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1.0 Background and Research Goals

Historically, the petrogenesis of basaltic eucrites has not been well-constrained (e.g.
Barrat et al., 2007, 2008; Mittlefehldt, 2015). The Stannern-group eucrites, one of three
geochemical subgroups of basaltic eucrites, are particularly problematic because they cannot
be explained by major competing models of eucrite parent body petrogenesis (e.g. Stolper,
1977; Righter and Drake, 1997; Barrat et al., 2007). Currently, the most widely accepted model
asserts that Stannern-group eucrites could have formed via the partial melting of a residual
eucritic crust, in which the partial melt product contaminated Main-group eucritic magmas
(Barrat et al., 2007). Though generally acknowledged as a plausible explanation for Stannern-
group eucrites, the model has never been experimentally verified. Recently, melting
experiments have been conducted with eucrites at near-solidus temperatures (Yamaguchi et al.,
2013). These experiments did not yield enough partial melt product in some samples to be
analyzed. However, expanding upon previous experimental conditions by increasing
temperature should yield a greater percent partial melt. The composition can then be analyzed
and used to test the currently accepted model of Stannern-group eucrite petrogenesis.

The central focus of this research is to experimentally determine if Stannern-group
eucritic compositions can be produced by the assimilation of partial melts of Main-group eucritic
crust into typical Main-group eucritic magmas, as suggested by Barrat et al. (2007). We

attempted to achieve this goal through the following processes:

acquisition of a meteorite that is suitable for melting experiments

establishment of a petrogenetic history of the meteorite

experimental partial melting of the meteorite

detailed analyses of major and trace element compositions of the meteorite and

experimental partial melts

calculation of magma mixture compositions



Calculated results that produce compositions within that of the Stannern-group would
suggest that the model could be a plausible explanation for the group’s anomalous
characteristics. A negative result may suggest that Stannern-group eucrite petrogenesis
occurred along a different evolutionary path, placing new constraints not only on their
petrogenesis, but perhaps on the HED parent body as a whole.

2.0 Introduction

The HED meteorite clan, consisting of howardites, eucrites, and diogenites, is one of the
most widely studied groups of achondritic meteorites (Figure 1). Achondrites are meteorites
whose parent bodies were originally chondritic in composition (i.e. original material that
condensed from the solar nebula) but have undergone extensive melting, completely erasing
the spherical chondrules that are texturally diagnostic of primordial chondritic material.
Achondrites are sourced from differentiated parent bodies that melted to such an extent that
they formed a metallic core (iron meteorites), a mantle, and a crust (achondrites). Howardites
are consolidated breccias (rocks sourced from the outermost surficial layer of impact-pulverized
crustal material) that are composed of both eucritic and diogenitic clasts (Fredriksson and Keil,
1963). Evidence for howardites as regolith material includes abundant impact melt clasts,
enrichment in noble gases due to solar wind implantation, and carbonaceous chondrite
xenoliths (e.g. Fredriksson and Keil, 1963). Diogenites are coarse-grained, cumulate
orthopyroxenites that formed at depth with respect to howardites and eucrites, and commonly
contain minor olivine, clinopyroxene, troilite, chromite, anorthite, and Fe-Ni metal. Eucrites,
composed primarily of pyroxene (pigeonite and augite) and plagioclase, can be divided into two
groups: gabbroic cumulate eucrites, which precipitated in magma chambers via fractional
crystallization, and basaltic eucrites, which rapidly crystallized from surficial lava flows or
shallow intrusions (Duke and Silver, 1968). Based on effects of impact processes, eucrites can
further divided into monomict breccias, sourced from a single lithologic unit, or polymict
breccias, which formed from multiple lithologic units. Geochemical groupings are more complex

and will be discussed in section 2.4 (page 12).
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2.1 The Association of HED Meteorites within a Single Parent Body

A wealth of evidence has led to the association of howardites, eucrites, and diogenites
within a singular parent body, including similar oxygen isotopic compositions (Clayton and
Mayeda, 1996), similar Fe/Mn ratios in pyroxenes (e.g. Papike, 1998), polymict breccias (i.e.
howardites) containing both diogenitic and eucritic material (Fredriksson and Keil, 1963), and

meteorites that are intermediate between eucrites and diogenites (Takeda et al., 1985).

2.1.1 Oxygen Isotopic Compositions of HEDs

Oxygen isotopic compositions in primitive chondrites reveal heterogeneity in the
distribution of the three stable isotopes of oxygen: 60O, 7O, and 80 (Clayton et al., 1973).
These variations in isotopic composition are inferred to be the products of interactions between
gases and dust within the solar nebula, as well as between minerals and fluids within parent
bodies (Clayton et al., 1991). However, differentiated planetary bodies, such as the HED parent
body, have undergone large-scale melting and homogenization (Greenwood et al., 2005). These
processes erase pre-accretionary isotopic data but create distinct isotopic compositional groups
(Figure 2) that can be used to distinguish parent bodies from one another (Clayton and Mayeda,
1996). Assuming complete homogenization, any isotopic variations that occur within a body
after homogenization are products of mass-dependent fractionation, and in a three-isotope
diagram will fall along a slope defined as:

070 = 0.529'80, [1]
where X0 = (XO/1%0)x1000. For a specific parent body, the Y-intercept of the resulting line is
determined by:

970 = 0.529'80 + A'70, [2]
where A'70 is the offset from from the mass-dependent fractionation line. These values are all

normalized to standard mean ocean water (SMOW). For terrestrial and lunar samples, A'70O = 0,

and is ~0.3%o for martian samples and ~0.24%. for HEDs (Clayton and Mayeda, 1983). These
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Figure 2: Oxygen Isotope Fractionation Trends

Oxygen isotope fractionation trends are presented for stony-irons, primitive
achondrites, and eucrites. Earth oxygen-isotopic ratios are shown by the terrestrial
fractionation line (TFL) and HEDs are represented by the eucrite fractionation line
(EFL). Data for the eucrite NWA 8562 are from this study. All other data are from
Greenwood et al. (2014).



distinct groups suggest that the corresponding parent bodies accreted from different isotopic
reservoirs in the solar nebula (Clayton and Mayeda, 1983). Distribution of oxygen isotopes in
the solar nebula is not well constrained, and assigning meteorite groups to shared parent bodies
can be problematic if done with oxygen isotopic data alone. For example, enstatite chondrites
plot along the terrestrial fractionation line, despite being composed of undifferentiated,
extremely reduced material (Clayton et al., 1984). Additionally, several groups of iron meteorites
fall within error of the HED fractionation line, leading some workers (e.g. Wasson, 2013) to

conclude that they originated within the same reservoir in the solar nebula.

2.1.2 Fe/Mn Ratios in HED Pyroxenes

Chemical compositions of minerals from different planetary bodies reflect the chemical
reservoirs and thermodynamic conditions in which they formed. Papike (1998) and Papike et al.
(2003) found that atomic Fe/Mn ratios in the pyroxenes of basaltic achondrites can be used to
distinguish parent bodies. These studies suggested that Fe/Mn variations among parent bodies
are controlled by heliocentric distance (Figure 3), with secondary effects according to oxygen
fugacity and metal segregation. The role of heliocentric distance relies upon the assumption that
Vesta is the parent body for HEDs (evidence for this is reviewed in the following section).
Additionally, the correlation between Fe/Mn and heliocentric distance also assumes that sources
for basaltic achondrites have not migrated since accreting; however, planetary migration is a
common feature in many dynamical models (e.g. Tsiganis et al., 2005). The average Fe/Mn ratio
for basaltic eucrites is ~30 (Mayne et al., 2009).

2.2 The Vesta-HED Connection

The HED meteorite clan is particularly valuable to the meteoritical community because,
apart from martian and lunar samples (Stolper et al., 1979; Bogard, 1983), it is the only clan of
meteorites that has been attributed to a specific extant parent body, the asteroid 4-Vesta (e.g.

Consolmagno and Drake, 1977; De Sanctis et al., 2012; McSween et al., 2013a). Vesta orbits
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Figure 3: Fe/Mn Ratios for Pyroxenes from Different Parent Bodies

Fe/Mn ratios in pyroxenes can be used as genetic identifiers for meteorite parent bodies.
These ratios appear to increase with distance from the Sun (see text), possibly relict from
gradational Fe/Mn distribution in the solar nebula. Core formation may also play a role,
which could account for discrepancies between the Earth and its moon. Adapted from
Papike (1998).



within the inner asteroid belt at a heliocentric distance of 2.36 AU. With a mean diameter of 525
km, it is the third largest asteroid in the main belt according to the classification by Thomas et al.
(1997). The size and composition of Vesta make it a unique subject for both planetary and
terrestrial geologic research, as it provides a window into the early processes of planetary
differentiation. Through examining the petrogenesis of Vesta and its constituents in the
meteoritical record, a better understanding of processes that formed the early terrestrial planets
can be achieved, circumventing the issue that such processes have been overprinted by

subsequent tectonic activity on Earth.

2.2.1 Spectral Properties of Vesta and HEDs

Spectral data from ground-based observations (Figure 4) have suggested a relationship
between 4-Vesta and the HED clan of meteorites from as early as the work by McCord et al.
(1970). Both basaltic eucrites and the vestan surface exhibit spectral absorption features at
wavelengths of 0.9 and 2 yum (McCord et al., 1970; Gaffey, 1976).

Recently, NASA's Dawn orbital reconnaissance mission has yielded abundant data
regarding the composition of the surface of Vesta (e.g. De Sanctis et al., 2012). Interpretations
of the spectral reflectivity suggest a composition that is primarily analogous to eucrites and
howardites, with diogenitic compositions identified less frequently (Figure 5). McSween et al.
(2013b) examined the exposed stratigraphy of the 480-km-wide Rheasilvia impact basin in the
southern hemisphere of Vesta, and concluded that the crater walls display a stratigraphic
sequence similar to models of vestan crust, with basaltic eucrites overlying orthopyroxenite
diogenites.

2.3 Complexities in Assigning 4-Vesta as the HED Parent Body

The Vesta-HED connection is supported by a growing body of evidence for relating a

suite of meteorites to its respective parent body, but the connection is not yet fully resolved.
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Clayton and Mayeda (1996) reported oxygen isotopic data that Wasson (2013) suggested could
link HEDs to Main-group pallasites and IlIAB iron meteorites, which plot along the low 908 end
of the EFL in Figure 2 (section 2.1.1, page 5). He suggested that this would preclude the
possibility that HEDs originated from 4-Vesta, because iron meteorites presumably formed at
the core of their parent bodies, and could only be excavated by total disruption via impact
events. Additionally, arguments against a Vesta-HED connection include orbital dynamic
evidence (Wasson et al., 1979; Nesvorny et al., 2008; Parker et al., 2008) and cosmic ray
exposure ages (Herzog et al., 2005; Marchi et al., 2012), which constrain the length of time that
a meteorite was exposed to bombardment by the solar wind, suggesting that HEDs could
plausibly be sourced from basaltic asteroids other than 4-Vesta and its dynamical relatives.
McSween et al. (2013a) stated that if HEDs are crustal material of a completely
disrupted parent body from which IlIIAB irons also formed, then the lack of mantle material
(presumably dunitic) must be accounted for. Wasson (2013) pointed out that very few dunitic
meteorites exist at all in the meteoritical record, suggesting that some mechanism must
contribute to the destruction of olivine. Burbine et al. (1996) noted that dunitic asteroids would
be quite brittle in comparison with basaltic asteroids and iron asteroids. This could, in part,
explain the apparent lack of dunitic meteorites or asteroids. In fact, McSween et al. (2013b)
reported that Dawn instruments recorded a lack of olivine-rich material in Vesta’s massive
Rheasilvia impact basin, despite the fact that the impact should have sampled upper-mantle
material. Beck et al. (2012) suggested that olivine may have an indistinct spectral signature
when orthopyroxene is in the same mineral assemblage. It is possible that this spectroscopic
characteristic contributes to the absence mantle-material asteroids in the astronomical record.
Taking these factors into consideration, Wasson (2013) concluded that the argument of

McSween et al. (2013b) did not necessitate a vestan origin for HEDs.
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Greenwood et al. (2014) refuted Wasson's (2013) A'7O association between HEDs,
pallasites, and IlIAB irons by measuring A'7O for 22 diogenites. They observed a very narrow
range in values for diogenites (-0.246 + 0.018%. relative to the TFL), and both basaltic and
cumulate eucrites also show a similar A'7O range (-0.241 + 0.016%.; Barrat et al., 2008),
suggesting a homogeneity of the HED parent body magma ocean (Greenwood et al., 2005).
Similarly, olivines found in thirteen Main-group pallasites yielded A'7O values within a narrow,
but clearly distinct range of -0.183 + 0.018%. (Greenwood et al., 2006). The difference in oxygen
isotopic ratios between HEDs and main-group pallasites seems to preclude the plausibility of a
common parent body, as the large scale homogenization for each group would most likely not
create such distinct A'7O groups according to their findings (Greenwood et al., 2005; 2014).

