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Abstract

The current Mars Sample Return (MSR) mission is poised to return rock samples to Earth
from the surface of Mars as early as 2033 — with a major goal of this ground-breaking
mission being the investigation of Martian biology. In response to the preparation and
development required for a successful MSR mission, this project aims to both further the
understanding of Martian habitability and prepare for the analysis of returned samples in a
biological context. An extensive literature compilation of 11 nakhlite Martian meteorites is
produced including the bulk rock compositions, iddingsite compositions, and crystallisation
ages. Evidence is presented supporting both a low water-rock ratio ephemeral interaction
and a high water-rock ratio potentially long-lived hydrothermal environment as the true
nature of the Nakhlite launch site’s aqueous alteration. An ephemeral alteration is ultimately
favoured. Atom probe tomography (APT) analyses of the nakhlite Northwest Africa 817
illuminate that, given more attention, APT holds the potential to assist in distinguishing
between these two end-case scenarios for the nakhlite alteration (which present greatly
differing habitability potentials). An analytical pipeline is successfully employed to directly
probe nm-scale carbon inclusions preserved within fossiliferous Rhynie chert and
Yellowstone National Park samples (both known terrestrial analogue sites resembling
Martian hydrothermal environments). The methodology and analytical avenues presented in
these terrestrial analogue investigations can serve as a guide for future returned Martian
sample interrogations in the search for preserved Martian biosignatures. Along with
evaluating the analytical workflow’s effectiveness, multiple recommendations are proposed
to improve the pipeline in response to issues experienced throughout this project —
developing the pipeline such that better, more robust, results may be obtained in future
utilisations. This work carries MSR implications, embodying a step towards the preparation
for the analysis of returned Martian samples in a biological context, and also serves to
advocate for the usage of APT in the analysis of Martian meteorites, returned Martian

samples, and further planetary science materials.
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1. Introduction

1.1 Aims and Objectives

1.1.1 Research Goals

The biology of Mars has been a topic of interest amongst planetary scientists for centuries
(Mumma, 2012), and continues to maintain relevance today — with a wealth of missions
planned (Martin-Torres et al., 2020), or underway (Farley et al., 2020), that are aiming to
investigate this area. The study of Martian biology has taken many forms over the years,
including: the study of analogous samples or environments (Storrie-Lombardi and Sattler,
2009); the interrogation of Martian meteorites on Earth (Nascimento-Dias et al., 2018);
remote observations from Earth-based telescopes (Krasnopolsky et al., 2004); and in situ
observations from Mars orbiters (Carr et al., 1972), rovers (Szopa et al., 2020), and landers
(Klein, 1979). However, research in this area is undoubtedly far from complete and, with the
prospect of Martian rock samples being returned to Earth as early as 2033 (mars.nasa.gov,
2022), adequate preparation and advancement in this field is vital. As such, this project will
strive to expand upon the research surrounding Martian meteorites, Mars terrestrial
analogues, and the analytical techniques involved in their investigation, all with the aim of
better understanding the habitability of Mars. More specifically, the main goals of this

project are to:

1. Build upon and extract information from Martian meteorites concerning the past
habitability of Mars.

2. Investigate Mars terrestrial analogues to guide and inform the analysis of samples to
be returned from Mars.

3. Develop and evaluate the employed analytical pipeline for such planetary science

applications.

1.1.2 Research Questions

To facilitate the achievement of these goals, this project will endeavour to answer the

following research questions:

1. What further information can be garnered concerning the past habitability of Mars

from the investigation of the aqueous alteration of the nakhlite Martian meteorites?



2. Can the interrogation of the Rhynie chert and Yellowstone Mars terrestrial analogue
sites guide and inform the analysis of returned Martian samples in the search for
preserved biosignatures?

3. Can the analysis of terrestrial analogues develop and evaluate the effectiveness of
the analytical pipeline for planetary science applications?

Question 1: The nakhlites represent a group of Martian meteorites, host to a wide range of
aqueous alteration products that are collectively referred to as iddingsite, thought to originate
from the same launch site on the Martian surface (Udry et al., 2020). Thus, it follows that
the investigation of the nakhlites’ aqueous alteration can allow crucial insights into the nature
and abundance of the Martian water that the nakhlite rocks once interacted with (and
potentially other factors of the nakhlite launch site) — where understanding the characteristics
of available water inventories is key in determining habitability conditions (Brack et al.,
2010). As such, this project’s interrogation of the aqueous alteration products found in the

nakhlites will strive towards better understandings of past Martian habitability.

Question 2: The Rhynie chert and Yellowstone National Park sites represent areas of (past
or present) hydrothermal activity in which life is preserved as fossils within silica sinters
(Walter and Des Marais, 1993; Rice et al., 2002). Following this, due to the presence of
hydrothermal activity on Mars (Turner et al., 2016), samples from these terrestrial analogue
sites present the invaluable opportunity to investigate the potential preservation of
biosignatures in analogous Martian hydrothermal environments — areas of undoubted interest
for selecting samples to return to Earth (Beaty et al., 2019). Accordingly, this project’s work
on investigating the preservation of biosignatures in these terrestrial analogue samples could
be used towards directing and informing the analysis of any returned Martian hydrothermal

samples in the search for preserved biosignatures.

Question 3: The analytical pipeline involves the collaborative use of multiple analytical
techniques (i.e. optical microscopy, Raman spectroscopy, scanning electron microscopy,
transmission electron microscopy, and atom probe tomography) — culminating in a high-
resolution description of a sample at the nanometre scale. As such, the investigations
throughout this project (mainly on Mars terrestrial analogues) will strive to utilise this
analytical strategy with the aim of procuring unique insights into preserved biosignatures
(displaying the extraordinary scientific power of this method) and identifying key issues

(whilst proposing potential solutions to improve the pipeline).
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A more comprehensive review of the background literature and rationale behind the
utilisation of the nakhlites, the chosen Mars analogues, and the employed analytical suite
will be discussed later in this chapter. Although, to start, the following section will introduce
and outline the background research surrounding the overarching theme of this project —
Martian habitability.

1.2 Martian Habitability

1.2.1 Habitability of Terrestrial Planets

What exactly is habitability? As highlighted in a recent review by Cockell et al. (2016), the
term “habitability” has seen many revisions to its definition over the years. Ultimately, they
suggest that a habitable environment is one which can support the activity of at least one
known organism. Crucially, their working definition, and others’ (Dartnell, 2011), solely
encompass conditions which can support known life — intentionally excluding environments
which could potentially sustain undiscovered hypothetical organisms (to avoid speculation).
It follows that the extent of the habitability envelope (by this definition) is delineated by the
limits of life in extreme conditions on Earth —i.e. extremophiles. For example, Stetter (1982)
details his discovery and characterisation of hyperthermophilic organisms taken from
underwater volcanic systems. He determined that the optimal growth temperature of these
organisms was 105 °C, significantly above the previously observed highest optimal growth
temperatures of 70 — 85 °C of other thermophilic organisms. This work represents an
advancement in the known capabilities of life on Earth, expanding the range of observed
temperatures that allow the proliferation of life, undoubtedly serving to further the criteria
defining a habitable environment. Additionally, Pikuta et al. (2007) review similar examples
of extremophiles persisting in a range of physical and chemical conditions, including
extreme cold, pH, pressure, salinity, and radiation — all of which contribute to expanding
upon the known limits of life and, thus, habitability. Importantly, the presence of liquid water
is recognised as a universal prerequisite for any known life (Cockell et al., 2016). Thus, the
search for liquid water, and establishing its physiochemical properties, is imperative in
determining the habitability of other planets. It should be noted that many other astrophysical
factors must also be considered when determining the continuous habitability of a planet
over geological time scales (e.g. planetary mass, nature of the host star, and orbital
characteristics (Guedel et al., 2014; Cockell et al., 2016)). The investigation of other

planetary bodies in our solar system, not just Earth, can similarly facilitate developments in
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the field of planetary habitability (Preston and Dartnell, 2014). This, plus potentially the
most promising prospects of harbouring habitable environments (Horowitz, 1976), has led
Mars to become a prime target of abundant biological investigation throughout the years
(Fairén et al., 2010b).

Research surrounding Mars has seen much focus on the habitability of the planet (Westall et
al., 2013) — a trend that continues even today, with a main objective of many missions to
Mars being the assessment of potential life on the red planet (Grotzinger et al., 2012;
Williford et al., 2018). This astrobiological movement started with the touchdown of the
Viking landers on the surface of Mars in 1976, where a major objective of the landers was
to evaluate the presence of extant life on the Martian surface (Klein et al., 1976). Despite
not finding definitive evidence of Martian organisms (Klein, 1999; Quinn et al., 2013)
(although the abiotic explanations of Viking experiment results is contested by some (Levin
and Levin, 1998; Levin and Straat, 2016)), the mission paved the way for, and shaped, future
enquiry into the past and present habitability of Mars (Klein, 1998; Fairén et al., 2010b). In
particular, Fairén et al. (2010b) highlight that further investigations into habitability strived
to better understand the evolution of the planet, with unsurprising attention given to the role
and prominence of water throughout Mars’ history. For example, the subsequent National
Aeronautics and Space Administration (NASA) Mars lander (and rover) mission after
Viking, titled Pathfinder, aimed to further investigate the atmosphere, surface, and interior
of Mars in order to provide valuable context for orbital interrogations (Golombek, 1997).
Most notably, observations from the Pathfinder mission, including the presence of rounded
pebbles, dust-sized particles, and rocks rich in silica, served to support the previously
proposed (Pollack et al., 1987; Squyres and Kasting, 1994) theory that Mars experienced a
much wetter and warmer, Earth-like, past (Golombek et al., 1997). This ‘liquid-water-
abundant past’ hypothesis, an idea still discussed in recent years (Wordsworth, 2016; Lasue
et al., 2019), importantly illuminates a potential period in Martian history which may have
been favourable to the emergence and proliferation of life. Exploring this idea potentially
provides habitability insights and may inform future searches as to where signs of extinct
life from this era are most likely to reside (Bishop et al., 2013; Vago et al., 2017).
Undoubtedly owing to the efforts of Mars habitability investigations, such as the previous
example, there exists evidence to suggest that Mars experienced three geological epochs
(Carr and Head, 2010; Fairén et al., 2010b). These individual geological ages present
differing habitability conditions (Fairen et al., 2010b).



1.2.2 Epochs

1.2.2.1 Early Mars

It is believed that, excluding a hostile induction period soon after planetary formation
(Elkins-Tanton, 2008), early Mars was characterised by a dense CO, atmosphere (Elkins-
Tanton, 2008; Vago et al., 2017) which could provide adequate pressure to allow liquid
water to persist and potentially warmed the planet (Vago et al., 2017; Green et al., 2021).
Furthermore, early Mars possessed a global magnetosphere (Acufia et al., 1998, 2001; Lillis
et al., 2013) (protecting the planet from the Sun’s radiation (Green et al., 2021)), and
abundant liquid water (Fairén et al., 2010b; Vago et al., 2017) — representing an
exceptionally promising window which may have been conducive to the genesis and
propagation of life. This liquid-water abundance is supported by evidence of extensive
hydrological activity concentrated on the still-exposed primordial Martian surface
(Wordsworth, 2016), such as valley networks (Matsubara et al., 2013; Seybold et al., 2018),
crater lakes (Goudge et al., 2012; Horvath and Andrews-Hanna, 2017), and aqueously
altered materials (Fairén et al., 2010a; Carter et al., 2013) (see Figure 1).

® Deltas (DiAchille and Hyneck, 2010) ® Closed basin lakes (Goudge eral., 20150 __ Valley Networks (Hynock ef
® Fans (Moore and Howard, 2005) Open basin lakes (Goudge e al, 2012) al. 2010

Figure 1 — Surface maps of Mars. A) Topographical map of the Martian surface constructed by the NASA MOLA (Mars
Orbiter Laser Altimeter) science team utilising MOLA data (credit: (Neumann and Terrence, 2007)). B) Geological map
of Mars detailing the age of surface material with respect to the common Martian eras (credit: (Tanaka et al., 2014)). Key:
e = early, m = middle, | = late, A = Amazonian, H = Hesperian, N = Noachian, where two eras are noted (e.g. HN) such an
area spanned over both epochs. C) Global distribution of hydrothermally altered materials (credit: (Michalski et al., 2018)).
D) Global distribution of features produced by aqueous activity (e.g. valley networks) on the surface of Mars utilising data
from various sources (Moore and Howard, 2005; DiAchille and Hynek, 2010; Hynek et al., 2010; Goudge et al., 2012,
2015) over a MOLA topography map (Smith et al., 2001) (credit: (Lasue et al., 2019)). By comparing B) to D), it becomes
clear that most aqueous features are situated over still-exposed, primeval, Noachian terrain (red and pink colours in B)).
Comparing B) to C) shows a similar trend, where the majority of detected hydrothermally altered materials exist on the
primordial Noachian surface. Note: figures and keys have been slightly altered to match this project’s format.
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Moreover, it is suggested that these conditions continued from shortly after planetary
formation to the late Noachian or early Hesperian era (Vago et al., 2017) (see Figure 2) —
potentially presenting a reasonably-sized window in which a Martian biosphere could
prosper. Although, contrary to some models proposing a much warmer climate in Mars’
early history (Pollack et al., 1987; Craddock and Howard, 2002; Ramirez and Craddock,
2018), many recent models suggest that early Mars may not have been particularly temperate
(Wordsworth et al., 2015; Wordsworth, 2016). The rationale behind this ‘cold early Mars’
scenario is typically based on Mars’ further distance (roughly 1.52 AU) from the much
younger, and thus fainter, sun. As calculated by Vago et al. (2017), the effective temperature
on Mars would be 204 — 189 K (based on differing albedo values) which is much too cold
for liquid water to persist — necessitating an extreme temperature contribution from the
greenhouse effect of the primeval Martian atmosphere to reach even 0 °C (Wordsworth,
2016). Instead, these models suggest that early Mars was punctuated by periods of transient
warmth, and thus ephemeral liquid water (explaining observed aqueous features), potentially
fuelled by volcanic eruptions (Halevy and Head 111, 2014), impact events (Segura et al.,
2008), and maybe even assisted by changes in orbital obliquity (Mischna et al., 2013).
Nonetheless, early Mars, with its water abundance and at least episodic warmth, is regarded
as a key target for habitability investigations and this is highlighted by, for example, early
Mars being the prime investigation target of the upcoming astrobiology-focused ExoMars
rover (Vago et al., 2017). However, transitioning from wet early Mars, the succeeding global
climatic scenario, starting around the late Noachian to early Hesperian (see Figure 2), is
believed to have been dominated by a planetary-scale cryosphere (Fairén et al., 2010b) —

likely altering the habitability potential of the planet.



0Ga

1
mj
Amazonian Present
e
3.0 Ga
1 . .
Hesperian Middle
3.7Ga ':
M Noachian
e
4.1 Ga
Pre-
Noachian
4.568 Ga

Figure 2 — Timeline of Martian history adapted from various sources (Hartmann and Neukum, 2001; Fairén et al., 2010b;
Vago et al., 2017; Udry et al., 2020). Left section is the main Martian periods with their boundaries given in Ga and split
into common subsections (e.g. late Noachian) by dashed grey lines (see key). Middle section represents the main geological
epochs in Martian history with their habitability potentials suggested by their colour — i.e. ranging from green = favourable
to life — red = hostile to life. Overlaying this section is a purple bar demarking the potential reign of the Martian dynamo
and the following black bar represents the range of suggested times at which dynamo cessation occurred (Milbury et al.,
2012; Lillis et al., 2013; Mittelholz et al., 2020) (i.e. it has been proposed that it could have ceased early at 4.1 Ga, or late
at 3.6 Ga). Right section provides a brief explanation of the relevant global conditions and habitability potential of each

geological era.

Key
B = Dynamo reign
— = Cessation range

e = Early
m = Middle
1= Late

Hyper-arid, cold, and radiation-
exposed present-day Mars —
broadly hostile to surface life but
retains potential for local
habitability in specific niches (e.g.
the Martian subsurface)

Global cryosphere punctuated by
volcanism, resultant flooding, and
a potential northern ocean —
regional habitability possible

Widespread aqueous activity and
at least episodic warmth — potential
for global emergence and
proliferation of life (excluding a
hostile induction period)
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1.2.2.2 Middle Mars

The second major epoch in Martian history is characterised by the loss of the magnetosphere
(due to the suspected cessation of the dynamo (Milbury et al., 2012; Lillis et al., 2013)). The
resultant drops in atmospheric pressure (potentially driven by atmospheric erosion from
subsequently-unshielded exposure to the solar wind (Chassefiére et al., 2007)), and lowering
of global temperatures (possibly accelerated by the lessening greenhouse warming effect of
a thinning atmosphere (McKay et al., 1992)), potentially led to the development of a thick
cryosphere — producing an icy and likely less-hospitable middle Mars (Carr and Head, 2010,
2019; Fairén et al., 2010b). Evidence to support this climatic shift is a significant decrease
in the formation of aqueously-produced features (such as erosion and valley networks)
compared to the late Noachian, suggesting a marked decrease in surface liquid water
inventories (Carr and Head, 2010; Schwenzer et al., 2012). Additionally, outflow channels
believed to have formed by voluminous groundwater release are proposed, in some models,
to necessitate (or at least suggest) the presence of a thick cryosphere (Carr, 1996; Carr and
Head, 2019). This further supports the model of a colder and drier middle Mars — presenting
conditions likely less favourable to the persistence of life on the surface. However, there
may be evidence (such as potential shorelines (Parker et al., 1989, 1993; Citron et al., 2018)
and signs of impact-induced tsunamis (Rodriguez et al., 2016; Costard et al., 2019)) to
suggest that the groundwater forming these immense floods collected into a large, possibly
ice-covered (Parker et al., 1993) or entirely frozen (Carr and Head, 2019), ocean in the
northern plains. Although, this theory faces many controversies (Malin and Edgett, 1999;
Head et al., 2018; Turbet and Forget, 2019)). Furthermore, whilst evidence of liquid water
is scarcer than in early Mars (Carr and Head, 2010), there remains signs of aqueous activity
continuing into the Hesperian — e.g. valley networks near volcanoes, presumably produced
by magmatically-fuelled meltwater (Fassett and Head, 2006, 2007) (where volcanic activity
was plentiful during the Hesperian (Greeley and Schneid, 1991; Head, 2002; Carr and Head,
2010)). These factors (i.e. the potential cryosphere, ice-covered bodies of water, and local
geothermal heating) have led this Martian era to be likened, by some (McKay et al., 1992;
Fairén et al., 2010b), to the valleys of Antarctica on Earth in order to investigate the
habitability potential of these conditions. McKay et al. (1992) highlight that ice-covered
lakes in these valleys are host to planktonic organisms and microbial mats — presenting an
example of life prospering in an analogous environment to what may have been present on
middle Mars (where these environments could potentially persist for hundreds of millions of
years under certain conditions (McKay and Davis, 1991)). Moreover, they highlight the
ability of such microbial mats to form stromatolites, emphasising their potential to be
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preserved for future detection. Thus, although not as promising for life as wetter early Mars,
middle Mars may have had regional environments in which a Martian biosphere could
prosper and potentially leave signs of its existence. However, towards the end of the
Hesperian and into the start of the Amazonian, Mars is thought to have finished transitioning
into the hyper-arid and hostile conditions that have prevailed for the past three billion years
(Fassett et al., 2010; Fairén et al., 2010b) — further impacting the ability of life to proliferate

on the Martian surface.

1.2.2.3 Present Mars

Present Mars is characterised by an extremely thin, mainly CO., atmosphere (i.e. a surface
pressure of around 6.1 millibars (Jakosky and Phillips, 2001; Haberle, 2015)) and harsh
mean surface temperatures (e.g. Gale crater daily average ground temperatures ranging from
roughly -30 — -60 °C depending on the season (Centro de Astrobiologia, 2017; Ordonez-
Etxeberria et al., 2018)). This results in a lack of surface liquid water (although it could exist
ephemerally as certain brine compositions (Martinez and Renno, 2013; Rivera-Valentin et
al., 2020)). It is believed that these conditions have reigned across the entire Amazonian era
(Fairén et al., 2010b) — presenting some of the most inhospitable surface conditions in
Martian history. On top of this, Mars’ unprotected exposure to both cosmic rays and the
Sun’s harmful radiation could kill even otherwise-radiation-resistant terrestrial
microorganisms (in a dormant state (Pavlov et al., 2002)), degrade fossilised organic matter
(Pavlov et al., 2012), and may even produce biomolecule-destroying oxidants by reaction
with the Martian soil (Quinnetal., 2013; Lasne et al., 2016). These factors further compound
the threat to any extant life on the Martian surface and potentially reduce the likelihood of
discovering signs of extinct Martian life. Despite the seemingly bleak set of surface
conditions present throughout Amazonian Mars, the planet may not be entirely devoid of
any potentially-habitable niches. Examples of these are the icy polar regions (transiently
melted by periods of high orbital obliquity (Jakosky et al., 2003; Stoker et al., 2010)) and
specific locales on the surface (e.g. soils containing salt knobs that could both shelter
microorganisms from radiation and provide a source of ephemeral liquid water (Davila et
al., 20104, b). Further, the Martian subsurface is potentially the most promising environment
for hosting extant life on present-day Mars (Fisk and Giovannoni, 1999; Tarnas et al., 2021).
Notably, although pure water is generally unstable as a liquid under present Martian surface
conditions (Ingersoll, 1970), brine solutions could remain stable as liquids at much lower
temperatures than pure water due to freezing point depression from dissolved solutes (Brass,
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1980; Martinez and Renno, 2013). Recent results suggest that there may exist substantial
subglacial liquid water inventories (stable as a liquid due their solute compositions (Orosei
et al., 2018; Lauro et al., 2021)) — potentially providing crucial liquid water environments
for any extant Martian life to utilise. Although, River-Valentin et al. (2020) assert that the
temperature and water activity remain limiting conditions for life in Martian liquid brines.
Thus, despite conditions that could be considered the least hospitable in the planet’s history,
these factors highlight that present Mars arguably still maintains potential to harbour life in
specific niches. As such, present-day Mars remains a key target of biological inquisition and
discussion — evidenced by, for example, a main goal of the HABIT instrument onboard the
upcoming ExoMars rover being the assessment of present-day habitability at Oxia Planum
on Mars (Martin-Torres et al., 2020). Regardless of the era being investigated, essential to
the interrogation of habitability is the search for, and analysis of, tell-tale signs of extinct or
extant life — i.e. biosignatures (Beaty et al., 2019).

