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ABSTRACT

Melting and differentiation are fundamental to early solar system evolution on planetary
bodies that accreted enough material to heat up radioactively or through impacts and breach their
solidi. Partially and fully melted material is present in the meteorite record in the form of
primitive achondrites and achondrites, which are fragments of planetesimals that underwent
heating events in the first few million years of solar system history. Although the vast majority
of this material is mafic or ultramafic, new evolved samples, recovered in the last few decades,
are pushing the petrologic and geochemical boundaries of planetesimal melting, differentiation,
and crust formation. The goal of this study is to analyze the composition and interpret the
petrogenesis of some of this newly discovered evolved material, which includes deep crustal or
mantle cumulates and evolved crustal basaltic andesites and trachyandesites. The formation
conditions of these rocks are debated in a terrestrial setting, and on planetesimals their
petrogenesis has until now remained mysterious.

Chapter 1 is a study of the petrology and geochemistry of the dunitic monomict

fragmental breccias Northwest Africa (NWA) 12217 and 12562. These rocks represent large

v



melting events on a unique parent body that resulted in the formation of deep crustal or mantle
cumulates. Chapter 2 focuses on evolved planetesimal crustal material by characterizing NWA
6698, an evolved diorite with a cumulate texture. The oxygen isotopic composition of this rock
links it to the ureilite parent body, and the potential for the melting and differentiation of this
object is explored. Chapter 3 is a project in experimental petrology in which chondritic bulk
compositions are melted under varying temperatures and oxygen fugacities at 1 atmosphere of
pressure. This is an attempt to explain the unique evolved compositions of these recent meteorite
finds relative to their potentially chondritic precursors. Chapter 4 is a review paper providing a
synoptic view of Martian magmatism through geologic time via the study of meteorite

chronology.
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PREFACE

This dissertation is composed of three chapters and an analytical appendix. Each chapter
represents an independent manuscript with its own introduction, methods, results, discussion,
conclusions, and references. Thus, some repetition between chapters is inevitable. Each chapter
has several co-authors whose contributions include analytical measurements and scientific
discussions. The majority of the analytical work was done by me and as such I will be the first
author of the publications that manifest from these manuscripts.

Chapter 1 focuses on the mineralogy, petrology, and geochemistry of three monomict
fragmental dunitic breccias, NWA 12217, 12319, and 12562. These meteorites have oxygen
isotopic compositions akin to the HED meteorites, brachinites, and angrites, but their olivine
abundance and chemistry sets them apart as likely belonging to Vesta or an unknown
differentiated parent body. These unique samples are important pieces of the puzzle that is “The
Great Dunite Shortage” (Chapman 1986) or the “Missing Mantle Problem” (Burbine et al. 1996),
the apparent paucity of olivine-rich material among asteroids and in the meteorite record. The
microanalytical data was gathered by me at UNM and presented at the 2019 Lunar and Planetary
Science Conference (LPSC) (Vaci et al. 2019a) and the 2019 Annual Meeting of the Meteoritical
Society (MetSoc) (Vaci et al. 2019b). Oxygen isotopic composition was analyzed by Karen
Ziegler and included in the 2019 abstracts. Trace element compositions were measured by James
Day and Marine Paquet at Scripps Institution of Oceanography and was submitted as an abstract
to LPSC 2020. Chromium isotopic compositions were measured by Qing-zhu Yin at the
Department of Earth and Planetary Sciences at the University of California, Davis. The

manuscript this chapter is based on has been accepted by Nature Communications.
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Chapter 2 is a study of the mineralogy, petrology, and geochemistry of NWA 6698, a
diorite with oxygen isotopes similar to carbonaceous chondrites, ureilites, and the trachyandesite
ALM-A. This highly evolved meteorite is the second complete rock that samples the partial
melting of a chondritic protolith that formed the ureilites as residues on the ureilite parent body
(Bischoff et al. 2014; Barrat et al. 2016). Initially, this diorite was thought to be associated with
the ordinary chondrites, and thus it was included in a study on magmatism among ordinary
chondrite-like material which was presented by me at LPSC 2018 (Vaci et al. 2018). I gathered
additional microanalytical data on NWA 6698 at UNM, as well as trace element data under the
supervision of Munir Humayun at the National Magnetic Lab, Florida State University. This was
submitted as an abstract to LPSC 2020 and presented at LPSC 2021 (Vaci et al. 2021).

Chapter 3 is a departure from the study of natural samples and presents an experimental
investigation into the melting and differentiation of chondritic material. This study draws from
earlier melting experiments (Jurewicz et al. 1993, 1995; Usui et al. 2015) and attempts to expand
their scope by incorporating alkalis and lower oxygen fugacities to produce more evolved run
products. All experiments were performed by me at the UNM gas mixing lab in a 1-atmosphere
furnace, and I analyzed the run products using the electron microprobe and scanning electron
microscope at UNM. Aaron Bell and Chip Shearer provided the laboratory expertise and
research insight necessary for this project.

Chapter 4 is a review paper on martian chronology derived from meteorites, published in
the journal Geosciences. I provide a synoptic view of the history of the planet derived from
meteorite geochemistry, including modelling of accretion, core formation, and differentiation
timescales, the earliest evolved magmatism gleaned from the martian crustal breccia NWA 7034,

and the ongoing volcanism as sampled by the shergottites, nakhlites, and chassignites (SNC).
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CHAPTER 1

Olivine-rich achondrites and the missing mantle problem in the asteroid belt

Abstract

Seismic data of Earth’s interior, the mineralogy of natural samples, and modelling results
confirm that the mantles of rocky planets are dominantly composed of olivine and its high-
pressure polymorphs (Ringwood 1975; McDonough and Sun 1995). Dunites are rocks consisting
of >90% olivine. The missing mantle problem represents the paucity of olivine-rich material
among meteorite samples and remote observation of asteroids, given the ubiquity of
differentiated planetesimals in the early Solar System (Bell et al. 1989; Burbine et al. 1996).
Here we report the discovery of new olivine-rich meteorites that have asteroidal origins and are
related to V-type asteroids or vestoids. Northwest Africa 12217, 12319, and 12562 are dunites
and lherzolite cumulates that have siderophile element abundances consistent with origins on
highly differentiated asteroidal bodies that experienced core formation, and with trace element,
oxygen isotopic, and chromium isotopic compositions associated with the isotopically
anomalous howardite-eucrite-diogenite (HED) meteorites and the isotope-anomalous eucrites.
These meteorites mark an end to the shortage of olivine-rich material, allowing for full
examination of differentiation processes acting on planetesimals in the earliest epoch of the Solar

System.

1. Introduction
The mantle compositions of terrestrial planets are well constrained compared with those
of small bodies and asteroids, although it is widely held that differentiated planets with metallic

cores also have olivine-dominated silicate mantles. For example, the asteroid 4 Vesta, though



only about 500 km in diameter, is suggested to have undergone core formation and
differentiation to form an olivine-rich mantle during a magma ocean phase (Ikeda and Takeda
1985; Righter and Drake 1997; Mandler and Elkins-Tanton 2013), through partial melting
(Stolper 1975, 1977; Jones 1984), or through serial magmatism and fractional crystallization
(Shearer et al. 1997; Beck and McSween 2010). If differentiated bodies were ubiquitous
throughout the early Solar System, as planetesimal accretion theory suggests (Hevey and Sanders
2006; Weiss and Elkins-Tanton 2013), then olivine-rich asteroid interiors, and meteorite samples
of them, should be quite common.

Based on the currently available meteorites and remote sensing of bodies in the asteroid
belt, olivine-rich asteroid materials appear to be remarkably sparse, implying a ‘missing mantle
problem’ (Bell et al. 1989). Notably, the diversity of iron meteorite types suggests the presence
of at least 50 different parent bodies with iron cores and complementary olivine-dominated
mantles not observed by remote sensing (Goldstein et al. 2009). In the asteroid belt, objects with
spectral signatures suggesting that their compositions are olivine-rich (>80%) are classified as A-
type asteroids (Cruikshank and Hartmann 1984), and these account for less than 0.16% of all
objects larger than 2 km (DeMeo et al. 2019). In the meteorite record, diogenites, thought to
represent deep crustal cumulate material from Vesta, are mostly orthopyroxenites with under 40
vol% olivine(Mittlefehldt 2015), and only small clasts of dunite have thus far been identified in a
mesosiderite breccia (Beck et al. 2011). Other olivine-rich asteroid-derived rocks include the
brachinites, brachinite-like achondrites, and ureilites. The brachinites and brachinite-like
achondrites contain 68-95 modal% olivine, which is somewhat ferroan (Fogs.74) (Day et al.
2012a, 2019). Their nearly chondritic trace element compositions indicate that they are

dominantly residues formed by partial melt extraction from a chondritic source(Day et al. 2012a;



Gardner-Vandy et al. 2013), with some meteorites (ALH 84025, Brachina, EET 99402/99407,
and Eagles Nest) possibly representing cumulates (Warren and Kallemeyn 1989; Swindle et al.
1998; Mittlefehldt et al. 2003). Ureilites are also primitive achondrites that are likely to represent
samples from a planetary mantle that was catastrophically disrupted before it could fully
differentiate (Goodrich et al. 2015). They range in composition from dunite to peridotite (olivine
Fo74.97) (Brugier et al. 2019), but like brachinites and brachinite-like achondrites, they are not
from a fully differentiated asteroid.

Several hypotheses have been put forward to explain the apparently low abundance of
olivine-rich mantle material in the Solar System. The most obvious of these is that olivine-rich
material is not easily detected in the asteroid belt, and there have not been enough impacts
involving this undetected material to bring samples of it to Earth. Such a biasing could be due to
space weathering, which could darken the spectra of A-type asteroids and obscure them from
optical observation (Pieters et al. 1993; Clark et al. 2003), or to catastrophic impacts that have
systematically destroyed olivine-rich planetary mantles in the early Solar System (Burbine et al.
1996). Dynamical modelling demonstrates that large impacts primarily occurred in the final
stages of planetesimal accretion and were capable of stripping away the silicate portions of early
planets, leaving behind Fe-rich cores (Asphaug 2017). The disrupted mantle material from these
‘stripping’ events must then be removed from the accretion disc, presumably by being
incorporated into the terrestrial planets or falling into the Sun. Such a scenario cannot account for
the largest asteroids Vesta or Ceres, which retain plentiful silicate materials (Russell et al. 2012,
2016).

The paucity of olivine-rich material is potentially due to collisional transport processes.

Recent asteroid surveys have concluded that there are no olivine-rich bodies in the asteroid belt



above ~2 km in size other than A-type asteroids (DeMeo et al. 2019), and therefore, there is no
statistically significant evidence for widespread differentiation into Fe-rich cores, olivine-rich
mantles, and basaltic crusts in the asteroid belt (Bottke et al. 2006). The distribution of the A-
type asteroids instead supports differentiation of planetesimals in the inner Solar System, where
the abundance of aluminum-26 allowed for early enhanced melting of these bodies, followed by
later migration and implantation into the asteroid belt. The Nice (Tsiganis et al. 2005) and Grand
Tack (Walsh et al. 2011) models provided dynamical explanations for such early disruptions
through large-scale orbital excitations, migrations and ejections in the early solar system. Later
models (Turrini et al. 2012; Raymond and Izidoro 2017) have suggested that the in-situ
formation of Jupiter was enough to trigger widespread orbital instabilities in the asteroid belt
necessary for both the collisional erosion of early planetesimals and their migration to different
parts of the Solar System.

Here we reevaluate the missing mantle problem in light of the discovery of the olivine-
rich ultramafic achondrite meteorites Northwest Africa (NWA) 12217, 12319, and 12562. These
samples contain abundant Mg-rich olivine, are consistent with a cumulate origin, and probably

represent materials similar to Vesta or the vestoids.

2. Samples and Methods
Northwest Africa 12217 was purchased by Jay Piatek in 2015 from a Moroccan meteorite
dealer, and a 20.7 g deposit sample resides at the University of New Mexico (UNM). Northwest
Africa 12319 was discovered in 2018 as thirteen fragments and splinters totaling 35.3 g, and it
was sold by a meteorite dealer in Agadir, Morocco, to Alan Mazur in July 2018. Deposit samples

reside at the Universities of Kiel (5.07 g) and Miinster (1.05 g). Northwest Africa 12562 was



found in Algeria in 2017 as a single 3930 g stone, and it was purchased by Zuokai Ke in May
2018 in Chenzhou, China. A 21 g deposit sample resides at the University of New Mexico.
Fragments from the deposit samples of NWA 12217 and 12562 were mounted in epoxy and
polished to 0.05 pm smoothness. Thin sections were also produced from fragments of NWA
12217 and 12319 (BC2920.2). These samples were analyzed by optical microscopy, electron
probe microanalysis (EPMA), and scanning electron microscopy (SEM) at the Institute of
Meteoritics, UNM, Albuquerque, NM (NWA 12217, 12319, and 12562) and the Institut fiir
Geowissenschaften, Christian-Albrechts-Universitét in Kiel, Germany (NWA 12319).

Several fragments from deposit samples of NWA 12217 and 12562 were mounted in
epoxy and polished to 0.05 pm smoothness. Two polished thin sections were also produced from
fragments of NWA 12217 and 12319 (BC2920.2). These samples were analyzed by optical
microscopy, electron probe microanalysis (EPMA), and scanning electron microscopy (SEM) at
the Institute of Meteoritics, UNM, Albuquerque, NM (NWA 12217, 12319, and 12562) and the
Institut fiir Geowissenschaften, Christian-Albrechts-Universitét in Kiel, Germany (NWA 12319).

Six fresh fragments of interior materials of NWA 12217 and NWA 12562, weighing
between 1-2 mg, were selected using a stereomicroscope to avoid any possible contamination
from fusion crust. Oxygen isotopic analyses were performed using a CO» laser + BrFs
fluorination system following modified procedures outlined in Sharp (1990). The analyses in
Gottingen were performed following the protocol described in Pack et al. (2016) and Peters et al.
(2020), and details regarding the UNM technique are given in Wostbrock et al. (2020). Oxygen
isotope compositions were calculated using the following procedure: the §!”'30 values refer to
the per mil deviation of a sample’s ('’0/'%0) and (*0/!°O) ratios from the V-SMOW standard

values, respectively, expressed as 8'7180 = [(17180/'°0)sampie/(1*120/*O)v.smow -1]*¥10°. The



delta values were then converted to logarithmic &' in which §'"'30" = In(5'7'80/1000 + 1)*1000.
The A0’ values were obtained from the &' values following A0’ = §!70’- 0.528 * §'30".
Typical analytical precision of the laser-fluorination technique is better than + 0.02%o for A’O’.

Whole-rock fragments of all three meteorites were partially disaggregated to obtain small
chips that were subsequently crushed with limited force in an agate mortar and pestle to make a
partially representative (~0.3 g) whole-rock powder for each sub-fragment. Bulk rock major- and
trace-element abundances were determined at the Scripps Isotope Geochemistry Laboratory
(SIGL) on sample powders by digestion in sealed Teflon vessels at 140°C in Optima grade
concentrated HF and HNOs (4:1V/V) for >72 hours on a hot plate, along with total analytical
blanks and terrestrial basalt standards. Samples were sequentially dried and taken up in
concentrated HNOj to remove fluorides, followed by dilution and doping with indium to monitor
instrumental drift during analysis. Major- and trace-element abundance analyses were obtained
using a ThermoScientific iICAP Qc quadrupole inductively coupled plasma mass spectrometer in
normal mode. Reference materials were analyzed as “unknowns” (BIR-1, BHVO-2, HARZ-01,
and BCR-2) to assess external reproducibility and accuracy (see also Day et al. 2015). For major
and trace elements, reproducibility of reference materials was better than 5% (RSD).

Osmium isotope and HSE abundance analyses were performed at the SIGL using
methods described in Day et al. (2016a). Homogenized powder aliquots of the samples and total
procedural blanks were digested in sealed borosilicate Carius tubes, with isotopically enriched
multi-element spikes (*’Ru, 1°Pd, '*°Re, *°Os, "!Ir, 1%Pt), and 6 mL of a 1:2 mixture of
multiply Teflon distilled HCI and HNOj that was treated with H>O» to expunge Os. Samples
were digested to a maximum temperature of 270°C in an oven for 72 hours. Osmium was triply

extracted from the acid using CCls and then back-extracted into HBr, prior to purification by



micro-distillation that was performed twice. Rhenium and the other HSE were recovered and
purified from the residual solutions using standard anion exchange separation techniques.
Isotopic compositions of Os were measured in negative-ion mode on a ThermoScientific Triton
thermal ionization mass spectrometer at the SIGL. Rhenium, Pd, Pt, Ru and Ir were measured
using a Cetac Aridus II desolvating nebulizer coupled to a ThermoScientific ICAP q ICP-MS.
Offline corrections for Os involved an oxide correction, an iterative fractionation correction
using *20s/'%80s = 3.08271, a '*°Os spike subtraction, and finally, an Os blank subtraction.
Precision for 1870s/!%0s, determined by repeated measurement of the UMCP Johnson-Matthey
standard was better than +0.2% (2 St. Dev.; 0.11390 £20; n = 5). Measured Re, Pd, Pt, Ru, and Ir
isotopic ratios for sample solutions were corrected for mass fractionation using the deviation of
the standard average run of the day over the natural ratio for the element. External
reproducibility on HSE analyses was better than 0.5% for 0.5 ppb solutions and all reported
values are blank corrected. The total analytical blank run with samples had '¥’0s/!%0s = 0.177 +
0.02, with quantities (in picograms) of 0.9 [Re], 1.9 [Pd], 1.4 [Pt], 2.1 [Ru], 1.2 [Ir] and 0.3 [Os].
Blank contributions represent <10% in NWA 12562, but >40% for Re, Pd, Pt and Ru for NWA
12217. We measured NWA 12217 and NWA 12562 in duplicate and NWA 12319 once during
the course of this study.

An interior fusion-crust free chip of each sample was ground to a powder using an agate
mortar and pestle. For dissolution, an aliquot (~15 mg) of the whole-rock powder was placed
into a PTFE capsule with a 3:1 mixture of concentrated HF:HNO3 that was sealed in a stainless-
steel Parr bomb jacket. The Parr bomb was heated at 190°C for 96 hours in an oven. After
complete dissolution, the sample was processed through a 3-column chemistry extraction

procedure to separate Cr from all other matrix elements(Yamakawa et al. 2009). The purified Cr



fractions were loaded onto outgassed W filaments (the total Cr load split among four filaments)
and each set of sample filaments bracketed with two filaments loaded with a similar amount of
terrestrial Cr standard (NIST SRM 979) before and after. The Cr isotopic composition was
measured at UC Davis using a Thermo Triton Plus thermal ionization mass spectrometer
(Sanborn et al. 2019). Each filament analysis consisted of 1,200 ratios with 8 s integrations
times. A gain calibration was made at the beginning of each filament, the baseline was measured,
and the amplifiers were rotated between each block of 25 ratios. The mass fractionation was
corrected using an exponential law and a >°Cr/°*Cr ratio of 0.051859 (Shields et al. 1966). The
53Cr/**Cr and >*Cr/°*Cr ratios are expressed in e-notation (that is, parts per 10,000 deviation from

the NIST SRM 979 Cr standard).

3. Results
3.1 Mineralogy and Petrology
The NWA 12217, 12319, and 12562 meteorites are monomict fragmental breccias
predominantly composed of olivine fragments up to 1 cm in size that appear cream-colored to
light green in hand sample (Fig. 1A). All three breccia assemblages are crosscut by dark veins.
Dunite NWA 12217 is composed of 93 modal% olivine, 4 modal% low and high-Ca pyroxene,
minor chromite, FeNi metal, andesine plagioclase, Fe-sulfide, merrillite, and trace alkali feldspar
and silica, whereas lherzolites NWA 12319 and NWA 12562 have lesser olivine (85-87 modal%)
and higher abundances of low and high-Ca pyroxene (9-11 modal%), and minor chromite, FeNi
metal, and plagioclase. Northwest Africa 12319 is also notable for having 3 modal% sulfide. The
dark veins identified in all three meteorites are composed of variable amounts of sulfide,

chromite, and pyroxene, as well as ubiquitous vermicular symplectites composed of chromite



and both low and high-Ca pyroxene. These symplectites appear both as inclusions within veins
and on their own. The veins and symplectites are found both along grain boundaries and fully
enclosed within olivine grains. Despite being brecciated, all three rocks lack “matrix” material.
All three meteorites have olivine grains and fragments that are forsteritic and contain low
CaO (average of 0.06 +£0.04 wt.%) and Cr203 (average of 0.07 + 0.05 wt.%) relative to olivine in
other primitive achondrites (Goodrich et al. 2017). Olivine compositions are generally more
variable in the lherzolites NWA 12319 (Fo77-91) and NWA 12562 (Fo73-92) than in the dunite
NWA 12217 (Fose-93). Pyroxene compositions show similar variability in NWA 12217 (Fs3.4s,
Woi-43), NWA 12319 (Fs9.46, W02-44), and NWA 12562 (Fsi4-56, W02-37) (Fig. 2). These phases
do not show zonation in major or minor element composition. Feldspar is a minor (<1 vol%) but
ubiquitous phase in NWA 12217, 12319, and 12562, and is evenly distributed as brecciated
fragments in the lherzolites. Feldspar-bearing fragments are often associated with high-SiO; (>70
wt.%) phases or pure silica. In the dunite NWA 12217, feldspar also occurs as small (~200-300
um) inclusions within olivine, surrounded by radiating fractures, with compositions ranging from
andesine to oligoclase to potassium feldspar (Fig. 3 and 4). No potassium feldspar was identified
in NWA 12562 or NWA 12319, but a small high-silica (95 wt.%) glassy inclusion was identified
in NWA 12562 with 1 wt.% K>0O. Chromite compositions in all three meteorites show a range in
AlOs3 content up to 25 wt.%. Iron-nickel metal in the meteorites ranges in Ni content between 6
and 40 wt.%, with N1/Co between 2 and 192. Chemical zonation is not observed in any of the
major or minor phases such that variation in composition is attributed to differences between

individual grains. A summary of microprobe measurements is shown in Table 1.



3.2 Oxygen and Chromium Isotopes

The ultramafic achondrites NWA 12319 and 12562 overlap in oxygen isotope
composition as to be virtually indistinguishable, while NWA 12217 is somewhat heavier in 'O
(overall §'70° = 1.62 to 1.88; 6'%0° = 3.48 t0 3.87; A'’0’ = -0.230 to -0.136) (Fig. 1B). The
chromium isotopic composition of the ultramafic achondrites ranges from £>*Cr = -0.26+0.08 for
NWA 12217 to +0.02+0.13 for NWA 12319, while NWA 12319 and 12562 overlap within error
(Fig. 5). The coupled A'70O and &°*Cr systematics of the three meteorites plot outside of the main
group normal HED meteorites (Fig. SB/D). While NWA 12217 plots in the vicinity of the
oxygen- and chromium-anomalous eucrites (Scott et al. 2009), between Bunburra Rockhole,
Asuka 881394, Pasamonte, and Pecora Escarpment 91007 (Sanborn and Yin 2014; Sanborn et al.
2016; Benedix et al. 2017; Wimpenny et al. 2019), NWA 12319 and 12562 plot in a region of
non-carbonaceous inner solar system materials where no previous samples have plotted (Fig.
5A/B). Mixing normal HED material with any known chondrite groups cannot explain the
coupled chromium-oxygen isotopic compositions of these olivine-rich achondrites (Fig. 5C/D).

The isotopic compositions of the anomalous eucrites argue for multiple parent body
origins of basaltic meteorites, and these new samples suggest the same for their ultramafic
counterparts. Additionally, while the oxygen isotope data potentially contain enough data points
to be representative of these heterogeneous breccias, the chromium isotopic data could be
influenced by the diversity in phases hosting Cr. By mass balance, only ~30% of the Cr budget
in the ultramafic achondrites is derived from major phases, while the rest resides in chromite
grains, chromite-rich veins, and symplectites (discussed below), whose origin is potentially

exogenous to the rock.
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3.3 Trace Element Compositions and Re/Os

Bulk major, minor, and trace element abundances for NWA 12217, 12319, and 12562
reflect the dominance of olivine, in conjunction with a minor feldspar component. Dunite NWA
12217 has a Mg# [molar Mg/(Mg+Fe)] of 91, higher than lherzolites NWA 12319 and NWA
12562 (Mg# = 85 and 83 respectively). The incompatible trace element (ITE) compositions of
NWA 12217, 12319, and 12562 are nearly identical in relative abundances (Fig. 6A). The
patterns of NWA 12217 and 12562 contain slight enrichments in the light REE but otherwise are
almost flat relative to CI chondrites. The variability in the ITE in brachinites makes meaningful
comparison with the ultramafic achondrites difficult. The diogenites, by contrast, show similar
trends in ITE depletions to NWA 12217, 12319, and 12562.

Highly siderophile element (HSE) concentrations in NWA 12217, 12319, and 12562 are
shown in Figure 6B along with those of the brachinites, diogenites, and bulk silicate Earth and
Mars. Abundances of HSE are generally low (<0.002xCI chondrite) with the exceptions of Pd
and Re in NWA 12562. All three meteorites have HSE abundances in the intermediate range of
the diogenites, with some heterogeneity among aliquots. The osmium isotopic compositions of
all three meteorites are almost identical. However, their '*’Re/'®Os ratios vary significantly with
four aliquots lying close to a 4.5 Ga Solar System isochron (Fig. 7) whereas one fragment of
NWA 12562 has experienced significant Re gain. This combined evidence suggests that the high
Re in aliquots of NWA 12562 represent addition from terrestrial weathering, and that the HSE in
NWA 12217, 12319, and 12562 are in chondritic-relative abundances. While terrestrial
disturbance of Re in meteorites is well documented, disturbance in Pd, especially to the degree
noted in NWA 12562, is not (Day et al. 2016). The meteorite also has elevated abundances of Ni,

Co, Cu, and Pb, consistent with preferential sampling of monosulfide solid solution (MSS)-rich
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fractions. As veins containing sulfide are found throughout each meteorite (Fig. 8), the elevated
Pd in NWA 12562 is consistent with MSS injection as veins within the olivine cumulate. It is not
currently possible to determine whether this process occurred immediately after petrogenesis or
later, as the Re/Os disturbance in the meteorite must be assumed to result from weathering and
rusting of sulfides and metals. Not including the additions to NWA 12562, the total measured
HSE abundances of all three meteorites are between 1 and 4 ppb, and this is lower than in
terrestrial peridotites(Day et al. 2016) and much lower than in brachinites and brachinite-like

achondrites(Day et al. 2012a, 2019).

3.5 Symplectites, veins, and shock features

Northwest Africa 12217, 12319, and 12562 contain symplectites composed of chromite,
low-Ca pyroxene, and high-Ca pyroxene (Fig. 9 and 10). They occur along grain boundaries,
between olivine grains and between olivine and pyroxene grains, as well as inclusions within
olivine grains. Their distribution is not associated with any particular phase in either meteorite.
The symplectites consist of vermicular chromite lathes of varying thickness that crosscut
pyroxene grains. The chromite veins appear zoned in Cr X-ray maps (Fig. 10), but this zonation
could be an artifact of the electron beam overlap with other phases, since the scale of chemical
heterogeneity within the symplectites is likely smaller than the electron interaction volume. Low-
Ca pyroxene associated with symplectites is more magnesian (Engo) than pyroxene that is found
as a major phase. High-Ca pyroxene within symplectites is variable in modal abundance as well
as in Ca content. The averaged bulk composition in wt.% using X-ray map data of three of these

symplectites is as follows: Si0,=37.36+4.54, Mg0=22.23+3.52, Cr203=16.63+6.19,
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FeO=10.82+3.02, CaO=4.64+2.71. The high variance in the data reflect the um-scale chemical
heterogeneity in the symplectites.

Dark veins that crosscut major phases are visible in hand sample and from optical
microscopy in NWA 12217, 12319, and 12562. These veins sometimes show symplectic textures
and are always multi-phased. Chromite is always present in the veins, with variable amounts of
sulfide and low- and high-Ca pyroxene (Fig. 8). The veins are not shock features, as several are
observed to be crosscut by fractures. Planar fracturing is ubiquitous among major phases as a
characteristic shock feature. In cross-polarized light (XPL), olivine grains in NWA 12217 exhibit
undulose extinction indicative of shock (Fig. 11). Dark interstitial areas that appear in hand-
sample to be fine grained “matrix”” material are not evident in optical or electron imagery.
Instead, these dark areas appear to be shock-mosaicized areas of olivine grains under optical
microscopy (Fig. 11). As these areas are purely crystallographic features, they do not appear in
BSE imagery (Fig. 12). Despite the significant shock that these rocks have undergone, there are
no shock-melt veins or pockets in either meteorite, and none of the feldspar grains have been
transformed to glassy maskelynite. The planar fractures and mosaicism in olivine grains record a
maximum shock pressure of 60-65 GPa (Stoffler et al. 2018). However, given the lack of any
partial melt veins or pockets, the shock pressures that these meteorites experienced are likely a

great deal lower.

4.0 Discussion
4.1 Petrogenesis and Parent Body Origin
The oxygen isotopic compositions of NWA 12217, 12319, and 12562 suggest affinities

with the angrites, brachinites, and brachinite-like achondrites (BLA) (Fig. 1B). However, other
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aspects rule out association with these groups. The angrites in general appear to be more
oxidized than NWA 12217, 12319, and 12562, with analytical and experimental studies
suggesting that they crystallized well above the iron-wiistite (IW) buffer (Jurewicz et al. 1993;
Keil 2012). The olivine compositions and the presence of Fe-metal in these new meteorites
suggest that they were formed in a more reducing environment. A single dunitic angrite, NWA
8535, has been identified(Santos et al. 2016), and though it also contains Mg-rich olivine (Fo7o-
8g), its olivine Fe/Mn is ~90, more than twice that of the new ultramafic achondrites. Its
composition is typical of plutonic angrites and angrites in general, which have superchondritic
Ca/Al and higher amounts of Cr2O3 in their olivines than these new meteorites. Also, these
ultramafic meteorites are clearly separated from the angrite field in A'’0-&>*Cr systematics (Fig.
5B). It is therefore unlikely that NWA 12217, 12319, or 12562 bear affinity to the angrite parent
body.

The brachinites and BLA are the most obvious analogues to the ultramafic achondrites
because they are dunites and peridotites. However, they are geochemically distinct in that their
range in forsterite content and trace element abundances is much more variable. Olivine CaO and
Cr203 content of brachinites is more variable and in general higher than in the ultramafic
achondrites (Fig. 13). As shown in A'70-&>*Cr systematics, brachinites and BLA are distinct
from the three ultramafic achondrites (Fig. 5B), suggesting the two lithologies are unlikely to be
of common origin. The ITE and HSE abundances of brachinites are also highly variable, likely
due to their origin as residues of partial melting on a parent body that never fully differentiated
(Day et al. 2012a, 2015; Keil 2014; Goodrich et al. 2017). The HSE abundances of the ultramafic
achondrites plot well below those of the brachinites and BLA, effectively ruling out association

with those meteorites and any other primitive achondrites that form as residues of low degrees of
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partial melting. This distinction is also evident when comparing Fe/Mn versus Fe/Mg (Fig. 14).
In a reducing environment, a residue of partial melting produces a linear trend with a near-
constant, chondritic Mn/Mg ratio, while a cumulate produced by fractional crystallization results
in a range of Fe/Mg with constant Fe/Mn (Goodrich and Righter 2000; Goodrich et al. 2017).
The ultramafic achondrites show a constant Fe/Mn ratio and a range of Fe/Mg, as would be
expected for cumulate rocks, while many of the primitive achondrites, including brachinites and
BLA, show the constant Mn/Mg ratios expected for residues of partial melting.

The ultramafic achondrites are most similar geochemically to diogenites and the Mg-rich
harzburgites found as clasts in howardites (Hahn et al. 2018). Low olivine CaO and Cr20O3
contents and the low variance in analyses from all three rocks are similar to those reported for
the HED clan (Mittlefehldt 2015) (Fig. 13). Olivine from the HED meteorites and Mg-rich
harzburgites, like the ultramafic achondrites, show a constant Fe/Mn ratio and variable Fe/Mg. In
particular, the Mg-rich harzburgites overlap with NWA 12562 and 12319, with the latter
showing significantly more spread in Fe/Mg. Because the ultramafic achondrites are breccias,
this greater variability is likely due to impact sampling and mixing of fragments from a large
differentiated protolith.

The similar shape of the REE patterns of NWA 12217 and 12562 strongly suggests that
they were formed by similar processes, while the bulk abundance differences are likely an
artifact of brecciation processes that led to variance in modal pyroxene abundance. While the
eucrites and diogenites, as crustal rocks, show LREE enrichments relative to the HREE
(Mittlefehldt 2015), residues of partial melting are expected to have LREE/HREE < 1 (Frey
1984). Instead, NWA 12217 and 12562 show enrichments in the LREE relative to the HREE,

suggesting different formation conditions such as accumulation in a fractionating magmatic
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assemblage within a region of magma storage in their parent body. Although LREE enrichment
is also possible through incorporation of crustal material during brecciation or metasomatism, we
regard crustal incorporation as unlikely because both meteorites appear to be monomict breccias
with no evidence of contamination by a different lithology. NWA 12319 contains three times as
much P>Os as the other two rocks, so it is possible that its flat REE pattern is a result of more
contributions to its REE budget from phosphates, or potentially a trapped melt component,
relative to pyroxenes.

Importantly, the HED meteorites show up to five orders of magnitude of variations in
HSE concentrations (Day et al. 2016), so this metric alone is not sufficient to establish a
relationship of the ultramafic achondrites to the diogenites. However, in combination with other
lines of evidence discussed above, it rules out association with other olivine-rich planetary
material. NWA 12217, 12319, and 12562 have broadly chondritic HSE patterns that are found in
all planetary bodies that experienced core-mantle differentiation (Day et al. 2016). This implies
that they originate from bodies that experienced core formation events and whose mantles were
later enriched in HSE from late accretion of chondritic material. Their similarity to diogenites
and Mg-rich harzburgites suggests that these parent bodies are sampled by V-type asteroids or
vestoids.

The Fe/Mn systematics of the olivines in NWA 12217, 12319, and 12562 argue
convincingly for a cumulate origin within a fractionating magma chamber for these meteorites.
The diogenites and Mg-rich harzburgites included in howardites are similarly cumulate rocks
within this scheme, but whether they originated on the same parent body is not fully resolved.
The pyroxene minor element diversity (Fig. 15) exhibited in particular by NWA 12319 and

12562 overlaps and broadens the fields plotted by the diogenites, Mg-rich harzburgites, and
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NWA 12217. Coupled with the oxygen and chromium isotopic evidence, this suggests the
existence of at least two large, differentiated parent bodies present in the early Solar System, at
least one of which has since been annihilated by impact (the other potentially being Vesta). This
would favor the ‘Battered to Bits’ (Burbine et al. 1996) scenario in which planetesimal mantles
have been largely eroded away, and NWA 12217, 12319, and 12562 would represent rare
examples of such mantle material.