Currently, the majority of evidence appears to support an HED-Vesta connection, but
until samples can be directly collected from 4-Vesta (which unfortunately is not considered a
priority in near-future planned missions), the issue of the HED parent body cannot be fully
resolved.

2.4 Stannern-group eucrites

Basaltic eucrites have historically been subdivided into three geochemical groups (Main,
Nuevo Laredo, and Stannern) according to molar Mg-number (Mg/[Mg + Fetota]) and Ti content
(Figure 6; Stolper, 1977). Mg-number is used to discern the degree of differentiation, where a
less extensively fractionated magma and its constituent cumulates would have more magnesian
compositions (i.e. a higher Mg-number). More evolved magmas have lower Mg-numbers.
Alternatively, the same degrees of differentiation can be expressed as FeOita/MgO, with a
greater ratio indicating a more extensively differentiated magma. Ti is an incompatible element
(defined as having a bulk distribution coefficient of D<< 1; Norman et al., 2005) in the
plagioclase-and-pyroxene-dominated eucrite mineral assemblage. Consequently, Ti
concentration can be used to indicate the degree of differentiation of a parent magma, as

incompatible elements are preferentially distributed to the residual liquid during fractionation.
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Figure 6: Eucrite Geochemical Subgroups

Eucrites are divided into geochemical subgroups according to incompatible element
abundances, shown here with Ti and La. The fractional crystallization trend is drawn from
Stolper (1977). Fields for Stannern and Main-group eucrites are drawn after Barrat et al.
(2007) and Mittlefehldt (2015).

The Main-group comprises the majority of eucrites in the meteoritic record, with Mg-numbers of
~36-42 and Ti concentrations of ~2.3-4.9 mg/g. When plotted according to differentiation indices
(e.g. Ti or Hf vs. Mg-number or Sc), Nuevo-Laredo-group eucrites fall tightly clustered near the
most ferroan margins of Main-group compositions, and may be derived from the same
fractionation sequences that produced the Main-group eucrites (Stolper, 1977; McSween et al.,
2011). For this reason, Main-group and Nuevo Laredo group eucrites are often collectively
referred to as the Main-group-Nuevo-Laredo (MG-NL) group eucrites. For the purposes of this
study, we will refer to the MG-NL trend collectively as “Main-group” eucrites. Lastly, the
Stannern-group eucrites, described by Stolper (1975), fall within the same range in Mg-number,

but are distinguished by significantly higher concentrations of Ti and other incompatible
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lithophile elements (Figure 6), such as the rare-earth elements. Stannern-group eucrites also
show marked negative Eu, Sr, and Be anomalies with respect to the MG-NL group, likely due to
equilibration of melt material with fractionating plagioclase (Barrat et al., 2007). Although these
groups were historically thought to follow related geochemical trends, recent regrouping of
anomalous eucrites and the discovery of new, compositionally intermediate eucrites suggest
that no clear trend exists from evolved (Ti-rich) eucrites to main-group (high Mg-number)

eucrites (e.g. Mittlefehldt, 2005, 2015).
2.5 HED Petrogenesis

HED petrogenesis has been poorly constrained by most models (e.g. Stolper, 1977;
Ruzicka et al., 1997; Barrat et al., 2007), as understanding the context in which these
meteorites formed is limited to conclusions based on modeling of the parent body according to a
very limited geochemical, geophysical, and petrographic data set. The following sections

discuss the currently accepted and most historically significant models of HED petrogenesis.

2.5.1 Global Melting

HED mineralogy and petrology were integral in forming the first theories of asteroidal
differentiation (Mason, 1962). These early models suggested that HEDs comprise an igheous
suite that crystallized within a totally melted parent body in sequence from orthopyroxenites
(diogenitic material) to eucritic material. As magnesian material fractionally crystallized from the
bulk primitive magma, increasingly ferroan residual melts crystallized to form the pigeonite and
plagioclase assemblage that is characteristic of basaltic eucrites. This process of differentiation

would result in the formation of an iron core, dunitic mantle, and basaltic crust.

2.5.2 Partial Melting

Melting experiments carried out by Stolper (1977) suggested an alternative model of
eucrite petrogenesis involving fractional crystallization from primary partial melts of bulk HED

parent body composition. His study found that at specific temperatures and oxygen fugacities, a
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bulk eucritic liquid had could be derived from partial melting of an ordinary chondritic precursor.
Low-pressure fractionation of plagioclase and pigeonite could reproduce the range of Fe
abundances in eucrites: increasing degrees of crystallization would yield more evolved, ferroan
residua. Incompatible lithophile trace element abundances for most eucrites could also be
accounted for in this model (Consolmagno and Drake, 1977; Mittlefehldt and Lindstrom, 2003).
It was inferred from these studies that basaltic eucrites would represent very early partial melts,
which rose to the surface and formed a basaltic crust. Cumulate eucrites and diogenites would
have subsequently crystallized from increasing degrees of low-pressure melting of the source
region. Some eucrites could not be accounted for in the sequence proposed by Stolper (1977).
To account for these outliers, Stolper (1977) suggested that the composition of the HED parent
body was heterogeneous, and that a source region composed of olivine (Foss), pigeonite
(WosEnes), plagioclase (Angs), Cr-rich spinel, and metal (6-8% Ni and 0.5% Co) could yield
compositions that include anomalous eucrites. The scarcity of these types of eucrites was
thought to result from the difficulty in extracting low percent partial melts from their source

regions while low-density phases were still present in the residue.

2.5.3 Partial Melting Models: Contradictory Evidence

If HEDs could be explained by varying degrees of partial melting of a heterogeneous
parent body, then it could be assumed the oxygen isotopic ratios for eucrites would be highly
variable, as multiple chondritic precursors would likely have a wide range in isotopic
compositions. As mentioned in section 2.1.1, the majority of HEDs share common oxygen
isotopic ratios (A170 = +0.24%.), which suggests a large-scale homogenization of the source
material (Greenwood et al., 2005).

Warren (1985) utilized mass-balance constraints for Al in HED parent magmas and

found that the majority of HEDs were formed from residual melt fractions rather than from
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primary melt products. Melting experiments with CM chondrites (Jurewicz et al., 1993,1995)
showed that Na-poor end members contained enough normative pyroxene for the formation of
diogenites, but subsequent, lower temperature mineral constituents of cumulate and basaltic
eucrites could not be reproduced.

Additionally, moderately siderophile elements (Co, Mo, and W) in basaltic eucrites do not
fit calculations that involve equilibration with metal, as these elements would have been
partitioned along with metals during differentiation (McSween et al.,, 2011; Palme and
Rammensee, 1981). Instead, these elements, in addition to P and Ni, can be more adequately
explained by a scenario in which both metals and silicates are completely molten (Righter and

Drake, 1997).

2.5.4 Simple Magma Ocean Models

The aforementioned studies have led many authors (e.g. lkeda and Takeda, 1985;
Righter and Drake, 1997; Ruzicka et al., 1997; Mandler and Elkins-Tanton, 2013; Neumann et
al., 2014) to explore evidence in the context of a magma ocean model, which would involve
much more extensive melting than implied by Stolper (1977), but less than the complete global
melting suggested by Mason (1962). lkeda and Takeda (1985) pointed to the depletion of Na in
basaltic eucrites as evidence of a magma ocean, as Na would be lost to space via volatile
liberation nearer to the surface of Vesta. More plutonic specimens (cumulate eucrites and
diogenites) showed a greater retention of Na, according to this study. Others (e.g. Righter and
Drake, 1997; Ruzicka et al., 1997) have calculated trace element distributions during fractional
crystallization of a magma ocean to constrain the compositional range in the eucrite suite.
Ruzicka et al. (1997) inferred from their calculations that the HED parent body extensively
melted and differentiated into a metallic core, dunitic mantle, and orthopyroxenite (diogenitic)

lower crust. The residual liquid then crystallized in equilibrium, producing the range of most
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eucrite compositions. Stannern-group eucrites (enriched in incompatible elements), however,
could not be accounted for in the study, as enrichment of incompatible elements decoupled from
major phases cannot be produced through fractional crystallization alone (Stolper, 1977;
Ruzicka et al., 1997). Righter and Drake (1997) came to similar conclusions by calculating trace
element distributions among HEDs, but suggested an alternate sequence of differentiation, in
which harzburgite and orthopyroxene crystallized in equilibrium after metal segregation. The
residual liquid then crystallized in equilibrium, accounting for the range of most eucrites. The
enrichment in incompatible trace elements in the Stannern-group could not be explained in this

model either, and that group was assumed to represent residua from another source region.

2.5.5 Simple Magma Ocean Models, Maybe too Simple

Diogenites range in incompatible element content, which may result from significant
variation in the degree of fractional crystallization, but the restricted Mg-number seems to
suggest otherwise (Mittlefehldt, 1994). Shearer et al. (1997) suggested that diogenites could
have accumulated from low percent (10-20%) fractional crystallization of parental basaltic
magmas, but only if those magmas were compositionally distinct from one another, which would
necessitate either the equilibrium melting of heterogeneous sources or the fractional melting of
a homogeneous source. Neither of these scenarios are compatible with a magma ocean model.
Barrat et al. (2008) examined the trace element abundances of 18 diogenites, and found
significant diversity in REE patterns among the specimens (Figure 7). In their interpretation, the
diversity in diogenites implies a diversity of parental melts, in contrast to a scenario involving a
single magma ocean. Additionally, the wide range in estimated Fe/Mn ratios in parental melts
(1.4-3.5), which overlaps values that are found in cumulate eucrites, would preclude the
possibility of diogenitic material crystallizing from melts more primitive than those of eucrites.

The variations in HREE abundances may also be produced from the remelting of cumulates
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(Barrat et al., 2008). The melt fraction derived from cumulates would then be brought to the
surface via diapirs, due to the contrast in density with an overlying basaltic shell (Barrat et al.,
2008).

Yamaguchi et al. (2011) examined the petrology of thirteen diogenites and classified
them as either equilibrated or unequilibrated, suggesting either a high or low grade of
metamorphism. In unequilibrated diogenites, orthopyroxene crystals exhibit chemical zonation,
which is indicative of rapid cooling from a melt with little to no subsequent exposure to the
crustal metamorphism experienced by many eucrites. The lack of post-crystallization alteration
casts some doubt on the idea that all diogenites are products of crystallization from a global
magma ocean (e.g. Righter and Drake, 1997), and suggests that at least some diogenites are
products of later stages of magmatism on Vesta (Yamaguchi et al., 2011). The geochemical and
petrologic characteristics of HEDs found in these studies imply a geologic history of Vesta that is

more complicated than proposed by models discussed above.

2.5.6 A More Robust Magma Ocean Model

Some of the variations among diogenitic incompatible element contents that contradict
simple magma ocean models have been accounted for by Mandler and Elkins-Tanton (2013).
Their model includes an early stage of equilibrium fractionation similar to Righter and Drake
(1997), but then envisions a scenario involving polybaric fractionation and magma recharge

within plutons located in the basaltic crust. Following ~60-70% equilibrium fractionation,
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Figure 7: REE Abundances in Diogenites

Variations in REE abundances among diogenites appear to
contradict simple, global magma ocean models, as crystallization
within a global magma ocean would presumably produce
homogeneous diogenites. (1) NWA 4272, (2) Johnstown, (3) Bilanga,
and (4) Dhofar 700 residue. Adapted from Barrat et al. (2008). REEs
are normalized to chondritic values to aid in the interpretation of
geochemical trends.
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convective lock-up of the magma ocean would cause the residual liquid to ascend, and
gradually replace the original, presumably chondritic, crust with a basaltic one via burial and
melting. Further melt residua would infiltrate the basaltic crust, forming plutons in which
cumulate diogenites and eucrites could form. As the plutons crystallized, magma recharge from
the residual ocean could account for the range in incompatible element concentrations
contrasting with relatively consistent Mg#.

Not all incompatible trace element concentrations in diogenites can be explained by the
model of Mandler and Elkins-Tanton (2013). The wide range in Dy/Yb ratios (and other HREES)
for diogenites cannot be reproduced in this scenario, as the assimilation magma from the
underlying magma ocean would not significantly increase HREE concentrations to the levels
seen in diogenites (Barrat and Yamaguchi, 2014). Mandler and Elkins-Tanton (2013) also fail to
distinguish between the Main-group eucrites and the Stannern-group, providing no explanation
for the anomalous incompatible element concentrations seen in these basaltic eucrites, though
their model does provide plutons in which Stannern-group eucrites may form (section 2.5.7,
page 23).

