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Abstract

Water is arguably one of the most important components for life on Earth.
The abundance of water on Earth has allowed life to evolve and thrive over
billions of years, while (as far as we know) on other planetary bodies in
the Solar System this has not been the case. As a human 0f60% water
myself, | like to think of this as a journey of self discovery. Where did |
come from? How did | get here? In less philosophical terms, what was the
abundance, composition, and transport of water in the early Solar System?
Naturally, the best way to study this is by looking at materials left over

from that time period - undi erentiated meteorites.

The unequilibrated ordinary chondrites are a small group of meteorites
which have undergone little-to-no thermal or aqueous alteration while part
of their parent body. This provides a snapshot of what materials were
present in the inner Solar System (SS) during their parent body formation
within the rst 2 million years. Another interesting feature of UOCs is
that, at least for the least metamorphosed samples, previous studies have
found unusually high D/H ratios which have yet to be suitably explained.
Put simply, water D/H ratios are generally observed to increase with he-
liocentric distance, being lowest close to the Sun and highest in the outer

SS comets. UOCs of the lowest type exhibit D/H ratios on par with that



of comets, at odds with their inner SS formation location and potentially

requiring a reassessment of current water transport models in the SS.

Initially we carried out bulk analyses of a large suite of 21 UOCs, a mixture
of falls and nds ranging from subtypes 3.00-3.9. We measured water con-
tents for fall UOCs of the lowest subtypes of 1 wt%, and observed water
abundances to decrease with thermal metamorphism. Under the assump-
tion that all water in UOCs is likely to be hosted in the ne-grained matrix,
we calculated matrix water abundances up to 10 wt%, similar to that

of minimally aqueously altered CR and CM chondrites. We also measured
bulk D/H ratios for the lowest subtype UOCs to be some of the highest in
the SS(upto 4010 4;dD =1500% ), which we proposed to be due to the
accretion of a D-rich component at the time of formation. Following this we
carried outin situ analyses of the ne-grained matrix of 13 fall UOCs from
the bulk study. We found that in UOCs - 3.2, D/H and *3C/H produced
positive correlations due to mixing between D-poor hydrated material and
moderately D-rich organic material (up to 4.50 10 4; dD = 2,000% ).
Using this correlation we determined water D/H ratios (represented adD)
between -22 £ 93)f and -366 ¢ 118) , independent of petrologic type
and akin to that of hydrated CM and CV chondrites. From this we conclude
that OC parent bodies accreted water similar to that of CM and CV parent
bodies, eliminating the need for cometary water to be incorporated into OC
parent bodies but not other types of asteroid. Furthermore, this suggests
that water was ubiquitous across OC parent bodies, but higher type UOCs
have been desiccated by thermal metamorphism. By contrast, in the least
altered UOCs K 3.2) we observed 3-phase mixing between D-poor water,

moderately D-rich organics, and an extremely D-rich (upto 170 10 %

10



10,00¢ ) unidenti ed component which is apparently incredibly sensitive
to even minor thermal metamorphism. Finally, we carried out more detailed
analysis of the ne-grained matrix of the four meteorites with the highest
D/H ratios: Semarkona (LL3.00), Bishunpur (LL3.15), Ngawi (LL3.1-3.6
breccia), and Tieschitz (H/L3.6). Tieschitz was found to contain an abun-
dance of moderately D-rich ( 4.5 O 10 #; 2,000t ) organics, which we
propose to be intrinsic to the H/L parent body. By contrast, Semarkona,
Ngawi, and Bishunpur contain the previously identi ed D-rich unknown
component, with some hotspots exceeding 10,800 Using high resolution
transmission electron microscopy we found evidence of pristine amorphous
silicates in Ngawi and Bishunpur, previously independently found in Se-
markona, which appear to correlate with the extremely D-rich material.
We propose this amorphous material to be material preserved from the
D-rich molecular cloud, which was pervasive across OC parent bodies but

whose signature has been lost due to thermal metamorphism.

11
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CHAPTER 1. INTRODUCTION 18

1.1 The Solar System

1.1.1 Solar System Formation

The birth of our Solar System was initiated approximately 4.6 billion years
ago when the dense core of a cool giant molecular cloud, known as a presolar
cloud, gravitationally collapsed to form a protostar and a dusty, gaseous
protostellar disc. The rotational and geometrical features of the disc, also
known as the (proto)solar nebula (PSN), are necessary for the conservation
of angular momentum from the initial cloud. During the embedded stages
of protostellar evolution, prior to core ignition, calcium-aluminium rich
inclusions (CAIs), and subsequently chondrules, are believed to have formed
4.568 Gyr ago (Russell et al., 2006; Testi et al., 2014; Desch et al.,
2023; Piralla et al., 2023). Despite a number of proposed mechanisms for
both CAIl and chondrule formation, there is no agreement on which best
describe the two processes (e.g. Krot et al., 2018; Jaquet and Marrocchi,
2017; Hertwig et al., 2018; Johnson et al., 2018; Arakawa and Nakamoto,
2019). Initially the PSN would have been massive and stable; however, over
a few 16 years as gas slowly accreted onto the Class | protostar, the PSN
evolved to a low mass, unstable disc and consequentially star formation

was initiated (Gerbig et al., 2020).

At this point in protostellar and PSN evolution, the disc has reached a low

enough mass to be considered a protoplanetary disc (PPD). The protostar
transitioned into a main sequence star with a standard blackbody spec-
trum, and the gas in the protoplanetary disc began to dissipate by Solar
wind and photo-evaporation, whereby charged stellar particles and radia-

tion interact with gas molecules and drive them outwards (Suzuki et al.,
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2016; Booth and llee, 2019). Gas and dust in the disc are believed to have
coagulated through turbulence and brownian motion to form centimetre-
sized grains (Dullemond and Dominik, 2005; Blum and Wurm, 2008). Ex-
perimental studies indicate that at this point additional factors, such as
frost and magnetic particles, played a role in the agglomeration of grains
into larger, 50-100 m boulders (Dauphas and Chaussidon, 2011). Once the
gas disappeared, these boulders grew through hierarchical collisions in the
disc to form planetesimals or small Solar System bodies (SSSBs) (Bitsch et
al., 2019; Banzatti et al., 2020; Jang et al., 2022; Chambers, 2023). There
are a number of unresolved questions relating to planetesimal accretion,
such as the metre-sized barrier (e.g. Weidenschilling, 1977; Morbidelli and
Raymond, 2016), however these are outside the scope of this study. The
ultimate size of the planets that form in a protoplanetary disc is limited
by the total disc mass and the rate of accretion/dissipation. Speci ¢ plane-
tary size in the Solar System will have also been a ected by the position of
the planet's formation location relative to the snow line. Beyond the snow
line, volatile compounds such as D and CO, can condense into solid ice
grains, allowing for these ices to be captured by the quickly growing giant
planets (Martin and Livio, 2012). Current models place the snow line in the
same region as the asteroid belt, between Mars and Jupiter (Lecar et al.,
2006), however since it is almost entirely dependent on Solar temperature
its position will have changed during the course of PPD evolution (Oka et
al., 2011; Liu et al, 2017; Xiao et al, 2017). Some models suggest it would
have lain between 3.2 { 5.2 AU in the PSN (Podolak and Zucker, 2004; Min
et al., 2011), indicating it has migrated inwards over the past few billion

years. However, others propose that at the time of planetesimal formation
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it was closer to where it currently lies, at around 2.7 AU (Martin and Livio,
2012). Due to the theoretical nature of this calculation, the evolution of the

snow line is an ongoing debate.

1.1.2 Formation of Planetary Bodies

Thermodynamic calculations provide insight into the condensation se-
guence of mineral phases in the PSN (e.g. Grossman, 1972; Lodders
and Fegley, 1999; Ebel, 2006; Komatsu et al., 2018; Marrocchi et al.,
2019; Wood et al., 2019). In a low-pressure system where liquids are
thermodynamically unstable, the rst materials to condense at high
temperatures are the minerals which are found in refractory inclusions
(Ebel, 2006). These were followed by minerals which condense directly at
progressively lower temperatures and eventually those which form through
secondary processing, as will be described in more detail in section 1.2.1
(Hazen et al., 2008). In theory this sequence can be applied to determine
when and where in a Solar nebula asteroids and comets formed, however
in reality observations of asteroids and comets, and laboratory studies of
meteorites indicate a far more complicated evolution than is predicted by

modelling and simulations.

It is generally assumed that planet formation in the early Solar System had
multiple stages, from the initial evolution of solids in the protoplanetary

disc to the resultant large-scale planetary bodies seen today. Initially the
inner regions of the PPD exceeded 2000 K at which point all materials
in the inner nebula would have been entirely gaseous (Blum and Wurm,

2008). First to condense from nebular gas were sub-micron grains which
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mixed with presolar grains from the interstellar medium (ISM) and molec-
ular cloud (Alexander, 2001; Scott and Krot, 2005). Refractory objects such
as CAls show evidence of high temperature (1300-1500 K) condensation di-
rectly from gas in the PSN, likely close to the protosun (Grossman 1972;
Grossman et al., 2000; Dauphas and Chaussidon, 2011; Desch et al., 2023).
Similarly, chondrules are expected to have formed early in the PSN but at
a later time and lower temperatures (Scott and Krot, 2005; Pirella et al.,
2023). Collisions within the disc resulted in the coagulation of dust grains
and refractory inclusions into centimetre to metre-sized planetesimals in rel-
atively short time periods, which through so-called pebble accretion could
theoretically produce cores in the outer SS up to 10 Earth masses in periods
of a few 10 years (Lambrechts and Johansen, 2012; Levison et al., 2015;
Visser and Ormel, 2016; Bitsch et al., 2019). In the inner SS, modelling
suggests that a number of Moon and Mars sized bodies with radii 1000

- 5000 km formed and underwent hierarchical collisions with other small
Solar System bodies to establish the terrestrial planets over a few tens of

millions of years (Dauphas and Chaussidon, 2011).

1.1.3 Asteroids

The vast majority of extraterrestrial material delivered to Earth originates

in the main asteroid belt (MAB) (Grady and Wright, 2006), a region of
the inner Solar System between the orbits of Mars and Jupiter (2 - 4
AU from the Sun) (Fig. 1.1). Within this belt reside a number of SSSBs -
objects whose orbits centre on the Sun but are too small to be considered

planets and dwarf planets (Capitaine, 2006). Given a large enough mass,
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a body is able to overcome its initial shape and instead assume hydro-
static equilibrium, where it becomes spherically symmetrical (Capitaine,
2006). Objects such as comets and asteroids do not have su cient mass for
self-gravity to take over, and therefore retain their irregular, asymmetric
morphologies. Some of the largest asteroids, such as Vesta, are approaching
spherical symmetry but retain partially ellipsoid structures (Russel et al.,
2012). By contrast, Ceres - the largest object in the asteroid belt - is nearly
perfectly spherical and thus characterised as a dwarf planet (e.g. McCord et
al., 2022). There are additional asteroid groups, such as the Jupiter family
Greeks and Trojans, which lie at the stable Lagrangian points co-orbital
with the ice giant, as shown in Fig. 1.1, however these are not the focus of

this work.

Comets mostly comprise of a mixture of water, CO, and NHces, and dust
particles, as determined through remote observations, y-bys (e.g. New
Horizons, ICE), a rendezvous, escort, and lander deployment onto Comet
67P/Churyumov-Gerasimenko by Rosetta, and returned particles from the
Stardust mission. The majority are thought to have formed further out in
the cold regions of the PSN (Bockeke-Morvan et al., 2004; Mumma and
Charnley, 2011; Ootsubo et al., 2012), althoughn situ measurements of
some returned samples of the coma of 81P/Comet Wild2 from the Star-
dust mission have identi ed a considerable contribution of high temperature
(> 1000 K) phases similar to chondrules (Nakamura et al., 2008; Ogliore et
al., 2012) and CAls (Schmitz et al., 2009), components associated with
the warm inner Solar System, which may be indicative of early outwards
transport of material from the inner PSN. On the other hand, asteroids

tend to be predominantly rocky and mostly preside in the warmer inner
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regions of the Solar System in the MAB. Asteroids and comets whose orbits
bring them within Earth's proximity (perihelion g < 1.3 AU) are known
as Near Earth Objects (NEOs) (Morbidelli et al., 2002) and can be sub-
divided into near earth asteroids (NEASs), which make up the majority of
NEOs, and near earth comets (NECs). Although generally considered to
be distinct populations, some asteroids exhibit comet-like characteristics
and may even be burnt-out comets (Rivkin and Emery, 2010; Jewitt et al.,

2013; Carbognani and Buzzoni, 2020).

Figure 1.1: Cartoon of the inner Solar System indicating the positions of

the planets, main asteroid belt, Greeks, and Trojans.
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Of the millions of asteroid in the Solar System over 100,000 have had at
least some kind of physical characterisation, however the chemical composi-
tion of only a minute fraction of these has been determined (Lazzaro et al.,
2004; DeMeo et al., 2015). Spectroscopic observations from visible to mid-
infrared (IR) allow for asteroids to initially be divided into 3 groups based
on band colour, albedo, and emission spectrum shape: Carbon-rich (C-
type), Silicate/stony (Stype), and other (U-type) (Chapman et al., 1975).
As observational resolution has improved, more types have become appar-
ent and the taxonomy has been expanded to make up a total of over 20

types (Lazzaro et al., 2004; DeMeo et al., 2009).

Asteroids with initial low masses € 100 km; Johansen et al., 2015) and/or
that formed after the decay of most short-lived radioisotope (such &8Al)
are believed to be undi erentiated, meaning they have not undergone heat-
ing to the point of partial melting and separation into distinct layers of
material (McCoy et al., 2006). The surface and interior of undi erentiated
objects is described as chondritic. Various spectroscopic studies of both
asteroids and meteorites indicate that chondrites, the focus of this work,
originate mostly from C-type and S-type asteroids (Weisberg et al., 2006;
Takir et al., 2019).

Although the vast majority of meteorites originate from the asteroid belt,
evidence for two isotopically distinct parent populations, the carbonaceous
(CC) and non-carbonaceous (NC) groups, have been found. These groups
were determined based on isotope variations for many elements, including
Cr, Ti, O, Ni, and Mo (Warren, 2011a, b; Kruijer et al., 2017; Scott et
al., 2018). This is known as the isotope dichotomy, and is likely a result of

two individual populations of asteroids forming at di erent locations in the
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Solar System. The NC reservoir likely formed in the inner Solar System,
while the CCs accreted in the outer Solar System beyond Jupiter, and were

later scattered into the inner Solar System (Kruijer et al., 2020).
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1.2 Meteorites

When SSSBs collide, the impact can cause portions of the parent body to
break away and produce small solid fragments known as meteoroids. These
meteoroids may remain in synchronous orbit with their parent body, or
their orbits may become more eccentric across the Solar System through
gravitational perturbations and/or further impacts. Meteoroids produced

in the main asteroid belt are able to escape through orbital resonance and
Yarkovsky thermal drift (Bottke Jr. et al., 2006; Noonan et al., 2019), and
may head towards Earth. What we observe as shooting stars are actually
meteors - small meteoroids entering the Earth's atmosphere and vaporising.
It is possible for objects larger than 10 cm, or slower than 20 km st

to survive ablation by the atmosphere and make it to the surface, at which
point they become known as meteorites (Ceplecha et al., 1998; Popova,
2005; Campbell-Brown, 2019; Koschny et al., 2019). The vast majority of
meteors are cometary rocks which originate from cometary tails, whereas
meteorites usually have fragmented from an asteroid (Kortenkamp and
Dermott, 1998; Nesvorry et al., 2010; Borovcka et al., 2019). However,
due to the necessary collisional, thermal, and gravitational e ects required
for a meteorite to be ejected from the asteroid belt, we are likely only
receiving samples from less than 2% of the total population of the belt
(Grady and Wright, 2006). A full classi cation of all meteorite types is
shown in Fig. 1.2.
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1.2.1 Chondrites

The most common type of meteorites are chondritic meteorites - stony
rocks originating from bodies that have undergone no melting or dier-
entiation (ignoring any impact e ects such as shock melting). They are
thought to be fragments of small to medium sized S-type, C-type, D-type,
and V-type main-belt asteroids, and make up 85% of all meteorites that
fall to Earth (Grady and Wright, 2006). Approximately 65,000 chondrites
have been found to date (The Meteoritical Bulletin, 2023), which have been
divided into a total of 15 groups: 8 carbonaceous chondrite groups (CC),
3 ordinary chondrite groups (OC), 2 enstatite chondrite groups (EC), Ru-
muruti chondrites (RC) and Kakangari chondrites (KC) (Weisberg et al.,
2006).

