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ABSTRACT

Experimental, petrographic and numerical methods are used to explore the igneous
evolution of the early solar system. Chapters 1 and 2 detail the results of petrographic
and experimental studies of a suite of primitive achondritic meteorites, the ureilites. The
first chapter presents data that reveal correlations between mineral modal proportions and
mineral chemistry that are used to guide experiments and models of ureilite petrogenesis.
Chapter 2 details and applies the experimental results to describe ureilite petrogenesis as
the result of progressive heating of a primitive carbon-rich body. The experiments place
temperature and depth constraints on ureilite formation of 1100 to 1300°C and 5 to 13
MPa — equivalent to the central pressure of an asteroid with a radius of 130 km. Chapter
3 reports the results of melting experiments of Allende carbonaceous chondrite at
temperatures and pressures that would be expected on small bodies in the early solar
system (up to 1300°C and 2.5 to 15 MPa) heated by decay of short lived isotopes. The
results are then applied to ureilite petrogenesis and assembly of larger planetary bodies.
The final chapter is an experimental study to test a hybridized source region for the high
titanium lunar ultramafic glasses. Two models are presented that invoke either a
heterogeneous source region or sinking and reaction of an ultramafic, titanium rich
magma with underlying mantle regions.

Thesis Supervisor: Timothy L. Grove
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Introduction

Since the collapse of the primitive solar nebula, igneous activity has continually modified
the material that constitutes our solar system. Driven by heat generated from radioactive
decay and kinetic energy released by impacts, this activity has lead to the existence of a
wide array of rocks that record the history of our solar system. The stories recorded in
the rocks are more often than not incomplete — some pages are missing, others blurred
and smeared — such that a simple and straightforward reading of their history is not
possible.

In this work, we try to reconstruct several missing portions of our solar system history

through the use of detailed petrographic study, petrologic modeling and experiments.

Chapter 1: Early petrologic processes on the ureilite parent body.

Detailed petrographic studies of 21 individual ureilites reveal the existence of previously
unrecognized trends that indicate a partial melting, reaction relationship occurring at low
pressure and low oxygen fugacity could be responsible for the observed compositional
and modal arrays in ureilites. Reconnaissance experiments confirm that a smelting type

reaction will generate trends such as those observed in ureilites.

Chapter 2: Experimental constraints on ureilite petrogenesis.

A detailed experimental study was conducted to quantify the smelting process that was
proposed in chapter 1. These experiments place constraints on the depths and
temperatures at which the ureilites could have been generated. A model of ureilite

petrogenesis is developed that invokes heterogeneous accretion of a single ureilite parent



body. Differential heating and diapirism on the parent body lead to the observed ureilite
trends in composition, modal proportions and isotopic signatures. The model seeks to

reconcile data that suggest very different mechanisms for ureilite petrogenesis.

Chapter 3: Partial melting experiments of Allende CV3 material.

Concrete links between evolved meteorites/planetary material and the most primitive
material represented in our collections have proved elusive. Several reconnaissance
experiments were conducted to evaluate the melting behavior of primitive material at
modest pressures of ~5 to 10 MPa, equivalent to a small body of 50 to 100 km in radius.
In addition to supplementing existing data, the results are used to model the
compositional behavior of small bodies under going partial melting. The results are
applied to ureilite petrogenesis as well as to the effect of partial melting at low pressure
on the geochemical characteristic of larger bodies (Earth size) that are assembled from

the smaller bodies.

Chapter 4: Origin of high titanium lunar ultramafic glasses: A hybridized source?
Experiments performed for this chapter were designed to investigate igneous activity on a
more evolved body, later on in solar system. High-Ti volcanic glasses recovered from
the lunar surface by the Apollo astronauts have long been enigmatic in origin. They were
produced after crystallization of a lunar magma ocean but exactly how they were
generated and even where they originated has remained a mystery. We present data to

evaluate a long proposed model of a hybridized source in the lunar mantle. We suggest



generation from a heterogeneous source region or a multi-stage history involving

assimilation during sinking of high-Ti bearing melts after generation.



Chp. 1. Early Petrologic Processes on the Ureilite Parent Body

Singletary S.J. and Grove T.L. (2003) Early petrologic processes on the ureilite parent
body. Meteoritics and Planetary Sciences. 38, 95-108.

Abstract

We present a petrographic and petrologic analysis of 21 olivine-pigeonite ureilites, along
with new experimental results on melt compositions predicted to be in equilibrium with
ureilite compositions. We conclude that these ureilites are the residues of a partial
melting/smelting event. Textural evidence preserved in olivine and pigeonite record the
extent of primary smelting. In pigeonite cores, fine trains of iron metal inclusions are
observed that formed by the reduction of olivine to pigeonite and metal during primary
smelting. Olivine cores lack metal inclusions but the outer grain boundaries are variably
reduced by a late-stage reduction event. The modal proportion of pigeonite and
percentage of olivine affected by late stage reduction are inversely related and provide an
estimation of the degree of primary smelting during ureilite petrogenesis. In our sample
suite this correlation holds for 16 of the 21 samples examined.

Olivine-pigeonite-liquid phase equilibrium constraints are used to obtain temperature
estimates for the ureilite samples examined. Inferred smelting temperatures range from
~1150°C to just over 1300°C and span the range of estimates published for ureilites
containing two or more pyroxenes. Temperature is also positively correlated with modal
percent pigeonite. Smelting temperature is inversely correlated with smelting depth - the
hottest olivine-pigeonite ureilites coming from the shallowest depth in the ureilite parent
body. The highest temperature samples also have oxygen isotopic signatures that fall
toward the refractory inclusion rich end of the carbonaceous chondrite — anhydrous
mineral (CCAM) slope 1 mixing line. These temperature-depth variations in the ureilite
parent body could have been created by a heterogeneous distribution of heat producing
elements indicating that isotopic heterogeneities existed in the material from which the
ureilite parent body was assembled.

Introduction

Ureilites are primitive achondrites that are enigmatic in origin. They primarily contain
olivine and pyroxene in proportions that vary with mineral composition. Pigeonite occurs
as the only pyroxene phase in the majority of ureilites, with augite present in ~10% of the
ureilites as small, irregular lamella and blebs in pigeonite and as larger discrete crystals.
Orthopyroxene is also present in a number of ureilites giving pyroxene assemblages of
pigtaugtopx, pigtopx and augtopx (Goodrich, 1992; Mittlefehldt er al, 1998; Takeda et

al, 1989). Ureilites contain significant amounts of carbon (~3 wt% on average) typically



found in an intergranular matrix in the form of graphite, lonsdaleite, and diamond (Grady
et al, 1985). The matrix also contains minor metal (Fe and Ni), sulfides and fine-grained
silicates (Mittlefehldt e al, 1998). The typical ureilite texture is characterized by ~1 mm,
elongate, irregular pigeonite and olivine grains with curved intergranular boundaries that
generally meet in triple junctions (Berkley et al, 1976; Goodrich, 1992). A few ureilites
are texturally heterogeneous and contain regions with the typical mm-sized ureilite
texture and regions that contain large pyroxene crystals (up to 15 mm, Mittlefehldt ez al,
1998).

Several different models have been proposed to explain the processes that generated the
ureilites. Goodrich et al (1987) developed a multi-stage, igneous cumulate model based
on textures in the ureilites and chemical trends in the major mineral phases. They posited
that ureilites were precipitated from magmas generated by small degrees of melting
(<10%) of a source depleted in plagioclase. Goodrich er al (1987) shows the precursor
material must have superchondritic Ca/Al ratios. Carbonaceous chondrites, the most
plausible precusors, do not have superchondritic Ca/Al ratios and the formation of a
ureilite from them would require more than one stage of melt extraction. A problem with
this model is that it implies that only a small volume of the original parent material was
converted into ureilites. Since the ureilites constitute the second largest group of
achondrites, one would expect the complementary material to be represented in our
collections. However, no meteorite type complementary to the ureilites has been
identified (Rubin, 1988).

Other workers have modeled ureilites as residues of partial melting (Boynton et al, 1976;

Scott et al, 1993; Wasson et al, 1976). Previously, the residue models failed to account
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for strong mineral alignments observed in the ureilites that suggest they are cumulate in
origin (Berkley et al, 1980; Rubin, 1988). Walker and Agee (1988) presented
experimental evidence that showed the textural alignments could have been formed by
thermal compaction, consistent with the residue hypothesis. Early residue models
ascribed the high carbon content to impacts of carbon rich bodies into the ureilite parent
body. Carbon injection by impacts does not explain the presence of large graphite
crystals in low-shock ureilites (Berkley and Jones, 1982). Impact injection also fails to
account for carbide-bearing metallic spherules (up to 100 pm) contained within olivine
grains that suggest carbon is a primary constituent of the ureilite parent material
(Goodrich and Berkley, 1986).