1.2.3 Biosignatures

The investigation of biosignatures is undoubtedly linked to the evaluation of a planet’s
habitability (Schwieterman et al., 2018). In discussing NASA’s plans for ensuing
astrobiological investigations, Des Marais et al. (2008) define a biosignature to be an object,
substance, or trend that explicitly requires a biological origin — i.e. a definitive sign of past
or present life. They highlight the important distinction between a biosignature and a
potential biosignature, where a potential biosignature represents a feature which may have
biological origins, although its legitimacy as conclusive evidence of life is yet undecided,
thus prompting further interrogation. A recent example of this, and the resulting discussion,
is the potential discovery of phosphine gas (PHs) in the Venusian atmosphere (Greaves et
al., 2021a). Greaves et al. (2021a) highlight that this, if accurate, is impactful because, in the
absence of any known physical or chemical sources, the inclusion of phosphine in the
Venusian atmosphere may be the result of biological processes, a theory supported by the
fact that phosphine on Earth is connected almost entirely to life (Sousa-Silva et al., 2020).
However, the accuracy of this original assertion (i.e. that spectroscopic data was indicative
of PH3) has been subject to much debate (Snellen et al., 2020; Thompson, 2020). For
instance, Villanueva et al. (2021) argue that the spectral feature in the Greaves et al. (2021a)
data set was misattributed to PH3 and, instead, was potentially reflecting atmospheric SO..
A follow-up paper by Greaves et al. (2021b) contests this conclusion by Villanueva et al.,
stating that, amongst other arguments, an SO, abundance necessary to explain the observed
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spectral peak would be abnormally large. As of the time of writing, no consensus has been
met regarding the presence or abundance of phosphine in Venus’ atmosphere (Greaves et al.,
2021c; Bains et al., 2021), a testament to the extensive scrutiny potential biosignatures face.
Nonetheless, this example illustrates the ensuing discussions arising from the postulation of
potential biosignatures, and the scientific value that this process presents — especially in
terms of better understanding planetary habitability. For example, Bains et al. (2021) further
explore the habitability of Venusian clouds which could potentially harbour life that acts as
the source of observed PHs. Mars has also been subject to a wealth of biosignature
investigation (Banfield et al., 2001; Summons et al., 2011) which is imperative in better

constraining the past and present habitability of the planet.

A major driving force for Mars research, historically and today, is the search for evidence of
life beyond Earth (Mckay, 1997; Vago et al., 2017). This continued evaluation of life on the
red planet has necessitated extensive investigation into Martian biosignatures (Banfield et
al., 2001; Cady et al., 2003; Westall et al., 2015). For instance, Ruff and Farmer (2016)
evaluate the opaline silica deposits observed in the Gusev crater by the Mars Spirit rover as
a potential biosignature. By comparing features captured by the Spirit rover to a
hydrothermal discharge channel at El Tatio, Chile, they propose that, owing to remarkable
similarities with El Tatio microstromatolites, mm-scale structures in the Martian silica
outcrops could be of biological origin. Although, the authors stress that, without further and
more in-depth analysis, the biogenicity of observed features is undeterminable — calling for
a future rover mission to better assess these silica deposits or, ideally, samples to be returned
to Earth for complex laboratory analysis. This assertion (i.e. that present evidence was
insufficient to irrefutably determine a biotic origin) serves to reemphasise the extensive
caution and scrutiny necessary to critically evaluate potential biosignatures as undisputable
evidence of extra-terrestrial life (Neveu et al., 2018), a trial that Martian biosignatures are
no stranger to (McMahon and Cosmidis, 2021). Regardless, this example of an in situ
investigation of a potential Martian biosignature presents valuable insights into Martian
silica deposits, which are prime targets for preserving signs of life and habitability
information (McMahon et al., 2018), and encourages further research to be performed
regarding the preservation of biosignatures in siliceous hydrothermal systems — an area that
the present project will assist in. Additionally, on top of in situ observations (e.g. by rovers
(Webster et al., 2015)) and remote observations (e.g. by Earth-based telescopes

(Krasnopolsky et al., 2004; Sparks et al., 2012)), there is an additional valuable resource
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permitting the direct investigation of potential Martian biosignatures (as well as other aspects
of habitability (Lee et al., 2018)) — Martian Meteorites (Gibson et al., 2016; McSween, 2019).

1.3 Martian Meteorites

1.3.1 Meteorites on Earth

There are over 60,000 known meteorites on Earth (Gattacceca et al., 2020) and researchers
have investigated them for centuries (Lipschutz and Schultz, 2014). The majority of
currently known meteorites are fragments of asteroids (Farinella et al., 1993) residing in the
asteroid belt that, through sometimes complex and dynamical routes (Morbidelli and
Gladman, 1998), intersect with Earth. Meteorites provide the unique ability to directly
investigate their parent bodies, since complex laboratory analyses are possible. For example,
King et al. (2017) describe how they were able to collate and evaluate the mineral
compositions of carbonaceous chondrite meteorites, as determined by X-ray crystallography.
They highlight that the investigated meteorites range from consisting of partially, to almost
entirely, hydrated minerals as a result of aqueous alteration. This obvious and abundant
evidence of aqueous alteration provides invaluable insight into the presence, identity, and
abundance of water on the parent asteroids. Findings such as this led to, and support, the
hypothesis that water on Earth may have originated from asteroids (Morbidelli et al., 2000;
Alexander et al., 2012). This example shows the scientific power of terrestrial laboratory
analysis of meteorites, and how they can be used to better understand our Solar System.
However, meteorites on Earth do not solely originate from asteroid fragments. Instead,
meteorites can reach Earth from a range of other planetary bodies in the Solar System, e.g.
via ejection from impact events (Nyquist et al., 2001), even including samples believed to

originate from Mars (McSween, 1994).

A subset of meteorites, currently consisting of over 260 individual rock samples (Gattacceca
etal., 2020), are believed to be Martian (McSween, 1994). The evidence for a Martian origin
includes: crystallisation ages (McSween, 1994), trapped gas compositions (Bogard and
Johnson, 1983; Marti et al., 1995), and characteristic oxygen isotope ratios (Clayton and
Mayeda, 1996). Although, McSween (1994) highlights that the young crystallisation ages
(Geiss and Hess, 1958) of the igneous meteorites (signifying recent volcanic activity) would
merely constrain the meteorites to a large planetary body — not specifically Mars.
Additionally, as summarised by Jones (2015), there exists long running debate and
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controversy surrounding the actual crystallisation ages of the shergottite meteorites — which
further lessens the weight of crystallisation ages as evidence in deciding a Martian origin. In
contrast, much more conclusive evidence in initially suggesting a Martian origin resided in
the trapped gas compositions and isotopic ratios where, as shown by Marti et al. (1995), the
trapped gasses in shergottites strongly resembled the Martian atmosphere as measured by
the Viking Martian landers (Owen et al., 1977). Following such lines of evidence, most
notably characteristic oxygen isotope ratios and abundances (Franchi et al., 1999), it is
reasonable to assume that the meteorites currently identified as Martian are likely to be so.
Despite all being classified as Martian meteorites, these rocks are commonly separated into
three categories — the Shergottites, the Nakhlites, and the Chassignites (the SNC meteorites)
(Jones, 2015).

1.3.2 Classification

1.3.2.1 Shergottites

The most numerous (The Meteoritical Society, 2021) group of the Martian meteorites is the
shergottites. They are predominantly basaltic, olivine-phyric, or poikilitic igneous rocks
(Udry et al., 2020) that are mainly comprised of olivine, pyroxene, and maskelynite
(McSween, 2015). They are categorised based on their relative incompatible trace element
compositions (Udry et al., 2020) into depleted, intermediate, and enriched shergottites. Their
igneous crystallisation ages are subject to much discussion, owing to radiometric dating
techniques giving different ages depending on the isotopes used (Jones, 1986, 2015; Bouvier
et al., 2005). For example, Bouvier et al. (2009) interpret Pb-Pb isochron data to give an
igneous crystallisation age of roughly 4.1 to 4.3 Ga for the shergottites. However, as they
even acknowledge, Rb-Sr, Sm-Nd, Lu-Hf, and U-Pb isochron data indicate much younger
ages for the shergottites, with the majority from the late Amazonian period (Jones, 2015;
Udry et al., 2020). Although contested by Bouvier et al. (2009), arguing that the young ages
calculated by many isochron data indicate a resetting event, the Amazonian ages are
generally accepted to represent the true igneous crystallisation ages of the shergottites
(Brennecka et al., 2014; Udry et al., 2020; Vaci and Agee, 2020). Thus, the shergottites
provide a wealth of information on the Amazonian period of Mars. However, whilst the
shergottites give important insights into the water content of the Martian interior (Usui et al.,
2012; McCubbin et al., 2016; Hu et al., 2020), another group of meteorites potentially offers
much more in terms of direct habitability information (Lee et al., 2018) — the nakhlites.
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1.3.2.2 Nakhlites

The second most numerous (The Meteoritical Society, 2021) grouping of the Martian
meteorites is the nakhlites. They represent a group of igneous clinopyroxenite cumulates
which contain varying quantities of olivine (Treiman, 2005), and are believed to have
igneous crystallisation ages of around 1.3 Ga (Nyquist et al., 2001), as determined by
multiple radiometric dating techniques. Thus, the nakhlites also sample the Amazonian
period of Mars’ history. Additionally, Ar cosmogenic exposure data shows that many of the
nakhlites have similar ejection ages of around 11 Ma (Cohen et al., 2017), suggesting that
they are launch-paired meteorites that were ejected by a singular impact event. Furthermore,
the nakhlites host the greatest suite of water alteration products among the Martian
meteorites (Lee et al., 2015). Investigation of these alteration products allows for strong
insights into the presence and identity of Martian water (Treiman et al., 1993), which is

crucial in better understanding the past and future habitability of Mars (Cockell et al., 2016).

These alteration products, collectively referred to as iddingsite, include hydrous silicates,
iron oxides, and iron oxyhydroxides (Lee et al., 2018) and were originally believed to have
formed from water on the nakhlite parent body (i.e. Mars) based on mineralogical and
petrological evidence (Gooding et al., 1991). Accordingly, they potentially allow insights
into the characteristics and longevity of past Martian water. For example, Borg and Drake
(2005) concluded that iddingsite in Lafayette and Yamato 000593 (both nakhlites) likely
formed at roughly 633 Ma, as determined by the weighted average of both Rb-Sr and K-Ar
radiometric ages. This suggests that sufficient liquid water to cause this degree of aqueous
alteration was present in the Martian crust as late as 633 million years ago — providing
constraints and insights into the longevity of the Martian hydrosphere. Furthermore, the
formation age of the iddingsite also supports the Martian origin of the altering aqueous
solution by pre-dating the believed 11 Ma ejection (Cohen et al., 2017) of the meteorites
from the Martian surface. Further, Lee et al. (2015) highlight that iddingsite in the nakhlites
can be interrogated to investigate the temperature, composition, pH, and redox potential of
the Martian water responsible for the aqueous alteration (Treiman et al., 1993; Bridges and
Schwenzer, 2012) — all of which, including longevity (Cockell et al., 2012), are potentially
vital in discerning the habitability of the Martian crust (Brack et al., 2010; Schuerger et al.,
2012). Thus, the nakhlites serve as a key probe into Martian habitability by detailing the

conditions of the Martian water that they interacted with. There is another group of
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meteorites believed to have potentially originated from the same location on Mars as the
nakhlites — the chassignites (Nyquist et al., 2001; McCubbin et al., 2013).

1.3.2.3 Chassignites

The third category, despite not being the third most numerous (The Meteoritical Society,
2021), of the SNC meteorites is the chassignites. They are igneous olivine- and chromite-
bearing dunites (Udry and Day, 2018). They, like the nakhlites, are believed to have igneous
crystallisation ages of around 1.3 Ga (Nyquist et al., 2001) (based on radiometric dating
techniques), again sampling the Amazonian period. The similar crystallisation ages,
concurrent ejection ages of 11 Ma (Eugster et al., 1997; Nyquist et al., 2001), and various
compositional similarities (McCubbin et al., 2013) hint at a strong relationship between the
nakhlites and the chassignites — leading to the idea that the two groups may even be
comagmatic in origin (Mason et al., 1976). This is contested by Wadhwa and Crozaz (1995),
concluding that the distribution of trace elements in augites indicates that the two groups,
even whilst acknowledging their similarities, were likely not comagmatic. However,
McCubbin et al. (2013) propose a model involving the addition of Cl-rich fluid to the parent
magmas that can account for such differences — once again permitting a comagmatic origin
of the nakhlites and the chassignites. This, together with a wealth of other papers (Udry and
Day, 2018; Hewins et al., 2020) similarly investigating the petrogenesis of two groups,
highlights the potential connection and comagmatic origin of chassignites and the nakhlites,
giving good insights into the inner workings of the Martian mantle and magmas. There exists
two further sets of Martian meteorites (distinct from the classical SNC categories
(Mittlefehldt, 1994; Agee et al., 2013)) that may provide habitability insights — the Polymict

Breccia meteorites and, more notably, the famous Alan Hills 84001 meteorite.

1.3.2.4 Anomalous Meteorites

One of the few meteorites identified as Martian that does not fall under the SNC umbrella is
the anomalous Alan Hills 84001 meteorite (herein ALH84001). It is an igneous
orthopyroxenite cumulate (Udry et al., 2020), therefore distinct from the SNCs. However,
as discovered by Clayton (1993), its oxygen isotope ratios are indistinguishable from other
Martian meteorites. This, along with other petrographic features also in accordance with
other SNCs (Mittlefehldt, 1994), indicates that ALH84001 is Martian in origin. The igneous
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crystallisation age of ALH84001, although previously thought to be roughly 4.51 Ga
(Nyquist et al., 2001), is determined to be around 4.09 Ga (Lapen et al., 2010), as shown by
Lutetium-Hafnium isotope radiometric data. This age is anomalously old compared to the
SNCs (Udry et al., 2020), allowing potentially unique insights into a much younger Mars.
Although the Polymict Breccia Northwest Africa (NWA) 7034 is now believed to contain
material that is even older (Nyquist et al., 2016; Hu et al., 2019). Following ALH84001’s
connection to Mars, the meteorite was subject to extensive investigation (Gibson et al., 2001)
after a paper published by McKay et al. (1996) suggested potential evidence of past
biological activity.

This paper, as highlighted in a later review by Gibson et al. (2001), incited an enormous
discussion surrounding the legitimacy of the claim — with much scrutiny, and support,
towards the biological origin of the features seen in ALH84001. In the original paper by
McKay et al. (1996), they propose four main features potentially indicating past biogenic
activity — including the observation of carbonate globule structures analogous to
microorganisms found on Earth, the carbonate structures that they produce, or even
microfossils. However, Bradley et al. (1997) contest this finding, explaining that the
structures are likely to be lamellar growths (i.e. abiotic in origin) and that their segmented
appearance is merely an artefact of the conductive coating applied to the samples upon
preparation for analysis. Similar abiotic explanations are offered for the other pieces of
proposed evidence (Scott, 1999; Golden et al., 2000, 2001), refuting the potential discovery
of evidence of past Martian life. It should be noted that McKay et al. (1996) do acknowledge
that all of the highlighted features in ALH84001 could have inorganic origins. Despite some
papers supporting biological origins (Clemett et al., 1998; Thomas-Keprta et al., 2002), the
general consensus is that the features in ALH84001 are most likely abiotic (Martel et al.,
2012; McSween, 2019). However, the discussion surrounding the ALH84001 meteorite
likely paved the way for advances in our understanding of what constitutes as robust
evidence of extra-terrestrial life, and reignited interest in Martian biology (McSween, 2019).
Subsequently, there potentially remains unextracted habitability information residing in the

nakhlites (Lee et al., 2018) — an area that this project will investigate.
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1.3.3 Future Work on Habitability

A recent paper by Lee et al. (2018), employing a range of analytical methods, strived to
further investigate the aqueous alteration of the nakhlite meteorite NWA 817 and its
relationship to the other nakhlites. This work successfully achieved its main goal, concluding
that the iddingsite within NWA 817 is the most abundant amongst the nakhlites, it was likely
aqueously altered with the other nakhlites at roughly 633 Ma, and the altering water was
probably of crustal or atmospheric origin. Most interestingly, the paper posed questions
about the observed relationship between the composition of iddingsite and the parent
nakhlite’s stratigraphic position. They found that the bulk iddingsite MgO composition
weight% (henceforth wt%) appeared to decrease with increasing eruption age of the host
meteorite. This potentially signifies a change in the chemical properties of the altering fluid
as it evolved from flowing through the younger, thus closer to the surface, rocks to the older,
deeper, ones (Lee et al., 2018). Understanding this relationship may hint at the original
stratigraphic position of the meteorites in the nakhlite launch site, and the nature of their
alteration (e.g. water flowing downwards under the influence of gravity (Lee et al., 2018)).
However, they also noted that their observations (i.e. bulk rock composition also correlating
well with iddingsite composition) could instead be described by a scenario in which the
water-to-rock ratios were very low, thus the iddingsite chemistry would be predominantly
influenced by the composition of the host rock rather than the altering fluid. This theory can
also explain the stratigraphic relationship between the nakhlites because the bulk rock MgO
values also decrease with increasing age (and, thus, depth (Lee et al., 2018)). This project
will further research in this area, with the aim of better constraining the relationship between
the nakhlite iddingsite, the bulk rock, and the radiometric ages — in order to gain insight into

Martian crustal water and, thus, Martian habitability.

Specifically, Lee et al. (2018) call for further research involving mineral analyses of the
iddingsite within additional nakhlite meteorites (since only four nakhlites were considered
in the original work) — particularly of nakhlites Yamato 000593 and Yamato 000749
(henceforth Y-000593 and Y-000749, respectively) whose radiometric ages are known
(Cohen et al., 2017). Accordingly, this project will further investigate the trends in the
nakhlite iddingsite compositions by incorporating new mineralogy data sets containing
details of a greater number of nakhlite meteorites, including the two aforementioned
meteorites with known ages. On top of expanding upon the bulk iddingsite MgO
composition versus the radiometric age data, there may be benefits in considering different
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elemental compositions (i.e. not exclusively MgO) with the varying age of the meteorites.
Additionally, investigating the relationships of iddingsite within not only olivine, but also
the veins hosted in pyroxene, may prove beneficial in clarifying the relationship between the
whole rock and the iddingsite. It is hoped that this project’s work will contribute towards
unveiling the true layout of the nakhlite launch site, and the nature of its aqueous alteration.
Importantly, better understanding the identity, abundance, and origin of the Martian fluids
that altered the nakhlites is imperative in advancing the knowledge of past Martian
habitability (Cockell et al., 2016) — a key goal of this project. However, the investigation of
Martian meteorites alone may not be sufficient to fully answer many of the remaining
questions surrounding Mars, its habitability, and the development of planets in our Solar
System. Instead, many have called for the collection and return of samples directly from
Mars (MEPAG Next Decade Science Analysis Group, 2008; McSween et al., 2021) —
commonly called Mars Sample Return.

1.3.4 Mars Sample Return

Mars Sample Return (MSR) is a series of missions involving the collection, retrieval, and
delivery of rock samples from Mars (Muirhead et al., 2020). The current MSR mission
represents an international effort, collaboratively run by NASA and the European Space
Agency (Zurbuchen and Parker, 2018), that has already begun (Farley et al., 2022). The
Perseverance rover has started to collect rock samples for future retrieval from the Jezero
Crater (Farley et al., 2022) — a location believed to have once hosted a lake that has since
dried up (Fassett and Head 111, 2005; Grant and Golombek, 2018; Farley et al., 2022). If all
proceeds as planned, the Earth Return Orbiter and the Sample Retrieval Lander are to be
launched in 2027 and 2028, respectively, with Martian rock samples returning to Earth as
early as 2033 (mars.nasa.gov, 2022). The MSR mission proposes the unigque opportunity to
investigate Martian rock samples where, unlike Martian meteorites, the full geological
context is known — allowing invaluable insight into many remaining questions surrounding
Mars, Martian habitability, and the development of life in our universe (McSween et al.,
2021).

The MSR mission undoubtedly represents the next big step in planetary science and
undeniably presents a great deal of scientific value. The International MSR Objectives and

Samples Team (iMOST) outline the most important scientific goals and objectives of an
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MSR mission, and how best to utilise such a mission in answering crucial remaining
questions surrounding Mars and beyond (Beaty et al., 2019). They highlight that a major
objective (one of seven) of an MSR mission will be to investigate the habitability of Mars
by interrogating returned samples for insights into, and potentially evidence of, past or
current Martian life. They further break this down into three main sub-objectives: 1) the
investigation into Martian carbon and its relevance to life, 2) the discovery and interpretation
of biosignatures of past Martian life, and 3) the assessment of potential biosignatures of
extant Martian life. It is evident that the fulfilment of these three sub-objectives will be vital
in answering many remaining questions surrounding the habitability of Mars and the
development of life in the universe — clearly highlighting the vast scientific potential of an
MSR mission. Moreover, MSR serves to complement the biased Mars geological record
from the investigation of Martian meteorites (Udry et al., 2020). Currently, the suite of
Martian meteorites represents only the Martian rocks that were hard and resilient enough to
survive the harsh journey to reach Earth from the Martian crust (i.e. mostly igneous rocks
(Udry etal., 2020)). This effectively excludes softer samples, e.g. sedimentary rocks (barring
some clasts in the Polymict Breccia meteorites (Santos et al., 2015)), regolith, and dust.
Whereas, the Perseverance rover can, and most likely will (mars.nasa.gov, 2021), collect and
cache such samples — filling crucial gaps in the understanding of Martian geology and
Martian habitability (owing to the fact that these rocks are prime targets for the preservation
of biosignatures (Bosak et al., 2021)). Already, despite looking at only a few aspects of an
MSR mission’s scientific goals, the grand scientific value of an MSR mission is apparent.
In order to best realise the aims of this mission, important proceeding steps must be taken to
ensure the proper handling and analysis of returned samples (Beaty et al., 2019; McSween
etal., 2021).

The most relevant aspect of preparation to this project revolves around the second sub-
objective outlined in the previous paragraph, i.e. the preparation for the accurate
interpretation and investigation of biosignatures of past Martian life. As highlighted by the
ALHB84001 meteorite (Bradley et al., 1997), as well as other examples investigating
terrestrial fossils (Allwood et al., 2018), the confirmation of biosignatures as definitive
evidence of life is subject to much scrutiny. To compose the most compelling case for
legitimacy, it is clear that complex on-Earth analyses (not feasible by rovers or orbiters) are
required, preferably involving a range of techniques over multiple complementary lines of
evidence (Ohmoto et al., 2008). However, as discussed by iMOST (Beaty et al., 2019),

cutting-edge analysis techniques require sufficient development in the preparation, handling,
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and analysis of samples before they can be reliably employed to produce accurate and
convincing data surrounding Martian biosignatures. One way to develop analytical
techniques for this purpose is to investigate strategically chosen Earth rocks that resemble
the environments and conditions on Mars (Daly et al., 2021) — i.e. terrestrial analogues; an
idea that this project will investigate.

