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Abstract

The ancient Mars crust can yield insights into planet formation and evolution that Earth
cannot. Direct investigation of the martian surface is limited to studies on meteorites and rover-
obtained analyses. The nakhlites and chassignites, two classes of martian meteorites, are together
the largest suite of martian meteorites derived from a single location on the surface. As such, they
present a rare opportunity to study the Mars crust in detail using samples bearing a contextual
relationship. Rover studies have found a surprising amount of compositional diversity in surface
materials, the formation mechanisms of which are not well-constrained. This dissertation leverages
meteorites and rover analyses in order to better understand what magmatic processes contributed
to the formation and compositional diversification of the martian crust.

In Chapter 1, I conducted thermodynamic modeling to model a magmatic process known
as assimilation and fractional crystallization, wherein minerals are removed from the magma as
they form (fractional crystallization) and the crust surrounding the magma chamber is
incrementally melted and added to the bulk magma (assimilation). I found that assimilation and
fractional crystallization may have contributed to early evolution of the Mars crust.

In Chapter 2, I studied melt inclusions in a representative suite of martian nakhlite and
chassignite meteorites. Melt inclusions are pockets of magma entrapped in minerals as they form,
and can represent an initial magmatic composition if they are entrapped early and remain unaltered.
I found that nakhlite and chassignite melt inclusions record evidence of crystal storage in changing
magma compositions.

In Chapter 3, I analyzed elemental patterns (called “zoning”) in nakhlite and chassignite
minerals. Zoning of elements in a mineral record formation conditions such as changes in

temperature and composition of the magma. I found that minerals in the nakhlites and chassignites

il



formed initially very rapidly, and that minerals were stored in changing magma compositions,
adding to a growing body of evidence that such formation conditions are very common on Mars.
In this dissertation, I apply a variety of modeling and analytical methods to both samples
and to rover analyses in order to study the formation and evolution of the Mars crust. I demonstrate
that magmatic processes common on Earth (such as assimilation and fractional crystallization,
magma mixing, and crystal storage) evidently contribute to the compositional diversity of the

martian crust as well.
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Chapter 1: Introduction

1.1 How, and Why, We Study the Martian Crust

The crust of Mars is ancient. The oldest bulk Earth crust is the continental crust, which is
on average ~2 Ga (Kemp and Hawkesworth, 2003). Exposures of the oldest crust on Earth have
been weathered and metamorphosed so that primary formation processes are often obscured. The
southern highlands of Mars averages, in contrast, are notably older at ~3.9 Ga (Frey et al., 2002).
Weathering on Mars over the last ~3.2 Ga has been globally dominated by aeolian processes and
thin film formation, both of which minimize alteration of primary igneous features (e.g., Ehlmann
and Edwards, 2014). The dearth of plate tectonics on Mars prevents most regional orogenic
metamorphism seen in Earth rocks. Exploration of the martian surface can therefore reveal the
processes that form terrestrial crusts, and those which diversify crustal compositions over spans of
deep time not resolvable on Earth.

In order to define what magmatic processes played a role in the formation of the martian
crust, we rely primarily on the only samples we currently have from Mars: meteorites. The origins
of meteorites can be traced to their parent bodies by isotopic or other chemical analyses,
particularly by shared oxygen isotopic signatures (e.g., Ali et al., 2016). Meteorites are ejected
from their parent bodies when they are liberated by another impact. At the time of authorship, there
are 353 identified martian meteorites (“unpaired” stones, meaning that they possibly originate from
the same parent meteorite that was separated upon atmospheric entry). Martian meteorite classes,
their dominant mineralogies, and their crystallization ages are detailed in Table 1.1. With outlying
classes aside, there are three primary classes of martian meteorites: the shergottites, the nakhlites,
and the chassignites. The shergottites, the most common type of martian meteorites, are further

divided by relative trace element and isotopic enrichment (enriched, depleted, or intermediate), or



by petrologic type. Shergottites may be basaltic or gabbroic, containing pyroxene and either
plagioclase or a diaplectic glass formed from plagioclase during shock metamorphism (called
maskelynite) caused by ejection (Gross and Filiberto, 2014; Udry et al., 2020). The olivine-phyric
shergottites are porphyritic basalts containing large olivine megacrysts (up to ~2 mm) with smaller
olivine, pyroxene, and maskelynite (Balta et al., 2017; Udry et al., 2020). Lastly, shergottites may
also be classified as poikilitic in reference to volumetrically abundant pyroxene poikilitically
enclosing olivine chadacrysts (Combs et al., 2019; Rahib et al., 2019; Udry et al., 2020). The
nakhlites are clinopyroxene-rich cumulate rocks, also containing fayalitic olivine, plagioclase, and
minor phases in intercumulus glass (Treiman, 2005). The chassignites are dunites, cumulate rocks
containing >90 vol.% olivine. The nakhlites and chassignites share largely overlapping
crystallization (~1.3 Ga) ages and ejection ages (~11 Ma), likely because both classes originate
from the same magmatic edifice on Mars (Nyquist et al., 2001; Cohen et al., 2017; Udry and Day,
2018; Udry et al., 2020). There have been 35 total identified unpaired nakhlite and chassignite
stones, making the suite just 10% of all martian meteorites, but they still represent the largest suite
of rocks originating from the same location on Mars (Udry and Day, 2018; Udry et al., 2020). As
such, the nakhlites and chassignites present a rare opportunity to approach the study of martian
magmatic processes with relative context and detail.

The Mars crust can be delineated into three major time periods, each distinguished by
distinct mineralogy seen at the surface: the Noachian (>3.7 Ga, containing clay-bearing units), the
Hesperian (3.7 Ga—3.1 Ga, containing sulfate-bearing units), and the Amazonian (<3.1 Ga,
characterized by oxidation and low degrees of secondary alteration) (e.g., Ehlmann and Edwards,
2014). Meteorites preferentially sample younger martian terrain, likely because younger volcanic

centers have a higher elevation to aid in escape from the gravitational well (Udry et al., 2020).



However, exploration of older crust by rovers has led to surprising findings concerning igneous

processes. Highly alkaline and even primary mafic melts were discovered at Gusev crater by the

Spirit rover (Squyres et al., 2004, 2007; McSween et al., 2006; Filiberto et al., 2010). Felsic (> 55

wt.% Si10,) igneous materials were found at Gale crater by the Curiosity rover (Sautter et al., 2015;

Cousin et al., 2017; Payré et al., 2017). Ultimately, rover findings challenge a long-standing notion

that the crust of Mars was primarily tholeiitic basalt similar to that comprising the ocean floor on

Earth, but the means by which such compositional diversity is achieved is not well understood.

In this dissertation, we seek to better constrain what magmatic processes play a part in the

formation and diversification of the Mars crust. More specifically, we attempt to answer the

following questions:

1.

Can assimilation, a process by which magma partially melts and incorporates surrounding

crust, lead to evolved magma compositions on Mars? Gale crater felsic (> 55 wt.% SiO»)

igneous materials were found to be chemically similar to early continental crust on Earth,
and so crustal recycling was initially implicated in the required magmatic evolution
(Sautter et al., 2015). Later work found that fractional crystallization (the continual removal
of solid material from a cooling magma body) alone could form martian felsic materials,
but only at high degrees of solid fractionation (Udry et al., 2018). The addition of
assimilated crust to a fractionating magma is a common process leading to compositional
evolution on Earth, but it had not been tested for Mars.

What were the initial magma (or “parental magma’’) compositions that formed the nakhlites

and chassignites? While we know the two subclasses formed together on the martian
surface, the relationship of the magmas that formed them is not well understood. To better

constrain that magmatic relationship, we studied melt inclusions in a representative



selection of nakhlites and chassignites. Melt inclusions are pockets of magma that are
entrapped in crystals as they form, and represent the initial magma composition (e.g.,
Schiano, 2003; Kent, 2008; Wallace et al., 2021).

What magmatic processes are recorded in cumulus minerals (minerals which accumulated

together after emplacement) in the nakhlites and chassignites? Zoning, or shapes formed

by differing distributions of elements within individual crystals, can reveal intrinsic and
extrinsic magmatic conditions during mineral formation (e.g., Donaldson, 1976; Milman-
Barris et al., 2008; Ubide and Kamber, 2018). I seek to constrain zoning patterns in mineral
phases in a representative selection of nakhlites and chassignites in order to elucidate what

magmatic and emplacement conditions formed them.



1.2 Tables

Table 1.1 Martian meteorites, ages, and dominant mineralogyf

Class Subclass

Mineralogy

Crystallization ages

Gabbroic, Basaltic

Pyroxene, maskelynite or plagioclase

Pyroxene enclosing olivine; olivine,

Shergottite Poikilitic . ~150 Ma-2.4 Ga

pyroxene, maskelynite
Olivine-phyric Olivine (qp to 2 mm), pyroxene,
maskelynite
) Pyroxene, olivine, plagioclase, glass,

Nakhlite - sulfides, oxides, phosphates 1.3 Ga

Chassignite B Olivine, plagioclase, orthopyroxene, 13 Ga
phosphates
Variable: comprised of igneous clasts

Polymict regolith breccia - (basalt, norite, trachyandesite, gabbro, ~4.5 Ga
monzonite, mugearite)

Orthopyroxenite B Orthopyroxene, chromite, augite, glass, 41Ga

apatite, olivine

T Udry et al., 2020 and references therein
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2.2 Abstract

Recent findings of evolved martian crustal materials by orbiters and rovers challenged the
longstanding notion of an only-tholeiitic basaltic crust. Models exploring intraplate magmatic
processes like fractional crystallization show that unrealistic amounts of solid accumulation are
sometimes required for the formation of martian evolved materials, including evolved materials
analyzed by the Curiosity rover at Gale crater. Assimilation and fractional crystallization (AFC)

play an important role in the diversification of magmas on Earth, but has not been explored for its


https://www.elsevier.com/about/policies/copyright#Author-rights

role in the generation of evolved martian crustal compositions. In this study, we conduct a series
of thermodynamic AFC models using the Magma Chamber Simulator (MCS) model interfacing
with the Rhyolite-MELTS algorithm to better understand the controls on assimilation and whether
it contributed to the evolution of the martian crust. We find that AFC models replicate evolved
Gale crater targets effectively at different pressures and water contents. AFC likely contributed to
martian crustal formation, particularly evolved compositions. Higher crustal temperatures likely
lead to a higher volume of evolved magmas formed by AFC processes on early (rather than
modern) Mars. AFC may have also occurred during the Amazonian, especially in the fractured

upper layers of crust, although in lower volume than during the Noachian.



2.3 Introduction
A not-so-mafic martian crust

The long-enduring understanding that the crust of Mars is largely comprised of mafic and
ultramafic material has been challenged in recent years by observations of evolved materials from
orbit (e.g., Broz et al., 2015; Christensen et al., 2005; Rogers & Nekvasil, 2015; Hewins et al.,
2017), as limited-scale evolved material in martian meteorites (e.g., Gross & Filiberto, 2014;
Santos et al., 2015), and with findings of surficial felsic materials (containing >55 wt.% Si0;) via
in situ investigations conducted by rovers (e.g., Cousin et al., 2017; Payré¢ et al., 2020, Sautter et
al., 2015). Some authors have found that felsic materials analyzed by the Curiosity rover at Gale
crater could possibly be early continental crust akin to tonalite-trondhjemite-granodiorite (TTG)
suites or icelandites on Earth (Sautter et al., 2015). Other work has determined that intraplate
magmatic processes, such as fractional crystallization alone, can reproduce those felsic targets
(Udry et al., 2018; Wu et al., 2021). However, resultant modeled felsic compositions derived from
mafic magmas from fractional crystallization alone require large degrees of crystallization (>55%)
and thus, extraction and eruption of the residual magma is likely to be slowed or stalled without
intermediate processes such as volatile decompression or filter pressing (Udry et al., 2018; Payré
et al., 2020; Wu et al., 2021; Brophy 2009).

Assimilation and fractional crystallization (AFC) is a process common in igneous systems
on Earth and is a significant control on crustal evolution (e.g., DePaolo, 1981; Grove and Brown,
2018). Fractional crystallization, an exothermic process, may heat crust (surrounding a magma
chamber) until it partially melts. Assimilation is the incorporation of partially melted wallrock into
a magma body. The combined effects of the chemical removal of compatible elements by

fractional crystallization and the addition of heat and incompatible elements from partially melting



wallrock drives the evolution of the magma chamber. Such open-system processes contribute
significantly to the diversity of Earth’s crust in all magmatic settings, including intracontinental
magmas at hotspots, arc and backarc settings, and it is possibly responsible for the presence of
highly silicious materials in some mid-ocean ridges (MOR) (e.g., Grove & Brown, 2018). Despite
its importance in the evolution of the Earth’s crust, AFC has not been explored for its role in the
diversification of the crust on Mars or other terrestrial planets and their evolved lithologies.

Here we investigate the potential role of AFC in the compositional evolution of the martian
crust through time using a new modeling tool called the Magma Chamber Simulator (MCS)
(Bohrson et al., 2014). We use martian primary or near-primary magma compositions as initial
magma compositions, which have undergone no crystallization or open-system processes, into
which we assimilate proposed Mars crustal compositions. We explore the process of AFC under a
range of Mars-relevant conditions, including varying depths and pressures, water contents, oxygen
fugacities (fO2), and areothermal (Mars geothermal) gradients. We compare our results to
fractional crystallization- (FC-) only models. In addition, we model assimilation of permeable
crust using smaller wallrock to magma ratios, as recent results from seismic studies on the Mars
InSight lander reveal a possible ~8—11 km depth global blanket of brecciated or altered crust
(Lognonné et al., 2020). We endeavor to find the possible influence of assimilation on magmatic
diversification on Mars, and make qualitative suggestions as to its role elsewhere in the solar

system.

2.4 Methods

2.4.1 Magma Chamber Simulator Assimilation Modeling



We performed all models presented in this paper using the Magma Chamber Simulator
(MCS), which is designed to mimic open-system magmatic processes including AFC (see Fig. 2.1)
(Bohrson et al., 2014). The MCS commands MELTS thermodynamic phase equilibria calculators
to simultaneously conduct models for fractional crystallization of a magma chamber subsystem as
well as partial melting of a wallrock subsystem (Fig. 2.1; Bohrson et al., 2014). We conducted all
models using Rhyolite-MELTS v.1.2.0, which is best suited to fluid-bearing magmas that may
approach quartz or feldspar saturation (under 1.0 GPa) (Ghiorso & Gualda, 2015; Gualda et al.,
2012). The MCS partially melts the wallrock to preferentially remove incompatible elements and
mix the partial melt into the residual magma with each temperature decrement (Fig. 2.1; Bohrson
et al., 2014). Fractional crystallization- (FC-) only models are also possible in MCS.

For the purposes of this study, we modeled three subsystems: 1. the magma, 2. the wallrock
(assimilant), and 3. the cumulate reservoir (the combined solid and liquid products of fractional
crystallization) (Fig. 2.1). As the magma cools, it transfers heat to the surrounding wallrock (crust)
which then approaches its solidus (melting temperature). The cooling magma also forms a
cumulate reservoir that no longer interacts with the magma chemically or thermally. When the
wallrock reaches its solidus, it partially melts. The wallrock partial melt, because of boundary layer
effects, does not interact with the magma until it reaches a threshold volume (a variable referred
to as “FMZero” in the model) (Bohrson et al., 2014). When the threshold partial melt is exceeded,
the wallrock and magma subsystems perfectly mix (i.e., chemistry is immediately mixed in the
entire volume of the magma; Bohrson et al., 2014; see Appendix A material for model
assumptions). The process continues until both the magma and wallrock subsystems reach thermal

equilibrium (i.e., the wallrock cannot be further heated by the magma chamber) and the process of



fractional crystallization dominates. To calculate bulk residual wallrock, we used the “Cumulate

and residual wallrock major element calculation tool” (by Jussi Heinonen) from the MCS website.

2.4.2 Initial Compositions and Model Parameters
Magma and Wallrock Subsystems

For the magma subsystem compositions, we use the Fastball and experimental melt
composition averaged Adirondack compositions from Collinet et al. (2015; reported in Table 1.1).
Fastball is a near-primary ~3.65 Ga basaltic clast located in a pyroclastic deposit at Home Plate in
Gusev crater, where it was analyzed by the Spirit rover (Squyres et al., 2007; Filiberto et al., 2010).
In addition to Fastball, the averaged Adirondack-class basalts found at Gusev crater were also
experimentally confirmed by Monders et al. (2007) to be near-primary melts. The experimental
averaged Adirondack basalt compositions were obtained through partial melting experiments of a
Dreibus and Winke (1988) primitive mantle composition at 1.5 GPa (Collinet et al., 2015). We
employed a varied amount of initial water contents in our magma subsystems including 0.07 wt.%
H»0, 0.5 wt.% H>0, and 1.0 wt.% H>O. Martian primary magmas and estimates for mantle volatile
reservoirs have had suggested water contents ranging from 0 wt.% to 2 wt.% H>O (e.g., McCubbin
et al., 2016; Usui et al., 2015). All H>O content estimates are given in Table 1.1.

Crustal compositions are used for the wallrock subsystems, including the bulk composition
of Northwest Africa (NWA) 7034 and the bulk Mars crustal composition. We used the bulk rock
composition of NWA 7034 as reported by Agee et al. (2013), including water contents (0.63 wt.%),
to represent Noachian-aged wallrock (crustal) composition (Table 1.1). The bulk Mars crustal
composition was modeled using the composition of volatile-free soils measured by the Alpha-

Particle X-Ray Spectrometer (APXS) instruments onboard the Mars Exploration and
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Reconnaissance (MER) rovers Spirit and Opportunity (Taylor and McLennan, 2009). Water
contents for the average martian crust is taken from McCubbin et al. (2016) (1410 ppm) as it is not
reported otherwise in Taylor and McLennan (2009). All wallrock compositions are reported in

Table 1.1.

Model Parameters

We selected model pressures of 1.0 kbar (~8 km), 2.0 (~16 km), 4.0 (~30 km), and 6.0 kbar
(~50 km) corresponding to magma pressures at depths ranging from the shallow martian
subsurface to the bottom of the average modern martian crust (Wieczorek & Zuber, 2004). We
tested thermal gradient estimates of 6°C/km, 15°C/km, and 22°C/km (Table A1l). The estimates
for the martian crustal thermal gradient range from 5°C/km to 21°C/km which can vary laterally,
and it was likely hotter on early (>3.7 Ga) Mars (Babeyko & Zharkov, 2000; Ehlmann et al., 2011;
Semprich & Filiberto, 2020). Hahn et al. (2011) estimated the Gale crater region to have a thermal
gradient of 15°C/km in the Noachian. We assumed a surface temperature of 0°C for model
simplicity.

To evaluate the effects of fO, on our evolving magma and wallrock subsystems, we tested
both constrained and unconstrained fO> values. Constrained models were conducted at the fayalite-
magnetite-quartz (FMQ) buffer. Unconstrained fO, model compositions are found in Table A2.
Unconstrained models were tested at an Fe?*/Fe** ratio equivalent to FMQ+2, FMQ, and FMQ-3
(see Appendix A). These values encompass estimates for the reduced martian upper mantle to
correspond to melts in the lower crust (FMQ-3), as well as estimates for the martian nakhlite
meteorites (FMQ+1.5) which formed at shallow depths (Herd et al., 2002). The effects of fO; are

included in Appendix A.

11



For regional melting models, we selected a 1:1 ratio of thermal activity between the
wallrock and magma subsystems in the case of a simplified intrusive body, as per the
recommendation in Bohrson et al. (2014). To mimic assimilation of porous, impact-fractured crust,
we increase the mass of magma relative to the wallrock (10:3) in order to mimic larger exposed
surface wallrock surface area within a range common to terrestrial systems (Bohrson et al., 2020).
We selected an FMZero (the threshold partial wallrock melt volume required for mixing with the
magma) value of 5% for every model, consistent with experimental estimates of liquid
interconnectivity for basaltic partial melts (Vigneresse et al., 1996). Enthalpy convergence steps
were kept at 30 for each model, and temperature steps for the magma subsystem were calculated
at 5°C decrements. The interplay of each model parameter and each modeled subsystem is

illustrated in Figure 2.1.

2.4.3 Evolved Martian Compositions

All modeled resulting melts from AFC described above are compared to a number of felsic
and alkaline compositions observed by the Curiosity rover at Gale crater, as well as the felsic late-
stage material in NWA 6963 (Table A3). Gale materials dated from Noachian (>3.7 Ga, Sautter et
al., 2015) are analyzed using the Laser Induced Breakdown Spectrometer (LIBS) part of the
ChemCam suite onboard Curiosity and are reported in Table 1.1 (Cousin et al., 2017; Sautter et
al., 2015). ChemCam LIBS is accurate within 0.2 wt.% to ~7 wt.% for major oxides depending on
their concentrations (Clegg et al., 2017; Cousin et al., 2017). Targets include alkaline intermediate
to felsic targets like Harrison and Becraft, as well as sub-alkaline dacites (~65 wt.% Si0.) such as

Sparkle (Fig. Al; Cousin et al., 2017; Sautter et al., 2015).
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The martian meteorite NWA 6963, an enriched gabbroic shergottite (the ages of which are
165-225 Ma), contains interstitial granite with two distinct textures (Filiberto et al., 2018; Gross
& Filiberto, 2014). The Type 1 granite contains quartz and alkali feldspar with microscopic
cuneiform texture, while the Type 2 granite is glassy (Gross & Filiberto, 2014). Extensive
fractional crystallization might result in the observed granitic compositions (Gross & Filiberto,

2014) (Table 1.1).

2.4.4 Model fit selection and comparison to target compositions

To find the best-fit composition along each modeled liquid line of descent (LLD, or the
compositional change in a magma at each temperature decrement), we calculate the root-mean-
square (RMS) of the model against the target composition at each temperature step. The following

equation is used to calculate RMS (xzus):

n

1
XRMS = EZ([fo _fe]z)

=1

where f, are modeled oxides, f. are target oxides, and # is the number of oxides (n = 8) considered.
RMS calculations highlight the magnitudes of differences between all oxides combined in models
at individual temperature decrements against target compositions to allow us to define the best-fit
temperature, pressure, and composition. The smallest RMS value is taken to be the best-fit
composition along the modeled LLD for that given target composition. For additional information

on RMS, see Appendix A.

2.5 Results

2.5.1 AFC Model Comparison by Initial Magma and Wallrock Compositions
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To compare the effects of initial magma and wallrock compositions on AFC models, we
modeled our selected initial magmas, Fastball and averaged experimental Adirondack basalt, and
we assimilated wallrock compositions of either the bulk rock composition of NWA 7034 (Agee et
al., 2013) or an estimate for the average Mars crust (Taylor & McLennan, 2009). The average Mars
crust wallrock has a solidus temperature of ~920°C and NWA 7034 at ~875°C as calculated by the
MCS. The liquidus temperature of Fastball was found to be 1513°C, and the Adirondack basalt
average to be ~1525°C (see Appendix A for additional considerations). Residual wallrock
compositions undergo little change (Fig. A2). All models presented are constrained at the FMQ

/O buffer. Additional unconstrained models are presented in Fig. A3.

Fastball Initial Magma Composition

In Fastball initial magma AFC models including NWA 7034 wallrock that are constrained
at the FMQ fO. buffer, high pressure models (4—6 kbar) begin assimilation at crystallinities of ~1—
12% at ~1280-1500°C. Low pressure models (1-2 kbar) of similar compositions begin
assimilation at 30—70% at 1100—1050°C. The average Mars crust models assimilate at ~1-21%
crystallinity and 1269-1400°C at 4-6 kbar pressures, and 1-2 kbar pressure models begin
assimilation at ~75-50% crystallinity and 1040-1400°C, respectively.

In Fastball and NWA 7034 models, at 6 kbar and constrained at the FMQ buffer,
whitlockite (Cag[MgFe][PO4]sPO3OH) and orthopyroxene accumulate early to remove CaO and
concentrate Na>O relative to lower pressure models, where clinopyroxene crystallization removes
NayO from the melt as well (Fig. 2.2). All modeled Fastball magmas, regardless of initial water
content, increase in CaO as MgO is depleted until ~3—5 wt.% MgO remains, after which there is a

sharp decrease in CaO and TiO; content, when augite begins to crystallize (Fig. 2.2-2.3).
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Magmatic values for SiO; increase and FeOr decrease as iron-rich spinel forms at ~2 wt.% MgO
(Fig. 2.3-2.4). Feldspar crystallization occurring at around ~1 wt.% remaining MgO sharply
depletes Al,O3. Only in 0.07 wt.% initial magmatic water models, 1-4 kbar models onset feldspar
crystallization at 2—4 wt.% MgO, which significantly depletes the magmas in A1>O; until feldspar
accumulation decreases and Al>Oj3 increases at <1 wt.% MgO (Fig. 2.2-2.3). This trend similarly

enriches the magma in FeOr and TiO».