The Dawn mission arguably created more questions regarding Vesta and the HED
meteorites than it solved by observing a large metallic core over 100 km in diameter(Ermakov et
al. 2014) and failing to observe large volumes of olivine-rich mantle material exposed by deep
impact craters (Consolmagno et al. 2015). If the bulk composition of Vesta is chondritic, the
elevated REE contents of the crustal eucrites argue for the existence of a complimentary REE-
depleted and olivine-rich mantle 7-10 times the size of the crust (Mittlefehldt and Lindstrom
2003; Consolmagno et al. 2015). However, the large Vestan core and the deep crust-mantle
boundary suggested by impact craters that excavated olivine-free material from 100 km
deep(Clenet et al. 2014), severely limit the potential size of this mantle.

The petrological and geochemical characteristics of the newly discovered ultramafic
achondrites favor serial magmatism within fractionating magma chambers on its parent bodies,
just as the discovery of olivine-rich material overlying eucritic material favors this model on
Vesta (Cheek and Sunshine 2020). The variability in Mg# and pyroxene compositions found
within all three breccias suggests that they are sampling heterogeneous igneous bodies, whereas
under a magma ocean scenario more homogeneity should be expected. The REE compositions of
the ultramafic achondrites are likewise varied and dependent on high-Ca pyroxene content, a

phase that is not expected to be in the mantle of a sodium-depleted parent body such as Vesta
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(Consolmagno et al. 2015). While bulk analyses of the ultramafic achondrites suggest they are as
alkali-depleted as the HED meteorites, brecciated ultramafic rocks are unlikely to represent
precisely the volatile budgets of their host bodies (Fig. 16). Thus, the compositions of these
meteorites raise additional complexities in piecing together the igneous histories of Vesta, the

vestoids, and any other differentiated planetesimals that produced fractionating magmas.

4.2 Symplectites

The possibility of subsolidus introduction of exogenous chromium to planetary
materials warrants discussion. The symplectites identified in NWA 12217, 12319, and 12562 are
commonly found in ultramafic and mafic rocks, including examples within terrestrial peridotites,
lunar troctolites, martian basalts and cumulates, diogenites, and the ungrouped achondrite QUE
93148. The particular type of symplectites found in NWA 12217, 12319, and 12562 are almost
identical to those found in the Mg-rich harzburgite clasts in howardites (Hahn et al. 2018). They
are composed of vermicular chromite lathes, low-Ca pyroxene, and high-Ca pyroxene (Fig. 9 and
10). The pyroxene included in the symplectites is generally more magnesian (FeO < 2.0 wt.%)
than pyroxenes not associated with symplectites. The petrogenesis of symplectites is
controversial, with many possible formation mechanisms proposed over decades of research
(Bell et al. 1975; Dawson and Smith 1975; Morishita and Arai 2003; Field 2008; Holness et al.
2011; Elardo et al. 2012; Khisina et al. 2013; gpaéek et al. 2013; Hahn et al. 2018). These
include: (1) crystallization of late-stage trapped melts; (2) diffusion of minor elements out of
olivine; (3) breakdown of pre-existing chrome garnets; (4) reaction with a chromium-rich

metasomatizing fluid.
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It is unlikely that the symplectites are late-stage crystallization products because their
bulk composition is not that of a possible melt inclusion or late-stage residuum(Holness et al.
2011). The amount of chromium dissolved in the melt would have to be unreasonably high to
crystallize such phases. A likely candidate for such a late-stage melt pocket was identified in
NWA 12217. The bulk composition of the pocket is much higher in Si, Al, Ca, than the
symplectites and contains negligible amounts of Cr. Similar to the symplectites in a lunar
troctolite (Elardo et al. 2012), the symplectites contain highly variable proportions of high- and
low-Ca pyroxene, but the compositions of these phases are largely uniform. The composition of
a trapped melt would be highly variable depending on the stage of the crystallization sequence of
the parent magma, and this variability should be reflected in pyroxene compositional diversity.
Conversely, if each trapped pocket was formed at the same time, a uniform distribution of high-
and low-Ca pyroxene should be expected. We find neither to be the case.

We also consider it to be unlikely that the symplectites were formed by diffusion of Cr
out of olivine. The Cr contents of olivines in all three meteorites are uniformly low (Fig. 13), and
there are chromite grains scattered throughout that were likely liquidus phases and the primary
Cr carriers. None of the olivine grains contain diffusion gradients in Cr or any other element,
which would be expected if Cr was diffusing out of the grains and into the symplectites. Instead,
there are elevated Cr compositions in olivines adjacent to the symplectites which implies Cr
diffusion from the symplectites into the olivines, as found in the lunar troctolite (Elardo et al.
2012) and in Vestal Mg-rich harzburgites (Hahn et al. 2018). We note that the elevated Cr in
olivine grains is only observed one or two um away from the symplectites, so it is also possible
that the measurement is due to symplectite interference with the electron beam’s interaction

volume during microprobe analysis.
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The bulk compositions of the symplectites are stoichiometrically consistent with having
been formed through the breakdown of preexisting chromium garnet (Spadek et al. 2013).
However, the garnet stability field exists at pressures greater than 1.5 GPa (O’Hara et al. 1971), a
regime difficult to reconcile with formation on a small body such as a planetesimal. Even at the
high end of a theoretical pressure calculation, assuming a body with a diameter of 1000 km, an
average density of 4000 kg/m>, and a depth of 400 km, the hydrostatic pressure is less than 1
GPa. We suggest that NWA 12217, 12319, and 12562 more likely formed on a smaller body, and
therefore the symplectites are unlikely to be garnet breakdown products. However, as the
planetesimal size is poorly constrained, this possibility cannot be completely excluded.

There is also the possibility of a Cr-rich metasomatizing melt or fluid crystallizing
symplectites like those identified in NWA 12217, 12319, and 12562. Elardo et al. (2012)
suggested that a chromite-rich basaltic melt infiltrated cracks and grain boundaries in the lunar
troctolite 76535 and crystallized chromite as a liquidus phase. The chromite then reacted
metasomatically with bounding olivine and plagioclase, resulting in the formation of
symplectites with high Mg# since they were buffered by the high Mg# of adjacent olivine.
Additional unreacted chromite was deposited as chromite veins. Hahn et al. (2018) likewise
argued for an exogenous origin for the symplectites they identified in Mg-rich harzburgite
howardite clasts. They found a glassy melt inclusion high in Cr with a preserved reaction front
that was in the process of precipitating a symplectite assemblage. Based on this observation, they
argued that a melt that contained both a silicate and metallic component interacted with olivine
under changing fO» conditions and resulted in the crystallization of the symplectites.

Based on our observations, we do not consider that the mechanisms proposed by Elardo

et al. (2012) to be relevant to symplectite formation in NWA 12217, 12319, or 12562, since the
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symplectites are ubiquitous as inclusions within olivine and along olivine-olivine and olivine-
pyroxene grain boundaries and do not involved plagioclase. Hahn et al. (2018) present an
interesting model of formation based on a single melt glass that they identified interacting with a
symplectite. However, we found no such melt in NWA 12217, 12319 or 12562. Therefore, we do
not find it compelling to associate these symplectites with a hypothetical infiltrating melt.
Furthermore, the melt glass(Hahn et al. 2018) remains poorly characterized, and likely finer-
scale measurements such as TEM analyses will be necessary to understand how such a melt
could accommodate high levels of Cr2O3, along with the microstructure of the propagating
reaction front. Their suggestion of a metallic melt component necessary to incorporate Cr and an
associated increase in fO; also remains hypothetical.

The main obstacle to deciphering the origin of the symplectites in NWA 12217, 12319,
and 12562 is the origin of chromium. The most obvious source would be the chromite that is
ubiquitous throughout all three meteorites, but implicating these requires that they break down
spontaneously into symplectites in some regions while remaining pristine in others, with no
satisfying explanation as to why. There is also no clear source for the excess silica required to
crystallize the pyroxene components of the symplectites. In lieu of any other plausible sources
for Cr, we find that the interaction of an exogenous melt is a possible formation mechanism, but

there is a paucity of evidence for such an interaction.

5. Conclusions
The discovery of the ultramafic achondrites Northwest Africa 12217, 12319, and 12562
represents an end to the shortage of olivine-rich planetary materials. While they bear

geochemical and petrological similarities to the HED meteorites, in particular ultramafic clasts
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found within howardites, their stable isotopic compositions suggest that they do not originate
from Vesta. Like the isotope-anomalous eucrites, they were instead likely sourced from similar
differentiated parent bodies with vestoid spectral characteristics. Their minor element
chemistries and bulk compositions demand an origin inside a fractionating magma chamber
rather than as residues of partial melting. Their HSE contents suggest that they formed on a
parent body that experienced core-mantle differentiation and whose silicate portion was later
enriched by a meteoritic component, much like the terrestrial planets and Vesta. These
meteorites provide additional evidence for widespread differentiation before disruption among

planetesimals and protoplanets during the early solar system.
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Figure 1. (A) Northwest Africa 12217 showing large olivine fragments. The light to dark brown
material which is terrestrial weathering, typically oxidation of metal grains and sulfides.
Remnant fusion crust is visible in the top right corner of the meteorite. Interstitial areas between
grains have been darkened by shock, and they reflect the primary lithology of the meteorites. (B)
A0 diagram showing NWA 12217, 12319, and 12562 in relation to other achondrite
groups(Greenwood et al. 2005, 2012; Scott et al. 2009; Zhang et al. 2019). TFL is the mass-

dependent terrestrial fractionation line. Errors are smaller than symbols.
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Figure 2. Quadrilateral showing pyroxene compositions of dunite NWA 12217 (open circles),
lherzolites NWA 12319 (half-filled circles) and 12562 (crossed circles), and fields of diogenites

(Mittlefehldt 2015) (pale red).
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Figure 3. BSE images of plagioclase (top) and alternating lathes of K-feldspar and silica

(bottom), both found as inclusions within olivine grains in NWA 12217.
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Figure 4. Ternary diagram showing feldspar compositions in NWA 12217 (open circles), 12319
(half-filled circles), and 12562 (crossed circles). Feldspars in NWA 12217 are small (<500 pm)
inclusions in olivine and are likely representative of trapped melt, while feldspars in NWA

12319 and 12562 appear as brecciated clasts.
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NWA Low-Ca High-Ca Chromite Plagioclase K-feldspar
12217 | Olivine (n=90) Pyroxene (n=18) | Pyroxene (n=5) (n=6) (n=5) (n=9)
Avg. Stdev Avg. Stdev  Avg. Stdev  Avg. Stdev  Avg. Stdev  Avg. Stdev
Al203 0.03 0.04 0.72 0.28 080 045 10.10 6.84 2611 2.04 1671 1.56
SiO2 40.19 1.28 52.15 1.54 53.25 0.62 0.03 0.06 57.19 394 68.44 2.58
Cr203 0.10 0.07 0.60 0.23 1.17 0.25 59.80 5.05 n.a. n.a.
TiO2 0.01 0.01 0.19 0.14 0.17 0.21 0.11 0.10 n.a. n.a.
Na:0 0.00 0.01 0.04 0.02 0.50 0.14 0.01 o0.01 6.83 1.43 394 1.18
MgOo 50.36 1.97 24.32 5.34 19.20 140 10.23 2.85 0.00 0.00 0.01 0.03
MnO 0.25 0.06 0.69 0.26 0.14 0.05 0.59 0.12 n.a. n.a.
FeO 8.91 2.11 17.57 6.88 289 096 17.17 3.07 0.20 0.06 0.18 0.08
NiO 0.01 0.01 0.01 0.01 0.01  0.02 0.00 0.01 n.a. n.a.
K20 0.02 0.01 0.02 0.01 0.04 0.02 0.03 0.01 0.30 0.09 9.61 1.21
Cao 0.07 0.05 1.61 0.68 1896 1.70 0.03 0.05 7.92 230 0.51 0.11
Total 99.94 97.91 97.132 98.12 98.54 99.53
NWA Low-Ca High-Ca Chromite Plagioclase
12319 | Olivine (n=102) | Pyroxene (n=20) | Pyroxene (n=2) (n=10) (n=4)
Avg. Stdev Avg. Stdev  Avg. Stdev  Avg. Stdev  Avg. Stdev
Al203 0.03 0.03 0.86 0.29 1.29 0.69 10.88 9.18 31.76 1.08
SiO2 40.56 0.90 54.89 2.16 50.21 1.39 0.18 0.18 49.99 1.53
Cr203 0.05 0.03 0.61 0.23 0.61 0.73 56.93 10.16 0.01 0.01
TiO2 0.02 0.02 0.17 0.15 0.73  0.58 0.51 0.63 0.02 0.02
Na:0 0.01 0.01 0.04 0.06 0.16 0.11 0.02 0.01 3.22 048
MgOo 45.65 3.32 24.19 5.00 8.27 8.89 7.08 3.48 0.04 0.04
MnO 0.34 0.08 0.58 0.20 0.55 0.24 0.69 0.18 0.03 0.03
FeO 13.23 3.49 16.32 6.27 17.93 1420 2246 4.53 0.41 0.08
NiO 0.01 0.01 0.01 0.01 n.a. n.a. n.a.
K20 0.01 0.01 0.02 0.01 0.01 0.02 0.02 0.01 0.10 0.06
Cao 0.06 0.04 2.40 4.41 1931 173 0.02 0.02 1451 0.95
Total 99.97 100.06 99.07 98.79 100.08
NWA Low-Ca High-Ca Chromite Plagioclase
12562 | Olivine (n=84) Pyroxene (n=38) | Pyroxene (n=3) (n=6) (n=12)
Avg. Stdev Avg. Stdev  Avg. Stdev  Avg. Stdev  Avg. Stdev
Al203 0.02 0.01 0.97 0.38 1.17 0.41 723 483 3239 149
SiO2 39.82 0.85 53.81 1.90 49.38 0.38 0.05 0.03 4876 2.19
Cr203 0.05 0.04 0.65 0.21 0.47 0.06 5840 5.95 0.01 0.01
TiO2 0.01 0.01 0.14 0.08 0.51 0.32 0.74 0.40 0.02 0.02
Na:0 0.00 0.00 0.03 0.02 0.10 0.08 0.01 0.01 2.75 0.96
MgOo 45.67 3.99 24.84 5.99 8.98 0.26 497 1.06 0.09 0.10
MnO 0.34 0.10 0.58 0.22 0.85 0.18 0.71  0.05 0.01 0.01
FeO 14.19 4.50 16.52 6.67 25,65 6.05 25.73 2.06 0.41 0.21
NiO 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.01
K20 0.02 0.01 0.02 0.00 0.02 0.01 0.02 0.00 0.06 0.04
Cao 0.06 0.03 2.21 1.58 12.12  4.06 0.03 0.02 1565 1.64
Total 100.19 99.78 99.25 97.88 100.16

Table 1. Average electron microprobe analyses for major and minor phases in NWA 12217,

12319, and 12562, in wt.%.
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Figure 5. (A) A'70 versus £>*Cr isotope systematics of NWA 12217, 12319, and 12562 (graphic
circles) shown along with non-carbonaceous chondrites and achondrites. Colored circles
represent literature data while the diamonds and squares are data measured at UC Davis. The
fields for ordinary chondrites (OC), Mars (SNCs), Earth and earth-likes, Vesta (HEDs),
brachinites, ureilites, winonaites (win), acapulcoites (acp)/lodranites/ungrouped achondrites
(ung) are marked with select representative samples with available data. Symbol colors indicate
meteorite type or grouping. Note that the carbonaceous chondrites and affiliated achondrites plot
outside the field of this plot with highly positive £**Cr (shown in panel C), with highly positive
€54Cr. Literature data from (Li et al. 2018). (B) A70-&>*Cr diagram showing NWA 12217,
12319, and 12562 (graphic circles) in comparison with the brachinites, Brachina, GRA 06128,
GRA 06129, and NWA 3151 (pink diamonds), angrites, along with the normal HEDs (open
symbols) and anomalous eucrites (grey filled squares) (BR = Bunburra Rockhole). The y-axis
error bars for NWA 12217 and 12562 represent the range of A!’O measured, and for NWA
12319 it is the analytical error of a single measurement. Literature data for eucrites are from
(Sanborn and Yin 2014; Sanborn et al. 2016; Benedix et al. 2017; Wimpenny et al. 2019; Zhu et
al. 2019) and references therein. (C). Overview A!’O-g>*Cr plot showing the three new
ultramafic achondrites with relation to major fields of planetary materials in non-carbonaceous
(NC) and carbonaceous chondrites (CC) and mixing lines between normal HEDs with ordinary,
enstatite, and carbonaceous chondrites. (D). A70->*Cr plot of NWA 12217, 12319, and 12562
(graphic circles) along with the normal HEDs (open symbols) and anomalous eucrites (grey
filled squares). Open squares represent literature normal eucrite data. (BR = Bunburra
Rockhole). Literature data are from (Wiechert et al. 2004; Greenwood et al. 2005, 2014;

Trinquier et al. 2007; Barrat et al. 2008; Scott et al. 2009; Sanborn and Yin 2014; Barrett et al.
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2015) and references therein. Various dashed lines represent mixing curves between the average

eucrite end member and specific chondritic endmembers as indicated.
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Figure 6. CI-chondrite normalized(Lodders et al. 2009) (A) ITE abundances in NWA 12217
(open circles), NWA 12319 (half-filled circles), NWA 12562 (crossed circles),
brachinites(Goodrich et al. 2010; Day et al. 2012a) (green), and diogenites (Mittlefehldt 2015)

(red). (B) Bulk CI-normalized HSE abundances of ultramafic achondrites plotted with those of
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brachinites (Day et al. 2012a), diogenites (Day et al. 2012b), and estimates for bulk silicate Earth

and Mars (Day et al. 2016).
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Figure 7. Rhenium-Os Isochron plot showing NWA 12217 (open circles), NWA 12319 (half

filled circle), NWA 12562 (crossed circles), HED meteorites (Dale et al. 2012; Day et al. 2012c¢)

(red), and the 4.568 Ga IIIAB iron meteorite isochron (Smoliar et al. 1996).
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Figure 8. Vein-like feature ubiquitous in NWA 12217 and 12562. Veins are found within olivine
grains and along grain boundaries, and some are disturbed by shock. Symplectites (Fig. S1) are

sometimes found within veins.
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Figure 9. Backscatter electron (BSE) image of a symplectite (yellow outline) composed of

chromite and low- and high-Ca pyroxene, completely enclosed within an olivine grain.
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Figure 10. Quantitative X-ray oxide maps of a symplectite in NWA 12217. High FeO spots are

FeNi metal or Fe-sulfide grains. Dimensions are in mm; color scale is in wt.%.
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Figure 11. Plane-polarized light (PPL) (top) and cross-polarized light (XPL) (bottom) images of
the same area in NWA 12217, showing undulose extinction, fracturing, and shock-mosaicism of

compositionally homogenous olivine.
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SEM HV: 20.0 kV View field: 1.18 mm | | VEGA3 TESCAN
SEM MAG: 234 x Det: LE-BSE 200 pym
Mosaic Cross Cut BSE Date(m/d/y): 01/25/19 d_

Figure 12. BSE image of typical dunitic lithology present in NWA 12217. The darker areas in
the middle of the image appear fine-grained optically (see Fig. 11) but are likely the result of

shock-induced mosaicism.
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Figure 13. Average CaO versus Cr2O3 content in olivine grains in NWA 12217, 12319, and
12562, plotted with olivines from other meteorite groups and QUE 93148 (Goodrich and Righter

2000; Goodrich et al. 2001, 2006, Mittlefehldt et al. 2003; Mittlefehldt 2015).
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Figure 14. Plot of Fe/Mg versus Fe/Mn of olivine in the ultramafic achondrites and other
meteorite groups (Goodrich and Righter 2000; Goodrich et al. 2001, 2006, 2010; Mittlefehldt
2015; Hahn et al. 2018). Mg-rich harzburgites are ultramafic clasts found within howardites.
HED olivine analyses are overwhelmingly from diogenites. Primitive achondrites such as the
ureilites and brachinites plot with constant Mn/Mg, while NWA 12217, 12319, and 12562 plot

with relatively constant Fe/Mn and variable Fe/Mg.
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Figure 15. Plots of Mg# versus (a) Al/Cr, (b) Al/Ca, (c) Al/Ti and (d) Ti/Cr in pyroxenes. NWA
12217 and 12562 form largely continuous trends with the Mg-rich harzburgites (Hahn et al.
2018) and diogenites (Mittlefehldt 2015) in all data sets except for Al/Ca, in which the Mg-rich

harzburgites show a separate trend.
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Figure 16. Potassium/U versus Rb/Sr as a proxy for planetary volatile depletion(Halliday and
Porcelli 2001). The ultramafic achondrites plot off of the trend formed by the rest of the solar
system and show extreme variation, suggesting that they are not representative of their parent
bodies. In addition to modification by terrestrial weathering, these elements are subject to
‘nugget effects’ by brecciation and sample aliquot selection, especially in these olivine-

dominated rocks.
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CHAPTER 2

Petrology and geochemistry of evolved dioritic material from the ureilite parent body

Abstract
New oxygen isotopic analyses of the dioritic achondrite Northwest Africa (NWA) 6698
suggest it is related to the ureilites and the trachyandesite ALM-A. Its felsic mineralogy, igneous
textures, and trace element geochemistry reflect a cumulate rock that formed from an evolved
melt coeval with the one that produced ALM-A, possibly an extrusive lava or shallow crustal
intrusion. Modelling results from the Rhyolite-MELTS algorithm suggest that a combination of
equilibrium and fractional crystallization at one atmosphere of pressure can produce the bulk

compositions of both rocks and that of their respective glass inclusions.

1. Introduction

Achondrites are planetary materials that have undergone melting and magmatic
differentiation from parent bodies that had chondritic abundances for major elements. Typical
achondritic materials include the HED (howardite, eucrite, diogenite) meteorites, angrites, and
SNC (shergottite, nakhlite, chassignite) meteorites. Of the silicate achondrites assumed to
originate from small bodies, the vast majority are basaltic to ultramafic in composition,
suggesting that planetary differentiation in the early solar system was limited to core-mantle
segregation and production of basaltic crust. Recently, evolved material has been identified in

the meteoritic record (e.g. Day et al. 2009; Bischoff et al. 2014; Srinivasan et al. 2018),
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overturning the assumption that small planetary bodies were incapable of producing material
analogous to that of continental crust on Earth.

The majority of early solar system magmatism is represented by the HED meteorites. The
over 2000 named HEDs are all mafic or ultramafic rocks and are thought to originate from the
asteroid 4-Vesta, the second largest body in the asteroid belt (Mittlefehldt 2015). The angrites
compose another significant group of basaltic meteorites with a unique parent body and some of
the lowest volatile abundances in the solar system (Keil 2012). Meanwhile, the aubrites are a
group of igneous rocks composed largely of nearly FeO-free enstatite, and they represent the
most reduced magmatism in the solar system (Keil 2010). The SNC meteorites are generally
agreed to originate on Mars and include ultramafic cumulate rocks (poikilitic shergottites,
nakhlites, and chassignites) and basaltic materials (basaltic, phyric, and gabbroic shergottites),
suggesting that the Martian crust is mostly basaltic (Nyquist et al. 2001). However, the martian
crustal breccia NWA 7034 is volatile-rich and contains evolved clasts that challenge this view
(Agee et al. 2013; Humayun et al. 2013; Santos et al. 2015; Hewins et al. 2017). Likewise, in situ
rover observations suggest the presence of evolved continental crust on Mars (Sautter et al.
2015).

Recent challenges to the predominantly basaltic achondrite paradigm include discovery
of the paired Antarctic meteorites Graves Nunataks (GRA) 06128 and 06129, which are rich in
sodic plagioclase and likely represent low degrees of partial melting of chondritic materials
(Shearer et al. 2010). These meteorites show plutonic and granoblastic textures, chemically
equilibrated silicates, and andesitic bulk compositions (Day et al. 2009). The brachinites, which

are dunitic primitive achondrites, might be residues of the partial melting that produced GRA
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06128/9 (Day et al. 2012a). Northwest Africa (NWA) 11119 is a silica-rich andesitic to dacitic
rock and is one of the oldest examples of volcanism in the solar system (Srinivasan et al. 2018).

Evolved volcanism is also associated with the ureilite parent body. The ureilites comprise
over 500 ultramafic rocks composed primarily of Mg-rich olivine (Fo7s5.90) and pyroxene that
varies in composition with Fo content but is primarily pigeonite (Goodrich et al. 2017). They
also contain wt.% levels of interstitial graphite and Fe metal inclusions associated with a partial
melting and smelting event (Singletary and Grove 2003, 2006). As residues of partial melting
(e.g. Warren and Kallemeyn 1992), they are likely mantle materials of a parent body that was
never completely melted before it was disrupted, and whose oxygen isotopic composition was
thus not homogenized (Clayton and Mayeda 1996). The Almahata Sitta meteorites, which fell in
2008 in Sudan, contain the trachyandesitic fragment ALM-A, which is an example of extrusive
volcanism in the early solar system likely implicated in the partial melting event that left the
ureilites as residues (Bischoff et al. 2014; Barrat et al. 2016). A snapshot of ureilite anatexis is
also recorded by the quenched trachyandesitic glass present in the ureilite Ramlat as Sahmah 517
(Rosén et al. 2019).

The 26A1-*Mg geochronometer constrains the crystallization ages of GRA 06128/9,
NWA 11119, and ALM-A to within 7 Ma of CAI formation (Shearer et al. 2010; Bischoff et al.
2014; Srinivasan et al. 2018). This suggests that they originated from small parent bodies which
melted and crystallized early, as opposed to a terrestrial planet such as Mars, which maintained a
molten “magma ocean” or was at least partially molten for tens of Ma (Debaille et al. 2007; Borg
et al. 2016; Kruijer et al. 2017). On Earth, the formation of andesitic crust is associated with
convergent margins, orogenesis, and subducting tectonic plates (e.g. Gobmez-Tuena et al. 2014).

The petrogenesis of similar materials on smaller bodies, which lack plate tectonics, is much less
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well-understood. However, the degree of magmatic evolution on planetary bodies likely depends
on factors such as the composition of the starting material, degree of melting, and oxygen
fugacity (fO.).

Oxygen isotopic heterogeneity in the presolar nebula was imprinted onto the planetary
bodies that accreted from it (Clayton 2002), allowing for the “fingerprinting” of parent body
origin of planetary materials using their oxygen isotopic composition. The present study focuses
on the diorite Northwest Africa (NWA) 6698, whose oxygen isotopic composition plots in the
region of carbonaceous chondrites and ureilites. The ureilites are generally thought to be low-
degree melting residues of a chondritic protolith that first experienced the segregation of Fe-Ni-S
from silicates (Warren et al. 2006; Goodrich et al. 2007) and then fractional melting which
depleted the incompatible elements in the silicate residues (Barrat et al. 2016).

Feldspar-rich clasts identified within polymict ureilites likely represent basaltic
components of this anatexis, and some of these clasts represent more fractionated material as
they contain phosphates, ilmenite, silica, and incompatible-enriched glass (Cohen et al. 2004).
However, the trachyandesite ALM-A is the only evolved rock ever identified as associated with
the ureilites (Bischoff et al. 2014). While ALM-A was generated by extrusive volcanism, NWA
6698 is a cumulate likely generated by similar magmatic processes. Here we present petrological
and geochemical analyses and modelling results to better constrain evolved magmatism on the

ureilite parent body.

2. Samples and Methods
NWA 6698 was found as a single 38.4 g stone in October, 2009 and purchased from a

meteorite dealer in 2010 in Erfoud, Morocco. It was initially characterized as a dioritic
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ungrouped achondrite (Bunch et al. 2011). For the present study, some of the 2.8 g deposit
sample from Northern Arizona University was mounted in epoxy and polished to 0.05 pm
smoothness for electron probe microanalysis (EPMA), scanning electron microscopy (SEM), and
laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). Several fragments
were also used for oxygen isotopic analysis.

Polished mounts were analyzed by electron probe microanalysis (EPMA) using a JEOL
8200 SuperProbe at UNM. Analytical techniques included qualitative energy-dispersive X-ray
spectroscopy (EDS) and quantitative wavelength-dispersive X-ray spectroscopy (WDS),
including WDS mapping. An accelerating voltage of 15 kV, a beam current of 20 nA, and a spot
size of 1 um were used for analyses. Spot sizes were increased to 10 pm for phases that included
volatile elements. Standards for WDS analysis were manufactured by the C.M. Taylor Standard
Corporation in Sunnyvale, CA. Averaged microprobe analyses of constituent phases, BSE
mosaic images, and mineral densities were used to formulate bulk compositions with Imagel
thresholding software.

Seven fresh fragments of interior materials of NWA 11575 weighing between 1-3 mg
were selected under a stereomicroscope to avoid any possible contamination from fusion crust.
Oxygen isotopic analyses were performed using a CO; laser + BrFs fluorination system
following modified procedures outlined in Sharp (1990). Oxygen isotope compositions were
calculated using the following procedure: The §'”-'%0 values refer to the per mil deviation of a
sample’s (70/°0) and (180/'°0) ratios from the V-SMOW standard values, respectively,
expressed as 8710 = [(17180/'°0)sampie/(1*120/1®O)v.smow -1]1*¥10°. The delta values were then

converted to logarithmic & in which 87130’ = In(5!"-'30/1000 + 1)*1000. The A’O’ values were
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obtained from the &' values following A0’ = §!70’- 0.528 * §'30'. Typical analytical precision
of the laser-fluorination technique is better than + 0.02%o for A’O’.

Laser ablation ICP-MS (LA-ICP-MS) measurements were performed on epoxy-mounted
sections using an Electro Scientific Instruments New Wave™ UP193FX excimer laser ablation
system coupled to a Thermo Element XR™ at the Plasma Analytical Facility, Florida State
University. Analytical methods employed followed Yang et al. (2015) and Oulton et al. (2016).
Mineral grains were analyzed with laser spot sizes of 50 or 100 um, with a repetition rate
of 50 Hz and a dwell time of 10 s of ablation. The bulk composition was determined by rastering
the laser over an area of 3.9 mm? using a 150 pm spot size scanned at 25 pm/s with a repetition
rate of 50 Hz (about 60 um depth). Peaks analyzed, interference corrections, and standardization
followed Yang et al. (2015, 2018). Major elements were determined using methods described in
Humayun et al. (2010). The USGS glasses BHVO-2g, BCR-2g and BIR-1g, NIST SRM 610,
NIST 1263, a steel, and the iron meteorites North Chile (Filomena) and Hoba were used as
standards to calibrate the abundances of about 60 elements (Humayun 2012; Yang et al. 2018).
Detection limits were determined from the 3-sigma standard deviation of the blanks taken with
the laser off. Peaks not detected are shown as n.d. Precision of LA-ICP-MS analyses for major
elements on spots is in the 2—5% range (Humayun et al. 2010), and for trace elements, it varies
as a function of the concentration from 2% to 10%, except for elements near the detection limit

where it is larger (Yang et al. 2018).
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3. Results
3.1 Mineralogy and Petrology

NWA 6698 is a diorite with a cumulate texture. It is composed of subhedral oligoclase to
labradorite plagioclase (61 wt.%), pigeonite (18 wt.%), augite (11 wt.%), interstitial microlitic
glass (6 wt.%), phosphates including apatite and merrillite (2 wt.%), a Cr- and Ti-rich spinel (1
wt.%), and trace FeNi metal grains associated with sulfides. Pyroxenes are unzoned and uniform
in backscattered electron (BSE) imagery, suggesting that they are well-equilibrated (Fig. 1).
While plagioclase compositions are variable (Anig.s2), pyroxene compositions are uniform
(Fs33.8:04W09.0:0.1; Fs18.8:02W037.8:03) (Fig. 2). Major phase (plagioclase and pyroxene)
compositions overlap with those of the trachyandesite ALM-A (Bischoff et al. 2014). Spinels in
NWA 6698 are likewise uniform in composition and contain primarily Fe, Cr, and Ti (Fig. 3).
The microlitic glass is quartz-normative and contains sub-um pyroxene lathes. A summary of the
microprobe analyses is shown in Table 1.

The major phases in NWA 6698 display a poikilitic texture, with large >1 mm feldspar
oikocrysts that enclose 0.1-1 mm pyroxene chadacrysts. Microlitic glass is found in interstitial
spaces between the major minerals. The overall composition is andesitic or dioritic, while the
glass is trachytic (Fig. 4). In some instances, glass is heavily weathered such that most of it has
been removed, leaving a skeletal microstructure. Submicron-sized FeNi-sulfide grains are
scattered throughout the meteorite as inclusions in major phases. Approximately one half of
accessory phosphate grains are anhydrous CI-F-apatite, while the other half are merrillite that

contain <0.5 wt% F.
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3.2 Oxygen Isotopes

Figure 5 shows results of seven laser-fluorination oxygen isotope analyses. The measured
values plot in the field of the ureilites and form a linear trend that crosses the carbonaceous
chondrite anhydrous mineral (CCAM) line. Previous oxygen isotopic measurements reported by
Bunch et al. (2011), which plotted in the field of the ordinary chondrites on the opposite side of
the terrestrial fractionation line (TFL), were erroneous. The new measurements overlap with
measurements of the trachyandesite ALM-A and define a mass fractionation line with a slope of
0.52 (R? = 0.99). Measurements of other evolved achondrites such as NWA 7325 and 11119 plot

in the vicinity of the NWA 6698 trend line.

3.3 Major and Trace Element Geochemistry

Table 2 shows a summary of major and trace element analyses by LA-ICP-MS on
individual phases in NWA 6698 as well as a bulk raster across an area of ~4 mm? of the thick
section. To ensure that the bulk raster is representative, a correction was applied to compensate
for the lack of glass in the raster area and to balance modal mineralogy in line with the bulk rock.
Deficiencies and excesses of major phase percentages were eliminated by subtracting or adding,
respectively, the average analyses of each element for each phase in proportions determined by
modal differences between SEM maps of the bulk rock versus the area rastered by LA-ICP-MS.
Major element analyses of minerals by LA-ICP-MS are nearly identical those performed by
EPMA, with slight deviations in Si0> measurements that show no resolvable influence on trace
element analyses.

The trace element composition of NWA 6698 is typical for a cumulate rock rich in

plagioclase, as bulk measurements show elevations in Sr and Eu relative to CI chondrites. Rare
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earth element (REE) analyses in plagioclase grains show strong Eu anomalies, while other
phases show complementary negative Eu anomalies (Fig. 6). Microlitic glass analyses show
enrichments in high field strength elements (HFSE) Ti, Zr, Nb, Hf, and Ta relative to the bulk
rock and Cl-chondrites (Fig. 7), suggesting the crystallization of HFSE-bearing phases such as
zircon and titanomagnetite. NWA 6698 is anomalously low in Th/U for an igneous rock, likely
due to terrestrial U addition via desert weathering (e.g. Bland et al. 2006). The trace element
pattern of NWA 6698 is similar to that of the trachyandesite ALM-A, however the former shows
depletions in LREE and stronger positive Eu and Sr anomalies. The extremely high Ba in NWA

6698 is likely a result of terrestrial weathering.