1.4 Mars Terrestrial Analogues

1.4.1 Role in Planetary Science

A terrestrial analogue is a site or sample from Earth that resembles features of interest in an
extra-terrestrial body (Preston and Dartnell, 2014), e.g. the surface of our Moon (Léveillé,
2010) or the Venusian atmosphere (Limaye et al., 2018). The investigation of terrestrial
analogues is particularly important in planetary science, providing insights into planetary
processes, the preservation of biosignatures, and habitability (Preston and Dartnell, 2014;
Neish et al., 2017). Their investigation also presents the opportunity to develop analytical
techniques for use in space exploration (Daly et al., 2021). For example, Prieto-Ballesteros
et al. (2003) investigate the usage of the Tirez lake in Spain as an analogue for the presumed
brine oceans of Jupiter’s icy moon, Europa. They concluded that the Tirez lake proved useful
for better understanding Europa’s oceans by potentially assisting in interpreting orbital data
obtained by the Galileo space probe and investigating processes related to the formation of
the ice layer. Additionally, the terrestrial analogue environment served to propose and
represent a potentially habitable niche in the Europan oceans, i.e. low temperature vents, due
to the presence of sulphate-reducing bacteria and methanogenic archaea in the Tirez lake
brines (Prieto-Ballesteros et al., 2003). As such, including many other examples (Preston
and Dartnell, 2014; Antunes et al., 2020), terrestrial analogues can greatly assist in the
development of space exploration and planetary science by complementing and guiding in
situ observations. However, Preston and Dartnell (2014) stress that terrestrial analogues
merely resemble target locations, i.e. they are not perfect representations. Thus, adequate
acknowledgment and constant consideration of the differences that may be present in
terrestrial analogues is essential when attempting to make inferences surrounding extra-
terrestrial bodies. Although, with this being said, Baker (2014) concludes that, whilst
analogues alone may be insufficient to fully explain extra-terrestrial occurrences, they serve

as powerful resources for planetary scientists to formulate informed hypotheses, facilitating
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developments in understanding. Unsurprisingly, Mars has been a prime target for a wide

range of terrestrial analogue investigations (Fairén et al., 2010b; Dypvik et al., 2021).

Mars’ history is divided into three distinct geological eras with differing environmental
conditions and habitability potentials (Fairén et al., 2010b). The three unique geological
scenarios necessitate three groups of terrestrial analogues that best represent the features of
interest, e.g. habitability, in their respective eras. For example, Westall et al. (2011)
investigated a sample of the roughly 3.5 Ga fossiliferous Kitty’s Gap chert from the Pilbara
Craton in north-western Australia as an analogue of the preservation of biosignatures in early,
Noachian, Mars. Additional examples exist for the remaining two Martian epochs — e.g.
permafrost in the Dry Valleys of Antarctica as analogues investigating the habitability and
preservation of life in Martian ice environments (Gilichinsky et al., 2007; Heldmann et al.,
2013) (pertaining to middle Mars), or the dry soils in the Atacama Desert, Chile, as analogues
for habitable niches in the hyper-arid present day Mars (Wierzchos et al., 2011; Aerts et al.,
2020). Investigations of Martian habitability and preservation of biosignatures via terrestrial
analogues serve to guide and inform the collection and analysis of samples returned from
Mars for the maximum probability of discovering and confirming the observation of life.
The following section will introduce the Rhynie chert from Scotland and discuss this

project’s use as a Mars analogue.

1.4.2 Rhynie Chert

The Rhynie chert site, discovered around 1912 (Mackie, 1914), samples a roughly 410 Ma
(Mark et al., 2011; Parry et al., 2013) hot spring system near the village of Rhynie in
Aberdeenshire, Scotland (Garwood et al., 2020). Hydrothermal activity was responsible for
the release of siliceous sinters which, over an extended period of time, formed cherts (Rice
et al., 2002). Most notably, the cherts host a vast array of exceptionally well-preserved
fossils of the Devonian biota, formed by siliceous permineralization (Trewin and Rice, 1992;
Rice et al., 2002). For example, Kidston and Lang (1921) identified and detailed multiple
sporophyte plant species, the presence of fungi, and the inclusion of algae preserved within
the Rhynie chert. These investigations paved the way for many developments in terrestrial
botany (Wellman, 2019). Further work on the Rhynie chert has revealed fossils of arthropods
(Fayers and Trewin, 2002), lichens (Taylor et al., 1997), and insects (Whalley and
Jarzembowski, 1981), amongst others (Strullu-Derrien et al., 2019). Additionally, Poinar et
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al. (2008) described the discovery and identification of the first non-arthropodan animal
preserved in the Rhynie chert, a nematode worm. Their work describes the oldest known
undisputed fossils of nematode bodies and, owing to the exceptional preservation of
nematodes at all stages of life within parent plant tissue, may even sample some of the
earliest interactions between plants and terrestrial animals. These examples highlight the
remarkably pristine preservation of fossils in the Rhynie chert via rapid silicification, and
the rare insights that this allows into primeval terrestrial life on Earth (Kenrick et al., 2012).
It is clear that the Rhynie chert has significant potential to function as a terrestrial analogue
investigating the preservation of biosignatures in Martian hydrothermal systems (e.g.

hydrothermal vents in Martian impact craters (Turner et al., 2016)).

The value of the Rhynie chert as a Mars analogue has been previously recognised (Preston
and Genge, 2010; Qu et al., 2015). However, the research surrounding this usage of the
Rhynie chert is presently lacking. For example, Preston and Genge (2010) investigated the
Rhynie chert via Fourier transform infrared spectroscopy (FTIR) with the goal of identifying
preserved biomolecules whilst relating this work to the investigation of preserved Martian
biosignatures. However, they conceded that, despite confirming the presence of infrared
bands potentially pertaining to biomolecules, neither the exact identity nor the concentration
of the biomolecules was determined — highlighting the limitations of this method.
Furthermore, they acknowledged that contamination could be responsible for many of the
key bands observed — calling for further research in this area to better ascertain the identity
and origin of such preserved biomolecules. Qu et al. (2015), utilising a combination of
Raman spectroscopy and micro-FTIR, later expanded upon this work on investigating the
identity and origin of preserved organic material. Their analytical strategy, whilst certainly
providing valuable progress concerning the unravelling of preserved organic matter, merely
represents one avenue of investigation (i.e. ultrastructural features of carbon chains) —
leaving more work to do on the Rhynie chert as a Mars analogue. Moreover, these works
focus on techniques best suited for in situ observations and analysis (Tarcea et al., 2008;
Edwards and Christensen, 2013; Rull et al., 2021) (e.g. on surface rovers), effectively
excluding the interrogation of the Rhynie chert as an analogue for the complex laboratory
analyses that Martian hydrothermal rock samples returned in an MSR mission would be
subject to (Beaty et al., 2019). This project will serve to build upon research in this area by
employing a high-resolution analytical pipeline in the identification and interrogation of the
siliceously-preserved biosignatures. To complement this work on the Rhynie chert, this

project will also investigate fossil samples from a Mars terrestrial analogue site which is
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often likened to a modern-day analogue of the Rhynie chert hot spring (Channing and
Edwards, 2009) — the Yellowstone National Park hydrothermal systems.

1.4.3 Yellowstone

The Yellowstone National Park encompasses a unique volcanic field with extensive volcanic
activity over the last 2.1 million years located in Wyoming, America, that is still
geothermally active (Christiansen, 2001). Yellowstone comprises over 10,000 hydrothermal
features ranging from mud pots to geysers, displaying an unmatched diversity in physical
and chemical conditions (Hurwitz and Lowenstern, 2014). The most numerous of the hot
springs are those that deposit silica sinters (Walter and Des Marais, 1993), which are known
for their ability to preserve evidence of life (Jones, 2021). For instance, a recent review by
Tank et al. (2017) highlights the in-depth investigations on the microbial mats situated in
the alkaline, siliceous hot spring environments of Mushroom Springs and Octopus Springs.
The work on these microbial mats, e.g. a paper by Huber et al. (1998) on bacteria
proliferating at temperatures upwards of 80 °C and in low salinity environments, serves to
further our understanding of the ability of life to persist in such extreme conditions (i.e.
hydrothermal vents), providing important insights into the boundaries of life. This
abundance of hydrothermal activity and the present extremophile biota has led to
Yellowstone being an established Mars terrestrial analogue site (Walter and Des Marais,
1993; Bishop et al., 2004) relevant to hydrothermal systems.

Yellowstone hot spring systems have been utilised to investigate the preservation of
biosignatures in analogues Martian hydrothermal systems. For example, Hellman and
Ramsey (2004) used a combination of remote detection techniques (i.e. a spaceborne
radiometer and an airborne spectrometer) with context provided by in situ investigations to
scrutinise hot spring environments in Yellowstone. They demonstrate the ability and
effectiveness of multiple analytical techniques in determining the state of the hydrothermal
vents (i.e. active or extinct), distinguishing the location and abundance of hydrothermally
altered minerals, and detecting the presence of extremophile bacteria inhabiting the hot
springs. Guidry and Chafetz (1999, 2003) also investigated the siliceous sinters of
Yellowstone. They used scanning electron microscopy, amongst other techniques, to
investigate the preservation of biosignatures in the silica sinters in multiple hydrothermal

sites — finding ample evidence of well-preserved life in the form of silicified stromatolites,
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a variety of silicified microbial features, and opal-A deposits (coined “shrubs”) that are host
to fossilised bacteria. The works described above have important implications in the search
for preserved life on Mars by demonstrating how an analytical toolkit could be used to
identify and interrogate such biomarkers in an analogous Martian hydrothermal environment.
This project will expand upon this idea by employing an analytical pipeline on Yellowstone
fossil samples in order to inform the analysis of returned Martian samples (regarding

preserved biosignatures) and evaluate and improve the pipeline’s effectiveness.

This concludes the first chapter of this thesis which served to introduce the main aim of this
research and detail the background literature. The following chapter (Materials and
Methods) will describe the methodology performed throughout this project — including
descriptions of the samples used and precisely how techniques were employed in their

preparation and investigation.
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2. Materials and Methods

2.1 Samples

Unpublished nakhlite energy-dispersive X-ray spectroscopy (henceforth EDX) data,
collected by Sammy Griffin, were included in this project concerning iddingsite in Y-000593
(127-A), Nakhla (USNM), Y-000749 (64-A), Yamato 000802 (36-A) (henceforth Y-
000802), NWA 998 (UG-1), Miller Range (MIL) 90030 (62), MIL 090032 (108), and MIL
090136 (50). The codes in parentheses immediately following each meteorite are identifiers
for the specific sample of the respective meteorite. This was augmented by unpublished data
collected by James Day concerning the Y-000802 (50) bulk rock. Appendix 1 details the

collection of these unpublished nakhlite data.

A fossiliferous rock sample of the Rhynie chert was supplied by the University of Glasgow’s
Hunterian Museum. This sample was a fragment of the 926-gram GLAHM 132384 Rhynie
chert collection item, known to have originated from roughly 74 — 86 cm above the base of
the bed as part of a trench sequence, belong to the Middle Old Red Sandstone lithology, and
contain fossilised Asteroxylon plant material. The Hunterian Museum also supplied two
fossiliferous rocks samples from the Yellowstone National Park. The samples were GLAHM
Pb2152 (henceforth YellowstoneA), a sample originating from the fossil forest ridge in
Yellowstone known to contain a preserved leaf of Magnolia spectabilis, and GLAHM
Pb2193 (henceforth YellowstoneB), a sample from Elk Creek, Yellowstone National Park

known to host a fossilised sample of Allantodiopsis erosa.

2.2 Methodology

2.2.1 Thin Section Preparation

Three standard polished thin sections (i.e. of 30 um thickness) were prepared from the
Rhynie sample (hereafter Rhyniel, Rhynie2, and Rhynie3) by the Thin Section and Sample
Preparation Facility at the University of Edinburgh. Sample preparation facilities available
at the University of Glasgow were utilised to produce three standard polished thin sections
(30 um thick) from YellowstoneA (hereafter Yellowstonel, Yellowstone2, and Yellowstone

3) and one standard polished thin section from YellowstoneB (hereafter Yellowstone4).
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These thin sections were then subject to initial characterisation by the analytical pipeline —

starting with optical microscopy.

2.2.2 Optical Microscopy

Optical microscopy utilises a series of lenses to focus and magnify light from a sample
(Dokland, 2006). On top of standard magnified imaging, light filters can allow either plane
polarised light or cross polarised light to pass through — permitting deeper insight into
qualitative mineralogy (Treiman, 2005) — and reflected light can be used, instead of
transmitted light, to tell if features are exposed to the surface or buried below encapsulating
minerals (which is important for further analyses). Additionally, modern optical microscopes
are computer assisted (zeiss.com, 2022) — permitting functions like z-stacking (i.e. images
at varying focus depths to detail 3-dimensional morphology) and collages (i.e. a series of
adjacent images stitched together digitally to image larger areas at a chosen magnification).
However, optical microscopy is typically limited to initial, qualitative, characterisation of
samples due to its achievable resolution (Vernon-Parry, 2000). This is because optical
microscopy employs visible light (roughly 400 — 800 nm wavelength) where, as described
by Abbe’s equation (Equation 1) for determining the resolution of an optical system, it is
evident that such large wavelengths restrict the maximum achievable resolution (to typically
around 200 nm for conventional optical microscopy (Huang, 2010)).

_0.6122
~ NA

d Equation 1

Where d = resolution (nm)
A = wavelength (nm)

NA = Numerical Aperture

Despite this resolution drawback, optical microscopy is used widely in planetary science
research (Treiman, 2005; McLoughlin et al., 2019).

In the present project, all seven of the thin sections (Rhyniel-3 and Yellowstonel-4) were
inspected under the computer-assisted ZEISS optical microscope at the University of
Glasgow (fitted with an Axiocam 305 color camera). Fossils were captured at varying higher
magnifications (typically 10x, 40x, or 63x magnification) and computer-assisted functions

(i.e. z-stacks and collages) were utilised. Fossils determined to be adequately close to the
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surface were chosen to be further investigated by the analytical pipeline — starting with

molecular characterisation by Raman spectroscopy.

2.2.3 Raman Spectroscopy

Raman spectroscopy uses the scattering of light corresponding to changes in molecular
vibrational modes which result in a change in polarizability (Smith and Dent, 2019). A
sample is irradiated by a (typically visible) monochromatic laser which causes the excitation
of molecules from their electronic ground state to a virtual energy state (Smith and Dent,
2019). Since this virtual energy state is not stable, the molecule soon drops back down to the
electronic ground state — reemitting a photon in the process (Colthup et al., 1975) (i.e.
scattering). The vast majority of the time, this scattering will be elastic — i.e. the molecule
will return to the original vibrational energy state in the electronic ground state (Colthup et
al., 1975) (thus the emitted photon is of the same energy as the incident photon). This is
called Rayleigh scattering (Ferraro et al., 2003). A small proportion of the time, the molecule
will instead relax to a different vibrational state (either higher or lower in energy than
original vibrational state) in the electronic ground state (Colthup et al., 1975) — i.e. inelastic
scattering can occur. If the molecule relaxes to a higher energy vibrational state in the
electronic ground state (and thus the scattered photon is of lower energy than the incident
radiation), this is called Stokes scattering (Smith and Dent, 2019). If the opposite occurs (i.e.
the molecule relaxes to a lower vibrational state and the scattered photon is of higher energy),

this is instead called anti-Stokes scattering (Smith and Dent, 2019) (see Figure 3).
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Figure 3 — Left is a simplified energy diagram of Raman-relevant transitions adapted from literature (Ferraro et al., 2003;
Smith and Dent, 2019). Right is a simplified Raman spectrum displaying the result of these transitions (where Raman shift
is the energy difference of the emitted radiation and the incident radiation). Stokes lines are typically more intense than
anti-Stokes lines because the vibrational ground state is more populated than excited ones (as described by the Boltzmann
distribution law (Ferraro et al., 2003)).
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It is these inelastic scattering events that form the basis of Raman spectroscopy (Colthup et
al., 1975). A key selection rule for observed Raman peaks is that the resultant molecular
vibration causes a change in the polarizability of the molecule (as opposed to a change in
dipole moment for infrared spectroscopy (Ferraro et al., 2003)). By observing the change in
energy from inelastically scattered light to the incident light, the energy difference between
a molecule’s vibrational states can be determined. Since molecules exhibit characteristic
energy differences between vibrational states, Raman peaks can be used in chemical
identification (Smith and Dent, 2019). As such, Raman allows the investigation into the
identity and structure of carbon within a sample — potentially permitting assessment of the
biogenicity of carbonaceous material (Edwards et al., 2007; Qu et al., 2015) — contributing
to its promising (Tarcea et al., 2008) and burgeoning (Rull et al., 2017; Uckert et al., 2021)

usage in planetary science.

One of the three Rhynie chert thin sections and two of the four Yellowstone thin sections
were chosen to undergo further interrogation via the analytical pipeline — namely Rhynie3,
Yellowstonel, and Yellowstone2. The thin sections were inspected on a Renishaw InVia
Raman laser spectrometer at the University of Glasgow. Following the guidance of previous
Rhynie chert Raman work by Qu et al. (2015), Rhynie3 was irradiated using a 514 nm laser
with a grating of 2400 g/mm, and data was collected over a spectral range of roughly 404 —
1712 cm™ (to encapsulate both the chert peak situated at roughly 465 cm™ and the key
carbonaceous material peaks centred at roughly 1350 cm™ and 1600 cm™). Yellowstonel
and Yellowstone2 were also inspected under these same conditions (including the 514 nm
laser). Individual point spectra were initially obtained with varying settings to calibrate the
optimal acquisition parameters for the specific sample and area — with typical optimal
settings being a laser power of 1 or 5%, an exposure time of 3, 5, or 10 s, and collecting 1 —
3 accumulations. Following methodology outlined by Kouketsu et al. (2014), Renishaw’s
Windows-based Raman Environment (WiRE) Raman analysis software was used to remove
the baseline of acquired spectra by a linear subtraction over the 1000 — 1750 cm™ range, and
peak deconvolution was performed (via the peak fitting capabilities of the WIRE software)
using a mixed Gaussian-Lorentzian peak shape. All spectra were acquired whilst utilising
the software’s ability to compensate for cosmic background radiation. Raman spectral maps
were captured (employing previously determined optimal acquisition conditions and
baseline removal settings) of key areas of interest. It should be noted that spectra boasting
relevant peak intensities residing within 5% of the extremes were excluded from the maps

(leaving only 5 — 95% peak intensity spectra) in order to improve the accuracy of the maps.
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Overall, this was done to complement subsequent high-resolution imaging and elemental

composition analysis by scanning electron microscopy (SEM).

2.2.4 Scanning Electron Microscopy

SEM utilises signals produced by an electron beam that is scanned across a sample surface
(Zhou et al., 2006). Backscattered electrons (high energy electrons produced from elastic
collisions) and secondary electrons (lower energy electrons emitted in inelastic interactions)
are two primary signals that are used to image the surface of the sample, with secondary
electrons being more used for topographical information due to their greater surface
sensitivity (Zhou et al., 2006) (see Figure 4). Backscattered electrons and characteristic X-
rays (produced when an atom’s outer shell electron drops to fill a hole that was produced by
the electron beam in a lower energy shell) both provide compositional and chemical
information, since their responses are dependent on the interacting atom (Zhou et al., 2006).

Thus, SEM allows imaging of a surface and the investigation of its elemental composition.

Incident
electron beam

Backscattered
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X-rays
Sample
surface
Interaction
volume

Figure 4 — Simplified diagram illustrating three of the SEM-relevant responses of a sample upon irradiation by the incident
electron beam (adapted from literature (Vernon-Parry, 2000; Zhou et al., 2006)). The relative depth below the surface that
each signal has enough energy to escape the sample and be detected from is suggested by their colour — with red for
secondary electrons, blue for backscattered electrons, and green for characteristic x-rays. This clearly highlights why the
lower-energy secondary electrons are more surface sensitive than the higher-energy backscattered electrons (and are thus
more used for imaging topography).

A major advantage of SEM over optical microscopy, on top of providing elemental analysis,
is the achievable resolution (\Vernon-Parry, 2000). This is due to the fact that, by accelerating

the electrons in the SEM’s electron beam to energies of 2 — 1000 keV, the incident beam’s
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wavelength (0.027 — 0.0009 nm) is much smaller than that of the visible light (roughly 400
—800 nm) used in optical microscopes (Vernon-Parry, 2000). Therefore, by Abbe’s equation
(Equation 1), itis evident that the much smaller wavelength employed in the SEM will result
in a much better resolution (Zhou et al., 2006). The typical SEM can achieve resolutions of
up to around 1nm, whereas conventional optical microscopy is limited to around 200nm
(Vernon-Parry, 2000; Zhou et al., 2006; Huang, 2010). Owing to its high resolution and
compositional analysis capabilities, SEM is a valuable technique for planetary science

research — e.g. see D’Elia et al. (2017).

Rhynie3 was initially coated with a roughly 15 nm gold (with trace amounts of palladium)
protective layer using sample preparation facilities available at the University of Glasgow —
however, after trials in obtaining high-resolution images and compositional information, this
coating was removed. Both Rhynie3 and Yellowstonel were then coated (utilising the same
facilities as above) with roughly 20 nm of carbon which was used for subsequent data
collection. Copper tape was applied to both ends of the thin sections, that connected to the
metal mount, before the samples were loaded into either the Sigma ZEISS SEM or the FEI
Quanta 200F Environmental SEM (both at the University of Glasgow). This, on top of the
added conductive carbon layer, served to allow current produced from the SEM’s electron
gun to run off — i.e. acted to prevent, or at least reduce, surface charging. Following loading
of the coated, mounted, and taped samples, a high vacuum was pulled in the sample chamber
— preparing the sample for analysis. After focus and attenuation were properly tuned, the
typically 20 kV beam was operated to obtain backscattered electron (henceforth BSE) and
secondary electron (henceforth SE) images of fossils. For compositional information, the
Sigma ZEISS SEM’s attached Oxford Instruments X-Max silicon-drift EDX detector was
operated by AZtec microanalysis software. Like for the Raman spectra, initial EDX spectra
were obtained under varying conditions to determine the optimal acquisition settings — with
typical optimal settings being an accelerating voltage of 20 kV, a working distance of either
8.0 or 8.6 mm, 500000 counts, a process time of 3-5s, and a dwell time of 100 us. Once
determined, these acquisition parameters were used to produce elemental area maps.
Although, it is important to note that the software’s ability to automatically remove carbon
signals corresponding to the 20 nm carbon coating was disabled for some map acquisitions
in order to gain better insight into the distribution of carbon in the preserved fossils.
Following this, using the BSE images as a guide, pinpointed and characterised areas of
interest were milled out to electron transparency by a focused ion beam (FIB) in preparation

for further investigation in the analytical pipeline.
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2.2.5 Focused lon Beam

The FEI Nova Nanolab 200 FIB, available at the University of Glasgow, was operated (using
XT microscope control software) to extract two electron-transparent slices from Rhynie3
(hereafter Rhynie3 Slicel and Rhynie3 Slice2) corresponding to a single fossil. The thin
section was inserted into a sample mount (nestled atop a bed of copper tape) and
subsequently inserted into the FIB’s sample chamber — where a high vacuum was then pulled.
After locating the fossil, the Sidewinder electron beam (with a 1.4 ms dwell time) was used
to deposit a thin (roughly 400 nm) layer of Pt on the surface — demarcating the two areas
(roughly 10 pum long) on the fossil that would then be milled out to electron transparency.
The FIB’s ion beam was then used to deposit a thick layer of Pt on the surface of these
demarcated areas in order to protect the surface of the sample from the following milling by
the ion beam. Next, the Ga ion beam was used to mill points into the surface of Rhynie3,
flanking each denoted area, in order to guide the automated milling process. This would thin
the slices down to roughly 2 pum thickness, 15 pum in length (longer than the delineated 10
um length to provide a buffer, since ends are typically shortened during milling), and roughly
10 um deep into the surface. Subsequent milling (from 2 um down to the roughly 100 nm
thickness for electron transparency) was then performed manually with decreasing beam
voltages (starting with a 30 kV ion beam) to provide better control when thinning the slices.
Rhynie3 Slicel and Rhynie3 Slice2 were then lifted from Rhynie3 (using the attached

OmniProbe 100) and inserted into a separate mount.