Adirondack Basalt Average Initial Magma Composition

In models wherein averaged Adirondack basaltic magma assimilates the average Mars
crust and is constrained at the FMQ buffer, high pressure (6 kbar) assimilation begins between
1400-1480°C (with solid accumulation as low as ~1 wt.%), while low pressure assimilation begins
from 990-1060°C (at ~60 wt.% accumulation). In NWA 7034 wallrock models, low pressure
assimilation occurs between 1000—1060°C and high-pressure models between 1480-1550°C.
Some high-pressure models (4—6 kbar) gain significant fractions of liquid magma, reaching
thermal equilibrium and ceasing assimilation after the total magma chamber mass increased ~10—
20%, regardless of wallrock composition.

In all AFC models with Adirondack initial magma compositions, the rapid decrease of
AlO3 at MgO contents of ~2—4 wt.% and its subsequent increase is noticeable in 1-2 kbar models
of 0.50 wt.% H>O magmas in addition to 0.07 wt.% H>0O magmas, which is reflected in increases
in FeOr and TiO; values (Fig. 2.5-2.6). Adirondack initial magma with 0.07 wt.% H>O
assimilating the average Mars crust contains the most AlO; of all models (~16.4 wt.%) as it

accumulates the least feldspar overall (~11 wt.%). Adirondack initial magma models lose CaO
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after ~3—5 wt.% MgO remains in the magma due to augite crystallization (Fig. 2.5-2.6). Iron-rich

spinel increases FeOr and decreases SiO at ~2 wt.% MgO (Fig. 2.4-2.6).

2.5.2 Modeled Cumulate Mineralogy

High pressure models (4—6 kbar) form less feldspar overall than lower pressure models (1—
2 kbar), with ~25-35 wt.% feldspar at 1 kbar compared to 11-25 wt.% at 6 kbar (Fig. 2.7). Fastball
initial magma models accumulate more feldspar than do Adirondack initial magmas with the same
wallrock compositions (35 wt.% and 31 wt.%, respectively) (Fig. 2.7). Adirondack initial magmas
form upwards of 40 wt.% total pigeonite and Fastball initial magmas form 29 wt.% in total (Fig.
2.7). Together, the models form a variety of pyroxene minerals, including orthopyroxene (~4—34
wt.%), pigeonite (~11-40 wt.%), and augite (3—23 wt.%; Fig. 2.7). Additional common phases

include olivine, spinel, whitlockite, apatite, and occasionally late-stage quartz or garnet.

2.5.3 Effects of Initial Wallrock Temperature

In order to test the effect of the initial wallrock temperature, as possibly the areothermal
gradient has changed over time or varies laterally (e.g., with proximity to volcanic centers), we
conducted AFC models with initial wallrock temperatures corresponding to a low-end estimate of
6°C/km and a high-end estimate of 21°C/km (Babeyko & Zharkov, 2000). The high-end estimate
areothermal gradient typically prompts magmas to reach thermal equilibrium with larger volumes
of liquid magma still present. Higher initial wallrock temperatures lead to more rapid melting of
the wallrock at higher magma temperatures, and thus, lower amounts of solid accumulation (Fig.
A4a). Conversely, the lower-end estimate for the areothermal gradient results in thermal

equilibrium at smaller volumes of liquid magma overall. Cooler initial wallrock temperatures
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along the 6°C/km gradient typically reach their solidus at higher magma temperatures and smaller
residual magma volumes (Fig. A4a).

Wallrock heats up at the same rate in all areothermal gradient models (Fig. A4b). Water-
undersaturated (0.07 wt.% H>O) magma subsystems along a 6°C/km gradient reach thermal
equilibrium from ~900°C at 1 kbar pressures to ~1000°C at 4 kbar (Fig. A4b). Water
undersaturated models along a 21°C/km gradient reach thermal equilibrium at ~980°C at 1 kbar,
and 1100°C at 4 kbar (Fig. A4b). Increasing water contents typically result in a lower temperature
thermal equilibrium in all models by upwards of 50°C. Areothermal temperatures of 21°C/km
cannot be modeled with the MCS at pressures larger than 4 kbar as the wallrock exceeds the typical
basalt solidus, and non-brittle rheologies and high-pressure wallrock mineralogies are not

accounted for.

2.5.4 FC-Only Models

Fastball magmas undergoing only FC constrained at an fO> of FMQ reach 55 wt.% SiO» at
82% crystallinity at 6 kbar, and reach 75% crystallinity in 0.07 wt.% H>O initial magmas at 1 kbar.
FC models at 6 kbar reach the same SiO; at 66% crystallinity, and 45% crystallinity at 1 kbar (Fig.
2.8). Adirondack initial magmas with 0.07 wt.% H>O in the same conditions reach 89% and 83%
crystallinity at 6 and 1 kbar respectively, and they reach 74% and 56% crystallinity at 6 and 1 kbar

with 1.0 wt.% H>O models (Fig. 2.8).

2.5.5 Effects of Crustal Permeability

Recent findings from the /nsight mission show a possible 8—11 km depth blanket of crust

with a low seismic velocity, indicative of relatively high porosity or permeability possibly due to
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impact fracturing and/or secondary alteration (Lognonné et al., 2020). To mimic permeable
martian upper crust, we conducted comparative AFC modeling wherein the magma (Fastball) to
wallrock (NWA 7034) ratio is 10:3, effectively increasing the surface area of the wallrock in
contact with the magma subsystem. At 1 kbar pressure (8 km depth, within the modeled permeable
blanket), models of a Fastball magma intruding permeable NWA 7034 wallrock begin assimilation
at 1200-1340°C for all initial magma water contents, and reach thermal equilibrium at 1130-
1280°C and 3-16% crystallinity (Fig. A5). In contrast, similar models not accounting for
permeability initiate assimilation at 990—-1050°C, and reach thermal equilibrium at 930-970°C and
60-70% crystallinity. In permeable wallrock models, hotter magma temperatures and larger
volumes of magma result in increased evolution with less overall solid accumulation. In permeable
wallrock models, the initial Fastball magma containing 0.07 wt.% H>O reaches 53 wt.% SiO:
(basaltic trachyandesite) by 55% crystallinity, while a non-permeable model reaches 47 wt.% Si0O»
by the same degree of crystallinity (Fig. A5). A 1.0 wt.% H>O, permeable model reaches 65 wt.%
Si02 by 55% solid accumulation. A non-permeable model in the same conditions reaches 62 wt.%

Si0; (Fig. A5).

2.6 Discussion
2.6.1 Model Comparisons and Best Fits
Comparing Models to Evolved Martian Igneous Materials

Models of Fastball initial magma assimilating NWA 7034 at 6 kbar, 0.07 wt.% H>O model
mimics Gale crater alkaline target Harrison composition with 54% cumulate material in the magma
chamber. The model underestimates Al>O3 by ~7 wt.% and contains ~4 wt.% more FeO than the

Harrison target (Fig. 2.2). In the 6 kbar, 0.07 wt.% H>O model, 27% of total solid accumulation is
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feldspar. Models at 4 kbar with 0.07 wt.% H>O approach highly-alkaline targets Chakonipau and
Becraft (trachyte) around ~76% crystallinity (Fig. 2.4).

Fastball assimilating the average Mars crust results in overall higher crystallinities when
compared to Gale crater target compositions, reaching the target Harrison composition at 2 kbar
pressure and with 0.50 wt.% H>O at 57% crystallinity (Fig. 2.4). Another model at 1 kbar pressure,
with 0.07 wt.% H2O also replicates Harrison, but at 70 wt.% crystallinity and with an
underestimation of Al,O3; by ~9.5 wt.% (Fig. 2.3). Fastball assimilating the average Mars crust at
2 kbar with 0.07 wt.% H>O reaches Sledgers (~64 wt.% Si0O;) after 80% crystallinity (Fig. 2.4).

The Adirondack basalts assimilating a bulk NWA 7034 wallrock composition reaches
andesitic compositions (Sparkle, 59 wt.% Si0O;) at 56% crystallinity at 1 kbar with 1.0 wt.% H>O
(Fig. 2.4). At 4 kbar pressure, with both 0.07 wt.% H2O and 1.0 wt.% H>O, the model combination
reaches Sledgers at ~80% crystallinity (Fig. 2.4). At 6 kbar, a 1.0 wt.% H>O model replicates the
silica content of Harrison at 50% crystallinity. At 1 kbar and with 1.0 wt.% H>O, Adirondack
basaltic magma assimilating the composition of the average Mars crust reaches Sparkle (59 wt.%
Si02) target within 64% crystallinity, and with 0.5 wt.% H>O reaches Angmaat by 77%
crystallinity (Fig. 2.4). Models with 0.07 wt.% H>O at 2 kbar and 4 kbar replicate alkaline basaltic
trachyandesite Harrison only by 75% and 86% crystallinity, respectively. At 6 kbar and with 1.0

wt.% H20, the combination replicates Harrison within 85% crystallinity as well (Fig. 2.4).

Comparing AFC Models to FC-Only Models
Modeling only the process of FC in both the Fastball and Adirondack basalt initial magma
compositions yields similar LLD results as AFC models, especially at pressures of 1 kbar (Fig.

2.8). However, the FC-only models reach felsic (>55 wt.% SiO2) compositions after significant
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amounts of fractionation (60-70%). At 6 kbar, the FC-only model for the Fastball initial magma
composition reaches the trachy-basalt field (~45-50 wt.% SiO.) by 55% fractionation (Fig. 2.8).
In contrast, the AFC model at 6 kbar featuring Fastball magma and NWA 7034 wallrock reaches
trachy-andesite (~ 53—56 wt.% Si0O») by 55% fractionation (Fig. 2.8). Higher pressure AFC models
(4-6 kbar) have slight differences in their LLD when compared to FC models. In Fig. 2.8, this
effect is best seen in the results for the initial Fastball magma containing 0.07 wt.% H>O, the FC-
only model of which becomes more silica-depleted at high temperatures than the AFC model does
under the same conditions. Silica depletion likely occurs when the addition of wallrock partial melt
to the magma enriches it in SiO> to offset the crystallization of orthopyroxene in the AFC model
only.

In terrestrial basaltic systems, critical crystallinity occurs when a magma chamber
accumulates around 55% solid material and the viscosity is such that the magma behaves as a solid
(Marsh, 1981). In terrestrial systems, magma compaction, filter pressing, and devolatilization
release liquid from intercumulate spaces in critically crystalline magmas (e.g., Brophy, 2009), but
these effects on Mars are not well-understood. Lower crystallinity magmas are thus more likely to
erupt, particularly those at or below the critical crystallinity limit. FC-only models always
reproduce target compositions at higher crystallinities (Fig. 2.8) than comparable AFC models,

making FC-only felsic magma less likely to erupt overall.

Formation of Evolved Target Compositions
In this study, we use the best-fit models, as calculated by RMS, to make predictions of
formation conditions for observed evolved martian compositions. Best-fit model descriptions,

compositions, and magmatic conditions are found in Table A3. All Gale crater targets are best
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replicated with initial Adirondack basaltic magmas and wallrock composed of the average Mars
crust, but with different initial water contents and at different pressures (Fig. 2.6). Gale crater
basaltic trachyandesite Harrison (52.9 wt.% Si0O») is the best reproduced composition, replicated
by an AFC model at high pressure (6 kbar) and with an initial water content of 0.07 wt.% H>O.
The trachyte Sledgers (63.9 wt.% Si0;) is best replicated by a 0.07 wt.% H>O model at 6 kbar
pressure, after the largest amount of accumulation of all best-fit models (90%). The diorite
Angmaat (62.9 wt.% Si0») is replicated by a 1.0 wt.% H>O magma at 2 kbar depth at the lowest
degree of crystallinity among the best-fit models (67%). The trachyte Becraft (60.1 wt.% SiO2) is
best-fit by a model with 0.50 wt.% H>O at 6 kbar. The trachyte Chakonipau (61.9 wt.% SiO») is
replicated by a 0.07 wt.% H>O model at 6 kbar. The diorite Sparkle (59.4 wt.% SiO) is best
represented by an Adirondack basaltic magma assimilating the average Mars crust, with initial
magmatic water of 1.0 wt.% at 2 kbar pressure. Best-fit models generally fall within ~2 wt.% of
ChemCam compositions, which is in the range of the instrument precision, with Al>O3 typically
underestimated by models and FeOr overestimated by ~3—4 wt.%. Thus, AFC at a range of
possible depths (2—6 kbar) and initial water contents (0.07-1.0 wt.%) may explain observed
evolved compositions at the surface of Mars. Generally, subalkaline compositions are best
modeled by hydrous magma at 2 kbar depth, while alkaline evolved targets are reproduced by
higher pressure models (4—6 kbar, Fig. 2.4).

At comparable conditions to the best-fit AFC models, FC-only models provide
significantly poorer fits overall. For instance, an RMS value of 1.5 for the best fit AFC model for
Harrison is 4.8 for fractional crystallization alone. An AFC RMS value for Chakonipau is 2.5,

while a fractional crystallization best fit yields an RMS value of 6.7. Most of the best fit fractional-
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crystallization models occur at or near the end of the model calculations, when there are ~90%
accumulated solids.

Our AFC models provide generally poor fits to the NWA 6963 granitic glasses. Both are
best represented by an Adirondack basaltic magma assimilating NWA 7034 wallrock at low
pressure (1 kbar) with initial water contents of 1.0 wt.% (Fig. 2.4). Both best-fits occur only after
significant fractionation of over 77% solid material. The NWA 6963 granitic glasses occur as
interstitial material to more mafic cumulate phases (Gross and Filiberto, 2014). We can therefore
reasonably expect that similarly siliceous compositions must require significant fractionation of a
cumulate reservoir. Alternatively, the initial magma and wallrock compositions tested in this paper

could provide generally poor model fits for this composition.

2.6.2 Controls on Assimilation
Coupled Roles of Pressure, Temperature, Depth, and Crustal Thickness

Magmatic system pressures and wallrock initial temperatures increase with depth along the
areothermal gradient. The wallrock temperature approaches its solidus at pressures relevant to the
crust-mantle boundary, which results in increased amounts of partial melting. Areothermal
gradients are affected by a number of factors, which include proximity to volcanic centers, the
abundance of radiogenic isotopes, and the age of the planet as younger Mars is expected to have
had more residual energy shortly after accretion and differentiation (Babeyko & Zharkov, 2000;
Ehlmann et al., 2011; Yoshizaki & McDonough, 2020). Modeled estimates of the areothermal
gradient range as low as 2.7°C/km for modern Mars (Yoshizaki & McDonough, 2020) to as high

as 21°C/km for “hot” Mars (Babeyko & Zharkov, 2000).
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Recent estimates for crustal thickness (and thus potential magma chamber depths) find an
average of 35-85 km, but can be as thin as 0 km in Hellas Basin or exceed 100 km in volcanic
centers (Plesa et al., 2018). When the contribution of features such as volcanoes and impact basins
are removed from crustal thickness estimates, the Mars crust appears to be comprised of distinct
blocks of crust with differing thicknesses and geochemical characteristics (Bouley et al., 2020).
Terrains vary laterally in composition in correlation with their ages, implying that volcanism (as
parental material to subsequent secondary processes) was different between eras (Taylor and
McLennan, 2009). The effects of assimilation are expected to be more pronounced in areas of the
crust near to volcanic centers with an enhanced areothermal gradient and thickened crust (i.e.,
primarily in the southern highlands).

As thickened crust and an elevated areotherm provide an important control on the degree
to which assimilation occurs, the same constraints affect the erupted volume of magma as well.
On the first order, melting of a wallrock system partially replenishes the liquid volume of
crystallizing magma (Fig. A4a). More assimilation, under higher pressure and thicker crust, would
also result in larger volumes of erupted material. Mars, with its depressed areothermal gradient
when compared to Earth’s geotherm (~25°C/km), would have overall smaller erupted volumes of
felsic lavas where assimilation played a key role in their formation. Where the crust was thicker
and areothermal gradient high on Mars, more extensive assimilation may have led to evolved
outcrops larger in scale than where crust was thinner or cooler. Furthermore, a thicker crust results
in increasingly alkaline magmas forming under higher pressures. New estimates for Mars crustal
densities find that even small volumes of magma may be stored at various depths, evolve, and
erupt efficiently (Broz et al., 2015). Thus, AFC may play an important role in the potential presence

of small, evolved (i.e., viscous) flows wherever the crust is sufficiently thickened. Unerupted felsic
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material formed by AFC may also contribute to observations of anomalously low density martian
crust (Baratoux et al., 2014; Wieczorek and Zuber, 2014; Goossens et al., 2017).

Bulk cumulate mineralogy calculations from AFC process show a variety of ultramafic
(olivine, orthopyroxene), mafic (pyroxene), and more evolved phases (feldspar, quartz) (Fig. 2.7).
AFC would especially play a role in the mineralogical evolution of the surface if underplating
resulted in a progressively thicker crust to allow for deeper-seated magmas to intrude hotter
wallrock, or in volcanic centers where the crust would maintain an elevated areothermal gradient
and prolonged volcanism to similarly thicken the crust (e.g., Baratoux et al., 2013). Exhumed
cumulate bodies or cumulate phases entrained in lavas may bear low-Ca pyroxene (formed early
in cumulate bodies), while extrusive phases may include later-formed high-Ca pyroxene and
feldspar phases, thus diversifying the mineralogy of the Mars crust early in its history. AFC models
with oxidized and reduced unconstrained fO> formed no olivine, and the normative mineralogy of
all best fit models finds very little olivine (Fig. A6), in keeping with the dearth of directly observed

olivine at Gale crater (Payré et al., 2020).

The Role of Initial Compositions on LLDs

Water content in magma at low pressure is a significant control on alkalinity during magma
evolution in our models. Lower pressure models (1-2 kbar) with 1.0 wt.% H>O are less alkaline
than higher pressure models (4—6 kbar) with 1.0 wt.% H>O and the same initial magma and
wallrock compositions (Fig. 2.4). Low pressure (1-2 kbar) models with 0.50 and 0.07 wt.% H>O
have higher overall alkalinity than do 1.0 wt.% H>O models under the same conditions as expected.
Increasing water in low-pressure systems prompts generally greater feldspar accumulation and

drives alkalinity values lower as those oxides are taken up by the crystallizing phases (Fig. 2.7).
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At higher pressures (4—6 kbar), where assimilation occurs to a greater extent, water behaving as
an incompatible element is efficiently extracted from wallrock and mixed into the magma
subsystem, and the LLDs for different initial magmas containing variable initial water contents
merge (Fig. 2.4). At high pressures, initial water contents in the magma subsystem play a smaller
role in the evolution of the magma chamber than at lower pressures, as wallrock-derived water is
readily added to the magma.

Wallrock compositions control magmatic evolution during AFC primarily by their solidus
temperatures. Wallrock compositions with lower solidus temperatures melt more readily and
contribute more assimilant to the magma than wallrock compositions with higher solidus
temperatures. At high pressures, such as 4-6 kbar, substantial additions of incompatible elements
(e.g., Si02, Al,O3 Na,O) from assimilant may further drive evolution, although the effect on the
LLD on the magma subsystem is small overall. This is especially noticeable when comparing AFC
to FC-only models, as in Fig. 2.8. However, the primary control on the LLD, and on mineralogy

of the cumulates generated during fractionation, is the initial magma composition (Fig. 2.2-2.6).

The Nature of the Crust

We found that assimilation onsets rapidly in magma evolution and contributes somewhat
to melt evolution in permeable crust. It is likely that melt diversification occurs even at low
pressures, such as along shallowly emplaced sills or dikes. Thus, magma evolution in the shallow
crust increases over time, with more evolved magmas forming after significant impact cratering
had brecciated the uppermost layers of crust. It is important to note that we conducted idealized

modeling that may not account for thermal annealing and rapid crystallization where magma is
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thin and exposed to large surfaces of cold wallrock, i.e., along veins, the effects of which may limit

magmatic evolution.

2.6.3 AFC in the Solar System

Assimilation and fractional crystallization contributes to Earth’s own crustal diversity (e.g.,
DePaolo, 1981; Grove and Brown, 2018), and it may play a similarly significant role in the crustal
compositions of other terrestrial bodies as well, including Mars, Vesta, the Moon, and iron
meteorite parent bodies. Assimilation has been implicated as a contributor to the negative
europium anomalies in diogenites, and therefore may have played a role in the formation of the
crust of Vesta (e.g., Barrat et al., 2010). Low degrees of assimilation may have occurred in the
presence of FC at the core-mantle boundary in planetesimals, as shown by the trace element in
ITAB and IIIAB type iron meteorites (Malvin, 1988). Assimilation prompted by recharge
(magmatic replenishment) may have also contributed to the rare earth element profile of the green
picritic glass collected from the lunar surface by the Apollo 15 crew (Elkins-Tanton et al., 2003).

As we found by conducting Mars-relevant AFC modeling, the primary controls on
assimilation are depth and wallrock initial temperatures along a (geo)thermal gradient. To a lesser
extent, the solidus temperature of wallrock is also a significant determinant in the degree to which
assimilation occurs. On Venus, where surface temperatures exceed 450°C (Gilmore et al., 2017),
the venusian thermal gradient may be inherently high enough to promote significant partial melting
of wallrock within even shallow intrusions. Venus has volcanic features that may be felsic, such
as the tesserae (Gilmore et al., 2017). Modeling by Shellnutt (2013) showed that FC may account
for felsic volcanics on Venus, but only after significant crystallinity (~90% solid accumulation)

which may be unlikely to erupt without significant volatilization or compaction. Thus, assimilation
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may play an important and, as of yet unexplored, role in the formation of felsic outcrop on Venus
and modeling should be conducted in advance of upcoming missions.

The mercurian crust contains terrains with abundant and exotic sulfides (e.g., Vander
Kaaden et al., 2017). Sulfide minerals typically have a lower melting temperature than oxide
minerals, and will likely more rapidly melt and assimilate into upwardly-mobile magma.
Assimilated graphite from the crust or regolith has been implicated in the removal of O from oxides
to smelt metals at the surface of Mercury (McCubbin et al., 2017). In the next decade of planetary
exploration, should we send missions to Venus or Mercury to explore their crusts with higher

resolution, the planetary community should give careful consideration to open-system processes

like AFC.

2.7 Conclusions

Open-system processes like AFC promote significant diversification of terrestrial magmas,
and may have been common on Mars throughout its geologic history. The primary controls on
martian AFC, and the effects of AFC on magmatic evolution, are detailed below and are visualized
in Fig. 2.9:

- AFC models provide good fits to Gale crater target compositions within generally low
degrees of crystallinity. AFC models provide significantly better fits at consistently lower
degrees of crystallinity than do FC-only models. AFC models are not ideal fits for NWA
6963 granitic interstitial glass, which must have required significant fractionation to form

instead.
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- Assimilation works to promote magmatic diversification over FC alone as the influx of
partially melted wallrock maintains higher volumes of magma as solids continuously
fractionate.

- Increasing depth (and thus pressure) in a magma system implies an increase in initial
temperature of the surrounding wallrock. Higher temperatures at higher pressures leads to
increased volumes of assimilant added to the magma chamber, and increased evolution of
the magma.

- Early Mars, with a hotter areothermal gradient and a thinner crust, would have allowed for
assimilation and silicic evolution of magmas at pressures as low as 2—4 kbar and higher
volumes of magmas. Later Mars would have formed less voluminous evolved magma,
although AFC processes could have occurred especially in the upper fractured crust.

- Estimates for the areothermal gradient of Mars are overall colder than the average
geothermal gradient of Earth. Thus, assimilation on Mars would result in lower volumes
of erupted evolved magmas than on Earth.

- Water in magmas plays a more significant role in their evolution when assimilation is
limited. As water behaves like an incompatible element in most mafic to intermediate
magmatic systems, it is readily removed from melting wallrock and added to the magma.

- The overall compositional trends of an evolving magma undergoing AFC are controlled by
its initial composition, but it will evolve to felsic compositions with lower degrees of
crystallinity than in FC alone.

Future work should address additional open-system processes, such as recharge and
assimilation fractional and crystallization (RAFC), as AFC rarely works alone in producing felsic

compositions from initial basaltic magmas (e.g., Grove et al., 1998). Additionally, returned
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samples from the Perseverance rover mission to Jezero crater may help resolve the role of
assimilation in the diversification of Mars’ crust. The crater counting-derived age estimates for the
mafic floor unit ranges from as low as 1.4 Ga to as high as 3.45 Ga between studies (Goudge et
al., 2015; Shahrzad et al., 2019). If the crater floor unit is an igneous unit and if it is Noachian or
formed in a shallow and impact-fractured crust, it may preserve isotopic characteristics of
assimilation due to higher areothermal temperatures or increased wallrock surface area. If,
however, the unit is Amazonian and lacked an elevated areothermal gradient, it may be unlikely
to display isotopic or trace element evidence of assimilation. We must collect igneous samples of
different ages and locations to better make predictions about what temporal and lateral magmatic

evolution we might expect for Mars, and what processes played a role in that evolution.

2.8 Acknowledgments, Samples, and Data

This study was supported by NASA Mars Data Analysis Program 80NSSC17K0477

awarded to A. U. and E. G.

29



2.9 Tables

Table 2.1. Initial compositions and evolved compositions used in this study.