4. Discussion
4.1 Relationship of NWA 6698 to Ureilites and Trachyandesite ALM-A

While NWA 6698 was initially classified as a dioritic ungrouped achondrite related to the
ordinary chondrites (Bunch et al. 2011), the oxygen isotopic analyses presented here negate that
association. All 7 new analyses overlap with the ureilites, the trachyandesite ALM-A, and the
ungrouped achondrite NWA 11119 (Fig. 5). The slope defined by these analyses is parallel to the
terrestrial fractionation line (TFL) with a constant A'70O of -1.026 + 0.015, suggesting that the
linear trend defined by the oxygen isotopes is a result of igneous differentiation. The overlapping
bulk oxygen isotopic and the similar pyroxene and feldspar mineral compositions of NWA 6698
and ALM-A suggest that the two rocks were produced by the same igneous processes on the
ureilite parent body.

ALM-A was interpreted as an extrusive lava due to the presence of anorthoclase grains

and rhyolitic glass inclusions (Bischoff et al. 2014). While NWA 6698 contains an analogous
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interstitial trachytic glass, no anorthoclase was identified despite its identical K content, and its
igneous texture represents a cumulate origin. ALM-A contains zoned plagioclase grains with
labradorite cores and albite fringes. The plagioclase grains in NWA 6698 are more limited
compositionally (albite to oligoclase) and lack such zoning, suggesting that they crystallized
more slowly. The CIPW normative feldspar compositions calculated for the bulk composition of
NWA 6698 support this, with an average anorthite content of 29%.

NWA 6698 and ALM-A have an identical Mg# [Mg/(Mg+Fe)] of 0.61, which is expected
for melts in equilibrium with ureilites given an olivine-melt distribution coefficient Kp
[(Fe/Mg)otivine/(Fe/Mg)melt] of 0.28 (Kushiro and Mysen 2002; Bischoff et al. 2014). The positive
Eu anomaly in NWA 6698 (Eu/Eu* = 5.61) is much higher than in ALM-A (Eu/Eu* = 1.63), but
other than Eu it is lower in REE relative to ALM-A. This suggests that it accumulated in a
magma chamber under reducing conditions and was depleted in trace elements relative to the
melt that ALM-A crystallized from. Enrichments in HFSE in the glass likely reflect enrichments
of those elements in the magma, and these enrichments are likewise shown in ALM-A (Bischoff
et al. 2014).

Melting of the ureilite parent body proceeded in at least two steps. First, a chondritic
precursor produced a S-rich metallic melt at the FeNiS eutectic, resulting in siderophile element
depletions in ureilites and possibly the formation of an S-rich core (Warren et al. 2006;
Rankenburg et al. 2008; Goodrich et al. 2013; Barrat et al. 2015). Next, silicate melting and melt
extraction from the ureilite precursors resulted in the felsic mineral and lithophile trace element
depletions in the ureilites and the formation of the feldspathic clasts, the trachyandesite ALM-A,
and the diorite NWA 6698 (Cohen et al. 2004; Kita et al. 2004; Bischoff et al. 2014; Barrat et al.

2016). Previous models have invoked the smelting of graphite and olivine in the ureilite
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precursor to produce the pigeonite and secondary metal present in ureilites, and this necessarily
produces enough CO and CO» gas for explosive volcanism that ejects lavas from the parent body
(Warren and Kallemeyn 1992). However, the trace element systematics of the ureilites are
independent of their olivine compositions, suggesting that smelting is not necessary to generate
the olivine Mg# diversity found in the ureilites (Barrat et al. 2016). The range in ureilite olivine
Mg# is instead likely inherited from accretion, as it correlates with oxygen isotopic composition
and Fe/Mn ratio (Clayton and Mayeda 1996; Warren and Huber 2006), as well as carbon and
chromium isotopic composition (Barrat et al. 2017; Zhu et al. 2020). While ureilite smelting
resulted in the forsteritic reduction rims found around their olivine grains, this was probably a
late-stage process related to parent body disruption (Warren and Rubin 2010) and not implicated
in the melting episodes discussed here.

The trace element systematics of the ureilites suggest that at least two episodes of
fractional to dynamic melting are necessary to produce their characteristic depletion patterns
(Fig. 7) (Barrat et al. 2016). The first episode would have exhausted most of the plagioclase in
the source and thus produced a trachyandesitic melt, while the second must have continued past
plagioclase exhaustion to produce an Al-undersaturated melt and further deplete the trace
elements in ureilites. Although multiple melts of differing character must be invoked to explain
ureilite trace element systematics, NWA 6698 is clearly linked to the trachyandesitic melt, and
the second melt composition remains mysterious and unrepresented in the meteorite record.
Alternatively, the melts are a continuum, and many more varied melt compositions existed on the

ureilite parent body.
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4.2 Petrogenetic Modelling and Provenance

To test whether the cumulate-melt relationship between NWA 6698 and ALM-A is
viable, we ran several equilibrium and fractional crystallization models using the Rhyolite-
MELTS algorithm (Gualda et al. 2012). Models were run at 1 atmosphere of pressure, since the
ureilite parent body is generally understood to be less than a few hundred km in diameter, and
the MELTS algorithm is only sensitive to kilobar-scale changes in pressure. The bulk
composition of ALM-A was allowed to crystallize from the calculated liquidus of 1470° C to its
solidus in 10° C steps for equilibrium crystallization sequences and 1° C steps for fractional
crystallization sequences in which fractionated all solids. Oxygen fugacity was varied between 3
log units below the iron-wiistite (IW) buffer to one log unit above (IW-3 to IW+1) but showed
negligible change in liquid composition. Both equilibrium and fractional crystallization paths
produced liquid compositions similar to those of the NWA 6698 glass (Fig. 8). The glass
inclusions in ALM-A are lower in alkalis than the equilibrium and fractional liquid lines of
descent (LLD), suggesting that a more complex model is needed to explain their composition.
Both the fractional and equilibrium crystallization schemes reproduced the feldspar compositions
in ALM-A and NWA 6698 (Fig. 9), suggesting that NWA 6698 could have formed as a cumulate
in a fractionating magma chamber with the liquid composition of ALM-A.

While the MELTS modelling results suggest that NWA 6698 and ALM-A could be
produced by the same magmatic process, in the same magma chamber on the ureilite parent
body, they do not prove that this is the case. Moreover, NWA 6698 is a find with unknown
crystallization age. ALM-A was recovered from an observed 2008 fall with a crystallization age
of 6.5 Ma after CAI (Bischoff et al. 2014). If the two stones are indeed sourced from the same

magma chamber, then their crystallization ages should be indistinguishable.
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5. Conclusions

The discovery of NWA 6698 provides additional evidence of pervasive silicate melting
on the ureilite parent body that produced a wide range of felsic compositions (Cohen et al. 2004;
Kita et al. 2004), a trachyandesitic extrusive lava (Bischoff et al. 2014), and now a dioritic
cumulate rock. Its oxygen isotopic composition, mineralogy, and major and trace element
geochemistry connect it to both the trachyandesite ALM-A and the ureilite parent body. Its
composition yields additional constraints that can be applied to ureilite anatexis and melt
evolution. The results of petrogenetic modelling suggest that a combination of equilibrium and
fractional crystallization within a magma chamber below the surface of the ureilite parent body
can produce the diorite NWA 6698 as a plagioclase cumulate. The melt involved in this process

can then crystallize the extrusive or shallow crustal trachyandesite ALM-A.
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Figures & Tables

Figure 1. BSE image of NWA 6698. Phases shown are (in ascending brightness) plagioclase,
pyroxene, chlorapatite, Fe-sulfide, and FeNi metal. Microlitic glass is seen in the center of the

image.

62



An

Fs

Figure 2. Ternary diagrams showing feldspar and pyroxene compositions in NWA 6698 (white
triangles), ALM-A (black circles) (Bischoff et al. 2014) ureilites (white squares) (Collinet and
Grove 2020 and references within), and feldspathic clasts in polymict ureilites (white diamonds)

(Cohen et al. 2004).
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Fe2TiO4

FeAl204

FeCr204

Figure 3. Prism showing composition of spinels in NWA 6698. Plotted with Spinel Web

(Antonini et al. 2020).
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Table 1. Summary of EPMA measurements for phases in NWA 6698.

Plagioclase | Pigeonite Augite Spinel Merrillite Apatite

NWA 6698 (n=52) (n=15) (n=25) (n=16) |Glass (n=12)| (n=16) (n=12)

Avg.  Stdev|Avg. Stdev|Avg. Stdev|Avg. Stdev|Avg. Stdev|Avg. Stdev|Avg. Stdev
Al,O; 2410 1.94| 0.34 0.01f 0.72 0.03] 3.51 0.20|13.68 0.99| n.a. n.a.
Sio, 62.22 2.79|53.04 0.34| 52.72 0.36| 0.04 0.00(67.23 0.50| n.a. n.a.
TiO, n.a. 0.55 0.02] 1.15 0.03|15.47 0.27| 1.16 0.08| n.a. n.a.
Cr,0; n.a. 0.44 0.01] 0.84 0.02{37.86 0.41| 0.03 0.02| n.a. n.a.
Na,0 8.47 0.92| 0.15 0.01| 0.53 0.02| 0.02 0.01] 7.51 0.46| 1.51 0.19( 0.58 0.05
MgO0 0.04 0.01{19.34 0.25| 14.60 0.27| 5.06 0.34| 1.37 0.26| 3.16 0.16| 0.51 0.07
MnO 0.01 0.01} 1.17 0.02| 0.72 0.02| 1.01 0.03| 0.19 0.04| n.a. n.a.
FeO 0.09 0.03{20.35 0.16| 11.26 0.08/35.12 0.53| 4.78 0.66| 1.76 0.25( 0.83 0.15
NiO n.a. 0.01 0.01f 0.01 0.01f 0.01 0.01] 0.01 0.02| n.a. n.a.
K,O 0.28 0.06| 0.02 0.01| 0.02 0.01] 0.03 0.01| 1.06 0.16| n.a. n.a.
CaO 5.63 1.63| 4.23 0.05| 17.65 0.10| 0.02 0.02| 2.50 0.28|47.06 0.17| 52.83 0.17
V,0; n.a. n.a. n.a. 0.64 0.11] n.a. n.a. n.a.
P,0O5 n.a. n.a. n.a. n.a. n.a. 4521 1.07| 40.91 0.98
cl n.a. n.a. n.a. n.a. n.a. 0.00 0.00{ 3.10 0.09
F n.a. n.a. n.a. n.a. n.a. 0.43 0.08| 1.79 0.09
OH (calculated)| n.a. n.a. n.a. n.a. n.a. n.a. 0.18 0.13
Total 100.83 99.64 100.23 98.78 99.52 99.12 100.73
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Figure 4. Total alkali-silica (TAS) diagram showing compositions of NWA 6698 and other

related achondrites.
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Figure 5. Triple oxygen isotope diagram showing NWA 6698, ureilites (Clayton and Mayeda
1996; Greenwood et al. 2017), and other achondrites (Irving et al. 2013; Bischoff et al. 2014;
Srinivasan et al. 2018) that plot in the vicinity. TFL = terrestrial fractionation line; CCAM =

carbonaceous chondrite anhydrous minerals line.
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Table 2. Summary of LA-ICP-MS measurements for phases in NWA 6698 and bulk raster.

NWA | Plagioclase Pigeonite Phospha | Bulk Raster
6698 (n=7) (n=5) Augite (n=9) Glass (n=3) te (n=1) (n=1)
Avg.  Stdev | Avg. Stdev | Avg.  Stdev | Avg.  Stdev

Na;O | 810 0.71| 014 0.02| 054 0.07| 7.17 0.22 0.85 4.96
MgO | 0.04 0.01]19.01 0.44|1529 1.04| 1.66 0.03 2.98 6.83
Al,O; | 27.18 222 | 033 0.04| 0.80 0.15|12.86 0.75 0.13 14.06
Si0, | 57.00 3.35|52.94 0.55 ] 49.76 1.57 | 66.25 0.76 1.30 55.72
P,Os | 0.032 0.020 | 0.013 0.006 | 0.024 0.008 | 0.798 0.028 52.62 0.680
K20 0.25 0.07| 002 001| 003 0.01| 159 0.28 0.05 0.28
Cao 720 168| 416 0.29]19.19 1.88| 2.85 0.08 39.30 8.87
TiO; 009 0.03| 052 003| 1.14 0.08| 1.34 0.06 0.01 0.46
MnO | 0.00 0.00| 1.22 0.01| 077 0.07| 021 o0.01 0.21 0.40
FeO 0.11 0.06|2166 0.33|12.47 1.24| 5.27 0.38 2.54 7.75
Vv 0 0 39 2 111 22 7 0 11 34
Cr 19 37 | 3174 62 | 5752 328 332 30 245 1877
Sc 2 0 39 2 113 12 15 1 51 30
Li 2 1 4 1 3 0 17 2 7 5
Be 0.35 0.39| bdl bdl bdl bdl 0.36 0.10 bdl 0.04
B 0.5 0.3 0.6 0.1 0.6 0.1 151 0.9 4.7 2.1
Co 0 0 2 1 1 1 1 1 19 17
Ni 8 13 18 25 12 26 2 3 256 500
Cu 0 0 1 1 2 2 2 1 8 15
Zn 8 2 693 51 256 30 212 23 46 195
Ga 33 4 3 0 6 1 31 0 10 23
Ge 020 0.04| 0.15 0.03| 0.09 0.04| 0.16 0.00 1.53 0.13
As bdl bdl 006 0.02| 0.03 0.01| 0.07 0.04 0.85 0.19
Se 0.20 0.08| 0.18 0.06| 0.18 0.09| 0.12 0.04 1.10 0.46
Rb 1.27 0.51 0.38 0.24| 0.89 0.47 | 75.65 9.55 0.40 5.77
Sr 177 16 1 1 6 1 36 1 159 102
Y 0.1 0.0 2.6 0.1 9.4 1.1 | 10.9 0.6 1218.0 4.0
Zr 0.3 0.3 3.2 04| 179 3.2 | 1505 24.2 1.8 13.4
Nb 002 0.04| 006 001| 015 0.13|1299 1.22 0.07 0.87
Mo bdl bdl 0.14 0.06| 0.07 0.01| 0.02 o0.01 0.43 0.15
Ag bdl bdl 001 0.00| 001 0.00| 004 o0.01 0.05 0.03
Cd 0.04 0.02| 008 0.03| 006 0.02| 0.09 o0.01 0.15 0.06
In bdl bdl bdl bdl | 0.003 0.002 | 0.041 0.035 bdl 0.006
Sn 003 0.01| 007 0.09| 003 0.01| 0.17 0.04 0.16 0.10
Sb 003 0.01| 002 001| 001 0.00| 015 0.22 0.05 0.03
Cs bdl bdl bdl bdl 0.04 0.02| 396 0.60 0.04 0.32
Ba 24 3 4 2 3 4 31 7 50 43
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La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta

Ti
Pb
Bi
Th

0.08
0.14
0.02
0.07
0.02
1.06
0.02
0.00
0.02
0.00
0.01
0.00
0.01
bdl
0.02
bdl
0.022
0.003
0.080
0.013
0.007
0.003

0.03
0.04
0.00
0.06
0.00
0.07
0.01
0.00
0.02
0.00
0.00
0.00
0.01
bdl
0.02
bdl
0.028
0.001
0.025
0.023
0.004
0.002

0.02
0.06
0.01
0.07
0.05
0.01
0.13
0.03
0.34
0.10
0.40
0.07
0.62
0.12
0.13
0.003
0.003
0.001
0.121
0.004
0.009
0.005

0.01
0.03
0.00
0.02
0.01
0.00
0.01
0.00
0.03
0.00
0.02
0.01
0.05
0.01
0.01
0.001
0.001
0.001
0.086
0.003
0.005
0.005

0.09
0.34
0.08
0.58
0.36
0.07
0.79
0.17
1.37
0.34
1.15
0.19
141
0.25
0.66
0.008
0.007
0.002
0.083
0.002
0.009
0.004

0.03
0.03
0.01
0.05
0.04
0.01
0.12
0.02
0.16
0.03
0.11
0.02
0.11
0.02
0.09
0.008
0.009
0.001
0.036
0.002
0.008
0.003

0.94
2.29
0.34
1.72
0.63
0.36
1.07
0.21
1.67
0.40
1.37
0.24
1.79
0.29
3.98
0.717
0.023
0.050
0.507
0.013
0.395
0.240

0.05
0.05
0.00
0.04
0.02
0.03
0.04
0.01
0.01
0.00
0.05
0.03
0.03
0.01
0.47
0.103
0.004
0.006
0.208
0.010
0.013
0.062

149.80
344.85
57.51
307.94
107.81
9.26
172.31
29.14
205.72
43.46
126.59
17.14
94.61
13.94
0.13
0.002
0.022
0.011
5.081
0.008
10.064
0.712

0.31
0.92
0.13
0.71
0.27
0.63
0.43
0.08
0.66
0.15
0.51
0.08
0.63
0.11
0.41
0.048
0.055
0.009
0.834
0.025
0.067
0.070
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Figure 6. CI-normalized (Anders and Grevesse 1989) REE diagram showing LA-ICP-MS

analyzed phases. Error bars are 1o deviations for phases with multiple analyses.
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(Barrat et al. 2016).
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equilibrium and fractional crystallization models
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Fig. 9. Feldspar ternary diagram showing equilibrium (red) and fractional (blue) crystallization

paths of solids produced in MELTS cooling models of NWA 6698.
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CHAPTER 3

Experimental constraints on evolved magmatism in the early Solar System

Abstract

Recently discovered ancient samples of dioritic, andesitic, and trachyandesitic
achondrites challenge the paradigm of predominantly basaltic magmatism on small bodies in the
early Solar System. The compositions of these rocks suggest the presence of evolved and silica-
rich crusts on differentiated bodies in the first few million years of solar system history. On
Earth, evolved magmatism requires the presence of plate tectonics, while petrologic experiments
suggest the partial melting of chondritic material produces melts of primarily basaltic
composition. To test the idea that lower oxygen fugacities produce more evolved melt
compositions, 1-atmosphere melting experiments were performed on chondritic starting
compositions at oxygen fugacities below the iron-wiistite (IW) buffer. Sodium contents were

varied to examine the role of alkalis during partial melting.

1. Introduction
Achondrites are igneous meteorites that record the differentiation histories of their parent
bodies. Other than the Shergottite-Nakhlite-Chassignite (SNC) meteorites, which are from Mars
(Treiman et al. 2000), and lunar meteorites, achondrites originate from small bodies whose
mostly shattered remnants comprise the asteroid belt. Historically, meteorite samples of these
bodies have been primarily basaltic to ultramafic. For example, the over 2000 samples of

Howardite-Eucrite-Diogenite (HED) meteorites are thought to originate from a differentiated
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protoplanet or protoplanets, one of which might be the asteroid Vesta (McSween et al. 2013;
Wasson 2013). These sample a basaltic crust (eucrites), an ultramafic lower crust or upper
mantle (diogenites), and a regolith that contains a mixture of both (howardites). The angrites are
an additional group of silica-undersaturated igneous meteorites of roughly basaltic composition,
from an unknown parent body (Keil 2012). Primitive achondrites, including the ureilites,
brachinites, acapulcoites, lodranites, and winonaites sample parent bodies that underwent lower
degrees of partial melting, producing ultramafic residues depleted in siderophile and volatile
lithophile elements relative to their chondritic protoliths (e.g. Warren et al. 2006; Keil and
McCoy 2018). The prevailing paradigm is therefore that in the early solar system, chondritic
material accreted and differentiated to varying degrees, at most segregating an ultramafic mantle
from an FeNiS core and producing a basaltic crust.

Recently, more evolved and silica-rich ungrouped achondrites have been identified
whose compositions challenge this assumption. Graves Nunataks (GRA) 06128/9 is an
achondrite rich in sodic plagioclase that likely crystallized from a partial melt of a chondritic
precursor (Shearer et al. 2010) and whose melting event possibly left behind the brachinites and
brachinite-like achondrites as residues (Day et al. 2012a). Likewise, the trachyandesite ALM-A
represents the extraction of an evolved melt from a chondritic precursor that left behind the
ureilites as residues (Bischoff et al. 2014; Barrat et al. 2016). Finally, the andesite NWA 11119 is
an extremely alkali-depleted extrusive volcanic rock, with ~30 wt.% silica, from an unknown
parent body (Srinivasan et al. 2018). Although rare, these samples illustrate that planetesimal
differentiation produced evolved and silica-rich crusts. On Earth, the generation of andesites and
trachyandesites requires plate tectonics and complex melting scenarios (e.g. Gomez-Tuena et al.

2014). The differentiation of planetesimals, although likely simpler than that of terrestrial
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planets, is poorly understood, and the generation of such silica-rich materials on small bodies is
especially mysterious.

Chondritic materials have been experimentally melted to examine planetesimal
differentiation and crust formation. Early 1-atmosphere experiments demonstrated that varying
the oxygen fugacity resulted in differing melt compositions, with melts performed at one log unit
below the iron-wiistite (IW-1) broadly reproducing eucritic compositions, while melts performed
at IW+2 produced broadly angritic compositions (Jurewicz et al. 1991, 1993, 1995). At IW-1,
with low degrees of partial malting, and with the addition of sodium, the silica contents of melts
were increased, likely because lower oxygen fugacity sequesters Fe in the metal portion of the
melt and alkalis stabilize the activity of plagioclase (Usui et al. 2015). These experiments
potentially explain the petrogenesis of GRA 16128/9, while partial melting experiments that
produced ureilite-like residues suggest that the ureilite parent body melted incrementally to
produce the trachyandesite ALM-A (Collinet and Grove 2020a).

However, the andesite NWA 11119 has a uniquely magnesian and alkali-depleted
composition that suggests it formed under more reducing and volatile-depleted conditions. While
lower in FeO content than anything produced in the above experiments, its FeO is not as low as
was produced by melting of an enstatite chondrite at an fO, of IW-5 (McCoy et al. 1999). If the
FeO content of NWA 11119 reflects that of its source, which was presumably in equilibrium
with metal, the fO, of its petrogenesis can be estimated with the following equation (McCubbin

et al. 2012; Srinivasan et al. 2018)

silicate X stllcate

AIW = 2log <YFe0 FeO )

metal metal
Yreo X Xpe

where y is the activity and X is the mole fraction. Assuming both activities are unity and a pure

Fe metal, the FeO content of NWA 11119 yields an fO; of ~IW-4. Since chondrite melting
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experiments have not been conducted within this range, and to examine the conditions under
which this and other evolved and silica-rich material formed, we conducted a series of 1
atmosphere melting experiments of chondritic materials at various starting compositions, melt
fractions, and oxygen fugacities. This report concerns the first phase of our experimental

campaign in which we reproduce and expand upon the work of Usui et al. (2015)

2. Methods

Partial melting experiments were performed using a Deltech 1-atmosphere gas mixing
furnace equipped with MoSi; heating elements and a Eurotherm controller at the University of
New Mexico. Starting compositions were modelled after Usui et al. (2015) in order to reproduce
and build upon their results, and they included H and LL chondritic compositions with and
without Na (Table 1). Reagent-grade oxide powders were mixed under ethanol in an agate
mortar and pestle for 30 minutes to ensure homogeneity and allowed to air dry. Starting
compositions were bound with 3% polyvinyl alcohol solution and loaded onto Re wire loops
which were hung from Pt wires and suspended inside the furnace. All experiments were heated
to 1350° C for 90 minutes to ensure they were completely melted before being brought down to
their experimental temperatures where they were held for at least 20 hours before being drop-
quenched into deionized water. Temperatures ranged from 1050 to 1250° C to generate varying
degrees of partial melting.

Temperatures at the furnace hot spot where samples were hung were continually
monitored with an S-type thermocouple and calibrated against the melting point of gold wire.
Estimated temperature uncertainty was +3° C. The fO> of the experiments were controlled using

CO-CO; gas mixtures introduced into the furnace through a Matheson 7400 series gas flowmeter
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and mixing manifold using a top-to-bottom flow-through scheme. The fO» of the gas mixtures
was measured with a SIRO2 yttrium-stabilized zirconia (YSZ) electrochemical oxygen sensor
placed at the furnace hot spot immediately before and after experiments were performed. The
emf sensor’s precision of £1.5 mV defines an uncertainty of £0.10 log units for reported fO-
values.

Experimental run products were mounted in epoxy and polished for scanning electron
microscopy (SEM) with a TeScan Vega and electron probe microanalysis (EPMA) with a JEOL
8200 Superprobe at the University of New Mexico. Constituent phase compositions were
analyzed using quantitative wavelength-dispersive spectroscopy (WDS). An accelerating voltage
of 15 kV, a beam current of 20 nA, and a spot size of 1 um were used for analyses. Standards for
WDS analysis were manufactured by the C.M. Taylor Standard Corporation in Sunnyvale, CA.
Backscattered electron (BSE) mosaics of polished run products were constructed using digital
imaging software. Modal mineralogy of phase assemblages was determined using Imagel
thresholding software, and these were combined with averaged microprobe analyses of

constituent phases and mineral densities to formulate bulk compositions.

3. Results
3.1 Assessment of Experiments
A summary of experimental conditions and results is provided in Table 2. A
thermodynamic model of Fe-Mg partitioning between olivine and liquid was used to check
whether run products were at equilibrium, after Usui et al. (2015). Theoretical Kp equilibrium
constants, defined as the molar Mg/Fe?" of the liquid divided by the molar Mg/Fe?" of coexisting

olivine, were calculated using the thermodynamic model of (Toplis 2005) (Fig. 1). For
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experimental charges in which no melt was observed, the silica content of plagioclase was used
to calculate theoretical Kp values. Equilibrium was observed in all charges in which glass was
present except for run #14, in which glass composition was too varied to calculate an accurate
Kbp. Electron beam overlap was also an issue for run products with small quantities of melt, such
that adjacent olivine grains interfered with analyses so that true melt Mg# could not be measured
in runs #8, #9, and #17.

Broad trends in mineral compositions and phase assemblages suggest that our
experimental run products reflect equilibrium partial melting of ordinary chondritic material at
IW-1. Olivine grains are unzoned and uniform in composition in all experiments (Foeg:3).
Measured olivine-melt Kp values are within ~10% of the modelled compositions except in
instances of electron beam overlap. Pyroxene abundance and metal Fe:Ni ratios uniformly
decrease with temperature, while melt abundance increases. Unlike Usui et al. (2015), who
identified wiistite in their runs at IW-1, neither wiistite nor any other higher fO»-associated phase
was found within any experimental run products.

Alkalis are volatile elements, and especially at low fO», are known to volatilize readily
from experimental charges (e.g. Stolper 1977). Loss of Na from run products is unavoidable in
an open system experimental setup, and losses are documented in Table 2. However, the
persistence of plagioclase and of weight percent levels of Na in the melts generated attest to the
influence of alkali content on the experiments. There are also large uncertainties associated with

determining Na contents based on modal mineralogy estimates from BSE images.
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3.2 Phase Relationships

All experimental run products contain olivine as a major phase in euhedral habit, with
crystal size ranging from 10-100 um (Fig. 2). Modal olivine is generally lower in LL chondritic
run products (29-50%) than in H chondritic run products (38-65%). Pyroxene is present in all
experiments except for LL chondritic runs at the highest temperature step (1250° C), as larger
(200-500 pm) oikocrysts that poikilitically enclose olivine chadacrysts. Modal pyroxene is
generally higher in LL chondritic run products (2-57%) than in H chondritic run products (5-
46%). While enstatite is the dominant phase, some pigeonite is found in H chondritic
experiments at low temperatures (1050-1100° C) (Fig. 3).

Pigeonite is for the most part found interstitially to plagioclase lathes, which themselves
occur interstitially to the major phases at low temperatures (1050-1100) in experiments with Na
(Fig. 2). The composition of plagioclase is labradorite (Anes-69). Chromite is a trace phase (<0.4
mod.%) identified in LL chondritic, H chondritic, and H chondritic without Na experiments
between 1050 and 1200° C. Metal abundances are generally higher at low temperatures and
decrease as melting progresses along with Fe:Ni. Although P>Os was included in the bulk
compositions, no phosphorous-bearing phases were observed in any run products.

In experiments without Na, melt occurs interstitially as a high-AlO3 (~35 wt.%) and
low-Si02 (~44 wt.%) phase at low temperatures, and Al,O3 content gradually decreases with
increasing temperature while SiO; contents increase and plateau at ~50 wt.% (Fig. 4). In
experiments with Na, melt appears at low temperatures as a high SiO; phase, with the H
chondritic experiments producing the most elevated SiO; contents (as high as 66 wt%). At low

temperatures, plagioclase is the major Al,O3 bearing phase, which elevates SiO> in any melt that
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is present. As plagioclase enters the melt at higher temperatures, the melts produced by Na

bearing experiments resemble those of Na free experiments.

4. Discussion
4.1 Comparison with other Experiments

The results of partial melting experiments of LL and H chondritic material at IW-1 show
broadly similar trends as previous experiments conducted on similar starting compositions and
under similar conditions (Jurewicz et al. 1995; Usui et al. 2015). They also broaden the
compositional range to include compositions without alkalis so that their effect on melt
compositions can be effectively gauged. Generally, melts of chondritic materials at IW-1
generate tholeiitic or ‘eucritic’ melt compositions, while higher oxygen fugacities produce more
FeO-rich, silica-undersaturated ‘angritic’ melts (Jurewicz et al. 1995). Reproducing and
expanding upon these fundamentals is important to investigating the petrogenesis of evolved
achondrites.

CIPW norms of experimental glasses were recalculated for projection onto the ol’-ne-’Q’
diagram after Irvine and Baragar (1971) (Fig. 5). This projection separates silica over- and
under-saturated magmas with the ol’-ab line, which no experimental melt compositions cross.
Our results provide further evidence of the silica elevating effect of reduced fO> on experimental
melts, as all of the melts produced at IW-1 are in the quartz-normative portion of the phase
diagram. H chondritic melts are slightly more quartz-normative at 1050° C than those of Usui et
al. (2015) at 1040° C, while H chondritic melts at 1100° C are more albite-normative than those

of Usui et al. (2015) at 1090 and 1130° C. Thus, though the temperature intervals are larger than

those of Usui et al. (2015), the trends shown by these experiments follow a more extreme pattern
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of alkali and silica enrichments at low temperatures and small degrees of partial melting. At
higher temperatures, and in all Na-free experiments and LL chondritic experiments, results
overlap with those of Usui et al. (2015) and Jurewicz et al. (1995).

As in Usui et al. (2015), the presence of alkalis has a profound effect upon melt
composition. The H chondritic melt experiments of Jurewicz et al. (1995) did not attempt to
stabilize alkalis, and thus their melts were depleted in Na relative to our experiments with Na and
those of Usui et al. (2015). Although alkali loss was greater in our experiments than in those of
Usui et al. (2015), plagioclase is observed in greater modal abundances (Table 2), and one of the
melts has a higher normative albite content than that of any previous chondritic partial melt
experiment (Fig. 5). Interestingly, both this melt and the melts with the highest silica contents
and normative quartz co-occur with plagioclase. This suggests that their quench temperatures
capture the partial melting of plagioclase, and therefore they are elevated in incompatible
elements relative to melts that form at temperatures too high for plagioclase stability or
metastability.

Usui et al. (2015) observed that increasing the alkali and silica contents of the melts
decreases the modal abundance of pyroxene in the residuum. This is confirmed by our
experiments, as our modal pyroxene contents are much higher than theirs, even at higher
temperatures. For example, three out of four of our experiments at 1150° C contain >30 mod.%
pyroxene, while those of Usui et al. (2015) contain only 13 and 10 mod.% at 1130 and 1170° C,
respectively. This suggests that by stabilizing normative feldspars in the melt compositions,
alkalis suppress the activity of pyroxenes even in the absence of plagioclase, and the alkali losses
in our experiments had the opposite effect. Additionally, LL chondritic compositions generated

more modal pyroxene than H chondritic compositions, including in Na-free experiments. This
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likely means that lowering Mg# decreases the size of the pyroxene stability field, as suggested by
Longhi (1991).

In previous experiments (Jurewicz et al. 1995; Usui et al. 2015), a peritectic reaction was
observed in which liquid and olivine were consumed to form pigeonite as temperatures were
lowered from liquidus. Usui et al. (2015) observed a second peritectic reaction at lower
temperatures in which liquid and pigeonite were consumed to produce olivine and augite. As no
augite was identified in any of our experiments, this second peritectic reaction is absent from our
results. As none of our melt compositions are olivine-normative, the first peritectic reaction is
also not observed in any ternary projections (Fig. 6). This is potentially due to increased CaO
contents in all of our melts which suppresses the activity of olivine relative to pyroxene in the
CIPW norm calculation. However, in all experimental runs, a decrease in modal olivine and
increase in modal pyroxene is observed as temperatures decrease, followed by the opposite at

lower temperatures (Fig. 7), suggesting that this peritectic reaction is taking place.

4.2 Implications for Evolved Planetary Crusts

Experimental partial melting of chondritic material has been employed to study the
petrogenesis of basaltic meteorites (Jurewicz et al. 1991, 1993, 1995; Longhi 1999), aubrites
(McCoy et al. 1999), primitive achondrites (Gardner-Vandy et al. 2013; Collinet and Grove
2020b), and the evolved asteroidal crust GRA 06128/9 (Usui et al. 2015; Lunning et al. 2017).
Our experiments serve to reinforce the results of Usui et al. (2015) by confirming that evolved
and alkali-enriched melts can be produced by low degrees of partial melting of an H-chondritic
precursor at low fO>. As our Na-free experiments failed to produce silica-enriched melts, the

importance of alkalis in generating evolved chondritic melts was reinforced. Despite alkali
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depletion, our experiments also crystallized plagioclase, which was absent in the IW-1
experiments of (Usui et al. 2015). Additionally, since LL chondritic melts were less enriched in
silica than H chondritic melts, chondritic material with a lower Mg# likely generates more
evolved melt compositions due to being more sensitive to oxygen fugacity. Finally, unlike the
IW-1 experiments by Usui et al. (2015), our experimental run products are free of any wiistite,
whose presence complicated the interpretations of their results by raising the issues of fO»
accuracy and metastability.

Lunning et al. (2017) questioned the conclusions of Usui et al. (2015) by arguing that the
intrinsic oxygen fugacity of GRA 06128/9 is higher than IW-1 [ITW+0.5 to +1.5 (Shearer et al.
2010)]. On this basis, they partially melted an R chondrite and produced melts comparable to
GRA 06128/9 by disequilibrium partial melting. Their results potentially mirror our melts with
the highest silica contents, whose individual analyses varied somewhat and might reflect the
presence of some disequilibrium between plagioclase and melt. The higher fO> of GRA 01628/9
could also have been produced in an episode of secondary alteration or metamorphism (Shearer
et al. 2010) that oxidized the primary igneous mineral assemblage, which was originally more
reduced (Usui et al. 2015). While either of these scenarios seems feasible for GRA 06128/9, the
petrogenesis of the extremely reduced andesitic to dacitic achondrite NWA 11119 demands
additional constraints.