Takeda (1987a) proposed that ureilites represent nebular condensates that underwent high
temperature recrystallization during the early stages of planetesimal collision. If this
were the case, ureilites should have higher sulfur contents than they do (Rubin, 1988), as
sulfide melts do not readily separate from a crystalline silicate melt (Walker and Agee,
1988). Smelting of an olivine-rich source has also been suggested as a petrogenetic
process to account for the ureilites (e.g. Warren and Kallemeyn, 1992; Walker and
Grove, 1993). The amount of smelting is controlled by C-O-Fe equilibria which is
strongly pressure dependent. At low pressures (2.5 MPa) FeO in silicates is unstable and
is reduced to Fe metal, producing MgO-rich silicates and a CO gas. Above 10 MPa
smelting is suppressed and Fe silicates coexist with graphite (Walker and Grove, 1993).
Therefore, the less smelted ureilite samples record greater depths in the parent body, and
the more smelted samples record shallow depths. Many authors have argued that if

smelting had occurred, there should exist correlations between the modal percentage of
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pyroxene, metal content and mg# (defined here as molar MgO/[MgO+FeO]) (e.g.
(Goodrich, 1992; Mittlefehldt e al, 1998). In previous investigations none of these
correlations were found.

This paper presents a study of ureilite petrology coupled with a set of reconnaissance
experiments to evaluate smelting as a primary petrogenetic process in the genesis of the
ureilites. The smelting process we are hypothesizing is a different and distinct process
than that responsible for the reduction rims on ureilite olivine. As many authors have
suggested, these reduction rims were formed by a secondary, late-stage reduction process
that may have been associated with the disruption of the parent body (e.g. Warren and
Kallemeyn, 1992). By studying a large sample suite of ureilites, we hoped to identify the
petrologic systematics that have thus far eluded researchers. The experimental results
provide an independent check on our results and provide pressure and temperature

estimates of ureilite equilibration.

Techniques

Elemental Mapping
For this study we chose 21 thin sections from 19 olivine-pigeonite ureilites representing a
range of mineral compositions. The sample suite is listed in Table 1. There are two sets
of paired meteorites within the sample set — EET 96293 paired with EET 96314 and QUE
93336 paired with QUE 93341. The MIT JEOL 733 Superprobes were used to obtain
high-resolution, back-scattered electron images and elemental x-ray maps of each section.
The maps are rectangular in shape and were obtained so as to image the maximum area of

the sample with minimal epoxy overlap. The elemental maps were obtained with a stage-
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raster technique using an electron beam fixed at x-ray focus, an accelerating potential of
15 kV, a current of 30 nA and diameter of 10 pm. The number of stage steps per traverse
(which range from 750 to 1500) and dwell times per stage step (from 5 to 10 msec/step)
were varied to obtain a stage speed of 0.1 mm/sec. Step sizes ranged from 10 to 30 um.
Elemental intensities were obtained using wavelength dispersive techniques with Ca, Fe,
and Mg measured simultaneously by separate spectrometers.
The pixels of each map were assigned values based on brightness, which is directly
proportional to the abundance of the element in the imaged spot. The assigned values
were then counted and binned to obtain an approximation of the modal proportions of the
phases in the image. Only the Mg map was used to obtain the phase proportions as
pigeonite, olivine and the reduced rims were easily differentiated based on Mg content.
The phase proportions in each thin section were then taken to represent the modal
mineralogy in the entire meteorite. We should note here that we assume the thin sections
are representative of the meteorite. For some of the coarser-grained (3mm grain size)
ureilites the mapped areas may not provide a representative sample of modal mineralogy
and some ureilites may possess textural variability that can not be observed in 10 mm by
5 mm thin sections. The results of the mapping are provided in Table 1.

Experiments
Reconnaissance smelting experiments were carried out using two different starting
compositions (Table 2) to explore the temperature-pressure relations of the smelting
reaction. The experimental conditions and products are listed in Table 3. The bulk
composition of the first mix (PTL) is an approximation of one of three primary trapped

liquid compositions from Goodrich et al (2001) and was used as a first approximation to
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obtaining saturation with the correct phases. The second mix (PU) is an average of melt
compositions calculated to be in equilibrium with the ureilite minerals in the 21 samples
used in this study. The average PU bulk composition was determined by using the
compositions of the major silicate phases in the ureilite samples, temperatures obtained
from the olivine-pigeonite thermometer and distribution coefficients calculated from
published experiments (see discussion of the olivine-pigeonite thermometer below).
The mixes were prepared by combining high purity oxides and Fe sponge (Grove and
Bence, 1977). Grinding under ethanol for six hours produced a uniform powder. Ten to
15 mg of the starting material were loaded into a small graphite crucible and then into a
Pt tube that was welded on the bottom and loosely crimped and open on the top. The Pt
tube and its contents were then run at 1150° to 1220°C for ~19 hrs in a rapid quench,
externally heated, 0.25” 1.D., ZHM alloy, cold seal pressure vessel pressurized with CO
(see Walker and Grove, 1993). Runs were terminated by inverting the ZHM vessel as it
was extracted from the furnace, allowing the Pt tube to drop to the cold seal region of the
vessel at pressure where the charge quenched. The charges were extracted from their
tubes and crucibles, crushed and optically examined by reflected light, mounted in epoxy,
then ground and polished to a flat surface for reflected light and electron microprobe
examination.

Phase Analysis
The chemical compositions of the major silicate phases in both the ureilite sections and
experimental charges were obtained by electron microprobe analysis. The phases were
analyzed at an accelerating voltage of 15 kV and a beam current and diameter of 10 nA

and ~2 pm. Glasses in the experimental charges were analyzed with a beam diameter of
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10 um. The CITZAF correction package of Armstrong (1995) was used to reduce the
data. The atomic number correction of Duncomb and Reed, the Heinrichs tabulation of
absorption coefficients, and the fluorescence correction of Armstrong were used to obtain
a quantitative analysis (Armstrong, 1995). Compositions of the experimental run

products and ureilite samples are presented in Tables 3 and 4, respectively.

Petrography and Mineralogy

Pyroxenes
The majority of the pyroxenes present in ureilites are pigeonites with mg#s from 76 to 93
(Table 4). The pigeonite mg#s correlate with those of coexisting olivine, indicating
equilibrium between the two phases, noted by earlier studies (Goodrich, 1992). The
pigeonites within each section display grain to grain homogeneity and lack exsolution
features, indicating rapid cooling from high temperatures (Goodrich, 1992; Takeda,
1987b).
The pigeonites examined in this study are riddled with trains of fine-grained, metallic
inclusions (Fig. 1a) that have been observed previously (Berkley et al, 1980; Goodrich,
1992). The percentage of metallic inclusions contained in pigeonite reported in Table 1
is an average of several grains within each thin section as determined by image analysis
of high-resolution BSE images. The values range from 0.46 to 2.60 % over all the
ureilites examined (Table 1). Individual inclusions display sharp boundaries with the
host pigeonite. Most importantly, no reduction haloes are observed around the
inclusions, suggesting that they are co-genetic with the pigeonite and were not produced

by the late-stage reduction event that modified the olivine rims.
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Olivine
Olivine grains are euhedral to anhedral with core compositions ranging from Fose to Foo;
(Table 3), consistent with previous reports for the ureilite compositional range (Berkley
et al, 1980; Goodrich, 1992; Mittlefehldt et al, 1998). The cores of the olivine grains are
homogeneous and devoid of the tiny metal inclusions observed in pigeonite (Fig. 1b).
Thin reduction rims (~10 to 100 um) are present on all of the olivine grains where in
contact with the carbon-rich matrix. The rims are composed of nearly pure forsterite,
enstatite and tiny inclusions of Ni-free Fe metal (Mittlefehldt er al, 1998). Metal
inclusions in the interior of olivine have been noted rarely (e.g. ALHA77275, Berkley
and Jones, 1982). The inclusions in ALHA77275 are on the order of 5-20 um in size and
contain kamacite + sulfide (troilite) and display eutectoid metal-sulfide intergrowths.
In general, a sharp contact is observed between the reduced rim and the homogeneous
interior of the olivines. Reduction rims are also found in the other major phases
(pigeonite, and some chromite) but are much less pronounced than the ubiquitous olivine
rims (Berkley et al, 1980). The reduction rims are interpreted to have been formed
during a late stage reduction event that affected all ureilites (Berkley et al, 1976; Berkley
et al, 1980; Goodrich, 1992; Warren and Kallemeyn, 1992; Mittlefehldt ez al, 1998).

Modal proportions
The sample suite displays a range of modal pigeonite proportions. Sample EET 96293
defines the upper limit of the range at ~56% pigeonite, with the lower end bounded by
GRA 95205 at ~5% pigeonite. A range in the amount of reduction of olivine (measured
as the percent olivine contained in reduction rims) is also observed - from 0 to 60%.

