.3 -26.9 0.1
950 33.1 30.7 0.6 -27.1 0.1
1000 18.7 17.3 0.3 -28.0 0.1
1100 1.7 1.6 0.0 -18.3 0.2
1200 17.9 16.6 0.2 -22.5 0.2
1300 25.3 23.5 0.2 -21.5 0.1
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Table 6. META78008, sample weight = 0.194mg.
Temperature 

Step (°C)
Carbon Yield 

(ng)
ppm carbon ppm/°C

carbon 513C(pdb) ( % o) I f f  ( % o )

200 66.5 343 1.7 -32.4 0.1
300 236 1220 12.2 -26.5 0.1
400 73.2 377 3.8 -18.4 0.1
500 72.1 371 3.7 -7.0 0.1
600 250 1290 12.9 -1.8 0.1
650 836 4310 86.2 -1.0 0.1
700 1110 5720 115 -0.9 0.1
750 575 2960 59.3 t -0.6 0.1
800 26.1 135 2.7 -3.7 0.1
850 4.9 25.0 0.5 -7.2 0.1
900 4.1 21.3 0.4 -10.1 0.1
950 3.9 20.3 0.4 -12.8 0.1
1000 3.2 16.6 0.3 -14.0 0.1
1050 3.5 17.9 0.4 -18.3 0.1
1100 3.5 17.9 0.4 -20.4 0.1
1150 Not measured
1200 4.0 20.6 0.4 -23.2 0.1
1300 4.2 21.7 0.2 -15.1 0.1
1400 3.6 18.7 0.2 -20.0 0.1
1450 3.6 18.7 0.4 -24.8 0.1

Table 7. Acfer 277, sample weight 1.155mg

Tem perature 
Step (°C)

Carbon Yield 
(ng) ppm  carbon ppm/°C

carbon 5I3C(pdb) (%«) Iff (%.)
300 178.0 154.1 0.5 -24.1 0.1
400 178.3 154.4 1.5 -22.9 0.1
450 109.8 95.1 1.9 -17.9 0.1
500 141.4 122.4 2.4 -14.0 0.1
525 166.9 144.5 5.8 -10.2 0.1
550 . 240.8 208.5 8.3 -7.8 0.1
575 470.3 407.2 16.3 -4.2 0.1
600 1004 869.4 34.8 -2.7 0.1
625 2149 1860 74.4 -2.5 0.1
650 4034 3493 139.7 -2.7 0.1
675 5460 4727 189.1 -2.4 0.1
700 4405 3813 152.5 -2.5 0.1
725 1746 1511 60.5 -2.3 0.1
750 1897 1643 65.7 -2.6 0.1
775 1777 1538 61.5 -2.3 0.1
800 1813 1570 62.8 -2.7 0.1
825 1562 1353 54.1 -2.1 0.1
850 791.3 685.1 27.4 -3.7 0.2
875 104.3 90.3 3.6 -8.6 0.1
900 23.1 20.0 0.8 -20.0 0.1
950 27.1 23.4 0.5 -20.9 0.2
1000 24.6 21.3 0.4 -21.9 0.2
1100 16.7 14.5 0.1 -24.4 0.2
1200 33.4 28.9 0.3 -20.9 0.2
1300 47.9 41.5 0.4 -16.3 0.1
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Table 8. EET 83225, sample weight 0.694mg.
Tem perature 