Chondrites contain a type of refractory inclusions known as CAIls, which
are believed to have condensed directly from gas to solid in the PSN prior
to its dispersion (Lodders, 2003) Measurement of ages based?®hl decay
and the 2°’Pb/ ?°°Pb chronometers in CAls indicate a mean age of 4568
+ 0.16 Myr (Desch et al., 2023; Piralla et al., 2023). At the latest these
CAls were being produced 0.7 million years after the protosun formation
(Connolly et al., 2006), making them some of the rst grains to condense out
of the PSN. Their formation is, therefore, often de ned as the beginning of
the Solar System, t = 0. The higher initial?Al abundance in CAls relative
to chondrules indicates that they began forming rst (Desch et al., 2023),
with chondrule formation taking place approximately 1-2 million years later

(Amelin et al., 2002; Desch et al., 2023; Piralla et al., 2023).



Figure 1.2: Diagram showing the classi cation groups of all meteorite types. As discussed, the undi erentiated chondritic
meteorites provide the best insight into early Solar System conditions. Highlighted in green are the ordinary chondrites,
which are the focus of this work and will be further explored in section 1.2.2.
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Another type of refractory inclusion found in chondrites is the amoeboid
olivine aggregates (AOA). These are more dominant than CAIs in many
carbonaceous chondrite groups (excluding CB-types) (Krot et al., 2004),
and equally as rare in ordinary and enstatite chondrites (Scott and Krot,
2007). Like CAls, AOAs likely condensed early on from PSN gas (Marroc-
chi et al., 2019), allowing information about the physical, as well as the
oxygen and magnesium (Itoh et al., 2007; Sanders, 2015) isotopic condi-
tions of the early Solar System to be determined (Krot et al., 2002; 2004).
However, unlike CAls, they are generally more coarse-grained and rounded
(Zolensky et al., 2018). A more abundant component of chondrites is the
(sub)spherical chondrules, from which the term chondrite originates. These
are generally small (100 - 200Qam) particles formed of ferromagnesian sil-
icate minerals such as olivine and pyroxene, as well as metals, oxides and
sul des (e.g. Krot et al., 2009; Hezel et al., 2018; Ebert et al., 2022). A
proposed mechanism for chondrule formation is the condensation of dust
directly from the PSN, which was aggregated up to 100gm and ash
heated, causing them to melt, then subsequently cool and crystallise into
chondrules (Morris et al., 2012; Pape et al., 2019). An alternative proposed
mechanism suggests chondrules may be a result of 'impact jetting' from
planetesimal collisions (Asphaug et al., 2011; Johnson et al., 2015; Lichten-
berg et al., 2018). Whatever the mechanism, these chondrules were formed
and then accreted into planetesimals. The bulk non-volatile geochemistry
(Fe, Si, Ca, etc.) of primitive chondrules from unequilibrated chondrites is
similar to the chemistry of the PSN (Grossman and Wasson, 1983; Libourel
et al., 2006; Pape et al., 2019). However, chemical compositions of chon-

drules in aqueously or thermally modi ed chondrites have been modi ed



CHAPTER 1. INTRODUCTION 30

by these parent-body processes.

Chondrule textures reveal information about the formation conditions of
these molten spheres. For example, Fig. 1.3a shows a chondrule with small,
almost geometrically organised bars, known as a cryptocrystalline chon-
drule (Varela, 2019). Such textures were produced when liquid spheres
were heated to peak temperatures ranging from 1450 K to over 2200
K, destroying most or all of the nucleation sites, and then cooled quickly
at rates of 1000 - 3000 K ht, inducing the growth of primarily olivine
and pyroxene crystals (Lauretta et al., 2006; Weyrauch and Bischo , 2012;
Jones et al., 2018). Molten droplets that were heated to slightly lower peak
temperatures, leaving a few nucleation sites but still above the liquidus,
and that cooled more slowly ( 500 - 3000 K h?') allowed more time for
larger crystals to form, producing barred chondrules (Varela et al., 2006;
Jones et al., 2018). Spherules heated to below the liquidus temperature re-
tained many nucleation sites and cooled at even slower rates of 10 to 1000 K
h 1, which allowed larger crystals to form. These are known as porphyritic
chondrules (Piani et al., 2016; Jones et al., 2018), an example of which is

shown in Fig. 1.3b.

The abundance and composition of chondrules varies between chondrite
groups. Carbonaceous chondrites are on average found to have the smallest
fraction of chondrules, ranging from 20 - 70%, with CI chondrites having

no chondrules at all. Chondrule size in CCs has a similarly wide range,
from D, = 0.02 mm for CH chondrites to D,, up to 1 cm for CBa chon-
drites (Friedrich et al., 2015). On the other hand, ordinary and enstatite
chondrites comprise of 60 - 80% chondrules with average diameters of

1 mm (Weisberg et al., 2006).
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Figure 1.3: Backscattered electron (BSE) image of a) a cryptocrystalline
chondrule in Bishunpur (LL3.15 meteorite) containing small olivine and/or
pyroxene crystals that crystallised out of a metal-poor silicate droplet, b)
a porphyritic chondrule in Semarkona (LL3.00) containing large, elongated
pyroxene and rounded olivine crystals, as well as interstitial mesostasis and
small metal grains.

Surrounding the millimetre-sized chondrules and refractory inclusions of
many chondrites is a porous, ne-grained matrix comprised of varying pro-
portions of silicate dust, pre-solar grains, organics, and minerals including
olivine, pyroxene, plagioclase, and sul des (e.g. Huss et al., 1981; Scott and
Krot, 2005; Hezel and Palme, 2010). Due to the ne grain size and rela-
tively high porosity, minerals in the matrix are more susceptible to aqueous
alteration as evidenced by, for example, the formation of hydrated phases
such as phyllosilicates (Scott and Krot, 2007; Abreu and Brearley, 2010;
Singerling and Brearley, 2018). Additionally, the presence of organics in
the matrix make it a prime target for studies on the delivery of compo-

nents necessary for life.
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Figure 1.4: Scale of petrologic type ranging from 1 to 6, where 1 is the most
agueously altered type, 3 is the most pristine, and 6 is the most thermally
metamorphosed type.

Although chemically unaltered, almost all chondrites have undergone some
alteration processes, re ected by their petrologic type. This is de ned as
a scale ranging from 1 to 6 based on the extent of thermal or aqueous al-
teration, as is shown in Fig. 1.4. Type 3.00 chondrites are considered the
most pristine, meaning they have undergone the least alteration since their
formation 4.6 Ga. As petrologic type decreases from 3.00, aqueous alter-
ation increases, with type 1 being almost entirely hydrated (Rubin, 2012;
King et al., 2017). Carbonaceous chondrites dominate the low petrologic
types, with only CI, CM, and CR chondrites occurring as petrologic type
1. Fig. 1.5 shows a BSE image of a polished section of the CI1 chondrite
Ivuna, with a visible lack of CAls and chondrules, instead comprising only
matrix. On the other hand, as petrologic type increases from 3 to 6 the
level of thermal metamorphism undergone while part of the parent body
increases. Most chondrites have undergone pre-terrestrial heating of some
kind while part of their parent body. There are a variety of ways that this
heating may have occurred, such as through the decay of short-lived ra-
dioisotopes ¢°Al , ®©Fe, etc), impacts, and Solar heating (Ghosh et al.,
2006). Additionally to the integer scale for thermal metamorphism, varia-
tion between some type 3 chondrites is almost as great as between 4 - 6

and therefore type 3 has been subdivided into additional subtypes ranging
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from 3.0 to 3.9 (Sears et al., 1980), with a further subdivision of 3.00 to

3.15 proposed by Grossman and Brearley (2005).

Figure 1.5: SEM image of the type CI1 chondrite, Ivuna, showing the high
abundance of ne-grained matrix (King et al., 2020).

An alternative method of determining petrologic type has been proposed,
which subdivides type 3 chondrites based on their C3?Xe, and %°Ar con-
tents (Anders and Zadnik, 1985). The outcome of this can be a vastly dif-
ferent petrologic type for a given meteorite, for example the LL chondrite
Krymka (a sample that will be returned to in this thesis) was determined to
be types 3.2 and 3.6 - 3.7 based on metamorphic and volatile classi cation,
respectively. On the other hand some samples, such as the LL3.00 chon-

drite Semarkona, were determined to have the same or similar petrologic
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types by both methods (Anders and Zadnik, 1985). Although this method
of petrologic characterisation is not the standard, and will therefore not
be adopted in this project, it is important to bear in mind how di erent

methods of characterisation can provide di erent petrologic types for the

same samples.

1.2.1.1 Ordinary Chondrites

Ordinary Chondrites (OCs) are the most common type of meteorites, mak-
ing up 80% of all meteorites found on Earth (hence the name). They have
been found to contain traces of some volatiles (water/organic compounds),
but to a relatively low degree (Alexander et al., 1989a; Sears et al., 1995;
Dobria et al., 2019). They are thought to have formed in the inner aster-
oid belt as S-type asteroids and, despite decades of research, their volatile
inventory has not been studied extensively. They are characteristically low
in refractory lithophile element abundances (e.g. they have low ratios of
Ca, Al, Ti, against Si) compared to Solar or carbonaceous chondrite abun-
dances. They are divided into 3 main types: H chondrites have a high iron
abundance, L chondrites have a lower total iron content, and LL chondrites
have the lowest iron content as well as the lowest total metal abundance.
These chondrites are the focus of this project and will therefore be further

explored in section 1.2.2.

1.2.1.2 Carbonaceous Chondrites

Carbonaceous chondrites (CCs) are far less common, comprising less than
5% of chondrites, however they vary more signi cantly between types than

OCs. They are divided into 8 main groups based on their composition
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and are termed CX, where X is replaced by the rst letter of the name
of a prominent meteorite in the group, usually a fall. For example, the
ClI chondrites are named after the Ivuna meteorite, which fell in Tanzania
in 1938 (Weisberg et al., 2006). All groups of the CCs are summarised in
Fig. 1.2. CCs are generally characterised by lower chondrule abundances,
but higher matrix and CAI/AOA abundances relative to OCs (Weisberg

et al.,, 2006). Based on both asteroid and meteorit@ situ spectroscopy,
they likely originate from C-type or D-type asteroids (Takir et al., 2019),
which are believed to have formed in the outer Solar System. However, this
suggestion is at odds with the idea of CAIs/AOAs forming in the inner

Solar System and needs to be reconciled (Desch et al., 2011a,b).

1.2.1.3 Enstatite Chondrites

Enstatite chondrites (ECs) are highly reduced, with iron mostly in a metal-
lic or sul de state, and the dominant silicate mineral pyroxene being close
to endmember enstatite, MgSi@. The reduced nature of ECs indicates that
they were formed in the inner Solar System. Furthermore, with only 0.44

+ 0.04 wt% water for the least thermally metamorphosed samples, they are
also some of the driest objects within the Solar System (Hutson and Ruz-
icka, 2000; Piani et al., 2020). Despite their low water abundance, according
to models it is still likely that ECs contributed a substantial amount to the
Earth's water inventory (Piani et al., 2020). They make up little over 1%
of chondrites that fall to Earth, comprising< 700 of the tens of thousands
of chondrites found (The Meteoritical Bulletin, 2023). Similarly to OCs,
they are divided into groups based on their Fe content: EH (high) and EL

(low). They tend to have high chondrule, CAIl, and AOA abundances and
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the lowest average matrix abundance of all the chondrites (Weisberg et al.,

2006).

1.2.1.4 Other Chondrites

Finally, there are two additional types of chondrites, known as Rumuruti
and Kakangari chondrites (RCs and KCs respectively), which do not fall
into the groups described above due to a number of compositional, petro-
graphic, and isotopic di erences (Kallemeyn et al., 1996). These are rarer
than other chondrite classes, with only a 300 RCs and 4 KCs ever found
(The Meteoritical Bulletin, 2023). RCs share a number of similarities with
OCs, however they have a distinct oxygen isotope composition and poten-
tially di erent formation conditions that sets them apart from OCs (Kalle-
meyn et al., 1996; Bischo et al., 2011; Regnault et al., 2021). Conversely
KCs are found to have CC-like O isotope ratios, OC-like refractory el-
ement abundances, and EC-like metal concentrations (Nagashima et al.,

2015).

1.2.2 Ordinary Chondrites

As was briey described in section 1.2.1, OCs are a type of chondritic
meteorite characterised by their high chondrule abundances, low matrix
abundances, and very low amounts of CAIs/AOAs (Weisberg et al., 2006).
They have a lower matrix abundance than that of CCs (typically 10 - 15%

and > 40% of their volumes, respectively), and refractory inclusions such
as CAls are exceedingly rare, making up less than 1% of their volume

(Weisberg et al., 2006).

As is shown in Fig. 1.2, OCs are divided into three types based on their bulk
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chemistry and mineralogical content. The H group have metal abundances
of 8 vol%, substantial quantities of which exist as metallic iron (total
Fe 28 wt%, which includes Fe in silicates, sul des, metals, and oxides)
(Vernazza et al., 2015). They likely originate from the large S-type main
belt asteroid 6 Hebe, or otherwise from small NEOs which impacted with
or originated from 6 Hebe (Ga ey and Gilbert, 1998). On the other hand
L chondrites have a total metal content of 4 vol% (22 wt% bulk iron)
and larger average chondrule diameters relative to the H group (Weisberg
et al., 2006; Vernazza et al., 2015). Over 60% of L chondrites have been
characterised as petrologic type 6, indicating a large parent body which un-
derwent signi cant heating (Nesvorry et al., 2002). Finally, LL chondrites
make up only about 10% of OCs. They have a low total metal content of
only 1.5 vol%, accompanied by a low bulk iron content (Grady, 2000;
Vernazza et al., 2015). Most of their iron exists in the form of & in
silicates such as olivine, (Mg,FeBiO,, which are also abundant in H and
L chondrites. Samples of the S-type asteroid Itokawa, obtained with the
Hayabusa spacecraft, correspond to LL chondrites, indicating their origin
to be from Itokawa-like NEAs or similar bodies in the main belt (Yoshikawa

et al., 2007).

As discussed above, ordinary chondrites range from petrologic types 3.00
- 6. Although parent body aqueous alteration is common in CCs, where
many chondrules and primitive textures have been altered or destroyed,
it is not commonly observed in ordinary chondrites. Nevertheless, studies
of some of the least thermally metamorphosed OCs (such as Semarkona,

LL3.00, and Bishunpur, LL3.15) indicate that they have undergone situ
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hydrous alteration (Alexander et al., 1989a; Dobria et al., 2019). Further-
more, evidence for minor hydration has been found in the more thermally
metamorphosed UOCs Chainpur (LL3.4) and Parnallee (LL3.6) (Krot et
al., 2006). Alongside a number of other UOCs, we have investigated these

meteorites during the course of this work.

1.2.3 Unequilibrated Ordinary Chondrites

Unequilibrated ordinary chondrites (UOCs) are the most primitive type
of ordinary chondrite, having avoided both agueous alteration and thermal
metamorphism to a large extent. They are classi ed as type 3 on the petro-
logic scale, represented by the green panel in Fig. 1.4. Between subtypes
3.00 - 3.9 there are a number of textural changes that occur to UOCs based
on the level of thermal metamorphism. Subtype is primarily determined by
a chondrite's induced thermoluminescence (TL) (Sears et al., 1980), which
works on the principle that during metamorphism, feldspar crystallises and
traps energy in the form of excited states. Upon heating the sample, these
trapped states result in the emission of photons, which can be measured
to determine the extent of initial heating (Sears et al., 1980; Keizars et
al., 2008). TL is able to track metamorphism to an order ot 0.1 subtype
(Sears et al., 1980), making it bene cial for determining subtypes 3.1 - 3.9.
However to distinguish types 3.00, 3.05, 3.10, and 3.15, additional mea-
surements must be obtained, such as determining the distribution of Cr in
olivine, the abundance of S in the matrix, and measuring alkali element
variations in chondrules (Grossman and Brearley, 2005). Other methods
to establish petrologic type include determining the composition of olivine

and pyroxene, and observing any microstructural features (Pittarello et al.,
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2015). Previous work has found that relative to L and LL chondrites there
are few H chondrites of subtypes 3.5 (Benoit et al., 2002). OC miner-
alogy generally comprises of silicates such as olivine, pyroxene, feldspar,
metals, and sul des in varying abundances, as well as lower quantities of
phyllosilicates, phosphates, chromite, and other minerals. The di erent sil-
icate minerals are distinguished by their chemical structures and elemental

compositions.