Figure 2 shows the modal proportions of pigeonite plotted against the amount of
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reduction in the rims of the olivine grains for each sample. Examination of Mg elemental
maps of samples from the extremes of the trend reveals that those sections with higher
proportions of pigeonite have sharper, more distinct grain boundaries. Conversely,
sections with a low pigeonite component have large amounts of secondary olivine
reduction and more diffuse, less well defined grain boundaries (Fig. 3).

The data plotted in Figure 2 suggest there is a trend of increasing olivine reduction with
decreasing pigeonite content although there are several distinct outliers. Of the 21
samples examined, 16 define a trend from low modal pigeonite (10 to 25 %) and high
percentages of reduced olivine (50 %) toward high modal pigeonite (40 to 55 %) and no
reduced olivine. Five samples do not follow this trend. There are 3 outlier ureilites at 5
to 20 % modal pigeonite and 0 % reduced olivine and 2 outliers at 50 % pigeonite and 50
% reduced olivine. The two samples that plot above the trend are texturally distinctive.
Dingo Pup Donga exhibits a brecciated nature and thus may not be representative of the
equilibrated olivine-pigeonite ureilites. The second, QUE 93341, displays wide olivine
reduction rims but still has sharp, well-defined grain boundaries. QUE 93341 is paired
with QUE 93336, which lies on the trend between modal percent pigeonite and olivine
reduction we suggest. Due to the coarse-grained nature of ureilites and their inferred
origin as residues, we suspect that significant textural heterogeneity exists and could be
responsible for the outliers we observe in Fig. 2.

The 3 samples with variable modal pigeonite and no reduction of their coexisting olivine
rims may be explained if C is heterogeneously distributed in the ureilite samples. Carbon
contents in ureilites range from 2 to 6 wt. % with a few samples containing as little as 0.2

wt. % C (Grady et al, 1985). Measurements of carbon for individual ureilites are variable
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and this variability is assumed to result from the heterogeneous distribution of the C-rich
matrix in the sample (Mittlefehldt et al, 1998). This would also explain the absence of a
correlation between mineralogy and C content (Grady et al, 1985). Nevertheless, of the
21 ureilites examined in this study, 16 fall on the trend we would expect if primary
smelting of the ureilites occurred. In order to resolve the discrepancies in Fig. 2, more
thin sections of ureilite samples must be quantitatively mapped using techniques like

those outlined in this paper.

Experimental Results

The PTL experiments (composition of Goodrich et al, 2001) are all saturated with
olivine, small amounts of iron metal, and melt. The highest temperature and pressure
experiment (1200°C, 7.5 MPa) contains only those three phases. Three intermediate
runs, from 1200 to 1170°C and 7.5 to 1.3 MPa, have augite as an additional phase. The
lowest temperature run (1150°C at 7.5 MPa) also contains plagioclase. The results of the
experiments are given in Table 3 and represented graphically in Figure 4.

The second set of experiments was performed using a mix of 80% PU and 20% Fos3 3
olivine. The runs were isothermal (1220 °C) and pressure ranged from 7.5 to 1.5 MPa.
The runs are all saturated with augite, pigeonite, and iron metal. Figure 5 plots the mg#
of the augite for both the PTL and PU series against the pressure of each experiment.
The mg# of Hughes009 is shown for reference. As pressure decreases, the mg# of the
augite increases. The same relation also holds for the forsterite content of the coexisting
olivine in the PTL experiments. At constant pressure, the mg# of the augite also varies

with increasing temperature, as shown by the three experiments at 7.5 MPa.
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Olivine-Pigeonite-Liquid Thermometer
Temperature estimates currently exist for only a few ureilite samples (e.g. (Chikami et al,
1997; Takeda, 1987a, b; Takeda et al, 1989). The available temperature estimates were
made using a two-pyroxene thermometer, which requires the coexistence of pigeonite and
augite or orthopyroxene and augite (Goodrich et al, 2001). Ureilites are acknowledged to
be igneous rocks quenched rapidly from high (~1200 °C) super-solidus temperatures.
Therefore, it is reasonable to see if the assumption of coexisting olivine — pigeonite —
liquid can be used to further understand the conditions of ureilite formation. Because our
samples only contain one pyroxene (pigeonite) coexisting with olivine, we have
developed an oli§ine—pigeonite—liquid thermometer to obtain temperature estimates.
Compositional data sets for published experiments that contain the phase assemblage
olivine, pigeonite, and liquid (Bartels and Grove, 1991; Nielsen ef al, 1988) were used to
calibrate the thermometer. Distribution coefficients were calculated for SiO,, AL, O3,
TiO,, FeO, MgO, MnO, CaO and Cr,0; between both olivine/liquid and pigeonite/liquid
for each published experiment. The distribution coefficients were then used to calculate
an equilibrium liquid for each ureilite in this study.
Both CaO and MgO in pigeonite from all the experimental data display linear trends in In
DP9 ,0.:mg0) VS 10000/T space (R of 0.35 and 0.98 respectively; Fig. 6). The CaO and
MgO compositions of pigeonite coexisting with olivine and liquid show systematic
variations with temperature (Fig. 7).
The compositions of the pigeonites were treated as temperature dependent variables from

which we developed an expression for temperature. Through multiple least squares

regression analysis of the data set, we obtain the temperature expression (in °C):

L4
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T = 812.6(+21.8) + 11.1 (£0.6) MgO (mol%) + 4.0 (£1.6) CaO (mol%)  (1).
The errors on the coefficients are one sigma with the largest error on the constant term
and R% = 0.97 for fitting the entire published data set. Figure 8 is a plot of the
experimental temperature vs. estimated temperature and shows that our derived
expression is able to recover temperatures to within ~ + 20°C. Armed with the modal
mineralogy, compositional data, and temperature estimates, we now investigate smelting

as a process for generating the olivine-pigeonite ureilite assemblage.

Discussion

Smelting
Smelting is generally thought of as reduction of a solid Fe-bearing oxide or silicate to
produce a pure Fe metal and gas phase. This process is commonly used in the iron
industry with solid iron oxide ore and carbon to produce a pure iron melt. For the
purposes of this study, we define smelting as:

olivine + silicate liquid + carbon —> pigeonite + Fe metal + carbon monoxide. (2)
All discussions of smelting in this paper will refer to this reaction proceeding as written.
For the purposes of discussion, we assume the silicate melt involved in the reaction is a
partial melt derived from the ureilite parent body. At present we have little control on the
melt composition but experiments are in progress to help constrain this important
variable. We are also assuming CO is confined by lithostatic pressure and our discussion
is based on CO being in equilibrium at each pressure.
We have calibrated the smelting reaction coefficients using the decompression-smelting

experiments on lunar sample 12002 of Walker and Grove (1993). The reaction is
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1 lig+0.72 01 +0.43 C=1.29 Pig + 0.43 Fe + 0.43 CO (3)
with the stoichiometric coefficients reported as wt%. As the degree of smelting
increases, the amount of free iron and pigeonite will increase and the amount of carbon
decreases. Therefore, ureilites with a higher modal percent pigeonite have been smelted
to a higher degree.
The effects of smelting should also be observed as systematic variations in mineral
composition. As smelting proceeds, carbon is reacted and converted into CO gas and
metallic Fe is produced. The mg#s of the major phases should then rise in response to
this reaction. Since pressure and smelting extent are inversely correlated, shallower
ureilite residues will be more smelted and have a higher mg#, while deeper residues will
have a lower mg# and have experienced less smelting. We also predict that ureilites
containing olivine and pyroxene with higher mg#s represent portions of the ureilite parent
body that are smelted to a higher degree and resided at shallow depths (Walker and
Grove, 1993). The variation in modal pigeonite and olivine Fo content in the 21 ureilites
from our sample suite are plotted in Fig. 9. The trend of increasing Fo content with
increasing modal pigeonite is followed for most samples. The exception is QUE
93341with high modal pigeonite at low Fo. However, QUE 93336 which is paired with
QUE 93341 does fall on the trend. QUE 93341 also contains a large percentage of late
stage olivine reduction rims (Fig. 2). Also shown in Fig. 9 is a calculated change in Fo
content and modal pigeonite using the stoichiometric coefficients from the Walker and
Grove (1993) smelting reaction [3]. The variations in the ureilite sample suite and the
modeled smelting trend are broadly parallel for the more iron-rich samples, but there is