In a similar model, Neumann et al. (2014) also attempted to constrain the
inconsistencies in HED petrogenesis by examining the effects of radioisotopic heat distribution
within the HED parent body (Figure 8). According to a number of geochronological studies (e.g.
Ghosh and McSween, 1998; Gupta and Sahijpal, 2010), the assumption can be made that
accretion ceased on Vesta within three million years of the formation of CAls, the first solid
matter that formed in the solar system. Neumann et al. (2014) suggested that the origin of
eucrites could be more narrowly constrained by considering the heat generated by short-lived
radionuclides during formation, such as 26Al and 8%Fe, and the efficiency with which that heat
was partitioned from the interior. Their model suggested that a global magma ocean could only

form if 26Al was transported toward the surface early in the history of the HED parent body.
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Figure 8: Neumann et al. (2014) Magma Ocean Model
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The evolutionary sequences of the HED parent body are presented here in two potential
scenarios: (A) The top row sequence is generated in geophysical models (Neumann et al.
2014) as a result of the partitioning of live 26Al into the first low percent partial melts, which
buoyantly ascend to the surface. (B) The bottom row represents the formation of a more
massive global magma ocean (e.g. Ruzicka et al., 1997; Righter and Drake, 1997), in which
partitioning of active 26Al is not accounted for. Adapted from Neumann et al. (2014).
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Otherwise, eucrites and diogenites must have formed from partial melts of the interior. Neumann
et al. (2014) concluded that the partitioning of 26Al would likely have resulted in the formation of
a thin, sub-surface magma ocean (Figure 8, top row). Melt from the magma ocean permeated
the overlying superheated silicate layer, due to a contrast in density (Neumann et al., 2014).
This would place the magma ocean more closely beneath the basaltic crust, where the magma
then crystallized to form cumulate eucrites and diogenites. At this point, the bulk mantle was
depleted in the least refractory elements, but continued to differentiate material. The sequence
of crystallization for basaltic eucrites, cumulate eucrites, and diogenites is supported by
26Al-26Mg isochrons for HEDs, which imply that basaltic eucrites are older than both cumulate
eucrites and diogenites (Hublet et al., 2013). In the final phase of this model, the magma ocean
crystallized, but the metallic core continued to convect, providing a mechanism for evident
magnetism preserved in some eucrites during the late stages of HED parent body formation
(e.g. Fu et al., 2012).

Magma ocean models provide the rapid, successive basaltic eruptions employed in
some models of eucrite metamorphism (Yamaguchi et al., 1997). Thermally metamorphosed
eucrites were first explained as impact products (Nyquist et al., 1986), but the ubiquity of
metamorphosed eucrites and corresponding clasts in howardites (e. g. Fredrikkson and Keil,
1963) cast doubt on an impact origin. Yamaguchi et al. (1997) found the large number of
metamorphosed eucrites to imply a global metamorphic event, and developed a model of
thermal metamorphism driven by rapid, successive burial of basaltic flows. In the model,
eruption rates were very high in the early history of the HED parent body (presumed to be Vesta
in the study). The oldest lava flows were consequently exposed to the most heat from the
mantle, thermally metamorphosing and annealing them, possibly to the extent of partial melting
(Yamaguchi et al., 2013). This process culminated in a geothermal gradient that accounts for the

full range of eucrite metamorphism, with the highest degree of metamorphism occurring in the

oldest rocks at the bottom, and the unequilibrated rocks being the youngest near the surface.
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2.5.7 Stannern-group Eucrites as Partial Melt Contaminants

Barrat et al. (2007) proposed that Stannern-group eucrites resulted from the
contamination of MG-NL eucritic magmas by crustal partial melts (Figure 9). They pointed out
that if the petrogenetic sequences in Stolper (1977) were correct, then one could make the
assumption that Stannern-group eucrites would be among the first eucritic magmas produced,
because they result from smaller degrees of partial melting. However, petrologic evidence
contradicts this assumption, as Stannern-group eucrites exhibit significantly less thermal
metamorphism than MG-NL group eucrites (Barrat et al., 2007). Thermal metamorphism can be
used as an indicator of relative age in eucrites, as most current models suggest that eucritic
lavas erupted on the surface of 4-Vesta sequentially buried older eucritic basalts, exposing them
to increasing degrees of thermal metamorphism (Yamaguchi et al., 1997). The residual magma
ocean envisioned in some models (e.g. Mandler and Elkins-Tanton, 2013; Neumann et al.,
2014) would supplied additional heat to the largely nonporous, superheated silicate layer
(Neumann et al., 2014; Mandler and Elkins-Tanton, 2013). Heat from these layers thermally
metamorphosed the overlying eucritic crust and may have heated some regions to the point of
partial melting (Barrat et al., 2007; Yamaguchi et al., 2009; Yamaguchi et al., 2013). Low-
percent melt fractions produced are enriched in incompatible elements (Yamaguchi et al., 2013),
as they are preferentially distributed into the least refractory components, or mesostasis
minerals, which are the lowest temperature phases. In eucrites, mesostasis minerals can
include fayalite, tridymite, apatite, and merrillite (e.g. Duke and Silver, 1967; Hsu and Crozaz,
1996). As magma buoyantly ascended from the residual ocean through regions where partial
melting occurred, it may have assimilated crustal partial melts, producing magma mixtures
similar in composition to that of the Stannern-group eucrites, which then quickly crystallized as
they ascended to the surface or cool in large-scale dikes and sills. (Barrat et al., 2007).
Logically, this would place Stannern-group eucrites later in the petrogenesis of the vestan

surface than suggested by Stolper (1977).
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Figure 9: Stannern-group Eucrite AFC Petrogenesis

This model of Stannern-group eucrite petrogenesis (not to scale) incorporates
assimilation-fractional-crystallization (AFC) processes to explain incompatible trace
element enrichments in the Stannern group. (A) provides the scenario in which
assimilation of crustal partial melts could have occurred (see text), fueled by magma
recharge from the residual magma ocean. (B) shows contact metamorphism caused by
the release of thermal energy from plutons. (C) is shock metamorphism due to impact.
Drawn after Barrat et al. (2007), incorporating additional elements from models by
Neumann et al. (2014) and Mandler and Elkins-Tanton (2013).
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Though the Barrat et al. (2007) model offers a plausible explanation for the formation of
Stannern group eucrites, the model has yet to be experimentally verified. Yamaguchi et al.
(2013) performed melting experiments with HaH 262, an unbrecciated basaltic eucrite, which
showed that heating of otherwise unaltered, mesostasis-rich eucrites would mobilize partial
melts within 24 hours. The highest temperature reached in the experiment was 1100°C, which
yielded chemically homogeneous melt pockets and veins of melts between relict pyroxene and
plagioclase. The melts produced were enriched in Ti and REEs, largely derived from melting of
mesostasis minerals. These experiments yielded melts that showed some of the compositional
aberrations seen in Stannern-group eucrites in terms of incompatible trace element enrichment.
Metamorphosed eucrites show what could be interpreted as a corresponding trend in REE
depletion (Yamaguchi, et al., 2009). However, conclusively explaining these meteorites as
residues of Stannern-group eucritic compositions is problematic, as the chemical composition of
the residual lithology, resulting from the formation of Stannern-group eucrites, is difficult to
model from existing experimental data (Yamaguchi et al., 2009, 2013). Granoblastic textures
like those seen in highly metamorphosed eucrites have been reproduced in 100-hour
experiments with San Carlos olivines (Whattam et al., 2008), but it is unlikely that such textures
could be reproduced in eucrites without also volatilizing the accessory carrier phases of
incompatible elements (apatite and and merrillite [Hsu and Crozaz, 1996]), which would render
the data useless in terms of testing the Barrat et al. (2007) model. Partial melting in the model
also only includes the major minerals, pyroxene and plagioclase, yet in-depth petrographic and
geochemical analyses have shown that the most important carriers for REEs and other
incompatible elements are among mesostasis phases, specifically apatite (e.g. Yamaguchi et
al., 2013; Hsu and Crozaz, 1996). This illustrates the fact that petrogenetic models involve the
most ideal conditions, simplified in order to make calculations manageable and predictable.

Further experimental analyses are required to assess implications of the Barrat et al.
(2007) model and place further constraints on petrogenetic processes that occurred on the HED

parent body. Partial melt fractions in the lowest temperatures in the experiments of Yamaguchi
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et al. (2013) were too small to be analyzed (F = 0.01-0.02), but increasing temperature should
result in a greater melt fraction. Compositional analyses of those melt products can be used to
calculate resultant magma mixtures as modeled in Barrat et al. (2007).

We have acquired a suitable meteorite in order to perform melting experiments similar to
those in Yamaguchi et al. (2013). After performing these experiments at conditions that reflect
the environment in which magma mixing occurred (according to the model in question), we
measured the compositions of the experimental melt fractions, utilized them in calculations for
magma mixing, and compared our results to those modeled in Barrat et al. (2007) in order to

assess its validity.

3.0 Methods

3.1 Sample Acquisition

In order to accurately replicate eucrite petrogenesis, the starting material should be an
unbrecciated, unequilibrated, Main-group eucrite that is rich in mesostasis minerals. These
characteristics are representative of the liquid from which the majority of MG-NL eucrites
fractionated (Stolper, 1977). Preferably, the material should also be fine grained to maximize
surface area for melting to occur, producing melts that would be more representative of the bulk
composition, as shown in Stolper (1977). These criteria were particularly difficult to meet in the
present study, as many of the available unbrecciated, unequilibrated eucrites were considered
too valuable for destructive experimentation, or were held by collectors who were reluctant to
fragment pristine masses. Many of the available Antarctic samples were too small for
experimentation, and other samples that may have been well-suited for experimentation would
not be available in time for this study to be conducted, due to the timing of the Meteorite
Working Group, which assigns Antarctic meteorites to research groups on a bi-annual basis.
After several months of searching, the Monnig Meteorite Collection at Texas Christian University

purchased the main mass (510 g) of NWA 8562 (Figure 10) in June 2015. The meteorite is an
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unbrecciated, unequilibrated eucrite. The sample is a find, rather than an observed fall, but its
interior is still unaltered by terrestrial contamination, making it ideal for experimentation. We
have also determined the geochemical subgroup classification of NWA 8562, and the results are

presented in this study.

1cm

Figure 10: NWA 8562 Main Mass
The main mass of the eucrite NWA 8562 prior to cutting for analytical samples.

3.2 Experimental Techniques

3.2.1 Establishing Experimental Parameters

In order to accurately replicate eucrite petrogenetic processes, the experiments must be
conducted and controlled at specific temperatures, oxygen fugacities, and pressures that reflect
conditions of their source lithologies on the HED parent body. Stolper (1997) conducted multiple
low-pressure melting experiments (Figure 11) on eucites, and found that at metal-saturated
conditions, pigeonite, plagioclase, + olivine, spinel, and metal can crystallize from Main-group

eucritic magma compositions. The simultaneous crystallization of pyroxene, plagioclase, and
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Figure 11: P-fO2-T Constraints from Eucrite Melting Experiments
Low-pressure melting experiments with the Main-group basaltic eucrite, Juvinas, at
variable fO2 and T. Stolper (1977) found that eucrite major mineral assemblages
could be reproduced when crystallization occurred from 1150-1190°C and fO2=
10-132+0.2 (added by this study as the green field). This places the field for eucrite
petrogenesis at about one log unit below the iron-wustite buffer (hence, logfO2=
IW-1). Solid lines indicate the presence or absence of a phase in the experimental
melt product, dashed lines represent inferred presence of a phase where not all
melt had fully crystallized before quenching, blue dotted lines are oxygen buffers,
and solid black points are experimental conditions. The Fe-fb-il line represents the
iron-ferrobrookite-ilmenite buffer. Adapted from Stolper (1977).
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possibly olivine can account for the majority of eucrites through pyroxene-plagioclase
fractionation at a pressure of 1 atm, as predicted by petrographic analyses (Mason, 1962; Duke
and Silver, 1967). Simultaneous crystallization of three or more minerals suggests igneous
quenching of a liquid in equilibrium with liquidus phases at low pressure (e.g. Duke and Silver,
1967)). Additionally, Mason (1962) and Duke and Silver (1967) found no evidence of high-
pressure igneous processes. Greater pressures in the system would likely increase
temperatures for the appearance of pyroxene and olivine, removing them from the metal-
saturated liquidus (O’Hara, 1968; Merrill and Williams, 1975). A temperature range of
1150-1190°C can be defined for the onset of crystallization in the experiments by Stolper (1977),
because the temperature of crystallization for olivine, pigeonite, and plagioclase did not vary
greatly with variable oxygen fugacity (fO2) between the Fe-fb-il and Fe-wustite buffers (Figure
11). When oxygen fugacity was increased above metal saturation, the temperature for spinel
crystallization rose dramatically, possibly due to increased Cr3+/Cr2+ above IW-1. Fugacities
below metal saturation resulted in significantly more precipitation of Fe metal at the expense of
FeO, and consequently increased the crystallization temperatures for pigeonite and pyroxene,
while lowering the temperatures of spinel and olivine. Together, these constraints place redox
conditions of eucrite formation at log10fO2= -13.3, which is one log unit below the iron-wustite

buffer, IW-1 (Figure 11; Stolper, 1977).