Rock Type Si0, TiO; ALOs _ CnO;  FeOr  MnO  MgO  CaO  NaO  K:0 PO
Initial magma Fastball' - Basalt 483 071 836 0.52 19.0 0.50 12.8 6.18  2.50 025 084
compositions* gz:;ig("g%j%nd“k Basalt 47.8 037 840 0.63 19.3 0.53 14.0 690  1.50 020 046
Initial wallrock NWA 7034 bulk® — 49.8 .03 11.8 0.19 13.6 0.29 8.18 936 392 036 0.80
compositions Bulk Silicate Mars* — 493 098 105 0.38 18.2 0.36 9.06 692 297 045  0.90
Harrison® aT;fice};yte 52.9 098  18.0 — 10.1 — 2.35 6.14 334 217 —
Sledgers’ Trachyte 63.9 029 163 — 6.62 — 1.81 219 5.4 708 —
Gale crater target Chakonipau’ Trachyte 61.9 0.83 16.3 — 6.62 — 0.92 0.92 5.43 7.08 —
compositions Becraft! Trachyte 60.1 131 148 — 9.93 — 1.31 1.69 422 6.65 —
Sparkle’ Dacite 59.4 037 173 — 5.40 — 1.40 119 345 074  —
Angmaat’ Andesite 62.9 091 169 — 10.1 — 1.31 3.02 252 241 —
Northwest Aftica Type 1 Granite 80.4 023 1211 — 0.69 0.01 0.03 344 361 043 020
6963* Type 2 gGlZ‘;iﬁc 78.6 052 118 — 0.65 0.02 0.01 049 332 516 0.19

*H»0 Content is varied between marked models to include 0.07, 0.50, and 1.0 wt.%, and final compositions are normalized to 100%

'Squyres et al., 2007
Collinet et al., 2015

SAgee etal., 2013

“Taylor & McLennan, 2009
>McCubbin et al., 2016
®Cousin et al., 2017
Sautter et al., 2015

8Gross & Filiberto, 2014
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2.10 Figures

Magma Subsystem Model Parameters
Starting compositions: Fastball,
Adirondack-class experimental basalt

Water contents: 0.07, 0.5, 1.0 wt.%
fO, constrained: FMQ

fO, unconstrained: FMQ-3, FMQ,
FMQ+2

Fe*/Fe* (unconstrained fO,): will vary
with depth

Chamber pressures: 1.0,
2.0, 4.0, and 6.0 kbar

Depths: 8, 17, 30, 50 km
Surface temperature: 0°C

assimilation

1. Magma

e 3. fractional crystallization
L4 3
i Il o e |

[

Wallrock Subsystem Model Parameters
Starting compositions: NWA 7034 bulk,
Bulk martian crust

Starting temperatures: 125°C (17 km),
498°C (30 km), 747°C (50 km)

Figure 2.1: Schematic view of assimilation and fractional crystallization (AFC) as it is modeled
by the Magma Chamber Simulator. The process of AFC occurs in three steps: 1) intrusion of the
magma into a surrounding wallrock, 2) fractionation and accumulation of solid material, 3)
exothermic heating and partial melting of the wallrock leading to assimilation. Fastball
composition is from Squyres et al., 2007. Adirondack experimental basalt composition is from
Collinet el al., 2015. Bulk NWA 7034 is from Agee et al., 2013. Bulk martian crust composition
is from Taylor and McLennan, 2009.
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Figure 2.2: Magmatic evolution during AFC starting from Fastball initial composition (Squyres et
al., 2007), assimilating NWA 7034 wallrock (Agee et al., 2013) along a 15°C/km thermal gradient.
MgO versus a) AlxO3, b) CaO, c¢) FeO + Fe;03, d) Na20, e) SiO», and f) TiO». Increasingly dark
shades represent increasing pressures. Purple colors are magmas with an initial 0.07 wt.% H>O,
orange with 0.50 wt.% H>O, and green with 1.00 wt.% H>O.
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Figure 2.3: Magmatic evolution during AFC starting from Fastball initial composition (Squyres et
al., 2007), assimilating the average Mars crust (Taylor and McLennan, 2009) along a 15°C/km
thermal gradient. MgO versus a) Al,O3, b) CaO, ¢) FeO + Fex03, d) NaxO, e) SiO;, and f) TiO:
diagrams. Increasingly dark shades represent increasing pressures. Purple colors are magmas with
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Figure 2.4: Total alkali elements (NaxO + K»O) versus SiO; diagrams for: a) Fastball magma
assimilating NWA 7034 wallrock; b) Fastball magma assimilating the average Mars crust wallrock;
c¢) Adirondack basalt magma assimilating NWA 7034 wallrock; and d) Adirondack basalt magma
assimilating the average Mars crust wallrock all along a 15°C/km thermal gradient. Increasing
pressures correspond to increasing wallrock temperatures, and higher-pressure models undergo
more overall assimilation calculations and are typically more alkaline than lower pressure models.
At 78 wt.% Si0: and greater, the NWA 6963 targets fall off of the diagram. Bulk martian meteorite
compositions from Udry et al., 2020.
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Figure 2.5: Magmatic evolution during AFC starting from Adirondack basalt initial composition
(Collinet et al., 2015), assimilating NWA 7034 wallrock (Agee et al., 2013) along a 15°C/km
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Figure 2.6: Magmatic evolution during AFC starting from Adirondack basalt initial composition
(Collinet et al., 2015), assimilating the average Mars crust (Taylor and McLennan, 2009) along a
15°C/km thermal gradient. MgO versus a) ALO3, b) CaO, c) FeO + Fe;03, d) NaxO, e) SiO2, and
f) TiO; diagrams. Increasingly dark shades represent increasing pressures. Purple colors are
magmas with an initial 0.07 wt.% H>0O, orange with 0.50 wt.% H>O, and green with 1.00 wt.%
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Figure 2.8: Total alkali elements versus silica diagrams of a) fractional-crystallization only of: Fastball magma at 1 kbar and b) 6 kbar;
assimilation and fractional crystallization of Fastball magma and NWA 7034 wallrock at 1 kbar and d) 6 kbar. Assimilation of a wallrock
adds larger amounts of silica to the magma at lower degrees of crystallinity than fractional crystallization alone. At 78 wt.% SiO, and
greater, the NWA 6963 targets fall off of the diagram. Bulk martian meteorite compositions from Udry et al., 2020.
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Early Mars (e.g., Noachian, > 3.7 Ga?) Late Mars (e.g., Amazonian, < 3 Ga?)

- Hotter, thinner crust - Cooled, thickened, impacted crust
- More crustal assimilation (35-85 km average)"?
- Enhanced magmatic evolution - Less crustal assimilation
(more felsic and alkaline compositions) - Less voluminous evolved magma
*not to scale ' Deng and Levander, 2020; ? Plesa et al., 2018

Figure 2.9: Schematic detailing major takeaways. Generally, early Mars had an elevated areothermal gradient which allowed for a greater
extent of crustal assimilation. The effect may be overall enhanced magmatic and crustal evolution. As Mars aged, its crust cooled, which
likely inhibited assimilation and magmatic evolution, except at depth and where brecciation increased surface area of crustal material in
contact with shallowly intruding magmas. Crustal thickening likely resulted in increased alkalinity in magmas as well, but timing of
crustal thickening is not well constrained. Other factors, such as volatile evolution over time, are also difficult to constrain, but may play
a role in the efficacy of assimilation.
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Chapter 3: Melt Inclusion Heterogeneity in Nakhlite and Chassignite Meteorites and

Evidence for Complicated, Multi-Generational Magmas

3.1 Notice of Publication Submission

This chapter has been formatted from an article that has been accepted for publication in
Meteoritics and Planetary Science Journal pending revisions. Authors include Amanda M. Ostwald,
Arya Udry, James M. D. Day, and Juliane Gross. Amanda Ostwald performed all analyses and

writing for this chapter.

3.2 Abstract

Nakhlite and chassignite meteorites are cumulate rocks thought to originate from the same
location on Mars. Petrogenetic relationships between nakhlites and chassignites are not fully
constrained, and the two cumulus phases in nakhlites—olivine and clinopyroxene—possibly
formed together from one magma, or separately from different magmas. Primary magma
compositions can be determined from studies of melt inclusions trapped within early-formed
mineral phases. Melt inclusions frequently undergo post-entrapment effects (e.g., cation exchange),
and when such processes occur, there can be significant changes to their compositions. Here, we
report major-, minor-, and trace-element abundances for melt inclusions in cumulus phases in
nakhlites and chassignites. The melt compositions that they record are variable (MgO =2.50-13.5
wt.%, K20 = 0.03-3.03 wt.%, La/Yb = 2.46-16.4) and indicate diffusive reequilibration with
changing magma composition outside of their host mineral phases. Evidence for diffusive
reequilibration suggests that nakhlite and chassignite magmas were generated in an open-system,

and cumulus phases underwent magma storage and mixing. Such processes may be akin to those
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which occur in terrestrial intrusive magmatic systems by open-system magma recharge. The
nakhlite and chassignite suite therefore provide insights into magmatic processes during magma

storage and transit on Mars.
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3.1 Introduction

The nakhlites and chassignites are cumulate rocks with similar crystallization and ejection
ages (~1.3 Ga and ~11 Ma, respectively), originating from the same location on Mars (Nyquist et
al. 2001; Cohen et al. 2017; Udry and Day 2018; Udry et al. 2020). At the time of writing (spring
2023), there are 27 unpaired (of which 17 are paired) nakhlites and three chassignites, making the
two classes together the largest single-origin suite of rocks from Mars. Despite their shared
provenance, their petrogenetic and emplacement histories are not fully constrained, largely due to
the lack of knowledge concerning their field relations prior to ejection from Mars. The two sample
classes may have been emplaced separately as flows or sills at or near the martian surface (Day et
al. 2006; Sautter et al. 2015; Jambon et al. 2016; Udry and Day 2018). Nakhlites are clinopyroxene-
rich, otherwise containing variable amounts of fayalitic olivine, glass, plagioclase, and minor
phosphate, sulfide minerals, intercumulus olivine, and titanomagnetite (e.g., Treiman 2005).
Chassignites are dunites, and they are primarily comprised of olivine with minor amounts of
chromite, plagioclase, orthopyroxene, and phosphate (Beck et al., 2006). The bulk nakhlites and
chassignites share similar trace element patterns, and so their magmas are thought to have formed
from partial melting of a single, depleted source that was likely oxidized relative to the martian
mantle as sampled by shergottites (Treiman 2005; McCubbin et al. 2013; Cohen et al. 2017b; Udry
and Day 2018; Day et al. 2018; Udry et al. 2020; Nicklas et al. 2021).

Mantle-derived igneous rocks form from parental partial melts, which are initially
unaffected by later processes such as mineral accumulation, assimilation, or the addition of
exogenous fluids. For example, the bulk composition of a cumulate rock, which has undergone
fractionation, cannot be used to determine its parental melt composition. Instead, a common

method to determine the parental melt for a cumulate rock is to study melt inclusions contained
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within the earliest-formed mineral phases. A melt inclusion is a pocket of magma entrapped in
mineral phases as they crystallize, and if entrapment occurs immediately in an early-crystallizing
host, it may be considered a parental melt composition for that host phase and bulk rock (e.g., Kent
2008; Schiano, 2003; Wallace et al. 2021).

Past studies concerning the nakhlite parental melt composition have relied heavily on just
three meteorites in the suite: Nakhla, Governador Valadares, and Miller Range (MIL) 03346
(Harvey and McSween 1992; Treiman 1993; Varela et al. 2001; Stockstill et al. 2005; Imae and
Ikeda 2007; Sautter et al. 2012; Goodrich et al. 2013). These studies arrived at different
conclusions concerning nakhlite petrogenesis, in part because they used different techniques for
melt inclusion analysis (reheating an inclusion to homogenize versus in situ analyses). There are a
limited number of studies on the chassignite parental magma using melt inclusion analysis (e.g.,
Johnson et al. 1991; He et al. 2013); however, consistently applied methods to a coherent analysis
of both nakhlite and chassignite melt inclusions has not been done. This omission is important for
several reasons. First, McCubbin et al. (2013) demonstrated that a Cl-rich exogenous fluid may
have interacted with the nakhlite magma after the chassignite olivine cumulates formed to account
for variation in volatile species. Second, Udry and Day (2018) found that fractional crystallization,
in addition to a Cl-rich magmatic fluid, contributed to relative LREE-enrichment in chassignites,
but these authors noted that more than one parental magma from the same depleted mantle source
may have generated the complex suite. Third, there is little consensus on the relative formation
history of the nakhlite cumulus phases (olivine and pyroxene). Some authors have found that
nakhlite olivine forms together with the pyroxene and intercumulus material, and is phenocrystic
(e.g., Harvey and McSween 1992; Stockstill et al. 2005; Udry and Day 2018), while others have

suggested that olivine forms from a distinct magma composition and is entrained in the bulk
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nakhlite magma as a xenocryst, or “foreign” crystal cargo (e.g., Sautter et al. 2012; Goodrich et al.
2013).

Here we present the first combined melt inclusion study of nakhlite and chassignite
meteorites. All melt inclusions were studied using the same methods, and so results within the
study are internally consistent within both olivine and clinopyroxene. Furthermore, we present
data for major, minor and trace elements in nakhlite and chassignite melt inclusions providing the

most comprehensive study to date of melt inclusions in the nakhlites and chassignites.

3.2 Methods
3.2.1 Major Element Compositional Analysis
Melt Inclusion and Sample Selection

We analyzed melt inclusions (MIs) in nakhlite polished thin sections for nakhlite samples
Miller Range (MIL) 090030 (n=3, denoting number of Mls), MIL 090032 (n=4), Governador
Valadares (n=1), Caleta el Cobre (CeC) 022 (n=14), and Northwest Africa (NWA) 10645 (n=8).
We also analyzed MlIs in chassignite polished thin sections for samples NWA 2737 (n=6), and
Chassigny (n=10). All MIs were examined on a Nikon Eclipse LV100N POL petrographic
microscope and were subsequently imaged using electron probe microanalysis (EPMA). These
steps were taken to determine the overall nature of the MIs: that they did not fall on fractures
within their host mineral, and to ensure that they were not visibly altered (i.e., by iddingsite, a
mixture of alteration phases common in nakhlites). For analysis by electron microprobe, MIs must
be larger than the excitation volume caused by an electron beam to avoid mixing the signal with
that of the host phase, making melt inclusions smaller than ~10 pm in diameter unsuitable for

microprobe analyses. Additionally, prior work has indicated that syn-entrapment effects (such as
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boundary layer enrichments) may affect compositions in small (<15 pm diameter) inclusions more
significantly effects, although such effects are typically negligible in natural MIs (e.g., Kent 2008;
Sonzogni and Treiman 2015). Selection bias was therefore for MIs with diameters greater than 15
um. Detailed sample and MI selection, as well as all other methodological steps in data collection

and reduction, are outlined in Fig. BI.

Major and minor element analytical methods

There are two approaches to MI analysis: in situ analysis of a thin section, or experimental
reheating and rehomogenization of an uncut mineral or bulk sample. Experimental treatment of
MIs is intended to reverse post-entrapment effects by restoring the inclusion to its initial liquid
state, at which point it is quenched and studied (e.g., Schiano 2003; Adam J.R. Kent 2008;
Goodrich et al. 2013). Heating a sample without first observing the M1 in sifu leads to certain risks,
including the melting and addition of cognate (large, separately entrapped phases which do not
crystallize from the entrapped melt) and alteration phases (see Goodrich et al. [2013] supplemental
files for detailed discussion). Since the MI are three-dimensional objects, there is no guarantee this
method will be effective, especially if formation temperatures are over- or under-estimated.
Additional uncertainties arise with rapid diffusion of volatile elements and compounds through the
host phase, or cation exchange during heating (Goodrich et al. 2013). Equally, there are
uncertainties associated with in situ analysis of unheated samples, such as: matrix effects or phase
mixing in electron beam analysis of complex and small inclusions, and key limitations imparted
with two-dimensional sectioning of three-dimensional inclusions. Notably, some authors (e.g.,
Treiman 1993; Goodrich et al. 2013) average MI bulk compositions in thin section by size in an

effort to reconstruct their three-dimensional composition; we elect to treat each inclusion
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composition separately for reasons explained later. Notwithstanding these issues, both
experimental and in situ methods have found utility, with the non-destructive thin-section method
being particularly appropriate to limited mass extraterrestrial materials (e.g., Treiman 1993).

Different approaches to in situ electron microprobe studies of unheated samples have also
been explored with the goal of minimizing analytical errors. Goodrich et al. (2013) conducted
gridded EMP analyses by systematically analyzing a rectangle filled with focused beam points
with a spacing determined by excitation volume typical of the beam size and instrument settings.
Conducting an analysis of small, heterogenous inclusions with a grid of focused points has the
benefit of reducing phase mixing compared to diffuse beam methods, discussed later. Grid
techniques, however, require significant analytical time. Additional issues arise from calibration
of diverse compositional components of MI using an EPMA, and collateral effects on ZAF
corrections for matrix effects, as the atomic number (Z), absorption (A), and fluorescence (F)
inherent to a given phase must be corrected for against a standard with a similar matrix (e.g.,
Goldstein et al., 2018).

We elected to analyze individual phases present in MI for their major and minor element
chemistry on the JEOL JXA-8900 EPMA at the University of Nevada, Las Vegas and the JEOL
JXA-8200 Superprobe at Rutgers University under similar analytical conditions (Fig. B1). An
accelerating voltage of 15 kV, with a 10 nA beam current for MIs and a 20 nA beam current for
host phases was employed. Where glassy phases (with or without microlytic material) were large
enough, a spread beam between 2 um and 5 um diameter was used to minimize volatile migration.
Peak counts for all elements were 30 seconds, except Na, which was measured with a 10 second
peak count time. Analyses were calibrated against standards, which are listed in Table B2, and raw

data were treated with standard PAP corrections. Some MI analyses overlapped with the host
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phase, and those MIs were then excluded from further consideration. In one glassy MI within MIL
090032, we conducted both a defocused gridded analysis (5 um beam diameter) and a focused (1
um beam diameter) traverse for comparison; the PTL results can be found in Appendix B (Fig. B2)
and results fall within £ 1 wt.% oxides (within model uncertainties). Elemental maps and
concurrent backscattered electron (BSE) images of Mls were conducted at accelerating voltages
of 15 kV on four spectrometers to discern between glass, pyroxene, and amphibole: Na Ko on TAP,

Mg Ka on TAP, K Ka on PETJ, and Ca Ko on PETH.

Present Bulk Composition to Parental Trapped Liquid

We used Fiji software for pixel counting in order to determine the volume contribution of
each phase present in the analyzed Mls (Schindelin et al. 2012) (Fig. B1). We used both BSE and
elemental maps to constrain the volume abundances of each phase present. All volume percentages
were multiplied by the densities of their respective phases to arrive at the modal abundances of
each phase. The major and minor element composition of each phase was then multiplied by its
modal abundance and the total was then normalized to 100%. We refer to the resultant composition
as the Present Bulk Composition (PBC), which is an intermediate step in the calculation for the
parental melt composition.

The PBC, as the untreated bulk composition of the MI is the compositional result of the
post-entrapment process of diffusion that must be corrected for in order to obtain a melt
composition at the time of entrapment (called the parental trapped liquid, or PTL) (e.g., Basu
Sarbadhikari et al. 2011; Danyushevsky et al. 2000; Goodrich et al. 2009; Danyushevsky and
Plechov 2011; Sonzogni and Treiman 2015). Melt inclusions inevitably nucleate their host phase

along their margins during cooling to achieve equilibrium (Danyushevsky et al. 2000). This host
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phase becomes increasingly depleted in MgO as crystallization progresses, which in turn prompts
diffusive reequilibration and Fe-loss in the bulk inclusion. If the inclusion is reheated, the host
phase may melt and result in Fe-gain. These effects can be corrected for in the Petrolog3 software,
which conducts mass-balance calculations that return the bulk inclusion composition to a user-
defined initial FeOr (total FeO, or FeO + Fe>O3) condition (Danyushevsky and Plechov 2011) (Fig.
B1). A key assumption made during Petrolog3 calculations is that the host mineral is contained
within a closed system bulk magma and is not a xenocryst entrained in a distinct magma.

Nakhlite olivine cores are typically diffusively homogenized in terms of FeO and MgO
content, and some authors suggest nakhlite olivine reequilibrated with an unrelated external
magma (e.g., Longhi and Pan 1989; Treiman 1993; 1986). Because an initial composition for
nakhlite olivine cores cannot be established, there is no simple solution for FeOr of nakhlite melts
in equilibrium with unequilibrated nakhlite olivine. To test the effects of different FeOr values on
the PTL, we elected to use high and low ranges of FeOr from other calculated nakhlite parental
melts: 28.9 wt.% (Goodrich et al. 2013) and 22.2 wt.% (Imae and Tkeda 2007) FeOr. Following
the same procedure, we selected 20.3 wt.% FeOr for the MI in Chassigny (Filiberto 2008), and
19.0 wt.% FeOr for MI in NWA 2737 (He et al. 2013). Selected FeOr values encompass both
experimentally-determined (Filiberto 2008) and analytically-determined (Imae and Ikeda 2007;
Goodrich et al. 2013; He et al. 2013) parental melt compositions.

Pyroxene-hosted MI PTLs were processed with Rhyolite-MELTS using the alphaMELTS
interface (Fig. B1). Rhyolite-MELTS is an algorithm for the alphaMELTS thermodynamic
modeling software that is calibrated for low pressure (0—1 GPa) mafic to felsic systems (Gualda et
al. 2012; Ghiorso and Gualda 2015). Pyroxene-hosted MIs typically contain two phases: glass and

a halo of pyroxene that is chemically distinct from the host phase. Goodrich et al. (2013) found
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that halo pyroxene in Nakhla MlIs likely reequilibrated with their host minerals. Per their methods,
we calculated the original halo volume for pyroxene in equilibrium with its melt by adjusting the
modal abundance of the measured halo pyroxene until Rhyolite-MELTS models yielded a similar
composition of pyroxene as the liquidus phase (the first phase to crystallize). The resultant
modeled bulk liquid and pyroxene composition, when the two are in equilibrium, was then taken
to be the PTL for a given pyroxene-hosted MI. Pyroxene-hosted MI PTLs and all other
comparative models were conducted as constrained at the FMQ boundary and low pressure (1
kbar), similar to Goodrich et al. (2013), but these conditions are also appropriate for nakhlites as
shallowly-emplaced magma sills, or as lavas (e.g., Balta et al. 2017; Corrigan et al. 2015; Jambon

et al. 2016; Udry et al. 2020; Udry and Day 2018).

3.2.2 Trace Element Compositions
LA-ICP-MS analysis: Spot Measurements

All spot (single point) trace element measurements were conducted at the Scripps
Institution of Oceanography on a Thermo Fisher Scientific iICAP Qc inductively coupled plasma
mass spectrometer coupled to an Elemental Scientific NWR UP213 laser ablation system (LA-
ICP-MS) (Fig. B1). Analysis employed a fluence of 3.5 J/cm? at a 5 Hz repetition rate and flushed
the 3 cm? ablation cell with a He carrier gas prior to mixing with Ar mix at a flow of ~1 L/min.
Spot sizes were dependent on the inclusion size. A 100 pm beam size was used for inclusions larger
than ~50 pm in diameter, while a 50 pm beam size was used for inclusions smaller than 50 um in
diameter. Analytical sessions only used a single spot size for unknowns and standards. All analyses
were bracketed with analyses of standards BHVO-2g, BCR-2g, and BIR-1g conducted with the

same instrument settings and spot sizes (i.e., MIs measured with a 100 pm beam were bracketed
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with 100 um beam standard measurements). Data was collected for ~60 s, with ~20 s of
background and ~40 s of ablation. Analyses were buffered by a 120 s washout time. The time-
resolved data was processed oftline at UNLV using iolite 4, a software which allows for visually-
aided selection of data, automated quantification against internal standards, and quality checks
against external standards (Paton et al. 2011). All data were processed using the trace element data
reduction scheme with linear smoothing, and data were selected to remove any outlying points
caused by zoning, unseen inclusions, or penetration into underlying phases. Melt inclusion data
were specifically chosen by first ratioing elements that were compatible in the host phase against
incompatible elements (e.g., Ca/La in pyroxene) throughout the analysis, and then selecting a
smooth plateau of the time-resolved ratioed data to ensure consistent host to ratio proportions

throughout.