Step (°C)
Carbon Yield 

(ng)
ppm carbon ppm/°C

carbon ¿ 13C(pdb) (%<•) Iff (%«)
300 474 683 2.3 -27.4 0.1
400 383 552 5.5 -30.0 0.1
450 139 200 4.0 -36.0 0.1
500 111 160 3.2 -33.1 0.1
525 91.7 132 5.3 -23.4 0.1
550 112 161 6.4 -16.0 0.1
575 143 206 8.3 -12.0 0.1
600 267 385 15.4 -8.3 0.1
625 530 764 30.6 -6.3 0.1
650 974 1400 56.1 -5.2 0.1
675 1620 2330 93.1 -4.4 0.1
700 1930 2780 ' 112 -4.9 0.1
725 1940 2790 112 -4.4 0.1
750 1970 2840 114 -4.5 0.2
775 1750 2520 101 -5.2 0.2
800 929 1340 53.5 -4.9 0.2
825 165 238. 9.5 -9.3 0.2
850 31.4 45.3 1.8 -24.5 0.2
875 28.7 41.3 1.7 -29.2 0.2
900 30.6 44.0 1.8 -28.5 0.2
950 40.9 59.0 1.2 -28.6 0.2
1000 46.4 66.8 1.3 -28.2 0.2
1100 64.1 92.3 0.9 -26.7 0.2
1200 98.6 142 1.4 -30.0 0.2
1300 24.4 35.1 0.4 -28.9 0.1

Table 9. Novo-Urei, sample weight = 0.864mg.
Tem perature 

Step (°C)
Carbon Yield 

(nS)
ppm carbon ppm/°C

carbon ^ BC(pdb) (%«) lff(%»)
300 3360 3980 13.2 -28.5 0.1
400 1830 2160 21.6 -24.1 0.1
450 454 537 10.7 -17.6 0.1
500 524 619 12.4 -10.6 0.1
525 762 , 900 36.0 -4.1 0.1
550 1070 1260 50.3 -2.8 0.1
575 1470 1730 69.3 -2.9 0.1
600 2240 2650 106 -2.5 0.1
625 3460 4090 164 -2.0 0.1
650 5410 6390 256 -1.6 0.2
675 4770 5640 226 -2.4 0.2
700 1650 1950 77.8 -2.9 0.2
725 329 389 15.6 -5.9 0.1
750 133 157 6.3 -11.7 0.1
775 148 175 7.0 -10.6 0.2
800 290 343 13.7 -24.4 0.2
825 61.1 72.2 2.9 -22.9 0.2
850 42.6 50.3 2.0 -25 0.2
875 40.7 48.1 1.9 -25.9 0.2
900 40.0 47.3 1.9 -27 0.2
950 50.3 59.5 1.2 -27.1 0.2
1000 75.6 89.3 1.8 -26.1 0.2
1100 144 171 1.7 -28.2 0.2
1200 50.1 59.2 0.6 -26.1 0.3
1300 44.0 52.0 0.5 -26.3 0.1
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Table 10. PCA 82506, sample weight 0.396mg.
Tem perature 

Step (°C)
Carbon Yield 

_____ (°g)
ppm carbon ppm/°C

carbon § 13Q p d b ) ( % « ) Iff (%o)
300 325 821 2.7 -28.2 0.1
400 358 905 9.0 -42.7 0.2
450 186 469 9.4 -41.8 0.1
500 172 433 8.7 -34.9 0.2
525 139 345 13.8 -25.5 0.1
550 211 533 21.3 -16.2 0.1
575 382 966 38.6 -11.8 0.2
600 851 2150 85.9 -9.4 0.2
625 1970 4960 199 -8.1 0.2
650 3570 9000 360 -7.4 0.2
675 4930 12500 499 -8.0 0.2
700 5750 14500 581 -7.1 0.1
725 4210 10600 426 -7.2 0.1
750 959 2420 96.9 -7.6 0.1
.775 0.6 1.6 0.1 -17.6 0.6
800 1.1 2.8 0.1 -19.6 0.4
825 1.0 2.6 0.1 -20 0.3
850 2.5 6.4 0.3 -25.6 0.2
875 0.7 1.7 0.1 -23.4 0.5
900 1.2 3.1 0.1 -23.6 0.3
950 2.3 5.7 0.1 -25.6 0.2
1000 2.1 5.4 0.1 -26 0.3
1100 4.7 11.9 0.1 -26.4 0.3
1200 0.6 1.6 0.0 -25.7 0.6
1300 2.8 7.0 0.1 -23.2 0.2