3.2.2 Melting Experiments

Following constraints from Stolper (1977) and methods by Yamaguchi et al. (2013), low-
pressure, 1 atm, 24-hour melting experiments were conducted on fragments of NWA 8562 at
1050, 1100, 1150, and 1200°C in a Deltech-DT-31-VTHN-C 1 atm gas mixing furnace at the
Smithsonian Institution’s National Museum of Natural History (N.M.N.H.) in Washington, D.C..
The fragments were selected from the most pristine, unaltered areas available in the main

mass, and were free from fusion crust. fO2 was controlled by a mixture of CO-CO2, and
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measured using a thermocouple attached to a Pt-Rd wire that ran from inside the furnace and
through a tube of standardized oxygen fugacity. The difference in oxidation potential between
the two environments generates an electromotive force along the wire that can then be used to
calculate the oxygen fugacity inside of the furnace. Due to limitations of the equipment used, the
lowest achievable oxygen fugacity for the experiments was log fO2= IW-0.5. Although this is
slightly above the inferred oxygen fugacity for eucrites, it should not make for an appreciable
difference in the melting temperatures of most of the relevant mineral phases, which show little
variation between metal saturation (Fe-fb-il buffer) and the Fe-wistite buffer (Stolper, 1977). The
melting temperature of spinel may prove more problematic for our experiments, as it has been
shown to increase with fO2 above metal saturation (Stolper, 1977), but this was not observed
(see section 4.2.1, pages 43-52). In order of increasing experimental temperatures, each of the
four fragments weighed 441, 352, 386, and 316 mg, and were placed in an alumina crucible that
was suspended inside the furnace by a Pt wire. At the end of each experimental run, a powerful
electrical current was passed through the Pt wire, rupturing it and drop-quenching the crucible
and its contents into water. The samples were then mounted in epoxy, cut, and polished for
analyses by Dr. Nicole Lunning at the Mineral Sciences Department of the Smithsonian
Institution’s N.M.N.H. in Washington, D.C.

3.3 Analytical Techniques

3.3.1 Petrographic Characterization

Two 1-inch round thin sections of NWA 8562 were prepared by Dr. David Mann at High
Mesa Petrographics. Petrographic analysis was conducted via optical microscopy with an
Olympus BX51 polarizing light microscope at the Oscar Monnig Meteorite Collection at Texas
Christian University. Modal analysis was performed manually using a point-counting method,
with ~500 points examined per sample (Appendix Il), quantifying mineral abundance and melt

percentage.
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3.3.2 Oxygen Isotopic Composition

Two grams of NWA 8562 were sent to the Oxygen Isotope Laboratory in the Department
of Physical Sciences at the Open University, where Drs. Richard Greenwood and lan Franchi
powdered and analyzed the samples in duplicate. Bulk oxygen isotope composition was
analyzed with a Thermo Scientific MAT 253 gas source mass spectrometer, equipped with a
CO:2 laser to assist in fluorination. The sample was heated in the presence of BrFs in order to
liberate oxygen, which was then further decontaminated by two cryogenic nitrogen traps and a
bed of KBr. Oxygen was then passed through the spectrometer, which separated and quantified
the three constituent isotopes. Modifications were made to improve the accuracy of procedures

outlined by Miller et al. (1999), as explained in (Greenwood et al., 2015).

3.3.3 Major Element Geochemistry

The two unheated 1-inch round thin sections of NWA 8562 and the four experimental
charges were taken to the Smithsonian Institution’s Department of Mineral Sciences in the
National Museum of Natural History and analyzed with the FEI Nova NanoSEM 600 scanning
electron microscope (SEM). Backscatter electron (BSE) maps were generated for each thin
section, and an in-built ThermoFisher energy dispersive x-ray spectrometer (EDS) was used to
generate high-resolution elemental maps of the two thin sections to facilitate subsequent
quantitative major phase analysis. Tiles were produced for each element examined, with the
pixel value corresponding to the relative concentration of an element at each point, and were
joined together as a mosaic and layered in Adobe Photoshop. Merging values of particular
elemental layers rendered qualitative mineralogic maps (Appendix I) of the thin sections, which
were useful when prospecting for analytical points. EDS was also used to determine the
distribution of major elements in the melt products of the experimental charges. Originally, the

elemental maps were also intended to be used in an automated method of modal analysis, but
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irregular calibration of pixel values in each tile for several key elements rendered this method
ineffective (Appendix I).

All major element data were measured by a Cameca SX-100 electron microprobe
analyzer (EMPA) at Oklahoma University’s Electron Microprobe Laboratory with the assistance
of Dr. George Morgan. Operating conditions were a 40° takeoff angle, 20 keV beam energy, and
2 nA beam current. Beam size for all samples was 20 ym, apart from melts in the 1050°C run,
which were analyzed with a beam size of 5 ym, because most of the melt fractions were <20 ym
in diameter. This narrow beam size may have resulted in some loss of Na due to volatization,
but other relevant major elements should have been unaffected (personal correspondance, Dr.
George Morgan, Oklahoma University). Samples were analyzed in separate compositional runs,
individually examining silicates (pyroxenes, plagioclase, and silica polymorphs), oxides/sulfides
(chromite, ilmenite, and spinels), and glass (melt products in experimental charges) in order to
maintain a high degree of accuracy. Bulk composition of NWA 8562 was calculated by
averaging the major oxide compositions of analytical points for the 1200°C experimental charge,
which was nearly completely melted and homogeneous. Molar abundances of elements were

calculated using a basis of 6 oxygen atoms in pyroxene, 8 in plagioclase, and 4 in olivine.

3.3.4 Trace Element Geochemistry

Bulk trace element composition of NWA 8562 was conducted at the GeoAnalytical
Laboratory at Washington State University via a Finnigan Element2 high resolution single
collector inductively coupled plasma mass spectrometer (HR-ICP-MS). The ~3 g sample was
powdered with an agate mortar and pestle and dissolved in a solution of HF.

Trace element data for individual mineral crystals in all samples and melt products were
collected using an ESI UP193FX ArF excimer laser coupled to a Thermo Element XR high-
resolution inductively coupled mass spectrometer (LA-ICP-MS) at the Plasma Analytical Facility

of the National High Magnetic Field Laboratory at Florida State University by Shuying Yang and

32



Dr. Munir Humayan. Spot sizes of the analyses were 25-50 ym for silicates (i.e. pyroxene and
plagioclase) in both heated and unheated samples, and 75 ym for a rastered analysis of the
bulk composition of the starting material. Unfortunately, the melt pockets in the 1050°C run were
too small to be analyzed, and minor phases (i.e. olivine, oxides, and sulfides) could not be

distinguished in reflected light during analysis.

3.83.5 Calculating Binary Magma Mixtures

Barrat et al. (2007) utilized simple binary mixing equations (DePaolo, 1981) to model the

assimilation of melt material into a main-group magma:

when D<<1,
Cm _ MaCa (3]
g~ 1+ M.cq
when D=1,
-DMa :DMa_
Cm‘DCm[1_e i ]+e " [4]

where Cm= concentration of an element in the resultant magma mixture, C°nw= concentration of
an element in the original magma, D= bulk distribution coefficient, Ca= concentration of an
element in the assimilated component, Ma= mass of the assimilated component, and Mn= mass
of original magma. Simple binary mixing equations were used, because assimilation-fractional-
crystallization (AFC) equations (DePaolo, 1981) only yielded Stannern-group enrichment of
incompatible elements when the ratio of the rate of assimilation to the rate of fractionation was

greater than 5, yielding values similar to simple binary mixing (Barrat et al., 2007).
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4.0 Results
4.1 Starting Material

4.1.1 Petrographic Characterization

Modal analysis of NWA 8562 provides a mineral assemblage of 45 wt% pyroxene, 40 wt
% plagioclase, 10 wt% silica, and 3 wt% olivine, with accessory troilite, chromite, and spinel.
Pyroxene and plagioclase define subophitic texture (Figure 12). Pyroxene crystals, which range
from < 1 ym to 1.18 mm in diameter, exhibit mosaic texture, a shock-induced feature in which
larger crystals fracture into a myriad of smaller constituents in response to impact (e.g. Krot et
al., 2014). Crystals of plagioclase range from several microns to phenocrysts that measure ~2.2
mm in diameter, and have ubiquitous inclusions of troilite (generally < 1 ym in diameter).
Plagioclase is not maskelynitized, which places an upper limit on the degree of shock
experienced by the minerals during impact (Krot et al., 2014). Mesostasis minerals (i.e. silica,
olivine, oxides, and sulfides) are difficult to identify using polarizing light microscopy, due to their
small crystal sizes (generally < 100 ym) and the mosaic nature of neighboring pyroxene.
However, correlating this method with BSE images shows that mesostasis minerals occur along
pyroxene-plagioclase crystal boundaries, with silica laths (< 1 to ~100 ym) penetrating into the
crystal lattices of both constituents. Olivine (usually <100 pym) often occurs with chromite,
ilmenite, troilite, spinel, and silica. Chromite forms the largest oxides (up to 200 ym), but tends
to be less abundant than ilmenite and spinel, which are smaller (<5 and 50 pym, respectively),
and often occur as inclusions in chromite. Additional maps (PPL, XPL, and BSE) of unheated

NWA 8562 can be found in Appendix I.
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Figure 12: Photomicrographs of Unheated NWA 8562 Thin Sections

(A) and (B) show thin sections of unheated NWA 8562 in both plane-polarized (ppl) and cross-
polarized (xpl) light. Crystals with high birefringence are pyroxene, and those with low
birefringence are plagioclase. Whole thin section photomicrographs can be found in Appendix
l.

4.1.2 Oxygen Isotope Composition
The results obtained for the oxygen isotopic composition on NWA 8562 are as follows (10):
0170 = 1.768 + 0.042%., 6180 = 3.842 + 0.072%o,
A 170 =-0.246 + 0.004%. (linearized, slope: 0.5247)
The A'70Q value of the sample plots close to and within error of the HED fractionation line of
Greenwood et al. (2006) (Figure 2, section 2.1.1, page 5), and indicates that NWA 8562 is an

isotopically normal member of the HED clan.

4.1.3 Major Element Geochemistry

The bulk major element composition for NWA 8562 is presented in Table 1. Additional
major element data are presented in Appendix Ill. Pyroxene compositions range from pigeonite

(endmember: ~Ens2WogFsa4o) to ferro-augite (endmember: ~En1sWoasFss2) [Figure 13]. Minor
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Table 1: Major Oxides for Silicate Phases and Bulk Unheated NWA 8562.

Unheated NWA 8562 Phases, Average Wt %

Major Oxides Plagioclase Pyroxene Olivine Bulk?
n=53 20 n=127 20 n=47 20
SiO2 43.08 0.27 48.34 1.28 @ 30.14 0.29 39.40
TiO2 0.19 0.01 0.59 0.32 @ 0.15 0.04 0.34
P20s 0.04 0.01 0.02 0.02 @ 0.08 0.07 0.03
Al2O3 20.24 0.39 1.32 0.32 @ 0.03 0.01 8.68
Cr20s 0.1 0.01 0.41 0.09 0.03 0.01 0.22
FeO 19.09 0.11 29.25 2.08 | 62.04 0.62 22.50
MnO 0.51 0.01 0.94 0.04 1.43 0.03 0.66
MgO 4.29 0.01 12.58 3.97 6.1 0.57 7.40
NiO2 bdl 0.01 bal 0.01 bdl 0.01 0.00
CaO 12.22 0.10 7.26 3.20 0.68 0.05 8.07
Na20 0.57 0.04 bal 0.01 bdl 0.00 0.23
K20 0.04 0.01 0.01 0.01 0.00 0.00 0.02
Total 100.37 100.73 100.69 87.553
Plagioclase Pyroxene Olivine

%AN 90.52 %En 36.04 %Fo 13.67

%Ab 9.11 %Fs 47.80 %Fa 86.33

%Or 0.36 %Wo 16.16

Fe/Mn 30.09

Average major oxide weight percentages are given above for individual phases and bulk NWA

8562. The average values for the bulk material were calculated by multiplying the average

major oxide data for individual phases (Appendix lll) by the weight percent of those phases in

NWA 8562, which was determined by modal analysis (Appendix Il). 'Includes homogeneous
SiO2 polymorphs. 2NiO content reported from EMPA was below detection limits (bdl). 3The
remaining 12.45 wt% includes accessory chromite, ilmenite, spinel, and troilite.
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elements in pyroxene cluster mostly around Al, but trend toward Ti (Figure 14). Mg-numbers for
pyroxenes increase toward the cores of individual crystals and from cracks. Fe/Mn ratios do not
deviate far from the average (~30), which is typical for eucrites (Papike, 1998). Plagioclase
composition (Anse-92) is homogeneous throughout both sections. Olivine is relatively
homogeneous and extremely ferroan (Fass-s9). It also appears to carry more phosphate (up to
0.26 wt% ) than the other silicates. This perhaps is a result of apatite or merrillite inclusions in
the mesostasis olivine. Ulvospinels are approximately 20 wt% TiOz and 44 wt% FeO (Table 2).
The average composition for chromite is 33 wt% FeO, 5 wt% Al>Os, and 33 wt% Cr203 (Table 2).
Because ilmenite occurs as very small inclusions in chromite, its exact composition could not be
resolved. However, its presence likely contributes to some of the TiO2 variations in chromite

composition.