LA-ICP-MS analysis: host phase removal corrections

For MI point analyses, the laser beam diameter frequently overlapped the host phase on the
polished thin section surface and at depth. Host compatible and incompatible elements in the laser
output data were ratioed, and data were only selected along continuous ratio values to ensure
relative host and MI volumes remained the same throughout the analysis. We imaged all MIs prior
to analysis. We then analyzed images of the MIs and the ablation pits with the F1JI software using
pixel counting to determine the volume of ablated hosts versus ablated inclusions. All host phases
were also analyzed on the LA-ICP-MS separately from, but adjacent to, the analyzed MI. Those
host phase trace element data were then normalized to the volume of host phase that was ablated
with the MI, and the resultant trace element values were subtracted from the MI trace element

profile to isolate the signal from the beam-averaged MI.
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Trace Element Maps Using LA-ICP-MS

Trace element maps were collected using an iCAP Qc ICP-MS and NWR193 Excimer
laser at UNLYV, a TwoVol 2 ablation cell, and He-Ar carrier gas (Fig. B1). Rasters were conducted
with a 12 J/em? fluence and 10 Hz repetition rate. Scan speeds were kept at half the numerical
value of the size of the square (XYR) beam with 1 pm of overlap between each raster line, per
Ubide et al. (2015). For 24 um beam sizes, we used a 12 s scan speed. For a 12 pm square beam,
we used a 6 s scan speed. NIST 610 rasters were conducted under the same conditions in the same
sessions. Rasters were conducted in a repeated left-to-right, down, right-to-left, down motion. The
raster data was then processed with the semi-quantitative trace element scheme in iolite 4 and the
data was coordinated to a 2D plane using NWR-generated laserlog files (Paton et al. 2011). The
distance between the laser and the ICP-MS creates a drag effect in the rasters that cannot be

rigorously corrected for, so the effect was retained.

3.3. Results
3.3.1 Melt Inclusion Petrography

A total 47 MIs were studied, with 30 hosted in nakhlites and 17 in chassignites (Table B1).
All MIs can be arranged into two general petrographic types: simple or complex. Simple Mls are
primarily composed of glass and microlytic phases are 1 um or less in width, and are qualitatively
determined to be pyroxene using Energy Dispersive Spectrometry (EDS). Occasionally, simple
MIs may also contain large cognate phases, which likely were enclosed with melt (e.g., Goodrich
et al. 2013). Complex MIs are composed of mineral phases (from ~1-10 pum in diameter) that

crystallized from the entrapped melt, all of which are contained in a glassy matrix. Both types of
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MIs can include void spaces, presumably where volatile elements were once concentrated. All MIs
may be crosscut by shear fracturing caused by impact, but this effect is most notable in the
chassignite-hosted MIs (Fig. 3.1-3.4). There is no visible devitrification or crushing in any
shocked Mls.

Olivine-hosted MlIs in the nakhlites range in size from ~10 um diameter to ~150 pm
diameter (as noted previously, only MI with diameters of 15 pum or larger were analyzed) (Fig.
3.1-3.2). Nakhlite olivine-hosted MIs may be either simple or complex. We found that complex
nakhlite olivine-hosted MIs variably contain sulfides, oxides (titanomagnetite), and pyroxene (>1
um) that appear to have mineralized inward from the inclusion rims, leaving a heterogenous glass
phase that fills interstices (Fig. 3.1). Some complex MI also contain small (<1 pum) olivine grains
along the rim. Simple MlIs consist of heterogenous glass containing microlytic pyroxene (Fig. 3.1).
All MIs in nakhlite olivine are rounded to subrounded and may display shear effects. The largest
of these MIs was hosted in the Governador Valadares meteorite (Fig. 3.1-3.2). X-ray composite
element maps show a central glass phase that is somewhat homogenous in SiO; but containing a
heterogenous distribution of Na,O3; and K>O (Fig. 3.3b—c). A <l um rim of olivine is seen around
the rim (Fig. 3.2a).

All nakhlite pyroxene-hosted Mls are petrographically simple in the samples analyzed.
They consist of a glassy phase containing microlytic pyroxene, and frequently also contain cognate
oxides along their perimeters. Pyroxene immediately surrounding MlIs (called “halo” pyroxene)
appears brighter in backscattered electron images (Fig. 3.1). Pyroxene-hosted Mls are elongated
and irregular in shape, although they typically appear to take on right-angled cleavage patterns
(Fig. 3.1). Long axes for analyzed pyroxene-hosted Mls ranged from ~10 um to ~130 pm, with

short axes between 5 and 80 pm.
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All but one MI in the chassignites occurred in olivine hosts, with one MI contained in an
oxide phase. Olivine-hosted MlIs in the chassignites are always rounded and complex. (Fig. 3.3).
Glass is typically a central phase within the MI. High- and low-Ca pyroxene, and occasionally
amphibole (kaersutite) occurs from the rims inward (Fig. 3.3). Oxides (sometimes large, ~10 pm)
and small phosphates (<1 pm) may be scattered inside the Mls. All MIs display significant shear
displacement along impact fractures but appear to have been rounded to sub-rounded prior to any
impacts (Fig. 3.3). Diameters range from ~35 um to ~150 um for MI in both NWA 2737 and

Chassigny.

3.3.2. Major and Minor Element Abundances

Major and minor element chemistry in MIs may be divided into untreated PBCs (present
bulk compositions), and modeled PTL (parental trapped liquid) compositions. Importantly, PBC
compositions are not corrected for post-entrapment effects such as reequilibration. These effects
are corrected for in the PTL calculations; however, there are limitations to the model as discussed

previously.

Present Bulk Composition Results

The PBC calculations for the MIs from nakhlites and chassignites are highly variable
(Table 2.1). Some olivine-bearing Mls contain only a glassy phase that was homogenized under
the beam (e.g., MIL 090030 olivine-hosted MIs), making their single-phase glass composition the
PBC. Such MlIs are MgO-depleted, with Mg# (Molar MgO x 100/[Molar MgO + Molar FeO*])
values as low as 1.78. Other olivine-bearing MIs are polycrystalline, such as in Governador

Valadares, which has a higher Mg# value of 16.8 likely due to excess contributions from MgO-
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bearing pyroxene (Fig. 3.3). Pyroxene-hosted PBCs are more magnesian on average than olivine-
hosted PBCs due to the addition of halo pyroxene, with Mg# ranging from 15.4 to 33.2. Pyroxene-
hosted PBC also tend to be extremely TiOz-enriched, with a total wt.% as high as 16.4. This is an
effect of contributions from large, likely cognate, Ti-bearing oxides. Chassignite-hosted PBCs are
the most mafic, with Mg# ranging from 65.3 to 79.5. The PBC calculations for MIs are variable
overall; for instance, CeC 022 ranges from 1.2 to 5.7 wt.% NaO, while Chassigny PBCs span 0.1—

1.0 wt.% NaxO.

3.3.3 Parental Trapped Liquid Results
Nakhlites

Olivine-hosted PTLs were calculated in Petrolog3 with two FeOr values determining
model outcomes. Table 2.2 lists all PTL values for successful MI analyses. Nakhlite olivine-hosted
PTLs were reconstructed in two MIs in MIL 090030, three MIs in MIL 090032, and a single MI
in Governador Valadares. All olivine-hosted PTLs are listed twice in table 2.2 for a given MI. We
use the notation of FeO* for total FeO and Fe,Os in our calculated PTL, in contrast to FeOr, as the
predicted value for bulk initial Fe contents in the parental magma (see 2.1.2. above for an
explanation). Differences in bulk FeO* vary depending on initial composition. For the MIL 090030
and 090032 MIs, the difference in FeO* between A and B models is ~4.8 wt.%, ranging between
~22.9 and 28.2 wt.% for a ~20% difference in total. Governador Valadares has a larger FeO* range,
from 22.8-29.7 wt.%, a difference of ~7 wt.% or ~26%. The three different EMP analytical
techniques (gridded analysis, defocused and focused traverse) produce overlapping results when

different FeOr values are applied (Fig. B2).
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Major element abundances in PTLs show greater variability with the different FeOr used
when compared to minor element abundances. In MIL 090030, SiO- varies by ~5% (46.6 to 48.9
wt.%, and 49.8 to 52.5 wt.%), while P,Os varies by just ~0.1% (0.60 to 0.69 wt.% and 0.80 to 0.70
wt.%) (Fig. 3.5). Changes in MgO are minimal between models, with the largest change (~1.0
wt.% difference) in an MI in Governador Valadares which was between 2.50 and 3.51 wt.% MgO
(Fig. 3.5). The MIL PTLs are more primitive than the Governador Valadares PTL, with the latter
ranging between ~4.6 and 5.3 in Mg# (Table 2.2). Notably, K>O is enriched in all nakhlite olivine-
hosted MIs, from 0.59 to 1.05 wt.% (Fig. 3.5). Alkali element ratios (K>O/Na,O) do not change
between A and B models, with MIL 090030 the most NayO-rich at 0.31 and Governador Valadares
is the most K>O-enriched at 0.62 (Table 2.2, Fig. 3.5).

Pyroxene-hosted MIs were not processed with Petrolog3. Consequently, the 11 MIs have
only one PTL (in NWA 10645, MIL 090030, and CeC 022). Pyroxene-hosted MIs fall largely in a
narrow range of compositions. The most siliceous PTLs are in CeC 022 pyroxene, ranging from
52.4-58.8 wt.% SiO» (Fig. 3.5), whereas NWA 10645 is the least siliceous, with values between
52.9-53.8 wt.% SiO; (Fig. 3.5). Pyroxene-hosted PTLs are less ferroan than olivine-hosted PTLs,
ranging from 9.28 (CeC 022) to 19.7 (NWA 10645) wt.% FeO* (Fig. 3.6). Despite this, pyroxene-
hosted PTLs are more primitive, with Mg#s ranging from 8.3 to 14.1 (both CeC 022) (Table 2.2).
Pyroxene-hosted PTLs are also more K>O enriched than olivine-hosted MIs, ranging from 0.69—
3.03 wt.% K>O (NWA 10645 and NWA 90030, respectively) (Fig. 3.5). Potassium contents are

typically larger than those of sodium, with KoO/Na2O between 0.29 and 5.41.

Chassignites
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Olivine-hosted chassignite MIs were processed in Petrolog3 using a single literature FeOr
value for each NWA 2737 and Chassigny. The result is that PTL FeO and MgO values within each
sample are similar (<1 wt.% difference at most for both oxides, Table 2.2, Fig. 3.5). Despite this,
Chassigny PTL SiO» abundances range from 45.4 to 51.8 wt.%, and NWA 2737 from 45.0 to 52.0
wt.% (Table 2.2, Fig. 3.5). The PTLs in NWA 2737 contain the least CaO (~4.65 wt.%, compared
to ~9.2 wt.% in Chassigny PTLs) (Table 2.2, Fig. 3.5). Alkali metals tend to be depleted in
Chassignite PTLs compared to the nakhlites: K>O ranges from 0.03 to 0.67 wt.%, and Na>O from
0.16 to 1.88 wt.% in the chassignite PTLs. However, the average K>O/Na;O ratio for nakhlite
olivine-hosted PTLs and the chassignite PTLs are similar at 0.41 and 0.38, respectively (Table 2.2).

Chassignite PTLs are the most mafic of all the MIs studied, with Mg#s ranging from 17 to 26.

3.3.4 Trace Element Abundances
Trace Element Point Analyses

Point analyses on MIs in the nakhlites and chassignites revealed similar rare earth element
(REE) trends (Fig. 3.6a). Their CI-normalized REE patterns are also parallel to bulk rock analyses.
Some pyroxene-hosted nakhlite MIs display slight negative europium anomalies with Euw/Eu* (=
Eucr/[SmcrxGdci] x 0.5) ranging between 0.01 and 0.96. Negative Eu are most visible in pyroxene-
hosted MIs (Fig. 3.6a). Chondrite-normalized REE values, when ratioed, display significant
heterogeneity, but typically show relative enrichment in the LREEs (light REE) relative to the
HREEs (heavy REE) (Fig. 3.6b). Ratioed LREEs and HREEs are variable, as seen in La/Luct
which range from ~1-8. Other element ratios like Ce/Lucr display a similar range in values (~3—

15) despite being less affected by fractional crystallization trends.
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Trace element ratios are also variable in ratio plots for Nb, Y, and Zr (Fig. 3.7). Chassignite
and nakhlite MI Nb/Y (0.01-3.0) versus Zr/Y (0.62—4.68) barely overlap the nakhlite and
chassignite bulk compositional envelope (Fig. 3.7a). The narrowest range for Nb/Y and Zr/Y is
found in nakhlite olivine-hosted MIs, which plot together around ~0.6—-1, and ~3.7-4.1
respectively. Pyroxene-hosted MIs show the largest range, extending even below the shergottite
trendline in Nb/Y space (Fig. 3.7a). When Zr/Nb and Y/Nb are compared in a bivariate plot, most
points fall within ~1-54 for Zr/Nb and ~1-81 for Y/Nb (Fig. 3.7b). These values fall outside

established values for MIs in the Tissint shergottite analyzed by Sarbadhikari et al. (2017).

Trace Element Map Analyses

Trace element distributions in MIs appear largely dependent on their petrography.
Polycrystalline MI contain significant heterogeneities as different phases seem more likely to
contain some trace elements than others (Fig. 3.8). Incompatible elements (e.g., Al, REE) are
concentrated largely in the MI, while compatible elements (Mg) are not. Melt inclusions that are
petrographically simple (in nakhlite olivine and pyroxene), containing only glass and microlytic
phases, are much more homogenous than complex inclusions. This is best illustrated with Nb, Y,
and Zr compilation maps where elemental distribution throughout a polycrystalline MI is uniquely
heterogenous compared to other MI types considered here (Fig. 3.8a). One exception to this rule
is the presence of large cognate oxides in some Mls, usually pyroxene-hosted examples, which

can contribute larger concentrations of some trace elements (e.g., Ce; Fig. 3.8c¢).

3.4 Discussion

3.4.1 Nakhlite Olivine as Xenocrysts, Antecrysts, or Phenocrysts
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An enduring question concerning nakhlite petrogenesis lies in the relative formation history
of primary cumulus phases, olivine and augite. Some authors have argued that olivine co-
crystallized with augite, both as phenocrysts, while others have argued that olivine is a xenocryst
(formed in another magma and later entrained in the nakhlite bulk). Petrologically, the enclosure
of pyroxene by olivine in MIL 03346 suggests olivine crystallized after augite (Day et al. 2006),
in contrast to Nakhla, where the opposite sequence has been observed (e.g., Harvey and McSween
1992a, 1992b). For some studies, differing interpretations may arise from the dissimilar methods
to determine the parental melt compositions of the cumulus phases in the suite. In two papers using
mass-balance calculations and MI analysis to determine the nakhlite parental melt, Treiman (1986;
1993) found that while olivine and pyroxene crystallize from a single magma in Nakhla, the
magmatic system was open and pore space between cumulus phases was infiltrated by chemically
distinct magmas. In two more parental melt studies using different MI analysis techniques, Sautter
et al. (2012) and Goodrich et al. (2013) concluded that megacrystic (large) olivine cores and the
MI they contained were not in equilibrium with the bulk nakhlite magmas, possibly because the
olivine cores are xenocrystic (a separately-formed crystal entrained into another chemically
distinct magma). Balta et al. (2017) found that olivine in nakhlite Northwest Africa (NWA) 5790
originated from an incompatible-enriched magma relative to the bulk rock, and that olivine was
xenocrystic. Jambon et al. (2016) proposed that nakhlite pyroxene is frequently resorbed and often
enclosed in olivine, making pyroxene xenocrystic but consanguineous with olivine. Other parental
melt studies found that olivine and pyroxene were co-saturated in their calculated melt
compositions, indicating that they are both phenocryst populations (Harvey and McSween 1992;

Stockstill et al. 2005). Udry and Day (2018) also suggested that across the nakhlite suite, olivine
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and pyroxene follow fractional crystallization trends and that olivine had to form both before and
after pyroxene and so is likely to be phenocrystic.

One possibility that is not explicitly explored in the literature is that one or both cumulus
phases of some (or all) the nakhlites are antecrysts, which are minerals formed from different
partial melts derived from the same mantle source rock that generated a bulk sample. In this
scenario, a mineral may bear similarities in terms of incompatible trace element (ITE) abundances
to the bulk rock (i.e., parallel abundances on a REE diagram), but it may also differ in major and
minor element chemistry enough that it is not in equilibrium with its bulk host rock in terms of its
compatible elements (e.g., Wieser et al. 2019). From major and minor element chemistry alone, it
is difficult to determine whether samples or phases are petrogenetically related. To constrain
whether cumulus phases are related, we focus on MIL 090030, as this nakhlite is the only analyzed
meteorite that contained both pyroxene- and olivine-hosted MIs. We conducted fractional
crystallization models using the Rhyolite-MELTS v.1.0.2 algorithm on the alphaMELTS interface
using both an olivine-hosted PTL and a pyroxene-hosted PTL as initial magma compositions for
individual runs. We used the same model parameters as previously described, which we also used
to determine the parental melt composition for nakhlite pyroxene-hosted MlIs. We found that
olivine-hosted PTLs were unable to generate pyroxene compositions observed in MIL 090030 (Fig.
B3). Furthermore, the pyroxene-hosted PTL in MIL 090030 did not generate any olivine (Fig. B4).
There are two possibilities for these results: 1) the two phases did not form from a single batch of
magma and one or both are xenocrysts or antecrysts, or 2) the PTL calculations are not
representative of the initial entrapped liquid compositions. If the second possibility is true, and if
post-entrapment effects like subsolidus diffusion occur for a long enough duration or in an open

magmatic system, this may lead to an irreversibly altered MI bulk composition.
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3.4.2 Link Between the Chassignites and the Nakhlites

Udry and Day (2018) have suggested that chassignites may have been emplaced as
cumulates or crystal settling pods in nakhlite lava flows, or separately in shallow sills. McCubbin
et al. (2013) found that exogenous Cl-rich fluids likely affected an evolving melt largely following
chassignite formation and predating nakhlite formation. We used thermodynamic modeling to
determine whether the most primitive chassignite PTL (in NWA 2737) could replicate any PTL
entrapped in nakhlites. Because chassignite MIs contain hydrous minerals, we vary the initial water
abundance between 0.07 wt.% (the minimum amount for the model, effectively zero) and 2.0 wt.%
(the amount predicted to be present in the chassignite mantle source [McCubbin et al., 2010]) If
the NWA 2737 PTL replicates any nakhlite PTL, the two PTL would represent different stages of
melt evolution in a single magma body.

We found that the NWA 2737 anhydrous model does perfectly overlap multiple CeC 022
pyroxene-hosted PTL with regards to SiO; and alkali metals (Fig. 3.9). Despite chemical
similarities, however, the models do not replicate nakhlite bulk mineralogy (Fig. 3.10). All NWA
2737 PTL models generate abundant pigeonite and no augite, while the largest modal fraction of
CeC 022 is augite. Furthermore, NWA 2737 PTL models fail to generate the intercumulus
plagioclase found in CeC 022. Again, there are two possible reasons for the models failing to
reproduce observations: 1) the two subgroups are not formed from a single magma composition,
or 2) their PTLs are not representative of true parental melt compositions. It is possible that all
cumulus phases in the nakhlite and chassignite system have been reequilibrated in evolving
magmas or new magmas, and their PTLs cannot be accurately reconstructed using these or similar

methods. Furthermore, MI in the nakhlites tend to be petrographically glassy and simple, while
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the chassignite Mls are complex and polycrystalline. This, combined with the difference in host
Mg# (Table 2.2) may indicate different thermal histories and possibly different magma

compositions.

3.4.3 Effects of Shock Processes on MI Compositions

Nakhlite and chassignite MlIs are differently affected by shock processes manifesting in
different appearances in MIs between the two sample types. While we did not observe evidence of
devitrification or crushing, many MIs are cross-cut by fractures. Fractures surrounding MIs are
commonly formed during mineral ascent due to pressure contrasts in the host and inclusion (called
“decrepitation”; e.g., Wallace et al., 2021). However, we take fractures cross-cutting inclusions to
be signs of impact fracturing, especially where inclusions appear to be displaced along the fracture
(Fig. 3.1-3.4). The effects of impact-induced shock on Mls are not deeply explored in the MI
literature. Loss of volatile elements like Na>O has been noted in olivine-phyric shergottite MI bulk
compositions, and it was attributed to shock volatilization (Goodrich 2003). Some Na>O
volatilization may affect nakhlite and chassignite PBCs as well, lending to some variability in
values. However, Na,O is heterogeneously distributed in some MI glasses, and so variability may
be due to misrepresentative sampling in two dimensions (Fig. 3.3b—c). It is possible that shock
effects contribute to MI compositional heterogeneity, but the extent of those contributions are not

easily constrained.

3.4.4 Potassium Enrichment in Nakhlite PTLs

In agreement with other nakhlite PTL studies (i.e., Goodrich et al. 2013), we found K,O

enrichments and high K2O/Na>O. However, the chassignite PTL are alkali-depleted (Fig. 3.5, Table
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2.2). Goodrich et al. (2013) attributed K-enrichment in the nakhlites to a mantle source that had
been metasomatically enriched in K relative to Na, a process that might occur when low degrees
of partial melting generates high-K fluids which then travel from elsewhere in the mantle. However,
the chassignites are largely thought to originate from the same source as the nakhlites as they share
crystallization ages, isotopic signatures, and Cl-normalized rare earth element patterns (e.g.,
McCubbin et al. 2013; Udry and Day 2018; Udry et al. 2020). Chassignite and nakhlite MIs should
bear similar K enrichments if that were the case, as it would be highly unlikely that the suite would
consistently bear the same source character aside from K>O variations. There are several
possibilities to explain this discrepancy.

First, it is possible that K was heterogeneously distributed in the nakhlite and chassignite
mantle source during metasomatism, or K was progressively enriched during and after the partial
melting that generated the chassignite parental melt. This need not happen rapidly, as Cohen et al.
(2017) found that nakhlite crystallization may have occurred over a time span of 100 Ma. There
are no such high-resolution geochronological constraints on chassignite formation. If chassignites
had formed early in the timeline, K enrichment may have progressed from that point onward.
However, the probability for this enrichment to happen at this exact timing rather than anytime in
the geologic history recorded by nakhlites and chassignites is low. It may also be possible that the
magmas themselves were enriched in K by some exogenous fluid, rather than the source having
undergone metasomatism. Like the Cl-rich fluid found by McCubbin et al. (2013), this K-bearing
fluid may have preferentially enriched the nakhlite melts. This process is also observed in
shergottite meteorites (Combs et al. 2019; O’Neal et al. 2022). The K enrichment signals may also
be a consequence of the method used to construct PTL compositions, or enrichments may be due

to a secondary process affecting melt inclusions which may not be correctable. For instance, K-
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enrichments may not be a true signal in PTL calculations. The addition of olivine to the MIs could
have diluted minor elements in the chassignites inclusions to a greater extent than the nakhlites.
Methods for PTL calculation which rely on adding an olivine component to the bulk inclusion may
be subject to significant error if the initial olivine abundance is poorly constrained (see Fig. B2).
Lastly, variably KoO-enriched MIs could simply record changing magma compositions interacting
with the host mineral. Cottrell et al. (2013) found that small MlIs, or MIs close to their host rims,
equilibrate more rapidly with a changing external magma than large MIs or those distant from host
rims. If MIs in nakhlites and chassignites are affected by reequilibration with a changing external
magma, they will have been affected differently by relative sizes and positioning, lending to overall
heterogeneity. Unless closed-system crystallization can be proven, making single PTL
reconstructions via size normalized averages of all inclusions in a sample (cf., Treiman 1993;

Goodrich et al. 2013) may result in significant uncertainties.

3.4.5 Mantle Source of the Nakhlites and Chassignites

Trace element compositions in MIs have been previously used in shergottites to
characterize their sources (e.g., Peters et al. 2015; Basu Sarbadhikari et al. 2011; 2017). The
nakhlite and chassignite MIs yielded largely parallel REE patterns, which are in turn parallel to
bulk rock values (Fig. 3.6). This indicates that all samples were derived from melting of a single
depleted source, which is in accordance with past studies (e.g., Debaille et al. 2013; Armytage et
al. 2018; Day et al. 2018; Udry et al. 2020). Generally, MI REE abundances indicate that the melt
or melts that formed the nakhlites and chassignites originate from a single mantle source. This
source is also significantly more Nb enriched and Zr and Y depleted than the shergottite reservoirs

characterized by Peters et al. (2015) and Basu Sarbadhikari et al. (2017) (Fig. 3.7b).
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However, there are inconsistencies between individual trace element ratios (Fig. 3.6, 3.7a),
which may be due to a few potential effects. The first is that MIs may be singularly chemically
heterogenous, which we find to be true particularly of coarsely polycrystalline MIs in qualitative
trace element maps (Fig. 3.8). Additionally, mixing different phases in a single beam on the LA-
ICP-MS may introduce error due to matrix-dependent fractionation effects (Zhang et al. 2016).
Because chassignite-hosted Mls are all polycrystalline, in sifu trace element abundances may be
scattered. However, we attempted to control this effect by selecting representative host:MI ratios,
and deselecting outliers in the LA-ICP-MS data reduction step. Secondly, if a host mineral is
entrained in a new magma and undergoes diffusive reequilibration of major and minor elements in
the grain and the melt inclusion, trace elements should also undergo diffusive reequilibration
(Cottrell et al. 2002; Wallace et al. 2021). Incompatible trace elements have long been considered
to be unchanged by post-entrapment processes (Gaetani and Watson 2000; Schiano 2003; Basu
Sarbadhikari et al. 2011; Basu Sarbadhikari et al. 2017). However, recent terrestrial work on trace
elements in MIs find significant heterogeneity to which diffusion into and out of the inclusion host
plays a role (Wieser et al. 2019; Wallace et al. 2021). While diffusion rates of trace elements in
most mineral systems are poorly constrained, the onset of diffusion into a mineral host seems to
be controlled by its compatibility (Cottrell et al. 2002). The final effect that may be contributing
to trace element variability is that they may originate from different degrees of partial melting of
the source, resulting in slight variations between batches of magma (e.g., Wallace et al 2021). In
this scenario, these different partial melts would be considered as distinct parental melts
responsible for whatever phases they may form.