Signi cant di erences can be found in the mineralogy of dierent types
of OCs, especially in UOCs, as thermal metamorphism increases. In sub-
types 3.00 - 3.2, ne-grained forsterite can be found in the matrix, and the
presence of hydrated minerals has been detected in the porous matrix of
some meteorites (Alexander et al., 1989a; Dobria et al., 2018). As thermal
metamorphism increases in types 3.00 to 3.2, £33 distribution in fer-
roan olivine has changes from Cr-rich, zoned ferroan olivine to increasingly
homogeneous grains with lower GOz content (Grossman and Brearley,

2005).

In these low petrologic types, evidence of hydration in the matrix has been
found in a few samples. This hydration is characterised by the formation
of secondary phyllosilicates, Ni-bearing sul des, ferrous olivine, magnetite,
and bleached chondrules (e.g. Alexander et al., 1989a; Krot et al., 1997;
Grossman et al., 2000; Krot et al., 2006; Dobria et al., 2018), as will
be further discussed in section 1.3.2. As thermal metamorphism increases,
grains within the matrix increase in size, making it less porous and induc-
ing the devolatilisation of hydrated phases. Above subtype 3.2, the amount
of ne-grained forsterite in the matrix is signi cantly reduced, as it is con-

verted to Fe-rich olivine. Plagioclase grains grow, and the small Fe,Ni and
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FeS grains found in the matrices of very low petrologic type UOCs begin
to coalesce into coarser grains (Huss et al., 2006). Furthermore, the alkali
content in matrices is found to increase in petrologic subtypes 3.2, which

is taken as an indicator of secondary feldspar crystallisation in the matrix
(Grossman and Brearley, 2005). Unlike olivine, pyroxene undergoes compo-
sitional changes as a result thermal metamorphism at higher temperatures
(Table 1.1; Huss et al., 2006). Monoclinic pyroxene is usually an indicator
of high Ca, however in chondrules which were cooled very quickly it is pos-
sible to have clinoenstatite (low Ca monoclinic pyroxene). As chondrules
are increasingly heated (type 4+) pyroxene transforms from monoclinic to

orthohombic (Huss et al., 2006).

Chondrites of petrologic type> 4 are described as equilibrated, where
smaller grains increase in size, and the composition of the minerals be-
comes increasingly homogeneous (Weisberg et al., 2006). A summary of
the mineralogical changes observed with increasing petrologic type can be
found in Table 1.1. Generally, the onset of parent body heating for all
OCs is thought to have been between 2-3 Myr after CAIl formation, and
at around 3 Myr the thermal histories of di erent petrologic types of OCs
diverged. Type 3 UOCs had a slower rate of heating, reaching a peak at 4-5
Myr of up to 950 K for the most thermally metamorphosed UOCs, and
up to <500 K for UOCs of lower subtypes, before returning to a base of
475 K by 25 Myr (Alexander et al., 1989b; Lewis and Jones 2019). Type
4-5 OCs follow a similar thermal history, but reached peak temperatures
of 1100 K and have nished cooling after 50 Myr (Lewis et al., 2022).

By contrast, type 6 OCs reached temperatures of 1200 K and remained
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at this peak metamorphic temperature for around 200 Myr before begin-
ning to cool (Scott and Krot, 2014; Lewis and Jones, 2016; Lewis et al.,

2022).



Table 1.1: Simpli ed table adapted from Huss et al. (2006) summarising mineralogical changes that occur in ordinary

chondrites with increasing thermal metamorphism.

Petrologic type

Category Parameter
3.00 3.1 32|33/34|35/36|3.7(38| 39 4 5 6
Carbon (wt%) 0.3-0.6 0.2-0.5 <0.3
Bulk Composition
H20 (wt%) 1.0-2.6 <1.0
Hydrated phases Abundant Present Absent Matrix absent
Presolar graphite Present Absent Matrix absent
Presolar diamonds Decreasing Absent Matrix absent
Matrix
FeO/(FeO + MgO) >1.4 1.1-14 <11 Matrix absent
Recrystallisation (%) <20 >20% 100 Matrix absent
Sulphur content (wt%) >1.0 0.5-1.0 <05 Matrix absent
Secondary feldspar| grain size (micron) Submicrometer 2 2-10 50
Olivine Fa (PMD) >30 20-3 0 5-20 <5
Type Il chondrules CR,03 >0.3 wt% | CR,03 heter. CR,03 >0.1 wt%
Low-Ca pyroxene structure Predominantly monoclinic Mixed Orthohombic
Phosphates Some Na- and Fe-rich Ca-rich, increasing abundance and grain size Large grains Ca-phosphate
Non-silicates Taenite Unzoned Zoned
Carbides/magnetite Common Present Rare to absent
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1.3 Isotopic composition of OCs

1.3.0.1 Oxygen Isotopes

Oxygen is the third most abundant element in our galaxy and it has three
stable isotopes 0, 70, and 80. The most common isotopel®O, is pro-
duced by nucleosynthesis during H and He burning through the triple al-
pha process (Meyer et al., 2008). By contrast/O is produced in low- to
intermediate-mass stars during the CNO cycle in H-burning regions, and
80 is produced primarily in He-burning, **N abundant regions of high-
mass & 8 M ) stars (Meyer et al., 2008). There are other methods of
O-isotope production, e.g. during SNla explosions, however the quantities
produced are low relative to the aforementioned mechanisms and will not
be discussed. Oxygen isotopes are described with the delta notation (McK-
inney et al., 1950),

(0="O)sampie 1000 f ) (1.1)

P
O= :
('0=1%0)vsmow

where i is either 17 or 18, and the Vienna Standard Mean Ocean Water
(VSMOW) for 170/%0 and 20/ %0 are 379.9 £ 0.8) O 10 ° and 2005.2
(+ 0.45)0 10 ¢, respectively (Baertschi, 1976).

Most geochemical processes result in isotope fractionation that produces
mass-dependent ratios which lie on a straight line of gradient 0.52 on a
plot of d'’O against d'®0. This relationship is true for all terrestrial and
lunar samples (Hoefs, 2008). However, Clayton et al. (1973) measured O
isotope ratios in CAls in Allende and foundd!’O and d*®O to be almost

the same, despite the di erence in mass being approximately double, i.e.
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producing a slope of 1. At rst, this mass-independent fractionation was
thought to be caused by incomplete mixing of nebular oxygen and pre-solar
oxygen, such as that produced by a young He-burning star (Clayton et al.,
1973; Sharp, 2017). However, now it is thought to be a result of mass-
independent fractionation. In the case of molecular clouds, CO molecules
with di ering isotopes are dissociated by dierent UV frequencies. Due
to the high concentration of G0, much of the dissociating radiation is
absorbed at the edge of the molecular cloud. By contrast, radiation which
can dissociate ¢’0 and C'0 is able to penetrate deeper into the cloud,
leading to higher concentrations of free radicals dfO and 20 in the
interior. These then combine with H to produce water ice enriched in the
rare isotopes!’O and O , which eventually become incorporated into

chondrite parent bodies (Sharp, 2017; Scott et al., 2018).

Studies of O isotopes in chondrules reveal a dichotomy between the CC
and NC reservoirs, as was described in section 1.1.3. While buk’O
against d*®0 for the chondrules of carbonaceous chondrites are generally
found to spread along the primitive chondrule minerals (PCM) line, a mass-
independent fractionation line similar to, but distinct from, that observed
for CAls (Ushikubo et al., 2012; Scott et al., 2018; Tenner et al., 2018), the
same data for UOC chondrules show far more homogeneous values close to
d’0  d'®O0 0 (Kita et al., 2008, 2010). This may be indicative of NCCs
forming in the drier inner Solar System, where there were lower levels of
%0-poor ices (Scott et al., 2018). Because oxygen is present in silicates
as well as HO, it is somewhat dicult and less de nitive to study wa-

ter through oxygen isotopes as opposed to hydrogen, which is mostly only

present in hydrated and organic phases. This factor means oxygen isotope
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values were mostly not measured in this thesis.

1.3.0.2 Hydrogen Isotopes

Deuterium, denoted D or?H, is a hydrogen isotope formed of 1 proton and
1 neutron. Due to being double the mass of H, it reacts di erently and,
therefore, D and H tend to be fractionated in a wide range of processes.
Deuterium accounts for 0.02% of naturally occurring H in Earth's waters;
however the precise D/H ratio in water can vary depending on natural water
type, allowing it to be used as a tracer for the source of a given water
reservoir. Modelling suggests that D/H ratios vary radially from being low
in the warm inner Solar System to high in the cold outer Solar System
(Alexander et al., 2012; Drouart et al., 1999; Ito et al., 2022; Jacquet and
Robert, 2013; Yang et al., 2013). This allows for predictions to be made
as to the origin and subsequent migration of planetary bodies within the
Solar System, since they rst formed in the PSN. Below, Table 1.2 displays
a number of observed or calculated D/H ratios for relevant bodies, which
will be further discussed in the following sections. As with oxygen isotopes,
H isotopes are described with the delta notation,

(O=H)sampe 10006 ) (1.2)

D= 2 sample.
(D=H)vsmow

where D/HVSMOW =155.76 O 10 6).
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Table 1.2: Table of measured D/H ratios from within the Solar System, as
well as the interstellar medium (ISM) and Cosmic Microwave Background
(CMB).

Source D/H ( 10 °) Reference

CMB 254 0.033 (Cyburt et al., 2016)

ISM 231 0.24  (Linsky et al., 2006)
Protosun 20 03 (Weinberg, 2017)

Jupiter 2.25 0.35 (Lellouch et al., 2001)
Saturn 1.70 0.75 (Lellouch et al., 2001)
Uranus 44 04 (Feuchtgruber et al., 2013)
Neptune 41 04 (Feuchtgruber et al., 2013)
Earth (deep mantle) 12.2 (Hallis et al., 2015)
Mid-Ocean Ridge Basalt 14.6 (Lecuyer et al., 1998)
Martian Surface 75-109 (Webster et al., 2013)
Martian Interior 20 (Lunine et al., 2003)

Oort Belt Comets 14-65 (Lis et al., 2019)
Carbonaceous Chondrites 12-27 (Alexander et al., 2012)

1.3.1 Solar System D/H Ratios

Deuterium is one of the few stable isotopes formed during the big bang
in relatively large quantities, however it has subsequently been reducing
in abundance due to core stellar reactions eventually destroying 100% of
a star's primordial deuterium (Weinberg, 2017). Due to its relatively low
fusion temperature of 1C(° K, deuterium in young convective stars is
easily transported to warm layers where it can fuse into helium (Weinberg,

2017; van de Voort et al., 2018). In fact, it is even possible for D-burning
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to occur in brown dwarves and some giant planets (Spiegel et al., 2011).
Previous studies have indicated the possibility of deuterium production in
supernovae (Epstein et al., 1974), however the research is outdated and the

total e ect on universal deuterium levels is insigni cant.

Cosmic microwave background (CMB) observations help to determine the
baryonic density of the universe, from which it is possible to determine an
estimate for the primordial deuterium fraction D/Hpim 2.58 ¢ 0.13)0
10 ° (Cyburt et al., 2016). Current estimates of the local deuterium content
of the ISM obtained through UV absorption spectroscopy give D/

2.31 & 0.24) O 10 ° (Linsky et al., 2006), approximately 90+ 10% of

primordial deuterium estimates.

Due to the lack of nucleosynthetic origin for D, D/H is expected to be
relatively homogeneous across astronomical objects. However, observations
indicate that this is not the case, with terrestrial planets and SSSBs hav-
ing higher D/H ratios than the CMB, ISM, and giant planets (Lellouch et
al., 2001; Hallis et al., 2015; Cyburt et al., 2016; Lis et al., 2019). The in-
creased enrichment in these planetary bodies may be attributed to isotopic
exchange reactions. Prior to its collapse, the water-ice in the cool, dense
(>10* ny cm ) molecular cloud would have had a high D/H ratio of about
0.001 { 0.01 (Ceccarelli et al., 2014). Once in the gas phase, H and D in
molecular hydrogen and water underwent the following exchange reactions
(Robert, 2006):

HD+H,O, HDO+H, (1.3)

This reaction equilibrates (D/H)y,0 and (D/H) y, faster at higher tem-

peratures (Ceccarelli et al., 2014) meaning water in the warm inner Solar
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System is generally more D-depleted. This D-depleted water experienced
turbulence and was transported outwards, producing a D/H gradient that
increases with heliocentric distance. As such, objects that formed in the
inner SS such as asteroids are likely to have more equilibrated, less deu-
terium enriched water than those which formed in the cool outer Solar
System, such as comets (Drouart et al., 1999; Alexander et al., 2012; Ja-
guet and Robert, 2013; Yang et al., 2013). This, for the most part, agrees
with previous data on the D/H ratios of Solar System objects, shown in
Fig. 1.6. However it is instantly obvious that previous work on OCs (shown
in yellow) have yielded higher bulk D/H ratios than CCs, something that
does not t easily with most current models where D/H increases with
heliocentric distance. Either some of these previous measurements are for
some reason inaccurate, or the current models are incomplete. This topic

will be further explored in Chapter 2.
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Figure 1.6: Plot showing known measurements of the D/H ratios of ob-
jects within the Solar System relative to the protosolar nebula D/H ratio,
adapted from Altwegg et al. (2015) to include existing bulk UOC data,
Mars, and moons (Robert et al., 1979; McNaughton et al., 1981, 1982,
Yang and Epstein, 1983; Lecuyer et al., 1998; Lellouch et al., 2001; Geiss
and Gloeckler, 2003; Waite Jr et al., 2009; Alexander et al., 2012; Feucht-
gruber et al., 2013; Hallis, 2017; Clark et al., 2019; Vacher et al., 2020).
The x-axis is arbitrary, roughly representing heliocentric distance. Where
D/H error bars are not shown, this is due to errors being smaller than the
size of the circle.

1.3.1.1 Protosolar nebula

As discussed in section 1.1, our Sun and most of the objects in our Solar
System formed out of a protosolar nebula (PSN). Investigating the evo-
lution of D/H ratios of various objects within our Solar System following
the PSN can indicate the sequence with which processes occurred as the
Solar System evolved. Therefore, a reliable estimation of the D/H ratio of
the nebula is essential. This is obtained using two methods: current he-
lium isotope ratios, and through the D/H ratios of the gas giants. As the

Sun formed out of the protosolar nebula the initial stellar deuterium will
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have undergone the thermonuclear reaction D + H 3He + g. Using the

protosolar H and He compositions, it is possible for the initial deuterium
content of the Sun (D/H) ; to be calculated. Current estimates based o
this relation give (D/H) ; = 2.0 (+ 0.3)O 10 °® (Geiss and Gloeckler, 2010;
Weinberg, 2017).

1.3.1.2 Planets

The D/H ratios of Jupiter and Saturn have been measured through the
infrared space obervatory (ISO) spectroscopic observations to be 2.25 (
0.35)0 10 ® and 1.70 ¢ 0.75)O 10 5 respectively (Lellouch et al., 2001).
Both planets are dominated by H gas, and as such the majority of deu-
terium in these planets is as HD. Due to their formation locations in the
cool outer SS, where D was found predominantly in the form of water,
coupled with their swift and early formation in the rst few million years
when the PSN was predominantly gaseous (Lunine, 2004), it is expected
and observed that the gas giants would have D/H ratios similar to the PSN.
On the other hand, Herschel Space Observatory (HSO) observations show
Neptune and Uranus are more deuterium enriched than the gas giants,
with D/H ratios of 4.4 (+ 0.4) O 10 5 and 4.1 & 0.4) O 10 ° respec-
tively (Feuchtgruber et al., 2013). Modelling suggest that these ice giants
formed by accreting icy, deuterium rich planetesimals such as comets to
construct their icy cores, which could explain their higher D/H ratios rel-
ative to the PSN. The HSO observations also indicate the ice giant D/H
ratios to be lower than that of observed comets (Lis et al., 2013; Ali-Dib

et al., 2014).