Al

Ti Cr

Figure 14: Minor Element Variations in NWA 8562 Pyroxenes
NWA 8562 pyroxenes are Cr-depleted and show slight variation in
Al-Ti content, trending toward Ti.
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Table 2: Major Element Compositions in Unheated
NWA 8562 Oxides, Average Wt %

Major Oxides ~ Cromite Uivospinel
SiO2 0.1 -
TiO2 3.8 32.22
Al20s 8.5 1.81
Ca0z? — 0.21
Cr203 51.6 7.36
FeO 34.8 56.88
MnQO? — 0.73
MgO 1.4 0.78
NiO? — —
Total 100.2 99.99

'Data for the analyzed Ulvospinel is taken from
spectral analysis during EMPA (Appendix I11). 2NiO wt
% was below detection limits. 2Not measured by EMPA
of oxides.
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4.1.4 Trace Element Geochemistry

Trace element bulk and phase compositions for the unheated NWA 8562 sample are
presented in Table 3 and Figure 15. La and Hf, diagnostic incompatible trace elements in
geochemical subgroup classification, (2.52 and 1.3 pg/g, respectively) are consistent with Main-
group eucrites. Figure 15 shows chondrite-normalized REE-enrichment that is broadly similar to
the Main-group eucrite, Juvinas, which was used to represent Main-group compositions in the
Barrat et al. (2007) model. NWA 8562 is slightly enriched in HREEs relative to LREEs, and
possesses small positive Eu and Ce anomalies sourced from plagioclase. Pyroxene trace
element content is variable in NWA 8562.1, ranging from 2-6 standard deviations for REEs (see

Appendix Ill).

Table 3: Major and Trace Element Concentrations in
Unheated NWA 8562 Phases and Bulk from LA-ICP-MS

Na:0O MgO Al20s Si02 P05 K:O0 CcaO TiO2 MnO 'FeOr
Pyroxene  0.13  10.41 3.32 50.85 004 003 705 056 0.85 26.41
Plagioclase 1.04 0.22 3238 46.87 0.04 0.08 1735 0.12 0.04 1.84
Bulk 0.5 599 1342 46.86 0.05 0.05 1213 0.66 0.59 19.53
Rb Sr Y Zr Nb Ba Hf Ta Th U
Pyroxene 042 1998 16.61 3241 129 1427 1.06 0.08 0.17 0.05
Plagioclase ~ 0.55 190.79 507 19.09 126 7131 054 0.07 0.18 0.05
Bulk 048 96.85 1851 44.05 2.61 45.46 13 013 0.27 0.09
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Pyroxene 1.27 3.3 055 309 125 0.18 183 039 266 0.59 191 029 1.84 0.31
Plagioclase  2.71 5.82 074 311 083 144 095 0.16 0.99 0.21 0.6 0.08 0.57 0.08
Bulk 252 7.36 1.02 509 175 0.72 23 046 3.7 0.68 2.05 03 1.98 0.31

Measurements above for trace elements are given in pyg/g ad in wit% for major
oxides. The values obtained for individual phases are average values from two
sections adjacent to areas from which thin sections were taken. Bulk concentrations
were averaged from rasterized analysis of unheated material. 'FeOr = FeO +
(Fe203"0.8998).
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Figure 15: Rare-Earth Element Content in Bulk Unheated NWA 8562

Bulk REE content for unheated NWA 8562 normalized to Cl chondrite abundance
(Anders and Grevesse, 1989). The unheated sample is relatively enriched in HREEs
compared to LREEs (apart from Ce, which preferentially is distributed in plagioclase).
Overall, REE enrichment is comparable to Juvinas (~12x CI), but with small variations
in individual REE content.
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4.2 NWA 8562 Experimental Suitability

From our analyses, we have confirmed that NWA 8562 is an unbrecciated,
unequilibrated eucrite, and also that it belongs to the Main-group geochemical subdivision
(Figure 16). lts fine-grained texture, reasonably unaltered composition, availability of material,
abundance of mesostasis, and major, minor, and trace element composition make it ideal for
experimentation. These attributes reflect those of the bulk eucritic crust in the Barrat et al.

(2007) model that undergoes partial melting and assimilation.
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Figure 16: Geochemical Subgroup Classification of Unheated NWA 8562

Ti and La concentration versus Mg# place NWA 8562 at the more evolved end of the Main-
group compositional field, with Ti = 4.8 mg/g, La = 2.52 ug/g, and Mg# = 36.5. Fields are
drawn from Barrat et al. (2007), Mittlefehldt (2015), and Stolper (1977).
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4.3 Experimental Products

4.3.1 Petrographic Characteristics

The 1050°C run produced a 5% partial melt with the majority of melt pockets <20 ym in
diameter (Figure 17). In general, the texture of this run is similar to unheated material, as major
phases did not experience significant partial melting. The melt is sourced from mesostasis
minerals, whose relict grains (Figure 18) now possess irregular and rounded boundaries
characteristic of partial melting (e.g. Yamaguchi et al., 2013). Partial laths of silica remain,
although their textures have been altered by heating (Figure 18). Ferroan olivine is still present,
although its boundaries have also been altered. Small melt pockets (<15 ym) are seen most
frequently near olivine. Plagioclase crystal boundaries appear largely unaffected, with only
areas of maximum surface exposure visibly altered. The interiors of plagioclase remain
relatively unaffected, and some of the irregular boundaries of plagioclase could be due to the
melting of mesostasis minerals that once fit there. Pyroxene zonation is largely retained, but Fe-
rich surfaces abutting mesostasis regions appear to have also marginally contributed to melting.
Narrow regions between adjacent plagioclase crystals also appear to have preferentially melted
(Figure 19). Oxides appear relatively unphased by 1050°C experiments.

Melting occurred more extensively (18%) in the 1100°C run (Figure 20), forming small
(up to 150 um), sub-rounded vesicles in the quenched glass. Few solid silica phases remain in
this run (<5 wt.%), mostly consisting of <20 ym rounded tabular crystals; the remainder of
mesostasis minerals appear to have completely melted (Figure 21). The largest accumulations
of pyroxenes appear to retain zonation with a Mg-rich core, but the Fe-rich rims of these grains
have preferentially melted. At pyroxene-plagioclase crystal boundaries, melting of Fe-rich
pyroxene rims occurred more extensively, leaving behind only the relict Mg-rich cores.

Plagioclase is still largely unaffected, but its rims have been partially digested, especially in
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Figure 17: 1050°C Experimental Product

BSE of the 1050°C experiment, in which ~5% melting occurred (F = 0.05). Pixel
value corresponds to atomic number. At this scale, original texture is largely
preserved.
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Figure 18: 1050°C Melt Region

Fine-scale BSE image of mesostasis in 1050°C experiment. Texturally, olivine and silica
appear to be the most significant contributors to the melt product. The irregular boundaries of
plagioclase are typical of unheated NWA 8562 material. Inclusions of ilmenite and spinel also
appear to contribute to the melt, possibly accounting for observed enrichment in Ti (see
section 4.2.2). Px= pyroxene, Pl= plagioclase, Ol= olivine, Sp= spinel, Si= Silica, and M= melt.
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Figure 19: Low-T Melt Migration
BSE image shows the migration of melts through cracks in plagioclase at low temperature
(1050°C). Ol= olivine, Pl= plagioclase, Px= pyroxene (zoned), and Si= silica phase.
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FIGURE 20: 1100°C Experimental Product

BSE composite image of the 1100°C experimental run, which
produced 18% melting (F = 0.18). Irregular grain boundaries have
been smoothed by melting, and pockets of melt can be seen along
plagioclase-pyroxene boundaries, often spotted with vesicles.
Improper calibration of the camera mounting due to user error
resulted in offset tiling. Colors are the same as in Figure 14.
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Figure 21: 1100°C Melt Region

BSE image of a typical 1100°C melt product. Melts are more clearly visible in the higher melt
fraction runs, marked by a distinct boundary with pyroxene. Fe-rich rims of pyroxene were
preferentially melted, leaving Mg-rich cores relatively unaltered. Plagioclase has still not
contributed significantly to the melt, as evidenced by its relict, highly irregular boundaries.
Most mesostasis phases have been consumed, although small laths of silica phases can still
be seen, mostly clustered together as small (<50 ym) agglomerations. Vesicles dot the melt
product due to volatilization of the least refractory elements. Px = pyroxene, Pl = plagioclase,
and Si = silica.
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protuberances from the regular surfaces that were exposed to more melt material. Apparent
planes of weakness within individual plagioclase crystals and between adjacent grains filled with
melt material, which likely facilitated the breakdown of plagioclase at higher temperature.
Several oxides and sulfides can still be seen in BSE images, and appear to be relatively intact.

At 1150°C (Figure 22), both plagioclase and pyroxene appear to have contributed
equally to a 52% melt fraction. Rounded vesicles ranging in size from < 20 to > 300 ym populate
the melts. Mg-rich pyroxene crystals (Figure 23) are relict cores of the original, zoned pyroxene
seen in unheated material. Oxides and sulfides appear to have been largely digested in this
experimental product. Melting occurred so extensively in this run that it collected and pooled
against the side of the alumina crucible.

The 1200°C experiment almost completely melted the specimen (97% melt), with only a

few fragments of plagioclase, Mg-rich pyroxene, and spinel remaining (Figure 24).

4.3.2 Major Element Geochemistry of Melt Products

Major element results are listed in Table 4 (and Appendix Ill) and are representative of
the average partial melt composition in each experimental run. Contents of major oxides in the
melts relative to bulk composition are presented in Figure 25. Due to the almost complete
melting of the 1200°C run, its composition was used as proxy for bulk composition to calculate
the major oxide distribution in melts. The melt products in all experimental runs were first
examined using electron dispersive spectroscopy (EDS) to seek for heterogeneities in the melt
compositions. This technique showed that the melts were homogeneous in each experiment.

Notably, in the 1050°C melt product, TiO2 content is 7.01 times greater than the bulk
composition, and P20s is 9.66 times greater than that of the original unheated bulk material.
K20 and SOs are also dramatically enriched (4.3 and 6.1 times the original composition,
respectively). The enrichment of SOs in the lowest temperature experiments could be due to the

preferential contribution of mesostasis troilite or due to sulfur loss via volatilization of
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Figure 22: 1150°C Experimental Product

BSE composite image of the 1150°C experimental run. Melting
occurred much more extensively (F = 0.51) than lower-T melts,
incorporating all major phases. Vesicles are ubiquitous throughout
melt glass. Colors are the same as in Figure 14.
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Figure 23: 1150°C Melt Region

BSE image of a melt pocket in the 1150°C experimental charge. The irregular boundaries of
plagioclase seen in lower-T experiments and unheated samples have begun to smooth out at
this temperature, suggesting that plagioclase has also begun to contribute to the melt. This
observation is supported by trace element data for the melt (see section 4.2.3, pages 59 and
61). Remnant pyroxene is chiefly composed of its Mg-rich endmember, which are probably
relict cores of the original pyroxenes of products. Px= Pyroxene, Pl = plagioclase, M = melt.
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Figure 24: 1200°C Experimental Product

BSE composite image of the 1200°C experimental charge, which
experienced nearly complete melting (F= 0.97). A few grains of relict
plagioclase can be seen in the upper-right portion of the material. Several
relict cores of pyroxene can be found in upper-right isthmus of melt, and
three small oxides (shown in white) are still extant, although they are only
found along vesicle and crucible walls. Colors are still the same as in Figure
14.
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Table 4: Major Oxide Compositions of Experimental Melt Products