As the effects of diffusive reequilibration affect trace elements based on their

compatibilities in a host, ratios of elements with similar partition coefficients (such as Nb, Zr, and
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Y in olivine, where D = 0.01) must reveal actual change in the parental magma, particularly for

homogenous (in this study: glassy) inclusions. In Hawaiian basalts, variability between bulk rock
compositions and Mls in Nb/Y and Zr/Y ratios is shown to represent different degrees of partial
melting from a single source (Wallace et al. 2021). The same may be true for homogenous, glassy
olivine-hosted nakhlite inclusions that plot together in Fig. 3.7. Because glassy, olivine-hosted
nakhlite inclusions plot together, but away from bulk rock, their Nb/Y and Zr/Y ratios are
representative of a different parental melt than those which produced the rest of the bulk rock. This
same method cannot be applied to pyroxene-hosted MlIs, as Zr (0.123), Y (0.467), and Nb (0.06)
have different partition coefficients in pyroxene and that may contribute to scatter (Fig. 3.7,
kdd.earthref.org). Some data scatter for glassy pyroxene-hosted inclusions in Zr, Y, and Nb space
may then be attributed to post-entrapment diffusion preferring Y over Nb (Fig. 3.7).
Reequilibration of a MI with a host alone is evidence of magma storage. Sufficient time is needed
for diffusion and for magma recharge events to maintain an open system, indicating a complicated
petrogenetic history encompassing multiple generations of melt and cumulate storage for the

nakhlite and chassignite suite.

3.4.6 Post-Entrapment Processes

Because trace element abundances appear scattered and may not represent equilibrium
parental melt conditions, it is likely that the major and minor elements in nakhlite and chassignite
MlIs have been affected by open-system processes as well. The effects of post-entrapment
processes such as diffusive reequilibration, especially ones occurring in an open magmatic system,
are an area of active research in terrestrial literature. If an MI is entrapped in a mineral phase that

comes into contact with a new magma, the host phase will equilibrate with its new exterior magma
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while continuing to undergo diffusive exchange with its MI (Cottrell et al. 2002; Brahm et al. 2021;
Wallace et al. 2021). Our PTL calculations (and those of other authors) rely on an assumption for
an initial condition: how much host was in equilibrium with its MI during entrapment. If the
nakhlite system was open, as has previously been postulated (e.g., Treiman 1993; Goodrich et al.
2013), it may not be possible to predict an initial condition for MIs—particularly for those MlIs
hosted in olivine, which is a mineral considered to be subject to more rapid diffusion than pyroxene
(e.g., Goodrich et al. 2013). Indeed, we found that greater variability in PTL data is introduced by
a change in initial FeOr conditions than by differences in analytical techniques (Fig. B2).

Constructing the PTL for olivine-hosted inclusions involves the assumption that the olivine
has not been subjected to open-system processes, including loss of solid or liquid phases,
reequilibration in chemically heterogenous or rejuvenated magmas, or xenocryst incorporation in
new bulk magmas. This is a noted shortcoming in the Petrolog3 literature (Danyushevsky and
Plechov 2011), but any method reliant on adding open-system host phases into a bulk inclusion
composition will suffer from the same issue: one cannot simply predict the amount of host phase
initially in equilibrium with a MI if that host phase composition had in any way been changed after
MI entrapment. Ultimately, major and minor element chemistry of Mls alone is not predictive of
closed-system behavior. Instead, Mls (particularly in open-systems) may be better representative
of storage conditions following a period of diffusive exchange with an evolving host (Cottrell et
al. 2002; Brahm et al. 2021; Wallace et al. 2021).

Although we do not know if chassignites and nakhlites share a common parental melt based
on MIs alone, we can conclude that from trace element REE abundances that they originate from
a single source, and that they have likely been reequilibrated. In order to show that Mls are in

disequilibrium with the carrier liquid (the liquid leading to eruption) for their host mineral, other
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authors compare trace element findings for MIs against intercumulus material (e.g., Peters et al.
2015; Wieser et al. 2019). Unfortunately, intercumulus material in nakhlites is typically coarsely
heterogenous and suffers from data scatter for many of the reasons that polycrystalline Mls do.
Instead, we find that there are significant differences between the bulk rock and MI compositions
(i.e., Nb/Y and Zr/Y in olivine-hosted nakhlite Mls), and disequilibrium must be considered. If
MIs are not in equilibrium with their bulk rock, and they then represent storage conditions rather
than entrapment conditions, they may be either xenocrystic or antecrystic. If nakhlite and
chassignite cumulus phases were xenocrystic, their entrapped melts would be produced from
incompatible trace element-distinct sources. Instead, MIs across the suite share the same REE
patterns, and so their host phases may be antecrystic.

These findings are consistent with a shift in our understanding of terrestrial magma systems
away from simplistic systems undergoing discrete crystallization and eruption or emplacement
events. Instead, the current view is that magma chambers are dominated by accumulation of crystal
“mush” followed by storage that can last for 10-30 Ma in some mafic systems prior to that mush
being entrained (e.g., Karlstrom and Richards 2011; Cashman et al. 2017; Wieser et al. 2019). On
a planet without plate tectonics, i.e., in a solid-lid regime, these findings have implications for the
longevity for magma chamber evolution. Cohen et al. (2017) found that nakhlites could have been
emplaced over a period of 100 Ma, which is a significantly longer period than any hotspot-derived
magmatic activity on Earth. An outstanding question is how a single depleted source might
generate partial melts that differ so little as to produce similar mineralogy for each eruption over
such a timespan. It is likely that there was accumulation of mineralogically similar mush material

to equilibrate with fresh magma batches.
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We propose a model for nakhlite and chassignite formation wherein multiple magmas are
generated from melting a chemically homogenous and depleted source (Fig. 3.11). Those magmas
fractionate phases containing Mls that are stored in equilibrium with their magma until it
significantly evolves away from its initial conditions, or it is mixed or replaced with a new magma.
After contact with a new magma, the mush phases reequilibrate with the exterior melt and their
MIs also undergo reequilibration. Occasionally in terrestrial magmas, mush cumulates may be
entrained in new magmas and emplaced at or near the surface on the order of tens of millions of
years. Not all cumulates need to be generated from the same magma chambers, i.e., dunitic
chassignites may originate from a unique magma chamber (either separated spatially or temporally
from a nakhlite chamber), but all cumulate phases were initially generated from melts at the same
source and erupt to the same surface location. Nakhlite MIs are enriched in K,O relative to
chassignite inclusions. The K enrichment may be an effect of rehomogenization of the MI leading
to an incorrect PTL calculation. If, however, these relative enrichments are real, the higher KoO
signature may be due to an exogenous crustal fluid that altered the bulk nakhlite melt composition
after chassignite MI entrapment. Alternatively, the nakhlites may have been generated by a lower
degree of partial melting of a KoO-rich source, and the chassignites formed from an earlier and
higher-degree of partial melting that resulted in relative K>O depletion. Lastly, KoO enrichments
which vary significantly between MIs may arise simply from interactions with changing magma

compositions.

3.5 Summary and Conclusions

The nakhlite and chassignite martian meteorites are the product of magma storage and

reequilibration, and these magmas likely supplied a magma chamber that erupted highly similar
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materials for tens of millions, upwards of 100 million years. To come to that understanding, we
found that:

- There may be no way to reliably determine a parental melt composition for the nakhlites
or chassignites from melt inclusions.

o There are currently no sufficient methods for establishing a mafic parental trapped
liquid for any melt inclusion in a cumulus phase that may have been affected by
open-system processes such as reequilibration in a new magma composition, but
there is significant work being done to address this barrier in current literature (e.g.,
Brahm et al., 2021).

o Open-system processes would not be reversible (in order to retrieve an initial
parental melt composition) by microanalysis on thin sections, nor by reheating
experiments.

- Broad trends in the PTLs still reveal changing storage conditions for cumulus phases.
Chassignites are more primitive and more alkali-depleted than the nakhlites. Chassignite
olivine may have undergone longer storage and reequilibration than the nakhlite olivine to
relatively dilute the alkalinity of its parental melt composition. Alternatively, chassignite
inclusions were entrapped prior to the enrichment of the nakhlite magma in KO, or that
the chassignites were formed by higher degrees of partial melting of a K>O-rich nakhlite
source.

- Thermodynamic fractional crystallization models of chassignite PTLs reproduce pyroxene-
hosted PTL bulk chemistry, but not nakhlite mineralogy. Similarly, nakhlite olivine-hosted
PTLs cannot reproduce nakhlite pyroxene compositions, and pyroxene-hosted PTLs do not

generate olivine. In the case that PTL chemistry is representative of a true parental melt
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composition, chassignites and nakhlites, and the two cumulus phases in the nakhlites, all
originate from different parental magmas. Alternatively, PTL compositions are subject to
analytical and model error and are not representative of parental magmas, or represent
changing magmatic compositions in an open-system.

Trace element abundances co-vary due to diffusive reequilibration only when the trace
elements have the same partition coefficient. This means that one reason for trace element
scatter is because of differential diffusion into host phases due to reequilibration in an open-
system environment. Other contributing factors may include melt inclusion compositional
heterogeneities and analytical error.

All studied nakhlite and chassignite-hosted melt inclusions have similar parallel REE
patterns, and thus originate from the same source. This is in keeping with past literature
findings.

Nakhlites and chassignites likely originate in open-magma systems, with pulses of partial
melting from a single source contributing to storage and mixing prior to entrainment and
eruption of cumulus phases.

Future work on nakhlite and chassignite melt inclusion analysis may be able to resolve the
parental melt composition for these samples if their initial host FeO and MgO contents can
be determined, or if extensive studies to constrain the effects of diffusion into and out of
melt inclusions can be conducted. To the first point, olivine is the best constrained system
for Mg and Fe isotopic diffusion gradients. However, nakhlite olivine also lacks in most
major and minor element zoning and is likely heavily reequilibrated. It may be difficult to
establish an initial FeO composition using isotopic systematics, but it may be possible. To

the second point, constraining differing elemental diffusion gradients abutting melt
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inclusion may help to constrain first-order timescales for storage and possibly find the best
suited candidates for early-entrapped and largely original melt inclusions. Reequilibrated
melt inclusions are helpful for understanding changing conditions in a magma if not the

initial magma composition itself.
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3.7 Tables

Table 3.1. Present bulk compositions of studied melt inclusions (in wt.%).

Chassignites Si0; Ti0; ALO; FeO*t MnO MgO CaO0 NayO KO POs Cr,0s Mg#i
Chassigny MI 02 47.1 1.04 6.59 13.5 0.39 14.5 9.00 0.94 0.65 201 4.07 65.3
Chassigny MI 03 493  0.64 371 15.5 0.46 21.2 6.89  0.12 059 793 726 70.8
NWA 2737 MI 01 464 099 793 12.2 0.32 17.3 481 1.80 059 0.14 726 713
NWA 2737 MI 03 548 036 691 8.89 0.25 19.6 498 2.01 069 0.83 035 79.5
Nakhlite Olivine-hosted

MIL 090030 MI 01 61.6 193 146 6.05 0.12 0.46 7.55 432 1.50 098 0.00 11.7
MIL 090030 M1 02 | 540 2.15 11.7 11.1 0.22 1.97 13.6 287 0.87 1.02 0.02 23.9
MIL 090032 MI 01 64.7 0.09 192 0.84 0.02 0.01 0.64 2.19 135 004 0.02 1.78
MIL 090032 M1 02 | 543 2.12 10.8 14.2 028 1.42 133 222 0.73 055 031 14.9
Governador V. 616 243 129 9.92 0.13 1.14 439 3.74 231 1.11  0.06 0.05
Nakhlite Pyroxene-hosted

NWA10645 MI 02 62.5 031 155 5.55 0.11 1.18 385 429 544 1.02 0.02 27.1
NWA10645 MI 03 547 058  8.13 16.5 0.41 4.45 9.60 2.16 262 0.68 0.06 32.1
NWA10645 MI 04 573 036 10.6 12.5 0.32 3.41 7.61  3.07 398 055 0.05 324
NWA10645 MI 05 53.8 032 5.80 19.0 0.51 5.82 1.5 237 0.69 0.09 0.04 324
MIL090030 MI 01 512 243 105 16.1 0.32 1.63 147 091 0.69 0.62 0.03 15.4
CeC 022 MI 02 476 164  8.60 9.16 0.19 2.60 883 1.73 133 131 0.10 332
CeC 022 MI 04 623 3.88 16.0 5.05 0.10 1.25 222 532 507 028 0.02 30.3
CeC 022 MI 08 574 110 133 4.94 0.09 0.87 324 531 1.67 0.17 0.10 23.6
CeC 022 MI 12 512 141 141 6.35 0.13 1.16 452 574 1.57 005 0.10 243
CeC 022 MI 13 573 648 132 7.60 0.18 1.34 376 3.97 438 0.19 0.05 23.7
CeC 022 MI 14 523  1.04 5.01 19.1 0.55 5.35 128  1.20 203 027 0.06 33.0

tReported FeO is not delineated by oxidation state, i.e., FeO* = (FeO + Fe,03)

I Mg# = (Molar MgO x 100)/(Molar MgO + Molar FeO*)

Abbreviations: NWA = Northwest Africa; MIL = Miller Range; Governador V. = Governador Valadares; CeC = Caleta el Cobre
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Table 3.2. Calculated parental trapped liquid compositions of studied melt inclusions (in wt.%).

Chassignites Si0:  TiO: ALOs FeO*t MnO MgO CaO Na, 0 K;O P05 Cr:0; Mg#i K:O/Na;O Mean Host Mg#
Chassigny MI 02 459 1.07 6.77 17.3 0.40 8.05 9.24 097 0.67 206 4.18 40.7 0.69 67.6
Chassigny MI 03 51.8  0.87 5.03 17.7 0.62 8.84 9.35 0.16 0.03 1.80 0.92 43.0 0.16 67.8
NWA 2737 M1 01 45.0 096  7.66 16.9 0.31 12.8 4.65 1.74 0.57 0.14 7.01 53.9 0.33 79.2
NWA 2737 M1 03 520 034 646 16.8 0.23 13.5 4.65 1.88 0.65 0.78 0.33 55.1 0.34 79.1
Nakhlite Olivine-hosted

MIL 090030 MI 01-A | 52.5 1.35 10.2 22.9 0.08 2.84 528  3.02 1.05 0.69 0.00 17.9 0.35 41.5
MIL 090030 MI 01-B | 49.8 1.18 8.89 27.8 0.07 3.59 4.60 2.63 091 0.60 0.00 18.5 0.35 41.5
MIL 090030 MI 02-A | 489 1.69 9.18 23.2 0.17 2.64 10.7  2.18 0.68 0.80 0.02 16.7 0.31 40.4
MIL 090030 M1 02-B | 46.5 146 7.97 28.2 0.15 3.33 9.25 1.89 0.59 0.70 0.01 17.2 0.31 40.4
MIL 090032 MI 01-A | 489 1.68 8.99 23.4 0.24 2.62 104 221 0.98 0.59 0.00 16.4 0.44 41.4
MIL 090032 MI01-B | 48.0 1.34 748 28.1 0.19 3.46 8.36 1.80 0.79 047  0.00 17.8 0.44 41.4
MIL 090032 MI 02-A | 50.3 126 9.85 22.9 0.15 2.78 839 241 0.97 097 0.00 17.6 0.40 41.4
MIL 090032 M1 02-B | 47.9 1.10  8.60 27.7 0.13 3.47 7.33 2.10 0.84 0.85 0.00 18.0 0.40 41.4
MIL 090032 MI 03-A | 47.5 1.68 8.89 23.4 0.18 2.64 12.4 1.58 0.57 1.09 0.00 16.5 0.36 41.4
MIL 090032 MI0 3-B | 45.5 1.48 7.81 28.0 0.16 3.26 10.9 1.39 0.50 096  0.00 17.0 0.36 41.4
Governador V.-A 54.1 1.85  9.77 22.8 0.10 2.50 334 284 1.76  0.84 0.05 54.1 1.85 39.7
Governador V.-B 499 1.51 8.01 29.7 0.08 3.51 2.73 2.33 145  0.69  0.04 49.9 1.51 39.7
Nakhlite Pyroxene-hosted

NWA10645 MI 02 529 044 551 19.7 0.51 5.84 11.7 1.40 1.59 030 0.05 34.2 1.14 40.3
NWA10645 MI 03 52.8 044 538 19.7 0.52 5.84 11.9 1.38 1.57 041 0.05 34.2 1.14 51.5
NWA10645 MI 04 526 044 549 19.8 0.52 5.83 11.7 1.48 1.77 025 0.05 34.1 1.20 51.5
NWA10645 MI 05 53.8 032 580 19.0 0.51 5.82 11.5 2.37 0.69 0.09 0.04 35.0 0.29 51.9
MIL090030 MI 01 53,5 0.08 4.81 17.0 0.63 5.77 145 056 3.03 0.05 0.02 37.4 5.41 60.7
CeC 022 MI 02 58.8  0.63 10.1 9.28 0.26 3.49 11.7 2.02 1.46 1.51 0.03 39.8 0.73 47.6
CeC 022 MI 04 55.7  0.83 8.65 16.1 0.50 3.36 9.17 285 2.61 0.16 0.04 26.8 0.92 58.2
CeC 022 MI 08 539 0.84 5.80 18.1 0.53 5.03 126 211 0.67 024 0.07 329 0.32 54.7
CeC 022 MI 12 556 0.74 9.71 14.1 0.42 3.97 10.7  3.79 0.97 0.15 0.04 33.1 0.26 52.4
CeC 022 MI 13 534 0.86 6.89 19.6 0.52 3.84 9.96 1.95 1.95 0.50 0.04 25.6 1.00 553
CeC 022 MI 14 524 0.84 5.05 19.1 0.55 5.35 12.8 1.21 2.05 027  0.06 33.0 1.70 60.5

tReported FeO is not delineated by oxidation state, i.e., FeO* = (FeO + Fe203)
1 Mg# = (Molar MgO x 100)/(Molar MgO + Molar FeO*)

+1 Compositions ending in -A use an FeOrof 22.2 wt.% (Imae and lkeda, 2007), and -B of 28.9 wt.% (Goodrich et al., 2013).
Abbreviations: NWA = Northwest Africa; MIL = Miller Range; Governador V. = Governador Valadares; CeC = Caleta el Cobre
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3.8 Figures

Figure 3.1: Backscattered electron (BSE) images of melt inclusions (MI) contained in nakhlites:
a) olivine-hosted MI in Governador Valadares; b) olivine-hosted MI in Miller Range (MIL)
090030; c) olivine-hosted MI in MIL 090032; d) pyroxene-hosted MI in MIL 090030; e) pyroxene-
hosted MI in Northwest Africa 10645; f) pyroxene-hosted MI in Caleta el Cobre 022.
Abbreviations: Ol = olivine; Gl = glass; Px = pyroxene; Ox = oxide; Micro Px = microlytic
pyroxene; Halo Px = halo pyroxene; Alt = alteration.
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Figure 3.2: Composite maps for Governador Valadares, the largest complex nakhlite olivine-hosted
melt inclusion. a) Mg heat map, wherein warmer colors are higher concentrations of Mg. b) X-ray
map where K is blue, Na is green, Ca is red. ¢) X-ray map where Ca is blue, Si is green, Fe is red.
A thin (<1 pm), moderately magnesian, rim of olivine can be seen around the inclusion. The glassy
phase central to the inclusion has heterogenous K and Na distribution, but largely homogenous Si.
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Figure 3.3: BSE images of MI contained in chassignites: a) NWA 2737; b) NWA 2737; c)
Chassigny; d) Chassigny. All MI are olivine-hosted. Abbreviations: Ox = oxide; Gl = glass; Px =

pyroxene, OPX = orthopyroxene; Amph = amphibole; Phos = phosphate.
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Figure 3.4: Composite maps for melt inclusions in chassignites: a) NWA 2737, where Ca is red, K
is green, and Na is blue; b) Chassigny, where Ca is blue, K is green, and Na is blue. Some
chassignites contain two glass phases: one containing high K>O, and another high Na>O.
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Figure 3.5: PTL results for oxides Si02, FeO, Ca0O, A1203, Na20, and K20 plotted against MgO.
Olivine-hosted melt inclusions in the nakhlites were processed using two FeOr (initial FeO +
Fe203) conditions: A was processed with 22.2 wt.% FeOr (Imae and lkeda, 2007) and B was
processed with 28.9 wt.% FeOr (Goodrich et al., 2013).
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Figure 3.6: Trace element abundances for melt inclusions in nakhlites (olivine- and pyroxene-hosted) and chassignites (olivine-hosted).
a) Spider diagram, with bulk inclusion compositions normalized against CI chondritic values (McDonough and Sun, 1995); blue
envelope represents bulk sample compositions, taken from Udry et al. 2020. Shergottite Tissint melt inclusion REE abundances (Type I
and II) are represented by the orange envelope, and are taken from Basu Sarbadhikari et al. 2017. b) Variation in La/Lu (CI normalized)
for melt inclusion REE data presented in a); bulk rock values are also plotted. Profiles for the REE in MI are largely parallel to bulk
rock values, however, when individual elements are ratioed, there is significant variability (especially when compared to bulk rock

values).
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Figure 3.7: Melt inclusion trace element ratios compared to bulk rock nakhlites, and to shergottites. a) Zr/Y and Nb/Y ratio plot adapted
from Day et al. (2018). Nakhlite bulk rocks falls on a trendline similar to rejuvenated Hawaiian basalts, and shergottites around typical
Hawaiian basalt trends. Only nakhlite melt inclusions (MI) plot together. b) Zr/Nb and Y/Nb ratio plot adapted from Sarbadhikari et al.
(2017). No nakhlite or chassignite MI falls within melt inclusions analyzed from Tissint (Type-I and Type-II envelopes).

87



' BSE
Low(Ta Px

|ass and Microlytic
K N A

B8 iy, “—

Figure 3.8: Trace element maps of melt inclusions. a): maps made of a polycrystalline inclusion in
chassignite NWA 2737, which is highly heterogenous. b): two side-by-side simple (glassy)
inclusions in nakhlite NWA 090030. c): simple melt inclusion contained in nakhlite pyroxene in
NWA 10645. Px = pyroxene; Fe-Ti Ox = iron-titanium oxide.
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Figure 3.9: Results for thermodynamic modeling of a NWA 2737 PTL. Liquid lines of descent
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Figure 3.10: Mineralogy for chassignite PTL fractional crystallization models (right) compared to
nakhlite (CeC 022) bulk mineralogy (left). While chassignite PTL models are somewhat similar to
CeC 022 MI chemistry, the models do not replicate observed mineralogical compositions.
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Figure 3.11: Model for nakhlite emplacement (not to scale). A single mantle source partially melts
to produce the nakhlite and chassignite parental melts. These melts are stored in magma chambers,
where phases such as olivine (in chassignites and nakhlites) and pyroxene (in nakhlites)
accumulate. The parental magma shifts away from its initial composition, possibly due to the
addition of fresh pulses of magma over time. This leads to disequilibrium between the cumulus
phases and their surrounding magma, which in turn causes diffusive reequilibration between melt
inclusions and host cumulus phases. The nakhlites and chassignites are later emplaced at or near
the surface of Mars as lava flows or sills before they are impacted and ejected (e.g., Corrigan et
al., 2015; Treiman, 2005; Udry and Day, 2018; Udry et al., 2020).
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Chapter 4: Complex Zoning in the Nakhlite and Chassignite Martian Meteorites Reveals

Multi-Stage Petrogenesis

4.1 Notice of Publication Submission

This chapter has been formatted from an article that has been submitted for publication.
Authors include Amanda M. Ostwald, Arya Udry, Juliane Gross, James M. D. Day, and Sammy
Griffin. Quantitative electron probe microanalysis and laser ablation inductively coupled plasma
mass spectrometry was performed solely by Amanda Ostwald. Qualitative electron probe mapping

was conducted by Amanda Ostwald and Juliane Gross. Writing was led by Amanda Ostwald.