NWA 11119 is a porphyritic volcanic rock whose phenocrysts are composed of 30
mod.% tridymite, which is higher than that of any previously characterized achondrite, 56
mod.% feldspar, and 14 mod.% pyroxene (Srinivasan et al. 2018). Only our H chondritic partial
melt at 1050° C approaches this composition with a CIPW normative quartz content of 27%.

However, in NWA 11119, the extremely low pyroxene Fe/Mn of 4.6-7.8 and bulk FeO content
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of 1.49 wt.% suggest that it formed at much more reducing conditions than those produced in
any of our experiments. Therefore, based on the results of these and other experiments, it is not
entirely clear whether partial melting of a chondritic protolith can produce melts as exotic in
composition as NWA 11119.

The second phase of this experimental campaign will use the same starting compositions
in sealed silica tube experiments using graphite as a C-CO buffer and silicon metal as a getter for
any excess Oa. This setup will both eliminate any alkali loss via volatilization and allow for
lower fO» in the vicinity of IW-3 to IW-4. By extending the lower limits oxygen fugacity in
chondrite partial melting experiments, we hope to further constrain the petrogenesis of these

silica-rich planetesimal crusts.

4. Conclusions

We have conducted a series of experiments at 1 atmosphere and an oxygen fugacity of
IW-1 to simulate the partial melting of LL and H ordinary chondrites. These experiments
extended the compositional range of chondrite melting experiments by including compositions
both with and without Na. Our results are similar to the trends observed by Usui et al. (2015) and
their predecessors Jurewicz et al. (1995). Notable differences include more extreme trends in
silica and alkali enrichment observed in low temperature partial melts, persistence of plagioclase
at 1050° C, absence of wiistite, the lack of a peritectic reaction involving augite, and significant
alkali loss due to volatilization. We hope to further address these features and expand the range
of experimental compositions and low-fO> melting conditions with the next phase of experiments

which will use sealed silica tubes and a graphite buffer instead of CO-CO: gas.
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Figures & Tables

Table 1: Starting compositions of chondrite partial melting experiments in wt.%

LL Chondrite | LL Chondrite -Na | H Chondrite | H Chondrite -Na
SiO, 40.66 41.08 35.05 35.45
TiO, 0.10 0.10 0.10 0.10
Al;03 2.37 2.39 2.00 2.00
Cr203 0.45 0.45 0.45 0.45
FeO 25.90 26.16 34.55 34.92
MgO 25.20 25.46 22.80 23.03
Ca0 1.92 1.94 1.65 1.65
Na,O 1.00 0.00 1.00 0.00
P20s5 0.40 0.40 0.40 0.40
NiO 2.00 2.02 2.00 2.00
Total 100.00 100.00 100.00 100.00

Table 2. Summary of experimental run products in chondritic partial melting experiments. *
denotes where plagioclase Si0; content was used to calculate the modelled Kp in absence of any

melt. Both compositions are listed in instances of co-occuring high- and low-Ca pyroxene.
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Run Target Start fO, End fO, Dur. T Na Loss Model
# Comp. fO; (IW) (1wW) (h) (°C)  (rel. %) Kb Meas. Kp
6 LL-Na Iw-1 -0.99 -1.00 23 1050 n/a 0.28 0.24
9 LL-Na IW-1 -1.02 -0.97 22 1100 n/a 0.30 0.37
4 LL-Na IW-1 -0.89 -0.86 23 1150 n/a 0.32 0.36
3 LL-Na Iw-1 -1.12 -1.09 22 1200 n/a 0.32 0.35
8 LL-Na IW-1 -1.00 -1.09 23 1250 n/a 0.35 0.26
15 LL IW-1 -0.99 -0.96 24 1050 47 0.33* nomelt
14 LL IW-1 -1.00 -1.01 21 1100 62 0.29* no eq.
13 LL IW-1 -1.00 -1.01 23 1150 63 0.34 0.35
12 LL IW-1 -1.01 -1.02 23 1200 91 0.34 0.36
11 LL IW-1 -1.00 -1.03 23 1250 47 0.35 0.35
16 H-Na IW-1 -1.00 -1.10 23 1050 n/a 0.30* nomelt
17 H-Na IW-1 -0.99 -0.97 20 1100 n/a 0.28 0.22
18 H-Na IW-1 -1.00 -0.96 22 1150 n/a 0.33 0.36
19 H-Na IW-1 -1.01 -0.76 22 1200 n/a 0.34 0.31
20 H-Na Iw-1 -0.99 -0.92 23 1250 n/a 0.34 0.34
21 H IW-1 -1.00 -0.99 23 1050 52 0.42 0.41
22 H IW-1 -1.00 -0.83 20 1100 42 0.36* nomelt
23 H IW-1 -1.01 -1.01 22 1150 74 0.35 0.34
24 H IW-1 -1.01 -1.05 22 1200 76 0.36 0.36
25 H IW-1 -1.02 -0.99 23 1250 86 0.34 0.33
Run ol. Px. Plag. Glass Metal
# Comp. (md.%) Fo (md.%) Fs Wo (md.%) An (md. %) (md.%) Fe:Ni
6 LL-Na 34 71 57 18 0 0 n/a 4 5 6.5
9 LL-Na 29 68 56 20 0 0 n/a 11 3 4.0
4 LL-Na 44 67 35 28 1 0 n/a 20 2 2.8
3 LL-Na 36 73 36 23 1 0 n/a 24 4 4.7
8 LL-Na 48 70 22 25 1 0 n/a 28 2 2.1
15 LL 48 69 37 21 1 11 64 0 4 4.3
14 LL 45 68 42 22 1 6 69 3 4 3.8
13 LL 40 68 31 24 1 0 n/a 26 3 3.1
12 LL 47 71 18 26 1 0 n/a 32 2 2.2
11 LL 50 68 2 28 2 0 n/a 45 3 2.0
16 H-Na 47 71 39 20 1 6 100 0 8 124
17 H-Na 38 67 46 25 1 0 n/a 10 6 9.1
18 H-Na 49 66 30 29 2 0 n/a 13 6 7.3
19 H-Na 61 65 17 30 2 0 n/a 16 5 5.7
20 H-Na 56 65 0 nfa n/a 0 n/a 39 4 3.8
21 H 52 67 31 26/30 2/11 10 67 0 7 116
22 H 45 67 35 27/29 3/10 12 68 0 7 8.7
23 H 51 67 26 30 3 0 n/a 15 6 6.7
24 H 65 64 5 31 3 0 n/a 27 3 3.7
25 H 59 64 0 nfa n/a 0 n/a 38 3 4.1

92




0.50 .

0.45 | -
040 |
zﬂ #9 ’lr ”’/
o @) -7 LT
q.) -
5035 | ,8D
g Sk gl
X¥s AR -~ -
030 F ”,%;:\'\\(\ ”J:l QOLL-Na
x@f’?*’ oLL
025 .7 o Oug OOH -Na
mH
r O#17
020 - 1 1 1 1 1 J
0.20 0.25 0.30 0.35 0.40 0.45 0.50
Modelled K

Figure 1. Measured vs. modelled Kp values for ordinary chondritic partial melting experimental
runs conducted at IW-1. £10% deviations from the 1:1 line are the uncertainties in the

thermodynamic model (Toplis 2005).
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Figure 2. BSE images of H chondritic partial melt run products at 1050 (top) and 1150° C
(bottom). Plg = plagioclase; pgn = pigeonite; en = enstatite; ol = olivine; met = metal; mlt =

melt; chr = chromite.
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Figure 3. Pyroxene compositions in chondritic experimental partial melt run products at IW-1
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Figure 4. Major element contents of melts in chondritic partial melting experiments at different

temperatures.
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material. Ol = olivine; Qtz = quartz; Plg = plagioclase; Ipx = low-Ca pyroxene; sil = silica phase.

98



(2,) @anesadway

(2,) @2amesadwal

0SZT 00ZT 0sTT 00TT 050T 000T 05T 0021 0STT 00TT 050T 000T
T T O O O T T T O O
4 o1 4 o1
4 ot { oz
{ o€ { og
1or 2 10v =
105 & 105 8
{09 & {0 &
1 0L 1 0L
1 08 1 08
4 06 { 06
- 001 - 00T
H EN- H
0SZT 00ZT 0STT 00TT 0s0T 000T 0seT 00ZT 0STT 00TT 050T 000T
T T O O r T T T T O
{ o1 { o1
1 oz 1 oz
4 o€ 4 O€
4 o¥ 1 OF
2 2
105 & 105 &
X ®
4 09 1 09
1% SN -O— 10
1 08 3UaxolAd —S— 1 08
106 sumjo-0- 1096
) - oot
m eN-T1

Figure 7. Modal phase abundances of olivine, pyroxene, and melt in chondritic partial melting

experiments at different temperatures.

99



References

Barrat J. A., Jambon A., Yamaguchi A., Bischoff A., Rouget M. L., and Liorzou C. 2016. Partial
melting of a C-rich asteroid: Lithophile trace elements in ureilites. Geochimica et
Cosmochimica Acta 194:163—178.

Bischoff A., Horstmann M., Barrat J.-A., Chaussidon M., Pack A., Herwartz D., Ward D.,
Vollmer C., and Decker S. 2014. Trachyandesitic volcanism in the early Solar System.
Proceedings of the National Academy of Sciences 111:12689—-12692.
http://www.pnas.org/cgi/doi/10.1073/pnas.1404799111.

Collinet M., and Grove T. L. 2020a. Incremental melting in the ureilite parent body: Initial
composition, melting temperatures, and melt compositions. Meteoritics and Planetary
Science 55:832—-856.

Collinet M., and Grove T. L. 2020b. Formation of primitive achondrites by partial melting of
alkali-undepleted planetesimals in the inner solar system. Geochimica et Cosmochimica
Acta 277:358-376. https://doi.org/10.1016/j.gca.2020.03.004.

Day J. M. D. et al. 2012. Origin of felsic achondrites Graves Nunataks 06128 and 06129, and
ultramafic brachinites and brachinite-like achondrites by partial melting of volatile-rich
primitive parent bodies. Geochimica et Cosmochimica Acta 81:94—128.
http://dx.doi.org/10.1016/j.gca.2011.12.017.

Gardner-Vandy K. G., Lauretta D. S., and McCoy T. J. 2013. A petrologic, thermodynamic and
experimental study of brachinites: Partial melt residues of an R chondrite-like precursor.
Geochimica et Cosmochimica Acta 122:36-57.
http://dx.doi.org/10.1016/j.gca.2013.07.035.

Gomez-Tuena A., Straub S. M., and Zellmer G. F. 2014. An introduction to orogenic andesites
and crustal growth. Geological Society, London, Special Publications 385:1-13.
http://sp.lyellcollection.org/lookup/doi/10.1144/SP385.16.

Irvine T. N., and Baragar W. R. A. 1971. A Guide to the Chemical Classification of the Common
Volcanic Rocks. Canadian Journal of Earth Sciences 8:523-548.
http://www.nrcresearchpress.com/doi/abs/10.1139/e71-055.

Jurewicz A. J. G., Mittlefehldt D. W., and Jones J. H. 1991. Partial melting of the allende (CV3)

meteorite: Implications for origins of basaltic meteorites. Science 252:695-698.

100



Jurewicz A. J. G., Mittlefehldt D. W., and Jones J. H. 1993. Experimental partial melting of the
Allende (CV) and Murchison (CM) chondrites and the origin of asteroidal basalts.
Geochimica et Cosmochimica Acta 57:2123-21309.

Jurewicz A. J. G., Mittlefehldt D. W., and Jones J. H. 1995. Experimental partial melting of the
St. Severin (LL) and Lost City (H) chondrites. Geochimica et Cosmochimica Acta
59:391-408.

Keil K. 2012. Angrites, a small but diverse suite of ancient, silica-undersaturated volcanic-
plutonic mafic meteorites, and the history of their parent asteroid. Chemie der Erde
72:191-218. http://dx.doi.org/10.1016/j.chemer.2012.06.002.

Keil K., and McCoy T. J. 2018. Acapulcoite-lodranite meteorites: Ultramafic asteroidal partial
melt residues. Chemie der Erde 78:153-203.
http://dx.doi.org/10.1016/j.chemer.2017.04.004.

Longhi J. 1991. Comparative liquidus equilibria of hypersthene-normative basalts at low
pressure. American Mineralogist 76:785-800.

Longhi J. 1999. Phase equilibrium constraints on angrite petrogenesis. Geochimica et
Cosmochimica Acta 63:573-585.

Lunning N. G., Gardner-Vandy K. G., Sosa E. S., McCoy T. J., Bullock E. S., and Corrigan C.
M. 2017. Partial melting of oxidized planetesimals: An experimental study to test the
formation of oligoclase-rich achondrites Graves Nunataks 06128 and 06129. Geochimica
et Cosmochimica Acta 214:73-85. http://dx.doi.org/10.1016/j.gca.2017.07.004.

McCoy T. J., Dickinson T. L., and Lofgren G. E. 1999. Partial melting of the Indarch (EH4)
meteorite: A textural, chemical, and phase relations view of melting and melt migration.
Meteoritics and Planetary Science 34:735-746.

McCubbin F. M., Riner M. A., Vander Kaaden K. E., and Burkemper L. K. 2012. Is Mercury a
volatile-rich planet? Geophysical Research Letters 39:1-5.

McSween H. Y. et al. 2013. Dawn; the Vesta-HED connection; and the geologic context for
eucrites, diogenites, and howardites. Meteoritics and Planetary Science 48:2090-2104.

Shearer C. K. et al. 2010. Non-basaltic asteroidal magmatism during the earliest stages of solar
system evolution: A view from Antarctic achondrites Graves Nunatak 06128 and 06129.
Geochimica et Cosmochimica Acta 74:1172—-1199.
http://dx.doi.org/10.1016/j.gca.2009.10.029.

101



Srinivasan P., Dunlap D. R., Agee C. B., Wadhwa M., Coleff D., Ziegler K., Zeigler R., and
McCubbin F. M. 2018. Silica-rich volcanism in the early solar system dated at 4.565 Ga.
Nature Communications 9:1-8. http://dx.doi.org/10.1038/s41467-018-05501-0.

Stolper E. 1977. Experimental petrology of eucritic meteorites. Geochimica et Cosmochimica
Acta 41:587-611. http://www.sciencedirect.com/science/article/pii/0016703777903003.

Toplis M. J. 2005. The thermodynamics of iron and magnesium partitioning between olivine and
liquid: Criteria for assessing and predicting equilibrium in natural and experimental
systems. Contributions to Mineralogy and Petrology 149:22-39.

Treiman A. H., Gleason J. D., and Bogard D. D. 2000. The SNC meteorites are from Mars.
Planetary and Space Science 48:1213-1230.
http://www.sciencedirect.com/science/article/pii/S0032063300001057.

Usui T, Jones J. H., and Mittlefehldt D. W. 2015. A partial melting study of an ordinary (H)
chondrite composition with application to the unique achondrite Graves Nunataks 06128
and 06129. Meteoritics and Planetary Science 50:759-781.

Warren P. H., Ulff-Mgller F., Huber H., and Kallemeyn G. W. 2006. Siderophile geochemistry
of ureilites: A record of early stages of planetesimal core formation. Geochimica et
Cosmochimica Acta 70:2104-2126.

Wasson J. T. 2013. Vesta and extensively melted asteroids: Why HED meteorites are probably
not from Vesta. Earth and Planetary Science Letters 381:138—146.
http://dx.doi.org/10.1016/j.eps1.2013.09.002.

102



CHAPTER 4

Constraints on Martian chronology from meteorites

Abstract
Martian meteorites provide the only direct constraints on the timing of Martian accretion,
core formation, magmatic differentiation, and ongoing volcanism. While many radiogenic
isotope chronometers have been applied to a wide variety of Martian samples, few, if any,
techniques are immune to secondary effects from alteration and terrestrial weathering. This short
review focuses on the most robust geochronometers that have been used to date Martian
meteorites and geochemically model the differentiation of the planet, including '*’Sm/'**Nd,

146Sm/"*Nd, "SLu/!"*Hf, 132Hf/'®>W, and U-Th-Pb systematics.

1. Introduction

It is generally agreed that the inner solar system planets were formed by the collisional
agglomeration of dust particles into cm- or m-sized objects which then grew into planetesimals
up to 100 km in size via turbulent accretion triggered by gravitational instability. Gravitational
interactions between planetesimals caused them to collide and produce Mars-sized planetary
embryos, which then formed terrestrial planets via giant impacts (Chambers 2004; Raymond et
al. 2009). Under this paradigm, Mars is a leftover planetary embryo which escaped the giant
impacts that formed the other terrestrial planets (Dauphas and Chaussidon 2011). The timescales

of the accretion, core formation, and silicate differentiation of Mars are best constrained using
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the radiometric isotope systematics of the only available samples from the planet, Martian
meteorites.

Since these meteorites are generally hot or cold desert finds that have spent a
considerable amount of time exposed to terrestrial surface conditions, they are often heavily
weathered (Crozaz et al. 2003). Isotopic chronometers can be highly sensitive to disruption by
weathering, and for this reason this short review only focuses on the most pristine and
uncompromised chronological data. Emphasis is placed on recent measurements employing the
most robust chronometers. Isotopic systems employed include Sm-Nd, Lu-Hf, Hf-W, Ar-Ar, U-
Th-Pb, and various noble gas exposure age chronometers such as cosmogenic *He, 2'Ne, and

38Ar. All ages discussed below are reported with their two sigma uncertainties.

2. Overview of Martian Meteorites

The SNC (shergottite, nakhlite, chassignite) meteorite clan has been confirmed as
originating from Mars on the basis of trapped noble gas compositions that match that of the
Martian atmosphere (Treiman et al. 2000). These meteorites also plot along their own mass-
dependent fractionation line in triple-oxygen isotope space, with a A'’O of ~0.3 (Clayton and
Mayeda 1996). There are to date 150 meteorite pairing groups of Martian origin. While the
traditional classification system divides these meteorites into shergottites (basalts constituting
89% of Martian meteorites (Udry et al. 2020)), nakhlites (clinopyroxene-rich cumulates), and
chassignites (dunites) (McSween 1985), additional samples have contributed to the variety of the
Martian igneous record. Allan Hills (ALH) 84001 is an orthopyroxene cumulate (Lapen et al.
2010), Northwest Africa (NWA) 7034 and its pairs are polymict breccias (Agee et al. 2013), and

NWA 8159 and NWA 7635 are augite-rich shergottites with unique ages (Herd et al. 2017;
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Lapen et al. 2017). Together, the crystallization ages of these meteorites roughly span the age of
the planet (Fig. 1).

The shergottites, which represent the overwhelming majority of Martian meteorites, are
subdivided into additional categories based on petrological and geochemical characteristics.
Basaltic shergottites contain pyroxene and plagioclase in varying proportions and span grain
sizes from gabbroic to fine-grained. Olivine-phyric shergottites are similar to basaltic shergottites
but contain olivine phenocrysts, megacrysts, or xenocrysts, and poikilitic shergottites are mafic
to ultramafic plutonic rocks with large-grained olivine and pyroxenes (Papike et al. 2009).
Geochemically, shergottites are divided into enriched, intermediate, and depleted categories
based on the level of depletion of their light rare earth elements (LREE) and their Sm-Nd and
Hf-W radiogenic isotope systematics (Borg and Draper 2003; Debaille et al. 2007; Kruijer et al.
2017). While the majority of shergottites are young (<600 Ma), NWA 7635 and 8159 are 2.4 Ga
exceptions (Herd et al. 2017; Lapen et al. 2017) which extend the age of shergottite volcanism to
encompass nearly the entire Amazonian Period (3.0-0 Ga). The nakhlites and chassignites, on the
other hand, are geochemically distinct from the shergottites and could represent melts and
cumulates from a single differentiated igneous body (McCubbin et al. 2013; Shearer et al. 2018)
or from several lava flows or shallow sills associated with a single volcano (Cohen et al. 2017;
Udry and Day 2018). Allen Hills 84001 is an orthopyroxene cumulate with an age of 4.09 Ga
(Lapen et al. 2010) that gives unique insight into the Noachian Period (4.1-3.7 Ga) of Martian
history (Lapen et al. 2010), during which liquid water precipitated secondary carbonate (Borg et
al. 1999). Finally, igneous clasts and zircons in the Martian regolith breccias NWA 7034 and its
pairs record evidence of an ancient crust that must have formed on Mars within the first 20 Ma of

the planet’s formation (Bouvier et al. 2018).
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Analyses from orbital and surface missions have greatly expanded the compositional
diversity of Martian igneous rocks. With the exception of NWA 7034 and its pairs, Martian
meteorites are all basaltic to ultramafic. Orbital measurements of volcanic provinces by Gamma
Ray Spectroscopy (GRS) aboard Mars Odyssey show that the average Martian crust is basaltic to
trachybasaltic (Taylor et al. 2010; Filiberto 2017). The igneous rocks at Gusev Crater examined
by the Mars Exploration Rover (MER) Spirit are roughly basaltic but have much higher ranges
of total alkalis than the SNC meteorites (McSween et al. 2006). The Mars Science Laboratory
(MSL) has analyzed igneous rocks in Gale Crater and identified diorites, trachytes,
trachyandesites, and quartz diorites (Cousin et al. 2017). Such diverse measurements suggest that
Martian igneous geology is much more varied than implied by the SNC meteorites, involving

large degrees of differentiation and fractional crystallization.

3. Crystallization and Ejection Ages

The radiometric age dating of Martian meteorites has been used to constrain the timing of
Martian core formation and early silicate differentiation into distinct magmatic reservoirs. The
subsequent melting and possible interaction of these reservoirs created the petrogenetic diversity
of the Martian meteorite suite (Papike et al. 2009). Since Mars is a planet with a significant
gravity well, large impacts and their associated shock pressures are required to loft material from
the planet (Head et al. 2002; Artemieva and Ivanov 2004). Most Martian meteorites are
moderately to heavily shocked (Fritz et al. 2005), resulting in partial melting and transformation
of their plagioclase to the shock phase maskelynite. As the “°Ar/*’ Ar chronometer is sensitive to
such disruptions (Kunz et al. 1997), the *°Ar/*’Ar dating of Martian material must be carefully

evaluated in regards to crystallization ages. Likewise, because most Martian meteorites are desert
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finds, the 3’Rb/4’Sr chronometer is often disrupted by calcite deposition which contains
terrestrial alkali and alkaline elements. Similarly, chronometers that employ the Sm-Nd system
are susceptible to fluid mobilization and addition of these elements (as well as the rest of the rare
earth elements) (Crozaz and Wadhwa 2001; Crozaz et al. 2003). Figure 2 summarizes the
147Sm/'"¥Nd dating that has been performed on Martian meteorites.

147Sm/"*Nd, ¥Rb/*"Sr, and '®Lu/!7®Hf dating of the shergottites have shown
crystallization ages that cluster according to their geochemical enrichment. The enriched
shergottites have ages between ~165 and ~200 Ma (Shih et al. 1982, 2003, 2009; Borg et al.
2005; Marks et al. 2010; Shafer et al. 2010; Moser et al. 2013; Ferdous et al. 2017; Combs et al.
2019). The intermediate shergottites have overlapping and older crystallization ages between
~150 and ~350 Ma (Morikawa et al. 2001; Nyquist et al. 2001, 2009; Borg et al. 2002; Misawa
et al. 2008; Liu et al. 2011; Shih et al. 2011). Depleted shergottites are the oldest group, with
crystallization ages between ~327 and ~2400 Ma (Borg et al. 1997, 2003; Shih et al. 2004, 2007,
Symes et al. 2005; Brennecka et al. 2014; Herd et al. 2017; Lapen et al. 2017). Prior to two
recent studies, the depleted shergottites were all thought to have been younger than ~600 Ma.
NWA 7635, with a '47Sm/!*3Nd crystallization age of 2403 + 140 Ma (Lapen et al. 2017), and
NWA 8159, with a '47Sm/!*3Nd crystallization age of 2300 = 250 Ma (Herd et al. 2017), have
greatly extended the potential magmatic history of the shergottites. Ejection ages for shergottites
are all under 5 Ma (Herzog and Caffee 2014) with the exceptions of Dhofar 019 (18 Ma).
Depleted shergottites and NWA 7635 have been suggested to originate from the same igneous
body based on their nearly identical ejection ages of ~1.1 Ma (Herzog and Caffee 2014; Wieler
et al. 2016; Lapen et al. 2017), and this suggests the existence of continuous Martian volcanism

for half of the planet’s history.
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An additional complication in the Martian crystallization story is the “Old Shergottite
Paradox.” While the '4’Sm/!**Nd, ’Rb/*’Sr, and "Lu/!"Hf chronometers show Amazonian ages
for the shergottites, the Pb-Pb system has consistently yielded concordant ages older than 4 Ga
(Bouvier et al. 2005, 2008, 2009). Given that aside from some young basaltic lava flows, the
Martian surface appears to be predominantly ancient (>4 Ga) (Hartmann and Neukum 2001), the
Pb-Pb ages of shergottites have been suggested to reflect primary crystallization of these ancient
terrains. This would argue that the younger ages produced by the other chronometers were a
result of later disruptions such as impact resetting, fluid percolation, the drying of lakes, or even
the combination of impacts and wet soil, creating superheated steam which would more
effectively reset phosphate-based chronometers (Bouvier et al. 2009).

Recent studies have called the old ages of the shergottites into question, disputing the
presence of any >4 Ga Pb-Pb “isochron” with crystallization age significance. Secondary ion
mass spectrometry (SIMS) Pb-Pb measurements of maskelynite grains in ALH 84001 and some
enriched shergottites, interpreted to reflect initial Pb isotopic compositions since plagioclase
incorporates very little U, showed significantly differing values, presumably due to
crystallization ages separated by ~4 Ga (Bellucci et al. 2015a). In-situ SIMS Pb-Pb analyses of
different phases in Chassigny revealed 3-component mixing array between initial Pb, radiogenic
Pb along a 1.39 Ga isochron, and an unsupported radiogenic reservoir (Bellucci et al. 2016). This
reservoir was heterogeneously present in phases whose major element compositions were
otherwise homogenous, and its Pb composition plotted off the 1.39 Ga reservoir. Thus, it could
not be explained by in-situ accumulation of radiogenic Pb and must represent non-igneous

introduction of a likely crustal Martian reservoir. A hypothetical composition for this high u
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reservoir is provided by the Martian regolith breccias (Bellucci et al. 2015b), which the phases in
Chassigny skew towards (Bellucci et al. 2016).

The '7Sm/'**Nd and ¥ Rb/*’Sr dating of nakhlites and chassignites have yielded
crystallization ages around ~1300 Ma (Nakamura et al. 1982; Shih et al. 1998, 1999; Borg and
Drake 2005; Misawa et al. 2006), with a mean age of 1340 + 40 Ma (Udry and Day 2018). The
ejection ages of most nakhlites and Chassigny cluster around ~10 Ma (Herzog and Caffee 2014;
Cohen et al. 2017). Additionally, nakhlites and chassignites share similar trace element (Treiman
2005; Udry and Day 2018) and volatile-bearing phosphate (McCubbin et al. 2013) compositions.
These lines of evidence and their similar petrologic texture suggest that they were formed in
separate flows, sills, and dikes part of the same overall igneous complex (Udry and Day 2018)
whose magmatic source reservoir is distinct from that of the shergottites.

The discovery of additional unique Martian meteorites has further complicated the
magmatic history derived from study of the SNC suite. The '*’Sm/'**Nd ages determined for the
orthopyroxene cumulate ALH 84001 have converged at ~4400 Ma (Nyquist et al. 2001).
However, "Lu/!7°Hf dating found a younger age of 4091 + 30 Ma which concords with its
“0Ar/* Ar and U-Pb ages (Lapen et al. 2010). The older ages were likely due to extensive
alteration, but controversy over the true crystallization age still exists.

NWA 7034 and its pairs, the Martian regolith breccias, represent the oldest age dates yet
found in Martian meteorites. Secondary ion mass spectrometry (SIMS) U-Pb dating of zircons in
monzonitic clasts within one of its pairs, NWA 7533, revealed a discordia line with two
intercepts at 4,428 = 25 Ma and 1,712 + 85 Ma, suggesting that the igneous clasts in the
meteorite are sourced from an evolved Martian crust from the first ~100 Ma of solar system

history (Humayun et al. 2013). The 1.7 Ga age is similar to a 2.1 Ga *’Rb/*’Sr age (Agee et al.
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2013), suggesting a major disturbance around that time. U-Pb dating of phosphates within the
matrix also found a younger age of 1.357 £ 81 Ga, while Pb-Pb analyses of feldspars in igneous
clasts identified a high u (3**U/**Pb) reservoir at least 4,428 Ma in age (Bellucci et al. 2015b),
providing further evidence for an ancient enriched crust. '¥’Sm/'**Nd dating of the igneous
components of the regolith breccia provided additional confirmation with an age of 4,420 = 70
Ma (Nyquist et al. 2016). Additional analyses of zircons within igneous clasts and matrix found
two discrete sets of concordant U-Pb ages at 4,431 = 27 Ma and 1,502 + 98 Ma (McCubbin et al.
2016). Cl-apatite from igneous clasts and matrix analyses in the same study revealed a U-Pb age
of 1,495 + 88 Ma, suggesting a breccia-wide thermal event at that time such as an impact or
volcanism.

The most precise zircon analyses conducted on the Martian regolith breccia, using acid
dissolution and thermal ionization mass spectrometry (TIMS) instead of in-situ methods, yielded
crystallization ages between 4,476.3 + 0.9 Ma and 4,429.7 = 1.0 Ma (Bouvier et al. 2018). Since
the meteorite is only mildly shocked (<15 GPa) (Moser et al. 2019), “°Ar/*°Ar analyses could
also be used to extract reliable age information other than shock ages, as with the rest of the SNC
suite. “°Ar/*°Ar analysis of whole-rock fragments found several coherent plateau ages between
1,319+ 16 Ma and 1,191 + 32 Ma (Cassata et al. 2018). Rather than thermal metamorphism
resulting from an impact, which would cool in a few 10’s of Ma or less (Abramov and Kring
2005), these plateaus, along with the overlapping U-Pb ages, suggest a protracted period of
metamorphism that varied spatially and temporally, such as that resulting from contact
metamorphism due to volcanism (Cassata et al. 2018). An even younger event of ~225 Ma or
earlier was identified via U-Th-Sm/He chronometry, suggested to be an impact that resulted in

the brecciation and consolidation of the meteorites in their current form (Cassata et al. 2018).
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Finally, an ejection event of ~5 Ma (Cartwright et al. 2014) brought the breccia into an Earth-
crossing orbit. In summary, NWA 7034 and its pairs sample an ancient, evolved Noachian crust,
distinct Amazonian volcanic and impact events, and a unique and recent ejection event, none of

which are evident via the rest of the Martian meteorite suite.

4. Differentiation

Since they represent the only samples available from Mars, the Martian meteorite suite
has been used in attempts to understand the large-scale magmatic processes that have shaped the
planet’s geologic history. For instance, the major and trace element compositions and isotopic
systematics of shergottites have been used as constraints to test petrogenetic models of the
magmatic differentiation of silicate Mars. One way to explain the geochemical diversity of
shergottites is by assuming they formed by crustal assimilation and fractional crystallization
(AFC) of mantle-derived magmas (Herd et al. 2002). However, the shergottites’ bulk ’Sr/%6Sr
and 3"Rb/*Sr values have been shown to plot along the ~4.5 Ga isochron known as the basaltic
achondrite best initial (BABI) line (Papanastassiou and Wasserburg 1968; Shih et al. 1982). The
AFC model would thus require the crustal assimilated material to have an age of ~4.5 Ga and
remain undisturbed through the crystallization ages of all of the shergottites, which is unlikely
(Borg et al. 2002) given the history of impact and volcanism experienced by the planet. In
addition, the shergottites’ incompatible trace element abundances, ratios, and isotopic
compositions do not correlate well with their mineralogical or geochemical indices of
differentiation, such as SiO> content or Mg# [molar Mg/(Mg+Fe)] (Borg and Draper 2003). The
Martian regolith breccia, as its zircons and igneous fragments represent an enriched ancient

crust, was likewise found to deviate from the shergottite mixing line in £'**Nd-x'*’Nd space
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(discussed further below), invalidating its role as an enriched end-member for shergottite crustal
assimilation (Armytage et al. 2018).

Another model invoked to explain Martian basaltic volcanism involves equilibrium and
fractional crystallization of the Martian magma ocean (MMO) into cumulate piles and enriched
residual liquids (Borg and Draper 2003). The cumulate piles were then melted and mixed in
varying proportions with the residual liquids to produce the diverse parent liquids of the
shergottites. This two-stage model proposed a mixing relationship between geochemically
enriched and depleted shergottite source regions early in Martian geologic history, which would
satisfy the constraints imposed by the shergottites’ bulk Rb-Sr systematics (Borg and Draper
2003). The compositions of cumulate packages were constrained using the bulk composition of
Mars (Dreibus and Wanke 1985; Lodders and Fegley 1997) and petrological melting
experiments at estimated pressures of the crystallizing MMO that included majoritic garnet as a
near-liquidus phase (Draper et al. 2003). Partial melting of the cumulate piles was able to
reproduce the major element concentrations and radiogenic parent/daughter ratios of the
calculated parent liquid of ALH 77005 (McSween et al. 1988). Since this liquid was the most
mafic of the Martian basalts, it was used as a least-differentiated end member in the model. More
evolved compositions could then be reached through olivine fractionation. The trace
incompatible element abundances of Martian basaltic liquids were reproduced by including a
small fraction of residual liquid, solidified in the final stages of MMO crystallization, in the
partial melting phase.

The combinations of several radiogenic isotope systems have been used to constrain the

results of differentiation modeling. The short-lived isotope “*Sm decays to **Nd with a half-life
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of ~103 Ma' and thus imparts a '*?Nd anomaly on material that differentiated early enough in
solar system history that it was still a live nuclide. When '*Sm-'#>Nd is combined with longer-
lived isotopic systems such as 8’Rb/*’Sr and '¥’Sm/'**Nd, the timing of both source
differentiation and liquid crystallization can be constrained in a single model (Borg et al. 1997;
Borg and Draper 2003). For example, the £'**Nd (['**Nd/"**Ndsampie / '**Nd/"**Ndsandara -1] %
10000) of the basaltic shergottite Queen Alexandra Range (QUE) 94201 was found to be high
enough to require fractionation of its source from bulk Mars no later than 33 Ma after the
planet’s formation (Borg et al. 1997). However, its calculated initial £"**Nd (["**Nd/'*Ndsampie
initial / (" Nd/"Ndcnur at T -1] X 10000) required that its source remained relatively inactive until
its crystallization age of ~327 Ma because any intermittent melting would have made the £!'**Nd
value too high (Borg et al. 1997).