Table 11. RKPA80239 (MS570), sample weight = 0.106mg.
Tem perature 

Step (°C)
Carbon Yield 

(ng)
ppm carbon ppm/°C

carbon 5 13C ( p d b ) ( % o) Iff (%o)
200 62.1 586 2.93 -32.7 0.0
300 164 1550 15.5 -27.0 0.0
400 181 1710 17.1 -23.9 0 .1
500 54.3 512 5.12 -17.6 0 .1
600 258 2430 24.3 -10.2 0.0
650 1350 12800 255 -8.8 0.0
700 2690 25400 507 -8.8 0.0
750 1750 16500 330 -8.5 0.0
800 650 6130 122 -8.8 0.0
850 776 7320 146 -9.0 0.0
900 382 3600 72.1 -9.7 0.0
950 12.8 121 2.41 -18.6 0.0
1000 3.5 32.8 0.66 -18.7 0 .1
1050 4.9 46.5 0.93 -22.0 0 .1
1100 2.3 21.4 0.43 -14.9 0 .1
1150 2.8 26.0 0.52 -19.2 0 .1
1200 3.5 32.7 0.65 -23.3 0 .1
1300 2.6 24.6 0.25 -16.7 0 .1
1400 2.3 21.6 0.22 -15.5 0 .1
1500 2.0 19.0 0.19 -17.4 0.1
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Table 12. RKPA80239 (MS651), sample weight = 0.271mg.
Tem perature 

Step (°C)
Carbon Yield

(ng)
ppm carbon ppm/°C

carbon ¿ 13C(pdb) (%») Iff (%o)
300 313 1160 3.9 -25.7 0.2
400 229 844 8.4 -21.8 0.1
450 61.2 223 4.5 -15.2 0.1
500 82.2 303 6.1 -11.7 0.1
525 96.5 356 14.2 -11.6 0.2
550 143 527 21.1 -10.7 0.2
575 243 895 35.8 -9.3 0.2
600 475 1750 70.1 -9.3 0.2
625 1180 4350 174 -9.3 0.2
650 2210 8160 326 -8.8 0.2
675 3190 11800 471 -8.9 0.2
700 4810 17800 710 -9.2 0.2
725 4560 16800 670 -9.1 0.2
750 803 2960 119 -9.6 0.2
775 433 1600 63.9 -9.5 0.2
800 234 864 34.6 -10.0 0.2
825 84.7 313 12.5 -12.9 0.2
850 22.2 81.9 3.3 -17.3 0.2
875 9.0 33.0 1.3 -25.9 0.2
900 5.9 21.7 0.9 -26.7 0.2
950 7.5 27.5 0.6 -27.4 0.2
1000 10.1 37.5 0.7 -27.5 0.2
1100 7.1 26.3 0.3 -25.3 0.2
1200 3.2 11.6 0.1 -27.6 0.3
1300 2.3 8.4 0.1 -22.5 0.2

Table 13. Sahara 99201, sample weight = 0.215mg.

Tem perature 
Step (°C)

Carbon Yield 
(ng) ppm carbon ppm/°C

carbon ¿ I3C(pdb> (%«) Iff (%o)
300 103 478 1.6 -24.8 0.2
400 53.6 249 2.5 -19.4 0.2
450 25.1 117 2.3 -12.4 0.1
500 39.0 181 3.6 -10.1 0.1
525 59.0 275 11.0 -5.8 0.1
550 120 556 22.3 -3.3 0.2
575 309 1440 57.6 -3.4 0.2
600 698 3250 130 -2.2 0.1
625 1380 6440 257 -2.0 0.2
650 1900 8840 354 -1.9 0.2
675 1470 6840 274 -3.1 0.2
700 611 2840 114 -2.3 0.2
725 137 639 25.5 -3.3 0.2
750 20.2 94.1 3.8 -10.4 0.2
775 3.1 14.6 0.6 -17.1 0.3
800 9.5 44.2 1.8 -22.3 0.2
825 9.8 45.4 1.8 -22.3 0.2
850 2.3 10.5 0.4 -17.9 0.3
875 9.4 43.9 1.8 -24.3 0.2
900 7.8 36.5 1.5 -24.5 0.2
950 9.7 45.0 0.9 -22.8 0.2
1000 12.1 56.3 1.1 -22.7 0.2
1100 10.5 48.8 0.5 -24.3 0.3
1200 17.0 78.9 0.8 -25.6 0.2
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