The Helios Plasma FIB (also available at the University of Glasgow) was then utilised,
following similar methodology to that outlined for the FEI Nova Nanolab 200 FIB, to mill
two further electron-transparent slices from Rhynie3 (henceforth Rhynie3 Slice3 and
Rhynie3 Slice4) plus two slices from Yellowstonel (hereafter Yellowstonel Slicel and
Yellowstonel Slice2). It should be noted that, in distinction from the FEI Nova Nanolab 200
FIB, the Helios Plasma FIB employed a Xenon plasma ion beam to mill the samples to
electron-transparency instead of a Ga ion beam. The four newly produced electron-
transparent slices were then lifted from their respective polished thin sections and transferred
to a separate mount. The mounts hosting these slices (Rhynie3 Slicel-4 and Yellowstonel
Slicel-2) were then transferred for inspection by transmission electron microscopy (TEM).
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2.2.6 Transmission Electron Microscopy

TEM utilises a transmitted electron beam to characterise a sample (Reimer and Kohl, 2008).
The sample must be sufficiently thin (typically <100 nm thick) to allow for the transmission
of electrons — i.e. samples must be electron-transparent (Lee et al., 2003). Incident electrons
experience a range of elastic and inelastic interactions with atoms in a sample (Reimer and
Kohl, 2008) (see Figure 5). A TEM image is formed by capturing and interpreting
transmitted electrons, where different parts of the sample will scatter electrons to a greater
degree than others (e.g. heavier atoms versus lighter atoms) — allowing a contrast to be
produced that provides in-depth structural and compositional information (Lee, 2010).
Energy lost by inelastically scattered electrons can be used to identify the interacting atom
(Verbeeck et al., 2005) — forming the basis of electron energy loss spectroscopy (henceforth
EELS). When investigating crystalline specimens, electron diffraction patterns may be
produced due to diffraction by the atomic lattice — permitting insights into the sample’s
crystallographic identity (Lee, 2010).

Sample

Elastically scattered electrons

v (dark-field, electron diffraction)

O — » Direct electron beam (bright-ficld)
electron beam <1
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thick

Figure 5 — Simplified diagram of three transmitted signals used in TEM (adapted from literature (Williams and Carter,
2009; Lee, 2010)) with the information they mainly provide in parentheses. Red is elastically scattered electrons — typically
scattered at >1° and are mainly used for dark-field images and electron diffraction patterns (for crystalline samples). Black
represents the directly transmitted electron beam (i.e. unscattered) which allows the production of bright-field images. Blue
are the inelastically scattered electrons which are typically scattered <1° and form the basis of EELS (since their lost energy
corresponds to atomic information).

By focusing the electron beam into a small ‘electron probe’ and scanning the beam across a
sample, an image of the sample can be constructed — known as scanning TEM (henceforth
STEM) (Nellist, 2019). TEM is able to achieve exceptionally high resolutions (down to the
atomic scale) due to the high energy electron beam (Daly et al., 2020) (typically 200 keV),
as described by Abbe’s equation (Equation 1). Importantly, EELS is particularly useful for

detecting and identifying elements of low atomic numbers (e.g. carbon (Ahn, 2004)) —
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making it an extremely important tool in biosignature investigations. As such, TEM is a

technique that also presents much value in the field of planetary science (Daly et al., 2020).

The University of Glasgow’s FEI Tecnai T20 TEM was operated to procure bright-field
images and electron diffraction patterns from Rhynie3 Slicel and Rhynie3 Slice2. The
mount hosting these slices was loaded into a sample holder which was subsequently inserted
into the TEM’s specimen chamber — where a vacuum was then pulled. The two slices were
then irradiated by the TEM’s 200 kV electron beam (where electrons were produced by a
LaBe filament) and the response observed. This TEM work was done to assess the potential
presence of any preserved biogenic material within the Rhynie chert slices to inform and

prompt further analysis of the Rhynie chert (and Yellowstone) samples via STEM and EELS.

The mount hosting the four newer electron-transparent slices (Rhynie3 Slice3, Rhynie3
Slice4, Yellowstonel Slicel, and Yellowstonel Slice2) was loaded into the sample holder
that was subsequently inserted into the University of Glasgow’s JEOL ARM 200CF TEM
instrument and a vacuum pulled. The 200 kV electron beam (produced using a cold field
emission gun electron source) was then operated to acquire dark-field images of the entirety
of all four slices and raster-scanned across regions of interest within each sample (i.e. STEM)
to produce STEM dark-field images of specific features. Furthermore, the attached Gatan
965 Quantum ER spectrometer was utilised to obtain EELS data correlating to these STEM-
imaged areas of interest in order to capture the elemental composition of these regions at

similarly high resolutions.

2.2.7 Atom Probe Tomography

Although not employed on the analogue samples, atom probe tomography (henceforth APT)
was then used in the analysis of the nakhlites. APT is a state-of-the art analytical technique
which utilises field-evaporation and time-of-flight analysis to determine the chemical
identity and original 3-dimensional position of atoms within a sample (Reddy et al., 2020).
An important prerequisite of APT is that the sample must have a needle-like geometry
(Reddy et al., 2020) with a hemi-spherical tip of typically <100 nm diameter. APT is usually
operated under vacuum to avoid the detection of any extraneous gas molecules, and samples

are cooled to roughly 20 — 80 K to minimise thermal-induced interference (e.g. surface
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migration of atoms prior to evaporation (Gault, 2016; Reddy et al., 2020)). The needle-like
samples are then inserted adjacent to an annular electrode within the atom probe. The
electrode applies a potential bias of typically multiple keV to the sample, inciting a strong
electric field (roughly 10 — 50 VV/nm) at the tip (Kelly and Larson, 2012; Reddy et al., 2020).
For conductive samples, voltage pulses can then initiate field-evaporation of singular atoms.
However, this method is largely ineffective for non-conductive samples (Sijbrandij et al.,
1998) (i.e. most planetary samples (Daly et al., 2020)). It was later discovered that the
addition of a high-pulse-frequency laser (now typically ultraviolet) once again permitted
controlled field-evaporation — whereby laser pulses at the tip of the sample cause temperature
fluctuations that impart sufficient energy to initiate the field-evaporation of singular atoms
(Larson et al., 2013). These now-ionised field-evaporated atoms are then accelerated over a
known distance to a position-sensitive detector (Reddy et al., 2020) (see Figure 6). The
detector then allows the determination of the initial ‘x” and ‘y’ (i.e. lateral) position of an
incident ion, via its flight path trajectory (Reddy et al., 2020). The initial ‘z’ position (i.e.
depth) of the detected species within the sample is determined by the order of evaporation,
where it is assumed that the atoms were evaporated one-by-one, layer-by-layer, such that the
initial depth of an ion can be evaluated as the depth of the previous ion plus a calculated
depth-increment (Geuser and Gault, 2017). Although, variations in sample geometry and
composition can cause deviations from this (Vurpillot et al., 2013). Thus, the initial 3-

dimenional positions of atoms within the sample is known.
Laser pulse

Field-evaporated
ion
Position-sensitive

Strong electrostatic detector

field

Needle-like

Sample Local annular

electrode

A

Known distance

Figure 6 — Simplified illustration of APT field-evaporation of singular species adapted from literature (Saxey et al., 2018;
Reddy et al., 2020). Laser pulses (or voltage pulses for conductive samples) incite field-evaporation of singular species
which are then accelerated through a strong electrostatic field over a known distance to a position-sensitive detector. This
detector, via the field-evaporated ion’s flight path trajectory, determines the initial lateral position of the species within in
the sample, and the depth within the sample is determined by a calculated depth increment applied after each detection.
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Since the timing of a pulse and the time at which a subsequently-evaporated ion reaches the
detector are known, it is possible to calculate the time-of-flight for detected ions (Reddy et
al., 2020). From this, by time-of-flight analysis, the mass-to-charge-ratio of each ion can be
determined. This allows the precise chemical, and even isotopic, identity of atoms within the
sample to be evaluated (Reddy et al., 2020). Since both position and chemical identity are
known, an isotopically-detailed 3-dimensional reconstruction of the original sample can be
made with atomic resolution. Due to all elements being evaporated with equal efficiency
(theoretically (Saxey et al., 2018; Daly et al., 2020)) and modern atom probes being able to
detect up to around 80% of evaporated ions (Prosa et al., 2014; cameca.com, 2022a), APT
is able to produce extremely accurate and high sensitivity models. That is, up to 1 atomic
part per million sensitivity (Kelly and Larson, 2012) over a sample volume of up to 100 nm
x 100 nm x 1000 nm (Daly et al., 2020). Hence, despite its inherently destructive nature,
APT proves to be a valuable tool in the field of planetary science (Daly et al., 2021) — with

its quality of maximal information in exchange for minimal destroyed sample.

APT data concerning iddingsite in NWA 817 was reconstructed. This data was previously
collected by Luke Daly, operating the CAMECA Local Electrode Atom Probe (henceforth
LEAP) 5000XR available at the University of Oxford. Analysis and reconstruction were
performed utilising CAMECA’s AP Suite 6 software. The first sample (hereafter Nakhlitel)
was a volume of NWA 817 iddingsite. The second sample (henceforth Nakhlite2) was an
olivine-iddingsite interface also from NWA 817. The sample acquisition and reconstruction
conditions for these samples are summarised in Table 1 (constructed following guidance
suggested by Blum et al. (2017)).
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Table 1 — Relevant instrument, sample acquisition, and sample reconstruction information for the nakhlite APT data
considered in this project

Nakhlite APT data
Specimen Nakhlitel Nakhlite2
Instrument LEAP 5000XR LEAP 5000XR
Laser wavelength? 355 nm 355 nm
Laser pulse energy 100 — 200 pJ (mainly 100 pJ) 80 pJ
Pulse frequency 135175 kHz 200 kHz
Detection efficiency® Roughly 50% Roughly 50%
Detection rate 0.2-0.6% 0.3%
Flight path length 382 mm 382 mm
Meteorite NWA 817 NWA 817
Brief Description Iddingsite Olivine-iddingsite interface
Temperature 50.0K 50.0K
Good hits 2,580,532 38,379,058
Good% 95.6% 97.1%
Reconstruction method Fixed shank Voltage
Angle 5 -

(T3}

represents where information is not applicable
2 (Peng et al., 2018)
b (cameca.com, 2022b)

In summary, the analytical pipeline was mainly employed in the investigation of the Rhynie
chert and Yellowstone samples (and partially in the investigation of the nakhlites). The
ability of this pipeline to focus into a specific feature of interest with ever-increasing
resolution is shown in Figure 7 — a hypothetical utilisation of the pipeline constructed with

literature-sourced images.



37

Terrestrial Martian
Analogues | Meteorites

Naked eye Identify target sample V 8

|

Optlcal Initial mineralogical V x
Microscopy characterisation

Insight into chemical
Raman composition and biogenicity V x

divem M -
i of preserved organics
s l
Wavenumber / cm™*
High resolution imaging and

SEM elemental composition V V

determination — pinpoint
l features of interest

mm-pm

Composition, morphology,
and crystallography at even
TEM greater resolutions — provide V x
l context for APT

Isotopically-detailed 3-

at. % concentration
8 U >

Atomic APT dimensional reconstruction of V
‘ chosen feature of interest at
o e S mm B m B w0 the atomic level
1} Distance from interface {nm)
Al —Na —H —Mg
Resolution
Scale

Figure 7 — Illustrative example of the analytical pipeline employed in this project. Tapered bar on the left represents the
ever-increasing resolution, highlighting the scientific power arising from the correlative and successive usage of these
analytical techniques. Note: the resolution steps in the bar are not to relative scale and are instead representative of the
achievable resolution at each step in the pipeline. To the right are exemplar images acquired from literature of nakhlites
being investigated by the named analytical technique to the right of the image — representing a hypothetical utilisation of
the pipeline. Images from the top are: a photograph of the Nakhla meteorite (credit: NASA photo #S98-04014, (Meyer,
2012)); a transmitted light image of a Nakhla thin section showing mineral composition (credit: (virtualmicroscope.org,
2022)); a5 — 10 pm spot point-Raman spectra of Nakhla olivine grains (credit: (Rull et al., 2004)); a backscattered electron
SEM image of an olivine-hosted iddingsite vein in Nakhla (credit: (Lee et al., 2013)); a bright-field TEM image of a olivine-
hosted iddingsite vein in Nakhla, cut along the Y-Z line in the above SEM image (credit: (Lee et al., 2015)); and an APT
reconstruction and 1-dimensional concentration diagram of an NWA 817 olivine-iddingsite interface (credit: (Daly et al.,
2020)). To the right of this is a brief explanation behind the inclusion of each technique in the workflow, and the information
that they can provide. The far-right section summarises which techniques have been involved in the analysis of which
samples in this project — where the green check mark represents where the technique was involved and the red cross where
not (e.g. TEM was involved in this project’s terrestrial analogue analyses, but not in the Martian meteorite work).

This concludes the Materials and Methods chapter of the thesis, where the precise
methodology undertaken as part of this project was outlined. The subsequent chapter,

Results, will report the results obtained via this work.
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3. Results

3.1 Martian Meteorites

3.1.1 Nakhlite Composition

The chemical compositions of bulk nakhlites and their olivine-hosted veins of iddingsite
were compiled from published literature in order to garner deeper insights into the water that
interacted with the rocks on Mars. The compilation was then augmented by incorporating a
new data set obtained by Sammy Griffin at the University of Glasgow — hereafter referred
to as the “new data set”. However, the raw data was highly varied — ranging from roughly 8
— 100 total wt%, with values at the extremes corresponding to holes and other minerals, not
exclusively iddingsite. Accordingly, the values were systematically reduced to better reflect
and represent measurements that pertain to the olivine-hosted iddingsite. Appendix 1 details
the filtering of this data set. It is important to note that, for this study, all sulphur was

recalculated as SO, and all iron recalculated as FeO. The data sources for this compilation

are in Table 2.

Table 2 — Data sources for the nakhlite iddingsite and bulk oxide compositions

. Host Crystal/ Values Total
Meteorite Author(s) sample Measurement Type Taken Values
Treiman et al., 1993 Olivine Average 1
Kuebler et al., 2004 Olivine Average (29) 1
i Changela and Bridges, S
Vein 20109 9 Olivine 'gel Average (8) 1
Lafayette Hicks et al., 2014 Olivine 'gel’ Average 1 4
Boctor et al., 1976 Fusion crust - 1
Bulk | Lodders, 1998 Bulk - 1
Udry and Day, 2018 Bulk - 1 3
Imae et al., 2005 Olivine Representative 2
) Noguchi etal., 2009  Olivine (crack)  Representative 1
Vein | hicks et al., 2014 Olivine 'gel’ Average 1
New data set Olivine Average (16) 1 5
Y-000593 Shirai et al., 2002 Bulk - 1
Imae et al., 2003 Bulk - 1
Bulk | Ouraetal., 2003 Bulk - 1
Udry and Day, 2018 Bulk - 1 A
Hallis et al., 2012 Ollvm_e - 1
alteration
Hicks et al., 2014 Olivine 'gel’ Representative 1
: Lee and
Nakhl Vein
axnia o Chatzitheodoridis, Olivine Average (3) 1
2016
New data set Olivine Average (23) 1
4
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Prior, 1912 Bulk - 3
McCarthy et al.,
1974 Bulk - 1
Bunch and Reid, Fusion crust - 1
Nakhla Bulk 1975
Dreibus et al., 1982 Bulk - 1
Lodders, 1998 Bulk - 1
Anand et al., 2005 Bulk - 1
Udry and Day, 2018 Bulk - 2 10
Gillet et al., 2002 Olivine Average (25) 1
Vein | Sautter etal., 2002 Olivine - 2
Hicks et al., 2014 Olivine 'gel' Representative 1 4
NWA 817
Sautter et al., 2002 Bulk - 1
Bulk
Y1 Udry and Day, 2018 Bulk - 1 ,
Day et al., 2006 Olivine Representative 4
Sautter et al., 2006 Olivine - 1
Imae and lkeda, 2007  Olivine Representative 2
Vein | Hallisetal., 2012 Olivine - 1
MIL 03346 St.opar etal., 2013 Ol!v!ne Average (5). 1
Hicks et al., 2014 Olivine 'gel’ Representative 1
Daly et al., 2019b Olivine Average (17) 1 11
Anand et al., 2005 Bulk - 1
Bulk | Day et al., 2006 Bulk Average (20) 1
Udry and Day, 2018 Bulk - 1 3
Noguchi et al., 2009  Olivine Representative 1
Vein | Hicksetal., 2014 Olivine 'gel’ Representative 1
Y-000749 New data set Olivine Average (21) 1 3
Bulk Imae et al., 2003 Bulk - 1
Udry and Day, 2018 Bulk - 1 2
Vein | New data set Olivine Average (25) 1 1
Y-000802
Bulk | James Day* Bulk - 1 1
Treiman and Irving, .
Vein | 2008 Olivine - 3
New data set Olivine Average (3) 1 4
NWA 998 . . Fusion crust/
Treiman and Irving, modal ) 2
Bulk | 2008 calculation
Udry and Day, 2018 Bulk - 2 4
NWA 11013 Bulk Udry and Day, 2018 Bulk - 1 1
Hallis and Taylor, Olivine .
Vein | 2011 alteration Representative 2
MIL 090030 New data set Olivine Average (34) 1 3
Bulk | Udry and Day, 2018 Bulk - 1 1
Hallis and Taylor, Olivine .
Vein | 2011 alteration Representative !
MIL 090032 New data set Olivine Average (28) 1 2
Bulk | Udry and Day, 2018 Bulk - 1 1
Hallis and Taylor, Olivine .
Vein 2011 alteration Representative 1
MIL 090136 New data set Olivine Average (23) 1 2
Bulk | Udry and Day, 2018 Bulk - 2 2

“-“used to represent information that was not understood, not clear, or not present in the source publication
“(n)” after Average in Measurement Type denotes that this value was specified as an average of n values

Total Value column sums the subsequent number of values used in succeeding analyses

* This value is an unpublished Y-000802 bulk value from analyses performed by James Day

Following completion of this filtering and incorporation into the compilation, the new

average values were used to produce graphs of the bulk rock composition versus the olivine-
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hosted iddingsite composition for multiple elements, which are in Figure 8. Supplementary

information, including full tables, is available in Appendix 1.
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Figure 8 — Graphs of bulk rock composition (wt%) versus olivine-hosted iddingsite composition (wt%) for a group of the
nakhlites. The black bars on points within the graphs represent the standard deviation (since the bulk and iddingsite values
are produced as averages). Where such bars are not shown, the value is an “average” of one value and thus has no standard
deviation, or the standard deviation is zero. Note that the scale of axes is not necessarily the same between graphs, nor
necessarily the same on both axes within an individual graph.
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Figure 8 reveals a strong positive correlation between bulk rock and iddingsite MgO content
and no correlation for Al203 and CaO. SiO2 shows little variation and iddingsite FeO

decreases as bulk rock FeO increases.

The updated olivine-only iddingsite composition and the bulk rock composition
compilations of the nakhlites produced in this project were then plotted against the igneous
crystallisation age of the meteorites as calculated by Cohen et al. (2017) via Ar-Ar
radiometric dating. This was done to investigate the changing composition of iddingsite with
depth below the surface (which is suggested by crystallisation age) to better understand the
nature of the nakhlite alteration at 633 Ma. Although, Cohen et al. (2017) only concerned
the crystallisation ages of five of the nakhlites that were considered in this study — namely
Lafayette, Y-000593, Nakhla, MIL 03346, and Y-000749. The plots for these meteorites are
in Figure 9.
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Figure 9 — Graphs of both olivine-hosted iddingsite and bulk rock oxide compositions (wt%) versus igneous crystallisation
age (Ma) as determined by Cohen et al. (2017). It should be noted that “Total” represents the average of each individual
total weight percentage of a quantity (e.g. Lafayette bulk rock) — not the summation of each averaged oxide value. The
horizontal black bars represent the full external age uncertainty reported by Cohen et al. (2017), and the vertical black bars
represent the standard deviation (since both the iddingsite and bulk rock composition values are produced as averages).
Where such vertical bars are not shown, the value is an “average” of one value and thus has no standard deviation, or the

standard deviation is zero. Note that, whilst the x-axis is the same between the graphs, the scale of the y-axis is not

necessarily the same for all of the graphs.
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Figure 9 shows that both bulk rock MgO and iddingsite MgO have the same relationship
with crystallisation age. Whereas Al.Oz, SiO2, CaO, and FeO have differing relationships
between bulk rock content with age and iddingsite content with age. Bulk rock total wt%
stays roughly constant at around 100, meanwhile iddingsite total wt% trends slightly

downwards with increasing crystallisation age.

These analyses concerning the oxide composition of iddingsite within the Martian meteorites

were then complemented by reconstructing and interrogating nakhlite APT data.