4.2 Abstract

Nakhlites (clinopyroxene-rich cumulates) and chassignites (dunites) are two types of
meteorites that were emplaced onto and ejected from the Mars surface together, but their
petrogenetic history is otherwise difficult to discern. We study the primary magmatic history
preserved in geochemical zoning patterns in the cumulus phases of a representative suite of
nakhlites and chassignites. Samples studied include nakhlites Northwest Africa (NWA) 11013,
NWA 10645, Governador Valadares, Caleta el Cobre 022, Nakhla, Miller Range 090032, and NWA
817, as well as chassignites NWA 2737 and Chassigny. In nakhlite and chassignite olivine, P
preserves primary magmatic signatures, and P>,Os ranges from ~<0.01 to 0.21 wt.%; in nakhlite
pyroxene, Cr zoning corresponds to Cr203; abundances between ~0.03 to 0.36 wt.%. We find that
nakhlite pyroxene cores uniformly formed initially rapidly for a time at high crustal pressure, and
then slowly at near-equilibrium under less crustal pressure. Pyroxene in the nakhlites was then

stored through multiple injections of magma prior to eruption and final crystallization. Nakhlite
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olivine cores are morphologically heterogenous throughout the suite, but all record rapid initial
crystallization prior to equilibrium formation followed by resorption due to changing magma
compositions. Both olivine and pyroxene in the nakhlites are antecrysts, as they initially formed
in a different magma than the one that they erupted in. Chassignites underwent very rapid initial
undercooling followed by rapid changes in magma thermal conditions to result in thin elemental
oscillations. Together, the cumulus phases of the nakhlite and chassignite suite combined with
other observations on shergottite martian meteorites suggest that rapid initial mineral formation is
very common on Mars, possibly due to magmatic conditions or compositions that are unique to

the planet.

101



4.3 Introduction

The nakhlite and chassignite martian meteorites share overlapping crystallization (~1.3 Ga)
and ejection ages (~11 Ma), making it likely that they were sourced from a single impact event
(Nyquist et al., 2001; Cohen et al., 2017; Udry and Day, 2018; Udry et al., 2020). At the time of
writing, there are 32 unpaired nakhlite stones and three unpaired chassignite stones, collectively
making them the largest single-origin suite of rocks from Mars. While it can be inferred that the
nakhlites and chassignites formed in and were ejected from one location on the Mars surface, that
location is unknown.

The nakhlites are clinopyroxene-rich cumulate rocks also containing fayalitic olivine, as
well as varying amounts of glass, plagioclase, and other minor phases such as oxide, phosphate,
and sulfide minerals (e.g., Treiman, 2005). The two phases with the largest modal fraction in the
nakhlites, clinopyroxene and olivine, are in disequilibrium, and literature on their relationship is
divided. Some authors contend that olivine and pyroxene form from compositionally different
magmas, making one phase or the other xenocrystic, while other authors argue that the two phases
form together in a single magma and are thus phenocrystic (e.g., Harvey and Mcsween, 1992;
Stockstill et al., 2005; Sautter et al., 2012; Goodrich et al., 2013; Udry and Day, 2018). If one of
the nakhlite phases was erupted in a compositionally different magma than it formed in, and if the
magmatic system was otherwise closed in terms of trace elements and isotopes, that phase would
be considered antecrystic (see Chapter 2; also e.g., Balta et al., 2013; Ubide and Kamber, 2018).
Differences in texture, mineralogy, and chemistry among the nakhlites point toward emplacement
as multiple lava flows, lava lake infills, or sills near the martian surface (Day et al., 2006; Corrigan
et al., 2015; Sautter et al., 2015; Jambon et al., 2016; Udry and Day, 2018; Griffin et al., 2022;

Griffin et al., 2022). Furthermore, high-resolution *°Ar/*°Ar dating shows that the nakhlites were
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emplaced over the course of nearly 100 Ma (Cohen et al., 2017). In contrast, the longest-lived
magma chambers on Earth are thought to persist for only 30 Ma (Marsh, 2007). The chassignites
are dunites (olivine cumulates) which, because of similar trace element enrichments and volatile
fluid interactions, are petrogenetically related to the nakhlites and likely sample the same depleted,
oxidized source (Treiman, 2005; McCubbin et al., 2013; Udry and Day, 2018; Day et al., 2018;
Nicklas et al., 2021).

In this study, we conduct mapping and quantification of major, minor, and trace elements
in the cumulus phases of a comprehensive suite of nakhlite and chassignite samples. We focus on
minor elements (e.g., Al, Ti, Cr, and P), which best preserve primary magmatic processes, in
contrast with divalent cations (i.e., Mg?*, Fe?"), which rapidly diffuse through the mineral grain to
erase initial zoning. In olivine, P is incompatible but may be incorporated during periods of rapid,
disequilibrium growth due to undercooling (Milman-Barris et al., 2008; Shearer et al., 2013;
Welsch et al., 2014; Xing et al., 2022). Pyroxene disequilibrium growth can also be recorded with
Al and Ti enrichments relative to more compatible elements Mg or Si (Kouchi et al., 1983; Welsch
et al., 2016). Chromium, as a compatible element in pyroxene, can record additions of mafic (Cr-
bearing) magmas as enrichments, late-stage crystallization of Cr-depleted melts, and localized
compositional variabilities in dynamic magmas (Streck et al., 2002; Tornare et al., 2016; Welsch
et al., 2016; Ubide and Kamber, 2018; Ubide et al., 2019). We systematically compare primary

magmatic zoning to reconstruct the shared petrogenetic history of the nakhlites and chassignites.

4.4 Methods

4.4.1 Samples

103



We conducted analyses on a suite of seven of the 32 nakhlites, and two of the three
chassignites. Nakhlite samples include thin sections of Northwest Africa (NWA) 11013, NWA
10645, Governador Valadares, Caleta el Cobre (CeC) 022, Nakhla, Miller Range (MIL) 090032,
and a thick section of NWA 817. Chassignite samples include thin sections of Chassigny and NWA

2737.

4.4.2 Major and Minor Element Characterization

Major and minor element data were collected using two methods: quantitative traverses,
and qualitative mapping. Quantitative traverses were collected on the JEOL JXA-8900 Electron
Probe Microanalyzer (EPMA) at the University of Nevada, Las Vegas using a 15 kV accelerating
voltage and a 200 nA beam current and a 1 um spot size. All elements in both olivine and pyroxene
(Si, Ti, Al, Cr, Fe, Ni, Mn, Mg, Ca, Na, K, P, V) were measured against a standard block, which is
listed in Table C1. Qualitative maps on all samples, save Chassigny, were conducted on the Rutgers
University JEOL JXA-8200 Superprobe using a 15 kV accelerating voltage, a 300 nA beam current,
and a 500 ms dwell time. The Chassigny map was conducted using the JEOL JXA-8530F+ at the
University of Minnesota using a 15.0 kV accelerating voltage, a 500 nA beam current, and a 25
ms dwell time.

Maps of full mineral grains using large (500 ms) dwell times, necessary to collect signal of
low abundance elements, frequently take a full day or longer to collect. In order to reduce analytical
time, we also used a “strip mapping” method described in Shearer et al. (2013). Using the JEOL
JXA-8200 Rutgers Superprobe, and the same settings (500 nA beam current, 15 kV accelerating
voltage, 500 ms dwell time) as in full grain maps, we collected maps composed of 150 um strips

from rim-to-rim which coincided with the locations we collected quantitative traverses. We elected
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to conduct full or core-to-rim mineral on recently discovered or understudied samples, and strip
maps on samples which are better characterized by the literature. In chassignite olivine, we mapped
Ca and P. For nakhlite olivine, we mapped Mg, Fe, Ca, Ni, Mn, Al, Cr, and P. In pyroxene, we

mapped Mg, Fe, Ca, Al, Ti, Mn, Cr, and V.

4.4.3 Trace Element Characterization

In order to characterize the trace element abundances present in different compositional
zones (i.e., areas of high P or Cr), we selected individual spots using minor element maps and
analyzed them using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS).
All LA-ICP-MS analyses were conducted at UNLV using the Thermo Fisher Scientific iCAP QOc
ICP-MS coupled to an Elemental Scientific Excimer NWR193 laser ablation system. The laser
operated at 15 Hz with a fluence of 6.7 J/cm? a 20 s period of background gas collection, 40 s
dwell time, and 10 s wash delay between analyses. Beam sizes varied between (but not within)
individual minerals in order to accommodate differences in zoning sizes, ranging in diameter from
30 um to 50 um. We analyzed Li, Na, Al, Sc, V, Cr, Ni, Ba, Nd, Sm, Zr, and La with 2 s dwell time
for each element. We bracketed all unknown measurements with measurements of standards NIST-
610, BIR-1G, and BHVO-2G using consistently sized beams (30—50 um to match the bracketed
unknown measurement). All LA-ICP-MS data were reduced in iolite 4 using the trace element

reduction scheme (Paton et al., 2011).

4.5 Results

4.5.1 Qualitative Mapping
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Element maps provide information on the relative variation of trace metal contents across the
mineral grains, and as no standards were measured, these maps provide only qualitative
information. All maps presented are heat maps, where warmer colors represent relatively higher
abundances (red the highest, followed by orange and yellow). Cooler colors are relatively lower
abundances (dark blue is the lowest, followed by cyan and then green). No absolute elemental
abundances can be determined from the maps, but correlation and quantification can be inferred

by comparing maps with EMPA traverses discussed in a later section.

Pyroxene in the Nakhlites

Qualitative X-Ray mapping in the nakhlites Governador Valadares, MIL 090032, NWA
817, Nakhla, NWA 10645, and NWA 11013 reveals that pyroxenes in those samples have a similar
elemental zoning. Pyroxene is subhedral (NWA 10645, NWA 11013, Nakhla) to euhedral (NWA
817, Governador Valadares, MIL 090032) and occurs in clusters typical in cumulate rocks. In all
samples, Mg is relatively enriched in large cores—comprising about ~90-95% of the total volume
of the mineral—before depleting rapidly to more Fe-rich compositions at the rim (Figs. 4.1, C1).
Core shapes are subhedral, except in MIL 090032 and NWA 817, where cores appear euhedral and
have a sharp compositional delineation against the rim (Figs. 4.1e, 4.11). Manganese (Mn) and
Vanadium (V) are also consistently enriched along the rims of nakhlite pyroxene (Fig. C1). The
distribution of Mg, Fe, Mn, and V appears somewhat patchy throughout the large cores of MIL
090032, NWA 11013, NWA 10645, and Governador Valadares (Figs. 4.1a, 4.1e, 4.11, 4.1m, 4.1u,
C1), but is homogenous in NWA 817 and Nakhla.

Within the Mg-rich cores of all mapped nakhlite pyroxenes, the minor elements Cr, Al, and

Ti are distributed in irregular, nonconcentric zones (Figs 4.1, C1). Samples NWA 817, Governador
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Valadares, and Nakhla have Cr enrichments and Al, Ti depletions in the center of their cores, but
overall chemical distributions are heterogenous. In all samples, Cr does not correlate with Al and
Ti. The relationship between Al and Ti is most obvious in sample MIL 090032, where the contrast
between areas of high and low Cr is particularly sharp (Fig. 4.1, C1). The margins of pyroxene
cores are Ti- and Al-rich, as well as Cr-poor. Therefore, there are two distinct domains in the high-
Mg pyroxene cores: Domain 1, containing more abundant Ti and Al; and Domain 2, containing
more Cr. The other minor element maps Mn and V do not show distinct preferences for either
domain. Melt inclusions and void spaces also do not show domain preferences, except in samples
NWA 11013 and Nakhla where they are found in Domain 1.

Pyroxene cores are consistently surrounded by two distinct rims (not seemingly related to
the two core Domains): an inner rim of middling Cr, Ti, and Al concentration; and an outer rim of
Cr depletion corresponding to Ti and Al enrichment. Inner rims in NWA 11013 and NWA 10645
are thick and display a range in Cr concentrations from relatively Cr-depleted adjacent to the core
to relatively Cr-enriched adjacent to the outer rim (Fig. 4.1). Contrast between the core and rims,
and between the rims themselves, are frequently sharpest in Cr, Ti, and Al maps, and are less

distinct in Mg or Fe maps (Figs. 4.1, C1).

Olivine in the Nakhlites

Olivine in the nakhlites occurs in two general populations: 1) large subhedral megacryst
olivine (as imaged in NWA 11013, ~6 mm on a long axis), and 2) smaller anhedral olivine in the
interstices of accumulated pyroxene (Fig. 4.2; ~2 mm long axes). Both populations of olivine
frequently enclose pyroxene and abut pyroxene at their margins (Fig. 4.2). All nakhlite olivine

have higher Mg cores that transition to relatively Fe-enriched rims (Figs. 4.2, C3). The transition
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between Mg-rich core and Fe-rich rim can be sharp (NWA 11013, NWA 817, MIL 090032), or
gradational (Nakhla, Governador Valadares), and Mg-rich core volumes also vary. Along with Fe,
Mn is also slightly enriched in nakhlite olivine rims (Fig. C3). Aluminum, Ni, and Ca maps are
homogenous throughout olivine grains (Fig. C3).

Heterogeneity in nakhlite olivine is singularly preserved by P zoning, the shapes of which
differ significantly between samples. The largest olivine mapped, the megacryst in NWA 11013,
contains a subhedral P-rich core, mantled by oscillatory bands of different widths (~10-100 pum),
which alternate between high and low P, and terminate in a P-rich outermost rim (Fig. 4.2f). Central
to the grain is a large, P-rich melt inclusion that is surrounded by an irregularly shaped P-poor
envelope. Throughout the grain, across the core and all oscillatory bands, P appears more
concentrated in the bottom of the mapped image. All interstitial olivine grains contain P-rich
regions in their Mg-rich cores, but all P-rich inner cores are differently shaped between samples.
Caleta el Cobre 022 olivines contains P-rich cores in dendritic habits mantled by irregular zones
of P enrichments and pockets of P depletion (Fig. 4.2b). The Nakhla olivine reveals two general
regions of P enrichments: a large grain with irregular, feathery P enrichments crosscut by sharp,
rounded P depletions, and a smaller grain attached below, generally P-rich but with feathery
oscillations (Fig. 4.21). Northwest Africa 817 olivine contains an anhedral P-rich inner core that
seemingly extends beyond the Mg-rich boundary. The mapped Governador Valadares olivine
contains irregular patches of P enrichments, the topmost mantled by thin (~1-10 pm) oscillatory
bands that are cross-cut by a depleted envelope containing pyroxene (Fig. 4.21). Miller Range
090023 olivine P maps reveal a skeletal or hopper inner core, with thin oscillatory bands giving
way to irregular P patches toward the rim. Many P-rich areas in MIL 090032 are crosscut by P-

depleted region. Among the latter, some are small, rounded, and are marked by sharp edges while
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others are gradual and irregular in shape. Pyroxene is not found to be enclosed in any P-rich areas

in any olivine in the nakhlites.

Olivine in the Chassignites

Elemental maps in chassignite olivine are featureless, except maps conducted for P (Fig.
4.3). Backscattered electron images of olivine, in which the change in grey tones indicate a change
in phase density generally coinciding with a shift between Mg and Fe concentrations, are
homogenous. Maps for Ca are likewise homogenous, and only grain boundaries are visible. Maps
of P, however, show complex compositional variety. Olivine grains in NWA 2727 frequently
contain high-P hopper cores with lower-P infill, often surrounded by thin oscillatory bands of high-
and low-P to the rim (Fig. 4.3b, e, h). Olivine in Chassigny is comprised solely of thin oscillatory
zoning (~1-10 pm), with concentrations seemingly higher in the lower-left quadrant of each crystal
imaged in figure 4.3k. Small fractures crosscut and offset oscillations in both samples. Melt

inclusions and interstitial material appear bright in P and Ca maps in both samples.

4.5.2 Quantitative Major, Minor, and Trace Element Traverses
Nakhlite Pyroxene

Broadly, the quantitative data confirm qualitative map results. Magnesium oxide is
concentrated in the cores, and gives way to FeO enrichment (~14.0 wt.% FeO in the core, ~16.4
wt.% FeO in the core) at the rims of nakhlite pyroxene (Fig. 4.4). Along traverses, there is some
variability in SiO» that correlates with changes in MgO (Fig. 4.4, Fig. 4.5a). Calcium oxide is
slightly depleted (~18.6 wt.%) in the rims of some nakhlite pyroxene (e.g., NWA 10645), and while

trends in CaO do not appear to correlate with other major elements, it is negatively correlated with
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MnOd (Fig. 4.4, Fig. 4.5b). Significant change in major elements within nakhlite pyroxene is
primarily restricted to the rims, as cores are largely homogenous.

Minor element distributions are, in contrast to the major elements, notably heterogenous
throughout pyroxene grains in the nakhlites. Oxides TiO2, AlO3, MnO, and Na>Os3 in pyroxenes
tend to increase, while Cr203 is generally depleted (as low as ~0.03 wt.% in the rim, with ~0.36
wt.% average in the core), stepwise in the pyroxene rims (Fig. 4.6). As implied by the Domains 1
and 2 uncovered during elemental mapping, Cr20s is negatively correlated with AlO3 and TiO»
(Fig. 4.5¢c—d) in most samples, but is positively correlated in NWA 817 and Governador Valadares
cores (but is negatively correlated in rims). Against other elements, pyroxene Domain 1 Al,O3 and
TiO; share a positive correlation with FeO and Na,O, while Domain 2 Cr203 is positively
correlated with SiO; and MgO (Fig. 4.5e—g). Samples fall into two groups in terms of Na>O
abundances: NWA 817, NWA 11013, and NWA 10645 pyroxenes contain more Na>O on average
(together ~0.28 wt.%) than Nakhla, MIL 090032, and CeC 022 (~0.14 wt.%) (Fig. 4.5f). Spatially,
NaxO increases in sync with Domain 1 oxides in most samples, save for CeC 022, where Na,O is
depleted in the pyroxene outermost rim. Manganese oxide shares a weak positive correlation with
NaxO (Fig. 4.5g). The pyroxene rims of NWA 11013 are more MgO-depleted than in other samples
(~5 wt.% versus ~7-10 wt.%), and as a consequence its rims trend differently when oxide
abundances are compared to cores (Fig. 4.5). Rare earth elements (such as La) are relatively

enriched (~5.3+1.1 ppm) in the outermost rim, where Cr,0O3 is most depleted (Fig. C2).

Nakhlite Olivine
As seen in pyroxene, nakhlite olivine quantitative traverses complement mapping data.

Major elements in the cores of olivine are largely homogenous; MgO becomes depleted (~14.5
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wt.%) at the rims, while FeO is relatively enriched (~51.0 wt.%) (Fig. 4.7). Minor variability in
Si0; (31.0-34.9 wt.%) is positively correlated with MgO (Fig. 4.8a), and negatively correlated
with FeO in all samples (Fig. 4.8b). Minor elements CaO, MnO, and P>Os were heterogeneously
distributed throughout olivine grains (Fig. 4.9). Of those oxides, MnO is negatively correlated with
MgO and SiO», but positively correlated with FeO (Fig. 4.8c). Calcium oxide (CaO) and P>Os
share no trends with each other, nor do they share trends with other oxides (Fig. 4.8d). Phosphorous
oxide is sufficiently low abundance (~0-0.20 wt.%) and is complexly distributed in maps so that
trends are not easily discernable from quantitative traverse data alone. Calcium trends were,

however, not visible in our maps but do present as patterns in traverse data (Fig. 4.7-4.8).

Chassignite Olivine

As in the maps, chassignite olivine is nearly chemically homogenous in all measurable
oxides, save P,Os (Fig. 4.7). Major elements MgO, SiO;, and FeO are the same throughout the
grain. Small variations in CaO do not correspond to any other element (Fig. C4b), but CaO is
preferentially depleted around a large melt inclusion lying in the NWA 2737 traverse (Fig. 4.7).
The heterogeneity of P2Os in chassignite maps is less apparent in the traverse, and absolute

concentrations range as high as 0.21 wt.%.

4.6 Discussion
4.6.1 A Single Story for the Nakhlite Pyroxene
Effective Undercooling Recorded in Pyroxene Cores
The two domains we observe in nakhlite pyroxene cores (Domain 1: Al,O3 and TiO;-rich;

Domain 2: Cr,03, MgO, and SiO;-rich) are also found in the Hawaiian ankaramite pyroxenes
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described by Welsch et al. (2016) and Hammer et al. (2016). Ankaramite is an igneous rock defined
by up to 60 vol.% crystals wherein pyroxene occurs in a greater abundance than olivine.
Ankaramite from the Haleakala volcano on Maui is formed in the post-shield stage of the Hawaiian
hotspot, which occurs as the island moves away from the hotspot and undergoes a transition in the
degree and frequency of melting as it approaches inactivity. Hawaiian ankaramite pyroxene is
defined by two domains: a “spongy” domain characterized by numerous void spaces and relatively
higher abundances of MgO, SiO», and Cr20;3 coinciding with the {100}, {010}, and {110} faces;
and a non-spongy domain lacking in void spaces and comprised of higher abundances of Al,O3,
TiOz, and Na;O in the {-111} faces. Welsch et al. (2016) found that the first domain to form was
non-spongy during a period of effective undercooling. As the first pyroxene domain formed an
hourglass structure, it incorporated incompatible elements Al and Ti because its rapid
crystallization outpaced the rate at which those elements diffused through the nearfield melt
(Welsch et al., 2016). The second domain then infilled the voids left by the initial hourglass faces
at a slower, near-equilibrium pace, incorporating incompatible elements to a lesser degree, and
eventually formed the external faces to result in euhedral phenocrysts (Welsch et al., 2016).
Crystallization during the formation of the second domain, however, was interrupted by eruption,
and volatiles were exsolved from the new crystal face to result in the observed spongy texture
(Welsch et al., 2016). Final, low-pressure, late-stage crystallization occurred rapidly thereafter,
resulting in a high TiO2 and Al,O3 outermost rim (Welsch et al., 2016).

We do not observe void spaces (vesicles, or even melt inclusions) occurring in any one
domain preferentially in the nakhlites, which implies that the nakhlites did not volatize during the
second phase of core formation (Fig. 4.1). The two domains of most of the inner nakhlite cores are

otherwise largely morphologically similar to the ankaramite pyroxene, indicating that nakhlite
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pyroxene cores also formed during two distinct stages of growth. The first stage of growth (Domain
1) was likely rapid, onset by thermodynamic effective undercooling, or supersaturation of
clinopyroxene in the melt and enriching the grain in incompatible elements (Al, Ti).
Supersaturation occurs during thermal or chemical changes in a magma that prompt rapid
nucleation and crystallization (REF). Rapid, or disequilibrium, crystallization can lead to
incorporation of incompatible elements from the boundary layer surrounding the mineral (Welsch
et al., 2014, 2016; Lee et al., 2022). The second stage of growth (Domain 2) occurred in near-
equilibrium conditions, filling the remaining grain with compatible elements (Mg, Si). Variability
in the relationship between Cr and Al between samples likely reflects differences in the chemical
environment of the magma prompting undercooling. Where Cr and Al are positively correlated,
rapid crystal growth may have been prompted by a fresh injection of Cr-rich mafic magma. By
contrast, Al and Ti enrichments not associated with elevated amounts of Cr mark periods of
effective undercooling prompted by other means (Welsch et al., 2016). The degree to which
nakhlite pyroxene was undercooled appears to differ slightly between samples, however, as
indicated by the general morphologies of the sector zoning observed, as cores can take on either
skeletal or hourglass shapes.

Sector zoning in the ankaramite pyroxenes is often irregular in shape as it likely marks the
change between two modes of growth. The first mode is rapid and diffusion-controlled growth,
wherein growth outpaces the diffusion rate of Al and Ti in the melt resulting in enrichments in the
{-111} sectors (Welsch et al., 2016). Undercooling in this mode was estimated to be AT = 45°C
(Welsch et al., 2016). The second mode is closer to equilibrium and interface controlled, entrapping
more pyroxene-compatible elements as infill in remaining domains (Welsch et al., 2016). Some

sector zoning in the nakhlite pyroxenes (NWA 10645, Nakhla, MIL 090032, and NWA 11013, Fig.

113



4.1) takes on highly similar irregular hourglass shapes to the ankaramite pyroxenes, implying
comparable degrees of undercooling. However, some sector zoning in the nakhlite pyroxenes is
irregularly Al, Ti, and Cr enriched through the center of the grain (e.g., NWA 817, Governador
Valadares, Fig. 4.1d, 4.11). Similar morphologies are found in experimental and Etnean pyroxenes
with irregular dendritic cores that formed in very high degrees of undercooling (AT > 73°C)
leading to intense supersaturation and a diffusion-limited crystal growth regime (Masotta et al.,

2020).

Magma Mixing and Emplacement Recorded in Pyroxene Rims

Rims in the nakhlite pyroxenes are marked by progressive depletion in Cr, with some
samples (e.g., NWA 10645 and NWA 11013) showing Cr variation (from depleted to enriched) in
the inner rim producing a sawtooth shape in the chemical traverses (Fig. 4.1, Fig. 4.6). Mantling
inner rims in Etnean pyroxenes analyzed by Ubide and Kamber (2018) were attributed to episodes
of magma recharge that did not result in eruptions for those pyroxenes. Outermost rims on Etnean
pyroxenes are also relatively depleted in Cr, and likely represent late-stage crystallization post-
eruption after the magma was depleted in compatible elements (Ubide and Kamber, 2018).
Variability in nakhlite inner rim Cr may represent dynamic crystallization blending magma
compositions, whereas simple Cr depletion in inner rims may be due to the addition of a locally
less-mafic magma than that responsible for the nakhlite pyroxene cores. Outermost nakhlite cores
are likely also late-stage crystallization in an evolved magma, especially as rims contain markedly
higher concentrations of incompatible trace elements (C2).