Experimental NWA 8562 Phases Average Wi%

Major Relative Relative Relative

Oxides 1050°C  Enrichment  1100°C  Enrichment  1150°C  Enrichment  1200°C’
SiO2 42.99 0.89 48.42 1.00 48.59 1.00 48.48
TiO2 4.62 7.00 1.63 2.47 0.89 1.35 0.66
P20s 0.6 10.00 0.13 2.17 0.08 1.33 0.06
Al2O3 7.19 0.55 9.46 0.72 11.34 0.86 13.18
Cr203 0.05 0.25 0.12 0.60 0.18 0.90 0.2
FeO 31.26 1.55 25.6 1.27 22.3 1.11 20.17
MnO 0.67 1.31 0.59 1.16 0.56 1.10 0.51
MgO 1.68 0.26 2.86 0.44 4.94 0.76 6.51
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaO 9.5 0.96 9.94 1.01 10.03 1.02 9.85
Na=0 0.26 0.76 0.37 1.09 0.39 1.15 0.34
K20 0.12 4.00 0.04 1.33 0.03 1.00 0.03
SOs 0.73 6.08 0.35 2.92 0.3 2.50 0.12
Total 99.67 99.52 99.54 100.11

Major element compositions for experimental melt products collected via
EMPA at Oklahoma University. 11200°C melt composition is used as a proxy
for bulk composition in subsequent major element figures, as it generated a
melt fraction of F = 0.97.
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Figure 25: Major Oxide Distribution in Melt Products

Major oxide content in melt products relative to bulk composition for the three lower
temperature experimental runs (1050, 1100, and 1150°C) are shown in the figure. The
1200°C melt was used as a proxy for bulk composition of NWA 8562. HaH 262 data is
from Yamaguchi et al. (2013), which produced low-T melts roughly similar in major
element distribution.
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contributing phases at higher temperatures (e.g. Zhang et al., 2013). Without SOz data for the
original unheated material, the distinction cannot be made without some speculation. Depleted
constituents include Al203 (55% of original bulk Al2O3), Cr203 (27%), MgO (26%), and Na20
(24%). FeO and MnO are both enriched (55 and 32%, respectively) relative to bulk composition.
Results for a similar set of melting experiments with the eucrite HaH 262 (Yamaguchi et al.,
2013) are also presented in Figure 21. Overall, the trend of major oxide enrichment in the melt
products is similar that of NWA 8562. In contrast to our results, FeO is relatively constant in the
1070°C melting experiments for HaH 262. Our FeO-enrichment is possibly due to contribution
from Fe-rich mesostasis phases, such a fayalite and ilmenite. SiO2 and CaO in NWA 8562 melts
are very close to bulk composition, deviating less than 15% from the unheated material. NiO
content was below detection limit in our experimental melts.

Melt compositions produced at 1100°C show a less dramatic variation in major oxide
variation from bulk composition, due to the significantly higher melt fraction. TiO2 content is 2.5
times that of the bulk composition, and P20s fell to 2.1 times the original. HaH 262 yielded
greater P2Os enrichment in their 1100°C melt, likely due to the presence of apatite in their
sample. K20 is 44% more abundant than in the bulk composition, and SOs is enriched 2.9 times
that of the bulk composition. Cr.O3 and MgO are still depleted (40 and 56% less than the
unheated sample, respectively). HaH 262 showed much stronger Cr20O3 depletions in the lowest
temperature melts. The remainder of the major oxides are within several percent of the bulk
composition. These are most likely due to compositional differences in the two starting
materials. MgO enrichment is consistent across both sets of experiments.

Major oxide abundances in the 1150°C were largely similar to bulk composition of the
unheated material, due to the large melt fraction. Most were within a few percent variation, with
notable exceptions being TiO2 (35% greater than bulk), P2Os (26% greater), and MgO (24%

less).
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4.3.3 Trace Element Geochemistry

Unfortunately, the 1050°C melt product trace element composition could not be
measured, due to its very low melt fraction (F= 0.05). However, a qualitative assessment of melt
composition can be made if it is assumed that LREEs (i.e. La) increase in concentration
comparably to other highly incompatible elements (i.e. P20s). This will be examined in section
5.3. Major phase REE contents for each experimental run are presented in Table 5, and
chondrite-normalized REE contents can be found in Table 6, Figure 26, and Figure 27. The
trend of REE abundance in 1050°C pyroxene (Figure 26b) remains relatively unchanged
compared to unheated pyroxene, with variations likely due to the small sample size of analyzed
pyroxenes crystals (n= 4). The REEs are less abundant than in the average unheated pyroxene
composition, so some pyroxene likely contributed to the melt product, even at the lowest
temperature. Concentrations of lighter REEs (La-Sm) are approximately half that of the
unheated pyroxene. The remainder of the REEs range from 24-37% less than the original
composition. Plagioclase composition changes rather dramatically, becoming up to ~30%
enriched in all REEs, apart from Eu. The enrichment of plagioclase is unexpected, and may be
due to the small sample size collected (n= 5). Alternatively, the apparent enrichment of
plagioclase could be due to analytical error, in which some of the regions sampled may have
overlapped melt product, which would explain the enrichment of LREES, specifically.

In 1100°C melt products, REEs are enriched (~2-3x) relative to bulk composition of the
unheated sample. Broadly, the shape of the REE trend shows pyroxene signatures: negative
Ce, Yb, and deep Eu anomalies, as well as HREE enrichment. This indicates that pyroxene was
preferentially added to the melt over plagioclase at this temperature. The LA-ICP-MS technician
additionally analyzed regions described as “black areas” in reflected light. The enrichment of
REEs relative to bulk unheated composition and the general shape of the trend suggest that

these areas are possibly overlapping regions of relict mesostasis and melt product. Only the
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Na20
MgO
Al20s
SiOz
P20s
K20
CaO
TiO2
MnO
FeO(t)
Rb
Sr

Zr
Nb
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
Th

Table 5: Major and Trace Element Data for Experimental Charges

T=

1050
n=4

0.08
11.22
2.43
51.41
0.03
0.01
6.08
0.38
0.86
27.08
0.3
11.25
10.16
16.8
0.57
7.71
0.59
1.49
0.27
1.68
0.74
0.12
1.3
0.23
1.79
0.42
1.27
0.21
1.31
0.22
0.78
0.03
0.1
0.02

Pyroxene
1100
n=7
0
11.82
2.04
48.63
0.04
0.03
6.64
0.45
0.95
28.98
0.37
11.14
12.49
22.01
0.89
10.49
0.95
2.31
0.43
2.56
1.07
0.12
1.77
0.32
2.39
0.53
1.72
0.27
1.39
0.26
0.97
0.07
0.17
0.05

1150
n=3
0
13.14
2.84
52.47
0.03
0
5.32
0.28
0.84
24.9
0
13.34
7.61
14.26
0.72
7.34
0.63
1.64
0.26
1.44
0.51
0.16
0.89
0.18
1.32
0.29
0.77
0.15
1.26
0.12
0.59
0.04
0.07
0.02

“Black
Plagioclase Area”
1050 1100 1150 1100
n=5 n=5 n=4 n=5
1.03 0.8 0.22 0.2
0.32 0.36 0.29 3.5
30.93 31.8 32.51 11.6

47.78 46.62 48.96 55.38
0.07 0.06 0.04 0.09

0.05 0.08 0 0.06
16.17 16.9 15.82 10.57
0.28 0.18 0.1 0.87

0.08 0.08 0.06 0.52
3.28 3.1 2.03 17.12
0.37 0.57 0 0.7
165.34 188.1  167.51 83.42
10.15 8.16 4.82 27.43
37.64 31.79 19.53 66.36
2.72 2.36 1.41 3.46
62.54 71.33 65.27 51.67
3.45 2.82 2.65 3.68
7.66 6.13 5.35 7.57

1.1 0.87 0.67 1.4
5.63 4.22 3.61 7.83
1.48 1.17 1.27 2.7

1.43 1.58 1.42 0.79

1.9 1.49 0.95 3.91
0.35 0.25 0.21 0.74
2.05 1.68 1.37 4.61
0.42 0.37 0.23 0.89

1.2 0.96 0.75 3.36

0.2 0.17 0.1 0.41
1.12 1.05 0.7 2.81
0.15 0.13 0.13 0.49
1.06 1.01 0.74 1.87
0.15 0.16 0.07 0.23
0.38 0.4 0.25 0.4
0.11 0.11 0.05 0.1

Melt Product
1100 1150

n=10 n=5
0.22 0.14
4.51 4.7
8.5 10.97
46.9 51.77
0.09 0.08
0.06 0.01
10.26 9.72
1.13 0.7
0.77 0.61
27.36 21.13
0.33 0
77.67 60.59
31.19 19.44
71.42 44.24
4.32 2.83
59.66 34.17
4.48 2.4
10.63 5.87
1.79 1.04
10.11 5.87
3.43 2.16
0.96 0.68
497 2.84
0.9 0.47
6.67 3.68
1.5 0.73
4.45 2.24
0.66 0.36
4.07 2.13
0.73 0.4
2.61 1.49
0.36 0.19
0.56 0.33
0.18 0.09

Bulk
1200
n=4
0.43
5.4
12.44
50.48
0.06
0.03
10.07
0.59
0.59
19.68
0.33
70.23
14.87
35.76
217
34.24
2.2
55
0.87
4.57
1.52
0.68
2.29
0.44
2.8
0.64
1.83
0.24
1.63
0.3
1.21
0.13
0.29
0.07

LA-ICP-MS analyses of experimental charges. Temperatures (T=1050, 1100, 1150, and 1200)

are given in °C, oxides are given in wit%, and trace element concentrations are given in pg/g,
and were averaged from individual spot analyses. “Black areas” were not specifically

identified by the LA-ICP-MS technician, but may be overlapping areas of relict mesostasis
phases and melt products.
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Table 6: Chondrite-Normalized Trace Elements in Melt Products

Trace Element Bulk 1100°C Melt 1150°C Melt 1200°C Melt
La 10.75 19.08 10.23 9.39
Ce 12.20 17.63 9.73 9.12
Pr 11.43 20.14 11.62 9.76
Nd 11.25 22.34 12.97 10.09
Sm 11.88 23.32 14.65 10.35
Eu 12.82 17.09 12.08 12.19
Gd 11.72 25.26 14.43 11.65
Tb 12.55 24.67 12.97 12.04
Dy 13.04 27.50 15.17 11.55
Ho 12.19 26.97 13.15 11.52
Er 12.87 28.01 14.11 11.53
Tm 12.25 27.27 15.07 9.74
Yb 12.16 25.07 13.10 10.01
Lu 12.61 29.88 16.41 12.17

Chondrite-normalization for melt products was calculated according to Cl abundance in

Anders and Grevesse (1989).
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1100°C sample analysis included this category, which makes interpretation of the results
somewhat tenuous. The assumption that this includes mesostasis and melt product seems to be
plausible, because no resolvable mesostasis minerals remain in the higher temperature
experiments. Some typical features of mesostasis phases and/or melt products (roughly
equivalent CaO, intermediate values of Sr, etc.) can be seen in Table 5 and Figure 26(c), but
variations from average melt composition also suggest inclusion of pyroxene and plagioclase. It
seems plausible that these areas are fine-grained intergrowths of pyroxene, plagioclase, and
mesostasis phases seen throughout the sample. Pyroxene composition in this run is slightly
depleted in LREEs relative to HREEs (Figure 26c¢). Plagioclase shows a variable enrichment in
many REEs, but this may again be due to the small sample sized of analyzed crystals (n=5), as
no other evidence (i.e. enrichment of Eu) suggests that plagioclase contributed to the melt.

The 1150°C run (Figure 26d) yielded a melt that much more closely resembles the
unheated REE composition. La and Ce are approximately equal to bulk composition. Heavier
elements (Pr-Lu) are enriched 30-50% greater than bulk. The lack of a distinctive Eu anomaly
suggests that plagioclase contributes appreciably to the melt at this temperature, along with
pyroxene. Residual pyroxene compositions are further depleted in all REEs (~50% lower than
the 1100°C pyroxenes), apart from Eu and Yb.

The 1200°C run yielded a melt that is similar to the composition of the unheated starting
material. Small discrepancies between the two REE patterns are likely due to the ~3% relict

material, which is mostly plagioclase with a few oxides and remnant Mg-rich pyroxene.
5.0 Discussion
5.1 Petrogenetic History of NWA 8562
NWA 8562 is sourced from Main-group compositional magma that cooled rapidly from

~1200°C at or near the surface of the HED parent body (Stolper, 1977). Pyroxene and

plagioclase crystallized simultaneously, as indicated by subophitic textural relationships (Mason,
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1962, Duke and Silver, 1968), and AI-Ti minor element trends in pyroxenes support this
interpretation (Figure 28). Cr-depletion in pyroxene also implies that crystallization occurred
after the depletion of Cr in the eucrite petrogenetic sequence, due to its compatibility in early-
crystallized pyroxene (Pun and Papike, 1996). Pyroxene and plagioclase then competed for Al,
and pyroxene was pushed toward more Ti-rich compositions. The Mg-rich pigeonite cores were
the first pyroxene constituents to crystallize. This can be observed in the 1150°C melt
experiments in this study (Figure 23, page 51), where fine-grained, Mg-rich pigeonite is the only
extant pyroxene, likely denuded from original ferro-augite rims. The homogeneous composition
of plagioclase indicates that the phase did not change significantly during crystallization, and the
lack of a negative Eu anomaly suggests that the magma did not fractionate a significant amount
of plagioclase, as it would if temperature had decreased more slowly at depth. Additionally, the
slight depletion in LREEs would suggest that NWA 8562 magma originated from a somewhat
depleted mantle source. However, the Ti-rich and ferroan nature of the sample suggest that the
magma is more evolved. Clearly, other factors were at play in the petrogenesis of NWA 8562. As
temperature dropped below 1090°C, silica laths began to crystallize along pyroxene-plagioclase
boundaries, followed by mesostasis phases (Stolper, 1977). Alternatively, silica, olivine, and
secondary augite along primary pyroxene boundaries may result from the breakdown of
metastable ferro-augite, but unfortunately the beam size (20um) of EMPA conducted in this

study failed to clearly resolve fine-scale compositional variations in pyroxene.