3.1.2 Nakhlite APT Reconstructions

Two NWA 817 iddingsite APT samples (Nakhlitel and Nakhlite2) were reconstructed and
subsequently analysed in order to probe the nature of the nakhlite alteration which carries
implications for the habitability of the past environment. The assigned and annotated mass
spectra for both reconstructions are in Appendix 2 (Appendix Figure 1 and Appendix Figure
2, respectively). Various isosurfaces were produced to illuminate the relative (density)
distribution of water in Nakhlitel and the differences in elemental concentrations over the
olivine-iddingsite interface in Nakhlite2. These isosurfaces are presented in Figure 10 and

Figure 11.
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Figure 10 — A) represents a reconstruction of an NWA 817 iddingsite sample (Nakhlitel) whereas B) represents multiple
density isosurfaces created from this reconstruction. B) highlights an area of high water species density (blue) that does not
simply correlate with an area of high overall density in the sample (black) which is located near the top of the sample
(sprawling left to right) — potentially presenting an area of true high water species density within the iddingsite sample.

These isosurfaces reveal areas of high and low density scattered throughout the whole
reconstruction. Areas of high density typically correlate with areas of high water species
density. An area of high water species density that does not overlap with an area of high
density is observed near the top of the sample and is roughly 20 nm in diameter.
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Figure 11 — A) is a reconstruction of an olivine-iddingsite interface in NWA 817 (Nakhlite2) whereas B) — H) are various
concentration isosurfaces created from this reconstruction to highlight relative distribution of elements across the iddingsite
interface. It should be noted that the small top left area (highlighted clearly by the produced isosurfaces) represents the
iddingsite portion of the sample and the larger remaining portion represents the olivine.

Figure 11 highlights that iddingsite is higher in Mg, Al, Mn, Ca, and Fe concentration and
lower in Si concentration compared to its host — olivine. lddingsite also has a higher water
species density — as expected of the aqueously altered material.
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A 1-dimensional concentration profile was produced that runs straight through the olivine-
iddingsite interface present in Nakhlite2 — done to investigate the concentration gradients of
species which can provide insight into the mechanism of aqueous alteration (Daly et al.,
2019a). This is in Figure 12.

Olivine Iddingsite

Concentration (Ionic%)

R e e I o e e e I e e e e e e e L e e
5 1 1 25 30 35 40 45

Distance (nm)

Figure 12 — A 1-dimensional concentration profile that runs through the olivine-iddingsite interface in Nakhlite2 (showing
only a selection of species). Note that the coloured thickness of the trendlines represents the associated error with the
concentration in ionic percentage. The interface can be recognised by the sharp change in concentration present in all of
the shown species’ concentrations beginning at around 55 — 60 nm (where the distance scale represents the distance along
the 1-dimensional line created on the sample to produce this graph). It can be clearly seen that the water species
concentrations (OH and OHz in this case) display a steep rise in concentration upon transitioning into the iddingsite portion
of the reconstruction (right side of the graph) compared to the larger olivine portion of the sample (left side of the graph).

Appendix 2 contains a figure which details the exact area through which this 1-dimensional
concentration profile was taken from in Nakhlite2. A steep change in concentration is
observed in most species at around 55 — 60 nm — corresponding to the olivine-iddingsite
interface. Passing into the iddingsite, Mg greatly decreases whereas Fe initially rises and
then begins to fall. H, OH, OH>, and Ca significantly increase past the interface and Mn and
Al slightly increase. Species marginally increase or decrease in the preceding 15 — 20 nm

before the interface (e.g. Mg slightly decreases from around 35 — 55 nm before sharply

dropping).

Bulk composition analyses (background-corrected ionic counts) for both whole samples and
multiple select regions of interest within each sample were recorded and then converted to
wt%. This conversion was performed by transforming ion counts into mass via
multiplication by the species’ relative atomic mass, where OH, OH>, and OH3 were reserved
for water (and all treated as H>O when converting to mass). Once the total mass of the sample

was known, the wt% of individual species (e.g. Mg wt%) could be calculated and
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subsequently converted to the associated oxide wt% (e.g. MgO wt%) by a factor calculatable
from the relative atomic mass of the main element and the associated oxide. Finally, these
values were normalised such that the total wt% would be 100.00 wt%. These results are in
Table 3.

Table 3 — Nakhlitel and Nakhlite2 APT composition data (wt%) for both whole samples and regions of interest

NWA 817 APT normalised composition (wt%)

FeO + SiO: MgO ALOs P.0Os SO. CaO TiO: MnO NiO  Water Total

Iddingsite | Literature average (olivine only)® | 35.75+42.56 5.71 033 0.00 008 032 0.03 058 0.02 (14.69* | 8531
Whole sample 63.44+19.07 9.01 0.13 - - 0.20 - 0.81 - 7.35 100.00

Whole sample (decomposed)® 60.91 +19.78 9.32 0.15 - - 0.80 - 1.42 - 7.63 100.00

Nakhlitel | Representative cube® 63.57 +20.02 9.63 0.15 - - 0.32 - 0.90 - 5.41 100.00
True water cylinder® 39.14+16.48 7.00 0.37 - - 0.59 - 1.84 - 34.57 100.00

Pseudo water cylinder® 62.72+18.04 10.14 0.00 - - 0.36 - 0.72 - 8.02 100.00

Whole sample 55.72+19.69 21.80 0.06 - - 1.55 - 0.96 - 0.22 100.00

Nakhlite? Whole sample (decomposed)® 5244 +22.40 2217 0.07 - - 1.64 - 1.05 - 0.23 100.00
Olivine cylinder 55.66 +19.83 21.78  0.05 - - 1.52 - 0.96 - 0.20 100.00

Iddingsite cylinderd 69.50 +14.46  9.36 1.15 - - 3.09 - 0.86 - 157 100.00

[T3L}

indicates where the oxide wt% could not be calculated because the main element was not assigned in the
reconstruction

aNWA 817 literature average iddingsite oxide composition values produced in this project

b Created after running the whole sample data through the AP Suite 6 software’s peak decomposition feature

¢ d Exact location and explanation of these volumes of interest can be found in Appendix Figure 3 and Appendix Figure 4
(respectively) in Appendix 2

* Assumed to be the entire remainder of the total (i.e. 100 —85.31 = 14.69 wt% water) for comparison purposes

Most notably, the “true water cylinder” has distinctly lower MgO and FeO content (plus
higher water content) than the rest of the reconstruction. However the isobaric interference
of the Fe?" and Si* peaks overlapping (at roughly 28 Da) means that proper distinction
between the two counts was not possible (although, as demonstrated by J. Liu et al. (2022)
for example, proper qualitative analysis is still possible by considering particular isotopes
with unique atomic weights). In Nakhlitel and Nakhlite2, the peak at 28 Da was assigned to
Fe for both reconstructions (informed by surrounding isotope peak ratios) and thus resulted
in higher Fe (and thus FeO) wt% values and lower Si (and thus SiO2) wt% values than would
be expected of these samples. As such, the FeO and SiO, wt% values are presented in the
same column within Table 3 to highlight their apparent inseparability via this project’s
methods (where AP Suite 6’s peak decomposition feature, as utilised by this project, also
did not result in a marked difference to their values). Further, Nakhlitel (which is composed
of entirely iddingsite) shows significantly less water content than would be expected based
on the literature average value of NWA 817 iddingsite (produced in this project). This may
be the result of the known characteristic of APT to typically underestimate oxygen counts
(Devaraj et al., 2013; Karahka et al., 2015) — thus resulting in lower OH, OH>, and OH3

counts and, consequently, reflecting a lower calculated water wt%.
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3.2 Terrestrial Analogues

3.2.1 Initial Characterisation

As initiation into the analytical pipeline, all seven of the Rhynie chert and Yellowstone
standard polished thin sections were inspected under optical microscopy in order to produce
an initial characterisation of the sample and to acquire a preliminary assessment of the
presence and surface-proximity of any preserved biogenic material. Figure 13 and Figure 14
are examples of the collage function utilised to image the entirety of Rhynie3 and
Yellowstonel (respectively) at 2.5x magnification and under varying light conditions.

Figure 13 — Rhynie3 full-thin-section montages of 2.5x magnification images. A) is produced using plane polarised light
whereas B) is produced under cross polarised light. Five areas of preserved fossils (arbitrarily labelled AreaA-E) are
annotated by the red squares in A).

These montages show that the Rhynie chert samples consist of areas of chert dispersed

throughout sandstone and that the chert is commonly host to fossilised organic material.



49

Figure 14 — Yellowstonel full-thin-section montages of 2.5x magnification images. Collage A) is taken in transmitted plane
polarised light whereas B) is taken in reflected plane polarised light (notably different to Figure 13 settings). Five areas of
preserved fossils (arbitrarily labelled AreaA-E) are annotated by the red squares in A).

Figure 14 shows the distribution of fossils preserved within a siliceous material in the

YellowstoneA sample.



50

Optical microscopy was further used to image the fossils at higher magnifications, create z-stack
images, and inspect areas under reflected light. This was done to gain better insights into their depth
into the thin section — because fossils must be sufficiently close to the surface to be accessed by later

surface-sensitive techniques in the pipeline. Examples are in Figure 15 and Figure 16.

300 pm

Figure 15 — Example of optical microscopy used to investigate Rhynie3 AreaA (images A) — C)), an area hosting fossils
tentatively identified as fungal spores or chlamydospores upon comparison to work by Preston and Genge (2010), and
Rhynie3 AreaC (images D) — F)) — presumed to be another fungal spore or a chytrid (Preston and Genge, 2010). Images
A) and D) are reflected light images of both Rhynie3 AreaA and AreaC, respectively. Darker areas in these reflected light
images were interpreted to represent topographical differences and thus these areas were selected for further investigation
due to organic matter possibly being exposed to the surface. Images B) and E) are images of the respective fossils but using
transmitted light instead. Black boxes in B) and E) signify where the following higher magnification images (images C)
and F)) relate to. Images C) and F) represent z-stack images of Rhynie3 AreaA and AreaC, respectively.
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Figure 16 — Example of optical microscopy used to investigate Yellowstonel AreaA (images A) — C)) and Yellowstonel
AreaD (images D) — F)) — both areas presumed to host fossilised plant cells of a Magnolia spectabilis leaf. Images A) and
D) represent reflected light images of both Yellowstonel AreaA and AreaD, respectively. Darker areas in these reflected
light images were again interpreted to represent topographical differences, potentially hinting that the fossils are exposed
to the surface. Images B) and E) are images of the respective fossils in transmitted light mode. Black boxes in B) and E)
signify where the following higher magnification images (images C) and F)) are taken from. Images C) and F) represent
images of Yellowstone 1 AreaA and AreaD, respectively.

Fossils determined to be likely sufficiently close to the surface (e.g. Rhynie3 AreaC in Figure
15 and Yellowstonel AreaA in Figure 16) were then scrutinised by Raman spectroscopy

with the goal of further investigating the identity of the preserved carbonaceous material
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presumed present in the fossils. To start, a spectrum was acquired of an empty area in
Rhynie3, Yellowstonel, and Yellowstone2 to acquire spectra of the epoxy resin used to
make the thin sections. This was done to ensure that further analysis of carbonaceous
material would not be merely reflecting peaks of the epoxy resin but instead the actual
fossilised material. An example epoxy resin spectrum is in Figure 17.
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Figure 17 — Example of epoxy resin Raman spectra (after linear baseline removal from 1000 — 1750 cm™! to ensure spectra
are comparable) taken from an area on the outer edges of Rhynie3. Built-in library databases in the Renishaw WiRE
software recognised these peaks as a match for epoxy resin — assisting in confirming that spectra were taken from the
correct area.

Following this, a range of point spectra were acquired concerning the fossils in Rhynie3
(AreaA and AreaC) and in Yellowstonel (AreaA). Figure 18 is an example of Rhynie3 and
Yellowstonel Raman acquisitions importantly encapsulating the quartz peak at around 465

cmt and the two key carbonaceous material peaks at around 1350 cm™ and 1600 cm™.
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Figure 18 — Example Raman spectra taken from both Rhynie3 (blue) and Yellowstonel (orange) illustrating that the chosen
spectral range envelops both the quartz peak at around 465 cm™ and the two key carbonaceous material peaks at around
1350 cm and 1600 cm™*. Note that the “peak” shape at around 650 cm™* is merely an artefact of the linear baseline removal
and is not reflecting an actual peak.

The spectra were treated following procedure suggested by Kouketsu et al. (2014) — i.e.

baseline removed linearly over the range of 1000 — 1750 cm™* and peak deconvolution (of

the two key carbonaceous material peaks) performed following the flow chart presented in
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Figure 3 of their paper. A labelled example of a baseline-removed and peak-deconvoluted

Raman spectrum of Rhynie3 AreaC is in Figure 19.
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Figure 19 — A Raman spectrum from Rhynie3 AreaC over the 1000 — 1750 cm™! range displaying the deconvolution of the
key carbonaceous material peaks into the constituent D1-, D2-, D3-, and D4-bands (performed according to methodology
outlined by Kouketsu et al. (2014)).

Parameters of these deconvoluted D-bands (e.g. area or full width at half maximum
(henceforth FWHM)) can then be utilised as a geothermometer — i.e. can probe the peak
metamorphic temperature experienced by the sample (Kouketsu et al., 2014). Accordingly,
Equation 2 and Equation 3 represent relations proposed by Kouketsu et al. (2014) for
evaluating peak metamorphic temperature, valid in the range of roughly 150 — 400 °C, based
on the D1-band FWHM and the D2-band FWHM, respectively.

T1 = _2.15 X D]‘FWHM + 4-78 Equation 2

Where T;, T, = peak metamorphic temperature (°C)
D1pyyy = FWHM of the D1-band (cm™)
D2pwum = FWHM of the D2-band (cm™)

For each spectrum acquired, both T1 and T, were used to estimate the peak metamorphic
temperature suggested by that spectrum. However, since the effective temperature range
accurately covered by these equations is around 150 — 400 °C (Kouketsu et al., 2014), any
value calculated to be outside of this range was discarded. These filtered values were then
used to estimate a preliminary range of possible peak metamorphic temperatures (i.e. the
lowest (filtered) calculated temperature represents the initial lower bound and the highest
(filtered) calculated temperature represents the initial upper bound of the range) that both the

Rhynie chert and Yellowstone fossiliferous samples experienced. Although, the temperature
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error accompanying D1rwhm is £30 °C, and D2rwhm presents an error of £50 °C (Kouketsu
et al., 2014). As such, the lower bound of the preliminary range was lowered by the
appropriate error (i.e. by 30 °C or 50 °C depending on what equation was used) and, likewise,
the upper bound of the range increased by either of these values — resulting in the final
estimation of the peak metamorphic temperature range experienced by the Mars analogues.
Acquired data suggests a peak metamorphic temperature range of roughly 100 — 210 °C
(over eight spectra) for Rhynie3 and roughly 125 — 185 °C for YellowstoneA (over three
spectra). It should be noted that the much younger Yellowstone samples will not have been
metamorphosed as the old and buried Rhynie samples have — where the duration of heating
and experienced pressures are largely different. As summarised by Qu et al. (2015), a peak
metamorphic temperature of <360 °C (which both Rhynie chert and Yellowstone are
calculated to exhibit in the present study) should imply that the ratio of intensity of the band
at roughly 1350 cm™ and the band at roughly 1600 cm™ will decrease as the structural order
of the examined carbonaceous material decreases. Thus, further analyses aimed to establish
deeper insight into the structural order of the carbonaceous material by way of interrogating
the value of intensity at 1350 cm™ divided by intensity at 1600 cm™ (henceforth referred to
as the R-value). Figure 20 and Figure 21 are examples of spectra taken from Rhynie3 AreaC

and Yellowstonel AreaA (respectively) with their R-values annotated.
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Figure 20 — The left image is an optical microscopy Rhynie3 AreaC z-stack image that is annotated (with both colour and
number) to represent where the respective Raman spectrum was taken from. Note that the size of the annotating circles is
arbitrary and does not represent the spot size. The right item is multiple baseline-removed Raman spectra (correlating to
the annotations on image A)) overlayed onto the same graph with their colour, numbering, and calculated R-value annotated
in the key. It should also be noted that the relative heights of the spectra are different due to varying acquisition conditions.

The lowest R-value is seen in the cell wall of the fungal fossil — suggesting a lower
carbonaceous material structural order than both the intracellular material and the

extracellular material.



55

40000

Spectrum 1, R = 0.62

—— Spectrum 2, R = 0.64

30000

Count

20000

10000

() sasa
1000 1100 1200 1300 1400 1500 1600 1700

Raman shift (cm)

Figure 21 — Image A) is an optical image of Yelloswstonel AreaA which is annotated with the approximate location of the
respective Raman spectra (where the number and colour match that of the spectrum). Note that the size of the annotating
circles is arbitrary and does not represent the spot size. The spectra on the right are from Yellowstonel AreaA (after baseline
removal) with their calculated R-values annotated in the key. It should also be noted that the relative heights of the spectra
are different due to varying acquisition conditions.

The plant cells closer to the edge of the fossil have a higher R-value than those in the centre,

although the difference is minor.

The WiRE software’s mapping capability was utilised to produce multiple Raman spectral

maps from Rhynie3 and Yellowstone2. These are in Figure 22 and Figure 23, respectively.
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Figure 22 — Example of Raman maps produced concerning the key carbonaceous material peaks observed in Rhynie3
AreaC. Image A) represents a z-stack image of the Rhynie3 AreaC fossil with an overlaying black square annotating the
area from which data was collected for Raman maps B) — G). Maps B) — D) are Raman maps produced from the raw
collected data at the specified peak shift (i.e. 1350 or 1600 cm™, or the ratio between these intensities) — i.e. produced
before baseline removal. Whereas maps E) — G) are produced after the linear baseline subtraction from 1000 — 1750 cm.

Figure 22 map D) again shows that the R-value appears to be lowest in the cell wall of the
fungal fossil. However, whilst the peak intensity maps E) and F) well resemble the fungal

fossil, no explicit R-value trends are observed after baseline removal (map G)).
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Figure 23 — Example of Raman maps produced of the key carbonaceous material peaks observed in Yellowstone2 AreaA.
Image A) represents an image of Yellowstone2 AreaA fossilised plant cells with an overlaying red square annotating the
area from which data was collected for Raman maps B) — D) — which are produced from the baseline-removed data at the
specified peak shift (i.e. 1350 or 1600 cm™, or the ratio between these intensities).

No meaningful trends are observed in either of the intensity maps or the R-value map for

this area of fossilised plant cells in Yellowstone2. This may be because of the scale of the

map being too large to observe any differences on the cellular level.

Rhynie3 and Yellowstonel were then further investigated via the in-depth analysis stage of

the analytical pipeline.

3.2.2 In-depth Analysis

Both Rhynie3 and Yellowstonel were inspected via SEM for high-resolution imaging and
analysis of the elemental composition of chosen fossils. Figure 24 and Figure 25 are

examples of such images.
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Figure 24 — BSE images of A) Rhynie3 AreaA and B) Rhynie3 AreaC. C) is an SE image of Rhynie3 AreaC (notably in a
different orientation to B)). C) shows that the darker inner region of the fungal fossil is deeper in the thin section.

Figure 25 — BSE images of A) Yellowstonel AreaA and B) Yellowstonel AreaB. C) is an SE image Yellowstonel AreaA
and highlights the rough topography of the fossil and that it is mostly bordered by a hole.
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Furthermore, images were captured at progressively increasing magnifications in order to
assist in the later step of locating the fossils in the FIB (in preparation for investigation via
TEM). Figure 26 and Figure 27 show examples of these images for Rhynie3 AreaC and

Yellowstonel AreaA, respectively.

Figure 26 — A) and B) are a sample of the BSE images of Rhynie3 AreaC at varied magnifications that were used to assist
in locating the fossil in subsequent FIB milling.

Figure 27 — A) and B) are exemplar images of Yellowstonel AreaA at increasing magnifications that would later assist in
locating AreaA in subsequent steps in the analytical process. A) is annotated with a black square to clarify the location and
orientation of BSE image B) (where the annotated black arrow represents the upwards direction).

The elemental composition analysis functionality of SEM was utilised to map the
distribution of elements in Rhynie3 AreaC and Yellowstonel AreaA — mainly performed in
order to investigate the distribution of carbon in the preserved fossils. This is in Figure 28
and Figure 29.
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Figure 28 — EDX elemental maps of Rhynie3 AreaC. A) represents a BSE image of the area where the maps were taken
from where the EDX maps are of B) carbon, C) oxygen, and D) silicon. It should be noted that the software’s automatic
coating compensation feature (which would attempt remove any signals from the carbon coating) was disabled for the
acquisition of these maps in order to garner a more representative insight into the distribution of carbon in the fungal fossil.

Increased carbon concentration is observed in the deeper area inside the preserved fungal
cell and a slight increase tracing the cell wall. High abundances of oxygen and silicon are
observed — which is expected of a chert (mainly SiO). The oxygen and silicon counts are
slightly decreased in the deeper area of the fossil corresponding to increased carbon

concentration.
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Figure 29 — EDX elemental maps of Yellowstonel AreaA. A) represents a BSE image of the area where the maps were
taken from where the EDX maps are of B) carbon, C) oxygen, D) silicon, E) sodium, F) calcium, G) potassium, and H)
aluminium. It should be noted that the software’s automatic coating compensation feature (which would attempt remove
any signals from the carbon coating) was also disabled for the acquisition of these maps in order to garner a more
representative insight into the distribution of carbon in the fossilised plant material.
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Figure 29 maps show a large increase in carbon concentration corresponding to the hole that
borders the fossilised plant cells — likely reflecting the epoxy resin of the thin section. Small
areas of increased carbon concentration are also observed corresponding to topographical
variation within the fossilised material. Unlike the Rhynie chert sample, the encapsulating
material is enriched in Na, Ca, K, and Al. These are possible in impurities (Boggs, 2011)

(e.g. clay minerals), and abundant O and Si suggests that this sample is an impure chert.

Rhynie3 AreaC was chosen for investigation via TEM due to the fossil’s good preservation
and surface proximity and, in preparation for this, two electron-transparent slices were
milled and lifted out of the cell wall of the preserved fossil. The approximate location of the
two cuts is displayed in Figure 30.

Figure 30 — BSE image of Rhynie3 AreaC with dashed black lines annotating roughly where the two electron transparent
slices (Rhynie3 Slicel and Rhynie3 Slice2) were taken from in the cell wall of the fungal species.

The FEI TEM was utilised to produced electron diffraction patterns of the crystalline
material within both Rhynie3 Slicel and Rhynie3 Slice2 in order to confirm its identity.
Importantly, an electron diffraction pattern was captured of the Pt layer (deposited onto the
top of each slice during the milling process) at the same magnification as the electron
patterns produced for both Rhynie3 Slicel and Rhynie3 Slice2 — allowing proper calibration
of the calculated d-spacings. Figure 31 presents the miller index assignments of the
diffraction patterns for both Rhynie3 Slicel and Rhynie3 Slice2.



Figure 31 — TEM-produced electron diffraction patterns for A) Rhynie3 Slicel and B) Rhynie3 Slice2. Annotating both
images are miller index assignments (in red) in the standard form of hkil, and calculated d-spacings (A) in dark blue. Miller
indices, d-spacings, and inter-planar angles are all consistent (within reasonable distance and angle measurement error)
with a hexagonal structure and cell parameters of a = 4.913 A and ¢ = 5.405 A — as expected of quartz (Antao et al., 2008).