Importantly, many Etnean pyroxene cores were stored prior to eruption and underwent

periods of additional crystallization as the magma compositions changed; upon eruption, low Cr
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outermost rims were likely accompanied by olivine and plagioclase crystallization. Ubide and
Kamber (2018) call Etnean pyroxene cores antecrysts, or crystals formed from a previous,
petrogenetically-related magma to the one that they erupted in. Recycled, antecrystic Etnean
pyroxene cores are often resorbed due to the additions of hotter mafic magma. Core morphologies
in nakhlite pyroxenes are variable, with some euhedral shapes sharply preserved (e.g., NWA 817)
and others more anhedral and rounded (e.g., Nakhla) (Fig. 4.1). Magma injections into the storage
chamber for nakhlite pyroxenes may have had variable temperatures either temporally, or spatial
distributions of temperatures may have been heterogenous within the magma chamber to cause

variable degrees of resorption around pyroxene cores.

Oxygen Fugacity (fO2) Changes in Nakhlite Pyroxene

Vanadium exists in a range of valence states in martian basalts, most commonly V** and
V#, but to a lesser extent V2" and V>*. While V3* is more compatible than V#* in olivine and Ca-
rich pyroxene, V incorporation into the crystal lattice of olivine appears to be complicated in
martian magmas that are undergoing changes in fO> (e.g., Shearer et al., 2013). For instance,
coupled V and P enrichments in later stage oscillatory growth of shergottite NWA 1183 olivine
was possibly due to an increase in fO,. The nakhlite pyroxene comparatively record few changes
in V as a function of fO; in their magmatic environment. There is no discernable correlation
between V and any other element in pyroxene cores (Fig. 4.1, 4.5). There is minor V enrichment
at pyroxene rims visible in maps, which may be due to late-stage crystallization leading to either
oxidation or relative V enrichments in the magma (as also observed in olivine-phyric shergottites;

Shearer et al., 2013) (Fig. C1). Indeed, Mckay et al. (2007) found that nakhlite pyroxene cores in
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MIL 03346 and Yamato 593 contained distinctive Al, Ti, and Cr zoning that could not be attributed

to oxidative changes in the magma.

Pressure Changes During Crystallization

The application of pyroxene geobarometers to specific samples is often tenuous even for
terrestrial samples when provenance is known. A liquid-pyroxene thermobarometer was applied
to Hawaiian ankaramite samples in Hammer et al. (2016), who found that even after correcting for
accumulation, high Al and Ti pyroxene cores were likely not in equilibrium with the liquid and
thus barometry data were interpreted as generally representing crystallization first in the lower
crust, and then crystallization in the upper crust to allow for the volatilization required for spongy
texture formation. The relationship between nakhlite pyroxene and its liquid is also difficult to
discern, as nakhlites display cumulate textures and contain disequilibrium ferroan olivine that, as
we assert later, may initially form from distinct magma compositions. Furthermore, partitioning
behavior of elements are highly dependent on liquid compositions, and martian magmas contain
more abundant Fe and less Al than terrestrial magmas (e.g., Collinet et al. 2021; Lessel and Putirka
2015; Payré and Dasgupta 2022). With no known provenance, details about crustal thickness and
relative crustal pressures are difficult to discern for the nakhlites. Interpretations for geobarometers
applied to the nakhlites are therefore only intended for a first-order comparison against terrestrial
systems, and estimates for pressure conditions should be treated with caution.

As the initial crystallization for pyroxene cores in the nakhlites may have been rapid, and
therefore in inherent disequilibrium with their melt, we elected to compare atomic Ti and Al
(calculated per 6 oxygens) that we measured in pyroxene cores across the suite as a means to

compare to the single pyroxene barometer developed for terrestrial silica-saturated alkalic magmas
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(hawaiite) by Nekvasil et al. (2004). The same single-pyroxene barometer was applied to olivine-
phyric shergottite pyroxene and experimental pyroxene by Filiberto et al. (2010), and again to
poikilitic shergottites by Rahib et al. (2019). Applied to the ankaramite pyroxene, Ti/Al ratios fit
the observations made in Hammer et al. (2016) using a liquid-pyroxene barometer (Fig. 4.10):
pyroxene crystallization pressures range from lower to upper crust, where mid-crust pressures are
~4.3 kbar as determined by Nekvasil et al. (2004). Although nakhlite pyroxene contains less overall
Ti and Al ratios across the suite’s cores range from roughly lower terrestrial crust to upper
terrestrial crustal pressures (Fig. 4.10).

Nakhlite pyroxenes consistently display two rims, which are progressively depleted in Cr,
Mg, and Si, and enriched in Fe, Ti, and Al. Sodium enrichment is coupled with Ti and Al in most
nakhlite pyroxenes (Fig. 4.4—4.5) even in the outermost rims. In contrast, the outermost rims of
ankaramite pyroxenes are depleted in Na, but enriched in Al and Ti, which is a departure from
partitioning behavior preserved in the core where all three elements are positively correlated.
Welsch et al. (2016) ascribe Na and Al-Ti decoupling to changes in pressure upon emplacement.
The coupled behavior of Na and Ti-Al in pyroxene rims in the nakhlites as opposed to the
ankaramites may mark a difference either in partitioning behavior specific to martian magmas, or
in a difference in final pressures recorded by emplacement in the nakhlite suite. However, there
are two distinct groups of nakhlite pyroxene in terms of bulk grain Na abundances (Figs. 4.5f,
4.5h), which may represent two distinct emplacement pressures, with the high pyroxene grains
with the higher Na content being formed at higher pressure (see Hammer et al. 2016). A systematic
comparison between ankaramite pyroxene erupted to the surface as lava flows or pyroclastics
against ankaramite pyroxene emplaced in sills could elucidate the emplacement mechanisms for

the nakhlite pyroxenes. Furthermore, experiments on Na, Al, Ti, and Cr partitioning behavior for
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pyroxene in Mars-relevant magmas is needed to better resolve barometry, thermometry, and

undercooling controls for the system.

4.6.2 Diftfering Stories for the Nakhlite Olivine

Olivine, as found in this study, bears considerable morphologic heterogeneity in the
nakhlite suite. Nakhlite olivine, regardless of size and crystal morphology, often contains relict
cores with high-P, but the morphology of those cores is variable between samples. Cores present
as irregular, euhedral, skeletal, anhedral; those cores are variably mantled by oscillatory zoning or
are crosscut by resorption and embayments. Pyroxene chadacrysts are only observed within low-
P areas in olivine.

Phosphorous in nakhlite olivine bears no correlation with any other element (Figs. 4.2, 4.5,
4.9). In terrestrial olivine, the incompatible charge of P> appears to be offset by Al and Cr, as they
are often spatially correlated, particularly in experimentally-produced olivine (Milman-Barris et
al., 2008). The incorporation of P in olivine is prompted by disequilibrium mineral growth that
outpaces diffusion of incompatible elements through the silicate melt, and diffusion of P in a melt
slightly outpaces Cr and Al, respectively, while divalent cations (Mg, Fe, Mn) diffuse rapidly
(Milman-Barris et al., 2008). The martian mantle is thought to be up to ten times more enriched in
P than the terrestrial mantle, and martian basalts are typically P-enriched relative to terrestrial ones
(Wanke and Dreibus, 1988; Payré and Dasgupta 2022). Martian basalts also tend to be relatively
Al-poor (Milman-Barris et al. 2008). Mari et al. (2020) noted a correlation between P and Al in
olivine in the olivine-phyric shergottite, Tissint, but did not see a correlation with Cr.
Compositional differences between martian and terrestrial magma, in addition to diffusive

relaxation of elements with higher diffusion coefficients in olivine, obscure coupling behaviors of
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P in nakhlite olivine. Calcium appears to be zoned in the quantitative profiles collected in nakhlite
olivine (not in maps), however, it is not spatially correlated with P. Other authors’ attempts at
cooling rate quantification for the nakhlites that use Ca diffusion modeling found significant
thermal heterogeneity in the suite, possibly due to complexities in Ca zoning not obviously visible
in quantitative data (Mikouchi and Miyamoto, 2002; Mikouchi et al., 2017). Until any coupled
partitioning behavior between Ca and P can be uncovered in nakhlite olivine, care should be taken
in leveraging relative diffusion rates of both elements for cooling rate or storage timescales.

The presence of P-rich zones in olivine inherently denotes rapid crystal growth during
undercooling, however, even dendritic olivine may form in low to moderate undercooling
conditions prompted by magma mixing events (A7 = 25-60°C) (Shea et al., 2019). Crustal magma
chambers containing cumulates could cool hotter, fresh magma on contact. A systematic study of
P zoning in olivine in a transect of the Sept Iles layered mafic intrusion found that olivine in basal
portions of the intrusion contained dendritic cores, but had formed in just one batch of magma
undercooled by surrounding cold wallrock (Xing et al., 2022). In contrast, olivine formed in
undercooling caused by the interaction of multiple mixing magmas took on irregular-shaped cores
with resorption and embayment features (Xing et al. 2022). Dendritic olivine cores in nakhlites,
however, appear to have more complicated histories than those of Sept Iles, as dendritic growth is
crosscut by embayments and resorption (e.g., MIL 090030, Fig. 4n). In a further example from the
Baima layered intrusion in China, resorbed dendritic P-rich olivine cores likely formed in two
stages, the first resulting in core formation and the second resulting in resorption and infill (Xing
et al., 2017). Nakhlite olivine likely also underwent multiple formation stages: formation of high-
P cores, resorption and embayment of some high-P cores, crystallization resulting in lower-P infill,

and final rim overgrowth. Areas of lower P between branches of higher P in dendritic or skeletal
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olivine, or filling voids left during resorption, represent slower, interface-controlled, close-to-

equilibrium crystallization conditions (Welsch et al., 2014).

4.6.3 The Singular Story of Chassignite Olivine

Chassigny and NWA 2737 olivine morphologies are distinct from the morphologies
preserved by P zoning in the nakhlites. Northwest Africa 2737 olivine cores tend to be dendritic or
skeletal, and are mantled by thin oscillatory zones at their rims. Chassigny contains olivine
comprised of concentric, thin P zoning from core to rim. Invariable zoning widths possibly point
to intrinsic factors causing undercooling in the melt, as opposed to variable widths generated by
resorption in magma mixing events. Because NWA 2737 olivine (Fo-79) is more primitive than that
of Chassigny (Fo-s7), NWA 2737 olivine dendritic cores may mark the initial crystallization
conditions of the chassignites, which was prompted by rapid crystallization due to supersaturation
and effective undercooling (Donaldson, 1976; Milman-Barris et al., 2008; Welsch et al., 2014;
Xing et al., 2022). Crystallization then gave way to regular temperature changes in a dynamic
magma environment, which is marked by oscillatory zoning in both NWA 2737 and Chassigny
and where areas of low-P formed slowly in conditions close to equilibrium (Xing et al., 2022).
Relative P depletions along concentric zones may record growth between two adjacent olivine
crystals sharing a melt pool (Shearer et al., 2013). Because we do not observe P depletions in
oscillations in adjacent grains, olivine in chassignites likely formed at a distance apart in their
magma prior to accumulation. Edges of olivine grains visibly crosscut some oscillatory zoning and
cores (Fig. 4.3), likely because of physical damage during the later stages of formation and
accumulation as well as possible resorption. Otherwise, resorption and embayment features are

not seen to cross-cut zoning as in the nakhlites.
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Hewins et al. (2020) found that the relatively ferroan olivine (Fo-s4) in chassignite NWA
8694 was Ca-depleted at its rims, implying zonation, but that P and Ca were not visible in maps.
Preserved Ca zoning despite the element’s relatively rapid diffusion rate in olivine served as
evidence for quick cooling after emplacement (Hewins et al., 2020). We do not observe Ca
depletions in the chassignite olivine rims, nor do we see evidence of zoning in the quantitative or
mapping data (Figs. 4.3 and 4.9). However, we do observe Ca depletion around a melt inclusion
in NWA 2737 olivine. Mobilization of incompatible elements into a melt inclusion in the
subsolidus requires elevated temperatures. Because Ca depletion surrounding the melt inclusion
occurred after relaxation of other Ca zoning, depletion likely occurred after prolonged storage and
during a thermal event that was not overwritten by additional diffusive relaxation (i.e.,

emplacement).

4.6.4 Crystallization History of Olivine in Martian Meteorites

Olivine has been extensively studied in the shergottite martian meteorites, because it is a
ubiquitous and early-forming phase. One subclass of shergottites is the poikilitic shergottites,
which show two textural domains: the poikilitic domain, containing pyroxene poikilitically
enclosing olivine; and a non-poikilitic domain representing a later-crystallizing stage, containing
olivine, pyroxene, and maskelynite (e.g., Udry et al., 2020). Notably, Rahib et al. (2019) conducted
P mapping of olivine in a selection of poikilitic. The authors found that the intermediate poikilitic
shergottite Lewis Cliff (LEW) 88516 contained olivine (in a late-crystallizing non-poikilitic zone)
bearing a P-enriched skeletal core mantled by thin P-rich oscillatory bands, which was similar in
morphology to NWA 2737 P maps collected in this study (supplement in Rahib et al. 2019). In the

other poikilitic shergottites that these authors analyzed (NWA 10618, NWA 7755, Allan Hills
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77005, and NWA 11065), grains consistently displayed thin oscillatory P-rich and P-poor bands
similar to those in Chassigny, despite some minor variation between olivine morphologies. Both
trends were attributed to inconsistent growth rates resulting in variable incorporation of P into the
olivine crystal structure (Rahib et al., 2019).

Olivine-phyric shergottites are another subclass of shergottites containing olivine in the
form of earlier-crystallizing megacrysts, along with smaller olivine, pyroxene, and maskelynite
(Udry et al., 2020). Olivine-phyric shergottite NWA 6234 contained olivine with high-P cores
surrounded by thin P oscillations (Gross et al., 2013). Again, this trend was explained by initial
rapid formation followed by alternating crystallization rates (Gross et al. 2013). Additionally, other
minor elements (Ca, Mn, Al, Cr, Ni) were otherwise homogenous throughout the grain because the
olivine was exposed to prolonged elevated temperatures to allow for diffusion and annealing
(Gross et al. 2013). Olivine-phyric shergottites Yamato 980459 (Y98) and NWA 1183 show more
variability in olivine morphologies preserved by phosphorous: NWA 1183 contains olivines with
low-P cores surrounded by discontinuous P zoning, and Y98 contains P-rich cores surrounded by
continuous P oscillations. The P-poor cores were attributed to single-batch phenocrystic growth of
olivine, whereas P-rich cores were considered xenocrystic (Shearer et al., 2013). Larkman Nunatak
(LAR) 06319, another olivine-phyric shergottite, contains olivine antecrysts which preserve P
zoning, but with diffusively homogenized divalent cation zoning (Balta et al., 2013). Tissint,
another olivine-phyric shergottite, contained olivine with oscillatory enrichments of P (Mari et al.,
2020). In the absence of evidence for magma mixing, oscillations were attributed to a dynamic
magmatic environment, where colder regions of the chamber prompted rapid cooling and solute
trapping (Mari et al., 2020). As we do not observe evidence for accumulation during formation in

chassignite olivine P zoning, P oscillations may also record a dynamic magmatic environment.
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Lastly, Fe and Mg isotope profiles in the primitive, enriched olivine-phyric shergottite NWA 1068
show slow initial growth in a deep crustal magma chamber during a period of storage prior to rapid
crystallization during transport and a relatively shallow emplacement (Collinet et al., 2017). Near-
equilibrium, low-P overgrowth of olivine in nakhlites and chassignites may also occur during
storage.

Interestingly, Eckley (2022) found that 3D reconstructions of shergottite olivine in multiple
samples (LAR 12095, LAR 12011, and Elephant Moraine) revealed skeletal and dendritic growth
not easily visualized in 2D thin sections. Their intensive literature review of martian meteorite
olivine morphologies revealed that many, if not most, martian olivine formed by rapid
undercooling to result in skeletal or dendritic olivine (Eckley, 2022). Caleta el Cobre 022 olivine
contains a P-rich core that is nearly identical to the mantled dendritic olivine imaged in LAR 12011
as seen cut along the {100} plane view. Likely, even euhedral to subhedral olivine with few melt
inclusions may have initially formed from undercooling prior to later equilibrium crystallization,
but that magmatic history would not be revealed without P mapping.

Rapid undercooling appears to be common in olivine from various lithologies of
shergottites, but is also common to the crystallization of the cumulus phases of the nakhlites as
well as the olivine in chassignite NWA 2737. Dynamic magma in a thermally variable chamber
resulted in oscillatory compositional changes in Tissint, and the same may have been true for the
mantles and rims of the chassignites. Diffusive relaxation of major and most minor elements across
olivine in LAR 06319, but retention of P zoning, indicated that some olivine-phyric shergottites
contain stored antecrysts. The same is true of nakhlite and chassignite olivine, indicating that
crystal storage and recharge in a trace element and isotopically closed system is potentially

common on Mars.
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4.6.5 Petrogenesis of Nakhlite and Chassignite Cumulus Minerals

The crystallization history of the nakhlites and chassignites, as preserved by zoning, is a
complex one. If the chassignites formed together in a single magma, NWA 2737 likely began rapid
dendritic crystallization first, which was followed by oscillations of rapid and slow crystallization
prompted by intrinsic thermal changes in the magma chamber (Fig. 4.11). Because olivine grains
may have formed at some distance from each other, the environment may have been dynamic.
Olivine accumulated and was stored for a long enough period that all zoning, except P, was erased
by diffusion of cations (e.g., Fe, Mg, Mn) across the grain. For the chassignites observed in this
study, diffusive relaxation of Ca across the grain was overwritten by its relative depletion adjacent
to melt inclusions, likely representing interaction with a hotter mobilizing magma during
emplacement.

Nakhlite pyroxene preserves multiple stages of core formation, one rapid and incorporating
Al and Ti at a greater rate and higher pressure than in slower, later stage core formation, which
preferentially sampled Si and Mg (Fig. 4.11). There is some minor morphological and chemical
variety in nakhlite pyroxene cores, probably representing different mechanisms and rates for
growth. Pyroxene cores are surrounded by progressively Cr, Mg, and Si rims in all samples,
meaning that pyroxene in the studied nakhlites was subjected to at least one magma mixing event
that did not result in eruption. Outermost Mg and Cr depleted rims represent late-stage growth,
likely upon emplacement (Fig. 4.11). Because the liquids which formed nakhlite pyroxene are not
the eruptive liquid, nakhlite pyroxene is likely antecrystic. Pressures decrease somewhat uniformly

during core formation for the nakhlites, and core formation may be restricted to crustal conditions.
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Olivine cores in the nakhlites reveal histories of rapid growth onset by varying degrees or
means of undercooling. Non-equilibrium growth of both olivine and pyroxene in the nakhlites thus
indicates that initial crystallization of the parental melt(s) responsible for the suite began with
periods of undercooling (Welsch et al., 2016). Olivine cores were also likely resorbed and reformed
under closer to equilibrium conditions during magma mixing events, or as they interacted with
melt of different compositions in a dynamic chamber (Fig. 4.11).

The magma, which finally entrained nakhlite pyroxenes, also entrained nakhlite olivine.
Clinopyroxene, like the augite in the nakhlites, is more stable in higher pressure mafic magmas,
but at lower pressures olivine and plagioclase also become liquidus phases (Hammer et al., 2016).
Likely, as the entrained pyroxenes and olivines depressurized, crystallization continued for both
phases. Initially closely-spaced pyroxene and olivine may have experienced overlapping growth
resulting in poikilitic enclosure of either phase (as we observed: olivine enclosed pyroxene). While
zoning (aside from Cr, Al, and Ti in pyroxene and P in olivine) was largely erased by diffusive
relaxation across pyroxene and olivine cores, outermost rims still preserve zoning of even divalent
cations. Thus, storage preceded emplacement, and cooling upon emplacement occurred rapidly
enough to preserve final overgrowth.

Research into terrestrial olivine formation is increasingly finding evidence for rapid onset
crystallization (e.g., Welsch et al., 2014), but effective undercooling initiating crystallization in
martian magmas seems to be the rule rather than the exception (e.g., Eckley, 2022). Some intrinsic
and extrinsic factors controlling initial crystal growth rates could be more common on Mars than
on Earth. For instance, the crust of Mars is thicker than that of Earth on average, ranging from 35—
85 km (up to 100 km) (Plesa et al., 2018); thicker crust may prohibit frequent eruption and foster

more crystal storage. Hot mafic magmas may rapidly cool on contact with cold stored crystals or
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crystal mush during injection. Furthermore, undercooling can be prompted not just by heat loss in
a magma (more or less rapid, as explained above), but also by raising the liquidus temperature of
the crystallizing phase, thus delaying nucleation and lowering the temperature required for
formation (Donaldson, 1976; Welsch et al., 2014). As an extreme example, spodumene formation
in terrestrial pegmatites may occur during undercooling aided by the localized saturation of Li in
the melt (Maneta et al., 2015). Martian magmas may simply share a compositional component that
raises the liquidus temperatures of olivine (and possibly pyroxene). For instance, relatively high
levels of P in martian magmas favor the stability of pyroxene in mantle residuum, thereby
relatively saturating mantle partial melts in less complex silicates like olivine (Payré and Dasgupta,
2022). Future empirical work on martian magmas should seek to address the effects of

undercooling in Mars-relevant magma compositions.

4.6.6 A Final Note on the Role of Potential Shock Effects

There are a few nominal petrographic effects of shock on the nakhlites, which include
twinning in clinopyroxene and undulatory extinction in olivine (Treiman, 2005). Those
observations and the dearth of maskelynite observations render estimates of maximum pressure on
the nakhlites to be <15 GPa, with the possibility of two shock events that lead to aqueous alteration
of the suite (Daly et al., 2019). Despite the nominal visible presentation of shock in nakhlites,
primary magmatic nakhlite petrofabrics are difficult to discern because of shock overprinting
(Griffin et al., 2022). The effects of shock on primary zoning are not well-understood. Dislocations
that serve as pathways in zircon allow low-mobility elements to move relatively quickly through
the crystal lattice in response to deformation on geologic timescales (Piazolo et al., 2016). However,

the effects of rapid deformation on zoning in silicate minerals is unknown. It is possible that the
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somewhat directional distribution of P in some of the nakhlite and chassignite olivine, such as that
in NWA 11013 (Fig. 4.1) is in response to localized shock distribution. Griffin et al. (2022b)
conducted grain relative orientation distribution (GROD) mapping on the same CeC 022 thin
section analyzed in this study, the results of which are visible in Figure 5 of their publication. When
their results are compared to Fig. 4.2 in this dissertation, the high-P inner core of CeC 022 olivine
is spatially correlated to an area of low deformation, while the moderately high-P mantle overlaps
areas of higher deformation in the grain. The largest amount of deformation occurs in the outermost
rim of CeC 022 olivine, and in the surrounding mesostasis (Griffin et al., 2022b). Outer rim
deformation is also accompanied by P enrichment. Spatial correlations between P zoning are
imperfect in the core and best resolved in the rim, indicating that there is likely some compositional
dependence on deformation in shocked grains in nakhlites, but that primary zoning in the cores of
large grains is mostly preserved. However, a significant amount of experimental work must be

done to address the problem of shock effects on primary magma features in mineral grains.

4.7 Conclusions

Our systematic comparison of primary magmatic textures in the nakhlites reveal
considerable homogeneity in pyroxene, but heterogeneity in olivine. Chassignite olivine appears
related by magmatic processes. In sum:

- Cores of all nakhlite pyroxene analyzed in this study display sector zoning indicative of
initially rapid disequilibrium formation followed by equilibrium infill of voids to the
subhedral or euhedral inner rim. The degree of undercooling responsible for small
differences in core morphologies may differ, but all nakhlite pyroxene began forming in

due to some degree of effective undercooling.
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The two compositional domains of pyroxene cores likely formed over a range of crustal
pressures, from lower to upper crust. After entering their new staging chamber, nakhlite
pyroxenes were stored during the injection of magmas which did not result in eruption.
Final entrainment and eruption are recorded in a Mg-poor outermost rim in all studied
pyroxenes. Because the final liquid to entrain them is not the liquid that formed them,
nakhlite pyroxene cores are likely antecrystic.

Nakhlite olivine formed initially in varying degrees of undercooling resulting in
phosphorous-enriched relict cores, while later infill was closer to equilibrium and
phosphorous-poor; relict cores often show signs of interactions with additional magmas,
such as resorption or embayment, and pyroxene is sometimes enclosed in infill growth.
Nakhlite olivine cores are therefore antecrysts.