more scatter in the high modal pigeonite — high Fo end of the suite.
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Evidence for Smelting
Two key observations are the presence of metal inclusions in pigeonite and the absence
of the metal inclusions in coexisting olivine. Both observations are consistent with
smelting of olivine to produce metal + pigeonite. The metal inclusions present in
pigeonite represent the co-formation of these phases by the smelting reaction. The
absence of reduction halos around the metal inclusions, and their uniform dispersion
throughout the pigeonite grains (see Fig. 1a) indicates that the metal was not derived by
late stage reduction of the pigeonite. The lack of such metal grains in cores of olivine
grains indicates that they were not present when this silicate phase formed.
We also observe that ureilites with high modal proportions of pigeonite have sharp
olivine and pigeonite grain boundaries and lower total amounts of late-stage reduction of
olivine rims (see Fig. 3). This can be explained by our conclusion that ureilites with
higher modal percent pigeonite have been smelted to a higher degree. One manifestation
of this is seen by the increased degree of late stage reduction of olivine in samples that
have a low pigeonite component (Fig. 2). Ureilites that have undergone little to no
smelting would be expected to retain much of their primary carbon, which is utilized in
the reduction of olivine during the secondary reduction event (assuming they all
originally had similar C contents). The exceptions are QUE 93341 and Dingo Pup
Donga, which contain significant secondary olivine reduction and 50% modal pigeonite
and the 3 samples (ALHA78262, A 881931 and GRA 95205) that do not contain reduced
olivine rims. As discussed earlier, we suggest that these exceptions to the trend may be
explained by compositional and textural heterogeneities in the ureilite meteorites. Our

textural studies rely on very small sample areas, and heterogeneities in the distribution of
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C and in the proportions of olivine and pigeonite are known to exist (Mittlefehldt ez al,
1998).

At this point we feel that the presence of trends between modal percent pigeonite,
percentage of olivine reduction (Fig. 2) and mineral compositions (Fig. 9) warrants
serious consideration of smelting as an important petrologic process involved in the
primary petrogenesis of the ureilites. The relation of these petrologic and mineralogical
parameters to carbon content is less secure. Many authors have sought a relation between
carbon content and geochemical parameters and have found no correlation (Mittlefehldt
et al, 1998). There is little overlap between our sample suite and the sample suite that
has been analyzed for carbon content (only 4 samples analyzed by Grady et al (1985) are
also among our 21 samples and these 4 all contain ~ 2 wt. % carbon). Therefore, we can
not establish any relation between our textural criteria for smelting and carbon content.
The results of our temperature estimations are presented in Table 4. Calculated
temperatures range from ~1150°C to just over 1300°C and are in general agreement with
those previously published (1180°C to 1300°C; Takeda, 1987b). Calculated temperatures
using our estimation technique are also similar to those inferred by Sinha et al (1997) for
their Group II and III ureilites. However, the temperature estimates of Sinha et al (1997)
for their Group I ureilites are systematically lower by 100 °C when compared to our
olivine - pigeonite and the Takeda et af (1987) two-pyroxene thermometry estimates.
Because our estimates conform to those of Takeda et al (1987) and because we are able
to recover experimental temperatures using our method (see Fig. 8), we feel the
temperatures we report best estimate the igneous conditions experienced by ureilite

residues.
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There is a positive correlation of olivine forsterite content with temperature (Figure 10).
This relation holds true for all samples examined in this study, as well as for data from
the literature (Berkley et al, 1980; Chikami et al, 1997; Goodrich, 1992). The correlation
of high temperatures with high modal percent pigeonite and olivine forsterite contents
indicates that the more smelted (lower pressure and therefore assumed to be shallower)
samples have experienced the highest temperatures. The higher temperatures may have
driven smelting reactions further. But what was the reason for higher temperatures in
some ureilites and not others?

Temperature Variations
The temperature gradient present during the early stages of ureilite planetesimal
formation is unknown, but a good starting assumption would be that depth and
temperature are positively correlated. Therefore, ureilite samples that yield higher
temperatures should represent a deeper sampling of the parent body. However, the
higher temperature ureilites are also more mg-rich (Fig. 10), and therefore require
shallower smelting depths. Walker and Grove (1993) proposed that the suppression of
the smelting reaction should provide a minimum estimate of parent body size (~100 km)
and a stratigraphy within the ureilite parent body defined by mg# (deeper samples having
low mg#s and shallower samples having high mg#s). The results of our experiments are
also consistent with deeper samples having low mg#s and a shallow depth of origin for
the high mg# augite-bearing ureilites (Fig. 5). Furthermore, our results suggest that
temperature and smelting depth are inversely related in the ureilite parent body. In other
words, the shallower ureilite residues are more smelted and formed at higher

temperatures, while the less smelted ureilite residues formed at greater depths and lower
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temperature. An explanation for this inverse correlation could be that the upper regions
of the ureilite parent body were hotter due to heat addition from impacts. Another
possible explanation of the temperature inversion may be that the ureilite parent body
was compositionally heterogeneous.

Oxygen isotopic studies of the ureilites show significant variation that could indicate the
parent body may have been isotopically heterogeneous (Clayton and Mayeda, 1988,
1996). The isotopic data scatter along a line with slope ~1 on the oxygen three isotope
plot. Refractory inclusions from the Allende carbonaceous chondrite also plot along the
same line (Fig. 11). The Allende refractory inclusions are rich in Al-bearing minerals
(spinel, corundum, perovskite, etc.; Brearley and Jones, 1998). The heterogeneous
incorporation of inclusions into the ureilite parent body would lead to an inhomogeneous
distribution of short-lived radionuclides (i.c. °Al) and differential heating of the parent
body. The correlation of high temperature, high mg# samples with the Allende CAI
oxygen isotopic signature (Fig. 12) is consistent with this idea. The correlation of high
temperature, shallow smelting and oxygen isotopes could be caused by an accretion-
inherited radial heterogeneity in the small (~100 km) planetesimal. It could also be a
consequence of other heterogeneities that might lead to thermal buoyancy, diapirism and

subsequent smelting that proceeds to higher degrees and ends at shallower depths.
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Figure Captions

Figure 1. a) Pigeonite from the El Gouanem ureilite displaying trains of tiny metallic
inclusions that are representative of the ureilites examined in this study. The dark
areas are pits in the grain. b) Olivine from the same thin section. Notice the
absence of inclusions in the interior of the grain. The only iron present is found in
conjunction with the secondary reduction rims that have prominent reduction
haloes (seen around the Fe metal on the left side of the image).

Figure 2. Modal percent pigeonite plotted against the amount of reduction in olivine as
determined by image analysis. Dotted lines connect paired meteorites.

Figure 3. Mg maps of ureilites with different modal percents of pigeonite. In both
images, the lighter grey phase is olivine, the darker phase is pigeonite. a) GRA
95205 with ~5% pigeonite. The grain boundaries are diffuse and not well
defined. b) With over 50% pigeonite, EET 96293 displays sharper grain
boundaries.

Figure 4. Mineral assemblages of experiments using the PTL and PU bulk compositions
(see text).

Figure 5. Mg# of augite from both PTL and PU experiments plotted against the pressure
of each experiment (10 bars = 1 MPa). A general trend exists within each
experimental set of increasing mg# with decreasing pressure. Mg# of Hughes 009
is shown for reference.

Figure 6. Ln DP®" vs 10000/T plots of CaO and MgO data from published experiments

used to obtain the expression for the Olivine-Pigeonite thermometer (see text).
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Figure 7. Plot of molar percent CaO vs MgO in pigeonite from published experiments
(see text) and ureilite samples from this study. Isotherms calculated using eqn.
(1). Numbers in italics by experimental points are the reported experimental
temperatures.

Figure 8. Experimental temperature vs. estimated temperature using eqn. [1] for
published experiments (see text) and experiments in this study. Even though the
26 error is £40°C, eqn [1] recovers temperature to within +20°C.

Figure 9. Modal percent pigeonite plotted against the olivine Fo content. There is an
overall positive correlation, consistent with a smelting process. Arrow indicates
the expected changes in olivine Fo and modal percent pigeonite with 12%
smelting (calculated using eqn. (3)).

Figure 10. Ureilite olivine Fo content vs. estimated temperature using the olivine-
pigeonite thermometer. Published olivine Fo values taken from Chikami et al.
(1997), Berkley et al (1980) and Goodrich et al (1987).

Figure 11. Oxygen isotopic compositions of dark inclusions from CV3 chondrites and
ureilites. The ureilites scatter about a line extrapolated from the inclusions. The
more smelted ureilites (higher mg#), as determined in this study, fall towards the
CAlSs (see Fig. 12). The italicized numbers are the mg# of the plotted ureilite.
Adapted from Figure 1 in Clayton and Mayeda (1988).

Figure 12. Olivine Fo content vs. A'’0O. A0 data taken from Clayton and Mayeda

(1988, 1996). Ureilites with lower A"0 values have higher olivine Fo contents,

indicating an advanced degree of smelting.
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TABLE 1. Modal proportions of ureilites examined in this study.