These results (i.e. miller indices, angles, and d-spacings being consistent with quartz cell
parameters (Antao et al., 2008)) confirm the identity of the crystalline material abundant

within each slice to be quartz — as expected of the Rhynie chert.

The FEI TEM was used to collect bright-field images of both slices. Bright-field images
observed at different stage tilts revealed a non-crystalline inclusion in amongst the
crystalline (chert) matrix of Rhynie3 Slicel which was postulated to potentially be organic
carbon preserved within the cell wall of the fossilised fungal species. Figure 32 presents
bright-field images of the entirety of Rhynie3 Slicel and of the non-crystalline inclusion.
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—

Figure 32 — A) is a bright-field TEM image of the entirety of Rhynie3 Slicel annotated with a white square outlining the
location of bright-field image B) (where the white arrow represents the upwards direction). The mostly-monochromatic
grey inclusion within the annotated red circle in B) was postulated to be non-crystalline (and thus potentially organic) based
on its unchanging appearance at varying orientations (unlike the encapsulating quartz crystals which changed greatly in
contrast upon differing stage tilts).
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The identification of this potentially-organic inclusion within Rhynie3 Slicel (Figure 32 B))
prompted further analysis by STEM and, thus, two further electron-transparent slices were
lifted from Rhynie3 AreaC and two electron-transparent slices were lifted from
Yellowstonel AreaA. Figure 33 and Figure 34 detail the approximate location of these

incisions.
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Figure 33 — BSE image of Rhynie3 AreaC with dashed black lines detailing the location of the previous two FIB mills
(Rhynie3 Slicel and Rhynie3 Slice2) and dashed yellow lines annotating where the further two electron-transparent slices
(Rhynie3 Slice3 and Rhynie3 Slice4) were taken from.
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Figure 34 — BSE image of Yellowstonel AreaA with yellow lines annotating the location of the milled electron-transparent
slices (Yellowstonel Slicel and Yellowstonel Slice2). It should be noted that the yellow lines have been increased in size
for clarity and do not represent the exact size of the milled slices.

Contrast in high-angle annular dark-field (HAADF) images, owing to the high angle of
detection, is heavily influenced by atomic number — i.e. a strong Z-contrast (Lee, 2010).
Thus, HAADF should allow the distinction between the important carbon and the slightly-
heavier encapsulating oxygen and silicon. The JEOL TEM was used to acquire HAADF

images of each new slice. These are in Figure 35 and Figure 36.

Figure 35 — HAADF images of the entirety of A) Rhynie3 Slice3 and B) Rhynie3 Slice4. The “Beam” textbox and
crosshairs in each image are merely digital artefacts annotated atop the images.
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Figure 36 — HAADF images of the entirety of A) Yellowstonel Slicel and B) Yellowstonel Slice2. The “Beam” textbox
and crosshairs in each image are merely digital artefacts annotated atop the images.

Dark areas in these HAADF images are interpreted to be the lower atomic number carbon,
whereas the lighter areas are interpreted as chert (silicon and oxygen). For the Rhynie chert
slices (especially Rhynie3 Slice4), these darker areas are spread throughout the whole

sample. The darker areas in the Yellowstone slices are concentrated into larger streaks.

STEM and EELS were then used to directly investigate the composition of the darker areas
present within the HAADF images of both the Rhynie slices (Figure 35) and the Yellowstone
slices (Figure 36). STEM HAADF images in combination with STEM EELS maps of
Rhynie3 Slice4 and Yellowstonel Slicel are in Figure 37 and Figure 38, respectively.



Figure 37 — A) is a standard TEM HAADF image of Rhynie3 Slice4 which is annotated with a red square that denotes the
precise location of B) a STEM HAADF image of a darker region in A). The “Beam” textbox and crosshairs in A) are
merely digital artefacts annotated atop the image. C) — E) are artificially-coloured STEM EELS maps detailing the
distribution of carbon, oxygen, and silicon within the region of interest imaged in B) — confirming that the dark areas within
B) correspond to areas of carbon.

HAADF Carbon
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Figure 38 — A) is a standard TEM HAADF image of Yellowstonel Slicel which is annotated with a red square that indicates
the precise location of B) a STEM HAADF image of a darker region in A). The “Beam” textbox and crosshairs in A) are
merely digital artefacts annotated atop the image. C) — E) are artificially-coloured STEM EELS maps detailing the
distribution of carbon, oxygen, and silicon within the region of interest imaged in B) — confirming that the dark areas within
B) broadly correspond to areas of carbon.
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From Figure 37 and Figure 38 (along with further data not displayed), STEM EELS data
confirmed that the dark regions in HAADF images across the four electron-transparent slices
generally corresponded to areas of carbon within both the Rhynie chert and Yellowstone
samples. Carbon in the Rhynie chert slices is dispersed throughout in areas roughly 100 —
300 nm in size, meanwhile carbon in the Yellowstone slices is concentrated into larger
streaks roughly 0.5 — 2.5 um long. Decreased oxygen and silicon content coinciding with
these areas of increased carbon suggests that carbon is inhabiting the space between quartz
crystals (SiO2) — detailing the nm-scale incorporation of carbon within these siliceously
preserved fossils.

This concludes the Results chapter, where the results of this project’s investigation into
Martian meteorites and Mars terrestrial analogues were reported. The following chapter,
Discussion, will interpret these results in the context of the project goals and their relation
to the broader literature.
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4. Discussion

4.1 Martian Meteorites

4.1.1 Insight into Iddingsite

Iddingsite is a complex mixture of materials including hydrous silicates, iron oxides, and
iron oxyhydroxides (Lee et al., 2018). The literature compilation produced in this project
provides a detailed overview of the oxide composition of iddingsite within a sizable selection
of nakhlites. Iddingsite’s average composition ranges from roughly 3 — 11 wt% MgO, 0.3 -
3.8 wt% AlxO3, 38 — 43 wt% SiO2, 0 — 2.1 wt% SO, 0.1 — 2.7 wt% CaO, 0.5 — 1.6 wt%
MnO, and 28 — 39 wt% FeO across the 11 nakhlites — representing a wide range of

compositions.

The compilation graphs in Figure 8, plotting bulk rock composition versus olivine-hosted
iddingsite composition, also reveal interesting trends with potential implications for the
nakhlite alteration at 633 Ma. A strong positive correlation is observed between the bulk
rock MgO content and iddingsite MgO content. This relationship was also observed in Lee
et al. (2018), considering only four of the 11 nakhlites included in the present project. It is
simultaneously observed (in the present project) that other oxides (e.g. Al.Oz and CaO) do
not follow this directly proportional relationship. SiO2 content exhibits little variation
(relatively) which is expected since a major component of iddingsite are silicates. lddingsite
FeO is observed to decrease as bulk rock FeO increases. This may be explained by the
incorporation of iron in iddingsite being a more complicated process — largely determined
by the oxidation of the altering fluid (Gay and LeMaitre, 1961). Bulk rock Al>Oz content
displays a clear bimodal distribution in Figure 8. It is postulated that this difference in Al2O3
content arises from the differing amount of mesostasis present in the meteorite. Figure 39 is
a graph of the bulk rock Al.O3 content (wt%) produced in this project versus the bulk rock

mesostasis content in volume percentage (vol%) from Corrigan et al. (2015).
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Figure 39 — Graph of bulk rock Al20s (wt%) versus mesostasis content (vol%) taken from a compilation by Corrigan et al.
(2015). Black bars are standard deviations. Where not shown, the standard deviation is zero or not applicable (since the
value is an “average” of only 1 value).

Figure 39 shows that the bulk rock Al,O3 content correlates to the mesostasis content of the
meteorite — supporting the hypothesis that the mesostasis content explains the bimodal
distribution of bulk rock Al>Os content observed in Figure 8. The ‘gap’ in an otherwise
continuous trend in bulk rock Al2O3 versus mesostasis content may be filled by including
other nakhlites not considered in this study (e.g. NWA 11013 and Governador Valadares).

Regarding the composition versus crystallisation age graphs in Figure 9, it is important to
consider that, for crystallisation age to accurately reflect depth below the surface, it is
necessary to make the large assumption that the nakhlite launch site was a simple stack of
lava flows with no other complications. With this assumption in mind, these graphs detail
the varying composition of olivine-hosted iddingsite with depth below the surface for five
nakhlites. Observe iddingsite MgO and bulk rock MgO content exhibiting the same trend
with age. This is in agreement with findings in Lee et al. (2018), where they also observe
the same trend in both bulk rock and iddingsite MgO content with crystallisation age. Other
oxides (e.g. Alo0s and CaO) do not exhibit an identical relationship with varying
crystallisation age between the iddingsite and bulk rock content. The total wt% can be seen
to decrease with increase age which, assuming a lower total wt% insinuates a greater water
content, implies an increase in the water content of iddingsite at greater depths below the
surface. Although, it is important to note that total wt%, as determined by EDX or electron

probe microanalysis, can be affected by other factors (e.g. porosity) — not just water content.
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The Nakhlitel APT reconstruction and isosurfaces in Figure 10 allow valuable insight into
the nanostructure of iddingsite and the incorporation of water within NWA 817. The water-
species-dense region towards the top of the reconstruction is identified as an opal-A
nanoparticle, based on similarities to work by Lee et al. (2015). They find that opal-A
nanoparticles comprise the majority of the hydrous Mg- and Fe-rich silicate that is a main
component of iddingsite in Nakhla. TEM and EELS data in their paper reveal that these opal-
A deposits are 5 — 29 nm in diameter and have a lower Mg and Fe content compared to the
encapsulating material. This is consistent with the present project, where the water-dense
region shown in Figure 10 is roughly 20 nm in diameter and has lower Fe and Mg content
compared to the rest of the reconstruction. Areas of low density in the isosurfaces could
represent areas of porosity in the iddingsite and areas of high density could be reflecting
areas richer in iron oxides or iron oxyhydroxides (further supported by these high-density
regions typically overlapping with areas of higher water species density). This observation
of opal-A in NWA 817 iddingsite builds upon work by Lee et al. (2015), which looked only
at iddingsite in Nakhla, and, as they discussed, carries implications for the properties of the
altering Martian fluid. For example, they conclude that the retention of opal-A nanoparticles
suggests little-to-no further water interaction after iddingsite formation (since the
nanoparticles would be further altered to opal-CT and then microcrystalline quartz

otherwise).

The Nakhlite2 reconstruction and isosurfaces in Figure 11 detail the distribution of elements
across an olivine-iddingsite interface in NWA 817. Iddingsite is observed to have greater Al,
Mn, Ca, and Fe concentrations compared to its host (olivine), and a greater concentration of
water species — as expected of the aqueously altered material. The 1-dimensional
concentration profile in Figure 12 allows the gradients of species through the olivine-
iddingsite boundary to be evaluated. Passing from olivine into iddingsite, a decrease in Mg
is accompanied by an increase in calcium, hydrogen, and water species. Fe is observed to
initially rise and then fall again past the interface and Mn and Al can be seen to slightly
increase. Before the sharp changes in concentrations at roughly 55 — 60 nm, species can be
observed to marginally increase or decrease in concentration over the preceding 15 — 20 nm
(e.g. Mg concentration trends slightly downwards from around 35 — 55 nm before sharply
dropping). This observation is consistent with work by Daly et al. (2019a), where they
highlight that this provides insight into the mechanism of the nakhlite alteration (favouring

a diffusion coupled hydration model).
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4.1.2 Aqueous Environment at the Nakhlite Launch Site

The objective of this project’s Martian meteorite study was to build upon and extract new
information concerning the past habitability of Mars by investigating the nakhlite aqueous
alteration. Accordingly, this section will interpret the nakhlite results and analyses in the
context of this research goal. Considering the nakhlite launch site, there are two scenarios,

with largely different habitability implications, for the alteration of the nakhlites at 633 Ma:

Scenario A: An active hydrothermal system (either volcanic (Lee et al., 2018) or
impact-induced (Daly et al., 2019b)) provided a constant source of thermal energy
which caused melted permafrost and ground water to circulate in the Martian
subsurface for potentially millions of years (Abramov and Kring, 2005; Li et al.,
2014).

Scenario B: A transient water source (e.g. ice melted by a nearby event) only briefly

permeated the nakhlite rocks.

Figure 40 is a depiction of these two scenarios.

Scenario A: Active Hydrothermal System " Scenario B: Transient Liquid Water

Timescale: Long-lived (potentially millions of years) Timescale: Ephemeral (potentially months — years)
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Figure 40 — Illustration of two potential end-case scenarios of the aqueous alteration of the nakhlite meteorites at 633 Ma.
A) Scenario A represents an active hydrothermal system (in this case, the diagram is of a simplified volcanic hydrothermal
system, but an impact-induced hydrothermal system is also possible). The thermal energy provided by the magmatic (in
the volcanic case) heat source could have melted permafrost and ground ice — inducing a cycle of circulating ground water
within the Martian subsurface. Hydrothermal systems, such as these, have been shown to last for potentially millions of
years (Abramov and Kring, 2005; Li et al., 2014) and can result in the birth of hot springs (Osinski et al., 2001; Cady et
al., 2018). B) Scenario B represents an environment in which a nearby event (e.g. an adjacent volcanic eruption) provided
enough energy to temporarily melt ground ice that would create a source of transient liquid water that briefly percolated
the nakhlite rocks. In both diagrams, the relative depth below the surface (as crystallisation ages determined by Cohen et
al. (2017) suggest) of a subset of the nakhlite meteorites is presented (although, these nakhlites are not necessarily of
neighbouring origin and there may be other nakhlites in between). It should be noted that these diagrams are not to scale,
and the exact lateral position of the nakhlite rocks (i.e. their proximity to the magma source) is not suggested by their
position on the diagram.
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Importantly, Scenario A and Scenario B present vastly different habitability potentials for

the past Martian environment:
Scenario A habitability factors:

e Constant inflow of heat serves to sustain temperatures that are favourable to known
life (Cockell et al., 2016).

e Melted permafrost and ground ice provide a source of liquid water which is essential
for all known life (Cockell et al., 2016).

e The dynamic liquid water circulation (orchestrated by the magmatic heating) may,
via water-rock reactions, maintain an environment which produces thermodynamic
disequilibria that can fuel chemolithotrophs (a life-necessary source of energy
(Cockell et al., 2016; Ramkissoon et al., 2021)).

e May be accompanied by resultant hot springs which present a favourable
environment to the proliferation (and preservation) of life (Walter and Des Marais,
1993; Cady et al., 2018).

e Environment can persist for millions of years (Abramov and Kring, 2005; Li et al.,

2014) — allowing time for any life to establish and flourish.
Scenario B habitability factors:

e Does not necessarily possess a persisting thermal energy source that would maintain
temperatures conducive to life — potentially impeding metabolic activity (Cockell et
al., 2016).

e Water-rock ratios could be very low which would limit microbial access to a key
resource — liquid water (Cockell et al., 2016).

e Absence of a lasting heat source likely precludes the development and sustainment
of hot spring systems — excluding a life-favourable environment (Cady et al., 2018).

e The transient liquid water may not persist for any substantial amount of time before
refreezing — possibly preventing any microbial life from propagating (Cockell et al.,
2016).

These different environments may be reflected in the extent and characteristics of the
aqueous alteration present in the nakhlites (Changela and Bridges, 2010; Lee et al., 2018;
Daly et al., 2019b). Thus, the high-habitability-potential Scenario A and the low-
habitability-potential Scenario B can be differentiated by understanding the conditions of the
nakhlite aqueous alteration. In a high water-rock ratio environment (Scenario A), the

composition of the iddingsite will be primarily controlled by the composition of the altering
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fluid. Whereas, in a low water rock-ratio system (Scenario B), the iddingsite composition
will be dominated by that of the bulk rock. Thus, in Scenario B, it is expected that iddingsite
oxide composition versus bulk rock oxide composition graphs will exhibit directly
proportional relationships — where a greater bulk rock composition will result in a greater
iddingsite composition for a specific oxide. It would also be expected that the iddingsite
composition versus crystallisation age (and thus depth) relationship will essentially mirror
that of the bulk rock composition versus crystallisation age. That is, although bulk rock
values will not necessarily exhibit any explicit trend with depth below the surface, the
iddingsite composition of rocks at a specific depth will reflect the bulk rock composition at
that depth — resulting in the same trend versus crystallisation age for both iddingsite and bulk

rock oxides.

Two observations agree with these factors defining a low-water rock ratio environment. That
is, a strong direct relationship between iddingsite MgO and bulk rock MgO, and the same
relationship with age (depth) for both iddingsite MgO and bulk rock MgO. These
observations are consistent with Scenario B — predicting a static and less-hospitable
ephemeral alteration of the nakhlites at 633 Ma. Meanwhile, other factors are inconsistent
with this rock-controlled scenario. These being no direct relationship between iddingsite and
bulk rock for Al2Ozand CaO, and different age relations between the iddingsite and bulk
rock content for both AlO3 and CaO. By contradicting the low water-rock ratio Scenario B,
these observations support the dynamic and high-water rock ratio Scenario A for the nakhlite

alteration.

APT, if given more attention, holds the potential to assist in deciding between these two
scenarios. For example, this project’s APT work identified an opal-A nanoparticle in NWA
817 iddingsite. Opal-A retention can suggest little-to-no further water-rock interaction after
iddingsite formation (Lee et al., 2015) — which is consistent with a transient alteration, i.e.
Scenario B. Further, the 1-dimensional concentration profile revealed that olivine is enriched
in water species (e.g. OH) in the 15 — 20 nm preceding the iddingsite interface. This outward
diffusion of water from iddingsite into the surrounding olivine could potentially be used to
constrain the longevity of aqueous alteration by understanding the time that this outward
diffusion takes. Since the two scenarios for the nakhlite launch site have differing timescales
of alteration, this line of investigation may assist in deciding between an ephemeral or long-
lived aqueous alteration of the nakhlites.
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Thus, evidence is presented supporting both Scenario A and Scenario B for the alteration of
the nakhlites and APT holds the potential to further assist in deciding between these
scenarios. Scenario B is ultimately favoured as the true nature of the nakhlite launch site
because of the clear direct relationship between bulk rock and iddingsite MgO and their
agreeing relationships with crystallisation age (plus opal-A in NWA 817) — heavily

suggesting a rock-controlled low water-rock ratio environment.

4.1.3 MSR Implications

The Perseverance rover on Mars has recently identified olivine, pyroxene, and their aqueous
alteration materials within rocks in the Jezero crater (Farley et al., 2022; Y. Liu et al., 2022),
where it is currently collecting samples for their eventual return to Earth (as early as 2033
(mars.nasa.gov, 2022)). Since the primary constituents of the nakhlite meteorites are these
minerals (and their alteration products (Lee et al., 2018)), in-depth laboratory investigation
of the nakhlites potentially presents the most suitable analogue for the complex on-Earth
analyses (Beaty et al., 2019) of returned samples. The present project has demonstrated how
compositional trends in alteration materials in the nakhlites can be investigated to better
understand the nature of their aqueous alteration. It is also hoped that the nakhlite APT work
(investigating mineralogy, incorporation of water, and elemental distributions in iddingsite
at the atomic scale) has contributed to displaying the exceptional value of APT in
investigations of this nature — building on the efforts of Daly et al. (2020, 2021). Thus,
viewing this nakhlite study as an analogue, this project can inform and guide the analysis of
the samples returned via an MSR mission (e.g. concerning the aqueous alteration of rocks in
the Jezero crater — which will be a key facet of interrogation of the dried-up crater lake (Beaty
et al., 2019)).

4.1.4 Further Work

This work, whilst increasing the number of meteorites considered in Lee et al. (2018) from
four to 11, is not a comprehensive review of the nakhlites. Ideally, a more complete study
would include even more nakhlites (e.g. Governador Valadares, NWA 11013, NWA 10153,
etc.) and would also consider pyroxene-hosted iddingsite veins (not just olivine-hosted).
However, there was a lack of published data for some nakhlites (e.g. NWA 11013 and Y-
000802) concerning the composition of the bulk rock and of the iddingsite. Data from these
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remaining meteorites would allow a more thorough review of the iddingsite versus bulk rock
composition relationships — assisting in deciding between Scenario A and Scenario B for the
alteration of the nakhlites. To ensure consistency, iddingsite and bulk rock oxide
compositions were compared against crystallisation age data collected in a singular study
(by Cohen et al. (2017)). Although improving the set of considered meteorites from the three
in Lee et al. (2018) to five by now including the age data for Y-000593 and Y-000749, the
robustness of observed trends with crystallisation age is still limited. Ideally, there would be
a single study where the crystallisation ages of a larger number of nakhlites would be
determined under the same conditions and in the same laboratory. This would allow trends
against age (like versus iddingsite and bulk composition performed here) to be examined
with much greater confidence and depth — facilitating insight into the nature of the nakhlite

alteration.

It should be noted that, despite attempts to do so, the APT mass spectra for both the Nakhlitel
and Nakhlite2 reconstructions are not fully assigned, and proper assignment of the Fe and Si
peaks was not possible due to isobaric interference — resulting in figures being not entirely
representative of the samples. Ideally, mass spectra would be fully assigned and isotopes
with unique atomic weights examined to properly distinguish the Fe and Si content (e.g. as
done by J. Liu etal. (2022)). An APT study across a wider range of iddingsite samples across
multiple nakhlite meteorites would allow deeper and likely novel insight into the nature of
their aqueous alteration — further assisting in deciding between Scenario A and Scenario B

for the nakhlite launch site.