The terrestrial planets have varied levels of deuterium enrichment, both
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within each planet and between the bulk measurements of each planet.
Measurements of deep mantle in the Earth provide a D/H ratio of 1.22

O 10 4 (Hallis et al., 2015), whereas mid-ocean ridge basalt (MORB) and
bulk Earth measurements have D/H ratios of 1.460 10 4 and 1.490
10 4 (lecuyer et al., 1998). In contrast,in situ measurements of D/H ratios
on the Martian surface from the Curiosity rover gave D/H  7.58 to 10.9
O 10 # (Webster et al., 2013). Studies of magmatic Martian meteorites
suggest that the Martian interior is less deuterium enriched, with D/H
1.990 10 # (Robert, 2006), indicating a primordial D/H ratio similar to
Earth and isotopic fractionation in the Martian atmosphere. When water
in the upper atmosphere photodissociates, hydrogen is preferentially lost
to space over deuterium, resulting in deuterium enrichment of the atmo-
sphere (Lunine et al., 2003; Robert, 2006). Although this mechanism may
have contributed somewhat to the atmospheric D/H ratio of Earth, subduc-
tion results in interactions between surface water and mantle, allowing for
mixing between the two and thus reducing this e ect (Hallis, 2017). Venus'
atmosphere (not included in Fig. 1.6 or Table 1.2) has previously been es-
timated to have a D/H ratio 1.6 O 10 2, approximately 100 times higher
than that of the Earth. This is thought to be due to a runaway greenhouse
e ect causing extreme preferential loss of H relative to D at some point in
Venus' evolution. Venus' water is therefore not representative of its initial
D/H composition, and in fact it has been suggested that, based o the
calculated water loss undergone, Venus' initial D/H ratio would have been
lower than Earth's (Donague et al., 1982; McElroy et al., 1982; de Bergh,
1992). Overall, we see a general division with the giant planets beyond the

snow line having lower D/H ratios than the terrestrial planets of the inner
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Solar System, and smaller variations within these two populations.

1.3.1.3 Comets

Telescopic observations anah situ measurements of a number of cometary
D/H ratios have been made, from the inner Solar System at perihelion
all the way to the Oort Cloud comets, which have produced very variable
results ranging from D/H = 1.4 to 6.5 O10 # (Bockeke-Morvan et al.,
2015; Lis et al., 2019). Fig. 1.7 shows the two main reservoirs from which
comets originate: the Kuiper belt and the Oort cloud, although comets
may be found in many di erent orbits throughout the Solar System. Some
of the Jupiter family comets, thought to originate from the Kuiper belt
(Lowry et al., 2008), and Halley-type comets were found to have lower,
terrestrial-like D/H ratios (< 2.0 O 10 %) (Hartogh et al., 2011; Lis et
al., 2013). Surprisingly, Oort cloud comets which are found at extremely
large, eccentric orbits (Fig. 1.7) are thought to have actually formed further
inwards than Kuiper belt and Jupiter family comets, in the formation region
of the giant planets, but were ejected outwards to orbits of 10- 10° by
the gravitational e ect of the giant planets (Stern and Weissman, 2001).
Oort cloud comets contain large quantities of water ice and D/H ratios up
to 3 times higher than terrestrial D/H (Morbidelli, 2005; Lis et al., 2013;
Altwegg et al., 2015). The overall observation of comets having high D/H
ratios seems to conform to a rst order with the hypothesis that Solar
System D/H increases with heliocentric distance from the Sun (Drouart et
al.,, 1999; Alexander et al., 2012; Jacquet and Robert, 2013; Yang et al.,
2013).
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Figure 1.7: lllustration showing the two main sources of comets within the
Solar System, the Kuiper belt (30 - 50AU) and the Oort cloud (up to
10,000AU).

1.3.1.4 Asteroids and Meteorites

The easiest way to gain an understanding of asteroidal properties is to infer
details from studies of meteorites that fall to Earth. A great deal of research
has been carried out in the past on the H-isotope content of various types
of chondritic meteorites, and in particular on carbonaceous chondrites. The
bulk D/H ratios of chondrites generally fall somewhere between that of the
PSN and comets, with a mean slightly higher than estimates for the bulk
Earth (Fig. 1.6) (e.g. Robert et al., 1979; McNaughton et al., 1981, 1982;
Alexander et al., 2012; Jacquet and Robert, 2013; Piani and Marrocchi,
2018, 2020). This is taken as an indicator of chondritic accretion onto Earth
as an early water source (Robert, 2006; Alexander et al., 2012; Piani et al.,

2020).

The main H-bearing components in chondrites exist in the ne-grained
matrix in the form of organic compounds (C-based molecules) and phyl-

losilicates (e.g. Robert, 2006; Alexander et al., 2010; Piani and Marrochi,



CHAPTER 1. INTRODUCTION o4

2018; Piani et al., 2020). Although they no longer contain water ice, ev-
idence preserved in hydrated silicates indicates that the chondrites likely
accreted water as ice during their formation, similar to comets (Alexan-
der et al., 2012). This being the primary focus of this thesis, more will be

discussed on this in Chapters 2-4.

1.3.2 Water and D/H ratios

The relative abundance of hydrogen isotopes can be used to understand
the origin and evolution of Solar System water. The largest objects within
the snow line are believed to have accreted at least part of their water
during formation, and studies of the dwarf planet Ceres, which resides in
the asteroid belt, indicate vast quantities of interior water and water-ice
(Platz et al., 2016). In the past a number of mechanisms for the accretion of
H into the terrestrial planets have been proposed, which provide compelling

arguments to explain the observed D/H ratios shown by Table 1.2.

One such mechanism is direct adsorption of water onto the mineral surfaces
and subsurfaces of interstellar dust grains to form crystalline serpentine,
brucite, and other hydrated phyllosilicates, which can remain stable at high
temperatures in the PSN. Various models have demonstrated the viability
of this method (de Leeuw et al., 2010; King et al., 2010; Asaduzzaman et
al., 2015), with temperatures of 500 - 1000 K at 1 AU during the early Solar
System allowing adsorption onto grains of 0.25 to 3 times the amount of
water in Earth's oceans (Drake, 2005); however they are unable to account

for the high D/H ratios found in meteorites or the delivery of C, N, O,
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and other volatiles to the terrestrial planets (Hallis, 2017). Another mech-
anism is through the gravitational accretion of nebula gas into the plan-
etary atmosphere, enriching it with hydrogen which can then be oxidised
by planetary magmas to form water (lkoma and Genda, 2006). However,
this requires planet formation to occur in the presence of abundant nebula
gas, and the coexistence of these is an ongoing debate, particularly because
the D/H ratio of the PSN is signi cantly lower than that of the terrestrial
planets (Alexander, 2017). Another possible source is the primordial ice
water from the dense molecular cloud, however these ices are too D-rich to
account for most measured isotopic ratios (Cleeves et al., 2014). Further-
more, measurements of D/H in water ice at the poles of Mercury reveal an
asteroidal or cometary origin (Lawrence et al., 2013), suggesting that the
accretion of SSSBs to planets occurred after planet formation was mostly

complete.

As is shown in Table 1.2, the Earth's D/H ratio is most similar to that of
the water-rich carbonaceous chondrites, being almost an order of magni-
tude higher than that of the PSN and approximately half of that of the
Oort cloud comets. Fig. 1.8 illustrates mixing between D-rich water ice from
the outer SS and equilibrated vapour from the inner SS, in the regions of
planetary accretion, a possible mechanism for planetary body water accre-
tion that would account for the variation in deuterium between comets and
asteroids (Jaquet and Robert, 2013; Yang et al., 2013). Although the Earth
and chondritic ratios are not identical, there is variation between chondrite
types which allows for this discrepancy. Nevertheless, this an oversimpli-
ed solution that does not take into account the isotopic composition of

other volatiles. Thus far, evidence for a wide variety of chondritic sources



CHAPTER 1. INTRODUCTION 56

which plausibly contributed to the Earth's volatile content has been found,
including CI, CM, CV, CO, and EC (e.g. Alexander, 2017, 2018; Piani
et al., 2018, 2020; Piani and Marrocchi, 2018), it is nonetheless plausible
that a multitude of alternative chondritic sources such as UOCs may have

collectively contributed to the Earth's volatile content.

Figure 1.8: Cartoon of a model distribution of D/H ratios of chondritic
water that results from both D-rich water ice from the outer Solar System
(blue) and D-poor/equilibrated inner Solar System water (pink and purple
respectively) which undergo turbulent mixing in the disc. Silicate grains
found throughout the disc are represented by grey circles, and regions of
chondritic accretion are shown for both NC and CC populations. Within
the equilibration line there is isotopic exchange between water vapour and
H, gas. Image recreated from Jacquet and Robert (2013).

Measuring a chondrite's intrinsic water D/H composition faces challenges
such as the mixing of OH-bearing clay minerals with organics, which may
have interacted during aqueous alteration and can lead to inaccurate es-
timates for primary water. This can be overcome by comparing measure-
ments of D/H against C/H content, and extrapolating the relation to deter-
mine the initial water deuterium composition (Alexander, 2017; Piani and

Marrochi, 2018). An example of this is shown in Fig. 1.9, using CM and
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CR chondrites, where the y-intercept represents the point at which no C is
present, i.e. the water D/H ratio. This method of water D/H determination

will be applied to UOCs in Chapter 3.

Figure 1.9: Plot recreated from Alexander et al. (2012) to illustrate how
extrapolation of adD vs C/H plot can lead to values for initial deuterium

enrichment for CM and CR chondrites ofdD = -444% and 96f , respec-
tively. Additional chondrite groups (CI, CV, CO, and the ungrouped CC
Tagish Lake) have been included in this plot for reference, but the D/H to
C/H relation cannot be extrapolated due to limited data points.

1.3.2.1 Hydrothermal Alteration

It is believed that during their accretion of anhydrous material, many aster-
oidal parent bodies from which chondrites originate also accreted water ice,
and subsequently underwent varying levels of aqueous and thermal alter-
ation (Krot et al., 2015). The general consensus is that aqueous alteration
likely occurred through this water ice in the parent body melting, and re-

sulted in the formation of secondary minerals, such as phyllosilicates.
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Evidence of this aqueous alteration has been found in many meteorite
groups, with type 1-2 CI, CR, and CM chondrites being the most exten-
sively altered (Takir et al., 2013; Krot et al., 2015; Marrocchi et al., 2018).
Ordinary chondrites are primarily composed of anhydrous silicates such as
olivine, pyroxene, plagioclase, sul des such as troilite, and (Fe,Ni) metals
such as taenite and kamacite (Dunn et al., 2010; Schafer, 2019). Under
agueous alteration, it is possible to transform these dry materials to hy-
drated phyllosilicates (Bischo , 1998). The presence of phyllosillicates has
already been found in the UOCs Bishunpur and Semarkona (Alexander et

al., 1989a), two of the meteorites that will be studied in this thesis.

Aside from the presence of phyllosilicates, there are a number of other in-
dications of metasomatism which have been found in UOCs, For example,
bleached chondrules have been identi ed in all type 3 UOCs, particularly
LLs and Ls, and are considered to be the result of uid interacting with
chondrules at low temperatures while part of the parent body (Grossman
et al., 2000). Another indicator of aqueous alteration is the presence, al-
beit rare, of amphiboles in the matrix. Similarly to phyllosilicates, they are
composed of multiple Si¢ tetrahedra bonded together. However instead
of sheet silicates, amphiboles form double chains known as inosilicates. Py-
roxene is also an inosilicate, and shares many features with amphiboles.
One major dierence is the presence of an (OH)group in amphiboles,
indicative of hydration (Layton and Wilson, 1983). As with phyllosilicates,
evidence of these hydrated phases has previously been found in a limited
number of UOCs (Dobri@a and Brearley, 2014), further con rming the like-
lihood of UOCs undergoing hydrothermal alteration while part of their

parent bodies. The matrix of a number of UOCs appears to contain high
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abundances of FeO-rich olivine fayalite, something which has been corre-
lated with secondary processes while part of the parent body (Krot et al.,
1997). In patrticular, evidence has been found for the formation of fayalite
during hydrothermal alteration (Krot et al., 1997; Dobria et al., 2018).
Finally, the presence of carbides with magnetite rims embedded in ne-
grained matrix of some low subtype UOCs has been attributed to aqueous

aleration (Dobri@ and Brearley, 2020a; Krot et al., 2022)

1.3.3 Organics and D/H ratios

Another important reservoir of hydrogen, and thus deuterium, in the early
Solar System which is sampled by primitive meteorites is organic material.
In chondrites, this is dominantly in the form of insoluble organic matter
(IOM), which is the second biggest carrier of H and the primary carrier of

C, N, and noble gases in these meteorites (Alexander et al., 2017).

In interstellar gas the H,O:CO ratio is generally less than 1:10, which is
in stark opposition to molecular cloud dust, which is generally at least
5:1 (Greenberg et al., 1995). As a result, in cool dense environments the
abundant H,O readily interacts with other basic, abundant molecules such
as CO, CHOH, NHgz, and CH,; to form complex organic compounds in
association with ices (Greenberg et al., 1995; Garozzo et al., 2011; de Barros
et al., 2022). These organics were then accreted into a variety of SSSBs

across the Solar System in varying amounts.

Measurements of organic material in meteorites have previously revealed
some very large D enrichments on the order of up to thousands of per-

mille and in fact in CCs IOM tends to be the dominant D-bearing phase
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(Fig. 1.9; e.g. Busemann et al., 2006; Alexander et al., 2007, 2017; Piani et
al., 2015). As previously discussed, extrapolating the correlation between
dD and C/H the intrinsic water D/H ratio can be determined. For CCs
this comes out arounddD = 100F for CRs and betweendD  -450f

to -80f for CM and CV chondrites (Alexander et al., 2007, 2012; Piani
and Marrocchi, 2018), however bulk D/H ratios are often higher than this
(Fig. 1.6). Therefore, in CCs it is evident that organic material is the dom-
inant D-rich phase. By contrast, in OCs it is generally observed that the
most deuterium-rich phases are hydrous, withD values up to  10,00¢

in Semarkona, the least altered UOC (Piani et al., 2015). While D-rich IOM
has also been found in UOCs, it tends to be less D-rich than the hydrous
phases (Alexander et al., 2010; Piani et al., 2015) suggesting that D-bearing
organic material may be more common across the Solar System but is less
e cient at obtaining or maintaining deuterium in its structure (McCubbin

and Barnes, 2019). Furthermore, whil@D values of 100s - 1000s permille
in IOM are indeed higher than that of Earth, they are not as extreme as
those observed in non-organic ne-grained matrix material in the least al-
tered UOCs (e.g. Robert et al., 1979; McNaughton et al., 1981, 1982; Yang
and Epstein, 1983; Alexander et al., 2012; Piani et al., 2015; Vacher et al.,
2020).
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1.4 Thesis Aims and Objectives

The leading model for the origin of volatile species such as water, carbon,
and nitrogen on Earth is through accretion from SSSBs that formed early
in the protoplanetary disc, however the relative contribution from di ering
sources is an ongoing debate. In this thesis we aim to quantify the water
inventory and characterise its H isotope composition in a wide range of
unequilibrated ordinary chondrites, some of the least altered material from
the early Solar System. The UOCs are particularly unique in that the
least altered samples have some of the highest D/H ratios in the Solar
System, which do not readily conform to existing PPD water transport
models. More speci cally, in the subsequent chapters of this thesis we hope

to address the following questions:

" What is the bulk mineralogical composition of UOCs and does this

change with petrologic subtype?

Do UOCs contain measurable amounts of water in bulk samples, and

if so how much?

Do UOCs have unusually high D/H ratios, as previously observed,

and is there any trend between di erent UOCs?

What is the e ect of fall vs. nd meteorites on water contents and

compositions?

What is the mineralogical and chemical composition of the ne-

grained matrix of UOCs?

What is the overall H isotope composition of ne-grained matrix

across di erent types of UOCs?
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" What is the initial water D/H ratio of UOCs and does it vary with

petrologic subtype?