Olivine' Percentoftotal'  Olivine Pigeonite'  Pigeonite grain mapping’ W% C’

Ureilite Modal % olivine in reduced rims mg#  Modal % % Metal

A 881931 77 0.0 79.2 14 0.7

ALHA78262 76 0.0 78.7 21 1.3

Dar Al Gani 340 79 336 79.7 19 0.6

Dingo Pup Donga 35 53.9 83.9 49 14 1.7
EET 83225 59 0.0 88.7 41 1.3

EET 87517 45 0.0 923 55 1.3

EET 96293 34 0.0 87.5 56 1.5

EET 96314 54 0.0 872 45 1.1

El Gouanem 82 16.8 80.5 18 2.1

GRA 95205 94 0.0 79.1 5 26

GRO 95575 90 48.7 78.7 9 1.3

GRO 95608 69 25.0 77.8 30 0.9

Kenna 78 38.0 78.7 20 13 2.0
Lew 87165 67 6.3 84.4 31 1.6

Novo Urei 77 52.6 78.6 22 0.8 23
QUE 93336 81 449 779 20 1.8

QUE 93341 49 60.3 783 51 1.1

Y 74123 70 163 799 24 0.5 29
Y 74659 63 1.6 91.8 36 0.7

Y 791839 77 15.8 75.7 15 2.1

Y 82100 64 15.0 82.0 32 0.6

! Modal proportions obtained by image analysis of Mg x-ray maps.

? Percent of pigeonite grains as metal obtained by image analysis of back scattered electron images.

3Data from Grady et al., 1985.
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TABLE 2. Experimental bulk compositions
Si0, ALO; TiO, Cr0; FeO MnO MgO CaO K;0 Na,0O Total

PTL mix 4650 820 050 1.00 1470 036 19.10 810 002 1.50 99.98
Pu mix 5409 656 052 076 1436 021 980 1372 -° - 100.01
PU +20% oliv 5168 524 042 061 1458 0.16 16.79 1097 - - 100.45

2 _ indicates oxide not added to mix.



TABLE 3. Experimental run conditions and results.

Run# T(C) P(MPa) Phase* Sio, TiO, ALO; Cr,0; FeO MnO MgO  CaO  NaO Total Mgh Mgt
P15 1200 7.5  Olivine(10) 38.7(3)® - - 0.51(6) 168(2) 036(2) 433(5) 050(3) - 1002 821 032
Glass 24) 522(5) 061(9) 12.1(1) 041(6) 103(2) 026(3) 84(1) 129(3) 32(3) 1004 594 -
P16 1173 7.5  Olivine(20) 386(5) - - 036(5) 194(3) 044(4) 402(9) 055(6) - 996 793 031
Glass 25) 51.6(5) 081(3) 13.8(2) 023(3) 104(2) 030(2) 67(2) 111(3) 47(2) 9.6 533 -
Augite 8) 519(5) 035(7) 239 14(1) 61(3) 025(4) 17.0(8) 200(6) 05(2) 998 83 023
P17 1150 7.5  Olivine(11) 380(3) - - 027(5) 22.6(4) 051 (3) 384(5) 060(4) - 1004 752 028
Glass (15)  527(4) 087(7) 153(2) 0.14(8) 100(2) 026(3) 48(3) 91(Q2) 65(4) 99.7 467 -
Augite (11)  527(4) 047(7) 22(D 12@3) 65(5 028(4) 16.1(6) 205(4) 0.50(9) 1005 809  0.19
Plag(6) 553(1.1) -  287(LL) - 072 - - 107(2) 54(3) 1008 -
PtI8 1200 25  Olivine(7) 418(@) - - 095(3) 4.62(8) 052(3) 513(7) 034(3) - 99.5 953 025
Glass(8) 3569(2) 083(3) 163(1) 071(3) 25() 033(3) 69(1) 953(8) 49(3) 989 825 -
Augite (4) 53.8(3) 037(4) 18(1) 1.8(1) 22(5) 044(4) 2053) 179(8) 041(8) 992 902 030
Pt19 1180 13  Olivine(8) 421(4) - - 1.00@8) 3.75(7) 061(3) 52.7(7) 04(2) - 1006 964 041
Glass(3) 57.5(4) 07709 169(1.6) 05(1) 18(2) 028(2) 101(8) 81(9 51@) 1011 907 -
Augite G) 548(4) 1.0(6) 152 14(1) 1649 045@) 207(7) 191(8) 054(4) 1011 957 045
Pul 1220 15 Pigeonite (12) 57.6(5) 0.19(2) 06(1) 0.76(4) 35(2) 016(2) 334(7) 446) - 1006 945 020
Glass (10) 61.0(5) 079(2) 13.5(5) 032(3) 33(1) 014(Q2) 63(7) 136 - 990  76.8 -
Augite (2) 55.5(3) 029(4) 0.82(5) 06(1) 256(7) 020(2) 225(6) 189(3) - 1014 918 022
Pu2 1220 5  Pigeonite(7) 562(3) 0.I3(3) 05(2) 073(5) 81(2) 020(2) 294(4) 52(4) - 1005 864 030
Glass (16) 54.8(3) 0.76(3) 11.0(1) 050(3) 85(1) 0.12(2) 926(8) 142(2) - 99.1  66.7 -
Augite (@) 543(4) 022(5) L1(3) 07(1) 53(6) 018(4) 205(4) 189(¢9) - 1012 875 031
Pu4 1220 7.5 Pigeonite(6) 559(5) 0.09(2) 04(1) 066(5) 107(7) 022(5) 272(5) 58(6) - 1013 822 054
Glass (12) 58.9(3) 080(3) 112(2) 048(3) 627(9 02(1) 89(2) 137(1) - 1005 722 -
Augite @) S4.7(1) 017(5) 10(3) 072(1) 61(7) 025(7) 203(4) 179(G) - 1011 875 043

* Number in parenthesis indicates # of analysis used for average.
® Number in parenthesis is one sigma standard deviation in terms of least units cited. Therefore, 38.7(3) should be read 38.7+/-0.3 wt%.
® - indicates element not analyzed or below detectability limit.
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TABLE 4. Major phase compositions of ureilites used in this study.

