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Jane Linda MacArthur 

ABSTRACT 

X-ray spectroscopy and electron microscopy have been used to study a martian breccia 

meteorite and grains from Comet 81P/Wild 2 retrieved by NASA’s Stardust mission.  

Martian meteorite Northwest Africa (NWA) 8114 (paired with NWA 7034) allows 

examination of the thermal history of a regolith near an impact crater on Mars. 

Transmission electron microscopy (TEM) reveals that some pyroxene clasts are porous 

and have partially re-crystallised, forming magnetite and a K-bearing feldspathic glassy 

material with relict pyroxene. Fe-K X-ray absorption spectroscopy (XAS) shows the 

pyroxene to be oxidised, with up to 25% Fe
3+

/ΣFe. A partially re-crystallised augite 

clast gave a 
40

Ar-
39

Ar maximum age of 1.13 Ga to 1.25 Ga, inferred to correspond to 

the impact heating event causing pyroxene breakdown, being held above 700 °C for at 

least seven days in an oxidising regolith environment. A Fourier cooling model 

indicates that a regolith of at least five metres depth would provide these temperatures. 

Low temperature hydrous alteration formed goethite, identified with X-ray diffraction 

(XRD), XAS and Fourier transform infrared spectroscopy (FTIR). 

Fe-K XAS and XRD identified magnetite and olivine in terminal grains 1 and 2 

respectively of Stardust track #187 and provisionally iron sulphide, magnetite and 

pyroxene in tracks #188, #189 and #190. Magnetite provides evidence for aqueous 

alteration on a cometary parent body.  The same preparation techniques with 

carbonaceous chondrites yielded the identification of two magnetite and three olivine 

particles, suggesting dense magnetite is preferentially preserved during capture. 

TEM analysis of Stardust terminal grains identifies chondrule-like fragments with 

pyroxenes, olivines and feldspars, and iron sulphides that were originally pyrrhotite, but 

have lost volatile sulphur due to heating during the capture process. 

The combination of XRD, FTIR and Fe-K XAS are a powerful non-destructive method 

for mineralogical identification on a micron scale for small planetary samples. 
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1 PLANETARY MATERIALS 

This thesis investigates and constrains the formation conditions of planetary materials 

using electron microscopy and X-ray spectroscopy. By studying the first regolith 

breccia meteorite from Mars and Stardust comet grains, the aim is to improve our 

knowledge of the formation and evolution of these Solar System bodies. 

The introductory first chapter reviews the current collection of planetary materials and 

provides the context to the investigation of the martian regolith breccia (Chapter 3) and 

the investigation of comet samples (Chapters 4 and 5). Meteorite groups and asteroids 

are discussed in order to understand the selection and study of carbonaceous chondrites 

as the closest analogues to Stardust samples in Chapter 4. 

Chapter 2 documents the full range of techniques employed in this research; scanning 

electron microscopy (SEM) and scanning transmission electron microscopy (STEM), 

both with energy dispersive X-ray spectroscopy (EDX), electron probe microanalysis 

(EPMA), focused ion beam (FIB), X-ray absorption spectroscopy (XAS), X-ray 

fluorescence (XRF), X-ray diffraction (XRD), Fourier transform infrared spectroscopy 

(FTIR) and micro-computed tomography (CT) scan. 
40

Ar-
39

Ar dating has been carried 

out in collaboration with the University of Manchester. 

Chapter 3 describes the results from using the above techniques on the regolith breccia 

from Mars, investigating the mineral compositions and iron oxidation states and 

looking for alteration textures, as well as determining the identity of hydrated iron 

oxide phases from their crystal structure. The results have been used to construct a 



Chapter 1: Planetary Materials  

2 

 

simple thermal model, constraining conditions at the impact site on Mars where the 

breccia was deposited. 

Chapter 4 identifies minerals in comet terminal grains in tracks in four aerogel 

keystones returned by NASA’s Stardust mission from comet Wild 2. The affinities 

between carbonaceous chondrites and comets are investigated by comparing the 

Stardust terminal grains with carbonaceous chondrite CR2 and CV3 samples, shot into 

aerogel by a light gas-gun by collaborators at the University of Kent and made into 

keystones at the University of Berkeley in a process analogous to the capture of 

Stardust comet grains. 

Chapter 5 presents results of STEM-EDX analysis of microtome slices of Stardust 

terminal grains and compares them with the mineralogy of Stardust grains from other 

studies. 

Chapter 6 summarises the results of the thesis, places the contributions made in context, 

and suggests future lines of further investigation, including techniques that are being 

proposed and developed for laboratory analysis on Earth, sample return missions that 

are currently in progress, and other planned and proposed space missions..  

1.1 Planetary sample collection 

Earth’s inventory of extra-terrestrial planetary materials consists of meteorites, dust and 

rocks from space that land on Earth, and specimens from sample return missions. This 

section sets out the different meteorite classification groups, petrologic types and 

background; martian meteorites are discussed separately in section 1.2. 

1.1.1 Meteorites, dust and rocks from space 

Over 50,000 meteorites have been classified (LPI, 2018) and the vast majority are 

thought to have originated from the asteroid belt between Mars and Jupiter, between 

~1.8 A.U. and ~5.2 A.U. This belt has a mass of ~3.7 x 10
21

 kg, equivalent to ~5% of 

the mass of the Moon and is thought to represent left-over building blocks from the 

formation of the Solar System (Shearer et al., 1998). The low mass distribution, 

together with the variation in compositional and abundance distributions, is thought to 

be caused by the growth of Jupiter and resonances with Jupiter’s orbital period as 
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Jupiter’s gravity and orbital resonances caused too much perturbation for the small 

asteroids to accrete into fewer larger objects or a single body (Shearer et al., 1998). 