Early models of shergottite source crystallization combined the '*°Sm-'*>Nd and '*’Sm-
*Nd chronometers for multiple Martian samples by plotting their initial £'**Nd values,
recalculated at 175 Ma, the average crystallization age of several shergottites, against their
present-day measured £'**Nd values (Borg et al. 2003). Several enriched and depleted
shergottites formed an isochron that intersected with the chondritic uniform reservoir (CHUR)
and converged on an age of ~4510 Ma, interpreted as the age of MMO differentiation from
CHUR into geochemically enriched and depleted reservoirs. Other samples, such as the nakhlites
and chassignites, plotted off this isochron, implying derivation from separate reservoirs or more

complex igneous history (Borg and Draper 2003).

! This age has recently been questioned by Kinoshita (2012), who found a half-life of 68 Ma. Despite this, the present
paper assumes the canonical value in reporting literature ages. The IUGS-IUPAC recommends using both half-lives
to calculate ages until the discrepancy is resolved (Villa et al. 2020). For discussion see Borg et al. (2016).
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The coupled '**Nd-!**Nd chronometer was later refined in regards to shergottites with
higher precision measurements of '**Nd and additional sample measurements. An updated plot
of enriched, intermediate, and depleted shergottites on the £'**Nd vs. £!**Nd graph formed a
mixing line that missed the origin and thus is not likely to be an isochron (for an example of such
a plot see Fig. 3) (Debaille et al. 2007). Instead, the coupled isotopic systematics for depleted and
enriched shergottites were interpreted to constrain earlier and later Sm/Nd fractionation events,
at ~4535 Ma and ~4457 Ma respectively. The calculated '*’Sm/'"*Nd of the shergottite sources
was found to be higher for each meteorite than the '*’Sm/!**Nd of the meteorites themselves, and
this is the opposite of what is expected during partial melting since Nd is a more incompatible
element than Sm (Debaille et al. 2007). Therefore, the source of the shergottites likely underwent
a partial melting event immediately before melting to produce the shergottites, and the enriched
and intermediate shergottites incorporated varying amounts of this depleted source and a distinct
enriched source.

Additional analyses of shergottites have cast doubts on the need for multiple melting and
differentiation events. The linear mixing line (Debaille et al. 2007) found between enriched and
depleted shergottites in '*’Sm-!4*Nd space has been obscured by newer data (Caro et al. 2008;
Brennecka et al. 2014) showing variation in bulk rock '*’Sm/'"**Nd in meteorites with similar
calculated source '*’Sm/'"**Nd values (Borg et al. 2016). Newer models showed that two separate
3-stage petrogenetic models using shergottite bulk rock *°Nd, '*’Sm, and '*Nd measurements
converged on a source differentiation age of 4504 = 6 Ma (Borg et al. 2016). The first model
formed an isochron by plotting the measured bulk rock **Nd/!**Nd of the shergottites against
their source '*’Sm/'"*Nd, calculated from measured '**Nd/'"**Nd values. The second plotted the

M2Nd/'"*Nd of each meteorite against their present-day source £'4*Nd, calculated from each

114



meteorite’s initial '**Nd/'**Nd (see Fig. 3). Importantly, neither model relied on an assumed
initial "**Nd/"**Nd for bulk Mars, and both allowed for binary mixing between depleted and
enriched shergottite end members early in Martian history.

The Sm-Nd data from nakhlites and chassignites have been shown to diverge
significantly from any model age isochrons formed by the shergottites (Debaille et al. 2009).
Thus, the variation in Sm and Nd isotopic compositions between shergottites and nakhlites
cannot be attributed to a single differentiation event early in Martian geologic history. Likewise,
the crustal breccia NWA 7034 diverges from the shergottite mixing line in "**Nd-!'**Nd space,
using either measured values from the meteorite or ones calculated for its source (Fig. 3)
(Armytage et al. 2018). This suggests that it does not represent an enriched crustal end member
for shergottite differentiation, and it casts doubts on the idea that the shergottite mixing line is in
fact an isochron.

The extinct '*?Hf-182W chronometer, which has a half-life of 9 Ma, has been coupled with
the '*’Nd/"**Nd system to refine the time scale of magmatic source differentiation (Kruijer et al.
2017). The combined '*>W-!**Nd chronometer showed that instead of forming a binary
contemporaneous mixing line between depleted and enriched shergottite sources, the shergottite
source differentiation was instead spread between ~20-25 m.y. and ~40 m.y. after solar system
formation (Fig. 4) (Kruijer et al. 2017). This was due primarily to a larger range in £'3*W
identified among depleted shergottites (+0.8 to +1.8). **Nd measurements of NWA 7034 and
ALH 84001 also showed that these samples reflected the most enriched and early to differentiate
(~20-25 Ma) source reservoir yet identified on Mars (Kruijer et al. 2017). The early
differentiation of an enriched source coincides with modeling results obtained from U-Pb and

Lu-Hf analyses performed on zircons in NWA 7034, which required an andesitic, rather than
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basaltic, crustal reservoir to differentiate from CHUR in order to satisfy the !"®Lu/!”’Hf values of
concordant zircons (Bouvier et al. 2018). The U-Pb ages of these zircons converged at 4,475 Ma,
while their Lu-Hf systematics suggested that an andesitic crust must have formed no later than
4,547 Ma. This early crust was completely reworked by impacts, including the one likely
responsible for the formation of the Martian crustal dichotomy (Andrews-Hanna et al. 2008).

As this early crust predates meteorite magmatic source differentiation, its age also
suggests that this differentiation did not occur under the regime of a crystallizing magma ocean.
Instead, the crystallization of the MMO must have happened earlier, resulting in a stratified
mantle susceptible to overturn, decompression melting of cumulate material, and extraction of an
evolved andesitic crust (Elkins-Tanton et al. 2005; Scheinberg et al. 2014; Bouvier et al. 2018).
Alternatively, the MMO may not have existed at all, as a recent study has found hydrogen
isotopic heterogeneities within Martian mantle source reservoirs (Barnes et al. 2020). A series of
later differentiation events must have formed the source reservoirs of the other Martian
meteorites. The nakhlites, which have significantly more radiogenic £'%*W values (~3) (Kleine et
al. 2004; Foley et al. 2005), must have originated from a separate but roughly coeval magmatic
source. The positive £'*>W and £'**Nd values of SNC meteorites require that their sources
formed from a garnet and clinopyroxene bearing mantle, since these phases fractionate Hf/ W as
well as Sm/Nd (Righter and Shearer 2003). The ongoing magmatism resulting from these

differentiation events, along with impacts, completely resurfaced the planet.

5. Core Formation
Because W is a much more siderophile element than Hf, it fractionates completely from

Hf during metal-silicate separation. The timing of the core formation of planetary bodies is
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constrained by measuring '>W anomalies from primitive chondritic values in silicates derived
from material that underwent core formation while '®?Hf was still extant. Measuring the /%W of
Martian meteorites showed a small range in values for the shergottites (0.3 to 0.7) and a distinct
and uniform value of ~3 for the nakhlites (Foley et al. 2005). By plotting £!4’Nd values against
&!'82W values for the shergottites and solving the best-fit line for chondritic '**Nd, a primitive
Martian mantle (PMM) £'¥W of 0.34+0.7 was determined (see Fig. 4). This value allowed for a
two-stage model age for the Martian core formation of 11.6+£0.4 m.y. after solar system
formation (Foley et al. 2005). Other estimates for Martian core formation using W isotopes have
ranged from ~3 to ~15 m.y. after solar system formation (Kleine et al. 2004; Nimmo and Kleine
2007).

A more recent study has found more variation in £'%?W among the shergottites and that
this variation correlates with £!4°Nd (Kruijer et al. 2017). However, the new measurements did
little to modify the bulk Mars £'%*W value, since the Martian meteorites whose £'**Nd spanned
the range of estimated bulk Mars £'**Nd values (Debaille et al. 2007; Borg et al. 2016) were
relatively constrained in €'%*W. Thus, the new PMM &!%2W was found to be +0.37 + 0.04 (Fig.
4), within error of the old one. Combining this value with the bulk Martian "'Hf/!8*W ratio of
4.0 = 0.5 (Dauphas and Pourmand 2011) yielded a two-stage model age for core formation of 4.1
+ 2.7 m.y. after solar system formation (Fig. 4) (Kruijer et al. 2017). This is consistent with the
accretion timescale of a stranded planetary embryo, in which Mars attained half of its mass in ~2

m.y. or less (Dauphas and Pourmand 2011; Kruijer et al. 2017).
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6. Conclusions

It is clear at this point that the 150 unpaired Martian samples that are currently available
for study vastly undersample the igneous history of the planet Mars. The identification of
petrologically diverse and evolved material by rovers suggests that the shergottites, nakhlites,
chassignites, ALH 84001, and the Martian regolith breccias only offer a small window into the
magmatic evolution of the planet (Table 1), and thus the need for sample return missions is
highlighted by the study of Martian meteorites. There is now significant petrological and
geochemical evidence that both the nakhlites and chassignites as a group, as well as the depleted
shergottites, both originate from their own unique magma bodies. The Martian regolith breccias
also sample a unique magmatic reservoir and possibly an ancient enriched crust that was later
modified by impacts. These sources must have been separated since the earliest differentiation of
Mars shortly after the birth of the solar system and stayed separate through the crystallization of
the Martian igneous suite.

The need to better define the magmatic reservoirs present on Mars is another urgent
reason to increase sample diversity. The Martian mantle is clearly heterogeneous, and its igneous
products show a great deal of diversity in isotopic systematics, such that the timing for major
events in the planet’s history is likely subject to change (Fig. 5). This diversity is reflective of a
silicate Mars that was inefficiently mixed during its early history. More unique magmatic source
reservoirs are likely waiting to be discovered with additional samples from the planet. The
wealth of research that the discovery of the Martian regolith breccias has generated is a testament
to this, and new potential Noachian and Hesperian samples will likely again completely redefine

our understanding of Martian igneous history.
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Figure 1. Crystallization ages of shergottites (black circles), nakhlites and chassignites (white
squares), NWA 7034 (black), ALH 84001 (black diamond), and NWA 7034 (black triangle). The
age shown for NWA 7034 corresponds to the oldest measured igneous clasts. Data are from Borg

and Drake (2005); Herd et al. (2017); Lapen et al. (2017); Bouvier et al. (2018); Cassata et al.

(2018); Udry and Day (2018) and references therein.
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Figure 2. '7Sm/!'**Nd ages and calculated initial eNd values for Martian meteorites (Nakamura
et al. 1982; Shih et al. 1982, 1998, 1999, 2003, 2004, 2007, 2009, 2011; Borg et al. 1997, 2002,
2003, 2005, 2008; Morikawa et al. 2001; Nyquist et al. 2001, 2009, 2016; Carlson and Irving
2004; Symes et al. 2005; Misawa et al. 2006, 2008; Shafer et al. 2010; Liu et al. 2011;

Brennecka et al. 2014; Ferdous et al. 2017; Herd et al. 2017; Lapen et al. 2017).
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Figure 3. Calculated source £!**Nd vs. £!**Nd at 150 Ma for Martian meteorites. £'4*Nd values

for ALH 84001 and the Martian regolith breccia sources are corrected for radiogenic growth of

2Nd. Solid black line is the shergottite source regression line (SSRL) whose slope reflects the

age of shergottite source differentiation [4506 + 6 Ma (Borg et al. 2016)]. Dotted lines are model

age isochrons which pass through the chondritic £!#*Nd value of

-0.18 (Debaille et al. 2007).

Since the SSRL does not intersect the model age origin, either it is not an isochron, or Mars’

initial '**Nd composition was not chondritic (Borg et al. 2016). The source of Martian regolith

breccia does not intersect the SSRL, suggesting that the shergottite differentiation event was not

a planet-wide event such as crystallization and overturn of a magma ocean. Data and models are

from Borg et al. (2016) and Armytage et al. (2018) and references within. Errors are plotted

when symbol is smaller than error.
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Figure 4. ¢'*>W vs. £!*°Nd for Martian meteorites. Grey horizontal lines are the ranges of

potential Martian bulk £!4?Nd values (Debaille et al. 2007; Borg et al. 2016), and grey vertical

line is the range of Martian bulk £!%*W, deduced from these values and Martian meteorite £'3>W.

Dashed lines represent model times for source differentiation after solar system formation. Data

and model calculations from Kruijer et al. (2017) and references within.
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Figure 5. Summary of Early Martian events based on various chronometers (Foley et al. 2005;
Debaille et al. 2008, 2009; Borg et al. 2016; Kruijer et al. 2017; Bellucci et al. 2018; Bouvier et

al. 2018).

Table 1. Summary table of Martian meteorite ages, rock types, and geochemistry.

Meteorites Ages Rock Type(s) Geochemistry
Shergottites ~150-600 Ma; ~2400 Ma Gabbro, diabase, basalt Depleted to Enriched in LREE
Nakhlites ~1300 Ma Augite and olivine cumulate Enriched in REE and LREE
Chassignites ~1300 Ma Dunite Enriched in LREE
NWA 8159 ~2300 Ma Augite basalt Depleted in LREE
ALH 84001 ~4100 Ma Orthopyroxenite Nearly chondritic REE
NWA 7034 and pairs ~4500 Ma Polymict igneous breccia Enriched in REE and LREE
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Table A1l. Bulk major and trace element compositions of ultramafic achondrites.

NWA NWA NWA
(Wt%) 12217 12319 12562
Sio; 41.82 39.97 41.29
TiO, 0.01 0.03 0.04
Al,0; 0.11 0.71 0.99
Fe203total 8.99 14.62 15.88
MgO 47.94 42.77 39.98
Ca0 0.52 1.36 0.79
NaO 0.02 0.04 0.09
K.0 0.05 0.02 0.08
Cr20; 0.33 0.58 0.53
MnO 0.21 0.42 0.31
P,0s 0.02 0.06 0.02
Mgt 0.82 0.72 0.68
Fe/Mn 38.14 31.55 45.66
(ppm)

Li 0.72 1.75 1.46
Sc 0.30 4.17 1.81
v 43.5 53.9 52.9
Cr 2199 3664 3389
Co 17.2 16.5 28.6
Ni 51.4 55.5 263.5
Cu 0.2 2.058 20.4
Zn 4.37 5.107 2.19
Ga 0.103 0.191 0.355
Ge 0.607 0.891 0.956
Rb 0.172 0.104 1.216
Sr 7.532 18.463 11.329
Y 0.215 0.693 0.866
Zr 7.769 2.427 14.202
Nb 0.028 0.107 0.427
Cs 0.005 0.002 0.019
Ba 20.427 9.320 14.777
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NWA NWA NWA
(ppm) 12217 12319 12562
La 0.070 0.119 0.391
Ce 0.124 0.296 0.776
Pr 0.017 0.047 0.100
Nd 0.077 0.233 0.417
Sm 0.013 0.087 0.097
Eu 0.007 0.021 0.042
Gd 0.020 0.109 0.127
Tb 0.003 0.018 0.020
Dy 0.031 0.133 0.143
Ho 0.007 0.028 0.033
Er 0.022 0.079 0.098
Tm 0.003 0.013 0.017
Yb 0.025 0.086 0.116
Lu 0.004 0.016 0.018
Hf 0.218 0.086 0.487
Ta 0.002 0.011 0.032
w 0.036 0.011 0.032
Pb 0.061 0.068 0.228
Th 0.034 0.022 0.071
U 0.077 0.088 0.052

Table A2. Highly Siderophile Element (HSE) compositions of ultramafic achondrites.

Pd Pt Ru Ir Os
SampleID  Type (ppb)  (ppb)  (ppb)  (ppb)  (ppb) (ppb)
NWA 12217 Dunite 0.01 0.25 0.34 0.35 0.15 0.23
NWA 12217 Dunite 0.04 0.19 0.47 0.28  0.39 0.45
NWA 12562  Lherzolite 1.45  12.98 1.78 1.46  0.66 0.49
NWA 12562  Lherzolite 0.11  52.81 0.60 0.89 0.35 0.36
NWA 12319  Lherzolite 0.08 1.70 0.68 0.68  0.40 0.63

136




Table A3. Re/Os systematics and blank contributions (blk) of ultramafic achondrites.

Re Pd Pt Ru Ir
Sample ID ®7Re/'%8Qs 2SE 18705 /1880s  2SE Blk Blk Blk Blk Blk OsBIk
NWA
12217 0.2081 0.0031 0.1358 0.0027 47% 71% 38% 55% 0.5% 10%
NWA
12217 0.3949 0.0059 0.1263 0.0004 57% 30% 28% 52% 0.2% 30%
NWA
12562 14.3383 0.2151 0.1337 0.0013 7% 2% 9% 16% 0.1% 1%
NWA
12562 1.4977 0.0225 0.1417 0.0003 40% 0% 22% 23% 0.2% 9%
NWA
12319 0.6418 0.0096 0.1306 0.0004 26% 4% 7% 11% 0.1% 1%
Table A4. Oxygen isotopic analyses for ultramafic achondrites.
Mass
(mg) 6170! 6180! A17O|

NWA 12217 1.70 1.793 3.723 -0.173

NWA 12217 2.60 1.884 3.869 -0.159

NWA 12217 1.30 1.796 3.660 -0.136

NWA 12217 2.10 1.639 3.475 -0.196

NWA 12217 1.70 1.698 3.558 -0.181

NWA 12217 1.60 1.661 3.526 -0.201

NWA 12217 1.20 1.673 3.552 -0.203

Weighted Average 1.744 3.639 -0.178

NWA 12319 1.681 3.613 -0.227

NWA 12562 2.40 1.609 3.477 -0.227

NWA 12562 2.60 1.788 3.795 -0.216

NWA 12562 3.00 1.619 3.492 -0.225

NWA 12562 1.00 1.616 3.496 -0.230

NWA 12562 1.50 1.686 3.613 -0.222

NWA 12562 1.10 1.629 3.521 -0.230

NWA 12562 1.10 1.783 3.778 -0.211

Weighted Average 1.674 3.593 -0.223

Table AS. Chromium isotopic analyses for ultramafic achondrites.

e>3Cr 2SE eCr 2SE
NWA 12217 0.70 0.04 -0.26 0.08
NWA 12319 0.64 0.05 0.02 0.13
NWA 12562 0.51 0.03 -0.13 0.10
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Table A6. Individual microprobe analyses for ultramafic achondrites.

NWA

12217 Al;03 SiO, Cr,03 TiO; Na,O MgO MnO FeO NiO K, O CaO TOTAL
Olivine 0.01 3994 0.05 0.01 0.00 4714 040 1392 0.00 0.01 0.08 101.55
Olivine 0.04 40.72 0.06 0.02 0.01 49.13 0.30 1091 0.03 0.03 0.10 101.35
Olivine 0.10 4118 0.09 0.00 0.00 5122 0.24 9.17 0.01 0.02 0.07 102.09
Olivine 0.01 40.40 0.08 0.02 0.00 49.90 0.30 1045 0.02 0.02 0.07 101.26
Olivine 0.04 40.71 0.09 0.02 0.01 49.02 0.32 10.78 0.02 0.03 0.10 101.15
Olivine 0.03 4119 0.09 0.00 0.00 5092 0.27 9.51 0.01 0.01 0.08 102.12
Olivine 0.02 4183 0.07 0.00 0.00 53.23 0.20 7.04 0.00 0.02 0.04 102.46
Olivine 0.03 4138 0.09 000 0.00 5224 020 7.10 0.00 0.02 0.08 101.13
Olivine 0.03 4136 0.11 000 0.00 5279 0.20 7.11 0.00 0.02 0.05 101.68
Olivine 0.02 4185 0.10 0.00 0.01 53.18 0.18 6.86 0.00 0.02 0.05 102.26
Olivine 0.03 40.29 0.09 000 0.00 5188 0.19 7.08 0.02 0.02 0.03 99.65
Olivine 0.01 40.83 0.09 0.00 0.00 5194 0.22 7.70 0.00 0.00 0.06 100.86
Olivine 0.00 40.59 0.09 0.00 0.00 5236 0.20 7.13 0.01 0.04 0.04 100.46
Olivine 0.00 40.23 0.09 0.00 0.00 5241 0.20 7.04 0.00 0.02 0.04 100.04
Olivine 0.00 40.07 0.03 0.00 0.00 49.64 0.28 9.68 0.00 0.04 0.04 099.79
Olivine 0.01 40.71 0.08 0.00 0.00 5233 0.20 6.0 0.00 0.03 0.05 100.31
Olivine 0.04 3984 0.06 0.00 0.00 4930 0.28 10.25 0.02 0.03 0.10 99.92
Olivine 0.00 3890 0.09 000 0.00 5256 0.18 7.06 0.01 0.02 0.04 98.87
Olivine 0.00 39.23 0.09 000 0.00 5220 0.21 7.10 0.00 0.00 0.07 98.96
Olivine 0.02 38.97 0.07 0.00 0.00 49.72 0.26 9.83 0.00 0.03 0.05 98.98
Olivine 0.00 3941 0.09 0.00 0.00 5044 0.25 9.63 0.01 0.01 0.05 99.89
Olivine 0.01 39.03 0.06 0.00 0.00 50.17 0.27 9.49 0.00 0.02 0.06 99.13
Olivine 0.01 3990 0.10 0.00 0.00 5249 0.21 7.06 0.01 0.03 0.03 99.87
Olivine 0.01 3844 0.11 000 0.00 5281 0.20 691 0.00 0.02 0.06 98.58
Olivine 0.03 3834 0.11 000 0.00 5246 0.19 696 0.01 0.04 0.01 98.16
Olivine 0.01 38,63 0.10 0.00 0.00 5183 0.19 7.10 0.00 0.01 0.07 97.93
Olivine 0.04 38.19 0.08 0.00 0.00 4945 0.26 9.87 0.01 0.03 0.06 98.02
Olivine 0.04 3881 0.06 0.00 0.00 5165 0.21 7.14 0.00 0.01 0.08 98.00
Olivine 0.03 38.71 0.10 0.00 0.00 5231 0.21 7.24 0.00 0.03 0.04 98.68
Olivine 0.01 3845 0.09 000 0.00 5201 0.20 735 0.00 0.02 0.06 98.19
Olivine 0.06 40.25 0.11 0.00 0.01 5050 0.20 735 0.00 0.02 0.07 098.57
Olivine 0.04 40.44 0.09 0.01 0.02 4878 0.27 10.29 0.00 0.02 0.12 100.07
Olivine 0.03 4117 0.12 000 0.00 5184 0.20 7.22 0.00 0.01 0.07 100.67
Olivine 0.02 4091 0.12 001 o0.00 5233 0.18 7.27 0.00 0.03 0.07 100.93
Olivine 0.05 40.87 0.23 0.01 0.01 4994 0.25 887 0.00 0.01 0.07 100.31
Olivine 0.05 41.06 0.12 000 0.01 5156 0.17 7.17 0.03 0.01 0.07 100.25
Olivine 0.03 40.35 0.09 0.00 0.00 49.28 0.28 10.11 0.00 0.02 0.07 100.24
Olivine 0.02 40.39 0.09 0.02 0.00 49.54 0.29 10.13 0.00 0.02 0.06 100.58
Olivine 0.03 4115 0.11 0.02 0.00 5173 0.21 7.27 0.00 0.01 0.08 100.62
Olivine 0.05 40.21 0.03 0.01 0.02 46.72 0.35 13.10 0.01 0.02 0.09 100.60
Olivine 0.20 4154 0.09 001 0.01 5099 0.24 791 0.00 0.01 0.07 101.06
Olivine 0.09 40.50 064 0.04 0.02 4840 0.27 10.29 0.01 0.02 0.51 100.80
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NWA

12217 AlbOs  SiO; Cr,0s TiO; Na, O MgO MnO FeO NiO K20 CaO TOTAL
Olivine 0.03  40.98 0.11 0.00 0.00 5132 0.21 790 0.02 0.02 0.08 100.68
Olivine 0.04 41.30 0.12 0.00 0.00 5222 0.18 7.08 0.00 0.02 0.07 101.03
Olivine 0.02 41.24 0.12 0.01 0.00 5232 0.21 694 0.02 0.02 0.05 100.94
Olivine 0.02 41.15 0.10 0.00 0.01 5227 0.23 7.03 000 0.02 0.06 100.89
Olivine 0.03 4047 0.07 0.01 0.01 49.67 0.31 10.08 0.02 0.02 0.06 100.75
Olivine 0.02 41.25 0.10 0.00 0.00 5231 0.19 7.19 0.02 0.02 0.06 101.17
Olivine 0.02 4041 0.16 0.01 0.00 49.15 0.28 1050 0.02 0.01 0.08 100.64
Olivine 0.09 41.08 0.40 0.00 0.03 5166 0.18 7.16 0.03 0.02 0.13 100.76
Olivine 0.08 41.01 0.09 0.01 0.00 5211 0.19 705 0.02 0.02 0.05 100.63
Olivine 0.08 40.50 0.08 0.00 0.00 49.89 0.25 890 0.01 0.02 0.05 99.78
Olivine 0.04 40.66 0.11 0.00 0.00 49.21 0.29 10.14 0.02 0.02 0.11 100.61
Olivine 0.04 41.30 0.10 0.01 0.01 52.04 0.18 733 000 0.02 0.04 101.08
Olivine 0.02 41.28 0.07 0.00 0.00 5219 0.21 7.01 000 0.02 0.05 100.85
Olivine 0.01 41.08 0.11 0.00 0.00 5153 0.16 7.03 000 0.01 0.04 99.98
Olivine 0.06  40.56 0.09 0.02 0.00 48.60 0.29 1060 0.00 0.02 0.12 100.36
Olivine 0.02 4121 0.11 0.00 0.00 5157 0.20 7.09 0.00 0.02 0.05 100.27
Olivine 0.03 40.47 0.07 0.01 0.00 48.80 0.30 10.73 0.01 0.02 0.05 100.48
Olivine 0.03 41.26 0.08 0.00 0.00 5188 0.20 7.22 0.00 0.02 0.08 100.76
Olivine 0.02 41.27 0.12 0.00 0.01 5180 0.20 7.14 001 0.01 0.06 100.65
Olivine 0.03 40.77 0.06 0.01 0.00 48.76 0.27 10.72 0.01 0.02 0.06 100.71
Olivine 0.02 40.61 0.07 0.01 0.00 48.79 0.29 1044 0.00 0.02 0.08 100.33
Olivine 0.06 4143 0.10 0.02 0.00 5179 0.19 7.06 000 0.02 0.06 100.74
Olivine 0.04 39.76 0.05 0.01 0.00 44.70 0.42 1533 0.03 0.01 0.06 100.40
Olivine 0.03 39.50 0.06 0.01 0.01 4452 040 1521 002 001 005 99.81
Olivine 0.04 41.14 0.10 0.00 0.00 5146 0.20 7.19 0.00 0.02 0.08 100.24
Olivine 0.04 40.48 0.08 0.02 0.00 4855 0.30 10.36 0.00 0.02 0.09 99.95
Olivine 0.02 4043 0.09 0.00 0.00 48.29 0.30 10.15 0.04 0.02 0.05 9941
Olivine 0.03 40.44 0.12 0.00 0.00 48.76 0.27 9.25 0.03 0.02 0.09 98.99
Olivine 0.01 4135 0.11 0.00 0.00 5132 0.20 741 000 0.02 0.08 100.1
Olivine 0.05 40.12 0.07 0.01 0.02 4860 0.26 9.71 001 0.02 0.06 98.92
Olivine 0.08 40.58 0.06 0.00 0.00 48.87 0.31 11.30 0.00 0.02 0.04 101.26
Olivine 0.02 41.28 0.11 0.02 0.00 51.77 0.21 737 000 0.01 0.06 100.86
Olivine 0.02 41.14 0.13 0.00 0.01 5144 0.21 749 000 0.01 0.08 100.52
Olivine 0.03 4112 0.12 0.00 0.01 5158 0.21 741 000 0.01 0.05 100.53
Olivine 0.02 40.51 0.09 0.00 0.00 49.07 0.29 1043 0.00 0.01 0.06 100.49
Olivine 0.25 40.40 0.09 0.01 0.01 4857 0.25 10.21 0.00 0.02 0.13 99.94
Olivine 0.03 40.86 0.10 0.01 0.00 5055 0.26 899 0.01 0.02 0.05 100.88
Olivine 0.01 39.94 0.05 0.02 0.00 46.58 0.38 13.18 0.03 0.02 0.08 100.29
Olivine 0.01 39.67 0.04 0.00 0.00 46.08 0.36 13.23 0.01 0.02 0.08 99.52
Olivine 0.03 40.44 0.05 0.02 0.00 48.43 0.32 11.32 0.03 0.02 0.03 100.68
Olivine 0.03 40.43 0.05 0.01 0.00 48.22 0.30 11.25 0.01 0.02 0.06 100.37
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NWA

12217 Al;03 Si0; Cr,03 TiO, Na,O MgO MnO FeO NiO K, O CaO TOTAL
Opx 0.79 5572 080 0.11 0.03 29.09 0.49 13.05 0.00 0.01 1.18 101.28
Opx 129 5565 046 0.11 0.02 2865 050 1279 0.00 0.02 1.46 100.95
Opx 0.52 5197 034 030 0.03 1695 1.01 27.27 0.02 0.02 211 100.53
Opx 055 5173 038 038 0.10 16.39 0.92 2550 0.02 0.02 394 99.93
Opx 0.48 5150 034 039 0.02 17.12 1.13 2844 0.00 0.02 1.00 100.44
Opx 0.49 5173 034 045 0.04 1649 1.01 2724 001 0.03 2.20 100.03
Opx 037 51.72 0.27 039 0.04 16.61 1.10 2844 000 0.03 1.19 100.17
Opx 0.12 52.04 0.16 0.34 0.06 19.27 1.02 24.07 001 001 1.46 9857
Opx 094 5401 071 014 0.03 2480 0.72 16.77 000 0.02 2.01 100.14
Opx 1.05 53.04 0.77 0.12 0.05 2745 051 1270 0.02 0.02 172 97.46
Opx 0.89 5254 083 013 0.05 2745 0.47 1270 001 0.02 1.44 96.53
Opx 099 5136 0.79 0.12 0.03 27.43 0.50 1267 000 0.02 151 9542
Cpx 0.29 5401 111 001 041 2111 0.09 234 000 0.05 17.21 96.64
Cpx 0.45 5253 110 002 042 20.27 0.12 447 000 0.07 1733 96.79
Cpx 0.86 5335 092 011 040 1843 0.12 202 0.00 0.03 2099 97.23
Cpx 145 5270 159 052 0.72 1794 0.21 3.02 0.04 0.02 18.99 97.19
Cpx 093 5363 112 020 0.54 18.25 0.17 259 0.01 0.01 20.28 97.74
Chromite 413 0.02 64.52 035 000 6.52 075 21.89 000 0.02 0.00 98.20
Chromite 16.58 0.00 54.98 0.05 0.00 12.78 0.47 14,57 0.00 0.03 0.00 99.46
Chromite 1763 0.00 54.05 0.09 0.00 12.89 0.47 14.28 0.03 0.03 0.01 99.47
Chromite 1890 0.00 53.02 0.13 0.00 1398 0.45 13.14 0.00 0.03 0.00 99.65
Chromite 1498 0.00 56.52 0.10 0.00 12.76 0.49 14.65 0.00 0.04 0.00 99.53
Chromite 861 0.04 6196 014 000 950 0.58 1782 000 0.03 0.02 98.70
Chromite 3.24 0.05 64.56 0.04 8.09 0.64 19.18 0.00 0.03 95.84
Chromite 3.37 0.00 65.08 0.06 8.17 0.72 19.20 0.00 0.05 96.65
Chromite 3.47 0.18 63.51 0.01 7.41 0.73 19.78 0.00 0.14 95.22
Chromite 4.02 0.03 64.92 0.38 6.36 0.75 21.62 0.02 0.03 98.13
Chromite 6.99 0.02 62.61 0.20 8.06 0.64 19.71 0.08 0.02 98.33
Chromite 9.39 0.05 60.82 0.16 10.52 0.54 16.26 0.00 0.03 97.77
Chromite 15.87 0.01 55.68 0.08 12.58 0.48 14.48 0.00 0.01 99.18
Chromite 1461 0.02 56.89 0.09 1190 0.52 14.80 0.00 0.02 98.85
Chromite 1533 0.00 55.96 0.12 11.97 0.52 14.75 0.00 0.02 98.66
Chromite 8.13 0.22 6143 0.16 9.62 0.59 17.59 0.06 0.01 97381
Chromite 444 0.04 63.19 041 538 0.88 23.21 0.03 0.03 97.61
Chromite 8.28 0.07 60.58 0.29 8.96 0.69 18.42 0.00 0.01 97.29
Chromite 1495 0.15 53.29 0.12 11.87 0.52 16.94 0.00 0.02 97.86
Chromite 536 0.04 62.26 0.56 6.05 0.77 2249 0.00 0.03 97.57
Chromite 6.61 0.02 62.07 0.77 731 0.71 20.69 0.00 0.15 98.32
Chromite 518 0.05 63.31 0.53 6.75 0.71 20.96 0.00 0.25 97.74
Chromite 9.03 0.03 5862 121 8.60 0.69 19.73 0.00 0.01 97.92
Chromite 11.00 0.02 59.20 0.28 10.02 0.58 17.05 0.02 0.04 98.20
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NWA 12217 Al;03 Si0; P05 Cl  Na,O MgO F FeO KO CaO TOTAL
Plagioclase 2683 58.11 0.04 0.01 6.39 0.03 0.23 8.41 100.16
Plagioclase 27.24 5571 0.01 0.00 6.09 0.00 0.30 9.55 99.14
Plagioclase 2819 55.26 0.03 0.01 5.64 0.03 0.32 9.57 99.33
Plagioclase 2297 63,55 0.00 0.00 9.29 0.07 0.44 3.99 100.51
K-Feldspar 17.81 69.58 0.05 0.04 4.06 0.01 9.13 0.50 101.39
K-Feldspar 18.16 67.95 0.01 0.05 4.49 0.05 10.01 0.47 101.37
K-Feldspar 18.75 67.18 0.04 0.02 5.27 0.00 8.98 0.48 100.88
K-Feldspar 15.28 68.97 0.01 0.18 2.54 0.02 10.61 0.43 98.21
K-Feldspar 17.67 65.70 0.03 0.15 3.07 0.01 1132 0.39 98.48
K-Feldspar 16.32 7294 0.07 001 274 0.01 10.73 0.46 103.44
K-Feldspar 15.06 66.91 5.73 8.88 0.52 97.32
K-Feldspar 14.24 71.50 4.64 731 0.74 98.62
Merrillite 0.01 0.06 4495 0.00 251 359 050 0.26 0.06 46.06 98.02
Merrillite 0.02 005 46.42 0.00 253 357 052 027 0.08 46.26 99.72
Merrillite 0.01 0.06 4485 0.00 2,57 356 050 0.29 0.07 46.97 98.87
Merrillite 0.00 0.05 4500 0.00 241 362 058 0.25 0.07 46.05 98.03
NWA 12217 Al Si Cr Ti Na MgO Mn Fe Ni K Ca TOTAL
Metal Traverse 0.00 0.01 0.00 0.00 0.00 0.00 001 9172 7.05 0.04 0.00 98.82
Metal Traverse 0.00 0.01 0.00 0.00 0.00 0.00 0.01 9156 6.94 0.04 0.00 98.56
Metal Traverse 0.00 0.01 0.00 0.00 0.00 0.00 0.00 91.72 7.03 0.03 0.00 98.79
Metal Traverse 0.00 0.01 0.00 0.00 0.00 0.00 0.00 9164 695 0.03 0.00 98.63
Metal Traverse 0.00 0.00 0.00 0.00 0.00 0.00 0.01 9163 7.07 0.02 0.02 98.75
Metal Traverse 0.00 0.01 0.00 0.00 0.00 0.00 0.00 9131 691 0.03 0.00 98.26
Metal Traverse 0.00 0.00 0.00 0.00 0.00 0.00 0.00 9140 7.02 0.02 0.00 98.44
Metal Traverse 0.00 0.01 0.00 0.00 0.01 0.00 0.00 91.69 7.03 0.02 0.00 98.76
Metal Traverse 0.00 0.00 0.00 0.00 0.01 0.00 0.00 9254 7.04 0.05 0.00 99.64
Metal Traverse 0.00 0.01 0.00 0.00 0.00 0.00 0.00 9158 7.16 0.02 0.00 98.77
Metal Traverse 0.00 0.00 0.00 0.00 0.00 0.00 0.00 9156 7.08 0.03 0.02 98.69
Metal Traverse 0.00 0.01 0.00 0.00 0.00 0.00 0.01 9154 7.01 0.02 0.00 98.59
Metal Traverse 0.01 0.01 0.00 0.00 0.00 0.00 0.00 9152 7.07 0.01 0.00 98.62
Metal Traverse 0.00 0.01 0.00 0.00 0.00 0.00 0.00 9176 7.14 0.04 0.00 98.95
Metal Traverse 0.00 0.01 0.00 0.00 0.02 0.00 0.00 89.20 10.15 0.02 0.00 99.40
Metal Traverse 0.00 0.00 0.00 0.00 0.00 0.00 0.00 81.79 17.69 0.03 0.02 99.52
Metal Traverse 0.00 0.01 0.00 0.00 0.00 0.00 0.01 84.63 14.84 0.04 0.00 99.54
Metal Traverse 0.00 0.00 0.00 0.00 0.00 0.00 0.00 81.68 17.48 0.01 0.00 99.17
Metal Traverse 0.00 0.01 0.00 0.00 0.01 0.00 0.00 84.94 14.61 0.02 0.00 99.59
Metal Traverse 0.00 0.01 0.00 0.00 0.00 0.00 0.00 79.63 19.64 0.04 0.00 99.31
Metal Traverse 0.00 0.01 0.00 0.00 0.00 0.00 0.00 79.94 19.35 0.02 0.00 99.32
Metal Traverse 0.00 0.01 0.00 0.00 0.00 0.00 0.00 7092 2796 0.03 0.01 98.93
Metal Traverse 0.00 0.00 0.00 0.00 0.00 0.00 0.00 91.68 7.15 0.03 0.00 98.86
Metal Traverse 0.00 0.01 0.00 0.00 0.00 0.00 0.01 92.16 7.06 0.01 0.01 99.26
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NWA 12217 Co Cr Ti Fe Ni TOTAL
Metal 1.23 0.00 0.00 93.59 7.00 101.82
Metal 1.16 0.00 0.00 91.56 7.12 99.84
Metal 0.67 0.01 0.00 7835 20.78 99.81
Metal 1.15 0.00 0.00 9101 7.18 99.33
Metal 1.20 0.00 0.00 9294 7.06  101.20
Metal 1.10 0.00 0.00 92.88 6.91  100.89
Metal 1.12 0.00 0.00 92.50 7.19 100.81
Metal 0.46 0.01 0.00 72.08 26.00 98.54
Metal 0.39 0.01 0.01 7198 25.42 97.82
Metal 0.42 0.00 0.00 7044 28.95 99.81
Metal 0.37 0.01 0.00 6890 29.28 98.57
Metal 0.37 0.01 0.00 70.61 29.18 100.17
Metal 1.08 0.23 0.00 91.13 6.98 99.42
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NWA