Ureilite T(°C)" Phase Si0, Ti0, ALO;  Cr0, FeO MnO  MgO CaO Total Mg# Pyx Wo
A 881931 1213 Olivine (23)° 384 (4) 0.03(1) 0.04(1) 0.54(3) 192(1.6) 040(4) 41.1(14) 031(2) 1000 79.2 R
Pigeonite (18) 55.8(3) 0.09(1) 0.7() 102(4) 1L7(2) 038(4) 2544 430) 99.4 79.5 8.8
ALHA78262 1224  Olivine (10)  388(3) - 0.04(1) 071(3) 194(4) 038(4) 404(2) 036() 1001 78.7 -
Pigeonite (26) 55.7(2) 0.05(1) 0.77(8) 1.15(2) 120(3) 039(3) 266(2) 4.0(1) 100.7 79.8 7.9
Dar Al Gani 340 1224  Olivine (11)  40.0(3) 0.04(1) 0.06(1) 081(3) 187(6) 042(3) 412(3) 040(2) 1016 79.7 -
Pigeonite (15) 55.7(9) 0.09(1) 0.72(7) 128(2) 11.0(2) 043(5) 263(1) 496(8) 1005 80.9 9.8
Dingo Pup Donga 1253  Olivine (15)  39.9(2) 0.02(1) 0.03(1) 069(2) 150(4) 040(3) 439(2) 031(3) 1003 83.9 -
Pigeonite (14) 57.4 (4) 0.04(2) 032(5) 091(3) 97(2) 036(3) 295(2) 233(6) 1006 84.4 4.6
EET 83225 1261 Olivine (9) 408() - 004(1) 065(2) 108(3) 053() 478(@2) 038(2 1010 88.7 -
Pigeonite 21) 55.9(4) 0.11(2) 05(2) 09(1) 65(1) 039(9 289(3) 574 98.9 88.7 11.2
EET 87517 1301  Olivine (16) 41.3(2) - 0.02(1) 038(3) 76() 041(4) 508(5 035( 1009 92.3 -
Pigeonite (13) 58.4(2) 0.13(1) 0.50(3) 058(2) 48(3) 036() 33.7(1) 253(4) 1010 92.6 4.7
EET 96293 1285  Olivine (12)  39.7(2) 0.02(1) 0.03(1) 050(1) 122(3) 050(2) 47.8(3) 028(1) 101.0 87.5 -
Pigeonite (12) 57.5(3) 0.10(1) 1.03(9) 081(5) 7.65(9) 056(3) 31.0(2) 232(4) 1009 87.9 4.5
EET 96314 1274  Olivine (24) 39.7(2) 0.02(1) 0.03(1) 051(2) 124(3) 050(3) 47.5(2) 028(1)) 1009 87.2 -
Pigeonite (12) 56.6(7) 0.11(2) 1.15(3) 1.00(1) 8.0(8) 048(3) 312(4) 248(9 1010 87.4 4.7
El Gouanem 1239  Olivine (12)  382(2) - 0.02(1) 066(7) 17.7(5) 043(5) 414(@4) 033(5) 987 80.5 -
Pigeonite 27) 553 (4) - 046(5) 1.11(8) 109(2) 045(4) 275(3) 4.0(1) 99.7 81.8 7.8
GRA 95205 1259  Olivine (13)  39.0(2) - 0.04(3) 067(5) 192(2) 038(3) 409(4) 027(6) 1005 79.1 -
Pigeonite (15) 56.2(8) 0.05(2) 020(5) 1.12(9) 76(L.7) 050(3) 305(9) 4.0(5 100.2 87.7 7.6
GRO 95575 1222 Olivine (10)  38.9(2) 0.02(1) 0.02(1) 0.83(2) 193(3) 040(3) 40.0(2) 039(1) 999 78.7 -
Pigeonite (21) 55.5(3) 0.05(1) 0.50(1) 115(3) 116(1) 036(3) 260(1) 500(8) 1002 80.1 9.9
GRO 95608 1209  Olivine (10)  38.7(2) - 0.04(1) 056¢(2) 200() 039(4) 396(2) 026(1) 996 77.8 -
Pigeonite (25) 552(3) 0.09(1) 1.10(4) 125(4) 11.8(2) 044(3) 249(1) 559(7) 1004 79.1 11.2
Kenna 1227 Olivine (21) 384 (2) 0.02(1) 0.03(1) 071(3) 195(6) 036@) 406(5 031(2) 999 78.7 -
Pigeonite 547(4) 0.09(1) 062(2) 1.14(3) 11.7(2) 038(2) 264(3) 488(%9 999 80.0 9.6
Lew 87165 1248  Olivine (28)  39.5(5) 0.06(1) 0.02(1) 0.73(5) 14.7(1.6) 046(2) 445(1.3) 036(2) 1003 84.4 -
Pigeonite 56.3(2) 0.08(1) 050(1) L11(2) 959(9) 043(3) 128.6(5) 3.66(7) 1003 84.2 7.1
Novo Urei 1227  Olivine (19)  38.8 (3) - 0.04(1) 0.71(6) 194(4) 038(3) 399(3) 035(2) 996 78.6 -
Pigeonite 53.9(3) 0.09(1) 095(5) 124(5) 114(1) 041(3) 260(2) 49() 98.9 80.3 9.8
QUE 93336 1213 Olivine (24) 38.9(2) 0.02(1) 0.08(2) 054(3) 202(3) 041(4) 399(2) 031(2) 1004 77.9 -
Pigeonite 549(2) 0.10(1) 1.21(9) 1.19(4) 11.8(1) 037(5) 252(3) 50509 998 79.1 10.2

® Temperature inferred from olivine-pigeonite-liquid thermometer [1], see text.

® See table 3 for explanation of parenthesis.

46 indicates element not analyzed or below detectability limit.



TABLE 4. Major phase compositions of ureilites used in this study (cont.)

Ureilite T(C) Phase Sio, TiO, ALO; Cr,0;  FeO MnO  MgO  CaO Total Mg#  Pyx Wo
QUE 93341 1217 Olivine (13) 389 (3) 0.02(1) 0.08(1) 056(3) 200(9 042(4) 405(7) 030(1) 1008 783 -
Pigeonite (14) 549 (3) 0.07(1) 0.61(1) 099(5) 121(3) 033(4) 255(Q) 46()  99.1 79.0 9.2
Y 74123 1234  Olivine (17)  38.7(2) 0.03(1) 0.03(1) 0.80(6) 188(6) 042(3) 41.9(5 039(2) 1011 79.9 -
Pigeonite 2) 56.0(1) 0.05(1) 042(1) 1.09(0) 120(1) 042(2) 273(3) 327(Q) 1006 80.3 6.4
Y 74659 1280  Olivine (20)  40.5(3) 0.02(1) - 052(2) 79(9) 040(2) 50.1(9) 03(1) 997 91.8 -
Pigeonite (1)  57.70  0.08 0.4l 0.75 5.51 0.42 3130 3.6l 99.8 91.0 6.9
Y 791839 1235  Olivine(8)  385(1) - . 065(5) 219(3) 039(4) 382(2) 034(4) 1004 75.7 -
Pigeonite (14) 569 (5) 0.03(2) 03(2) 111(6) 9.1(12) 036(4) 270(9 60(l.1) 1008 84.1 11.7
Y 82100 1240  Olivine (16)  38.9(2) 0.02(1) 0.02(1) 081(2) 168(3) 041(2) 43.1(3) 041(1) 1005 82.0 -
Pigeonite (17) 56.1(3) 0.06(2) 04(3) 113(2) 1024(2) 040(3) 27.8(4) 46()  100.7 82.9 8.9
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Chp. 2. Experimental Constraints on Ureilite Petrogenesis
Abstract

This experimental study explores the petrogenesis of ureilites by a partial
melting/smelting process. Experiments have been performed over temperature (1150-
1280°C), pressure (5 to 12.5 MPa) and low oxygen fugacity (graphite-CO gas) conditions
appropriate for a hypothetical ureilite parent body ~200 km in size. Experimental and
petrologic modeling results indicate that a partial melting/smelting model of ureilite
petrogenesis can explain many of the unique characteristics displayed by this meteorite
group. Compositional information preserved in the pigeonite-olivine ureilites was used
to estimate the composition of melts in equilibrium with the ureilites. The results of
twenty experiments saturated with olivine, pyroxene, metal and liquid with ureilite
appropriate compositions are used to calibrate the phase coefficients and pressure-
temperature dependence of the smelting reaction. The calibrated coefficients are used to
model the behavior of a hypothetical residue that is experiencing fractional smelting. The
residue is initially olivine-rich and smelting progressively depletes the olivine content
and enriches the pyroxene and metal contents of the residues. The modeled residue
composition at 1260°C best reproduces the trend of ureilite bultk compositions. The
model results also indicate that as a ureilite residue undergoes progressive heating, Ca/Al
values and Cr,0; contents are enriched at lower temperatures (below ~1240°C) and tend
to decrease at higher temperatures. Fractional smelting, as we model it, can account for
the high Ca/Al and Cr,0; wt% values observed in ureilites. We propose that ureilites
were generated from a residue that was initially olivine-rich and cpx bearing. These
residues experienced varying degrees of fractional smelting to produce the compositional
variability observed within the pigeonite bearing ureilites. Variations in mineral
composition, modal proportions and isotopic signatures are best described by
heterogeneous accretion of the ureilite parent body followed by minimal and variable
degrees of igneous processing.

Introduction

Ureilites are primitive achondrites that consist of olivine, pyroxene and carbon. They
represent the second largest achondrite group but their petrogenesis remains enigmatic.
Ureilites display equilibrated coarse-grained textures and mineral chemistry but retain
primordial gas contents and isotope signatures.

A wide variety of models have been put forward to explain ureilite petrogenesis.
Goodrich et al (1987) developed a multi-stage cumulate model based on mineral

chemistry and textures. In the model, ureilites represent cumulates from a magma
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generated by <10% partial melting of a plagioclase depleted source that had
superchondritic Ca/Al ratios. Ureilites would therefore represent only a small fraction of
the amount of material that was processed. The most likely precursor materials,
carbonaceous chondrites, do not have superchondritic Ca/Al ratios and formation of the
ureilites from them would require more than one melting event. Since ureilites are the
second most abundant achondrite, the complementary material should be present in our
collections. No meteorite type complementary to the ureilites, either residues of the
original partial melting or the subsequent basaltic magma left after ureilite accumulation,
has been described (Rubin, 1988).

Residue models to explain the ureilites have also been proposed (Boynton et al, 1976;
Scott et al, 1993; Wasson et al, 1976). A difficulty for these models is accounting for the
strong mineral alignments observed in some ureilites (Berkley et al, 1980; Rubin, 1988)
that suggest a cumulate origin. However, experimental evidence suggests fabrics can be
produced in a residue by thermal compaction (Walker and Agee, 1988). The high carbon
content of the ureilites was accounted for by impact of a carbon-rich body. However, this
does not explain the presence of carbide-bearing spherules (up to 100 um) within olivine
(Goodrich and Berkley, 1986) or the presence of large, bladed graphite crystals in low
shock ureilites (Berkley and Jones, 1982).