4.2 Terrestrial Analogues

4.2.1 Insight into Preserved Fossils

This project investigated fossiliferous Rhynie chert and Yellowstone hydrothermal samples
via an analytical pipeline — resulting in good insight into the fossils preserved within. Rhynie
chert investigations revealed fossils of Asteroxylon plant cells and fungal species (fungal
spores, chlamydospores, and chytrids) very well preserved within the chert matrix by
siliceous permineralization. Yellowstone investigations identified fossilised plant cells from

a siliceously-preserved Magnolia spectabilis leaf.
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Raman investigations were able to confirm the presence of carbonaceous material within the
fossils across both samples and also rule out the epoxy resin (used in thin section production)
as the source of these signals. Deconvolution of these carbonaceous material peaks suggests
a peak metamorphic temperature of 100 — 210 °C for the Rhynie sample and 125 — 185 °C
for YellowstoneA — acting as a geothermometer probing the thermal history of these samples
and environments. Although, the Yellowstone sample will not have been heated for as long
as the Rhynie chert, so the calculated “metamorphic” temperature may not be accurate. The
Rhynie result is agreement with work by Qu et al. (2015), where they calculated a peak
metamorphic temperature of roughly 190 — 310 °C for the Rhynie chert sample but admit
that the remarkable preservation of fossils in the Rhynie chert likely implies peak
temperatures of only 200 °C. Since these peak metamorphic temperatures are less than
360 °C (for both the Rhynie chert and Yellowstone samples), it is expected that a lower R-
value will correlate with lower structural order of the carbonaceous material (Qu etal., 2015).
Subsequent R-value investigations probed the structural order of the carbonaceous material
in the fossils across both the Rhynie chert and Yellowstone samples. Figure 22 map D), an
R-value map of a fungal fossil in the Rhynie chert sample, reveals a lower R-value (thus
implying a lower structural order) in the wall of the cell compared to the intracellular
material. This finding is inconsistent with results by Qu et al. (2015), where they concluded
that Rhynie chert fossilised plant cells displayed higher structural order in cell walls
compared to the plant protoplasm. Although, plant cells may not be directly comparable to
the fungal cells tested in the present project. Further, Figure 22 map D) was produced before
baseline removal — where no explicit trends are observed in the same Raman map after the
baseline was removed (Figure 22 G)). For the Yellowstone Raman R-value map (Figure 23
D)), there is little information except a difference in R-values observed between the
fossilised plant cells and the surrounding rock. This may have been due to the scale at which
this map was captured being too large to resolve any R-value (and thus structural order)

differences on the cellular level.

SE imagery detailed the topography of a fungal fossil in the Rhynie chert and fossilised
Magnolia spectabilis leaf cells in the Yellowstone sample. EDX then revealed that areas of
increased carbon counts generally corresponded to areas deeper in the thin section. This may
be due to deeper areas exposing more of the preserved fossils to the surface or areas of
thicker carbon coating (applied in sample preparation) due to the differing topography.
Electron diffraction patterns confirmed the identity of the material encapsulating the fossils

in the Rhynie chert to be quartz — as expected. Bright-field images revealed a non-crystalline
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inclusion in a sample from the cell wall of a fungal fossil in the Rhynie chert — which was
postulated to be preserved organic carbon. Subsequent STEM and EELS work on both the
Rhynie chert and Yellowstone samples was conducted to further investigate the preserved
carbon. EELS data revealed that dark areas in HAADF images corresponded to carbon. The
identity of this carbon is presumed to be the actual preserved carbon, and not simply the
carbon coating, since the electron-transparent slices have been milled from the thin sections
— extending up to 10 um deep (where the applied carbon coating likely could not reach) —
yet carbon is still observed. Epoxy resin cannot be definitively discounted, but the preceding
Raman work suggests that there is non-epoxy-resin carbonaceous material in the fossils —
improving confidence that the observed carbon is the actual preserved carbon. TEM and
STEM HAADF images could then be used to understand the distribution of carbon within
the whole electron-transparent samples, rather than just the areas already interrogated by
EELS. This revealed a difference in the distribution of preserved carbon between Rhynie
chert and Yellowstone fossils. Carbon in the cell wall of the Rhynie chert fungal fossil was
scattered throughout the whole electron-transparent slice — appearing to inhabit the space
between crystals. Meanwhile, carbon in the fossilised Yellowstone plant cells was mainly
concentrated into larger streaks within the samples. Overall, this TEM work revealed that,
despite the fossils in both the Rhynie chert and Yellowstone samples appearing to consist of
abundant and continuous organic matter under optical microscopy (e.g. as seen in Figure 15

and Figure 16), preserved carbon is actually sporadic and discontinuous at the nm scale.

4.2.2 Ancient versus Recent Preservation

Since Martian hydrothermal systems are mostly long since extinct (Turner et al., 2016), the
better understanding of the effect of such timescales on the preservation of biosignatures is
vital in the search for Martian biosignatures and, thus, the analysis of returned Martian
samples. The Rhynie chert and Yellowstone samples were chosen as the Mars analogues in
this project in part because of the comparison they allow between recent versus ancient
preservation of biosignatures. Yellowstone fossils were preserved recently compared to over
400 million years ago for Rhynie chert fossils (Mark et al., 2011; Parry et al., 2013). In the
present project, a difference in the distribution of preserved carbon is observed between
Rhynie chert and Yellowstone fossils. This could be the result of geological timescales on
the preservation of biosignatures (fossils) or simply differences in the nature of their
siliceous preservation. To expand on this idea, a study could survey the nm-scale
preservation of fossils in a greater number of samples in the Rhynie chert, Yellowstone, and
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potentially other fossiliferous hydrothermal samples of differing ages — further investigating
this MSR-relevant effect.

4.2.3 Guiding MSR Biosignature Investigations

A goal of this project was to guide the investigation of returned Martian samples by
analysing Mars analogues. This section will summarise the value of each technique in the
pipeline regarding the study of preserved fossils — highlighting how these techniques could
be collaboratively employed to investigate analogous returned Martian samples in the search

for preserved biosignatures.

Optical Microscopy: Provided mineralogical characterisations of samples and identified the
presence, abundance, and distribution of preserved fossils. Also probed the depth of fossils

in the thin section — important for later surface-sensitive techniques.

Raman Spectroscopy: ldentified the presence of carbonaceous material within preserved
fossils. Detailed the thermal history of the samples and investigated the structural order of

preserved carbon in the fossils.

SEM: Detailed topography and elemental composition of fossils. Assisted in locating fossils

in subsequent milling by FIB.

TEM: Confirmed the identity of encapsulating crystalline material. Provided exceptional
insight into the identity, distribution, and incorporation of organic carbon within the

preserved fossils at the nm scale.

In summary, the analytical pipeline was effectively utilised to identify, investigate, and
characterise siliceously preserved fossils within two Mars terrestrial analogue samples from
the whole-rock scale down to the nm scale — demonstrating and informing how these
techniques could be collaboratively employed on future returned Martian samples in the
search for preserved biosignatures. Remarkably, the pipeline displayed the ability to directly
investigate carbon preserved within fossils of some of the oldest known plant life on Earth
(Rhynie fossils (Rice et al., 2002)) — a favourable sign for MSR investigations where any
hydrothermally-preserved fossils are likely to be ancient (Turner et al., 2016). Figure 41 is
a summary of the analytical pipeline as employed to investigate fossils in the Rhynie chert

and Yellowstone samples.
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Figure 41 — The the analytical pipeline as employed to investigate fossils in the Rhynie chert and Yellowstone samples.
Tapered bar on the left illustrates the ever-increasing resolution of the pipeline, highlighting the scientific power arising
from the correlative and successive usage of employed analytical techniques. Note: the resolution steps in the bar are not
to relative scale and are instead representative of the achievable resolution at each step in the pipeline. The first column
(images A) — E)) corresponds to this project’s utilisation of the analytical pipeline on the Rhynie chert samples to investigate
the supposed fungal spore or chytrid from Rhynie3 AreaC — progressing from the whole-rock scale down to the nm scale.
Specifically, A) is an optical microscopy collage image of the whole Rhynie3 polished thin section (used to represent the
whole-rock scale); B) is an optical microscopy image of the fossil; C) is overlayed Raman spectra of regions within the
fossil with annotated R-values; D) is a BSE image of the fossil acquired by SEM; and E) is a TEM HAADF image of an
electron-transparent slice lifted from the fossil with a STEM HAADF image and three EELS maps to the right that are
labelled with the respective element that they represent. The second column (images F) — J)) similarly represents this
project’s employment of the analytical pipeline on the preserved Magnolia spectabilis leaf within the Yellowstone samples.
Specifically, F) is an optical microscopy collage image of the entirety of Yellowstonel (representing the whole-rock scale);
G) is an optical microscopy image of Yellowstonel AreaA; H) is two overlayed Raman spectra from Yellowstonel AreaA
with their R-values annotated; 1) is an SEM BSE image of Yellowstonel AreaA; and J) is a TEM HAADF image of an
electron-transparent slice milled from Yellowstonel AreaA with a STEM HAADF image to the right accompanying EELS
maps representing the carbon, oxygen, and silicon content. The last column details the respective stage in the analytical
pipeline that the information to the left was acquired in. This figure highlights how the pipeline can be utilised to go from
the whole-rock scale to in-depth investigations into features at the nm scale (e.g. preserved carbon in fossils) — displaying
the prowess of this analytical method and, thus, advocating for its eventual usage on returned Martian samples in the search
for preserved biosignatures.
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Despite the wealth of information produced concerning fossils within the Rhynie chert and
Yellowstone samples, the analytical pipeline possessed potential pitfalls and areas that could

be improved.

4.2.4 Analytical Pipeline Recommendations

In accordance with a main project goal (i.e. developing and evaluating the analytical
pipeline), this section will discuss key issues encountered throughout this project’s use of
the analytical pipeline in the analysis of terrestrial analogues — whilst proposing potential
solutions and improvements for the hypothetical eventual usage of this methodology in the

interrogation of returned Martian samples in the search for preserved biosignatures.

Recommendation 1: Establish a large catalogue of near-surface features early in the

analytical workflow.

Later instruments in the analytical pipeline (e.g. SEM and FIB) require features to be
sufficiently close to the surface of the thin section in order to be accessed — which was feared
to have been an issue encountered by the fossils examined by SEM EDX in this project. It
is here recommended that a future utilisation of this analytical pipeline on returned Martian
samples (or otherwise) in the search for preserved biosignatures should expend sufficient
effort in the identification of a large library of potentially-close-to-the-surface features
before progressing to the later steps in the workflow. It is also recommended that ample
attention is given to the methodology by which surface proximity is determined — ideally
combining thorough reflected light inspection and in-depth z-stack interrogation. In doing
so, there will be an increased likelihood that features chosen to be further inspected will be
shallow enough to be accessed by the surface-sensitive techniques — potentially avoiding
wasting time and resources interrogating features which ultimately cannot be further

investigated due to their depth within the thin section.

Recommendation 2: Introduce infrared spectroscopy (henceforth IR spectroscopy) to

complement initial characterisations by Raman spectroscopy.

Although Raman spectroscopy was able to provide valuable information regarding the
preserved fossils in the Rhynie chert and Yellowstone samples (e.g. structural order of
preserved carbon), insight into the nature of preserved organics was limited. It is thus

recommended that future interrogations concerning preserved biosignatures (in returned
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Martian samples or otherwise) further incorporate the highly-complementary technique — IR
spectroscopy (Olcott Marshall and Marshall, 2015; Farber et al., 2019). As demonstrated by
Qu et al. (2015), the correlative utilisation of IR spectroscopy with Raman spectroscopy can
permit strong insights into the identity of preserved organics — where they were successfully
able to interrogate the organic precursor molecules and the nature of preservation of
carbonaceous material within siliceously preserved fossils. Additionally, there exists
literature attesting to the potential ability of combined IR spectroscopy and Raman
spectroscopy to assess the biogenicity of fossils (Igisu et al., 2006; Olcott Marshall and
Marshall, 2015) — a crucial factor in potential biosignature investigations (Ohmoto et al.,
2008). These examples highlight the potential of IR spectroscopy to complement an
analytical workflow’s Raman organic investigations (e.g. into future returned Martian

samples in the search for preserved biosignatures).

Recommendation 3: Consider inspecting thin sections under SEM and EDX prior to coating

the sample.

Confidence in this project’s SEM EDX data was potentially impeded by the conductive
coatings that were applied to the surface of the thin sections prior to inspection under the
SEM — where the roughly 15 nm gold coating was presumed to be possibly inhibiting signals
and the roughly 20 nm carbon coating was hypothesised to be interfering with the collection
of true carbon signals. It is thus recommended that future preserved biosignature
investigations (e.g. on returned Martian samples) should attempt, if practical, to inspect any
produced thin sections via SEM before any conductive coating is applied. In doing so, any
interference that the coating may exert on data collection can be avoided. Although, in order
to reduce surface charging in the absence of a conductive coating, different countermeasures
are required (e.g. operating in lower vacuum conditions) which can result in lower image
quality and additional artefacts in EDX (Newbury, 2002; Nylese et al., 2015). This
methodology (i.e. performing SEM and EDX analyses before applying a coating) is
demonstrated by Nakamura et al. (2021) on returned Ryugu samples. They were able to
utilise EDX (along with SEM imaging and TEM) on non-coated samples to produce a
detailed description of the mineralogy and elemental distribution of the samples. The
setbacks experienced by the present project, along with the returned asteroid example,
further highlight the option of SEM and EDX analyses taking place prior to the coating of
future returned Martian samples — to potentially procure stronger insights into the carbon

content of preserved features.
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Recommendation 4: Chose features for TEM inspection that are positionally close together

on a given thin section.

The FEI Nova Nanolab 200 FIB operated in this project to mill samples to electron-
transparency presented an unforeseen drawback when producing TEM samples from the
Rhynie chert. It was intended that the FIB would be conducted to mill slices from both
Rhynie3 AreaA and Rhynie3 AreaC — to procure a more comprehensive understanding of
the sample. However, the FIB utilised in this project possessed a limited accessible stage
area which, once the thin section was mounted, was unable to simultaneously encapsulate
both Rhynie3 AreaA and Rhynie3 AreaC (which were located at opposite ends of the
polished thin section). In order to mill from both areas, it would have required the sample
chamber to be vented, the thin section re-mounted, and the vacuum pulled again in the
sample chamber — which can be time-consuming (and thus expensive). As such, it was
decided to take 2 electron transparent slices from Rhynie3 AreaC which, although providing
useful information, potentially limited the scope of the TEM information produced in this
utilisation of the pipeline. Therefore, it is here recommended that, where FIB stage size limits
thin section access, features chosen for TEM inspection on future returned Martian samples
should ideally be close together — permitting milling of desired features without the need for

the time-consuming adjustments that would accompany re-mounting of thin sections.

Recommendation 5: Utilise APT as the culminating technique in the pipeline, following
analyses by TEM.

As demonstrated by this project’s usage in the analysis of the nakhlites, on top of multiple
works displaying the prowess of the technique (Daly et al., 2020, 2021; J. Liu et al., 2022;
McCarroll et al., 2022), APT stands to serve planetary science research greatly — resulting
in isotopically-detailed 3-dimensional reconstructions of a sample at the atomic scale. Thus,
although not employed on the analogue samples in this project, it is here recommended that
any future utilisations of the analytical pipeline (e.g. on returned Martian samples in the
search for preserved biosignatures) should consider the usage of APT. It should be noted
that, due to the limited size of individual APT samples (i.e. up to around 100 nm x 100 nm
x 1000 nm (Daly et al., 2020)), it may prove challenging to pinpoint features of interest at
small scales without extensive context and guidance built by previous techniques. Figure 42
highlights that an APT needle would need to be precisely milled in order to incorporate any

of the key preserved carbon in the Rhynie3 AreaC fossil sample.



Figure 42 — A standard TEM HAADF image of Rhynie3 Slice4 which is annotated with red and blue circles that represent
the maximum size of individual atom probe needles as milled normal to the plane of the image (i.e. laterally 100 nm x 100
nm (Daly et al., 2020)) plus annotated red and blue needles representing the maximum size of APT samples as milled in
the plane of the image (i.e. at 90° to the circles and reaching up to 1000 nm deep (Daly et al., 2020)) — where the left-hand
side of the image hypothetically represents the surface of a thin section sample. It is clear that, whilst the red annotations
would incorporate some of the key carbon, the blue APT needles would likely not contain any of the preserved carbon
despite being mere nanometres off. This highlights the necessity of extensive context built from previous analytical steps
(e.g. SEM and TEM) to guide the FIB milling of APT samples. The “Beam” textbox and crosshairs are merely digital
artefacts annotated atop the image.

Thus, although APT possesses promising prospects for planetary science purposes (Daly et
al., 2020, 2021; McCarroll et al., 2022), care should be taken to consider the scale and
necessary context for its successful employment in future applications of the pipeline.

This concludes the Discussion chapter of the thesis, where the results have been discussed
and interpreted in respect to the project goals and their relation to the literature. The
subsequent chapter, Conclusions, will finalise the thesis by summarising the key results in
terms of answering the research questions that this thesis set out to answer.
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5. Conclusions

This project set out to advance the understanding of Martian habitability in preparation for
the eventual return of Martian samples to Earth as part of an MSR mission. Specifically, the
research undertaken in this project was orchestrated in order to tackle three main research

questions. To summarise:

Question 1 — What further information can be garnered concerning the past
habitability of Mars from the investigation of the aqueous alteration of the nakhlite

Martian meteorites?

Following work by Lee et al. (2018), this project has explored the investigation of nakhlite
iddingsite and its potential to illuminate the nature of the nakhlite launch site’s aqueous
alteration at 633 Ma. In particular, trends in the bulk composition, iddingsite composition,
and their relationship with crystallisation age (i.e. depth) were investigated to help
distinguish between two end-case scenarios for the nakhlite alteration. These are a low
water-rock ratio, ephemeral, interaction or a high water-rock ratio, potentially long-lived,
hydrothermal environment — which present vastly differing habitability potentials (Cockell
et al., 2016). It was found that:

e Observed trends supporting an ephemeral interaction and a hydrothermal
environment as the true nature of the Nakhlite launch site’s aqueous alteration.

e A low water-rock ratio transient alteration is ultimately favoured.

e APT holds the potential to provide novel insight into the nakhlite alteration —

assisting in discerning between these end-case scenarios.

Thus, in accordance with the first main project goal, this project has further developed the
interrogation of Martian meteorites in order to garner deeper insights into the past
habitability of Mars.

Question 2 — Can the interrogation of the Rhynie chert and Yellowstone Mars
terrestrial analogue sites guide and inform the analysis of returned Martian samples

in the search for preserved biosignatures?

One purpose of the inspection of the Rhynie chert and Yellowstone samples under the
analytical pipeline was to demonstrate how these techniques could be collaboratively

employed to gain strong insights into preserved fossils — serving to guide and inform the
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eventual analysis of returned Martian samples in the search for preserved biosignatures using

this analytical strategy. It was shown that:

e Methodology detailed in this project produced a wealth of information regarding
preserved fossils — demonstrating their potential usage on returned samples.
e Highlighted analytical avenues can be useful lines of investigation for interrogating

preserved organic features in returned samples.

Therefore, fulfilling the second main research goal, the successful utilisation of the analytical
pipeline on the Rhynie chert and Yellowstone fossils (and the analytical avenues explored
therein) can serve as a demonstration of the correlative usage of these techniques on future
returned Martian samples in the search for preserved biosignatures.

Question 3 — Can the analysis of terrestrial analogues develop and evaluate the

effectiveness of the analytical pipeline for planetary science applications?

The analytical pipeline was utilised to investigate the Rhynie chert and Yellowstone
analogue samples to better describe and understand the siliceously preserved fossils within.
The results obtained were used to evaluate the effectiveness of the pipeline in this specific
application and its potential effectiveness on returned Martian samples in the search for
preserved biosignatures. Furthermore, drawbacks with the pipeline encountered throughout
this project’s utilisation on the terrestrial analogue samples were discussed in order to

improve the pipeline. In summary:

e Strong insights into fossils in the analogue samples displayed the effectiveness of the
analytical pipeline.

e Multiple recommendations were proposed to improve the effectiveness of the
pipeline in response to key issues — developing the pipeline for future usage (e.g. on

returned Martian samples).

As such, it has been shown that the analysis of terrestrial analogues can both assess the
effectiveness of the analytical pipeline and illuminate areas of potential improvement —
ultimately serving to further advocate for the usage of this analytical strategy (and
specifically APT) on returned Martian samples in the investigation of preserved
biosignatures (and further planetary science applications), thus achieving the final main

project goal.
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Appendix

Appendix 1 - Nakhlite Compilation Supplementary Information

The nakhlite compilation was updated by incorporating new nakhlite iddingsite composition
data obtained by EDX measurements concerning nine nakhlites (Y-000593, Nakhla, Y-
000749, Y-000802, NWA 998, NWA 11013, MIL 090030, MIL 090032, and MIL 090136).
The EDX data for these nakhlites was collected by Sammy Griffin on the Carl ZEISS Sigma
Variable Pressure Analytical SEM at the University of Glasgow, which is equipped with an
Oxford Instruments X-Max silicon-drift EDX detector, directed by AZtec microanalysis
software. The data was collected following procedure outlined by Lee et al. (2018) — i.e.
using a 20 kV beam with 1 nA current, 60 s count time, high vacuum conditions, and
calibrated using similar mineral standards (specifically jadeite, periclase, apatite, pyrite,
wollastonite, rutile, rhodonite, almandine garnet, Ni-metal, diopside). Additionally, bulk
rock composition data for Y-000802 was included in the compilation as a new data point.
This was acquired by James Day following the same procedures, and in the same laboratory,
as outlined in both Udry and Day (2018) and Day et al. (2018) — i.e. by conventional Teflon
bomb digestion at the Scripps Isotope Geochemistry Laboratory, where the sample was
digested in Teflon-distilled HF and HNOs and, after further processing (e.g. heating to
150 °C for 72 hours and doping with indium), major element abundances were determined
using a ThermoScientific ICAP Qc quadrupole inductively coupled plasma mass
spectrometer. This was done such that all of their bulk analyses of the Martian meteorites

would be directly comparable.

The new EDX data set was filtered such that the values better reflected those of iddingsite.
To do this, a compilation of already published olivine-hosted iddingsite composition values
was produced for each nakhlite considered in this study — and the average of the sum of the
oxides (i.e. the average total weight percentage) was calculated. To then reduce the new data
set to be incorporated in this work, data points which had total weight percentages that fell
within £5% of this calculated literature average total weight percentage (for each individual
meteorite) were considered to be accurately reflecting EDX measurements of iddingsite and,
thus, were to be included in this study. These now-reduced values were then averaged into a
single oxide composition value and this average was then incorporated into the olivine-
hosted iddingsite composition as an extra data point. Finally, this new compilation

(containing the original published literature composition values and the new (reduced and
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averaged) value) was averaged and these oxide weight percentage values would then serve
as the olivine-hosted iddingsite oxide composition values in subsequent analyses. An
example utilisation of this process for Y-000593 is presented in the following working
(Appendix Table 1, Appendix Table 2, and Appendix Table 3).