12319 Al,0; SiO; TiO; Cr,0s Na,O MgO MnO FeO NiO K,O CaO CoO TOTAL
Olivine 0.03 38.95 0.03 0.03 0.01 4294 0.44 1711 0.00 0.02 0.07 0.03 99.65
Olivine 0.01 3945 0.01 0.03 0.00 4450 0.35 1466 0.00 0.02 0.08 0.03 99.15
Olivine 0.02 40.23 0.00 0.03 0.00 4589 0.36 13.34 0.01 0.03 0.06 0.03 100.03
Olivine 0.02 40.40 0.01 0.03 0.00 46.46 0.31 1253 001 0.02 0.05 0.01 99.85
Olivine 0.02 40.82 0.01 0.04 0.01 4562 033 1347 0.00 0.02 0.07 0.01 100.41
Olivine 0.01 39.71 0.02 0.02 0.00 4163 0.40 1750 0.00 0.03 0.07 0.00 99.38
Olivine 0.01 39.79 0.00 0.04 0.01 4168 0.42 1765 0.04 0.03 0.10 0.00 99.76
Olivine 0.03 42.07 0.01 0.07 0.00 4969 0.21 839 0.02 0.02 0.03 0.01 100.55
Olivine 0.01 41.64 0.00 0.04 0.01 4713 0.28 11.04 0.00 0.02 0.05 0.01 100.24
Olivine 0.00 41.86 0.01 0.05 0.00 47.21 0.29 1099 0.00 0.02 0.06 0.00 100.49
Olivine 0.04 39.69 0.02 0.04 0.01 39.24 0.49 2032 0.00 0.02 0.18 0.05 100.10
Olivine 0.03 42.41 0.00 0.05 0.00 4981 0.19 838 0.00 0.02 0.02 0.00 100.93
Olivine 0.03 42.10 0.00 0.06 0.00 49.75 0.22 838 0.00 0.01 0.01 0.01 100.59
Olivine 0.02 42.43 0.00 0.07 0.00 49.73 0.25 838 0.00 0.02 0.03 0.03 100.95
Olivine 0.01 40.46 0.02 0.03 0.00 4351 0.39 15.27 000 0.02 0.05 0.01 99.76
Olivine 0.00 40.21 0.01 0.04 0.01 4228 0.38 1701 0.00 0.01 0.05 0.04 100.06
Olivine 0.03 40.47 0.03 0.04 0.01 4229 0.39 1707 0.02 0.03 0.07 0.02 100.46
Olivine 0.01 39.61 0.03 0.15 0.02 3956 0.53 19.78 0.00 0.03 0.03 0.02 99.75
Olivine 0.03 41.32 0.00 0.02 0.00 46.82 0.25 1156 0.00 0.02 0.05 0.00 100.08
Olivine 0.03 40.64 0.01 0.07 0.02 4344 037 1536 000 0.01 0.03 0.01 100.00
Olivine 0.03 42.03 0.01 0.06 0.00 49.68 0.21 828 0.04 0.02 0.04 0.00 100.41
Olivine 0.01 40.88 0.00 0.01 0.00 4392 0.38 1492 0.00 0.01 0.03 0.00 100.18
Olivine 0.00 39.50 0.02 0.04 0.00 3843 0.51 21.02 000 0.02 0.10 0.04 99.67
Olivine 0.00 40.03 0.02 0.03 0.01 3935 0.51 1947 0.01 0.02 0.12 0.03 99.59
Olivine 0.03 41.72 0.00 0.08 0.00 4691 0.29 11.20 0.01 0.03 0.07 0.00 100.34
Olivine 0.03 41.89 0.01 0.06 0.00 49.71 0.22 839 0.00 0.02 0.01 0.03 100.39
Olivine 0.01 40.41 0.01 0.05 0.00 4343 0.37 1521 0.02 0.02 0.06 0.01 99.61
Olivine 0.03 40.87 0.00 0.03 0.01 4339 0.37 1530 0.01 0.02 0.04 0.02 100.09
Olivine 0.02 40.31 0.00 0.04 0.01 4114 0.41 1761 0.00 0.02 0.07 0.06 99.68
Olivine 0.02 40.36 0.01 0.03 0.01 40.63 0.44 1819 0.01 0.02 0.06 0.05 99.83
Olivine 0.00 41.18 0.01 0.03 0.00 4437 032 13.74 002 001 0.06 0.04 99.79
Olivine 0.00 40.42 0.03 0.10 0.00 4163 0.44 16.80 0.01 0.02 0.04 0.05 99.55
Olivine 0.01 40.01 0.02 0.03 0.01 3885 050 1938 0.03 0.03 0.12 0.00 99.00
Olivine 0.01 42.34 0.00 0.13 0.00 4782 0.25 9.89 0.00 0.02 0.04 0.02 100.53
Olivine 0.01 42.57 0.00 0.06 0.00 4832 0.22 912 001 0.01 0.06 0.01 100.40
Olivine 0.01 40.11 0.03 0.02 0.00 3895 0.46 1958 0.00 0.02 0.07 0.01 99.28
Olivine 0.02 40.75 0.01 0.02 0.00 43.72 0.40 1513 0.00 0.02 0.05 0.03 100.14
Olivine 0.01 40.72 0.00 0.03 0.00 43.73 0.37 1487 0.03 0.03 0.04 0.03 99.85
Olivine 0.03 42.19 0.01 0.05 0.00 4893 0.26 889 0.01 0.02 0.06 0.00 100.46
Olivine 0.03 40.30 0.03 0.15 0.02 4090 0.40 18.06 0.00 0.02 0.10 0.04 100.04
Olivine 0.03 40.94 0.03 0.08 0.00 43.17 0.37 1498 0.00 0.02 0.06 0.00 99.68
Olivine 0.01 40.67 0.02 0.04 0.00 4152 0.42 1705 0.03 0.02 0.05 0.04 99.86
Olivine 0.01 42.01 0.01 0.03 0.01 47.27 0.29 11.01 0.00 0.02 0.02 0.03 100.71
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NWA

12319 Al,0s SiO; TiO, Cr,03 Na,O MgO MnO FeO NiO K, O Ca0 CoO TOTAL
Olivine 0.05 41.44 0.02 0.07 0.01 4457 032 1278 001 0.02 0.09 0.03 99.40
Olivine 0.01 40.32 0.03 0.02 0.01 39.15 0.46 19.70 0.00 0.03 0.07 0.01 99.81
Olivine 0.01 41.26 0.02 0.02 0.01 43.68 0.36 14.26 0.02 0.02 0.02 0.02 99.69
Olivine 0.00 41.30 0.00 0.01 0.01 4406 037 1394 000 0.02 0.05 0.00 99.77
Olivine 0.01 4234 0.00 0.04 0.00 4886 0.24 853 001 0.02 0.03 0.00 100.10
Olivine 0.14 39.75 0.01 0.05 0.02 37.74 0.47 19.67 0.00 0.02 0.16 0.06 98.08
Olivine 0.01 40.70 0.02 0.05 0.01 4262 0.42 16.27 000 0.03 0.09 0.01 100.23
Olivine 0.02 42.14 0.00 0.06 0.01 4884 0.20 853 000 0.02 0.01 0.00 99.83
Olivine 0.03 42.12 0.00 0.06 0.00 49.28 0.23 859 0.01 0.01 0.05 0.01 100.40
Olivine 0.01 41.87 0.02 0.04 0.00 49.39 0.23 859 0.00 0.01 0.02 0.02 100.21
Olivine 0.01 41.88 0.00 0.07 0.00 49.32 0.22 855 000 0.02 0.06 0.02 100.15
Olivine 0.03 40.09 0.07 0.13 0.00 53.27 0.24 878 0.00 0.02 102.62
Olivine 0.15 39.41 0.06 0.05 0.01 4584 0.39 15.39 0.01 0.10 101.41
Olivine 0.03 40.18 0.01 0.05 0.01 46.64 0.40 13.90 0.00 0.07 101.29
Olivine 0.03 39.94 0.07 0.06 0.00 44.79 0.42 15.79 0.00 0.07 101.17
Olivine 0.07 41.18 0.00 0.08 0.02 47.69 0.37 11.40 0.00 0.08 100.87
Olivine 0.03 41.17 0.00 0.10 0.01 50.28 0.26 8.83 0.00 0.06 100.75
Olivine 0.05 40.24 0.00 0.08 0.00 46.90 0.34 13.05 0.00 0.06 100.72
Olivine 0.01 39.81 0.00 0.06 0.03 44.64 0.37 15.76 0.00 0.04 100.71
Olivine 0.02 40.06 0.02 0.09 0.00 4552 0.42 14.49 0.00 0.07 100.69
Olivine 0.04 39.88 0.05 0.05 0.02 46.12 0.37 14.03 0.01 0.06 100.62
Olivine 0.04 40.11 0.00 0.05 0.03 46.97 0.32 1293 0.00 0.06 100.51
Olivine 0.05 39.91 0.05 0.07 0.02 47.18 0.34 12.83 0.00 0.05 100.49
Olivine 0.02 40.07 0.01 0.01 0.01 46.60 0.31 13.39 0.00 0.03 100.45
Olivine 0.02 39.50 0.11 0.02 0.03 4467 0.43 15.62 0.00 0.04 100.44
Olivine 0.03 40.61 0.00 0.06 0.01 50.37 0.20 8.99 0.00 0.04 100.32
Olivine 0.03 40.97 0.00 0.07 0.02 49.76 0.22 9.5 0.00 0.07 100.29
Olivine 0.04 39.78 0.00 0.01 0.02 4535 0.33 14.57 0.00 0.05 100.14
Olivine 0.02 40.36 0.00 0.05 0.01 46.83 0.33 12.50 0.00 0.02 100.11
Olivine 0.04 40.85 0.10 0.08 0.00 49.82 0.26 8.92 0.00 0.05 100.11
Olivine 0.10 39.84 0.00 0.05 0.04 4510 0.41 14.44 0.01 0.09 100.07
Olivine 0.04 40.71 0.00 0.06 0.00 50.03 0.28 8.89 0.00 0.03 100.05
Olivine 0.04 40.55 0.00 0.07 0.00 50.21 0.26 8.84 0.00 0.04 100.00
Olivine 0.03 40.02 0.01 0.00 0.03 46.31 0.32 13.25 0.00 0.03 100.00
Olivine 0.03 40.94 0.03 0.03 0.01 4995 0.22 8.74 0.02 0.02 99.98
Olivine 0.04 39.71 0.00 0.04 0.01 4481 0.35 14.85 0.01 0.07 99.89
Olivine 0.03 40.76 0.00 0.08 0.02 49.81 0.27 8.87 0.01 0.04 99.89
Olivine 0.02 39.67 0.01 0.07 0.00 43.51 0.40 16.13 0.01 0.05 99.87
Olivine 0.04 40.82 0.00 0.08 0.00 49.85 0.22 879 0.00 0.04 99.85
Olivine 0.02 39.73 0.00 0.06 0.00 4390 0.42 15.59 0.00 0.11 99.83
Olivine 0.04 40.95 0.05 0.10 0.01 49.60 0.24 8.80 0.00 0.04 99.83
Olivine 0.03 40.15 0.03 0.00 0.00 46.83 0.33 1242 0.00 0.02 99.80
Olivine 0.03 39.90 0.08 0.06 0.00 46.19 0.34 13.11 0.00 0.06 99.77
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12319 Al;,0; SiO; TiO, Cr,03 Na,O MgO MnO FeO NiO K, O Ca0 CoO TOTAL
Olivine 0.03 40.22 0.00 0.07 0.02 47.69 0.26 11.39 0.00 0.04 99.71
Olivine 0.04 40.27 0.08 0.02 0.01 46.51 0.35 1237 0.01 0.05 99.70
Olivine 0.04 40.07 0.00 0.01 0.03 4577 0.28 13.34 0.00 0.06 99.61
Olivine 0.03 39.49 0.03 0.08 0.01 4457 0.33 14.96 0.00 0.08 99.58
Olivine 0.02 39.81 0.00 0.01 0.02 46.14 0.37 13.14 0.00 0.05 99.56
Olivine 0.03 39.89 0.00 0.07 0.00 45.89 0.33 13.20 0.01 0.08 99.51
Olivine 0.02 40.68 0.00 0.01 0.01 49.58 0.25 8.70 0.00 0.05 99.30
Olivine 0.04 39.42 0.03 0.03 0.00 43.63 0.43 15.64 0.01 0.06 99.29
Olivine 0.05 39.91 0.05 0.08 0.03 4599 0.34 1271 0.01 0.07 99.25
Olivine 0.08 39.76 0.02 0.09 0.01 44.19 0.36 14.64 0.00 0.09 99.24
Olivine 0.04 40.64 0.00 0.09 0.00 49.18 0.23 8091 0.00 0.07 99.15
Olivine 0.03 38.28 0.00 0.05 0.02 4736 0.36 12.96 0.00 0.06 99.12
Olivine 0.03 39.01 0.02 0.09 0.00 46.51 0.31 12.59 0.00 0.04 98.59
Olivine 0.05 39.50 0.00 0.01 0.00 4558 0.30 12.93 0.00 0.05 98.42
Olivine 0.02 40.87 0.07 0.00 0.03 4791 0.22 893 0.00 0.03 98.07
Olivine 0.29 40.24 0.00 0.10 0.07 42.08 0.41 14.45 0.03 0.37 98.03
Opx 0.36 51.72 0.12 0.16 0.02 1645 0.91 2708 0.02 0.02 192 0.06 98.85
Opx 1.07 54.10 0.14 0.64 0.01 26.16 0.49 1487 0.00 0.02 151 0.02 99.03
Opx 0.56 53.07 0.18 0.48 0.01 2030 0.78 2269 001 0.02 166 0.06 99.80
Opx 0.62 49.51 0.51 0.24 0.02 1269 0.99 3135 0.01 0.02 3.67 0.03 99.66
Opx 0.71 57.63 0.04 0.83 0.02 2894 0.42 1156 0.03 0.02 0.69 0.01 100.90
Opx 0.63 55.70 0.23 0.35 0.00 24.68 0.69 1705 0.00 0.03 1.22 0.00 100.58
Opx 1.14 56.56 0.12 0.77 0.02 26.61 0.49 13.72 001 0.02 1.44 0.04 100.92
Opx 0.40 54.26 0.20 0.22 0.02 2062 0.80 2218 0.01 0.03 1.08 0.01 99.81
Opx 0.93 55.95 0.05 0.73 0.01 2526 0.53 1597 0.00 0.02 1.09 0.02 100.55
Opx 0.88 57.64 0.05 0.83 0.03 2888 0.42 1168 001 0.02 0.80 0.03 101.28
Opx 0.90 57.44 0.05 090 0.02 2893 0.37 11.38 0.00 0.02 0.86 0.03 100.90
Opx 0.82 57.52 0.06 0.78 0.02 2852 037 11.04 000 0.02 0.85 0.03 100.02
Opx 1.20 56.11 0.18 0.75 0.03 26.00 0.48 1419 0.01 0.02 1.48 0.07 100.50
Opx 0.82 55.72 0.15 0.58 0.05 24.73 0.55 1548 0.02 0.01 2.07 0.01 100.20
Opx 1.13 53.11 0.19 0.42 0.01 1844 0.84 2390 0.02 001 117 0.00 99.25
Opx 0.85 55.91 0.06 0.70 0.05 3040 0.46 11.89 0.00 0.96 101.28
Opx 1.35 5465 0.18 0.84 0.05 27.05 0.53 13.03 0.00 2.19 99.87
Opx 0.73 54.76 0.10 0.75 0.02 2855 0.44 13.64 0.00 0.76 99.73
Opx 0.65 53.44 0.12 0.45 0.04 2385 0.68 18.38 0.01 1.63 99.25
Opx 1.37 5294 0.62 0.76 030 16.67 0.31 5.38 0.01 20.90 99.26
Cpx 0.80 49.23 1.15 0.10 0.08 198 0.72 2797 0.00 0.02 18.08 0.02 100.16
Cpx 1.77 51.19 0.32 1.13 0.23 1456 0.38 7.89 0.00 20.53 98.00
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NWA

12319 AlbOs SiO, TiO2 Cr,03 Na,O MgO MnO FeO NiO KO Ca0O CoO TOTAL
Chromite 115 033 001 6835 000 565 076 2193 0.04 0.03 0.03 0.02 98.29
Chromite 12.18 0.04 0.62 54.18 0.03 477 0.68 2582 000 0.03 0.06 0.03 9843
Chromite  24.79 0.03 0.11 4649 0.02 14.19 040 13.86 0.00 0.03 0.03 0.00 99.94
Chromite 0.01 0.11 0.03 7090 0.03 639 094 2101 000 0.03 0.02 0.04 99.50
Chromite 1796 0.06 1.08 46.71 0.00 581 0.65 2587 000 0.03 0.02 0.05 98.23
Chromite 1589 0.02 1.51 5034 0.01 817 0.59 2221 003 003 0.00 0.01 98.83
Chromite 1562 0.24 0.12 4986 0.00 458 0.67 26.47 000 0.03 0.03 0.00 97.64
Chromite 117 0.07 0.02 6946 001 563 0.76 2210 0.03 0.03 0.02 0.00 99.30
Chromite 1033 034 1.48 5333 0.02 371 075 2794 000 0.03 0.04 0.06 98.02
Chromite  24.47 0.01 0.12 46.09 0.01 1395 040 13.65 0.00 0.03 0.01 0.05 98.77
Chromite 16.00 0.58 1.48 49.06 0.02 895 0.56 2240 0.02 0.04 99.11
Chromite 0.01 0.07 0.11 70.86 0.04 682 0.99 21.60 0.00 0.00 100.50
Chromite 184 038 000 6443 000 336 086 27.11 0.00 0.03 98.01
Plagioclase 30.18 52.29 0.05 0.00 394 0.09 0.01 0.50 0.19 13.09 100.34
Plagioclase 32.65 49.10 000 0.00 295 0.00 0.00 045 0.06 14.96 100.17
Plagioclase 32.07 49.26 000 0.01 3.02 0.05 005 0.33 0.08 15.13 100.01
Plagioclase 32.14 49.32 0.03 0.02 295 0.01 0.05 0.34 0.07 14.85 99.79
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12562 Al,0; SiO; TiO; Cr0s Na,O MgO MnO FeO NiO KO0 Ca0 TOTAL
Olivine 0.03 3965 0.01 0.04 0.00 4595 0.35 1416 0.02 0.01 0.05 100.27
Olivine 0.02 38.97 0.02 002 0.00 4083 047 2003 0.00 0.01 0.11 100.48
Olivine 0.02 41.10 0.02 004 001 4951 021 994 0.03 0.02 0.04 100.94
Olivine 0.01 3941 0.01 001 0.00 40.72 049 2032 0.03 0.02 0.08 101.10
Olivine 0.02 41.28 0.00 0.12 0.00 50.26 0.21 9.11 0.03 0.02 0.06 101.11
Olivine 0.01 39.05 0.01 004 0.00 4161 048 19.15 0.02 0.03 0.10 100.49
Olivine 0.07 40.66 0.00 0.05 0.00 4898 0.26 1049 0.00 0.02 0.06 100.60
Olivine 0.01 40.15 0.01 0.04 000 4502 037 1519 0.02 0.02 0.08 100.90
Olivine 0.02 4137 0.00 005 0.00 49.16 0.25 930 0.01 0.02 0.05 100.24
Olivine 0.01 40.03 0.00 003 0.00 4580 0.34 1434 0.01 0.02 0.08 100.67
Olivine 0.00 40.02 0.00 0.03 0.00 449 0.36 14.29 0.00 0.02 0.06 99.73
Olivine 0.02 3966 0.01 0.04 0.00 43.81 0.38 1554 0.00 0.02 0.03 99.51
Olivine 0.03 40.42 0.00 0.08 0.00 4891 0.24 9.17 000 0.01 0.05 98.92
Olivine 0.01 37.69 0.01 002 000 3642 058 2457 000 0.01 0.06 99.36
Olivine 0.03 40.33 0.00 005 000 4795 0.29 1206 0.02 0.01 0.06 100.80
Olivine 0.01 3984 0.00 002 0.00 4274 036 16.67 0.01 0.01 0.04 99.72
Olivine 0.03 39.70 0.00 0.06 0.00 4498 0.33 1432 000 0.01 0.08 99.50
Olivine 0.00 40.19 0.02 001 0.01 4454 036 1560 0.03 0.03 0.05 100.83
Olivine 0.01 40.64 0.00 0.03 0.00 4280 0.39 16.70 0.01 0.02 0.08 100.67
Olivine 0.02 3963 0.03 0.02 0.00 4455 0.37 1532 0.00 0.02 0.07 100.01
Olivine 0.03 4092 0.01 006 0.00 4956 026 9.69 0.00 0.01 0.05 100.58
Olivine 0.00 40.61 0.01 0.01 0.00 4527 0.36 14.73 0.01 0.02 0.03 101.05
Olivine 0.03 3892 0.02 004 0.00 3948 042 2133 0.03 0.02 0.09 100.38
Olivine 0.03 38.47 0.02 000 0.00 3780 052 2261 000 0.01 0.05 9951
Olivine 0.01 398 0.00 0.09 0.00 51.22 0.22 9.14 0.00 0.02 0.04 100.61
Olivine 0.02 40.49 0.00 0.13 0.00 50.76 0.23 873 0.01 0.01 0.02 100.39
Olivine 0.06 40.04 0.01 030 0.00 49.78 0.23 9.16 0.00 0.02 0.27 99.88
Olivine 0.01 40.46 0.00 0.15 0.00 4891 0.27 11.24 0.00 0.02 0.08 101.13
Olivine 0.02 3968 0.00 0.15 0.00 48.77 0.27 11.08 0.02 0.02 0.09 100.11
Olivine 0.03 38.86 0.03 003 0.00 3730 054 2400 0.00 0.03 0.13 100.95
Olivine 0.00 40.43 0.00 0.04 001 4503 0.33 1453 0.02 0.02 0.06 100.46
Olivine 0.02 4119 0.01 004 0.02 4998 020 983 0.02 0.01 0.05 10137
Olivine 0.03 40.76 0.02 0.03 0.00 44.11 0.36 1529 0.01 0.02 0.08 100.71
Olivine 0.03 3946 0.04 005 0.00 3991 049 2018 0.02 0.01 0.11 100.29
Olivine 0.01 40.00 0.01 003 0.01 4349 035 1551 0.02 0.02 0.06 99.51
Olivine 0.02 40.12 0.02 0.04 0.00 48.04 0.27 991 0.05 0.03 0.08 98.59
Olivine 0.02 3914 0.04 005 0.01 4000 0.50 2004 0.00 0.02 0.09 9991
Olivine 0.02 40.26 0.03 0.02 0.00 4244 041 1842 002 0.01 0.02 101.66
Olivine 0.00 38.97 0.00 002 0.00 4357 042 1768 0.00 0.02 0.05 100.73
Olivine 0.02 3993 0.00 0.06 000 4997 024 957 000 0.01 0.04 09984
Olivine 0.02 3994 001 005 000 5031 019 961 000 0.01 0.02 100.16
Olivine 0.00 39.87 0.01 001 000 4493 035 1577 000 0.02 0.03 101.00
Olivine 0.03 39.82 0.00 006 000 43.08 039 16.75 0.03 0.02 0.09 100.26
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12562 Al,03 SiO; TiO, Cr,03 Na,O MgO MnO FeO NiO KO CaO TOTAL
Olivine 0.01 3893 0.01 003 000 4169 046 1934 000 0.02 0.07 100.56
Olivine 0.05 4137 0.00 0.07 000 5103 022 861 000 0.02 0.04 10140
Olivine 0.01 38.42 0.04 001 000 3880 053 2265 000 0.02 0.07 100.56
Olivine 0.02 41.21 0.00 0.07 000 5002 024 935 000 0.01 0.04 100.96
Olivine 0.03 3999 0.01 007 0.02 4430 041 16.18 0.03 0.01 0.08 101.13
Olivine 0.04 39.82 0.00 0.07 0.01 5093 0.25 932 0.04 0.02 0.07 100.57
Olivine 0.04 4090 0.02 005 0.00 5095 0.25 9.26 0.01 0.01 0.07 101.57
Olivine 0.00 3953 0.00 0.03 0.00 4557 037 1429 0.00 0.01 0.06 99.88
Olivine 0.00 39.25 0.04 004 000 3822 053 2336 000 0.02 0.13 101.60
Olivine 0.02 38.46 0.00 0.02 0.00 4034 048 2070 0.02 0.02 0.05 100.10
Olivine 0.01 39.11 0.01 0.02 0.00 4495 044 159 0.00 0.01 0.09 100.61
Olivine 0.02 40.85 0.02 0.09 0.00 5003 0.23 9.25 0.00 0.02 0.00 100.52
Olivine 0.02 3932 0.00 002 000 4479 038 1564 002 0.02 0.05 100.26
Olivine 0.01 38.79 0.00 0.02 0.00 44.24 039 1556 0.01 0.02 0.03 99.08
Olivine 0.02 40.64 0.01 005 0.00 5109 0.23 844 0.00 0.02 0.04 100.55
Olivine 0.00 40.36 0.01 005 0.00 5051 0.22 841 0.00 0.01 0.05 99.62
Olivine 0.02 39.89 0.01 003 0.00 4850 0.28 10.77 0.00 0.02 0.07 99.60
Olivine 0.01 3967 0.03 005 0.00 48.78 0.26 1095 0.00 0.02 0.06 99.83
Olivine 0.01 39.23 0.00 0.05 0.00 4824 0.29 1093 0.02 0.02 0.07 98.87
Olivine 0.02 39.48 0.02 002 0.00 4536 0.36 14.26 0.03 0.02 0.07 99.63
Olivine 0.01 3943 0.00 003 0.00 4541 035 1438 0.00 0.01 0.06 99.68
Olivine 0.01 39.22 0.00 0.03 0.00 4493 0.36 14.25 0.01 0.02 0.06 98.89
Olivine 0.00 3836 0.03 001 0.01 4066 048 19.79 0.00 0.03 0.08 99.45
Olivine 0.01 38,59 0.01 001 0.00 40.24 046 1949 002 0.02 0.04 98.90
Olivine 0.01 41.04 0.01 0.07 0.00 4984 024 891 0.01 0.02 0.06 100.21
Olivine 0.02 40.29 0.00 0.04 0.00 49.23 0.23 9.10 0.03 0.02 0.05 99.02
Olivine 0.00 38.59 0.00 0.02 0.00 4874 0.27 1140 0.02 0.03 0.02 99.09
Olivine 0.01 38.44 0.00 001 0.00 4758 0.24 1152 0.03 0.02 0.02 97.88
Olivine 0.01 39.02 0.01 002 0.01 4133 046 1873 0.00 0.02 0.08 99.67
Olivine 0.01 38.80 0.01 0.00 0.00 4247 046 1824 0.00 0.02 0.06 100.08
Olivine 0.02 40.44 0.00 009 000 5181 023 846 001 0.02 0.03 101.10
Olivine 0.02 38.86 0.01 007 0.01 5047 021 846 0.00 0.02 0.03 98.17
Olivine 0.01 3920 0.01 0.03 0.00 4150 044 19.25 0.00 0.03 0.07 100.53
Olivine 0.02 38.68 0.00 002 0.00 41.15 047 19.21 0.01 0.02 0.07 99.65
Olivine 0.01 40.70 0.02 0.04 0.00 4506 040 1470 0.04 0.01 0.07 101.05
Olivine 0.01 39.81 0.03 004 000 4439 039 1488 0.00 0.02 0.05 99.60
Olivine 0.02 40.58 0.00 0.07 0.00 51.13 0.23 854 0.01 0.02 0.05 100.65
Olivine 0.04 4125 0.00 0.05 0.00 50.70 0.22 836 0.04 0.02 0.05 100.72
Olivine 0.01 40.61 0.00 003 0.00 4703 032 1252 0.00 0.03 0.06 100.62
Olivine 0.02 40.62 0.01 0.07 0.00 46.20 0.31 1241 0.01 0.02 0.04 99.72
Olivine 0.01 38.89 0.03 008 0.00 4511 037 1462 002 0.02 0.05 99.20
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12562 AlbOs SiO; TiO2 Cr,03 Na,O MgO MnO FeO NiO  K;O CaO TOTAL
Opx 091 5540 0.04 078 0.03 29.14 041 1263 0.03 0.02 0.89 100.30
Opx 135 5548 0.17 074 005 3009 035 956 002 002 174 99.57
Opx 143 5256 0.15 0.58 0.07 1993 0.77 2066 0.00 0.02 4.03 100.20
Opx 139 5270 0.13 0,59 0.07 2032 0.78 20.73 001 0.02 3.85 100.59
Opx 1.22 5111 0.12 0.75 0.03 2035 0.73 1952 0.02 0.02 4.77 98.63
Opx 094 5322 013 059 0.03 2207 0.73 2036 000 0.01 181 99.89
Opx 1.01 5399 0.08 0.77 0.03 26.77 050 14.75 000 0.02 154 9947
Opx 090 5542 020 062 0.04 2686 046 11.06 0.00 0.02 5.16 100.74
Opx 0.44 4967 020 0.19 0.00 13.05 1.09 3286 0.00 0.02 193 99.46
Opx 0.86 52.84 014 043 0.02 2169 0.74 2146 000 0.02 157 99.77
Opx 0.80 56.15 0.04 078 0.01 2895 041 1225 0.02 0.01 0.60 100.02
Opx 0.80 53.65 023 074 0.03 2459 0.60 16.69 0.00 0.01 214 99.49
Opx 0.65 5234 026 032 0.03 18.78 092 2482 0.00 0.02 218 100.32
Opx 0.78 4969 041 0.26 0.06 842 105 3342 0.00 0.02 714 101.25
Opx 091 5488 015 081 0.03 27.17 049 14.02 0.02 0.02 1.69 100.18
Opx 0.71 5416 013 053 0.02 2568 052 1555 0.00 0.02 200 99.32
Opx 0.79 5393 018 061 0.02 2557 050 1547 0.00 0.02 225 99.34
Opx 0.65 5390 013 063 0.01 2542 053 1595 0.00 0.02 167 9891
Opx 1.29 5414 0.09 092 003 3138 037 925 004 002 103 98.56
Opx 1.22 5550 0.08 093 002 3124 038 923 000 0.02 1.04 99.66
Opx 126 5539 0.10 090 0.03 3095 038 918 000 0.02 097 99.18
Opx 094 5472 014 081 0.01 27.15 049 1422 000 0.03 149 99.99
Opx 0.92 5427 014 083 0.02 26.63 047 1417 0.00 0.01 162 99.08
Opx 0.78 5462 005 081 0.01 3039 041 1147 000 0.02 055 99.10
Opx 0.85 54.75 003 084 0.01 29.73 0.39 1144 0.00 0.02 0.57 98.63
Opx 0.74 5216 018 038 0.02 19.75 083 2277 0.00 0.02 277 99.62
Opx 1.20 56.75 0.22 091 004 318 032 820 003 001 169 101.27
Opx 0.76 5168 0.14 032 0.05 16.03 0.83 2488 0.00 0.02 478 99.48
Opx 1.02 55.03 0.07 0.81 001 26.89 045 1422 001 0.02 114 99.67
Opx 0.85 5426 017 066 0.02 26.49 054 1510 0.02 0.02 1.87 100.01
Opx 0.32 58.05 003 054 002 3664 021 539 0.00 0.01 0.34 101.55
Opx 0.89 5188 0.17 035 0.03 18.03 0.73 229 0.00 0.02 447 99.53
Opx 2,55 5150 0.17 0.72 0.03 2153 0.68 21.09 0.00 0.02 1.60 99.88
Cpx 093 49.16 032 044 006 883 095 2915 0.00 0.02 9.78 99.64
Cpx 093 49.16 032 044 006 883 095 29.15 0.00 0.02 9.78 99.64
Cpx 164 4982 0.87 054 019 929 064 1866 001 0.01 16.81 98.48
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12562 Al,03 SiO; TiO, Cr203 Na;0O MgO MnO FeO NiO KO CaO0O TOTAL
Chromite 9.29 0.11 0.70 5421 0.00 5.08 0.71 27.42 0.02 0.02 0.03 97.58
Chromite 815 0.04 130 5544 001 3.03 065 2910 0.00 0.02 0.03 97.78
Chromite 034 0.07 0.05 6751 000 559 069 2326 0.00 0.02 000 97.53
Chromite 112 002 054 6595 0.01 454 080 2480 000 0.02 0.01 9781
Chromite 1251 0.05 0.73 54.09 000 653 066 2372 0.00 0.03 005 9838
Chromite 1196 0.02 1.08 53.17 001 506 0.75 26.09 0.00 0.02 0.03 98.18
Plagioclase 34.06 45.94 0.00 0.00 136 035 0.04 085 0.02 0.02 17.68 100.31
Plagioclase 33.39 49.41 0.03 0.03 272 0.08 0.01 065 0.04 0.02 1573 102.11
Plagioclase 32.04 49.43 0.05 0.00 3.12 0.11 0.02 044 001 0.05 14.89 100.14
Plagioclase 30.14 52.01 0.06 0.01 439 020 0.01 046 001 0.07 1298 100.36
Plagioclase 29.54 52.68 0.02 0.00 4.15 0.03 0.00 039 0.02 0.18 12.89 99.90
Plagioclase 33.53 46.21 0.02 000 176 0.03 0.00 0.09 0.00 0.05 17.41 99.10
Plagioclase 33.62 46.93 0.03 0.00 2.05 0.01 0.02 023 0.02 0.04 1694 99.89
Plagioclase 31.59 49.89 0.04 0.00 356 0.01 0.00 0.28 0.00 0.05 14,55 99.96
Plagioclase 32.99 47.18 0.02 0.00 192 0.11 0.00 045 0.00 0.03 17.04 99.75
Plagioclase 31.08 50.15 0.02 0.01 325 0.06 0.02 056 0.03 0.09 14.76 100.04
Plagioclase 33.44 47.38 0.01 0.01 221 0.04 0.01 020 0.00 0.05 16.58 99.92
Plagioclase 33.22 4793 0.01 0.01 250 0.05 0.00 034 000 0.05 16.34 100.45
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Table A6. Oxygen isotopic analyses of NWA 6698.