" What is hosting the high D/H ratios in the matrix of UOCs and

where could it have come from?

" Are pristine amorphous silicates found in any UOCs in addition to

Semarkona and MET 005267

In order to answer these questions, we utilised a wide array of di erent
techniques, each with di erent bene ts. In Chapter 2, we use both X-ray
di raction (XRD) and Isotope Ratio Mass Spectrometry (IRMS) to deter-
mine the bulk mineralogy, water contents, and H-isotope ratios of a large
suite of both fall and nd UOCs. In Chapter 3, we identify regions of ne-
grained matrix in UOC fall samples analysed in Chapter 2, and characterise
their compositions using a combination of scanning electron microscopy
(SEM) and electron probe microanalysis (EPMA). We then perform Sec-
ondary lon Mass Spectrometry (SIMS) analyses on these matrix regions
to constrain the H isotope composition in these ne-grained areas and to
identify the locations and properties of areas with the highest D/H ratios.
Finally, in Chapter 4, we use transmission electron microscopy (TEM) to
identify the presence of pristine amorphous silicates in the ne-grained ma-
trix of two of the lowest subtype UOCs we studied (Bishunpur and Ngawi).
We then use NanoSIMS to attempt to disentangle the H isotopic composi-
tions and, therefore, sources of the well-mixed ne-grained phases in matrix

in these lowest types UOCs.

The result is an extensive inventory of the abundance and isotopic composi-

tion of water in UOCs. From this, we can draw conclusions on the ubiquity
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of water in the early Solar System, the evolutionary place of formation of
the OC parent bodies, the likelihood of these bodies contributing to Earth's
volatile inventory during accretion, and comparison with water transport

models across di erent reservoirs in the early Solar System.
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Abstract

The origin and transport of water in the early Solar System is an
important topic in both astrophysics and planetary science, with ap-
plications to protosolar disk evolution, planetary formation, and as-
trobiology. Of particular interest for understanding primordial water
transport are the unequilibrated ordinary chondrites (UOCSs), which
have been a ected by very limited alteration since their formation.
Using X{ray di raction and isotope ratio mass spectrometry, we de-
termined the bulk mineralogy, H,O content, and D/H ratios of 21
UOCs spanning from petrologic subtypes 3.00 { 3.9. The studied
UOC falls of the lowest subtypes contain ca. 1 wt% HO, and wa-
ter abundance globally decreases with increasing thermal metamor-
phism. In addition, UOC falls of the lowest subtypes have elevated
D/H ratios as high as those determined for some outer Solar System
comets. This does not easily t with existing models of water in the
protoplanetary disk, which suggest D/H ratios were low in the warm
inner Solar System and increased radially. These new analyses con-
rm that OC parent bodies accreted a D{rich component, possibly
originating from either the outer protosolar nebula or from injec-
tion of molecular cloud streamers. The sharp decrease of D/H ratios
with increasing metamorphism suggests that the phase(s) hosting
this D{rich component is readily destroyed through thermal alter-

ation.
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2.1 Introduction

The hydrogen (H) isotope composition of water, given by its D/H ratio,

is one of the key proxies to understand its origin(s) and processing in the
early Solar System (e.g., Robert, 2006; Ceccarelli et al., 2014; Hallis, 2017;
Broadley et al. 2022). Because deuterium (D) is twice as heavy ‘a4, phys-
ical and (bio)chemical processes can induce large fractionations of D to H
ratios, making it an ideal isotopic tracer. For example, within the Solar
System D/H ratios vary from 20 O 108 for H, from the Sun and the
protosolar cloud (Geiss and Gloeckler, 2003), to averages of ca. 100{200
O 108 for water ice accreted into carbonaceous chondrite parent bodies
in the asteroid belt (e.g., Alexander et al., 2012; Piani et al., 2021), up
to greater than 5000 10® for cometary ices in the outer Solar System
(Maller et al., 2022). Studies of the H isotope composition of Solar Sys-
tem objects suggest that water D/H ratios are low in the warmer, inner
parts of the Solar System, with deuterium enrichment globally increas-
ing with heliocentric distance (e.g., Drouart et al., 1999; Alexander et al.,
2012; Jacquet and Robert, 2013; Yang et al., 2013; Ito et al., 2022). Direct
comparisons between di erent types of objects are, however, ambiguous;
measured cometary D/H compositions may be a ected by sublimation of
water molecules between the nucleus and the tail of comets, whereas bulk
chondrite D/H ratios correspond to complex mixtures of organics and hy-
drated minerals. In addition, the heliocentric distances at which the range

of chondritic parent bodies accreted remain largely unconstrained.

Water in the cold (< 30 K) molecular cloud from which the Solar System

formed likely had a high D/H ratio, on the order of 102{10¥ (Ceccarelli
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et al., 2014). Following collapse of the cloud and protostar formation, the H
isotope composition of water evolved throughout the protoplanetary disk,
notably through isotopic exchange reactions such as,8 + HD , HDO

+ H, in warmer parts of the inner Solar System (e.g., Drouart et al., 1999;
Jacquet and Robert, 2013; Yang et al., 2013). In addition, it is likely that
D/H ratios of H present in H, gas and water ice varied temporally within a
given region of the protoplanetary disk within the rst few million years of
Solar System evolution, due to changes in stellar output and disk structure
(Ceccarelli et al., 2014; Hallis et al., 2017). Finally, early in the evolution of
the protoplanetary disk following infall (< 1 Myr), dust growth and inward
drift from the outer Solar System could generate mixing between D{rich
ices from the outer disk and D{depleted water in the inner disk (Yang et
al., 2013; Jacquet and Robert, 2013). This allowed for the incorporation of
D{rich water into asteroids forming within the snow line (the region beyond

which it was cool enough for water ice to be stable).

This model of early mixing of ices in the Solar System is not, however,
compatible with heterogeneities observed in heavier isotope systems such
as O, Cr, and Ti across the Solar System, known as the isotope dichotomy
(Warren, 2011a, 2011b; Scott et al., 2018; Kleine et al., 2020). This di-
chotomy suggests that, based on their isotopic compositions, the parent
bodies of chondrites can be divided into two distinct groups: carbonaceous
chondrites (CCs) from the outer Solar System and non{CCs (NCs; which
include ordinary and enstatite chondrites) from the inner Solar System. It
has been suggested that these planetesimals were originally divided into
separate populations by Jupiter, and later scattered and congregated in

the inner Solar System forming the present{day asteroid belt (Kruijer et
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al., 2017; Desch et al., 2018; Scott et al., 2018; Lichtenberg et al., 2021).
Considering the overall expected trend of increasing D/H with heliocentric
distance, one would expect a similar dichotomy in H isotope compositions,
with CCs being more D{rich than NCs. However, NCs and CCs tend to
span similar D/H ratios, and the highest meteorite D/H ratios are found in
the least altered unequilibrated ordinary chondrites (UOCSs) (e.g., Deloule
and Robert, 1995; Alexander et al., 2012; Piani et al., 2015; Broadley et
al., 2022).

The vast majority of water and other volatile species in chondrites is found
in the matrix, the ne{grained ( < um) interstitial material between larger
objects such as chondrules, calcium{ and aluminum{rich inclusions (CAIs),
Fe{Ni metal, and sul des. There has been extensive work on water and its
H isotope composition in CCs, due to their high matrix content (typically
50 vol%, and up to> 99 vol% for CI chondrites; e.g. Weisberg et al.,
2006) and typically high HO abundances of up to 13 wt% in Cls and
CMs and 8 wt% in Tagish Lake (Rubin et al., 2007; Alexander et al.,
2010; Vacher et al., 2020; Piani et al., 2021). Despite ordinary chondrites
(OCs) containing only  10{15 vol% matrix (Weisberg et al., 2006), the
least metamorphosed samples can contain signi cant amounts of volatiles,
such as water, as well as organic compounds, albeit in lower abundance
than in volatile{rich CCs (e.g., Alexander et al., 1989b; Sears et al., 1995;
Piani et al., 2015; Dobria et al., 2019; Vacher et al., 2020). Of particular
interest for investigating water in the protoplanetary disk are the UOCs,
which are classi ed as petrologic type 3.00 { 3.9, indicating that they have
su ered little{to{no aqueous alteration and limited thermal metamorphism

whilst on their parent bodies. This makes the least metamorphosed type
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3.00 UOCs some of the most pristine objects from the early Solar System.
Unequilibrated ordinary chondrites show evidence for hydration in the ma-
trix, characterized by the formation of secondary phyllosilicates, Ni{bearing
sul des, ferrous olivine, magnetite, as well as the presence of bleached chon-
drules (e.g., Alexander et al., 1989b; Grossman et al., 2000; Krot et al.,
2006; Dobria and Brearley, 2014). A few studies have investigated the
bulk mineralogy, water abundance, and H isotope composition of water in
a number of important UOC samples of low petrologic subtypes such as Se-
markona (LL3.00) and Bishunpur (LL3.15) (e.g., McNaughton et al., 1982;
Robert et al., 1987; Alexander et al., 1989b). However, a comprehensive
inventory of the bulk water abundance and its H isotope composition in a

range of type 3 UOC meteorites is yet to be established.

Previous investigations of the water inventory of UOCs yielded typical bulk
H,O abundances of up to 1 wt%, accompanied by exceptionally high
bulk D/H ratios ranging from 255 up to 7000 10 in samples of the low-
est petrologic types such as Semarkona and Bishunpur (e.g., McNaughton
et al.,, 1982; Yang and Epstein, 1983; Robert et al., 1987; Alexander et
al., 1989b; Alexander et al. 2012). Such bulk D/H ratios are much higher
than those typical of terrestrial samples (bulk Earth D/H is approximately
149 O 10°%; lecuyer et al., 1998) and bulk D/H of water{rich CIl, CM,
and CR chondrites (150 { 2500 10¢; Alexander et al., 2012; Vacher
et al.,, 2020; Piani et al.,, 2021). In addition,in situ analyses of matrix
areas in the LL3.00 Semarkona UOC showed that elevated H isotope sig-
natures, with extreme D/H ratios up to ca. 1500 { 20000 10%, were
carried by water{bearing minerals rather than C{rich organics (Deloule

and Robert, 1995; Piani et al., 2015). Since asteroidal parent bodies from
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which UOCs originated formed closer to the Sun compared to the CI, CM,
or CR chondrite parent{bodies (Ga ey and Gilbert 1998; Yoshikawa et al.,
2007; Vernazza et al., 2015), the observation of higher bulk D/H ratios in
the most pristine UOCs compared to carbonaceous chondrites appears at
odds with current models where water D/H ratios increase with heliocen-
tric distance. This suggests that either there is something unusual about
the few UOC samples that have elevated bulk D/H ratios, or that current
models of water processing and D/H evolution in the protosolar nebula are

incomplete.

To further assess whether UOCs of the lowest petrologic subtypes are in-
deed characterized by elevated D/H ratios, and to determine how water
abundance and D/H ratios evolve with incipient metamorphism, we mea-
sured bulk water abundances and associated H isotope compositions in a
comprehensive set of 21 type 3 OC samples. To complement these data, we
also determined the bulk mineralogical composition of 19 of these samples

in order to assess the possible phase(s) hosting water.
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2.2 Materials and Methods

2.2.1 Samples

The samples analyzed in this study were: Aba Panu, Bishunpur, Bo Xian,
Bremerwsrde, Ceniceros, Chainpur, Dhajala, EI Medano 260, Krymka,
Meze{Madaras, Ngawi, Northwest Africa (NWA) 11534, NWA 11752,
NWA 4560, Paposo 004, Parnallee, San Juan 055, Semarkona, Sharps,
St Mary's County, and Tieschitz. This sample set comprises of 15 falls
and 6 nds, ranging from H to LL groups and petrologic types 3.00 to
3.9 (details in Table 2.1). For each meteorite, 11 - 85 mg chips were
nely ground to produce powdered samples with grain sizes on the order
of microns, which were then stored in a desiccator to undergo degassing

and isotope analysis< 2{3 days after crushing.

2.2.2 Bulk chondrite water abundance and H isotope
composition

Bulk chondrite water abundances and H isotope compositions were de-
termined on 5{10 mg aliquots of each meteorite using the Thermo Scien-

ti c Elemental Analyzer (EA) IsoLink { deltaV Isotope Ratio Mass Spec-
trometer (IRMS) system at the Centre de Recherches Retrographiques et
Geochimiques (CRPG) laboratory in Nancy, France. To minimize the ef-
fect of adsorption of terrestrial water onto the powdered samples on their
H,O abundances and H isotope compositions, samples were weighed in tin
capsules that were loaded into a sample carousel and degassed under vac-
uum at 12C0°C for 48 hours in a degassing canister. After dehydration, the

degassing canister was opened in a dry>.f\ushed glove box, the sample
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carousel was transferred into a sealed autosampler pre{ ushed with He,
connected to the EA, and pumped out for 20 minutes before opening it
to the reduction column. This technique prevents any contact with atmo-
spheric H, and thus potential rehydration, after the pre{degassing step.
The samples were combusted at 148D in a glassy carbon reaction tube
lled with glassy carbon chips. The gases produced were separated on a
chromatographic column maintained at 60C and the H, obtained was en-
tered into the mass spectrometer through an open split for D/H isotopic
composition analysis (see Vacher et al. (2020) and Piani et al. (2020) for
further details). The following standards were routinely measured through-
out: Mica{Mg (dD = {76.5% , H,O = 2.58 wt%), SO188 { ne{grained
marine sediment (D = {84.6% , H,O = 4.36 wt%), MuscD65 { muscovite
(dD = {90.0% , H,O = 4.44 wt%), and GSJJB1/GSL JB3 { two basalts
(dD = {102.9% , H,O = 1.02 wt% and dD = {97.9% , H,O = 0.20 wt%,
respectively). Uncertainties on HO abundances and D/H ratios were taken
as 12% and 5 (2s) based on repeated measurements of standards with
similar water concentration as the samples. Estimates of the reproducibility
for the range of concentrations measured are 10 { 15% &.ZThe H isotope
compositions are reported using theD notation, which corresponds to the
deviation of the measured D/H ratios from the standard mean ocean water
(SMOW) in parts per thousand & ; dD = ([D/H measured / D/H smow ] { 1)

O 1000, with D/Hgyow = 155:76 109).

2.2.3 Bulk chondrite mineralogy

The mineralogy of 19 of the UOC samples (there was insu cient mate-

rial for Semarkona and Bo Xian) was characterized using X{ray di raction
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(XRD) at the Natural History Museum (NHM), London. For initial phase
identi cation, a few mg of each powder was mixed with a small amount of
acetone and smeared onto a low{background single{crystal sapphire sub-
strate. XRD patterns were then collected with Cu K1 radiation for up to
17 hours using an INEL X{ray di ractometer and a curved 120 posi-
tion{sensitive{detector (PSD) in a xed geometry relative to the primary
X{ray beam. Silicon and silver behenate were used for calibration, and
phases in the meteorites were identi ed using the International Centre for
Di raction Data (ICDD) database (PDF{2). These measurements will be

referred to as the \low ux" XRD analyses, or LF{XRD.

The modal mineralogy of seven of the lowest petrologic type UOC falls
(Bishunpur, Ngawi, Krymka, St. Mary's County, Chainpur, Parnallee, and
Tieschitz) was determined using a PSD{XRD equipped with a MicroSource
high{brightness X{ray generator, which can deliver a focused beam of
X{rays with a high ux (see Bland et al. (2004) for details). These mea-
surements will be referred to as the micro{XRD. For these analyses, 1{2
mg of the remaining powder (i.e., not mixed with acetone) was loaded into
a zero{background micro{well using a stainless{steel spatula. The powder
was then pressed fully into the micro{well using a glass slide, with any
excess material removed from around the edges of the well. Pressing the
powder into the micro{well can impart preferred crystal orientations, which
were identi ed by manual inspection of the data. Di raction patterns were
collected using Cu radiation, with the primary X{ray beam focused onto
the sample using a 10Qum pinhole. Each sample was analyzed for a pe-
riod of two hours, during which it was continuously rotated. Standards of

minerals identi ed in the meteorites were prepared in the same way and
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analyzed for 10 minutes.