Appendix Table 1 — Example literature-only olivine-hosted iddingsite composition compilation for Y-000593

| Literature-only Olivine lddingsite Composition (wt%)

Meteorite Author(s) MgO ALOs SiO: P.Os SO. CaO TiO. MnO FeO NiO Total
22;"6 etal. 2005 445 115 5200 000 - 004 004 051 2625 002 |8481
v _ | Imaeetal, 2005 448 007 2475 006 086 038 002 174 57.40 - 89.46
Vein | (B)
000593 Noguchi et al
Do " 380 056 5135 - 223 008 - 022 2566 ; 83.90
Hicksetal, 2014 250 1.1 37.80 040 152 030 - 100 37.89 - 82.21

Average: 85.10
“-“indicates that this value was below detection limits, not tested for, or not stated in the original source material
“(A, B, C, ...)”is used to differentiate multiple separate value sets taken from the same source publication
1. +5% of the average total

value from literature

(80.845 ——— 85.10 —— 89.355)
Lower Bound (-5%) Upper Bound (+5%)

2. Average of the values with a
total lying within these bounds

from the new Y-000593 data set
Appendix Table 2 — Example of reduced and averaged new Y-000593 olivine-hosted iddingsite composition values

| Olivine Iddingsite Composition (wt%)

Meteorite Author(s) MgO ALOs SiO. P:0s SO CaO TiO. MnO FeO NiO | Total
Y- . | Reduced New Data
000593 Vein (Average of 16) 422 082 4054 012 019 043 003 138 3510 0.03]| 8285

3. This average value is added

to the literature compilation

Appendix Table 3 — Example of the final, updated, olivine-hosted iddingsite oxide composition compilation for Y-000593

| Olivine Iddingsite Composition (wt%)

Meteorite Author(s) MgO ALOs Si0. P.0s SO, CaO TiO. MnO FeO NiO | Total
Ez)ae etal, 2005 45y 115 5200 000 - 004 004 051 2625 002 | 8481
Eg‘)ae etal., 2005 418 007 2475 006 086 038 002 174 5740 - | 8946
Y- . .
000593 | VeI g'ggg‘d“ etal, 380 056 5135 - 223 008 - 022 2566 - | 83.90
Hicksetal, 2014 250 110 3780 010 152 030 - 100 23789 - | 8221
Reduced New Data ) g5 4054 012 019 043 003 138 3510 003 | 8285
(Average of 16)
Average: 390 074 4129 007 120 025 003 097 3646 002 8465

“-“indicates that this value was below detection limits, not tested for, or not stated in the original source material
“(A, B, C, ...)” is used to differentiate multiple separate value sets taken from the same source publication
4. New average values used as
the Y-000593 olivine-hosted
iddingsite vein values in further

analyses
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It should be noted that for Y-000802, since no literature olivine-hosted iddingsite
composition values were found, this process was altered such that the average literature-only
total weight percentage (that would serve as the basis for determining the +5% bounds) was
instead calculated by taking the average of the average literature-only total weight
percentage of Y-000593 and Y-000749 (which are both paired meteorites of Y-000802).
Additionally, due to the inability to locate iddingsite vein composition data, the lack of
paired meteorites being considered in this study, and the quality of data which the new EDX
data presented, NWA 11013 was excluded from this process — and thus also excluded from
further analyses. Similarly, due to a lack of discovered pyroxene-hosted iddingsite
composition data and the varied quality of data present in the new EDX data sets, work
concerning the relationships of pyroxene-hosted iddingsite was also excluded from further

analyses.



89

Below are the raw data tables for the nakhlite literature compilation, including the new EDX

data. These include the individual values, the final averages, and their standard deviations.

Appendix Table 4 — Updated compilation of bulk rock and olivine-hosted iddingsite composition data for the nakhlites

| Oxide Composition (wt%)

Meteorite Author(s) MgO  ALOs  SiO:  P:0s SO: CaO TiO. MnO FeO NiO | Total
Igg'gma” etal. 1390 477 4910 009 055 070 001 048 2901 0.10 | 98.71
Kuebler et al.,
vein | 2008 990 455 4220 - ; 118 004 048 2720 - | 8555
Changela and 929 302 4100 - 012 126 006 091 2770 - | 8336
Lafavette Bridges, 2010
y Hicksetal, 2014 1130 3.00 4120 - 008 090 010 060 2859 - |85.77
1B§7°é°r etal., 1290 155 4690 - - 1340 033 079 2270 - | 9857
Bulk | Lodders, 1998 1290 247 4690 045 008 1340 042 050 21.60 - | 98.72
gg{g and Day, 1200 182 4990 012 - 1350 029 053 2140 - | 9956
EE;‘E etal, 2005 ;e 115 5200 000 @ - 004 004 051 2625 0028481
Eg‘;‘e etal, 2005 445 007 2475 006 086 038 002 174 5740 - | 89.46
ven | Noguchietal, - 3g0 056 5135 - 223 008 - 022 2566 - | 8390
Y- Hicksetal, 2014 250 110 37.80 010 152 030 - 100 3789 - | 8221
000593 New data set
vorace o 16) 422 082 4054 012 019 043 003 138 3510 003 | 8285
Shirai etal., 2002 1039 1.88 4757 0.00 ; 1427 029 051 1967 - | 9458
Imaeetal., 2003 1110 1.91 47.93 0.29 ; 1471 047 059 2171 - |9871
Bulk | Ouraetal., 2003 1020 2.00 47.60 - ; 1430 041 052 2240 - | 97.43
gg{g and Day, 1028 213 5200 013 - 1480 039 048 1910 - | 9931
Hallisetal,, 2012 648 0.6 4150 - 006 016 005 - 3320 - |8l61
Hicksetal,2014 750 0.0 3200 - 008 050 - 060 3629 - |77.07
Lee and
Vein | Chatzitheodoridis,  8.02 3.29 41.33 - - 0.76 - 0.41 27.36 - 81.17
2016
New data set
(average of 23) 542 0.89 37.95 005 009 049 003 068 3462 002 | 8024
Prior, 1912 (A) 1200 174 4897 - ; 1517 038 009 2079 - | 9914
Prior, 1912 (B) 1220 165 4998 - ; 1512 - - 1958 - | 9853
Prior, 1912 (C) 1461 069 4740 - ; 1520 - 085 2080 - | 99.55
Nakhla %‘;ﬁmhy etal, 1547 145 4824 012 - 1508 029 054 2063 - | 9882
Bunch and Reid, 11.80 157 4790 - - 1540 030 050 1850 - | 9597
Bulk ?grg'zbus etal, 1182 1.64 4933 0.10 - 1430 035 055 2170 - | 99.79
Lodders, 1998 1210 1.68 4860 0.3 ; 1470 034 049 2060 - | 9864
Anandetal., 2005 1143 209 4880 0.12 ; 1436 034 052 2171 - | 99.37
Udry and Day,
2018 () 1160 173 5000 0.11 ; 1500 032 051 2010 - | 99.37
gg{%’ ?S;i Day, 1730 202 5020 010 - 1500 035 050 19.80 - |99.27
Gilletetal, 2002 569 021 428 - ; 025 006 055 3645 - | 8603
Sautter et al.,
2002 (A) 596 0.80 41.26 0.00 ; 084 001 072 3836 004 |87.99
Vein | sautter et al.,
2002 (B) 599 002 4306 0.00 ; 010 003 053 3419 000 | 83.92
N8V1V7A Hicksetal., 2014 520 0.30 43.10 - 008  0.10 - 050 3400 - |8328
gggtzter etal,, 1031 328 5080 - - 1307 061 053 1984 - | 98.44
Bulk
gg{g and Day, 917 369 51.00 035 - 1310 064 046 1990 - | 9831
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Day et al., 2006

A 321 021 4490 - ; 008 005 066 37.60 - |86.71
(DBa)y etal, 2006 569 014 4490 - ; 006 005 062 3510 - |83.96
(Dé‘)y etal. 2006 500 011 4460 - - 009 006 070 3810 - | 86.86
E)S)y etal, 2006 597 041 4550 - ; 006 004 062 3580 - |8534
Vein gggger stal. 266 026 4056 020 092 002 007 059 3729 - |8257
MIL Imae and lkeda,
03345 2007 (A) 575 009 3236 0.00 013 005 127 5553 95.18
Imae and lkeda,
2007 (B) 357 226 4678 0.01 ; 021 003 052 3057 - |8395
Hallisetal., 2012 319 013 4270 004 052 018 - - 3698 - |8374
Stoparetal, 2013 310 010 4240 - 080 014 - 063 3780 - | 8497
Hicksetal,2014 310 070 4500 - 040 020 010 050 3346 - | 8346
Dalyetal,2019b 326 135 4553 - 046 012 007 054 3263 - | 8396
Anand etal,, 2005 933 359 4920 022 ; 1500 007 045 1923 - | 97.09
Byl | Dyetal, 2006 926 409 4950 023 005 1440 068 046 1910 - | 97.77
gg{%’ and Day, 926 352 5150 0.19 ; 1490 062 044 1820 - | 9863
'2\'(;’89“0“' etal. 355 041 5012 014 140 014 - 024 2785 - |8385
Vein | Hicksetal, 2014 480 080 3950 030 272 020 - 050 3319 - |8201
Y- New data set
000749 (avorans of 21) 536 187 3419 097 032 116 004 097 3838 002 | 83.28
Imae etal, 2003  11.08 201 4877 013 ; 1508 046 058 2116 - | 9927
Bulk ;’g{%’ andDay, 4551 212 5100 043 - 1360 037 050 2100 - |99.23
Y- | Vein | New dataset 354 099 3933 043 213 056 003 159 3478 001 | 83.38
000802 (average of 25)
Bulk | James Day* 11.09 188 4692 012 } 1382 036 052 2201 - | 96.72
Treiman and
ving 2008 () 446 210 3542 - - 297 015 100 3907 - |8517
Treiman and
Ve | g, 2008 &) 416 039 3786 - ; 306 000 071 4069 - |86.87
Treiman and
ving 2008 () 381 086 3904 - ; 309 002 072 3921 - |8645
New data set
NWA (averace o1 3) 799 093 3781 021 002 156 008 079 3613 0.02 | 8553
998 Treiman and
ving. 2008 (&) 1LT0 200 4740 - ; 138 050 050 2011 - |96.01
Treiman and
e | 1ving, 2008 8) 1170  2.80 4910 0.10 - 1400 050 050 1922 - |97.92
Udry and Day, _ R
2018 (A) 1230 142 5070 001 1420 033 050 20.10 99.56
Udry and Day,
2018 (B) 9.80 250 5680 021 ; 1140 052 040 1730 - | 9893
NWA Udry and Day,
11013 | BUK | 501 761 468 5370 031 - 1390 071 038 1670 - |97.99
Hallis and Taylor,
2011 (A) 625 036 4296 - 042 015 - 057 3252 - | 8323
. Hallis and Taylor,
il | Ve | o1 (@) 319 013 4271 004 052 018 - - 3703 - | 8380
090030 New data set
(vormir oF 34) 466 033 4406 004 055 016 004 061 3138 001 |81.83
Bulk gg{g andDay, 1577 369 4580 024 - 138 067 054 2310 - |9861
;'6""1'1'5 andTaylor, 54, 042 4316 048 - 028 003 065 3281 - |8117
Vein New data set
MIL (average of 26) 237 027 4099 006 057 022 003 060 3499 001 |80.11
090032
Bulk | Ydry and Day, 960 333 5180 014 - 1450 061 045 1830 - | 9873

2018
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Hallis and Taylor,

466 024 4266 002 048 008 - 078 3579 84.71
Vein 2011
New data set
MIIL Cvorace of 23) 313 023 4342 004 074 019 005 070 3386 001 |8237
090136 gg{%’w Day, 923 348 5200 0.19 - 1360 062 046 19.10 98.68
Bulk
Udry and Day,
2010 () 960 363 4950 024 - 1430 066 048 20.10 98.60

“-“ indicates that this value was below detection limits, not tested for, or not stated in the original source material

“(A, B, C, ...)” used to differentiate multiple separate value sets taken from the same source material

* This is the unpublished Y-000802 bulk value from analyses performed by James Day

Appendix Table 4 draws on multiple literature sources to compile a collection of bulk rock
and olivine-hosted iddingsite oxide composition values for Lafayette (Boctor et al., 1976;
Treiman et al., 1993; Lodders, 1998; Kuebler et al., 2004; Changela and Bridges, 2010;
Hicks et al., 2014; Udry and Day, 2018), Y-000593 (Shirai et al., 2002; Imae et al., 2003,
2005; Qura et al., 2003; Noguchi et al., 2009; Hicks et al., 2014; Udry and Day, 2018),
Nakhla (Prior, 1912; McCarthy et al., 1974; Bunch and Reid, 1975; Dreibus et al., 1982;
Lodders, 1998; Anand et al., 2005; Hallis et al., 2012; Hicks et al., 2014; Lee and
Chatzitheodoridis, 2016; Udry and Day, 2018), NWA 817 (Sautter et al., 2002; Gillet et al.,
2002; Hicks et al., 2014; Udry and Day, 2018), MIL 03346 (Sautter et al., 2002; Anand et
al., 2005; Day et al., 2006; Imae and Ikeda, 2007; Hallis et al., 2012; Stopar et al., 2013;
Hicks et al., 2014; Udry and Day, 2018; Daly et al., 2019b), Y-000749 (Imae et al., 2003;
Noguchi et al., 2009; Hicks et al., 2014; Udry and Day, 2018), Y-000802, NWA 998
(Treiman and Irving, 2008; Udry and Day, 2018), NWA 11013 (Udry and Day, 2018), MIL
090030 (Hallis and Taylor, 2011; Udry and Day, 2018), MIL 090032 (Hallis and Taylor,

2011; Udry and Day, 2018), and MIL 090136 (Hallis and Taylor, 2011; Udry and Day, 2018).

Appendix Table 5 is the final oxide values, and Appendix Table 6 is their associated standard

deviations.




Appendix Table 5 — Final updated average olivine-hosted iddingsite and bulk rock composition values used in the nakhlite composition graphs

6

Updated Average Olivine-hosted Iddingsite and Bulk Rock Oxide composition (wt%)

MgO AlOs SiO- P20Os SO2 CaO TiO2 MnO FeO NiO Total
Meteorite Vein Bulk Vein Bulk Vein Bulk Vein Bulk Vein Bulk Vein Bulk Vein Bulk Vein Bulk Vein Bulk Vein Bulk Vein Bulk
(Wt%)  (Wt%) | (Wt%)  (Wt%) | (Wt%) (Wt%) | (Wt%)  (wt%) | (Wt%)  (wit%) | (wt%)  (wit%) | (wt%)  (Wt%) | (Wt%)  (Wt%) | (Wt%)  (Wt%) | (Wt%)  (Wt%) | (Wt%)  (wt%)
Lafayette | 11.10 12.60 3.84 1.95 43.38  47.90 0.09 0.29 0.25 0.08 1.01 13.43 0.05 0.35 0.62 0.61 28.13 21.90 0.10 - 88.35 98.95
002)(5;93 3.90 10.49 0.74 1.98 41.29 48.78 0.07 0.14 1.20 - 0.25 14.52 0.03 0.39 0.97 0.53 36.46 20.72 0.02 - 84.65 97.51
Nakhla 6.85 12.13 1.11 1.63 38.20 48.94 0.05 0.11 0.08 - 0.48 14.93 0.04 0.33 0.56 0.51 32.87 20.42 0.02 - 80.02 98.85
N8V1V7A 5.71 9.74 0.33 3.49 42.56 50.90 0.00 0.35 0.08 - 0.32 13.09 0.03 0.63 0.58 0.50 35.75 19.87 0.02 - 85.31 98.38
Ol\?fl?:ke 3.37 9.28 0.52 3.73 43.20 50.07 0.06 0.21 0.62 0.05 0.12 14.77 0.06 0.46 0.67 0.45 37.35 18.84 - - 85,52 97.83
00g7'49 457 10.80 1.03 2.07 41.27  49.89 0.47 0.13 1.48 - 0.50 14.34 0.04 0.42 0.57 0.54 33.14 21.08 0.02 - 83.05 99.25
002)(2;02 3.54 11.09 0.99 1.88 39.33  46.92 0.43 0.12 2.13 - 0.56 13.82 0.03 0.36 1.59 0.52 34.78 22.01 0.01 - 83.38  96.72
Ng\gvéb\ 5.10 11.38 0.99 2.18 37.53 51.00 0.21 0.11 0.02 - 2.67 13.35 0.06 0.46 0.80 0.48 38.78 19.18 0.02 - 86.01 98.11
NWA
11013 - 7.61 - 4.68 - 53.70 - 0.31 - - - 13.90 - 0.71 - 0.38 - 16.70 - - 89.78  97.99
Ogggéo 4.70 10.77 0.27 3.69 43.24  45.80 0.04 0.24 0.50 - 0.16 13.80 0.04 0.67 0.59 0.54 33.64 23.10 0.01 - 82.95 98.61
ogg:)léz 2.86 9.60 0.34 3.33 42.07 51.80 0.27 0.14 0.57 - 0.25 14.50 0.03 0.61 0.63 0.45 33.90 18.30 0.01 - 80.64 98.73
Oggllléﬁ 3.89 9.46 0.24 3.56 43.04 50.75 0.03 0.22 0.61 - 0.13 13.95 0.05 0.64 0.74 0.47 34.83 19.60 0.01 - 83.54 98.64

@ e

indicates that there was no data located or produced for this value, thus an average could not be calculated

Note that the “Total” column is not a summation of the averaged oxide values, but an average of the individual total weight percentages for each quantity




Appendix Table 6 — Standard deviation of the respective average iddingsite or bulk oxide composition values reported in Appendix Table 5

Standard Deviation of: Iddingsite vs Bulk Composition (wt%) - Updated Literature Veins (only olivine) + Literature Bulk Averages

MgO AlOs SiO: P>0Os SO: Ca0 TiO2 MnO FeO NiO Total
Meteorite Vein Bulk Vein Bulk Vein Bulk Vein Bulk Vein Bulk Vein Bulk Vein Bulk Vein Bulk Vein Bulk Vein Bulk Vein Bulk
(Wit%)  (Wt%) | (Wt%) (Wi%) | (Wi%) (Wt%) | (Wt%) (Wt%) | (Wt%)  (wt%) | (wt%)  (wt%) | (wt%)  (wi%) | (wid)  (wi%) | (wi%)  (wi%) | (wi%)  (wi%) | (wi%)  (wi%)
Lafayette 2.05 0.52 0.96 0.47 3.85 1.73 ) 0.23 0.26 ) 0.26 0.06 0.04 0.07 0.20 0.16 0.82 0.70 ) ) 6.99 0.53
(C)] 3 4 3 4 (3) (2) 3 4) 3) 4) 3 4 3) 4 3) 4 3
Y-000593 0.86 0.41 0.44 0.11 11.21 2.16 0.05 0.15 0.87 ) 0.18 0.27 0.01 0.07 0.62 0.05 12.88 1.58 0.01 i 2.87 2.10
(5) 4) () 4) () 4 4 3 4) (5) 4) 3) 4) (5) (4) (5) 4) (2 (5) 4)
Nakhla 1.15 0.94 1.50 0.38 4.44 0.94 ) 0.01 0.02 ) 0.25 0.36 0.02 0.03 0.14 0.19 3.88 0.97 i i 2.05 1.09
(4) (10) 4) (10) 4) (10) (6) 3 4) (10) (2) (8) 3) (9) 4) (10) (4) (10)
NWA 817 0.37 0.81 0.33 0.29 0.88 0.14 0.00 ) ) ) 0.35 0.02 0.03 0.02 0.10 0.05 2.07 0.04 0.03 ) 2.14 0.09
4 (2) 4 (2) 4 2 (2) 4) (2 3) (2) 4 (2) 4 (2) 2 4 (2)
MIL 0.82 0.04 0.69 0.31 4.00 1.25 0.09 0.02 0.23 ) 0.06 0.32 0.02 0.34 0.22 0.01 6.50 0.56 ) ) 3.47 0.77
03346 (11) 3 (11) 3 (11) (3) 4 3 5) (11) 3) © 3 (10) 3 (11) (3) (11) 3
Y-000749 0.93 0.40 0.76 0.08 8.11 1.58 0.44 0.00 1.20 ) 0.57 1.05 ) 0.06 0.37 0.06 5.26 0.11 i i 0.94 0.03
(3 (2 3 (2 3 (2 (3) (2 3 3 (2 (2 3 (2 3 (2 (3) (2
Y-000802 - - - - - - - - - - - - - - - - - - - - - -
NWA 998 1.94 1.09 0.77 0.60 1.52 4.09 ) 0.10 i ) 0.74 1.31 0.07 0.09 0.13 0.05 1.91 1.32 i i 0.79 1.55
()] 4 4 4 4 ()] 3 4 4 4 4 4 4 4 (C)] ()] 4
NWA
11013 ) ) ) ) . . ) ) . . . . ) ) ) ) ) ) ) ) )
MIL 1.53 ) 0.13 ) 0.72 ) 0.00 ) 0.07 0.02 . . ) 0.03 ) 2.99 ) ) ) 1.01 )
090030 (3) 3 3 (2) 3 3) (2) 3 (3)
MIL 0.68 i 0.11 1.54 ) 0.30 i ) 0.04 ) 0.00 i 0.03 i 1.54 i i i 0.75 i
090032 (2) (2) (2) (2) (2) 2 (2) (2 (2
MIL 1.08 0.33 0.00 0.11 0.54 1.77 0.02 0.04 0.18 0.08 0.49 0.03 0.06 0.01 1.36 0.71 i i 1.66 0.06
090136 (2) (2 (2 (2 (2 (2) (2) (2 (2 (2 (2 (2 (2 (2 (2 (2 (2) (2

@ e

“(n)” represents the number of values that form the respective average value
Note that the “Total” column does not represent a summation of the oxide standard deviation values, but instead reflects the standard deviation of the average total weight percentage for each quantity

indicates where standard deviation was not applicable since the respective value is an “average” of either one or zero values

€6
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Isosurfaces (A) Isosurface (B)

Low density (whole sample) Low density (whole sample)

[l High density (whole sample) Si (reconstruction points)

| High water species density (OH +
OH, + OH,)

20 nm

A

Appendix Figure 3 — A) represents an isosurface diagram of Nakhlitel (the same as in Figure 10) included in this figure to
serve as a frame of reference for B) — an isosurface diagram displaying areas of low sample density plus Si reconstruction
points. Also included in B), near the top of the diagram, is a small cylinder corresponding to the “True water cylinder” in
Table 3 which, upon comparison to A), clearly overlaps with the area of high water species density that is not simply an
area of overall high density in the sample. The large cube in the centre depicts where the “Representative cube” was taken
from (in an area specifically chosen to avoid areas of high water species density) and the small cylinder in the lower left
relates to the “Pseudo water cylinder” volume (intentionally taken from area of high water species density that corresponds
with an area of overall high density in the sample).
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Appendix Figure 4 — A) is a combination of a reconstruction of Nakhlite2 along with a magnesium concentration isosurface
tuned to accentuate the olivine-iddingsite interface present within the sample. B) represents the full reconstruction of
Nakhlite2 with an annotated cylindrical volume from which the 1-dimensional concentration profile intersecting the
olivine-iddingsite interface was produced (along the centre of the cylinder). C) is another reconstruction of Nakhlite2 (only
displaying Mg points for clarity) that indicates the location of the “Olivine cylinder” volume (large cylinder in the bottom
portion overlapping with the large olivine section of the sample) and the “Iddingsite cylinder” (smaller cylinder in the top
left corresponding to the small iddingsite part of Nakhlite2) which are discussed in Table 3.
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