Takeda (1987) proposed that ureilites represent nebular condensates that underwent high
temperature recrystallization during the early stages of planetesimal collision. If this was
the case, ureilites should have higher sulfur contents than they do (Rubin, 1988), as
sulfide melts do not readily separate from a crystalline silicate melt (Walker and Agee,

1988).
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Smelting of an olivine-rich source has also been suggested as a petrogenetic process to
account for the ureilites (e.g. Warren and Kallemeyn, 1992; Walker and Grove, 1993).
The amount of smelting is controlled by C-O-Fe equilibria which are strongly pressure
dependent. At low pressures (2.5 MPa) FeO in silicates is unstable and is reduced to Fe
metal, producing MgO-rich silicates and a CO gas. Above 10 MPa smelting is
suppressed and Fe silicates coexist with graphite (Walker and Grove, 1993). Therefore,
the less smelted ureilite samples record greater depths in the parent body, and the more
smelted samples record shallow depths. Many authors have argued that if smelting had
occurred, there should exist correlations between the modal percentage of pyroxene,
metal content and mg# (defined here as molar MgO/[MgO+FeO]) (e.g. Goodrich, 1992;
Mittlefehldt et al, 1998). Singletary and Grove (2003) established this correlation using
quantitative petrologic study of 21 ureilites.

Ureilite petrography and petrology
The typical ureilite texture is characterized by elongated, anhedral pyroxene and olivine
grains ~1 mm in size with curved intergranular boundaries that generally meet in triple
junctions. Pigeonite, augite and orthopyroxene all occur in ureilites however, pigeonite is
the sole pyroxene in ~77% of ureilites (Mittlefehldt et al, 1998). Where pigeonite is the
sole pyroxene present, it shows no exsolution lamellae and is inferred to have cooled
rapidly from high temperature. Augite is present in ~10% of ureilites as small irregular
blebs and lamellae in pigeonite and as larger, discrete crystals. Orthopyroxene is also
present in a small number of ureilites, predominantly as large crystals poikilitically

enclosing other pyroxenes (Takeda et al, 1989).
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Olivine in ureilites ranges in composition from Fo74 to Fogs and is characterized by high
Cr,0;3 (~0.56 — 0.85 wt%) and CaO (~0.30 — 0.45 wt%) contents (Mittlefehldt ez al,
1998). A characteristic feature of the ureilites is the presence of reduced rims on olivine
where in contact with the carbon rich matrix and where crosscut by veins of carbon-
bearing material (Berkley et al, 1980). The rims are most prominent on olivine, but can
be observed on other silicate phases to varying degrees. The olivine rims are composed
of nearly pure forsterite, Ni-free metal blebs and enstatite. The rims vary in width from
10 to 100 pm and display sharp contacts with the interior of the grains (Mittlefehldt et al,
1998). The rims are hypothesized to be a feature produced late in ureilite petrogenesis at
fairly high temperature (~1100°C)(Sinha et al, 1997).

Carbon occurs predominantly as fine-grained graphite in an interstitial matrix that also
contains fine-grained silicates, metal, sulfides and phosphides (Mittlefehldt et al, 1998).
Rare, mm-sized euhedral graphite crystals have been observed in some ureilites (Treiman
and Berkley, 1994). Other polymorphs of carbon that have been identified in ureilites
include diamond and lonsdaleite as well as chaoite and organic compounds (Vdovykin,
1970).

The olivine and pyroxene core compositions are homogeneous within grains and between
grains in a single meteorite in terms of mg#. However, between meteorites, significant
variability exists in mineral chemistry and modal proportions. Olivine forsterite contents
range from 74 to 95 with coexisting pyroxenes having mg#s in the -same range,
indicating Fe-Mg equilibrium between olivine and pyroxene (Mittlefehidt et al, 1998).
The modal percent pigeonite varies from 0% in LEW86216 to 100% in MET 01085. A

correlation of increasing modal percent pigeonite with higher silicate mg# was reported
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by Singletary and Grove (2003) and is hypothesized to result from a primary, low-
pressure partial melting event in the presence of carbon.

A long standing debate on ureilite petrogenesis has centered on whether the rocks
represent the residues of a partial melting process or a cumulate pile resulting from
fractional crystallization of a large body of magma on the ureilite parent body. The
meteorites are very coarse-grained, containing olivine and pigeonite that average from 1
to 3 mm in length, with grains as large as 15 mm (Mittlefehldt e al, 1998). The grain
boundaries are smooth and curved with abundant 120° triple junctions (Goodrich, 1992).
In some ureilites, the silicate grains are elongate and the long crystal axes define weak
foliations and lineations (Berkley et al, 1976; Berkeley et al, 1980). In spite of textures
that might indicate extensive processing and equilibrated mineral compositions, the
ureilites retain several geochemical characteristics of primitive, unprocessed nebular
material.

The most striking primitive characteristic is the oxygen isotope signature. Ureilites plot
along a line of slope 1 that is defined by end members of carbonaceous chondrite and
anhydrous minerals (CCAM)(Clayton and Mayeda, 1988; 1996)(Figure 1). Any high
temperature, planetesimal-scale igneous process should fractionate the oxygen isotopes
such that they lie along a line with slope of 0.52 (i.e. the lines defined by samples of
Mars, Moon, Earth and 4 Vesta). Ureilites also retain noble gases in chondritic
abundances (Weber et al, 1976). The oxygen isotopic signature and noble gas
abundances suggest that ureilites have experienced minimal amounts of processing. The

key to ureilite petrogenesis lies in reconciling the overwhelming petrographic evidence
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that suggests extensive igneous processing with these primitive geochemical
characteristics.
Here we present new experimental results to constrain the amount of processing required
to generate the ranges of mineral chemistry and modal proportions observed in ureilites.
We hypothesize that olivine-pigeonite bearing ureilites represent the residues of partial
melting. The presence of carbon and low pressures on the ureilite parent body combined
to create an environment in which a smelting reaction occurred. Smelting for the
purposes of this discussion is defined as the reaction:

olivine + liquid + carbon — pigeonite + Fe metal + CO gas. (1)
As the reaction proceeds, Fe metal is sequestered and the mg# of the major silicate phases
rises. We posit that the relationship of modal percent pigeonite and mg# reported by
Singletary and Grove (2003) is a consequence of this reaction. Petrologic modeling using
the experimental data also suggests smelting may be responsible for the high olivine

Cr,0; contents and enriched Ca/Al ratios observed in ureilites.

Procedures

All experiments reported here were performed in the MIT Experimental Petrology
Laboratory. The bulk compositions used in the experiments are given in Table 1.
Experimental run conditions and products are reported in Table 2. For this study five
bulk compositions were selected (see discussion).

The starting material was prepared by mixing together high purity reagent grade oxides
and Fe® sponge (Grove and Bence, 1977). Grinding under ethanol for ~6 hours produced

a uniform powder. Approximately 10 to 15 mg of the starting powder was packed into a
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handcrafted carbon capsule. The carbon capsule was then inserted into a platinum tube
that was welded shut on one end and loosely crimped on the other. A small hole was
made in the crimped end to ensure the gas pressure was fully transmitted to the interior of
the experimental charge. The finished assembly, with the welded end at the bottom, was
loaded into the pressure vessel.

The experiments were performed in a rapid quench, externally heated, ZHM alloy, cold
seal pressure vessel contained in an inconel 600 sheath. The pressure vessel has an inner
diameter of 0.25” and was surrounded by argon to prevent oxidation. Once sealed, the
vessel is pressurized with CO gas, that serves both as the pressure medium and to ensure
a reducing environment. The vessel is then placed in a vertical Del Tech furnace and
brought to run temperature. At the end of the experiment, the vessel is extracted from the
furnace and inverted to drop the experimental charge to the cold region of the vessel.
Rapping the end of the pressure vessel with a wrench assists in making sure the charge
falls to the cooling head.

Experiments were then removed from the pressure vessel and extracted from the Pt tube
and carbon capsule. Frequently the experiment would come out as one coherent glass
bead, other times as a loose aggregate of glass beads and crystals. The bead(s) and/or
crystals were then crushed in a Plattner mortar and mounted in epoxy. The mounts were
then polished and carbon coated for microprobe analysis (see Fig. 2 for examples of
prepared experimental products).

Microprobe analysis was performed using the MIT JEOL 733 Superprobes utilizing the
appropriate glass and silicate standards. Crystal phases in the experiments were analyzed

using a beam current of 10 nA, accelerating voltage of 15 kV and a spot size of 2 pm.
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Glasses were analyzed under the same conditions but with a spot size of 10 um to reduce
the effects of small quench phases. The CITZAF correction package of Armstrong
(1995) was used to reduce the data. The atomic number correction of Duncomb and
Reed, the Heinrichs tabulation of absorption coefficients, and the fluorescence correction

of Armstrong were used to obtain a quantitative analysis (Armstrong, 1995).