Mineral abundances were determined using a pattern{stripping procedure
previously described in detail by Batchelder and Cressey (1998), Scho eld
et al. (2002), Bland et al. (2004), and Howard et al. (2009). Brie y, XRD
patterns of the mineral standards were scaled to the same measurement
time as the meteorites (i.e.012) and reduced by a factor to t peak inten-
sities in an individual meteorite pattern. When the sum of the t factors
reached one, the mineral standard patterns were subtracted from the me-
teorite pattern to leave a residual with no peaks and approximately zero
counts. The t factors were then corrected for relative di erences in X{ray
absorption to give the nal abundance of each phase in the meteorite. De-
tection limits are on the order of 1 wt% (depending on the speci c phase)
and the estimated uncertainties on the calculated abundances are up to

5 wt% (e.g., King et al. 2015).



CHAPTER 2. BULK MINERALOGY, H ,0, AND D/H OF UOCS 75

2.3 Results

2.3.1 Bulk water abundance and H isotope composi-
tion

The bulk H,O abundances of the 21 studied UOCs vary from 0.06 wt% to
1.43 wt%, with samples of the lowest petrologic subtypes typically having
the highest water abundances (Table 2.1, Fig. 2.1). As shown in Fig. 2.1,
many of the nds have H,O abundances around 1.4 wt%, notably higher
than their fall counterparts that contain up to 1 wt% H,O. Figure 2.2 shows
that the majority of UOCs analyzed havedD values between {200 and
+200% . For comparison, the typical D/H composition of terrestrial water
in deserts where the nds were recovered is between about 0 to #40(as
represented by the grey band in Fig. 2.2; lecuyer et al., 1998; Hallis et
al., 2015). Five meteorites have bulldD values signi cantly higher than
+200% : one nd has a bulk dD value of +303t (NWA 11752, LL3.05)
and four falls have bulkdD values of 422 (Tieschitz, H/L 3.6), 756%
(Bishunpur, LL3.15), 1144 (Ngawi, LL3.1{3.7), and 146G (Semarkona,
LL3.00). There is a general trend of decreasing D/H ratios with increasing
petrologic subtype, with the exception of Tieschitz, which is classi ed as
petrologic subtype 3.6. Ngawi, which has one of the highest bulk D/H ra-
tios, is a breccia containing two distinct lithologies of LL3.1 and LL3.6/3.7
(Sears et al., 1991; Grossman and Brearley, 2005). Excluding the nds, the
sample set displays a rough trend of increasing bulk D/H ratios with in-
creasing HO abundance. Although not illustrated in Fig. 2.2, there is no
apparent relationship between the KO abundance and/or D/H ratios and

the di erent UOC groups (Table 2.1).
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Figure 2.1: Bulk H,O content of UOCs as a function of petrologic subtype.
The sample with petrologic type 3.1{3.7 is Ngawi, a brecciated LL chon-
drite.
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Figure 2.2: Bulk H isotope composition as a function of water abundance.
The grey band spanning from -40 to Of represents the mean D/H ratio

of Earth desert water, where all the nds were collected (Lecuyer et al.,
1998). S = Semarkona, N = Ngawi, B = Bishunpur, T = Tieschitz. Colours
represent petrologic subtypes, where Ngawi is labelled as 3.1-3.7 and San
Juan 055 as 3.2-3.5 as they are breccias with multiple lithologies. Uncer-
tainties on dD values are smaller than the size of the symbols 6f ).



Table 2.1: Bulk H,O abundance and D/H ratios for unequilibrated ordinary chondrites.

Weathering

Meteorite Type Sourcé # Fall Grade Mass H,O D/H ey dD

(Finds) (M9 (10°)

(wWt%o) =+ ) +

Ngawi LL3.1-3.72 USNM USNM 2483 Yes 7.75 0.61 0.07 33391 1144 5
Semarkona LL3.00 AMNH AMNH 4128 Yes 9.46 0.9 0.11 383.09 1460 5
NWA 11752 LL3.05 CEREGE K 340 No W3 509 1.36 0.16 20299 303 5
Bishunpur LL3.15 NHM BM.80339 Yes 6.35 0.91 0.11 27347 756 5
NWA 11534 LL3.15 CEREGE K 324 No W2 565 1.1 0.13 150.27 -35 5
Krymka LL3.2 NHM BM.1956,325 Yes 572 0.8 0.1 166.07 66 5
NWA 4560 LL3.2 CEREGE nl/a No W2 8.25 143 0.17 150.06 -37 5
St Mary's County LL3.3 USNM USNM 5930 Yes 595 0.99 0.12 14533 -67 5
Chainpur LL3.4 NHM BM.1915,86 Yes 6.89 0.45 0.05 180.65 160 5
Parnallee LL3.6 NHM BM.1985,M138 Yes 6.89 042 0.05 139.26 -106 5
Bo Xian LL3.9 NHM BM.1999,M19 Yes 10.19 0.08 0.01 1429 -83 5
El Medano 260 L3.10 CEREGE M 382 No W4 7.32 143 0.17 175.73 128 5
Paposo 004 L3.1 CEREGE nl/a No 8.54 0.57 0.07 14518 -68 5
Aba Panu L3.6 eBay n/a Yes 9.95 0.09 0.01 14118 -94 5
Ceniceros L3.7 NHM BM.1989,M31 Yes 8.68 0.7 0.08 136.51 -124 5
Meze-Madaras L3.7 NHM BM.33909 Yes 782 0.27 0.03 14052 -98 5
Tieschitz H/L3.6 NHM BM.2003,M12 Yes 9.7 0.25 0.03 22152 422 5
Bremerwerde H/L3.9 NHM BM.33910 Yes 10.2 0.37 0.04 146.2 61 5
San Juan 055 H3.2-3.5 CEREGE SJ 055 No W2 782 1.35 0.16 13394 -140 5
Sharps H3.4 USNM USNM 640 Yes 7.86 0.58 0.07 165.96 65 5
Dhajala H3.8 NHM BM.1976,M12  Yes 10.33 0.06 0.01 138.16 -113 5

Uncertainties are given at the 2 level.
aMuseum sources are as follows: AMNH, American Museum of Natural History, New York (USA); CEREGE, Centre
Europeen de Recherche et d'Enseignement des Geosciences de I'Environnement, Aix-en-Provence (France); NHM, Natural
History Museum, London (UK); USNM, Smithsonian National Museum of Natural History, Washington (USA).
PNgawi is a breccia with lithologies of 3.1 and 3.6/3.7 (Grossman and Brearley, 2005; Sears et al., 1991).
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2.3.2 Bulk chondrite mineralogy

The bulk chondrite LF{XRD patterns for all UOCs are similar and indicate
that the major constituents of these meteorites are olivine (with variable
Mg/Fe contents) and pyroxene (mainly low{Ca), with lesser amounts of
Fe{sul de (troilite) and metal (Fig. 2.3). Minor plagioclase is also likely
present in some meteorites (e.g., Lewis et al., 2022), but identi cation was
challenging because its main di raction peaks overlap with those from the
more abundant olivine and pyroxene. No di raction peaks from phyllosil-
icates are observed above the background in any of the UOCs; however,
there is a magnetite peak in the XRD pattern for Ngawi (Fig. 2.3), and all

of the nds have a peak attributed to goethite.

Figure 2.3: Micro-XRD patterns of Bishunpur and Ngawi. Patterns for all
the UOCs analyzed in this study are similar, with the main diraction
peaks originating from olivine, pyroxene, Fe-sul de, and metal. A peak
attributed to magnetite was observed for Ngawi.

The quantitative modal mineralogy of Bishunpur, Ngawi, Krymka, St.
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Mary's County, Chainpur, Parnallee, and Tieschitz determined with mi-
cro{XRD con rms the relatively high abundances of olivine and pyroxene
(Table 2 and Supplementary Table Al). In these meteorites, olivine abun-
dances range from 41 to 71 wt% (average = 57.8 wt%) and pyroxene abun-
dances from 23 to 49 wt% (average = 34.2 wit%), in good agreement with
previous studies of ordinary chondrite mineralogy using PSD{XRD (Men-
zies et al., 2005; Dunn et al., 2010). Olivine compositions appear to become
more homogenized with increasing petrologic type (see Supp. Table Al),
although we note that our dataset includes a limited number of samples.
Abundances for Fe{sul de and metal & 5 wt%) are generally a little lower
than those reported for ordinary chondrites by Menzies et al. (2005) and
Dunn et al. (2010), who mainly analyzed higher petrologic types. We also

determined that Ngawi contains 4 wt% magnetite.

Bishunpur and Krymka di er from the other samples in that, during the
guantitative phase analysis, we found that following subtraction of the
crystalline phases (e.g., olivine, pyroxene, etc.) from the XRD pattern,
the sum of the t factors was less than one. This is consistent with the
presence of a poorly crystalline (\amorphous"), Fe{bearing component,
which will uoresce due to the use of Cu radiation and, therefore, con-
tribute to the background of the XRD pattern (e.g., Bland et al., 2004;
King et al. 2015). Candidate phases in ordinary chondrites include Fe{rich
weathering products (e.g., \rusts"), phyllosilicates/clays (e.g., Menzies et
al., 2005), amorphous silicates (e.g., Dobria@ and Brearley, 2020a), and/or
chondrule glass (e.g., Krot and Rubin, 1994; Lewis and Jones, 2019, Lewis
et al., 2022). For Bishunpur and Krymka, we attempted to t the intensity

and overall shape of the remaining residuals using a combination of our
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Fe{(oxy)hydroxide, serpentine{smectite, and synthetic amorphous silicate
standards and, in both cases, found reasonable agreement with the phyl-
losilicates (when scaled and excluding the diraction peaks). We cannot
fully rule out a contribution from rusts and amorphous silicates/glass but
note that Menzies et al. (2005) also detected phyllosilicates in Bishunpur
using micro{XRD. We determined X{ray \amorphous" abundances of

16 wt% in Bishunpur and 12 wt% in Krymka by using the X{ray absorp-
tion coe cient calculated by Menzies et al. (2005) for ordinary chondrite

phyllosilicate compositions.

Table 2.2: Modal mineralogy (in wt%) determined by high ux XRD for
seven UOC falls.

. c d . X-ray
Name Subtype Oliviné Pyroxend Fe-Sulde® Metal® Magnetite \Amorphous”®
Bishunpur LL3.15 41 39 3 1 n.d. 16
Ngawi LL3.1{3.7 71 23 2 n.d. 4 n.d.
Krymka LL3.2 54 31 2 1 n.d. 12
St Mary's County LL3.3 48 49 3 <1 n.d. n.d.
Chainpur LL3.4 71 25 3 1 n.d. n.d.
Parnallee LL3.6 67 29 3 1 n.d. n.d.
Tieschitz H/L3.6 53 43 3 1 n.d. n.d.

Uncertainties are up to 5 wt% (e.g., King et al., 2015).

aSum of Fay { Fo100 in 20 % increments.

bSum of enstatite and augite.

‘Troilite.

dKamacite, FeyNio.

€Determined using the phyllosilicate X-ray absorption coe cient from Menzies et al. (2005), but could also
include pristine amorphous silicates, rusts, and/or chondrule glass.
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2.4 Discussion

To obtain a more comprehensive picture of early water transport in the pro-
toplanetary disk, we have investigated the OCs, which are less well studied
than CCs. First, we discuss the bulk mineralogy of OCs, including iden-
ti cation of potentially hydrated minerals, obtained through XRD. This
helps to understand the bulk HO contents and H isotope compositions we

measured on these same OC samples.

2.4.1 Bulk mineralogy of type 3 ordinary chon-

drites

Overall, the XRD patterns of 19 bulk UOCs and the calculated modal
mineralogy of seven of these meteorites (Table 2, Supp. Fig. Al) are all
similar and generally consistent with known OC mineralogy and abun-
dances (e.g., Brearley and Jones, 1998; Huss et al., 2006). In particular,
the XRD patterns and mineral abundances are in good agreement with
those determined for UOCs (10's mg of sample) by Menzies et al. (2005).
Considering the two datasets together (12 UOCs in total from petrologic
types 3.1 to 3.8), there is a weak trend of olivine compositions spanning a
wider range in lower petrologic type meteorites ( Fog { FO100) and be-
coming homogenized with thermal metamorphism ( Fogg - Fogo in types

> 3.6). Minor phases such as Fe{sul de and metal do not show any sys-
tematic changes in abundance with petrologic type. Menzies et al. (2005)
also observed 5.9 { 15.1 wt% plagioclase in UOCs of petrologic types
3.3, but we were unable to identify any plagioclase peaks de nitively in the

samples we studied.
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We identi ed a small amount of magnetite (4 wt%) in Ngawi, which is
consistent with the petrographic observations of Choi et al. (1998) and
Krot et al. (2022) and suggests aqueous alteration of metallic and sul de
phases on the asteroid parent body. Magnetite has also been identi ed
by electron microscopy in other UOCs including Krymka (Semenenko et
al., 2001) and Tieschitz (Wood, 1962; Huss et al., 1981), while Menzies
et al. (2005) estimated magnetite abundances ef 1 wit% in Semarkona,
Chainpur, Parnallee, and Meze{Madaras by Messbauer spectroscopy. We
did not nd compelling evidence for magnetite in the XRD patterns for
any of these meteorites; however, at such low abundances, the detection
of magnetite is hampered by the overlap of its main di raction peak with

those from the abundant olivine in the samples.

Possible further evidence for hydration of the OC parent body comes from
the detection of X{ray \amorphous" components in Bishunpur and Krymka
that could be related to phyllosilicates. The presence of poorly crystalline
phyllosilicates in Bishunpur is supported byin situ observations of the ma-
trix (Hutchison et al., 1987; Alexander et al., 1989b), with Menzies et al.
(2005) reporting a phyllosilicate abundance of 20 wt%, comparable to
the X{ray \amorphous" component ( 16 wt%) in our Bishunpur sample.
However, it is worth noting that unlike the study by Menzies et al. (2005),
there were no observable smectite peaks in this analysis and this value is
determined from the residual XRD pattern following deconvolution. These
elevated phyllosilicate abundances may also indicate the presence of per-
vasive incipient alteration channels in ferromagnesian silicates (Menzies et
al., 2005). In addition, Bishunpur has one of the highest bulk ¥ contents
(1 wt%) of the UOC falls we analyzed (Table 2.1 and Fig. 2.2). Similarly,
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although we were unable to acquire XRD patterns of Semarkona, it con-
tains 0.9 wt% H,O and previous studies have identi ed phyllosilicates
in the matrix (Hutchison et al., 1987) and estimated a bulk phyllosilicate

abundance of 15 wt% (Menzies et al., 2005).

The petrographic evidence for the presence of phyllosilicates in Krymka is
less conclusive; although phyllosilicates have been previously reported in
this sample, it is to a signi cantly lesser extent than that of Bishunpur
(Weisberg et al., 1997; Semenenko et al., 2005). Nevertheless, we nd that
Krymka has a bulk H,O content of 0.8 wt%, which is comparable to
Semarkona and suggests that a hydrous phase is present in the meteorite.
Terrestrial weathering products are unlikely as Krymka is a fall and we
found that our Fe{(oxy)hydroxide standards were not a good match for
the background intensity of the XRD pattern. Amorphous silicates and/or
chondrule glass are possible but are not expected to host signi cant quanti-

ties of H,O, whereas phyllosilicates can contain 15 { 20 wt% H,O.

2.4.2 Bulk chondrite water contents

Ordinary chondrites exhibit signs of both thermal alteration, spanning from
petrologic types 3.00 to 7 (e.g., Huss et al., 2006), and aqueous alteration,
typically identi ed in type 3 UOCs by the presence of secondary phases
formed through hydrothermal alteration, such as phyllosilicates (Alexan-
der et al., 1989b), amphiboles (Dobria and Brearley, 2014), fayalite and
magnetite (Krot et al., 1997; Dobria et al., 2019), and bleached chondrules
(Grossman et al., 2000). Figures 2.1 and 2.4 show that UOC falls with
petrologic types< 3.4 contain up to ca. 1 wt% HO, and that bulk H,O

abundances then decrease with increasing metamorphic grade. Increasing
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subtype re ects increasing thermal metamorphism, resulting in the break-
down of phyllosilicates at temperatures greater than 700 K (Wolters and
Emmerich, 2007; Velbel and Zolensky, 2021). UOCs of the lowest subtypes
(= 3.2) are not thought to have undergone peak temperatures higher than
500 K, allowing for the survival of phyllosilicates in these samples (Alexan-
der et al., 1989b; Lewis and Jones 2019). On the other hand, UOCs of higher
subtypes are thought to have undergone prolonged periods of heating at
peak temperatures of 900 K (Lewis et al., 2022), causing dehydroxy-
lation of any phyllosilicates originally present. This observation is also in
agreement with the negligible abundance of XRD amorphous components

in UOC samples with subtypes> 3.2 { 3.3.