5.1.1 Post-Crystallization Alteration

A wide range in the degree of metamorphism has been observed in many eucrites,
allowing their further subdivision into petrologic types 1-6, where increasing number reflects
increasing metamorphic grade (Figure 29) (Takeda and Graham, 1991; Pun and Papike, 1996;
Mayne et al.,, 2009). The degree of metamorphism is indicated by equilibration of igneous

pyroxene exsolution lamellae and the presence or absence of mesostasis glass (Takeda and
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Cc

Figure 28: Minor Element Variations in NWA 8562 Pyroxenes
The magmatic trend (dashed blue line) for pyroxene minor element
content was drawn after Pun and Papike (1996).

Di Hd
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Figure 29: Eucrite Petrologic Types

Pyroxene compositions are used to determine petrologic types of eucrites. (A and B)
Unequilibrated pyroxenes (type 1 and 2). Trend (A) corresponds to type 2 in the
Takeda and Graham (1991) classification, while (B) reflects type 1 pyroxene zonation.
(C) Shows the trends for equilibrated eucrites, tying exsolved augite lamellae to
pigeonite. Trends are drawn after Pun and Papike (1996) and Mayne et al. (2009).
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Graham, 1991). Type 1 eucrites preserve original igneous chemical zonation of major elements
in pyroxenes, mesostasis glass, and very fine-scale (irresolvable by EMPA) exsolution lamellae
of Ca-rich augite in pigeonite (more highly metamorphosed pyroxenes contain Ca-rich lamellae
that can be distinguished by EMPA [Takeda and Graham, 1991]). NWA 8562 matches all of
these criteria, confirming that it is an unequilibrated, type 1 eucrite (Figure 30) (Takeda and
Graham, 1991; Pun and Papike, 1996; Mayne et al., 2009). Some discrepancies between the
general trend for type 1 eucrites and NWA 8562 may be explained by the relatively wide 20 ym
beam size used for analysis, as intermediate compositions could represent measurements that
overlapped both core and rim compositions. It can also be inferred from the lack of thermal
alteration that the source region for NWA 8562 is one of the youngest basaltic lithologies
produced on its parent planet (Yamaguchi et al., 1997).

The breakdown of pyroxene, ubiquity of very fine-scale (<5 ym) troilite, presence of P20Os
in ferroan olivine, and Fe-enriched fractures in mosaic pyroxenes indicate that post-
crystallization alteration occurred, either as products of impact or vapor-driven metasomatism
(Schwartz and McCallum, 2005; Zhang et al., 2013; Warren et al., 2014). Similar features have
been interpreted as products of metasomatism in HEDs, but the metasomatic agent and
processes on the HED parent body are not well-constrained (e.g. Mittlefehdlt and Lindstrom,
1997; Treiman et al., 2004; Schwartz and McCallum, 2005; Barrat et al., 2011; Zhang et al.,
2013; Warren et al., 2014). Distinctions between the possible sources of Fe-enriched rims in
pyroxene can be found by utilizing Fe/Mn ratios in pyroxenes (e.g. Zhang et al., 2013), but
samples analyzed with this technique appear much more significantly altered than NWA 8562.
Highly metasomatized eucrites yield variable Fe/Mn ratios, which preclude igneous origins for
Fe-enrichment (Mittlefehdlt and Lindstrom, 1997). Fe/Mn ratios in NWA 8562, however, are
consistent (~30) across zoned pyroxenes, suggesting that Fe-enrichment is not metasomatically

derived (Figure 31). Eucrite pyroxenes that have experienced low degrees of metasomatism
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‘ ﬁ/ﬂ(‘e Fe/Mn  Ti/Al

0.25 33 0.63

0.52 29 0.15

0.43 30 0.32

0.52 30 0.29

0.32 32 035

0.49 29 0.17

0.46 30 0.32

0.50 30 0.26

0.44 30 0.24

0.38 31 0.25

036 31 0.32

0.37 32 0.29

0.47 29 0.22

0.36 32 0.39

0.50 29 0.32

0.46 31 0.12

0.41 30 030

A 0.52 30 0.23
Ry /&:\‘2/;,} [ T, | 0.42 31 033
(% " ]&:‘% ——k 0.44 29 0.21

Figure 31: EMPA Transect of NWA 8562 Pyroxene
BSE image of unheated NWA 8562 shows compositional variations across
pyroxenes containing Ti/Al ratios that increase with decreasing Mg#, indicating a
non-metasomatic origin (Mittlefehdlt and Lindstrom, 1997). Tr= troilite, M=
mesostasis, Px= pyroxene, C= chromite, Pl= plagioclase, and Ol= olivine.
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also possess Ti/Al ratios that do not vary significantly with changing Mg# (Barrat et al., 2011).
NWA 8562 pyroxenes fit a magmatic trend, with Ti/Al increasing as Mg# decreases from core-to-
rim (Figure 32). Warren et al. (2014), observed that the preservation of metasomatic textures
implies post-metamorphic alteration on the HED parent body, implying that metasomatism
would likely be driven by impact-volatilzation of the least refractory minerals. Barrat et al. (2011)
observed Fe-rich compositions cross-cutting pyroxene crystals along fractures, along with fine-
grained fayalite and anorthitic plagioclase, and suggested an aqueous, fluid-mediated
metasomatism, based on terrestrial analogs. Schwartz and McCallum (2005) attributed Fe-
enrichment of some pyroxenes to a late-stage, dry, Fe-rich, vapor-driven metasomatism. Zhang
et al. (2013) observed the partial replacement of pigeonite and ferro-augite by fine-grained
troilite, Mg-rich pyroxene, and a silica phase. Impact-volatilization is also the metasomatic
mechanism put forward in their study, suggesting that mobilization of S and Fe-rich vapors could
account for the alteration of pyroxenes seen in some eucrites and eucritic clasts in howardites. It
is unclear if NWA 8562 experienced low-grade metasomatism. Although some of the
aforementioned textures appear analogous to more significantly altered eucrites, the magmatic
trend of Ti/Al in pyroxene suggests otherwise. NWA 8562 has possibly have experienced a very
low degree of metasomatism. The mosaic texture of pyroxene implies that the NWA 8562
source region experienced impact, but the timing of that event cannot currently be constrained.
Impact-volatilization, advocated by Warren et al. (2014) and Zhang et al. (2013), may account
for the absence of apatite and merrillite in our analyses of NWA 8562, as well as the ubiquity of
fine-grained troilite throughout mesostases and inclusions in plagioclase.

In summary, NWA 8562 crystallized at or near the surface from a Main-group magma
rather late in the petrogenetic history of its parent body. Though major and minor elements
suggest that NWA 8562 experienced little to no thermal metamorphism, minor alteration of the

texture and composition of the mesostasis assemblage may have occurred during impact.
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Figure 32: Ti/Al in NWA 8562 Unheated Pyroxenes

Ti/Al ratios in pyroxene follow a magmatic trend, shown by the gray arrow (Pun and Papike,
1996). More ferroan endmembers are correspondingly enriched in Ti and depleted in Al
Al2O3 wt% never falls below 0.05, suggesting that the Fe-enrichment seen in pyroxene rims
is not metasomatically-derived. The magmatic trend is drawn after Barrat et al. (2011). It
should be noted that analytical locations were not documented, so outliers from the
magmatic trend may represent secondary pyroxenes. More precise analysis is required for
further clarification.
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5.2 Can Partial Melt Assimilation Produce Stannern-group Eucrites?

In the experiments, LREEs show an expected trend of being more enriched in smaller
melt fractions. It is unfortunate that trace element compositions of the mesostasis minerals
could not be determined using LA-ICP-MS techniques, as the majority of REEs in eucrites are
contained in the mesostasis phases (e.g. Hsu and Crozaz, 1996; Yamaguchi et al., 2013). In
NWA 8562, olivine is of particular interest, because it carries the majority of P20s, likely as
inclusions within the olivine crystals. Ca-phosphates were identified as an important carrier
phase of most REEs (Hsu and Crozaz, 1996; Yamaguchi et al., 2013) in eucrites. Additionally,
the inability to locate the 5% melt fraction in the 1050°C run during LA-ICP-MS analysis is
problematic, because these melts should be the most dramatically enriched in incompatible
elements, making them critical for testing the model in question. These two factors prohibit the
calculation of distribution coefficients for REEs in the 1050°C melt, as the trace element
compositions for all relevant phases are required for calculating bulk distribution coefficients (D)
in mixing equations (DePaolo, 1981). A rough estimate of REE content in the low temperature
experiment may be made by using major element distribution, specifically TiO2 and P20s, as a
proxy for trace element distribution (Yamaguchi et al., 2013). It should be noted that these
calculations likely do not accurately reflect real results, as even relatively simple geochemical
systems involve the interplay of myriad factors that are unaccounted for here. These estimates,
however, can be used to draw tentative conclusions and lead follow-up research in a productive
direction. Bulk distribution coefficients for relevant major elements were calculated for
incorporation into mixing equations (Hanson et al., 1978; DePaolo, 1981). Relative enrichment
in P20s for the four melt products could be used as an upper limit for LREE content (specifically
La). P20s is incompatible in eucritic mineral assemblages, as seen in the P20s-enriched,
smallest melt fractions in this study (calculated K4 = 0.03 and 0.04 for P2Os in clinopyroxene and

plagioclase, respectively), so it may be appropriately used here as a proxy for La. There is
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precedence for this approximation, as Yamaguchi et al. (2013) found that La enrichment was
approximately equal to P2Os enrichments in measured melt products. Ti is also considered an
incompatible element in the eucrite mineral assemblage, with very similar Kq values to La with
regard to plagioclase (~0.03). The La Kqg value for clinopyroxene (~0.032) is an order of
magnitude lower than that of Ti (~0.27), which can explain the greater enrichment of TiO2 over
P20s in the 1100°C melt, where pyroxene began to contribute appreciably to the melt product.
Assuming that TiO2 partitioning would decrease without the contribution of pyroxene at a lower
partial melt fraction, we can assess the enrichment of these two components relative to bulk
content, and provide upper and lower constraints on probable LREE enrichment within the
1050°C melt. This would yield an enrichment of La in the 5% melt fraction at 7.01 to 9.66 times
the average bulk unheated material, with a resultant concentration of 17.67 to 24.34 pg/g La in

the melt product (Figure 33).