Experimental Results

Approach to equilibrium
Experiments performed in this study are all synthesis experiments where crystals and
melt have grown from an oxide mix. Phase appearance temperatures have not been
reversed because past experience (Grove and Bence, 1977) indicates that direct synthesis
is sufficient to recover equilibrium appearance temperature when significant (>40 wt%)
melt is present. For the reasons detailed below, we conclude that the experiments
approached equilibrium sufficiently so that they can be used to understand the smelting
reaction behavior under the conditions of this study. A materials-balance technique
(Bryan et al, 1969) was used to estimate the phase proportions in the experimental
products and to asses the gain or loss of material. The phase proportions and sum of
squared residuals for each run are reported in Table 2. If no material was gained or lost
during the experiment, the sum of squared residuals should be less than 1 (0 in the ideal
case). A sum of squared residuals less than 1 is the first criterion for determination of a
successful experiment. A second criterion for equilibrium is the achievement of regular
and consistent partitioning of Fe and Mg between olivine, pyroxene and melt. The oliv-

melt and pyroxene-melt Fe-Mg exchange distribution coefficients (Kp'oMe =
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X PP X e )/ K P X k%)) are reported in Table 2. The reported Fe-Mg Kp
values are well behaved and are similar to values reported for other systems (e.g. Grove
et al, 2003). We proceed assuming the experiments are sufficiently close to equilibrium
based on the materials balance calculations and systematic Fe-Mg Kp values.
To investigate smelting as it applies to ureilites, experiments were performed to obtain an
assemblage of olivine, pigeonite, metal and liquid with mg# of 75. Compositional,
pressure and temperature space were explored to obtain the correct assemblage and then
to ascertain how the modal proportions of the phases may vary with mineral chemistry.
The experimental results were then used to calibrate the coefficients of the smelting
reaction for the ureilite appropriate bulk composition. The various bulk compositions
used in this study are reported in Table 1.

Pu+Fog;
The first bulk composition used in this study is a mix of a calculated liquid (Pu from
Singletary and Grove (2003) see Table 1) and Fog; olivine in a ratio of 71:29. The
amount of olivine was increased from that of the experiments reported in Singletary and
Grove (2003) to obtain olivine saturation. The bulk composition plots to the left of the
opx-cpx join in the O1-Cpx-Qtz ternary diagram within the olivine primary phase volume
(Fig. 3a).
Ten experiments were performed with this composition over a pressure range of 50 to
125 bars and temperatures of 1200 to 1280°C. The experimental set is shown graphically
in Figure 4a and run products are plotted in the Ol-Cpx-Qtz ternary in Figure 3a. All runs
at 125 bars are saturated with metal, olivine, pigeonite and liquid. The mg#s for olivine

and pigeonite decrease from 83 and 85 at 1280°C to 78 and 79, respectively, at 1200°C in
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a regular fashion. The Wo content ranges from 6.6 to 12.2. The pigeonites all plot along
the opx-cpx join in the Ol-Cpx-Qtz ternary. The liquids plot along the olivine-pigeonite
reaction boundary but below the 1-atm olivine-pigeonite-augite-liquid reaction point.
Two runs at 100 bars are also saturated with metal, olivine, pigeonite and liquid. The
mg#s of the olivine and pigeonite also decrease with decreasing temperature from 83 and
85 to 79 and 81, respectively. These are higher than those of the same phases at the same
temperature at 125 bars (see Fig. 4a). Olivine is absent from all experiments below 100
bars. Two experiments at 1230°C; 80 bars and 1260°C; 75 bars contain metal, pigeonite
and liquid as saturating phases. The mg#s of the pigeonite are higher than those at the
same temperature but higher pressure and display the same decrease of mg# with
decreasing temperature (87 to 85). Two experiments at 50 bars contain pigeonite, augite,
metal and liquid.

Put+Fors
The second bulk composition is a mix of the calculated liquid in equilibrium with a Fog;
bearing ureilite with 29% Fos olivine added. Two experiments were performed with this
composition at 1260°C and pressures of 75 and 125 bars (Fig. 4b). The higher pressure
run contains metal, olivine (Fosg), pigeonite (mg#79) and liquid. The lower pressure
experiment is saturated with augite, pigeonite, metal and liquid. The pigeonite mg#s are
slightly higher than those in the Pu + Fogs experimental set at the same temperature and
pressure. All the pyroxenes plot along the opx-cpx join in the Ol-Cpx-Qtz ternary (Fig

3b). The liquids plot near the calculated Pu composition.
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ULM
A second equilibrium liquid (ULM) was calculated using the method of Singletary and
Grove (2003). ULM is calculated to be in equilibrium with the silicate portion of an
ureilite with mg#s of 75-76 (Table 1). The bulk composition plots to the right of the opx-
cpx join, along the olivine-pigeonite reaction boundary (fig. 3c).
Three experiments at 115 bars are saturated with pigeonite, metal and liquid (fig. 4c).
The mg# of the pigeonite decreases from 84.6 at 1260°C to 72 at 1150°C. The pigeonite
plots along the opx-cpx join (Fig 3c). The liquids plot along the olivine-pigeonite
reaction boundary above the bulk composition but below that of the Pu liquid
composition.

ULM+Fo7s
The fourth set of experiments uses a bulk composition of 71% ULM and 29% Fo;s. The
addition of olivine pulls the bulk composition to the left of the opx-cpx join into the
olivine primary phase volume (Fig 3d). Six experiments span a temperature-pressure
range of 1180 to 1300°C and 75 to 125 bars (Fig 4d). All of the runs are saturated with
metal, olivine, orthopyroxene and liquid. Mg#s of olivine and orthopyroxene range from
86 and 87, respectively, at 1230°C; 75 bars down to 72 and 70 at 1180°C; 110 bars. The
pyroxene Wo contents vary from 2.2 to 9.6. As in the previous experiments, the mg#s
decrease with decreasing temperature and increase with decreasing pressure.
The pyroxenes scatter along the opx-cpx join near the opx end. The liquids are more

dispersed than in the previous experiments but scatter about the ULM bulk composition

(Fig 3d).
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ULM+Fo75+CPX
The fifth bulk composition is a mixture of 76% ULM, 19% Foss olivine and 5%
clinopyroxene with a mg# of 76. The bulk composition plots above the previous
composition in the Ol-Cpx-Qtz ternary but still in the olivine primary phase volume (F ig
3e). Experiments were conducted from 50 to 115 bars and from 1160 to 1280°C (Fig 4e).
Twenty experiments with this bulk composition are saturated with metal, olivine,
pigeonite and liquid. Three experiments at 115 bars and below 1190°C contain
plagioclase as an additional saturating phase.
The olivine Fo content at 115 bars and 1280°C is 81.4 and decreases to 73.9 at 1160°C.
At 90 bars, the high temperature experiment contains Foge 3 olivine. The Fo content
decreases to 76.3 at 1175°C. Olivine Fo contents at 75 bars decrease from 90.2 at
1280°C to 76.2 at 1175°C. One experiment at 55 bars, 1200°C contains Fos7 olivine.
Pigeonite mirrors the coexisting olivine with mg# decreasing with decreasing temperature
and increasing with decreasing pressure. The experimental pyroxenes all plot along the
opx-cpx join. The experimental liquids all cluster along the olivine-pigeonite reaction
boundary, above the ULM liquid composition.
Several different bulk compositions were used in this study and there are similarities in
all the experimental sets. Even though the experimental assemblages differ slightly, they
all display the same behavior in regards to the relationships between mg#, pressure and
temperature. As pressure decreases at constant temperature, the mg# of the silicate
phases rise. Conversely, as temperature drops at constant pressure the mg# of the silicate

phases drops.
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Smelting Reaction Calibration
The smelting reaction coefficients are calculated in two ways — subtraction of modal
proportions (SMP) and by mass balance (MB). The reaction is most sensitive to pressure,
therefore, pairs of experiments at the same temperature and different pressures are used in
the calculation.
The SMP method subtracts the modal proportions of the phases in an experiment from
the proportions of the phases in a higher pressure experiment. The modal proportions of
each experiment are calculated by performing a mass balance against the starting
composition and are reported in Table 2. Phases with like signs after subtraction are
placed on the same side of the reaction. The coefficients are then normalized to 1 liquid.
The computed coefficients are reported in Table 3. If the sum of both sides were within
10%, the sides were normalized to 1 for comparison and are reported in Table 4.
The three experiments at 1280°C provide two set of calibration pairs. Even though in
both cases the sums of the sides are not with 10%, the metal coefficient is nearly equal to
or greater than that of the pyroxene. At 1260°C, three pairs of experiments yield sums
within 10% and give average coefficients (in wt%) of:

0.05C+0.77 01 + 1 Lig => 1.47 Pyx + 0.24 Fe + 0.