There do not appear to be any distinct di erences in bulk water abundances
between the OC chondrite groups (H, L, or LL). Within the LL chondrites,
the only group with falls with subtypes< 3.4, there is a good relationship
between decreasing bulk $0 abundance and increasing petrologic sub-
type (Fig. 2.1). Among the samples analyzed here, bulk water abundances
and/or H isotope compositions have been analyzed previously in Semarkona
(LL3.00), Bishunpur (LL3.15), Chainpur (LL3.4), Parnallee (LL3.6), and
Ngawi (LL3.6) (Robert et al., 1979; McNaughton et al., 1982; Robert et
al., 1987; Alexander et al., 2012). Figure 2.4 shows that bulk water abun-
dances measured for a given sample vary, and that bulk water abundances
measured here tend to be higher than most literature data, notably for
Semarkona, Bishunpur, and Chainpur. On the other hand, the bulk O
abundance obtained for Semarkona is similar to that of Alexander et al.
(2012) (Fig. 2.4). The cause for such variability for a given sample is unclear;

one possibility is a sampling e ect, where bulk samples including variable
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amounts of matrix would result in variable bulk HO abundances. As there
appear to be somewhat systematic di erences between the datasets, it is
also possible that di erences in sample preparation, storage, and analytical
techniques used may all be factors. For example, the maximum combustion
temperature in this study is higher than that of the studies by McNaughton
et al. (1981, 1982) and Yang and Epstein (1983), and our study utilized a

single combustion as opposed to step{wise pyrolysis.

Figure 2.4: Bulk H,O content versus subtype, including literature data

(Alexander et al., 2012; Marrocchi et al., 2020; McNaughton et al., 1981,
1982; Vacher et al., 2020; Yang and Epstein, 1983). Samples with duplicate
measurements are labeled S (Semarkona), B (Bishunpur), and C (Chain-

pur).

As previously mentioned, ordinary chondrites have lower abundances of
ne{grained matrix compared to carbonaceous chondrites, with UOCs com-
prising on average 10 { 15% matrix (Grossman and Brearley, 2005), as
opposed to 50% in most CCs, and up to almost 100% for some hy-

drated CCs (Weisberg et al., 2006). Making the simpli ed assumption that
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all the water in UOCs is in the matrix, utilizing matrix abundances from
Grossman and Brearley (2005), or where unavailable assuming that sam-
ples have a matrix abundance of 10%, and using,8 abundances from
Table 2.1, we estimate the water abundance of the matrix at 4.8 { 8.2 wt%
H,O for UOC falls = 3.3 (Fig. 2.5). This is comparable to the calculated
matrix water contents, as determined using bulk water contents and in-
dividual chondrite matrix abundances, of some phyllosilicate{rich CR and
CM chondrites (Fig. 2.5), where the CM chondrites with the lowest KD
values and least parent body alteration are Paris (CM2.7; Piani and Mar-
rocchi, 2018) and Asuka 12236 (CM2.9; Marrocchi et al., 2023). Of note,
we measured the highest water abundance in St Mary's County, which has
a terrestrial{like D/H ratio. We suggest this sample may have become ter-
restrially altered, similarly to the nds. On the other hand, UOC falls with
subtypes> 3.3 are much closer in estimated matrix water contents to the
phyllosilicate{poor CV chondrites, whose matrix is mostly anhydrous (e.g.,
Alexander et al., 2010; Piani and Marrocchi, 2018; Vacher et al., 2020). This
suggests that the OC parent bodies likely underwent signi cant aqueous al-
teration, albeit to a lesser degree than what is observed in many CM and

CR chondrites, prior to thermal metamorphism.
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Figure 2.5: Calculated matrix HO abundance versus petrologic type (com-
bining bulk H,O abundances and matrix abundances of 10% for OCs and
40%{99% for CCs, based o groups or, where available, individual sam-
ples). Data from this study (falls only) are represented in pink and all
other points are CC literature data (Alexander et al., 2010, 2013; Marroc-
chi et al., 2023; Piani and Marrocchi, 2018; Vacher et al., 2020; Weisberg et
al., 2006), with CM and CV subtype classi cations by Rubin et al. (2007)
and Bonal et al. (2004), respectively. TL, Tagish Lake. In this plot, Ngawi
(3.1{3.7) is classi ed as 3.1.

UOC nds have higher H,O abundances relative to fall counterparts of the
same subtype (Fig. 2.1). This suggests that nds, which have resided at the
Earth's surface for unknown periods of time have absorbed terrestrial water
prior to being collected. HO abundances in nds increase with weathering
grade and all nds had a feature in their XRD patterns associated with
goethite. Excluding the single nd with an H,O content of 0.6 wt%,
which has the lowest weathering grade, most of the nds have a similar
bulk H,O abundance of 1.4 wt%. This may be indicative of a general

limit to the amount of terrestrial water that UOCs can uptake.
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2.4.3 Bulk hydrogen isotope composition of UOCs

Meteorite nds tend to have lower dD values than meteorite falls of the
same petrologic type (Fig. 2.2). This suggests that any extraterrestrial wa-
ter originally hosted in hot desert meteorite nds has equilibrated with
terrestrial water. In future studies of water in unequilibrated ordinary chon-
drites, and meteorites in general, it is thus recommended to prioritize falls

over nds.

Two of the highest bulk D/H ratios are measured in the lowest subtype
UOCs (< 3.2), with dD values of 756 and 146G for Bishunpur and
Semarkona, respectively (Table 2.1, Figs. 2.2 and 2.6). This tends to be at
the lower end of previous bulk D/H ratios measured in these two samples
(e.g., McNaughton et al., 1981; 1982; Yang and Epstein, 1983; Alexander
et al., 2012; Fig. 2.6). The lower KO abundances measured in the 1980's
studies compared to our bulk analyses (Fig. 2.4) may indicate that the
earlier studies did not sample the complete UOC D/H inventory. BulkdD
values decrease swiftly between petrological subtypes 3.00 and 3.4 (except
for Tieschitz, which we discuss below), suggesting that the phase(s) hosting
elevated D/H ratios is easily destroyed or altered with minor thermal alter-
ation (e.g., Vacher et al., 2020). The breccia Ngawi has the second highest
bulk D/H ratio, with a dD value of 114G (Fig. 2.6), con rming that our

sample is dominated by a low subtype lithology.

Previous in situ H isotope studies in UOCs (e.g., Semarkona, Bishun-
pur, and Krymka) have revealed the presence of deuterium{rich 'hotspots'
within the hydrated matrices and/or insoluble organic matter (IOM) com-

ponent present in the samples (Deloule and Robert, 1995; Alexander et al.,



CHAPTER 2. BULK MINERALOGY, H ,0, AND D/H OF UOCS 90

Figure 2.6: Bulk dD versus subtype, comparing data from this study with
previous bulk UOC analyses (Alexander et al., 2012; Marrocchi et al., 2020;
McNaughton et al., 1981, 1982; Vacher et al., 2020; Yang and Epstein,
1983).

2010; Piani et al., 2015; Remusat et al., 2016), with largdD variations

of several thousands of permil observed at the micrometre scale within the
matrix of Semarkona (Deloule and Robert, 1995; Piani et al., 2015). Several
processes have been suggested to explain this type of extreme small{scale
heterogeneity, which is also observed in CCs, including H isotope fractiona-
tion as a result of photodissociation within a plasma, as has previously been
shown to produce D/H heterogeneity in CC IOM (Robert et al., 2017), or
inheritance from the molecular cloud or protoplanetary disk (Busemann
et al., 2006). As we analyzed homogenized bulk powders, the matrix H
component is diluted, masking these extreme variations observed at the
microscale. For example, Krymka has a low bulklD value of 66 , de-
spite being a subtype 3.2 and hosting IOM withdD values of up to

2500t similar to that of Semarkona (Alexander et al., 2010; Piani et al.,
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2015).

Deciphering the mechanism(s) that caused bulk D/H ratios to decrease
with increasing thermal metamorphism is not straightforward. Globally,
this bulk D/H decrease is accompanied by a progressive loss of water, in-
dicating an open system process. For example, it has been suggested that
degassing of K produced by iron oxidation in a hydrated parent body
preferentially leaves behind D{rich material that would generate bulk D en-
richments with increased heating and oxidation intensity, possibly explain-
ing D{rich hotspots observed in IOM in Semarkona, Bishunpur, Krymka,
Chainpur and Tieschitz (e.g., Alexander et al., 2007, 2010). However, D
enrichment with increasing metamorphism is contrary to what we measure
in bulk UOCs. Importantly, bulk rock D/H analyses comprise contribu-
tions from hydrated silicates, as well as from H{bearing organics and any
other H{bearing phase present. In UOCs, IOM is characterized by elevated
dD values of> 2000t (Alexander et al., 2007). Elevated D/H ratios in
low subtype UOCs may, thus, indicate a dominant contribution from IOM,
progressively diminishing with thermal metamorphism. However, this is
not consistent with in situ studies of Semarkona matrix, which indicate
that the highest D/H ratios are not hosted by IOM (Deloule and Robert,
1995; Piani et al., 2015). In addition, Semarkona and Bishunpur contain
0.36 and 0.25 wt% bulk C, corresponding to 0.64 and 0.43 wt% IOM, re-
spectively, assuming all C is hosted in IOM with C abundances of 56.3
and 57.7 wt% (Alexander et al., 2007). If we assume all IOM is hosted in
the matrix, that gives matrix{normalized IOM abundances for Semarkona

and Bishunpur of 4.1 and 1.8 wt%, respectively. With H/C atomic ratios
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of 0.25{0.48 (Alexander et al., 2007), IOM would contribute a limited frac-
tion of the bulk H inventory of Semarkona and Bishunpur. In summary,
the sharp decrease of bulk D/H ratios with progressive metamorphism of
UOCs indicates that the high D/H component(s) is very susceptible to
thermal alteration. Therefore, this D{rich material is likely inherited from
the molecular cloud and/or disk processes, rather than being a product of
secondary parent body processes. What this D/H rich phase is remains to

be rmly identi ed via in situ studies.

The high bulk dD value of 42Z measured in Tieschitz (H/L3.6) is an out-
lier from the trend of decreasing D/H with increasing subtype. Tieschitz
is an unusual chondrite, which exhibits unique properties relative to other
UOCs. It contains two distinct matrix lithologies: a ne{grained so{called
“black’ matrix commonly forming a distinct component around chondrules,
which contains an abundance of FeO{rich olivine (Alexander et al., 1989b;
Dobria and Brearley, 2014), and "white' vein{like areas of matrix enriched
in Na, Al, K and containing feldspars (e.g., Dobri@a and Brearley, 2014).
There is strong evidence that Tieschitz underwent hydrothermal alteration
on its parent body, such as the presence of amphiboles in the black matrix
(Dobria and Brearley, 2014), despite the relatively low bulk water abun-
dance of 0.29 wt% that we measured (Table 2.1). In addition, it has been
suggested that the formation of the white matrix is due to interaction with
a hydrous uid on the parent body (Hutchison et al., 1998; Dobri@a and
Brearley, 2014).In situ studies of Tieschitz matrix would help decipher

what phase(s) is responsible for its relatively high bulk D/H.
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2.4.4 DJ/H variation across the Solar System

Our comprehensive D/H dataset for bulk UOCs is compared to D/H values
of a range of Solar System objects in Fig. 2.7. The bulk Earth has a D/H
ratio of 1500 10%, and the ice and gas giants have lower D/H ratios
extending down to the D/H ratio of Solar H, (Mahay et al., 1998; Geiss
and Gloeckler, 2003; Feuchtgruber et al., 2013). Jupiter and Saturn are
composed predominantly of KW gas and have D/H ratios similar to the
protosolar nebula. In contrast, Neptune and Uranus are expected to have
formed by additionally accreting icy, deuterium{rich planetesimals { such
as comets { to construct their icy cores, thus giving them slightly higher

D/H ratios relative to the protosolar nebula and gas giants.

The high bulk D/H ratios measured in UOCs (Fig. 2.7), which originate
from asteroidal bodies formed in the inner Solar System, do not readily
conform to current models aimed at explaining the H isotope distribution
and evolution in the early Solar System, despite these ratios likely being
of a primary origin. Indeed, these models predict that the Solar System
formed from a molecular cloud that contained D{enriched water ice. Some
of this D{rich water vaporized and underwent rapid isotopic exchange with
D{depleted H, molecules in the warm (ca. 600{800K) inner Solar System.
Some of this D{depleted water was subsequently transported outward by
turbulence, and re{condensed outside the snowline into ice grains, which
could then have been incorporated into small Solar System bodies. There-
fore, there were at least two carriers of water in the early Solar System,
pristine D{rich ice grains and D{poor condensed water vapor. To a rst
order, mixing between these D{poor and D{rich carriers resulted in wa-

ter D/H approximately increasing with heliocentric distance from the Sun
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(e.g., Drouart et al., 1999; Alexander et al., 2012; Jacquet and Robert,
2013; Yang et al., 2013). The parent bodies of OCs are thought to have
formed closer to the Sun than the parent bodies of volatile{rich CCs such
as CR, CM, and CI chondrites (Alexander et al., 2018; Scott et al., 2018;
Trigo{Rodrguez et al., 2019; Broadley et al., 2022). One would then ex-
pect the D/H ratio of the water accreted by the OC parent bodies to be
lower than that of water accreted by those asteroidal bodies which formed
further out in the Solar System. The bulk H isotope composition of the
least metamorphosed UOCs show that this is not the case, with D/H ra-
tios of some of the most pristine UOCs being higher than the highest bulk
CC D/H (Fig. 2.7). This suggests that either UOC parent bodies accreted
larger amounts of D{rich ices than CC parent bodies, or that carriers of
these D{rich signatures were more e ciently altered and/or destroyed in

CC.

A number of potential mechanisms may explain the observation that the
least equilibrated UOCs have higher bulk D/H ratios than CCs. The most
pristine UOC samples, such as Semarkona, have undergone very little alter-
ation { thermal or aqueous { compared with the majority of CCs. Carbona-
ceous chondrite parent bodies may have accreted UOC{like D{rich ices, but
these original signatures could have been lowered during uid{rock inter-
actions, resulting in lower D/H ratios such as those measured in water{rich
CM and CI chondrites, for example. This is, however, unlikely as water
in all CM chondrites displays similar D/H ratios, regardless of the degree
of alteration (Piani and Marrocchi, 2018; Piani et al., 2021). In fact, the

opposite isotopic characteristics (i.e., low D/H with low metamorphism)
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would be expected if H{isotopic exchange between D{rich organic compo-
nents and D{poor aqueous uids were the dominant processes controlling
D/H variations. In addition, other processes such as the aqueous oxida-
tion of iron{bearing phases followed by K loss and Rayleigh{type isotopic
fractionation are likely ine ective for enriching D in water{rich chondrites,
due to the bu ering by large amounts of water. For CM chondrites, for
example, this proposed mechanism is at odds with the observation that
the least altered CMs Paris and Asuka 12236 contain unoxidized metal and
are enriched in D compared to more altered CMs (Marrocchi et al., 2023).
Altogether, this suggests that the D{rich isotopic compositions of pristine
UOCs are inherited characteristics involving processes having occurred in

molecular cloud and/or protosolar nebula settings.