5.2.1 Incorporation of Data into the Barrat et al. (2007) Model

Calculated magma mixture compositions for simple binary mixing are presented in Table
7 and Figure 34 for low melt fraction compositions (i.e. 1050°C and 1100°C experimental melts).
The calculations were made under conditions in which melts were assimilated into Main-group
magma (represented by bulk NWA 8562) at proportions of 5, 10, and 15% contaminant.
Additionally, trace element contents for calculated mixtures of HaH 262 and Juvinas are
presented for comparison. According to our calculations, a melt fraction of F= 0.05 (5% partial
melt, as seen in our 1050°C run) from a Main-group eucritic source can produce Stannern-
group La compositions at proportions of 10 and 15% contaminant, yielding La concentrations of
4.48 to 5.11 and 5.64 to 6.64 pug/g. Even at 5%, La concentration falls just below the boundary
for the Stannern group (~ 4 pg/g, [Barrat et al. 2007]) at 3.44 to 3.73 ug/g. Calculated La content
in mixtures of an equivalent melt fraction for Juvinas (Barrat et al., 2007) range from 4.83 to

8.00 pg/g, which is well within Stannern-group trace element compositions. Mixtures for the 18%
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FIGURE 33: Interpolated La Enrichment in 1050°C Experiment

La enrichment was estimated using other incompatible elements (Ti and P) with similar bulk
distribution coefficients as a proxy. With Ti as a lower limit and P as an upper limit, we can
estimate that La enrichment would be ~700 to 970% greater in the 1050°C melt than in the bulk
composition.
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Figure 34: La vs. FeO1/MgO Assimilation Trends

Compositional trends for 1100°C melt/bulk mixtures were calculated for NWA 8562 from
LA-ICP-MS and EMPA results. Mixtures of 5, 10, and 15% contaminant were calculated
according to simple binary mixing equations (DePaolo, 1981). La mixtures for HaH 262
were calculated from data in Yamaguchi et al. (2013). FeO1/MgO for HaH 262 and
Juvinas could not be calculated from available data (Barrat et al., 2007; Yamaguchi et
al., 2013). These series are plotted as open circles along dashed lines, and have no x-
axis value. Fields for Stannern and Main-group compositions were drawn from Barrat et
al. (2007).
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melt fraction (F= 0.18) produced in our 1100°C experiment did not produce Stannern-group
compositions at any proportion, with the highest La concentration at 3.31 in the 15%
contaminant mixture. In contrast, La content in the mixtures calculated for the 1100°C HaH 262
melt products (Yamaguchi et al., 2013) range from 2.9 to 4.2 ug/g (Table 6, Figure 31). The HaH
262 mixture with the highest proportion of contaminant (15%) falls within limits of Stannern-
group trace elements, unlike any of the proportions calculated for NWA 8562 melt products at
the same temperature. This is likely due to the abundance of apatite in HaH 262 (Yamaguchi et
al., 2013), which is an important carrier phase for REEs (Hsu and Crozaz, 1996). Juvinas
mixtures at a melt fraction of 15% (F= 0.15) range from 3.58 to 5.62 pg/g. Melt compositions for
our 1150°C run only vary slightly from bulk compositions, so they will not be discussed in this
section.

While trace element data alone may appear promising for the model, the distinction
between Stannern-group and Main-group eucrites also rests on major element contents, and
the correlation of incompatible trace element abundance with a differentiation index is
necessary for full assessment of the model. Major element compositions of the magma mixtures
are not only important in determining the degree of differentiation experienced by a eucrite, but
they also determine the modal abundance of minerals that crystallize in equilibrium with the
melt. Consequently, bulk composition that is not representative of the eucritic suite would
probably not resemble the eucrite mineral assemblage. Data for major element modeling was
not provided by Barrat et al. (2007), most likely because major element modeling during partial
melting requires the consideration of variables such as crystal geometry (Hanson et al., 1978).
However, our experimentally-derived values circumvent this complication. The results of our
experiments are problematic for the model in question, as mixtures of melt contaminant and
Main-group magmas produce compositions that are far too ferroan for eucritic assemblages

(Figure 31). The extrapolated trace element compositions for 1050°C mixtures may fall within
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the Stannern-group, but Mg-numbers (correspondingly, FeOt/MgO) do not. The 5% mixture
yields a FeO1/MgO ratio (3.88) at the ferroan end of the Main-group field. The 10 and 15%
mixtures of the 1050°C contaminant are far too ferroan for eucritic compositions (FeOt/MgO=
5.12 and 6.90, respectively). In fact, values for partial melt mixtures at this temperature appear
to follow a magmatic fractionation trend from the Nuevo-Laredo group (bound by the most
ferroan endmembers of the Main-group field in Figure 34). The processes outlined by Barrat et
al. (2007) may instead more adequately explain the petrogenesis of Nuevo-Laredo group
eucrites from the low-percent partial melting and assimilation of more magnesian, LREE-
depleted eucrites into Main-group magmas. It is possible that melting of ferroan olivine in the
mesostasis contributed appreciably to FeO enrichment in our experiments. For the 1100°C run,
the 5% mixture plots near the ferroan end of the Main-group field (FeOt/MgO = 3.91). The 10
and 15% mixtures yield greater La values (3.00-3.31), and the compositions of those mixtures
are too ferroan for eucrites, with FeO1/MgO ranging up to 4.53. One of the major weaknesses of
the Barrat et al. (2007) model is that it does not take into account the contribution of minor and
accessory phases, where the majority of REEs are held (Hsu and Crozaz, 1996; Yamaguchi et
al., 2013). Additionally, partially melting pyroxene in the model is assumed to be 87%
orthopyroxene (Barrat et al., 2007), which would seem to be a diogenite-like composition, rather
than eucritic. This may be the Achilles heel of the Barrat et al. (2007) study, unless their choice
of terminology included pigeonite, which is technically a clinopyroxene. The selection of Juvinas
to represent Main-group magma compositions in their model may also have a role to play in the
discrepancies between our results and their calculated values, as Juvinas is significantly less
Fe-rich than NWA 8562 or HaH 262 (Table 6 and Figure 31). Potentially, a more Mg-rich eucrite
that is enriched in incompatible elements may yield Stannern-group compositions under similar

experimental conditions.
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6.0 Conclusions

Lacking REE data for both the 1050°C experimental melt and the accessory phases in
the unheated material prohibits us from fully assessing the Barrat et al. (2007) model of partial
melt assimilation. However, we can place new constraints on the model, and further analyses
based on those presented here may tell us if the model can reasonably explain Stannern-group
eucrite petrogenesis.

- We have shown that Stannern-group compositions could not be reproduced by the calculated
binary mixing of experimentally-derived, extensively melted (F= 0.15) Main-group eucritic
material (specifically NWA 8562), as suggested by Barrat et al. (2007).

. According to our results, the model would only satisfy trace element constraints for Stannern-
group petrogenesis at our lowest melt fractions (F= 0.05), as the interpolated values for La
content in the 1050°C melt products yield Stannern-group compositions at proportions of >5%
contaminant.

. Increasingly ferroan compositions of melt/magma mixtures for the lowest-percent melt
fractions preclude the plausibility of Stannern-group petrogenesis via Barrat et al. (2007) for
lithologies similar to NWA 8562. Additionally, experiments by Yamaguchi et al. (2013) found
that the majority of REEs in their melt products were sourced form mesostasis apatite, which
was not identified in NWA 8562. The majority of phosphorus observed in our unheated sample
appears to exist as inclusions in mesostasis fayalite, according to EMPA data. If melts sourced
from fayalite are major contributors to REE enrichment, then the ferroan melts produced in our
experiments could be explained.

6.1 Future Work

The most pertinent subsequent research to be pursued is further analysis of the 1050°C
experimental charge. We will thoroughly analyze both the melt and the accessory minerals in

this sample and the original unheated material. The data we collect will allow us to more
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quantitatively assess the Barrat et al. (2007) model, and should yield results that are appropriate
for publication. Furthermore, data obtained would be a valuable addition to the geochemical
database for basaltic achondrites, as the acquisition of trace element data for the unheated
accessory phases, 1050°C melts, and residual phases would allow us to calculate
experimentally derived distribution coefficients for REEs in accessory minerals and partial melts.
The choice of a 20 ym beam-size in EMPA of major phases in the present study was not
suitable for detailed petrogenetic analysis of pyroxenes. A smaller beam-size would yield data
that are far more suitable for purposes of publication. If further experimentation and/or analyses
reveal that Stannern-group compositions can be generated from the assimilation of partial
melts, it would place constraints on the type of environment in which this could occur, favoring
models that employ serial magmatism as the source of the HED assemblage (e.g. Mandler and
Elkins-Tanton, 2013; Neumann et al., 2014). Additionally, the energy required to melt crustal
material of similar composition to the magma chamber would likely require recharge within
magma chambers to result in simple binary magma mixing as suggested by Barrat et al. (2007),
which would contrast with partial melting models that explain Stannern-trend eucrites as low-
percent partial melts derived from source regions compositionally distinct from Main-group
eucrites (Stolper, 1977).

Distribution of incompatible elements also has implications for the timing of petrological
processes on the HED parent body: according to the model, Main-group and Stannern-group
eucrites would have crystallized contemporaneously, in contrast to some Hf-W isotopic dating
studies (e.g. Touboul et al., 2015) that placed Stannern-eucrite formation earlier in the history of
the HED parent body than that of main-group eucrites. Hf-W isotopic ratios would be altered by
partial melting events, obscuring the sequence of differentiation events.

If Stannern-group eucrite petrogenesis cannot be explained by the Barrat et al. (2007)

model, then magma ocean models for HED parent body petrogenesis require modification, as
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they cannot account for the compositions of all eucrites (Barrat et al., 2007; Mandler and Elkins-
Tanton, 2013; Mittlefehldt, 2015). Stolper (1977) suggested that Stannern-group eucrites may
have crystallized from primary partial melts that were sourced from regions compositionally
distinct from those of Main-group eucrites, or from early, low percent partial melts of a common
source region. He explained the relative scarcity of Stannern-group eucrites in the meteoritical
record by suggesting that primary, low melt percent magmas would not easily migrate to the
surface of an undifferentiated body. Although partial melting models have historically contrasted
with magma ocean models, the earliest stages of melting on a planetary body likely reflected
many of the same conditions described in partial melting, prior to serial magmatism (e.g.
Mandler and Elkins-Tanton, 2013; Neumann et al., 2014; Greenwood et al., 2005). If early, low
percent partial melts became entrapped and crystallized in the outer regions of the HED parent
body, then increasing degrees of magmatism may partially or completely melt those lithologies.
Assimilation of this material within Main-group eucritic magmas would result in regional
variations in basaltic magma compositions that could reflect those of the Stannern-group
eucrites (Figure 35). Additional melt experiments at lower temperatures for longer periods (e.g.
1025°C for 48 hours) may yield a greater percent partial melt that is solely derived from
mesostasis phases (e.g. Stolper, 1977; Yamaguchi et al., 2013), which would more accurately
reflect primary, low percent partial melts. Incorporation of data obtained from these experiments
may help to further constrain Stannern-group petrogenesis.

Follow-up research could analyze the major and trace element compositions of relict
minerals, as well as petrographic features produced by partial melting. This data could then be
compared to highly metamorphosed eucrites (e.g. Yamaguchi et al., 2011) to determine if any
direct evidence of partial melting occurred according to processes described in the model in
question. Highly metamorphosed eucrites are depleted in LREEs, and show a fine-grained

granoblastic texture, suggesting that they are residues of partial melting (Yamaguchi et al.,
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2011). Preliminary investigations into the textures and LREE distribution of highly
metamorphosed eucrites and the residual phases in our experiments suggest a potential
correlation.

Yamaguchi et al. (2013) found that Ca-phosphates could carry REEs over significant
(um-scale) distances in as little as 24 hours at low pressure, providing a transport mechanism

for extremely low partial melt fractions (F< 0.05). High-resolution CAT scans of the experimental

Stannern-group
Eucrites

Partlally Meltmg 55
Prlmary, Low Melt% Basalt

Eucritic Crust
~ Increasing
Metamorphism

Superheated Silicate Layer

Residual Magma Ocean

Mafic and Ultramafic Cumulates

Figure 35: Alternate Model of Stannern-group Eucrite Petrogenesis

At a stage in the earliest, lowest melt fraction partial melts of the bulk HED parent body
had not been completely consumed (e.g. Stolper, 1977; Neumann et al., 2014), partial
melting of that material may account for compositional variations in the eucrite suite
that are currently unexplained by petrogenetic models for the HED parent body.
Adapted from Barrat et al. (2007), and Neumann et al. (2014). The partially melting
primary basalt was added by this study.
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charges may show further transport mechanisms for incompatible elements and help constrain
factors such as how much time would be required for melt migration over a given distance. Dr.
Wenlu Zhu at the University of Maryland has developed such a technique, and has expressed

an interest in pursuing this research with me.
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Abstract

ARE STANNERN-GROUP EUCRITES PRODUCTS OF PARTIAL MELT CONTAMINATION?
CONSTRAINING THE PETROGENESIS OF THE H.E.D. PARENT BODY THROUGH
EXPERIMENTAL PETROLOGY
by Samuel D. Crossley, M.S. 2016
School of Geology, Energy, and the Environment

Texas Christian University

Thesis Advisor: Dr. Rhiannon Mayne, Associate Professor of Geology

Partial melting experiments were conducted on the eucrite NWA 8562 to assess the
validity of partial melt assimilation models for Stannern-group eucrite petrogenesis. NWA 8562
petrography and major/minor element geochemistry were analyzed to assure that the meteorite
met experimental parameters. Four sets of experiments were run at 1050, 1100, 1150, and
1200°C. Experimental compositions were analyzed and factored into calculations that model the
mixing of melt fractions into Main-group eucritic magmas. We have shown that while partial
melt mixing models for Stannern-group eucites can satisfy trace element constraints at 5%
partial melting and 10-15%-contaminant mixtures, the model fails to account for extreme Fe-
enrichment in melts, which yield compositions that are outside the range of eucrites. Previously
modeled pyroxene compositions seem to be erroneous and require correction. Further research

into accessory phase melt-contribution is required, and should be incorporated into the model.



	Thesis_Crossley_Draft_7.28.16
	blankpage