Mass (mg) &0’ 580’ AY0'
NWA 6698 1.40 2.954  7.527 -1.020
NWA 6698 1.50 3.008 7.671 -1.042
NWA 6698 1.50 3.191 7989 -1.027
NWA 6698 1.40 3.037 7.657 -1.005
NWA 6698 1.80 3.143 7937 -1.048
NWA 6698 3.00 3.267 8.113 -1.017
NWA 6698 3.30 3.270 8.135 -1.026
Weighted Average 3.161 7.929 -1.026
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Table A7. Individual LA-ICP-MS analyses of mineral phases and area rasters of NWA 6698.
Several analyses overlap with adjacent phases and were not used in the study. Oxides are in wt.%

and elements are in ppm; bdl = below detection limit.

NWA Plagioclase Plagioclase Plagioclase Plagioclase Plagioclase Plagioclase Plagioclase
6698 1 2 3 4 5 6 7

Li 1.1 1.3 0.8 0.6 0.9 3.0 3.3
Be 1.1 0.6 0.2 0.4 0.0 0.1 0.0
B 0.1 0.4 0.7 0.4 0.3 0.8 0.7
Na,O 7.96 8.96 8.62 7.01 8.11 8.64 7.39
MgO 0.04 0.03 0.04 0.03 0.04 0.05 0.04
Al;03 29.94 28.14 27.39 29.20 26.65 23.45 25.50
SiO, 52.83 56.11 56.52 53.69 57.79 62.58 59.51
P20s 0.020 0.020 0.076 0.017 0.033 0.027 0.028
K.0 0.19 0.32 0.27 0.16 0.23 0.35 0.21
Ca0 8.83 6.24 6.87 9.69 7.00 4.55 7.22
Sc bdl bdl bdl bdl bdl 2.3 2.0
TiO2 0.10 0.11 0.14 0.06 0.07 0.10 0.05
\% 0.3 0.5 0.5 0.3 0.6 0.5 0.3
Cr 3.6 1.0 3.3 3.8 10.8 102.4 5.0
MnO 0.006 0.003 0.004 0.006 0.004 0.003 0.005
FeOT 0.09 0.06 0.07 0.13 0.08 0.24 0.07
Co bdl bdl 0.45 0.85 0.03 bdl bdl
Ni bdl bdl 4 31 0.8 2.7 1.3
Cu 0.1 0.4 0.7 0.8 0.1 0.6 0.3
Zn 6.5 6.6 7.9 7.0 8.6 10.6 9.3
Ga 30 34 33 27 33 39 33
Ge bdl bdl 0.13 0.21 0.20 0.22 0.22
As bdl bdl bdl bdl bdl bdl bdl
Se 0.18 bdl 0.18 0.21 0.15 0.35 0.12
Rb 0.8 1.7 14 0.6 1.2 2.1 1.0
Sr 197 173 174 193 177 149 180
Y 0.11 0.03 0.17 0.07 0.05 0.04 0.06
Zr 1.06 0.33 0.28 0.12 0.09 0.18 0.14
Nb 0.104 0.007 0.021 0.003 0.005 0.007 0.009
Mo bdl bdl bdl bdl bdl bdl bdl
Ag bdl bdl bdl bdl bdl bdl bdl
cd 0.052 bdl 0.032 0.053 0.014 0.031 0.068
In bdl bdl bdl bdl bdl bdl bdl
Sn 0.05 0.03 0.03 0.02 0.04 0.04 0.03
Sb bdl bdl 0.04 0.03 0.02 0.02 0.02
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NWA Plagioclase Plagioclase Plagioclase Plagioclase Plagioclase Plagioclase Plagioclase

6698 1 2 3 4 5 6 7

Cs bdl bdl bdl bdl bdl bdl bdl
Ba 22 25 29 21 24 26 23
La 0.10 0.06 0.09 0.12 0.07 0.04 0.10
Ce 0.19 0.10 0.13 0.17 0.11 0.09 0.17
Pr 0.02 0.01 0.02 0.02 0.01 0.01 0.02
Nd bdl 0.05 0.14 0.13 0.01 0.01 0.08
Sm 0.02 bdl 0.02 bdl 0.02 0.01 0.01
Eu 1.05 0.99 0.98 1.15 1.13 0.98 111
Gd 0.025 bdl 0.023 bdl 0.025 0.011 0.020
Tb 0.004 0.003 0.005 0.006 0.003 0.002 0.003
Dy 0.059 0.008 0.035 0.025 0.018 0.013 0.010
Ho bdl bdl 0.004 bdl 0.004 bdl bdl
Er 0.007 bdl 0.013 bdl 0.012 bdl bdl
Tm bdl 0.005 bdl bdl 0.005 bdl bdl
Yb 0.021 0.004 0.003 0.004 0.009 0.014 0.010
Lu bdl bdl bdl bdl bdl bdl bdl
Hf 0.043 bdl bdl bdl bdl 0.007 0.003
Ta bdl bdl bdl bdl bdl bdl bdl
W bdl bdl 0.041 bdl bdl bdl 0.002
T bdl bdl 0.002 0.003 bdl 0.003 0.002
Pb 0.08 0.08 0.13 0.08 0.07 0.07 0.05
Bi 0.005 0.006 0.007 0.003 0.003 0.066 0.002
Th 0.002 bdl 0.011 bdl 0.005 0.009 bdl
U bdl 0.006 0.005 0.002 0.001 0.005 0.001
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NWA

6698 Cpx 1 Cpx 2 Cpx 3 Cpx 4 Cpx 5 Cpx 6 Cpx 7 Cpx 8

Li 2.8 2.1 2.0 2.9 2.7 2.4 2.6 2.6
Be bdl bdl bdl bdl bdl bdl bdl bdl
B 0.6 0.5 0.8 0.8 0.7 0.5 0.6 0.6
Na20 0.44 0.52 0.68 0.57 0.93 0.51 0.54 0.50
MgO 17.99 15.26 14.69 15.35 14.07 14.71 14.90 15.02
Al;0s 0.90 0.81 1.08 0.90 1.68 0.64 0.66 0.69
SiO; 47.41 47.04 48.96 50.24 51.36 51.00 50.71 50.90
P20s 0.029 0.032 0.020 0.038 0.029 0.020 0.016 0.017
K20 0.022 bdl 0.035 0.021 0.032 bdl bdl bdl
Cao 15.61 22.41 21.00 18.01 18.94 18.90 19.49 19.36
Sc 103 141 122 100 101 105 114 110
TiO; 1.10 1.31 1.24 1.10 1.12 1.06 1.09 1.13
\Y 82 113 166 98 105 111 109 107
Cr 5016 6100 6058 5475 5550 5819 5848 5819
MnO 0.947 0.740 0.737 0.791 0.709 0.750 0.743 0.748
FeOT 15.54 11.88 11.55 12.99 11.13 12.40 11.86 11.63
Co 1.2 0.8 0.8 5.2 15 11 0.7 0.6
Ni 4.9 2.6 2.6 80.5 13.0 3.9 1.9 2.2
Cu 0.6 1.9 11 3.9 0.6 3.7 0.9 0.3
Zn 297 200 216 271 230 266 263 250
Ga 4.34 5.17 5.93 5.56 7.37 5.89 5.87 5.73
Ge 0.05 0.02 0.07 0.10 0.11 0.12 0.11 0.09
As 0.04 0.03 0.02 0.02 0.08 0.06 0.03 0.03
Se 0.06 0.15 0.22 0.22 0.08 0.30 0.13 0.12
Rb 0.97 bdl 1.18 1.01 1.00 0.07 bdl bdl
Sr 4.9 6.1 6.9 6.4 13.5 5.9 6.0 6.8
Y 8.6 12.0 10.1 8.6 8.6 8.6 9.5 9.1
Zr 16.7 20.5 24.7 184 17.7 14.9 14.3 174
Nb 0.21 0.05 0.44 0.23 0.23 0.06 0.06 0.06
Mo 0.07 0.09 0.05 0.06 0.04 0.07 0.08 0.07
Ag 0.008 0.003 0.005 0.006 0.004 0.010 0.009 0.004
Cd 0.03 0.03 0.07 0.06 0.05 0.05 0.05 0.08
In 0.004 0.002 bdl bdl bdl bdl bdl bdl
Sn 0.03 0.03 0.03 0.03 0.03 0.05 0.03 0.03
Sb 0.009 0.002 0.016 0.012 0.015 0.012 0.015 0.013
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NWA

6698 Cpx 1 Cpx 2 Cpx 3 Cpx 4 Cpx 5 Cpx 6 Cpx 7 Cpx 8

Cs 0.026 bdl bdl 0.056 0.036 bdl bdl bdl
Ba 2.9 0.14 6.3 13.1 6.4 0.6 1.2 14
La 0.11 0.15 0.08 0.09 0.08 0.07 0.08 0.07
Ce 0.34 0.40 0.32 0.36 0.35 0.33 0.33 0.32
Pr 0.07 0.10 0.07 0.07 0.08 0.07 0.08 0.07
Nd 0.48 0.67 0.57 0.55 0.53 0.58 0.62 0.56
Sm 0.35 0.41 0.39 0.30 0.34 0.34 0.39 0.37
Eu 0.05 0.07 0.08 0.07 0.11 0.07 0.08 0.07
Gd 0.59 1.02 0.81 0.70 0.72 0.75 0.85 0.79
Tb 0.13 0.19 0.17 0.16 0.15 0.16 0.18 0.17
Dy 1.05 1.54 1.35 1.21 1.23 1.34 1.47 1.41
Ho 0.27 0.36 0.32 0.30 0.30 0.33 0.37 0.35
Er 1.02 1.35 1.06 1.02 1.06 1.11 1.19 1.21
Tm 0.15 0.21 0.19 0.17 0.18 0.19 0.20 0.21
Yb 1.19 1.50 1.42 1.30 1.27 1.33 1.48 1.49
Lu 0.22 0.27 0.23 0.22 0.22 0.23 0.26 0.27
Hf 0.566 0.611 0.756 0.647 0.680 0.567 0.588 0.763
Ta 0.007 bdl 0.025 0.010 0.012 0.002 0.002 0.001
w 0.002 bdl bdl bdl bdl 0.002 bdl bdl
Tl 0.001 bdl 0.002 bdl 0.001 0.001 0.001 0.001
Pb 0.106 0.075 0.070 0.133 0.055 0.105 0.063 0.048
Bi 0.002 0.000 0.001 0.006 bdl 0.001 0.002 0.003
Th 0.023 0.006 0.006 0.018 0.013 0.004 0.004 0.004
u 0.009 0.001 0.007 0.005 0.006 0.002 0.005 0.002
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NWA

6698 Cpx 9 Cpx 10 Opx 1 Opx 2 Opx 3 Opx 4 Opx 5 Opx 6

Li 34 2.7 3.1 35 4.4 4.1 3.0 2.9
Be bdl bdl bdl bdl bdl bdl bdl bdl
B 0.7 0.5 0.5 0.5 0.9 0.7 0.5 0.4
Na20 0.58 0.52 0.12 0.13 0.18 0.13 0.14 0.12
MgO 14.79 14.93 18.51 19.08 18.79 18.95 19.70 19.20
Al;03 0.84 0.67 0.29 0.31 0.38 0.32 0.36 0.30
SiO; 50.65 50.97 53.38 52.80 53.23 53.25 52.05 50.92
P20s 0.027 0.015 0.010 0.009 0.022 0.015 0.008 1.153
K20 0.034 bdl bdl bdl 0.022 0.008 bdl bdl
Cao 18.84 19.07 3.90 4.05 3.94 4.31 4.58 5.66
Sc 108 113 38 38 38 40 42 42
TiO; 1.11 1.12 0.51 0.52 0.50 0.52 0.57 0.54
Vv 107 109 38 38 41 37 40 37
Cr 5811 5817 3202 3151 3195 3080 3244 3075
MnO 0.752 0.751 1.214 1.220 1.242 1.208 1.225 1.184
FeOT 12.38 11.96 22.06 21.88 21.69 21.29 21.36 20.94
Co 1.5 0.5 11 2.1 4.4 1.3 1.4 0.8
Ni 11.0 0.2 11 10.9 62.2 8.9 5.8 0.5
Cu 4.3 0.3 0.9 0.6 2.1 0.4 0.1 bdl
Zn 273 270 744 704 692 718 610 567
Ga 6.26 6.04 2.98 2.76 3.06 2.73 2.62 2.56
Ge 0.12 0.10 0.16 0.18 0.12 0.17 0.11 0.16
As 0.04 0.02 0.04 0.06 0.06 0.08 0.04 0.05
Se 0.33 0.09 0.20 0.23 0.19 0.18 0.08 bdl
Rb 1.20 bdl bdl bdl 0.7 0.2 0.3 bdl
Sr 6.9 6.0 0.8 0.9 1.0 23 0.6 4.4
Y 9.1 9.2 25 2.5 24 2.6 2.8 36.9
Zr 18.7 15.8 2.9 3.6 3.0 2.9 3.7 33
Nb 0.17 0.04 0.04 0.07 0.06 0.04 0.06 0.03
Mo 0.07 0.06 0.18 0.10 0.22 0.12 0.08 0.10
Ag 0.012 0.001 0.008 0.003 0.009 0.004 0.005 0.002
Cd 0.09 0.07 0.09 0.04 0.11 0.11 0.06 0.05
In bdl bdl bdl bdl bdl bdl bdl bdl
Sn 0.03 0.02 0.03 0.02 0.04 0.03 0.24 0.02
Sb 0.017 0.013 0.037 0.004 0.016 0.017 0.007 0.019

156




NWA

6698 Cpx 9 Cpx 10 Opx 1 Opx 2 Opx 3 Opx 4 Opx 5 Opx 6

Cs 0.034 bdl bdl bdl bdl bdl bdl bdl
Ba 3.0 0.03 0.98 6.80 5.53 3.81 2.33 0.27
La 0.08 0.07 0.01 0.01 0.03 0.02 0.01 3.23
Ce 0.34 0.33 0.03 0.05 0.09 0.09 0.04 7.97
Pr 0.08 0.08 0.01 0.01 0.01 0.01 0.01 1.24
Nd 0.58 0.60 0.05 0.09 0.09 0.07 0.06 6.55
Sm 0.32 0.40 0.04 0.05 0.06 0.06 0.04 2.78
Eu 0.08 0.07 0.01 0.01 0.01 0.01 0.01 0.24
Gd 0.80 0.84 0.13 0.13 0.13 0.14 0.14 4.65
Tb 0.17 0.19 0.04 0.03 0.03 0.04 0.04 0.82
Dy 1.48 1.49 0.38 0.33 0.31 0.32 0.37 5.53
Ho 0.35 0.36 0.10 0.10 0.09 0.11 0.10 1.23
Er 1.17 1.21 0.41 0.38 0.37 0.41 0.41 3.57
Tm 0.20 0.21 0.08 0.07 0.07 0.08 0.08 0.53
Yb 1.49 1.52 0.65 0.60 0.56 0.68 0.63 3.11
Lu 0.26 0.26 0.12 0.13 0.12 0.13 0.12 0.46
Hf 0.783 0.656 0.14 0.13 0.13 0.12 0.15 0.13
Ta 0.014 0.002 bdl 0.004 0.002 0.003 0.005 bdl
w bdl 0.018 bdl bdl 0.004 0.004 0.002 0.003
Tl 0.005 bdl bdl 0.0009 0.0010 0.0024 0.0008 bdl
Pb 0.120 0.025 0.07 0.06 0.18 0.25 0.06 0.11
Bi 0.002 0.002 0.008 0.001 0.003 0.007 0.002 bdl
Th 0.012 0.001 0.004 0.009 0.017 0.011 0.005 0.173
u 0.006 0.001 0.002 0.002 0.015 0.005 0.004 0.026
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NWA Phosphate Phosphate Raster
6698 1 2 Glass 1 Glass 2 Glass 3 Raster Corrected
Li bdl 7.5 16.0 18.9 16.1 3.52 4.54
Be bdl bdl 0.4 0.3 0.4 0.05 0.04
B 6.6 4.7 14.9 14.4 16.1 1.23 2.13
Na,O 1.05 0.85 7.34 7.24 6.92 5.29 4.96
MgO 0.63 2.98 1.66 1.69 1.63 6.09 6.83
Al;0s 2.06 0.13 12.98 13.54 12.05 15.86 14.06
SiO; 7.17 1.30 66.51 65.40 66.85 55.30 55.72
P20s 43.95 52.62 0.808 0.819 0.766 0.628 0.680
K20 0.07 0.05 1.33 1.57 1.88 0.20 0.28
CaOo 43.88 39.30 2.88 2.91 2.76 9.21 8.87
Sc 5 51 15 16 14 28 30
TiO, 0.04 0.01 1.42 1.31 1.30 0.37 0.46
\% 3 11 6.5 7.1 6.2 32 34
Cr 745 245 336 301 360 1745 1877
MnO 0.161 0.209 0.204 0.217 0.222 0.345 0.398
FeOT 0.98 2.54 4.87 5.31 5.62 6.71 7.75
Co 3 19 1.4 0.8 0.4 17 17
Ni 42 256 bdl 4.0 0.4 495 500
Cu 2 8 1.4 2.7 2.6 15 15
Zn 18 46 188 215 234 160 195
Ga 7.19 10.32 311 31.4 31.7 24 23
Ge 1.80 1.53 0.16 0.17 0.17 0.13 0.13
As 1.37 0.85 0.04 0.12 0.04 0.18 0.19
Se 2.59 1.10 0.10 0.17 0.09 0.46 0.46
Rb 0.3 0.4 79.8 64.7 82.4 1.29 5.77
Sr 205 159 35.5 35.6 36.5 116 102
Y 34 1218 11.5 10.5 10.6 3.3 4.0
Zr 9.1 1.8 178.4 137.1 135.8 4.2 13.4
Nb 0.08 0.07 14.4 12.2 12.3 0.08 0.87
Mo bdl 0.4 0.01 0.02 0.03 0.14 0.15
Ag bdl 0.1 0.05 0.04 0.04 0.03 0.03
cd bdl 0.2 0.09 0.09 0.08 0.06 0.06
In bdl bdl 0.02 0.02 0.08 0.003 0.006
Sn 0.14 0.16 0.17 0.14 0.21 0.09 0.10
Sb 0.03 0.05 0.40 0.03 0.01 0.02 0.03
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NWA Phosphate Phosphate Raster
6698 1 2 Glass 1 Glass 2 Glass 3 Raster Corrected
Cs 0.03 0.04 4.2 3.3 4.4 0.08 0.32
Ba 22 50 25.4 38.5 27.7 43 43
La 3.95 149.80 0.988 0.925 0.896 0.26 0.31
Ce 9.49 344.85 2.235 2.328 2.318 0.79 0.92
Pr 1.59 57.51 0.330 0.340 0.336 0.11 0.13
Nd 8.88 307.94 1.679 1.756 1.720 0.60 0.71
Sm 3.02 107.81 0.600 0.647 0.633 0.23 0.27
Eu 1.54 9.26 0.339 0.350 0.397 0.71 0.63
Gd 5.52 172.31 1.100 1.072 1.029 0.36 0.43
Th 0.89 29.14 0.201 0.222 0.213 0.07 0.08
Dy 5.72 205.72 1.678 1.665 1.668 0.54 0.66
Ho 1.24 43.46 0.404 0.402 0.398 0.12 0.15
Er 3.51 126.59 1.368 1.422 1.315 0.41 0.51
Tm 0.49 17.14 0.275 0.229 0.222 0.07 0.08
Yb 3.10 94.61 1.817 1.757 1.790 0.50 0.63
Lu 0.45 13.94 0.275 0.297 0.291 0.08 0.11
Hf 0.11 0.13 4.52 3.81 3.62 0.17 0.41
Ta 0.006 0.002 0.834 0.680 0.637 0.005 0.048
w 0.011 0.022 0.020 0.028 0.022 0.055 0.055
Tl bdl 0.011 0.044 0.050 0.055 0.006 0.009
Pb 0.547 5.081 0.316 0.729 0.475 0.800 0.834
Bi 0.006 0.008 0.003 0.012 0.023 0.025 0.025
Th 0.693 10.06 0.402 0.403 0.380 0.043 0.067
u 0.807 0.712 0.198 0.211 0.311 0.055 0.070
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Table A8. Individual microprobe analyses for NWA 6698.

NWA

6698 Al,03 SiO; TiO2 Cr0s Na, O MgO MnO FeO NiO K, O CaO TOTAL
Feldspar 21.26 63.41 0.09 0.00 9.78 0.04 0.00 0.14 0.00 0.30 4.65 99.66
Feldspar 22.10 65.35 0.12 0.00 9.39 0.03 0.00 0.10 0.01 0.32 4.38 101.81
Feldspar 22.92 61.01 0.06 0.00 8.84 0.05 0.02 0.09 000 0.25 630 99.53
Feldspar 25.24 56.52 0.04 0.00 6.90 0.02 0.03 0.04 0.04 013 946 98.42
Feldspar 21.40 64.01 0.11 0.00 10.00 0.05 0.00 0.08 0.00 0.31 4.27 100.25
Feldspar 23.09 61.15 0.10 0.00 8.76 0.04 0.00 0.06 0.01 0.22 646 99.89
Feldspar 22.25 62.18 0.09 0.01 9.16 0.04 0.00 0.07 0.01 0.25 546 99.53
Feldspar 23.44 59.32 0.06 0.00 8.16 0.04 0.02 0.05 0.00 0.18 731 98.58
Feldspar 21.28 62.62 0.09 0.00 9.68 0.04 0.00 0.08 0.00 0.29 470 98.77
Feldspar 20.52 63.51 0.11 0.01 9.78 0.04 0.00 0.09 0.01 0.28 4.16 98.51
Feldspar 21.66 63.87 0.11 0.00 9.51 0.03 0.00 0.17 0.00 0.29 4.76 100.39
Feldspar 21.52 64.37 0.12 0.00 9.84 0.04 0.02 0.16 0.00 0.28 4.48 100.82
Feldspar 22.66 65.36 0.10 0.00 881 0.05 0.00 0.03 0.00 034 444 101.78
Feldspar 24.97 61.83 0.11 0.00 7.70 0.05 0.00 0.07 0.00 0.22 6.60 101.56
Feldspar 23.89 62.75 0.09 0.00 841 0.03 0.00 0.07 0.00 0.26 5.86 101.36
Feldspar 28.56 55.31 0.01 0.00 556 0.01 0.01 0.08 0.01 0.12 10.93 100.59
Feldspar 22.64 65.28 0.11 0.00 8.75 0.04 0.02 0.10 0.00 0.36 4.34 101.65
Feldspar 22.90 64.74 0.07 0.00 8.60 0.03 0.00 0.07 0.02 031 489 101.62
Feldspar 23.54 61.86 0.08 0.01 815 0.01 0.00 0.10 0.00 0.24 643 100.43
Feldspar 22.62 65.49 0.11 0.00 8.68 0.04 0.00 0.07 0.03 033 453 10191
Feldspar 24.30 61.74 0.07 0.00 819 0.04 0.00 0.05 0.01 0.25 594 100.60
Feldspar 23.20 61.76 0.11 0.01 870 0.03 0.00 0.05 0.01 033 450 98.70
Feldspar 23.62 63.44 0.09 0.00 8.64 0.05 0.01 0.08 0.00 0.28 529 101.48
Feldspar 22.34 63.82 0.13 0.00 865 0.04 0.01 0.09 0.00 030 515 100.53
Feldspar 22.96 60.79 9.27 0.05 0.09 0.38 4.00 97.54
Feldspar 24.26 61.85 8.62 0.04 0.05 0.28 5.14 100.25
Feldspar 24.88 57.18 8.25 0.06 0.06 0.26 6.12 96.82
Feldspar 23.12 61.07 9.02 0.04 0.09 036 424 97.94
Feldspar 24.53 58.46 7.76  0.05 0.11 0.21 6.86 97.99
Feldspar 23.39 65.31 9.05 0.05 0.10 0.36 4.44 102.68
Feldspar 23.55 64.69 9.11 0.05 0.08 0.35 4.37 102.19
Feldspar 27.27 59.00 7.15 0.03 0.11 0.19 8.14 101.89
Feldspar 23.91 64.84 9.00 0.04 0.10 033 4.47 102.69
Feldspar 23.83 63.75 9.02 0.04 0.11 0.32 4.69 101.76
Feldspar 23.81 64.67 9.07 0.05 0.15 0.32 4.48 102.55
Feldspar 29.66 55.72 5.77 0.07 0.09 0.12 10.46 101.89
Feldspar 27.72 57.59 6.94 0.02 0.09 0.19 8.65 101.21
Feldspar 23.19 64.70 9.26 0.08 0.09 036 4.16 101.83
Feldspar 24.14 64.81 8.79 0.04 0.10 0.31 4.86 103.05
Feldspar 27.21 59.99 7.64 0.06 0.09 0.22 7.29 102.51
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NWA

6698 Al,03 SiO; TiO2 Cr0s Na,O MgO MnO FeO NiO K0 Ca0O TOTAL
Feldspar 24.18 65.43 8.20 0.04 0.15 0.32 4.55 102.86
Feldspar 27.48 56.58 7.17 0.05 0.08 0.18 7.77 99.30
Feldspar 25.87 61.69 7.98 0.04 0.10 0.25 5.96 101.89
Feldspar 24.37 64.61 8.54 0.05 0.08 0.34 4.28 102.27
Feldspar 25.16 62.15 8.38 0.06 0.09 0.28 5.40 101.52
Feldspar 25.28 62.84 8.09 0.06 0.06 0.30 5.24 101.86
Feldspar 24.91 64.21 8.33 0.04 0.09 0.31 4.88 102.77
Feldspar 24.57 64.20 8.43 0.05 0.05 0.32 4.58 102.20
Feldspar 24.93 64.06 8.25 0.04 0.08 0.30 4.87 102.52
Feldspar 25.86 62.20 8.17 0.03 0.07 0.27 5.75 102.35
Feldspar 24.47 63.78 8.75 0.06 0.11 0.31 4.58 102.07
Feldspar 26.88 58.73 7.69 0.05 0.06 0.22 7.21 100.84
Glass 13.71 68.54 1.01 0.04 778 134 0.18 413 0.01 1.09 214 99.98
Glass 12.57 67.37 1.27 005 7.03 136 0.19 496 000 1.14 269 98.63
Glass 11.45 66.99 1.12 0.03 6.72 178 0.29 6.17 001 1.07 292 98.56
Glass 13.32 67.61 1.11 0.04 799 149 015 420 002 0.87 252 9931
Glass 13.53 67.10 1.22 0.04 821 134 0.18 430 0.07 093 248 99.40
Glass 1450 67.15 1.16 0.04 731 152 0.18 465 0.00 1.04 2.85 100.39
Glass 1426 67.35 1.13 005 764 136 0.16 421 000 1.19 234 99.68
Glass 13.81 67.02 1.27 0.02 736 114 020 495 001 0.83 248 99.09
Glass 14.84 66.55 1.14 0.00 7.75 1.17 0.19 555 0.00 0.92 232 10044
Glass 13.11 67.32 1.23 0.03 6.95 156 0.23 548 0.02 142 225 99.61
Glass 14.07 66.69 1.20 0.05 740 159 0.19 455 000 1.14 287 99.75
Glass 1496 67.11 1.05 0.01 796 0.78 0.14 419 000 1.06 2.08 99.35

161




NWA

6698 AlLO; SO, TiO; Cr,03 NaxO MgO MnO FeO NiO KO CaO TOTAL
Opx 0.33 52.77 0.56 0.43 0.16 1965 1.20 2035 0.01 0.02 423 099.71
Opx 0.32 52.78 0.52 0.43 0.15 1982 1.18 20.23 0.00 0.01 420 99.63
Opx 0.33 53.11 0.53 0.44 0.13 1970 1.17 20.25 0.00 0.03 421 99.91
Opx 0.32 52.52 0.56 0.44 0.15 1949 1.18 20.11 0.04 0.02 4.26 99.09
Opx 0.32 53.98 0.57 0.46 0.13 1946 1.15 20.13 0.01 0.02 4.27 100.51
Opx 0.34 53.08 0.56 0.48 0.14 1955 1.17 2029 0.00 0.03 4.28 99.92
Opx 0.34 53.23 0.52 0.44 0.16 1909 1.16 2055 0.01 0.03 423 99.75
Opx 0.36 53.09 0.55 0.44 0.14 1918 1.13 20.38 0.00 0.02 422 9951
Opx 0.33 53.03 0.53 0.44 0.16 19.08 1.18 2044 0.01 0.02 415 99.37
Opx 0.34 5276 0.1 0.44 0.14 19.17 1.20 20.65 0.00 0.02 4.24 9947
Opx 0.36 53.35 0.55 0.45 0.16 19.09 1.13 2042 0.01 0.02 430 99.85
Opx 0.34 5285 0.55 0.44 0.14 19.18 1.16 2044 0.00 0.02 4.21 9934
Opx 0.35 53.31 0.57 0.44 0.15 19.21 1.20 2047 0.01 0.03 419 99.94
Opx 0.35 5290 0.54 0.44 0.15 1914 1.13 2034 0.02 0.02 417 099.21
Opx 0.33 5292 0.58 0.43 0.14 1929 1.15 20.16 0.00 0.02 432 9934
Cpx 0.66 52.27 1.13 0.83 055 1490 0.70 1138 0.02 0.02 17.67 100.13
Cpx 0.71 52.69 1.20 0.86 055 1476 0.74 1125 0.01 0.02 17.66 100.46
Cpx 0.70 52.00 1.15 0.82 055 1475 0.70 1120 0.00 0.01 1782 99.71
Cpx 0.69 52.04 1.14 0.84 0.53 1483 0.72 1116 0.00 0.03 17.61 99.57
Cpx 0.69 5292 1.16 0.84 053 1471 0.72 1114 0.00 0.03 17.59 100.35
Cpx 0.68 53.35 1.12 0.83 053 1470 0.74 1124 0.00 0.02 17.58 100.79
Cpx 0.71 5256 1.16 0.83 057 1478 0.73 1125 0.04 0.02 17.75 100.40
Cpx 0.79 5230 1.18 0.83 055 1476 0.69 1122 0.00 0.05 17.61 99.98
Cpx 0.72 5273 1.18 0.84 056 1464 0.75 1143 0.00 0.02 17.73 100.61
Cpx 0.71 53.20 1.15 0.87 055 1474 0.76 1120 0.00 0.03 17.54 100.73
Cpx 0.73 52.75 1.13 0.86 0.53 1466 0.75 1144 0.02 0.04 17.62 100.51
Cpx 0.73 53.09 1.12 0.82 0.56 1489 0.71 1123 0.00 0.03 17.68 100.86
Cpx 0.73 5294 1.16 0.86 0.54 1455 0.69 1123 0.02 0.03 17.69 100.43
Cpx 0.70 52.44 1.17 0.82 054 1484 0.74 1116 0.00 0.03 1791 100.35
Cpx 0.69 52.14 1.17 0.88 0.55 1489 0.73 1121 0.00 0.02 17.69 99.96
Cpx 0.65 53.03 1.12 0.83 0.53 1462 0.69 1133 0.00 0.02 17.71 100.54
Cpx 0.73 53.04 111 0.81 050 1434 0.70 1137 0.00 0.02 17.69 100.31
Cpx 0.77 52.67 1.14 0.84 0.51 1418 0.68 11.23 0.02 0.02 17.71 99.77
Cpx 0.74 52.78 1.08 0.84 053 1435 0.72 1132 0.00 0.02 1746 99.86
Cpx 0.76 52.63 1.16 0.85 0.52 1420 0.76 11.22 0.00 0.02 1760 99.72
Cpx 0.75 53.01 1.15 0.83 0.51 1422 0.73 1123 0.00 0.02 17.64 100.07
Cpx 0.74 53.05 1.17 0.82 0.50 1427 0.75 1124 0.00 0.02 17.65 100.22
Cpx 0.73 5261 1.15 0.82 0.53 1427 0.71 1125 0.01 0.02 17.57 99.68
Cpx 0.71 53.02 1.14 0.83 0.48 1416 0.73 1132 0.00 0.03 17.71 100.14
Cpx 0.73 52.83 1.10 0.86 0.54 1498 0.68 11.27 0.00 0.02 17.45 100.45
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NWA

6698 AlLbOs SiO; TiO; Cr,03 NaxO MgO MnO FeO NiO KO Ca0 TOTAL
Oxide 366 0.04 1543 3713 000 480 098 3577 003 0.02 0.00 97.89
Oxide 337 005 1537 38.09 003 493 099 3569 0.04 0.02 0.01 98.60
Oxide 338 0.04 1496 3850 004 507 1.01 3494 000 0.02 0.01 97.96
Oxide 346 005 1580 3729 002 559 099 3481 000 0.03 0.03 98.06
Oxide 331 0.04 1596 37.62 003 541 1.06 3487 000 0.04 0.01 9836
Oxide 3.22 0.05 1587 3731 000 523 096 3546 000 0.03 0.02 98.15
Oxide 3.41 15.59 37.86 496 1.04 3465 0.02 0.01 98.09
Oxide 3.26 15.29 37.65 409 1.02 3645 0.00 0.07 98.29
Oxide 3.34 15.52 37.53 512 101 3516 0.00 0.01 98.17
Oxide 3.56 15.48 38.15 537 099 3436 0.02 0.01 98.67
Oxide 3.56 15.63 37.80 493 0.99 3517 0.00 0.03 98.84
Oxide 3.58 15.17 38.22 494 1.02 3482 0.03 0.03 98.45
Oxide 3.84 15.24 37.85 515 101 3474 0.01 0.00 98.52
Oxide 3.67 15.59 38.44 543 1.02 3460 0.00 0.00 9947
Oxide 3.55 15.43 38.22 5.02 104 3518 0.02 0.00 99.23
Oxide 3.91 15.23 38.08 491 099 3530 0.01 0.02 99.06
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NWA 6698 CaO P20s F Cl MgO Na.O FeO TOTAL
Apatite 52.76 41.78 1.73 3.23 0.47 0.58 0.96 101.51
Apatite 52.79 42.01 1.70 3.05 0.58 0.62 0.77 101.52
Apatite 53.04 40.96 1.88 2.97 0.51 0.60 0.88 100.84
Apatite 52.99 40.42 1.77 3.00 0.50 0.57 0.77 100.03
Apatite 52.97 42.39 1.99 2.94 0.54 0.59 0.82 102.23
Apatite 52.74 39.51 1.74 3.13 0.36 0.45 1.22 99.15
Apatite 52.66 39.98 1.80 3.19 0.53 0.54 0.91 99.61
Apatite 52.63 40.81 1.63 3.15 0.56 0.52 0.80 100.11
Apatite 53.15 41.16 1.79 3.15 0.41 0.63 0.74 101.04
Apatite 52.79 39.26 1.81 3.11 0.60 0.62 0.67 98.86
Apatite 52.75 41.01 1.86 3.13 0.50 0.60 0.66 100.50
Apatite 52.69 41.66 1.81 3.13 0.53 0.64 0.77 101.24
Merrillite 47.08 44.27 0.42 0.00 2.87 1.64 2.01 98.28
Merrillite 46.87 4491 0.41 0.00 3.26 1.68 1.59 98.71
Merrillite 46.99 45.23 0.47 0.00 3.15 1.54 1.78 99.15
Merrillite 46.79 47.38 0.42 0.00 3.19 1.70 1.75 101.23
Merrillite 47.06 44.84 0.36 0.00 3.27 1.22 1.85 98.60
Merrillite 47.38 44.57 0.43 0.00 2.95 1.65 1.95 98.92
Merrillite 47.15 46.00 0.55 0.00 3.40 1.78 1.22 100.10
Merrillite 47.33 45.11 0.37 0.00 2.98 1.55 2.02 99.36
Merrillite 47.03 42.52 0.27 0.00 3.33 1.24 1.70 96.08
Merrillite 47.19 45.32 0.50 0.00 3.32 1.64 1.42 99.40
Merrillite 47.17 46.53 0.39 0.00 3.30 1.33 1.34 100.06
Merrillite 46.86 45.30 0.33 0.00 3.13 1.56 1.81 99.00
Merrillite 47.05 44.99 0.47 0.00 3.08 1.36 1.87 98.82
Merrillite 47.17 45.26 0.47 0.01 3.17 141 1.87 99.35
Merrillite 46.97 46.22 0.56 0.00 3.19 1.17 1.88 99.99
Merrillite 46.88 44.95 0.39 0.00 2.95 1.63 2.09 98.89
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Table A9. Individual microprobe analyses for experimental run products. Ol = olivine; Px =

pyroxene; Plg = plagioclase; MLT = melt; Chr = chromite; Met = metal.