Observations and modelling of protoplanetary disks suggest that laments
(i.e., streamers) from the residual molecular clouds could inject D{rich ma-
terial to the inner Solar System throughout the lifetime of the disk (Pineda
et al.,, 2020; Piani et al.,, 2021; Kuznetsova et al., 2022). Provided this
anisotropic (unidirectional) infall has a precise enough deposition through-
out its lifetime (i.e. injecting into small enough regions to only aect a
singular population of disk material { the OCs), and that it could trans-
port su cient D{enriched material, this could help explain the anomalously
high D/H ratios observed in UOCs compared to CCs, without having to
reassess existing models for the spatial and temporal evolution of the water
H isotope composition in the early Solar System. This process also o ers
the advantage of producing a complex, unequilibrated mixture of organics

and water ice{grains bearing large and variable H isotopic variations.
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Figure 2.7: D/H ratios of a range of Solar System objects. Literature data
are from McNaughton et al. (1981), McNaughton et al. (1982), Yang and
Epstein (1983), Robert et al. (1987), Lecuyer et al. (1998), Lellouch et al.
(2001), Geiss and Gloeckler (2003), Alexander et al. (2012), Feuchtgruber
et al. (2013), Piani et al. (2020), Vacher et al. (2020), and references therein.
The x-axis arbitrarily represents the order of distance from the Sun, and
within chondrite groups, measurements are plotted in order of increasing
D/H for simplicity. This is not intended to imply an increase in D/H based
on distance from the Sun within a given chondrite group or class.
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2.5 Conclusion

This mineralogical and geochemical study of a comprehensive set of un-
equilibrated ordinary chondrites shows that the least metamorphosed fall
samples contain up to 1 wt% HO, associated with very high bulkdD val-
ues of up to 1509 . These bulk water abundances are consistent with the
presence of an XRD amorphous component, which likely includes matrix
phyllosilicates. Bulk D/H ratios in UOCs decrease rapidly with increasing
levels of metamorphism, indicating that the high D/H host(s) is sensitive
to thermal alteration. In situ analyses in matrix areas of Semarkona (Piani
et al., 2015), coupled with the limited abundance of insoluble organic mat-
ter in the most pristine UOCs (Alexander et al., 2007), indicate that this
high D/H component is not organic. Precisely identifying this high D/H
component, and why D/H ratios decline sharply with progressive metamor-
phism, will require further in situ investigations on a range of petrologic

subtypes.

The most pristine unequilibrated ordinary chondrites such as Semarkona
and Bishunpur have some of the highest bulk D/H ratios in the Solar
System, much higher than D/H of other inner Solar System objects and
volatile{rich carbonaceous chondrites. This is particularly enigmatic when
considering that OC parent bodies formed closer to the Sun than CC parent
bodies, thus not conforming to the expected D/H increase with heliocentric
distance. This may indicate localized deposition of D{rich laments from

the molecular cloud and/or outer Solar System in the OC parent body
forming region, which CC parent bodies would have escaped. Alternatively,

both OC and CC parent bodies may have originally accreted this D{rich
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component, which would have been subsequently altered in water{rich CC

parent bodies due to extensive hydrothermal alteration.
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Abstract

Deuterium to hydrogen isotope ratios in unequilibrated ordinary
chondrites (UOCs) which have undergone little-to-no thermal meta-
morphism pose an interesting problem when looking at water in the
early Solar System. Bulk chondrite studies have shown that UOCs of
the lowest subtypes have D/H ratios as high as comets in the outer
Solar System which, along with bulk chondrite water contents, de-
crease with thermal metamorphism. Since bulk chondrite analyses
represent a complex mixture of organic and hydrated phases that can
both be the host of high D/H ratios, it is not clear what phase is
responsible for the high bulk D/H values. In this paper, we reportin
situ measurements of the H isotopic composition of the ne-grained
matrix of a range of UOCs, in an attempt to disentangle contribu-
tions from organics and hydrated silicates. We nd that for UOCs of
petrologic subtype- 3.2, correlations between D-rich organic mate-
rial and D-poor phyllosilicates give relatively D-poor intrinsic water
isotopic compositions, -22 ¢ 93)f to -366 (+ 118)f , which are
inherited from parent body formation. As such, we conclude that
OC parent bodies accreted D-poor water ice that had an H isotopic
composition similar to that of CM and CV chondrite parent bod-
ies. We also nd that the lowest subtype UOCs show similar water
and organic compositions to higher type UOCs, and that there is a
third, previously unidenti ed component that carries the high D/H
signature. We propose that this component is pristine material pre-
served from the molecular cloud or early protoplanetary disc that is

extremely sensitive to thermal and aqueous alteration.
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3.1 Introduction

Unequilibrated ordinary chondrites (UOCs) are primitive ordinary chon-
drites which have undergone minimal modi cation since they accreted to
their parent bodies around 4.5 billion years ago, early in the history of the
Solar System. These meteorites are composed of high-temperature com-
ponents such as chondrules and calcium- and aluminium-rich inclusions
(CAls) which are set in a porous, ne-grained € pm) matrix. Matrix

in UOCs is a complex mixture of anhydrous silicates, primitive low- and
high-temperature condensates from the protosolar nebula (PSN), and small
amounts of organics and hydrated compounds (Alexander et al., 1989a;
Scott and Krot, 2014; Dobria and Brearley, 2020a). In the most primitive
UOCs, matrix contains amorphous silicates as well as phases indicative of
agueous alteration on the UOC asteroid parent bodies, such as phyllosil-
icates, amphiboles, fayalite, and magnetite (e.g., Alexander et al., 1989a;
2012; Dobria and Brearley, 2014, 2020; Krot et al., 2022). Despite matrix
only comprising 10 - 15 wt% of bulk UOCs (Weisberg et al., 2006), stud-
ies of UOCs have measured bulk water abundances of up to ca. 1 wt% in
samples of the lowest petrologic subtype (Alexander et al., 2010; Vacher et
al., 2020; Marrocchi et al., 2020; Grant et al., 2023a). These observations
indicate that water was present in OC parent asteroids, presumably as a

result of melting of accreted ice.

In addition to the clear evidence of hydrated material in the least metamor-
phosed UOCs, these samples are characterised by elevated bulk hydrogen
isotope ratios. UOCs with subtype< 3.2 have bulk D/H ratios of up to

ca. 7000 10 © (Robert et al., 1979; 1987; McNaughton et al., 1981; 1982;
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Yang and Epstein, 1983; Alexander et al., 2012; Grant et al., 2023a), where
the standard mean terrestrial value of ocean water is 155.7%610 °. These
bulk UOC D/H ratios are considerably higher than the bulk D/H ratios
measured in volatile-rich carbonaceous chondrites (150 - 2500 10 &;
Alexander et al., 2012; Vacher et al., 2020; Marrocchi et al., 2021). Hy-
drogen isotopes are often used as a tracer for the origin and transport of
water/ice in the early Solar System, notably because of the large isotopic
variations observed between di erent objects. There were at least two car-
riers of water in the early Solar System: pristine D-rich ice grains origi-
nating from the molecular cloud and/or outer Solar System and D-poor
water formed via rapid isotopic exchange between D-rich water vapour and
D-depleted H molecules in the warm inner Solar System (Jacquet and
Robert, 2013; Yang et al., 2013). To a rst order, mixing between these D-
poor and D-rich carriers would have resulted in water D/H approximately
increasing with heliocentric distance from the Sun (e.g., Drouart et al.,
1999; Alexander et al., 2012; Jacquet and Robert, 2013; Yang et al., 2013;
Piani et al., 2021; Muller et al., 2022). However, since UOC parent asteroids
are thought to have formed closer to the Sun than those of carbonaceous
chondrites (Scott et al., 2018), the observation that pristine UOCs have
higher bulk D/H ratios than water-rich chondrites such as those from the

CM, CR, and CI groups is di cult to explain.

However, there is an important complexity to the D/H carrier in UOCs.
The ne-grained matrix in which most of the water is hosted in UOCs
contains other H-bearing components, such as carbonaceous organic mat-
ter (e.g., Alexander et al., 2007; 2012; Piani et al., 2021). Therefore, bulk

D/H ratios represent mixed H isotope signatures of at least two H-bearing
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components, and are not directly representative of the D/H ratios of the
water ice accreted by the UOC parent bodies. Due to the small grain sizes
and heterogeneous mixing at the nanoscale, it is not physically possible to
separate water-bearing silicates from organics to measure their bulk D/H
ratios independently. In order to disentangle water and organic H isotope
compositions, and to further characterise the D/H ratio of water accreted
to the UOC parent bodies, it is necessary to examine the sample with high-
resolutionin situ techniques.In situ analyses of matrix areas in Semarkona
suggested that the D-rich component is not related to organic material, but
instead corresponds to phyllosilicates (Piani et al., 2015). To expand this
limited dataset , we carried outin situ petrologic and isotopic analyses
using scanning electron microscopy (SEM), electron microprobe analyses
(EPMA), and secondary ion mass spectrometry (SIMS) of ne-grained ma-
trix areas of 13 UOCs. All samples are falls which have undergone minimal,
if any, terrestrial alteration for which we previously determined the bulk H

isotope compositions (Grant et al., 2023a).
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3.2 Materials and Methods

3.2.1 Samples

We conductedin situ analyses on the following 13 UOC samples: Aba Panu,
Bishunpur, Bremerwerde, Ceniceros, Chainpur, Krymka, Meze-Madaras,
Ngawi, Parnallee, Semarkona, Sharps, St Mary's County, and Tieschitz, all
of which were part of the bulk chondrite study by Grant et al., (2023a). All

of these samples are falls. They have petrologic types ranging from 3.00 to
3.9 and they include H, L and LL groups (details in Table 3.1). For each
meteorite, chips of a few mm across with surface areas betweerb { 15
mm? were stuck to a glass slide, and polished rst using SiC polishing discs
with decreasing grit size and isopropyl alcohol as the lubricant, and then
polished using 6, 3, 1, and 0.2fm diamond pastes. After polishing, the
chips were demounted from the glass slides using acetone, cleaned for 10
min in isopropyl alcohol in an ultrasonic bath, and pressed into 10 mm

diameter indium mounts.

3.2.2 Scanning electron microscopy and electron

probe microanalysis

The samples were coated with carbon for electron beam analyses. Tex-
tures and mineralogy were examined using an FEI Quanta 650 Scanning
Electron Microscope (SEM) equipped with an energy dispersive X-ray spec-
trometer (EDS) at the University of Manchester, allowing us to produce

back-scattered electron (BSE) and elemental X-ray maps for all samples.

Multiple regions of at, ne-grained matrix were identi ed in each of the
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samples for further investigations. We then measured bulk matrix chemi-
cal compositions using CAMECA SX 100 and JEOL 8200 electron probe
microanalyser (EPMA) instruments at the University of Manchester and
the University of New Mexico, respectively. For both instruments, analyses
were performed with an accelerating voltage of 15 kV, a beam current of
20 nA, and a 10um diameter defocused beam. Due to the ne-grained
and heterogeneous nature of the matrix, multiple analyses were taken in
each area and averaged to produce a mean of the bulk matrix composition.
The elements measured, standards used, and peak and background count-
ing times are given in Supp. Table B1. Oxide compositions were corrected
using the same method as reported in Huss et al. (1981) and Matsunami
(1984), where all elemental Ni and S were assigned to Fe-Ni metal (where
the Fe:Ni compositions of metal for each meteorite group were obtained
from Gattacceca et al., 2014) and troilite (FeS), respectively, and Fe added
to those phases. The nal FeO abundances were recalculated with contri-

butions to FeS and FeNi subtracted, and totals redetermined.

3.2.3 Secondary lon Mass Spectrometry

We carried out secondary ion mass spectrometry (SIMS) analyses on
regions of ne-grained matrix identied and characterised by SEM and
EPMA, on the 13 indium-mounted UOC chips. Regions that contained
chondrules or mineral fragments, cracks, holes, or imperfect polishing
were avoided. Prior to analyses, we removed the carbon coat and left
the samples overnight in an 80°C furnace to remove any adsorbed
water. The mounts were then gold coated and introduced into the SIMS

instrument vacuum system several days before analysis. The vacuum in
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the analysis chamber during analysis was always 5 O 10 ° mbar. SIMS
analyses were carried out using the CAMECA IMS 1280HR2 instrument in
monocollection mode at CRPG-CNRS in Nancy (France) over the course
of two weeks in October 2022, following the procedure described in Piani
et al. (2018; 2021). For analysis, a Csbeam accelerated at 10 kV with a
variable current between 400 pA to 2 nA for UOC samples and down to
50 pA for the H-standards was used to ensure a constant Hount rate

of 150 1 c/s. The beam was rastered over 1® 15 pm? areas and
intensities of'H , 2D , 13C , and ?°Si were measured using an electron
multiplier (EM). The EM background was measured at mass 0.95 (an
extra mass where there is no real peak) for 1 seconds during each cycle
and subtracted from measured intensities. Before analysis, target areas
underwent pre-sputtering at 2.5 nA for 3 minutes over a region of 30 30
um? to implant Cs* and remove adsorbed H or surface impurities. Each
analysis consisted of 30 cycles of data collection, totalling 30 minutes per

analysis, and gating was not applied.

The standards used to calibrate the SIMS and subsequently to correct data
for instrumental mass fractionation (IMF) are given in Supp. Table B2
and were a combination of terrestrial samples, including hydrated minerals
(Bamble amphibole, Kipawa amphibole, Ser-12A serpentine), H-bearing
glass (Etna-4, M98-47963, M98-35, M98-40, M98-43, Tan25-0, Tan25-2),
and a type lll kerogen (Kerlll), as well as D-rich insoluble organic matter
(IOM) from GRO 95502 (L3.2, nd) and Orgueil (Cl1, fall). Addition-
ally, pressed chips of the carbonaceous chondrites Mighei (CM2, fall) and
Kolang (CM1/2, fall) were measured for comparison with previous measure-

ments of CM chondrites (Piani and Marrocchi, 2018; Piani et al., 2021).
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Plotting measured vs. known D/H ratios for all standards result in a cal-
ibration line corresponding to D/Hye = [2.21 (+0.18) O D/H measured] {
7.6 O 10 5 (Supp. Fig. B1). Of note, this calibration produces a non-zero
intercept which we interpret as a non-zero blank that is always present
in the machine. Including the non-zero intercept in the calibration allows
for background contamination in both the machine and the sample itself
to be solved. Additionally, we assume the calibration to be the same for
both phyllosilicates and IOM as both are found mixed in the matrix. For
further clari cation as to the validity of this method see Remusat et al.,
(2016). We used this calibration to correct the D/H ratios measured in UOC
matrix areas, which are reported here using thdD notation, where dD =
(D/H sampie / DIH smow { 1) O 1000, corresponding to the deviation of D/H
ratios from the standard mean ocean water (D/Kyow = 155.76 O 10 ©)

in parts per thousand ¢ ). All measureddD values are reported in Supp.
Table B3, together with their 2s uncertainties, which comprise statistical
uncertainties associated with each individual analysis and uncertainty on
the D/H IMF calibration propagated in quadrature. Mean dD values for
each meteorite are reported in Table 3.2 together with theirsl standard
deviations, which re ect heterogeneity in D/H ratios within samples. Re-
peated analyses of these reference materials were also used to construct
H/ 2°Si vs. known HO/SiO, and 3C/H vs. known C/H calibration lines
(Supp. Fig. B2 and B3), which we used to roughly estimate 40 and C

abundances for each analysis.
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3.3 Results

3.3.1 Matrix composition

Examples of matrix areas identi ed for this study are shown in Fig. 3.1. In
samples with subtypes< 3.5, ne-grained matrix areas were more abun-
dant and easier to observe than in samples which have undergone higher
levels of thermal metamorphism. Matrix areas show varying degrees of het-
erogeneity, even within individual samples. They vary in size from 10s to
100s ofum?, as well as compositionally from ne-grained and homogeneous,
to more heterogeneous and " uy' (Fig. 3.1a-c). In samples with subtypes

> 3.5, we relied more heavily on X-ray maps, where regions between larger
phases which appeared to contain a heterogeneous mixture of components
including olivine, pyroxene, and feldspars, and appeared texturally ne-

grained, were assumed to be matrix (Fig. 3.1d-e).

All the studied UOCs contain large & 1000pm?) chondrules which domi-
nate the make-up of the samples (e.g. Fig. 3.1f). Between these chondrules,
regions of smaller components such as chondrule fragments and anhydrous
grains are observed. There are many smooth larger grains of olivine and
pyroxene with sizes ranging between ca. 1 ard 10 um. All samples also
contain feldspathic phases (albite and anorthite) 5 to 20um in size, small
Fe,Ni grains (< 20 um) and larger (5 - 30um) sul des. Fine-grained (sub-
micrometer) matrix material occurs between these grains, and includes a
mixture of many di erent components that cannot be easily identi ed by
SEM-EDS. Matrix regions, even within individual samples, vary in size

from 10s to 100s ofim?.
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