Chassignite olivine formed initially rapidly to form high-P dendritic cores in NWA 2737,
and then formed in rapidly changing conditions to result in thin oscillating bands in both
NWA 2737 and Chassigny. Storage was prolonged to result in complete chemical
homogeneity, save interactions with melt inclusions possibly during emplacement.

The parental magma(s) which formed the nakhlite olivine and pyroxene as well as the
chassignite olivine in this study always began crystallization in disequilibrium. Similar
findings in multiple shergottite subgroups supports a growing body of evidence that
initially undercooled magmas were common on Mars, possibly indicating that magma
storage is common, or that the compositions of martian magmas affects liquidus behavior
of mafic minerals like olivine relative to Earth.

From the mapping and quantitative data, the relationship between the nakhlites and

chassignites is still unclear. The chassignite olivine formed in magmatic conditions that
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were different than those recorded by nakhlite olivine. Chassignite olivine underwent
rapidly changing conditions to generate thin oscillations, although NWA 2737 formed
initially by a high degree of undercooling in a manner similar to nakhlite olivine and
pyroxene. Furthermore, likely chassignite olivine underwent accumulation but do not

record recharge and resorption events as does nakhlite olivine.
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4.9 Figures

Gov Val Px Mg Ka,

Y _CrKa
&~ Outer rim

Inner rim

Figure 4.1: Characteristic pyroxene Ko X-Ray maps for nakhlite samples (from top to bottom)
Governador Valadares (Gov Val), Miller Range (MIL) 090032, Northwest Africa (NWA) 817,
Nakhla, NWA 10645, and NWA 11013. Elements include Mg, Cr, Ti, Al, Ca, Mn, and Fe. Generally,
nakhlite pyroxene displays sector zoning in two domains: high Ti and Al; and high Mg and Si.
Example core, inner rim, and outer rim are outlined in (v), the NWA 11013 Cr map. Abbreviations:
Meso = mesostasis; Px = pyroxene.
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NWA 1101

w
2.

Mg Ka

Figure 4.2: Backscattered electron (“BSE”) images and P, Ca, Mg, and Mn Ka X-Ray maps in
olivine from nakhlites. Samples include, from top to bottom and left to right: CeC 022, NWA 11013,
Nakhla, NWA 817, Governador Valadares (“Gov Val”), and MIL 090032. All elements save P are
homogenously distributed through the core. P zoning varies between samples. An Mg-rich core is
outlined in 2e (NWA 11013 Mg). Abbreviations: Ol = olivine; Phos = phosphate; Px = pyroxene;
Meso = mesostasis.
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NWA 2737

Figure 4.3: Backscattered electron (BSE) images and P and Ca X-ray Ko maps in olivine in
chassignites NWA 2737 (a—i) and Chassigny (j—1). Olivine in NWA 2737 contain P-rich hopper
and infill cores surrounded by thin oscillatory bands. Chassigny olivine are comprised only of fine
P oscillatory bands. Abbreviations: Ol = olivine; Meso = mesostasis.
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Figure 4.4: Major element traverse data for pyroxene in the nakhlites. Oxides MgO and FeO are largely spatially anti-correlated, with
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Figure 4.5: Comparison of oxide abundances from quantitative traverses in nakhlite pyroxene.
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Cr203 (a, g). We observe two groupings of samples in terms of Na>,O abundances (h).
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Figure 4.10: Single-pyroxene barometry for nakhlite pyroxene cores, using data obtained high-Mg
measurements. Nakhlite data (solid circles) is compared to data obtained by Hammer et al. (2016)
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Filiberto et al. (2010), so are only suggestive of relative pressures for nakhlites.
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Figure 4.11: Summary figure representing petrogenesis of nakhlites and chassignites. Nakhlite pyroxene begins forming in effective
undercooling conditions to result in two core morphologies: dendritic or hourglass (pyroxene [px] step 1). Infill in nakhlite pyroxene
occurs under near-equilibrium conditions in relatively lower pressures (px step 2). Cores were stored and record magma mixing events
resulting in inner rim formation (px step 3), while an outer rim forms upon emplacement (px step 4). Nakhlite olivine forms initially in
undercooling conditions (ol step 1), and dendritic or skeletal cores infill in equilibrium conditions (ol step 2). Magma mixing possibly
results in resorption and the formation of embayments (ol step 3). Final nakhlite olivine overgrowth occurs on emplacement (ol step 4).
Chassignite olivine forms initially during undercooling to form dendritic cores (chassignite [ch.] step 1), which infill during equilibrium
(ch. step 2). Oscillations occur from mantle to rim during rapidly changing thermal conditions (ch. step 3).
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Chapter 5: Conclusion

In Chapter 1 of this dissertation, I conducted assimilation and fractional crystallization
modeling of Mars magmas in martian-relevant conditions to determine its role in the formation of
felsic materials on Mars. We found that assimilation and fractional crystallization together evolved
magmas to felsic compositions more efficiently (i.e., at a lower degree of solid fractionation) than
fractional crystallization alone. The extent to which crustal wallrock is melted and assimilated is
controlled in part by its initial temperature, which means that magmas emplaced in ancient, hot
crust may have been more likely to prompt assimilation and drive evolution. These findings fit
observations of the martian crust by rovers and orbiters: evolved and felsic materials are more
likely to be found on older surfaces. Other terrestrial planets like Venus (with its hot crust) and
Mercury (with graphite- and sulfide-rich crust) may also have crust formed in part by assimilation
and fractional crystallization.

In Chapter 2 of this dissertation, I analyzed melt inclusions in a representative suite of
martian nakhlite and chassignite meteorites in order to constrain the initial composition of the
magmas which formed them. I found that melt inclusion bulk compositions in both nakhlites and
chassignites have been likely affected by open-system processes in crystal mushes, which means
that the magma which initially formed the minerals either significantly changed in composition,
was replaced locally by, or was mixed with a new magma. With that change in surrounding magma,
the melt inclusions likely changed in composition irreversibly in order to achieve equilibrium with
the host mineral. These findings are significant in that they provide evidence that minerals in the
nakhlites and chassignites had been stored in magma chambers prior to eruption, and that most

martian magmas undergo mush storage as well.
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In Chapter 3, I examined chemical zoning patterns in nakhlite and chassignite cumulus
minerals. I found that zoning of most elements had been functionally erased by diffusion of those
elements throughout the minerals over time, indicating that minerals in both meteorite classes had
been stored in magma chambers. Because the magmas that formed the cumulus minerals in
nakhlites and chassignites are not the same magmas which erupted them, those cumulus minerals
are antecrystic (as opposed to phenocrystic, or formed from one magma). All cumulus minerals in
the nakhlites and chassignites were formed initially very rapidly by a process called undercooling,
which adds to a growing body of evidence that undercooling is commonplace in martian magma
chambers. I found that nakhlite pyroxene grains were formed over a range of crustal pressures
under very similar conditions for all samples, but nakhlite olivine grains were formed under
conditions unique to each sample. Nakhlite olivine and pyroxene were therefore formed separately,
but emplaced together, and late-stage mineral growth occurred during emplacement which
sometimes entrapped one phase in the other. Chassignite olivine grains likely formed in a very
dynamic magma environment, which lead to rapid oscillatory changes in chemistry.

In this dissertation, I applied a variety of analytical and modeling techniques to rover
observations of igneous targets and to martian meteorite samples in order to better understand what
magmatic processes formed them. I find that processes like assimilation and fractional
crystallization as well as magma storage and magma mixing, which are common processes on

Earth, also likely drive diversity of crustal rocks on Mars.
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Appendix A

Al. Magma Chamber Simulator Assimilation Modeling and Application of Rhyolite-

MELTS to Martian Compositions

All models were conducted using the Magma Chamber Simulator (or MCS; Bohrson et al.,
2014). The MCS is capable of conducting fractional crystallization models with or without the
open-system processes of assimilation and recharge. Possible modeled subsystems include the
magma, a fractionated cumulate reservoir, and an assimilated phase (wallrock). Magma, wallrock,
and recharge subsystem phase equilibria calculations are conducted in individual MELTS windows
while the user interacts with a numerically coded Excel sheet that carries out executive functions
(Bohrson et al., 2014). MELTS is a thermodynamic phase equilibria calculator with several
algorithms available for use in the MCS, including Rhyolite-MELTS (v. 1.0.x, v. 1.1.x, v. 1.2.x)
and pMELTS (Ghiorso et al., 2002; Ghiorso and Gualda, 2015; Gualda et al., 2012).

As the MCS models fractionation, cumulate material (including solid minerals and fluid
phases) is removed both thermally and chemically from the magma subsystem. A closed cumulate
subsystem is an assumption made for model simplicity. Cumulate reservoirs in natural systems
interact with the magma and wallrock subsystems to generate more wallrock partial melt than
would form if the cumulate reservoir were closed (Bohrson et al., 2014). As the closed cumulate
reservoir simplification underestimates wallrock partial melting, all results for changes to the bulk
magma composition due to AFC are conservative estimates.

The MCS calculates relative volumes of subsystems in ratios against a default of 100 g of
magma (Bohrson et al., 2014). The user cannot model absolute magma and wallrock volumes, thus,
any calculations of residual magma volumes are relative. Furthermore, all magma mixing

(including mixing of partially melted wallrock into the bulk magma subsystem) is complete at each
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temperature decrement calculation (Bohrson et al., 2014). Compositional and thermal gradients
are not estimated in either the magma or the wallrock.

Liquidus calculations reported in this study are determined by the MCS to be the
temperature at which the entire magma subsystem is molten (Bohrson et al., 2014). The phase to
first appear on the liquidus in models is chromite, with silicate materials crystallizing at lower
temperatures (~1400°C) more consistent with experimental literature values (Filiberto et al., 2010).
While chromite appears as the liquidus phase in other martian MELTS modeling literature, the
total volume of early spinel fractionation is typically small and has little effect on the liquid line
of descent (Balta and McSween, 2013; Udry et al., 2014). In addition to high-temperature spinel
crystallization, Balta and McSween (2013) found that the MELTS algorithm underestimates
multiple saturation pressures compared to experimental martian compositions. Otherwise, Balta
and McSween (2013) find that MELTS reproduces martian compositions effectively. Rhyolite-
MELTS relies on an expanded MELTS calibration database (containing extraterrestrial materials)
and is and is effective for modeling systems represented in meteorites (Ashcroft and Wood, 2015;

Gualda et al., 2012).

A2. The Role of Oxygen Fugacity in AFC Models

Model Parameters

The MCS only allows users to conduct constrained fO, modeling along buffers. As such,
we conducted constrained models at the fayalite-magnetite-quartz (FMQ) buffer, which falls
within high and low values for known martian magmas at crustal depths (Herd et al., 2002;
McCubbin et al., 2013; Udry et al., 2020). To test the effects of relevant high and low initial fO»

values, we conducted unconstrained fO> models in addition to the ones constrained at FMQ. To do
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so, we calculated the ratio Fe**/Fe?* equivalent to FMQ, FMQ-3, and FMQ+2 for the magma

subsystems at all model pressures using Equation 7 from Kress and Carmichael (1991):

n (Fre22) :aln(foz)+§+c+zi(dixi)+e[1_%_ln<1)]+f;+g<w>

Fe0 To T
p2
+h T
where a, b, ¢, di, f, g, and h are empirical constants (i includes Al,O3, FeO, CaO, NayO, and K-0),
T is temperature, and P is pressure. The resulting compositions are normalized with 0.07, 0.50,

and 1.0 wt.% H>O and are used as the initial magma compositions.

Oxygen Fugacity Model Results and Discussion

The oxygen fugacity range of FMQ-3 to +2 was selected to bracket estimates of magmas
generated at the crust-mantle boundary and the shallowly-emplaced martian nakhlite meteorites
(Herd et al., 2002; McCubbin et al., 2013). Measurements of ferrous to ferric components in
meteorite samples and on the surface of Mars are subject to error, and thus constraining fO> allows
us to conduct models by forcing them to evolve chemically around a consistent fO buffer using
FeO* (= FeO + Fe203). Constrained fO2, however, does not accurately represent natural evolution
that occurs in a magmatic system wherein the fO, may vary with processes, such as autooxidation
and degassing, thereby affecting what phases are in equilibrium (e.g., Anenburg and O’Neill,

2019).

The abundance and activity of Oz in Mars-relevant magma compositions and conditions is
difficult to model using the MCS. However, we found that higher fO, (more oxidizing conditions)

in initial magmas result in lower silica and evolution overall than in magmas with more reducing
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conditions. Most fOz-unconstrained models crashed the MELTS engine consistently, particularly
after thermal equilibrium between the magma and wallrock subsystems. This is likely because the
database upon which MELTS is built lacks empirically-based solutions for Mars-relevant
compositions and conditions. Constraining models along fO: buffers minimizes the Khorzhinskii
potential (which fixes the abundance and chemical potential of O in the system), rather than
minimizing the Gibbs energy (Bohrson et al., 2014). Removing two variables (abundance and
chemical potential) from the Gibbs equation reduces some model resolution and limits some
phases (like olivine), but otherwise the constrained models provide similar liquid lines of descent
(LLD) and undergo significantly more fractional crystallization steps after thermal equilibrium
and so are resolved more completely. As a general rule, increasingly oxidizing magmas will likely
contain less silica than their reduced counterparts (Fig. A3). However, improving the model
database with a wider array of Mars-relevant magma compositions would elucidate many more

magmatic processes, particularly what solid phases are fractionated.

A3. Residual Wallrock Calculations and Model

The wallrock subsystem, as it partially melts, is modeled as chemically homogenous
throughout the model. The MCS does not track the bulk compositional changes of the wallrock
subsystem (only the partial melt it generates), but it can be calculated with the “Cumulate and
residual wallrock major element calculation tool” by Jussi Heinonen (available at:
https://mcs.geol.ucsb.edu/code, accessed 07 Oct 2021). We found that wallrock undergoes
minimal change throughout all models, with variation between LLDs falling within fractions of a
single weight percent (Fig. A2). For instance, higher pressure models featuring residual NWA

7034 wallrock and Fastball initial magma (4—6 kbar, ~48.5 wt.% Si0») are slightly more depleted
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in silica than low pressure models (1-2 kbar, ~48.2 wt.% Si0,). Wallrock compositions do not
approach any observed Gale crater felsic or alkaline targets, and it is unlikely that exhumed

wallrock contributes to evolved crustal compositions.

A4. Root Mean Square (RMS) Best Fit Modeling

We elected to conduct RMS calculations by averaging the squared differences between
target and model compositions for all oxides at individual temperature decrements (model
calculation steps) to best constrain at what single crystallinity the models best replicate the target
compositions. Similar statistical techniques used in modeling literature (i.e., Udry et al., 2014;
Udry et al., 2018; Wu et al., 2021) sum or average the squared differences between model and
target oxides across all temperature decrements to find best fit model parameters (composition,
pressure, etc.) as well. Any application of this method (or similar methods) weighs all population
values (i.e., all oxides) the same. The ultimate effect of this may be to select a model that is best
fit toward low-abundance oxides and oxide measurements with high error (e.g., TiO) rather than
to weigh the fit toward abundant oxides of interest (e.g., SiO2). To investigate this effect in our
own RMS application in each best fit model, we found the minima value of the squared differences
between a single target oxide and modeled oxide at each temperature decrement, which we take to
be the best fit of that individual oxide. We plotted the crystallinity at each oxide minima along with
the bulk averaged best fit crystallinity for each target composition in Fig. A7. Best fit model data
are found in Table A3. We observe that individual oxide best fits are scattered, and that no best fit
averaged across all oxides is specifically weighed toward low-abundance oxides (Fig. A7). Instead,
the averaged best fit represents the local minima across all oxides, which tends toward higher

degrees of crystallinity near the end of the model (Fig. A7).
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Importantly, we are not using this method to assign error or accuracy to our models.
Modeled compositions are not absolute compositions, and oxide estimations are subject to upwards
of 1 wt.% error using MELTS modeling (Udry et al., 2018; Balta and McSween, 2013). Although
target uncertainties are not included in best fit calculations, best fit models are quantitatively
compared to high-precision, generally low-accuracy targets. The targets Sledgers, Chakonipau,
Becraft, Sparkle, Angmaat, and Harrison are also subject to the error (upwards of ~7 wt.% for
Si0,) inherent to ChemCam onboard the Curiosity rover (Clegg et al., 2017; Cousin et al., 2017;
Payré et al., 2017). Highly precise statistical methods, when applied to high error measurements

and models, can only be used to make recommendations for magmatic behavioral trends.
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AS. Tables

Table Al. Pressure and temperature gradient estimates used in models.

Initial

Pressure Initial Initial Temperature Initial Temperature Initial Temperature

(kbar) Depth (km)  (°C)(21°C/km estimate)*! (°C)(15°C/km estimate)*? (°C)(6.0°C/km estimate)*!
1 8.3 174.3 124.5 49.8

2 16.6 348.6 249.0 99.6

4 33.2 697.2 498.0 199.2

6 49.8 1045.8 747.0 298.8

8 66.4 1394.4 996.0 398.4

10 83.0 1743.0 1245.0 498.0

*Surface temperature = 0°C
! Babeyko & Zharkov, 2000
2Hahn et al., 2011
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Table A2. Iron compositions for Fastball magma at equivalent high and low fO> estimates.

Pressure 1 kbar 2 kbar 4 kbar 6 kbar
FMQ Fe;O3 2.47 2.26 2.21 2.17
FeO 16.5 16.7 16.8 19.0
Molar Fe**Feq 0.12 0.12 0.12 0.11
FMQ-3 Fe>O; 0.73 0.73 0.71 0.70
FeO 18.7 18.7 19.0 18.7
Molar Fe**Feio 0.03 0.03 0.03 0.03
FMQ+2 Fe>O; 5.99 593 5.82 5.72
FeO 16.0 16.0 16.1 16.1
Molar Fe**/Feqo 0.25 0.25 0.25 0.24
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Table A3. Best fit models, compositions, and RMS values.

Best-fit model details

Model composition (normalized to 100%)

0,
Target Name RMS Initial Magma Wallrock_ Pressure W% Si02  TiO2 ALO; FeOr MgO CaO Na,O KoO 9% Magma % Solids
Value Composition H-0
Sledgers 20 Adirondack basalt  YeTag° 6kbar 007 625 001 134 514 007 299 533 1.17 105 90.1
Mars crust
. . Average
Chakonipau 2.5 Adirondack basalt 6 kbar 0.07 61.2  0.01 14.0 624 015 328 534 1.06 124 88.1
Mars crust
. Average
Becraft 22 Adirondack basalt 6 kbar 0.50 60.1  0.11 12.5 10.0 027 4.01 586 1.79  16.0 84.5
Mars crust
. Average
Sparkle 3.1 Adirondack basalt 4 kbar 1.00 59.0 0.02 145 830 046 427 5.8 091 21.1 79.6
Mars crust
. Average
Angmaat 2.0 Adirondack basalt 2 kbar 1.00 61.5 0.06 127 9.12  0.63 525 442 1.12 332 67.2
Mars crust
. . Average
Harrison 1.5 Adirondack basalt 6 kbar 0.07 54.1  0.08 16.3 12,5 0.71 5.10 475 0.69 24.0 76.5
Mars crust
1;192/316963 3.0 Adirondack basalt NWA 7034 1 kbar 1.00 740 0.03 7.19 270 0.05 350 512 1.54 228 77.2
1;192/326963 3.0 Adirondack basalt NWA 7034 1 kbar 1.00 742 0.03 697 257 0.04 349 521 1.63 215 78.5
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A6. Figures

Figure Al: ChemCam RMI contour product featuring Curiosity target “Harrison” on Sol 514.
Elongated plagioclase grains are surrounded by a dark matrix. Mosaic footprint is outlined in red.
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Figure A2: Total alkali versus silica composition diagram including residual wallrock (NWA 7034)
after assimilation by Fastball magma containing 0.07 wt.% H2O. Increasing pressure corresponds
to increasing depth and longer duration assimilation. Thus, higher pressure wallrock is more
depleted than its lower pressure equivalent.
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Figure A3: Total alkali versus silica composition diagram including Fastball magma assimilating
NWA 7034 wallrock under different initial unconstrained magmatic redox conditions. Oxidizing
magmas are more silica-depleted than reduced magmas or magmas with initial iron contents
equivalent to the fayalite-magnetite-quartz (FMQ) buffer.
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Figure A4: a) Mass and b) thermal evolution of a Fastball magma intruding a NWA 7034 wallrock
at 4 kbar depth along a 21°C/km areotherm (blue) and 6°C/km areotherm (orange). All models
presented are run from the onset of magma crystallization until the wallrock and magma
subsystems reach thermal equilibrium. Hotter areothermal gradients result in thermal equilibrium
at larger masses of residual magma than cooler ones. Wallrock in both settings heats up at a similar
rate (slope —1.58 for 6°C/km, —1.15 for 21°C/km).
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Figure A5: AFC models of Fastball magma intruding NWA 7034 wallrock at a mass ratio of 10:3
(magma to wallrock at 1) 1 kbar pressure. Increasing permeability prompts rapid partial melting
of the wallrock subsystem even at shallow depths (<10 km), leading to increased amounts of silica
in the magma at lower degrees of crystallinity.
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orthoclase formation, the model replicated predicted phases in observed targets and samples.
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Appendix B

B1. Figures
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Figure B1: Methods flowchart describing steps to determining major, minor, and trace element
abundances present in melt inclusions. Orange boxes indicate a step involving modeling or
calculation. Blue rounded boxes indicate steps involving instrument analysis. Acronyms: MI =
melt inclusion; PBC = present bulk composition, Px = pyroxene, Ol = olivine, PTL = parental

trapped liquid.

170



| . | | ¢ Gridded Analysis
® A Focused Traverse
: L - | ® Def dT
s 3] LR | 21 N efocused Traverse
ON " s - A _
P S 194 . |
ol * ' - (2T .
22 = W = i .
171 —
L 'Y o
| - |
1 = f } | 10 o— t |
L] ¢
- 18 L A
% 10 ?E_ 9 .A
§ A ™
o ¢
9\: 9 ¢ . 1> gt i
(&) < " .
o u "
8l ’ . 7k i
[
¢ [ ]
* f | 51 % % |
A ¢
e . s I - 1
% % ol |
% 151 A 18 49 .
g 2 ¢ A |1»
= = 481 b .
1.3F _ i
¢ - ’
L . 1 Y ° .
¢ A
1 1 | 1 1 |
L - 3 4 5 6 2 3 4 5 6
MgO wt.% MgO wt.%

Figure B2: Comparison PTLs derived from different analytical techniques applied to melt
inclusion analysis of olivine-hosted inclusion in nakhlite MIL 090030. Gridded analyses are
conducted by averaging gridded points across an inclusion and averaged. The focused traverse was
conducted with a 1 pm beam size and averaged. The defocused traverse was conducted with a 5
um beam size and averaged. Each analysis is presented as three separate PTLs, each modeled with
a high, middling, and low FeOr value. High value = 28.9 wt.% (Goodrich et al., 2013); mid-range
value = 26.9 wt.% (Stockstill et al., 2005); low value = 22.2 wt.% (Imae and Ikeda, 2007). In all
oxides, variability is greater between high and low FeOT-determined PTLs than between analytical
techniques. Poorly constrained initial compositional conditions of melt inclusions create more
uncertainty in PTLs than the uncertainties imparted by analyses.
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Figure B3: Pyroxene quadrilateral showing fractional crystallization results for a model conducted
with an initial magma composition consisting of a nakhlite olivine-hosted melt inclusion in MIL
090030. The modeled results are for a pyroxene composition, plotted in red, against a measured
MIL 090030 pyroxene core (EMPA results). The model does not approach the measured
composition, as it forms only one pyroxene population that remains too calcium-depleted
throughout the model. Thus, nakhlite olivine-hosted melt inclusion PTLs and pyroxene-hosted
PTLs are petrogenetically distinct, if the PTL calculations are representative of the parental magma
composition.

172



11

10

Mass (g)

Leucite
-u-Clinopyroxene
—e-Spinel

1
1700 1600 1500 1400 1300 1200 1100 1000
T

Figure B4: Solid cumulate mass abundances (g) versus temperature (T) in a fractional
crystallization model at 1kbar (fO: constrained at FMQ) of a pyroxene-hosted melt inclusion in
nakhlite MIL 090030. Olivine is never an equilibrium phase, and it is therefore unlikely that olivine
and pyroxene are generated from one parental magma if the PTLs are representative of parental
magma compositions.
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Figure C1: Characteristic Ko X-Ray maps of pyroxene in nakhlite samples. From top to bottom,
samples Governador Valadares, Miller Range (MIL) 090032, Nakhla, Northwest Africa (NWA)
817, NWA 10645, and NWA 11013.
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Figure C2: Trace element compositions measured in nakhlite pyroxene in NWA 10645 (a) and
chassignite olivine NWA 2737 (b). Compositional X-Ray maps with points for reference above.
Lanthanum (La) abundances plotted against relative distances below. Data are processed using
the trace element reduction scheme in iolite 4 (Paton et al., 2011).
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Figure C4: Quantitative traverse data for olivine in chassignite NWA 2737. There is a slight positive correlation between MgO and
Si0,, but no other observable relationships between oxides.
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