LL Al;03 SiO, TiO, Cr 03 MgO FeO NiO CaO Na,O TOTAL
1050 Ol 0.02 31.29 0.02 0.28 3454 26.64 0.04 0.17 0.00 92.99
1050 Ol 0.05 31.29 0.03 0.31 33.80 26.66 0.05 0.24 0.00 9243
1050 Px 0.54 47.14 0.05 0.68 28.76  14.22 0.06 0.56 0.00 92.00
1050 Px 0.78 55.13 0.06 0.72 2873 13.60 0.00 0.51 0.00 99.52
1050 Px 0.77 55.62 0.06 0.69 28.17 13.81 0.05 0.51 0.00 99.67
1050 Px 0.61 55.54 0.04 0.61 2849 14.14 0.04 0.53 0.00 100.01
1050 Ol 0.01 37.48 0.03 0.26 3435 26.31 0.06 0.17 0.00 98.65
1050 Ol 0.02 38.53 0.03 0.25 3433 26.24 0.05 0.19 0.00 99.65
1050 Ol 0.02 36.98 0.04 0.17 31.88 29.58 0.03 0.21 0.00 98.91
1050 Mt 145 5251 0.85 0.46 19.18 16.75 0.01 8.76 0.03 99.99
1050 Mt 235 49.93 111 0.55 18.73 15.62 0.07 10.04 0.06 98.47
1050 MIt 1.60 52.09 0.92 0.51 20.24 16.65 0.03 7.95 0.08 100.06
1050 MIt 1.65 53.44 0.13 1.04 25.27 16.43 0.03 151 0.00 99.49
1050 Met 0.00 0.04 0.03 0.04 0.03 101.54 24.74 0.06 0.00 98.50
1050 Plg 27.58 53.09 0.12 0.03 1.30 1.74 0.01 1249 3.68 100.03
1050 Plg 28.10 54.12 0.09 0.01 0.83 1.59 0.05 1249 3.74 101.01
1050 Plg 28.39  54.09 0.06 0.01 0.86 1.49 0.00 12.63 3.87 101.42
1050 Plg 27.66  58.29 0.24 0.02 0.60 1.75 0.02 11.26 3.59 103.43
1100 Ol 0.03 37.17 0.04 0.22 32.83 28.59 0.06 0.26 0.00 99.19
1100 Ol 0.04 37.67 0.03 0.20 33.02 28.12 0.07 0.31 0.00 99.46
1100 Ol 0.03 37.73 0.03 0.33 33.84 26.97 0.07 0.23 0.00 99.22
1100 Px 0.70  55.52 0.06 0.70 27.79 14.26 0.00 0.51 0.00 99.53
1100 Px 0.65 55.44 0.05 0.67 2791 1440 0.04 0.53 0.00 99.68
1100 Px 0.49 56.08 0.06 0.59 29.07 13.88 0.02 0.40 0.00 100.59
1100 Chr 24.10 0.32 0.87 41.03 7.89  25.23 0.02 0.10 0.00 99.55
1100 Chr 23.54 0.23 0.83 40.79 7.86  25.13 0.04 0.11 0.00 98.52
1100 Chr 22.39 2.15 0.87 39.99 8.42  24.89 0.05 0.13 0.01 98.88
1100 Met 0.03 0.05 0.01 0.06 0.03 99.01 2741 0.04 0.00 98.63
1100 Plg 30.68 52.72 0.05 0.01 0.51 1.67 0.07 14.03 3.22 102.98
1100 Plg 30.32 52.83 0.05 0.02 0.54 1.35 0.03 13.51 3.39 102.04
1100 Plg 28.53  52.09 0.05 0.03 1.46 2.30 0.03 12.79 3.08 100.36
1100 Plg 30.02 52.88 0.06 0.02 0.43 1.29 0.05 13.57 3.42 101.76
1100 Plg 2996 5243 0.04 0.01 0.41 1.28 0.03 13.55 3.40 101.10
1100 Mt 11.19 4531 2.36 0.18 6.39 15.38 0.07 11.50 0.90 93.29
1100 Mt 7.57 4245 1.80 0.17 15.01 20.29 0.03 7.29 0.69 9531
1100 MIt 11.32 44.82 3.09 0.15 6.03 15.43 0.04 1145 0.99 93.32
1100 MIt 8.77 42.10 1.97 0.19 1138 18.18 0.02 9.13 0.93 92.67
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LL A|203 SiOz Ti02 Cr203 MgO FeO NiO Ccao Nazo TOTAL
1150 Ol 0.02 37.06 0.01 0.25 33,61 27.82 0.07 0.24 0.00 99.07
1150 Ol 0.02 37.80 0.00 0.24 3181 27.35 0.03 0.26 0.00 9751
1150 Ol 0.04 37.49 0.03 0.26 32.76 27.39 0.02 0.26 0.00 98.25
1150 Px 0.74 55.16 0.06 0.71 27.43 14.78 0.05 0.54 0.00 99.46
1150 Px 0.90 54.82 0.07 0.80 2591 15.93 0.02 0.73 0.00 99.18
1150 Px 0.75 55.13 0.05 0.73 27.71 15.16 0.04 0.53 0.00 100.10
1150 Chr 27.04 0.16 0.67 38.31 8.59 23.48 0.05 0.12 0.00 98.42
1150 Chr 27.83 0.18 0.65 37.83 9.08 23.86 0.07 0.07 0.00 99.56
1150 Chr 27.50 0.18 0.68 38.15 8.65 23.57 0.05 0.06 0.00 98.85
1150 Mt 1540 50.70 0.59 0.21 6.28 14.75 0.05 9.70 1.14 98.83
1150 Mit 15.67 50.65 0.63 0.21 572 14.46 0.06 9.77 1.10 98.26
1150 Mit 15.36 50.89 0.61 0.21 6.15 14.65 0.02 9.70 1.10 98.69
1200 Ol 0.02 36.79 0.03 0.38 35,52 25.81 0.08 0.18 0.00 98.80
1200 Ol 0.02 37.06 0.01 0.39 3511 2591 0.08 0.19 0.00 98.76
1200 Ol 0.02 37.17 0.01 0.37 3491 25.63 0.06 0.20 0.00 98.36
1200 Ol 0.03 37.45 0.01 0.36 3479 25.79 0.07 0.19 0.00 98.70
1200 Met 0.03 0.07 0.00 0.05 0.01 86.21 40.15 0.04 0.00 98.68
1200 Px 0.89 53.54 0.05 0.68 25,52 16.79 0.04 0.78 0.00 98.29
1200 Px 091 53.73 0.06 0.79 25,60 16.64 0.05 0.68 0.02 98.48
1200 Px 0.94 54.28 0.07 0.65 25.76 16.61 0.01 0.72 0.00 99.04
1200 Mit 1040 49.23 0.40 041 11.22 20.38 0.05 6.13 0.22 98.44
1200 Mt 11.14  50.02 0.47 0.42 9.18 20.20 0.02 6.89 0.22 98.55
1200 Mit 10.98 49.78 0.46 0.40 9.73 20.33 0.04 6.80 0.23 98.77
1250 Met 0.03 0.10 0.01 0.07 0.05 81.72 44.09 0.09 0.00 98.38
1250 Ol 0.04 36.94 0.02 037 33.64 2834 0.05 0.22 0.00 99.61
1250 Ol 0.04 37.58 0.02 0.35 3341 2839 0.05 0.24 0.00 100.08
1250 Ol 0.01 37.17 0.02 0.35 3412 28.04 0.09 0.23 0.00 100.03
1250 Px 1.04 53.46 0.08 0.83 25.27 17.62 0.07 0.94 0.00 99.32
1250 Px 0.97 53.59 0.07 0.78 2454 17.77 0.10 1.01 0.00 98.84
1250 Px 0.95 54.87 0.06 0.81 2543 17.48 0.07 0.81 0.00 100.48
1250 Mt 13.15 50.91 0.51 0.36 7.58 18.00 0.03 7.88 0.87 99.29
1250 Mit 12.66 49.54 0.51 0.36 7.47 17.95 0.03 7.98 0.89 97.40
1250 Mit 12.66 48.77 0.53 0.35 7.50 18.03 0.05 7.91 091 96.69
1250 Mt 0.06 0.13 0.01 0.07 0.03 87.22 46.37 0.07 0.00 133.96
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LL -Na A|203 SiOz TiOZ Crzoa MgO MnO FeO NiO Ccao TOTAL
1050 Met 0.01 0.07 0.00 0.04 0.03 0.02 108.92 17.46 0.04 9851
1050 Ol 0.03 36.28 0.05 0.10 35.48 0.15 26.97 0.08 0.11 99.24
1050 Ol 0.02 37.52 0.02 0.14 36.21 0.15 25.10 0.04 0.09 99.28
1050 Ol 0.01 36.88 0.03 0.10 35.25 0.12  26.97 0.06 0.13 99.56
1050 Px 0.79 56.31 0.04 0.51 30.97 0.07 11.90 0.00 0.24 100.82
1050 Px 0.55 56.41 0.03 0.35 30.90 0.08 12.12 0.03 0.21 100.67
1050 Px 0.60 55.93 0.05 0.41 31.25 0.09 11.92 0.05 0.21 100.50
1050 Mt 3478 4471 0.05 0.01 0.45 0.00 1.34 0.07 18.46 99.89
1050 Mit 35.44 4458 0.07 0.01 0.43 0.00 1.23 0.02 18.65 100.42
1050 Mt 36.60 44.18 0.07 0.00 0.35 0.02 1.21 0.02 19.05 101.50
1100 Met 0.00 0.05 0.01 0.02 0.04 0.02 100.11 25.78 0.04 98.19
1100 Ol 0.04 36.70 0.03 0.09 34.06 0.12 2847 0.03 0.10 99.64
1100 Ol 0.04 36.33 0.04 0.08 34.34 0.13 28.39 0.05 0.11 9951
1100 Ol 0.03 35.77 0.02 0.06 33.80 0.13 28.17 0.05 0.10 98.14
1100 Px 0.59 53,55 0.04 0.20 30.22 0.11 14.10 0.09 0.25 99.13
1100 Px 0.85 52.21 0.08 0.28 29.48 0.10 14.10 0.07 0.26 97.43
1100 Px 0.50 55.77 0.05 0.14 30.45 0.08 12.78 0.05 0.20 100.03
1100 Mt 36.19 44.73 0.06 0.00 0.42 0.02 1.39 0.03 18.76 101.59
1100 Mit 28.98 43.15 0.03 0.02 7.03 0.03 6.43 0.10 14.46 100.24
1100 Mt 3234 4531 0.15 0.03 2.04 0.00 3.51 0.05 16.73 100.16
1150 Met 0.04 0.08 0.00 0.03 0.00 0.01 91.72 3445 0.04 98.48
1150 Ol 0.03 36.02 0.01 0.11 33.29 0.13  29.58 0.08 0.15 9941
1150 Ol 0.04 35.76 0.00 0.11 32.82 0.12 29.16 0.05 0.17 98.23
1150 Ol 0.05 36.49 0.02 0.12 34.82 0.11 29.46 0.07 0.17 101.30
1150 Px 2.03 52.40 0.09 037 25.34 0.08 17.31 0.01 0.60 98.23
1150 Px 0.98 54.05 0.09 0.18 26.36 0.11 1735 0.09 0.56 99.76
1150 Px 5.22 51.22 0.21 047 24.13 0.07 1748 0.03 0.63 99.46
1150 Mit 1733 47.01 0.78 0.08 7.86 0.10 18.14 0.02 7.63 98.94
1150 Mt 17.18 47.15 0.81 0.08 7.21 0.14 17.60 0.01 7.90 98.08
1150 Mt 1730 47.25 0.68 0.09 7.19 0.12 17.80 0.10 7.68 98.21
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LL -Na Al,O; SiO, TiO, Cr,03 MgO MnO FeO NiO CaO TOTAL
1200 Met 0.00 0.04 0.00 0.04 0.01 0.00 103.24 22.82 0.02 98.24
1200 Ol 0.05 36.65 0.03 0.14 3731 0.12 24.48 0.07 0.16 99.02
1200 Ol 0.18 35.75 0.02 0.16 37.10 0.13  24.29 0.06 0.15 97.82
1200 Ol 0.05 36.64 0.01 0.17 37.28 0.13  24.47 0.01 0.14 98.90
1200 Px 241 52.28 0.11 0.41 27.58 0.12 15.10 0.07 0.56 98.63
1200 Px 1.97 51.78 0.10 0.51 28.07 0.09 15.14 0.00 0.49 98.16
1200 Px 2.82 53.24 0.12 049 27.42 0.12 15.03 0.00 0.50 99.75
1200 MIt 13.82  41.40 0.56 0.15 10.52 0.12 17.68 0.02 6.52 90.79
1200 Mit 13.39 40.24 0.58 0.16 10.42 0.15 17.34 0.02 6.73  89.02
1200 Mit 5.75 3541 0.21 0.14 27.87 0.12 22.04 0.06 2.27 93.88
1200 Mit 11.78 38.78 0.49 0.16 14.44 0.12 1833 0.02 549 89.62
1250 Met 0.00 0.08 0.00 0.03 0.01 0.00 84.00 41.65 0.02 98.11
1250 Ol 0.06 30.54 0.03 0.19 35.40 0.12  26.55 0.04 0.12 93.05
1250 Ol 0.08 30.73 0.03 0.20 35.37 0.10 26.45 0.09 0.13 93.19
1250 Ol 0.01 37.70 0.01 0.19 3531 0.13  26.90 0.08 0.11 100.44
1250 Ol 0.05 37.89 0.02 0.21 35.07 0.11 26.72 0.13 0.12 100.30
1250 Ol 0.04 37.80 0.02 0.20 35.15 0.12 26.79 0.07 0.11 100.31
1250 Px 0.75 55.35 0.05 0.37 27.66 0.10 16.19 0.07 0.23 100.76
1250 Px 0.82 55.69 0.04 034 27.14 0.10 16.79 0.06 0.28 101.26
1250 Px 0.75 55.77 0.04 035 27.30 0.08 16.42 0.04 0.25 101.01
1250 Mit 12.30 49.74 0.56 0.26 7.70 0.14 21.35 0.03 499 97.07
1250 Mit 12.91 49.90 0.53 0.24 7.07 0.13 21.38 0.00 5.23 97.39
1250 Mit 12.68 50.06 0.57 0.25 6.86 0.13 2151 0.06 5.26 97.37
1200 MIt 11.30 43.87 0.46 0.16  15.25 0.11 20.63 0.04 5.17 96.97
1300 Met 0.00 0.05 0.02 0.03 0.01 0.00 85.25 38.26 0.03 96.42
1300 Ol 0.03 38.70 0.01 0.19 37.48 0.10 2411 0.09 0.10 100.80
1300 Ol 0.02 36.45 0.01 0.20 38.16 0.11 2391 0.06 0.09 99.01
1300 Ol 0.02 29.80 0.00 0.18 37.84 0.10 2351 0.07 0.10 91.63
1300 Px 0.61 53.80 0.04 0.28 28.18 0.11  15.27 0.07 0.23  98.58
1300 Px 0.51 56.25 0.05 0.25 28.37 0.10 15.77 0.06 0.24 101.61
1300 Px 0.57 56.81 0.05 0.26 28.19 0.08 15.96 0.08 0.23 102.24
1300 MIt 9.67 50.98 0.44 0.25 10.77 0.13 22.80 0.08 3.80 98.93
1300 Mit 10.16  48.66 0.41 0.26 11.19 0.15 2250 0.00 356 96.90
1300 Mit 9.11 50.25 0.41 0.25 12.46 0.12  22.58 0.01 3.58 98.77
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H Al,03  SiO; TiO, Cr,0s  MgO FeO NiO CaO Na,O  TOTAL
1050 Ol 0.01 37.06 0.04 0.29 3296 2854 0.00 0.20 0.00 99.10
1050 Ol 0.01 37381 0.04 0.29 33.19 28.50 0.01 0.19 0.00 100.03
1050 Ol 0.01 37.12 0.04 0.31 3291 29.59 0.04 0.21 0.00 100.22
1050 Px 1.60 53.58 0.12 131 2483 16.97 0.00 1.27 0.01  99.69
1050 Px 191 50.26 1.01 0.58 19.69 17.94 0.04 7.31 0.01 98.76
1050 Px 1.79  53.87 0.14 1.20 2432 17.30 0.04 1.52 0.00 100.19
1050 Px 212 5275 1.14 0.62 20.86 18.90 0.06 4.46 0.03 100.95
1050 Px 130 53.51 0.11 1.07 26.07 16.60 0.01 1.22 0.00 99.89
1050 Px 1.67 50.81 0.88 0.59 2131 18.26 0.04 5.07 0.00 98.63
1050 Px 0.91 55.14 0.09 0.88 26.58 15.81 0.02 0.72 0.00 100.14
1050 Px 195 51.74 1.22 0.65 20.12 18.85 0.02 5.07 0.02 99.64
1050 Plg 27.44  54.87 0.10 0.02 0.94 1.89 0.09 12.28 3.47 101.10
1050 Plg 28.40 53.96 0.07 0.01 0.65 1.60 0.00 12.99 3.72 101.41
1050 Plg 26.81 54.18 0.09 0.02 1.43 2.40 0.04 1235 3.33 100.67
1050 Plg 2845 54.25 0.07 0.02 0.65 1.48 0.01 13.12 3.43 101.49
1050 MIt 22.52  59.50 0.39 0.03 2.13 3.01 0.04 8.92 2.89 99.42
1050 Mt 2211 63.33 0.62 0.00 1.48 3.10 0.01 8.30 2.81 101.76
1050 MIt 27.51 55.15 0.18 0.02 0.86 1.93 0.01 12.08 3.29 101.03
1050 Met 0.00 0.10 0.00 0.05 0.00 120.23 13.77 0.04 0.00 134.19
1050 Chr 23.82 2.10 132 38.71 7.91  25.05 0.01 0.44 0.00 99.36
1050 Chr 24.10 1.76 1.04 38.79 8.48 2543 0.05 0.28 0.03  99.96
1100 Ol 0.02 36.58 0.01 0.34 3238 29.57 0.04 0.23 0.00 99.17
1100 Ol 0.03 36.78 0.04 0.21 33.77 29.20 0.05 0.24 0.00 100.31
1100 Ol 0.04 36.23 0.04 0.26 33.35 28.48 0.02 0.32 0.00 98.74
1100 Ol 0.01 35.73 0.05 0.21 33.07 29.96 0.05 0.27 0.00 99.35
1100 Ol 1.53 53.35 0.15 1.13 25.28 17.57 0.04 1.18 0.00 100.21
1100 Px 1.26 53.62 0.12 1.02 2430 16.99 0.04 1.11 0.03 98.48
1100 Px 1.66 53.97 0.13 1.08 24.72 17.30 0.03 1.36 0.00 100.26
1100 Px 3.09 52.64 0.42 0.87 2032 18.21 0.02 4.10 0.04 99.71
1100 Px 3.58 52.28 0.39 098 2139 17.35 0.01 4.26 0.02 100.26
1100 Px 232 5231 0.63 0.73 21.01 1870 0.00 5.44 0.05 101.19
1100 Plg 29.71  53.49 0.04 0.01 0.38 1.26 0.02 13.01 3.48 101.39
1100 Plg 29.92 53.42 0.05 0.02 0.46 1.32 0.03 13.66 3.28 102.15
1100 Plg 30.54 5341 0.07 0.00 0.44 1.38 0.00 13.62 3.49 102.94
1100 Met 0.00 0.26 0.00 0.03 0.12 112.28 13.47 0.06 0.00 98.12
1100 Chr 27.04 0.44 1.02 37.46 8.54 2475 0.06 0.09 0.00 9941
1100 Chr 35.92 1.07 0.72 2860 10.61 23.93 0.01 0.10 0.00 100.96
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H Al;03 SiO, TiO, Cr,0s  MgO FeO NiO CaO Na,O  TOTAL

1150 Ol 0.03 37.52 0.03 0.26 33.45 29.26 0.02 0.26 0.00 100.84
1150 Ol 0.03 36.80 0.00 0.28 33.08 28.71 0.05 0.21 0.00 99.16
1150 Ol 0.04 37.03 0.01 0.27 33.26 28.72 0.03 0.27 0.00 99.63
1150 Px 2.26 53.18 0.20 126 23.08 1781 0.00 2.12 0.00 99.92
1150 Px 1.11 54.42 0.12 112 25.09 17.59 0.01 1.11 0.00 100.58
1150 Px 2.13  50.88 0.18 1.06 2277 21.16 0.45 1.71 0.00 100.34

1150 Mit 15.21 51.54 0.70 0.22 6.07 15.19 0.04 9.15 1.26  99.37
1150 Mit 15.21 51.90 0.70 0.21 6.02 15.36 0.03 9.29 1.24  99.96
1150 Mlt 1498 51.42 0.70 0.22 599 15.59 0.03 9.13 1.16  99.23
1150 Mit 14.88 51.12 0.68 0.23 6.15 15.44 0.00 9.19 1.26  98.97
1150 Met 0.00 0.05 0.00 0.06 0.02 109.47 17.01 0.06 0.00 98.58
1150 Chr 24.99 0.16 0.89  39.98 8.26  24.65 0.06 0.06 0.00 99.05
1150 Chr 23.80 0.50 0.92 40.25 8.07 24.98 0.03 0.15 0.00 98.69

1200 Ol 0.03 36.91 0.00 0.42 3142 3131 0.06 0.24 0.00 100.41
1200 Ol 0.03 36.98 0.02 0.40 30.88 31.83 0.07 0.25 0.00 100.46
1200 Ol 0.04 36.99 0.00 0.40 31.34 31.10 0.10 0.20 0.00 100.16
1200 Px 146 54.19 0.11 0.92 22.85 19.47 0.01 1.22 0.00 100.23
1200 Px 1.52 54.84 0.10 0.89 23.63 19.60 0.04 1.21 0.00 101.83
1200 Px 1.24 54.01 0.09 0.86 23.67 19.60 0.01 1.13 0.00 100.62

1200 Mt 11.53 51.50 0.57 0.44 7.53  20.50 0.00 7.41 0.67 100.18
1200 MIt 11.52  49.98 0.60 0.40 7.43  21.21 0.00 7.59 0.63 99.36
1200 Mt 11.55 50.70 0.61 0.40 735 2091 0.04 7.50 0.68 99.73
1200 Chr 18.82 0.19 0.94 4564 6.80 26.31 0.13 0.03 0.00 98.86
1200 Chr 18.42 0.15 0.95 46.48 6.77  26.25 0.03 0.08 0.00 99.15
1200 Met 0.01 0.14 0.01 0.87 0.28 98.14 27.80 0.04 0.00 99.00

1250 Ol 0.06 37.09 0.01 0.39 31.76 30.83 0.07 0.21 0.00 100.42
1250 Ol 0.06 36.94 0.00 0.41 30.80 30.98 0.03 0.20 0.00 99.42
1250 Ol 0.08 36.98 0.02 0.42 31.18 31.28 0.03 0.20 0.00 100.18
1250 Mt 10.50 47.33 0.56 0.52 7.63  25.57 0.05 6.87 0.23  99.25
1250 Mlt 9.98 47.88 0.53 0.47 8.82  25.02 0.05 6.37 0.29 9941
1250 Mt 9.96 48.80 0.51 0.44 8.89  24.50 0.02 6.38 0.25 99.76

1250 Met 0.00 0.08 0.00 0.05 0.05 101.18 25.62 0.05 0.00 98.92
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H -Na Al203 SiO2 TiO2 Cr203 MgO MnO FeO NiO CaO TOTAL
1050 Ol 0.01 38.38 0.02 0.23 35.95 0.22 25.49 0.03 0.15 100.48
1050 Ol 0.01 37.72 0.05 0.20 35.37 0.16  25.53 0.00 0.20 99.24
1050 Ol 0.01 38.28 0.04 0.23 35.22 0.20 25.77 0.03 0.20 99.97
1050 Px 0.56 57.06 0.04 0.51 30.97 0.21  12.30 0.05 0.45 102.15
1050 Px 0.37 56.65 0.03 0.54 30.00 0.15 1261 0.04 0.50 100.90
1050 Px 0.50 56.43 0.09 0.20 29.46 0.21 13.28 0.09 0.90 101.16
1050 Px 1.71  55.26 0.08 0.94 27.32 0.17 15.24 0.00 1.11 101.84
1050 Plg 31.98 44.17 0.40 2.63 1.39 0.05 2.94 0.04 1598 99.58
1050 Plg 29.86 50.04 0.08 0.03 0.96 0.02 1.85 0.05 17.26 100.15
1050 Plg 26.43  49.50 0.30 0.13 5.64 0.05 4.55 0.04 1455 101.20
1050 Plg 28.72  50.80 0.12 0.04 2.39 0.06 1.92 0.05 16.65 100.75
1050 Met 0.00 0.06 0.02 0.07 0.03 0.03 117.51 9.88 0.06  99.28
1050 Chr  10.49 3.62 8.59 31.64 8.17 0.24 29.74 0.04 0.24 92.76
1100 Ol 0.01 37.30 0.04 0.20 31.87 0.16  29.00 0.13 0.25 98.96
1100 Ol 0.01 36.68 0.02 0.24 33.88 0.17  28.69 0.04 0.24  99.97
1100 Ol 0.09 38.11 0.07 0.22 33.82 0.17 30.04 0.09 0.34 102.94
1100 Px 1.01 55.07 0.08 0.88 26.99 0.12 16.03 0.01 0.59 100.77
1100 Px 094 5421 0.05 0.80 24.94 0.11 15.84 0.00 0.67 97.56
1100 Px 1.61 54.20 0.12 1.06 25.16 0.15 17.40 0.09 0.99 100.77
1100 Px 0.81 56.33 0.06 0.80 28.57 0.12 15.30 0.05 0.55 102.59
1100 Px 1.31 5448 0.11 1.00 25.68 0.19 17.01 0.12 0.89 100.79
1100 Plg 33.10 44.09 0.01 0.02 2.50 0.01 2.22 0.03 17.60 99.58
1100 Plg 3413 4353 0.05 0.03 0.40 0.00 1.45 0.03 18.10 97.73
1100 Plg 35,55 44383 0.04 0.01 0.31 0.01 1.39 0.00 18.24 100.38
1100 Plg 0.00 0.05 0.00 0.10 0.00 0.00 117.18 12.76 0.02 130.11
1100 Met 0.00 0.06 0.01 0.03 0.01 0.00 112.94 13.18 0.03 98.22
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H-Na Al,03 SiO; TiO, Cr,0s  MgO MnO FeO NiO CaO TOTAL
1150 Ol 0.06 37.64 0.01 0.22  32.69 0.19 29.97 0.00 0.27 101.06
1150 Ol 0.04 37.23 0.01 0.19 32.89 0.18 30.48 0.04 0.22 101.28
1150 Ol 0.07 37.63 0.00 0.24 33.01 0.19 29.80 0.04 0.22 101.18
1150 Px 1.72  53.76 0.07 1.14 2441 0.16  18.18 0.00 0.93 100.39
1150 Px 135 54.04 0.08 1.08 25.01 0.15 17.95 0.00 0.73 100.39
1150 Px 1.50 53.91 0.09 0.99 24.87 0.16  18.56 0.01 0.86 100.96
1150 MIt  15.43  48.77 0.63 0.22 7.01 0.12 17.50 0.00 9.79 99.47
1150 MIt  15.20 48.11 0.68 0.27 7.00 0.18 18.16 0.04 9.79 99.42
1150 MIt  15.37  48.32 0.65 0.23 6.87 0.14 17.46 0.00 10.07 99.10
1150 Met 0.01 0.03 0.00 0.09 0.03 0.00 11094 15.75 0.03 98.74
1150 Chr  35.71 0.12 0.50 30.52 9.89 0.19 23.47 0.06 0.09 100.55
1200 Ol 0.04 37.55 0.03 0.38 32.15 0.15 30.27 0.07 0.20 100.85
1200 Ol 0.03 3751 0.00 0.38 32.33 0.18 30.21 0.04 0.21 100.90
1200 Ol 0.05 37.63 0.01 0.38 32.21 0.13 30.86 0.04 0.23 101.54
1200 Px 1.67 54.02 0.09 0.96 24.14 0.19 19.23 0.01 0.94 101.24
1200 Px 143 5433 0.07 0.93 24.29 0.18 19.20 0.12 0.84 101.38
1200 Px 1.32 54.10 0.11 0.89 24.29 0.18 18.90 0.00 1.15 100.92
1200 Chr  22.76 0.17 0.62  44.06 7.44 0.15 24281 0.05 0.13 100.21
1200 MIt  12.73  48.23 0.58 0.48 7.49 0.19 20.87 0.00 8.40 98.99
1200 MIt  13.94 49.80 0.65 0.44 5.36 0.17 20.12 0.02 9.45 99.95
1200 MIt  12.41 48.01 0.58 0.44 7.41 0.15 21.30 0.01 8.42  98.72
1200 Met 0.01 0.05 0.00 0.03 0.01 0.00 107.45 19.77 0.00 99.11
1250 Ol 0.07 37.14 0.02 0.46  32.05 0.17 30.78 0.01 0.18 100.88
1250 Ol 0.06 37.13 0.01 0.46  32.07 0.15 3054 0.03 0.22 100.68
1250 Ol 0.06 37.03 0.03 0.46 31.92 0.12 30.45 0.00 0.18 100.25
1250 Mlt 839 4071 0.36 0.51 8.16 0.12 3391 1.87 5.24  99.27
1250 MIt  10.15  48.00 0.46 0.59 8.43 0.16  24.90 0.14 6.38 99.21
1250 Mt 9.71 48.21 0.44 0.55 9.32 0.15 24.42 0.00 6.15 98.94
1250 Mlt 9.88 49.29 0.44 0.57 8.24 0.16  24.52 0.02 6.46  99.58
1250 Met 0.02 0.07 0.03 0.05 0.01 0.02 100.51 27.67 0.03 100.00
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