The meteorite collection has been sorted into groups that share similar compositional 

characteristics, and are thus thought to come from the same parent body (Fig. 1.1). 

Each group has features in common that are different to the features of other groups. 

They are thought to record at least 40 unique parent bodies. This is a relatively small 

number considering the asteroid belt contains more than 200 asteroids larger than 100 

km in diameter (NASA, 2018) and 1.2 ± 0.5 million asteroids with diameters greater 

than 1 km (Tedesco & Desert, 2002). 

1.1.1.1 Classification of meteorites 

All chondrites and some achondrites are stony meteorites.  Chondrites contain 

chondrules (Fig. 1.2), which are fast-cooled ferromagnesian silicate melt droplets <1 

mm in size, thought to have formed in flash-heating events in the solar nebula (Brearley 

& Jones, 1998).  

 

Fig. 1.1. Meteorite compositional classification chart highlighting the martian regolith breccia studied 

(red, Chapter 3) and the CV and CR carbonaceous chondrite groups (green) compared with Stardust 

comet grains in this thesis (Chapter 4). Based on Weisberg et al. (2006), modified from Tobias (1984) 

from Wikimedia Commons, 2012, CC-BY-SA-3.0. The abbreviations are explained in the text of this 

section.  

Ordinary chondrites (OC) are the most common and include 50,985 of the 59,218 

meteorites classified to date (LPI, 2018). The three types H, L and LL (Fig. 1.1) have 

respectively high total iron, low total iron, and low metallic Fe relative to total Fe 

(Brearley & Jones, 1998). Enstatite chondrites (EC) are divided into two types: EH 

have high iron and EL have low iron (Brearley & Jones, 1998), with the EH type being 
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more reduced and having ~3% Si in the Fe,Ni metal whereas the EL type have <1% Si 

in the metal (Weisberg et al., 2006). 

Two thousand, two-hundred and ninety-six carbonaceous chondrites (CC) have been 

identified (LPI, 2018). These primitive rocks contain higher volatile contents than 

ordinary chondrites, and refractory objects such as calcium aluminium inclusions 

(CAIs) and amoeboid olivine aggregates (AOAs). The subgroups CI, CM, CO, CV, CK, 

CR, CH, and CB (Fig. 1.1) are named C for carbonaceous with the initial of the 

following representative meteorites: Ivuna, Mighei, Ornans, Vigarano, Karoonda, 

Renazzo, “High metal” and Bencubbin respectively. The subgroups have distinct 

oxygen isotopic and bulk compositional characteristics (Brearley & Jones, 1998). 

Chondrule abundances in OC and EC are between 60% and 80%, whereas those in CCs 

range from 0% to 70%. Refractory inclusions are <1 vol% in OC and EC but can be as 

high as 13 vol% in CCs. An oxygen isotope plot of Δ
17

O vs Δ
18

O shows that most CC 

meteorites (except CI and CM) plot on the carbonaceous chondrite anhydrous minerals 

mixing line (CCAM), whereas the OCs plot above the terrestrial fractionation line 

(TFL). The different chondrite groups all show distinct iron contents and oxidation 

states on a plot of iron present as metal or sulphide vs iron within silicate and oxide 

phases (Urey-Craig diagram) (Brearley & Jones, 1998). 

Chondrites are classified using petrologic types thought to reflect the degree of thermal 

and aqueous alteration. Type 3.0 chondrites are the most pristine unaltered primitive 

material, with a sliding scale up to 6, which indicates the material has been subjected to 

significant heat processing, resulting in poor definition of the individual chondrules and 

recrystallization of the matrix (Van Schmus & Wood, 1967). Type 7 refers to 

chondrites that are completely recrystallized, with the chondrules no longer 

distinguishable. Type 2.0 chondrites contain 2-16 weight% water and show signs of 

aqueous alteration. Type 1.0 chondrites are so intensely hydrated that the separate 

chondrules are no longer distinguishable (Huss et al., 2006; McSween, 1979). Only the 

CC show signs of hydrous alteration. Most CC have experienced little heat processing, 

with types CI, CM, CO, CV, CR, CH (Fig. 1.1) having no members ≥  petrologic type 4. 

CI can contain up to 25% water, with CM, CR and CH also showing aqueous alteration. 

Nearly all CV and CO meteorites are type 3. 
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Achondrites do not contain chondrules as they have undergone melting and 

recrystallization indicative of igneous processes, differentiation and/or impact 

processing. Primitive stony achondrites have similar chemical compositions to 

chondrites and either they have experienced partial melting or they came from parent 

bodies where differentiation did not achieve isotopic equilibrium. Some rare stony 

achondrites are thought to have derived from larger bodies that underwent 

differentiation, such as Mars, Vesta (eucrites EUC, diogenites DIO howardites HOW) 

and the Moon, and from other, unidentified parent bodies of angrites (ANG) and 

aubrites (AUB) (Fig. 1.1). Achondrites also include rare stony-iron meteorites (115 

pallasites PAL, 240 mesosiderites MES) and 1204 iron meteorites (types IC, IIAB, IIC, 

IID, IIE, IIIAB, IIIE, IIIF, IVA, IVB; Fig. 1.1) (LPI, 2018). These are from the core-

mantle boundary and the cores of these larger differentiated bodies.  

        

Fig. 1.2. Cross-polarised microscope images of chondrules in (1) ordinary chondrite DaG 405, type H3.5 

and (2) carbonaceous chondrite NWA 5239, type CV3 (Images: P. Marmet). 

1.1.1.2 Interstellar Dust Particles (IDPs) 

Comets, asteroids and the interstellar medium are thought to be the main sources of 

interstellar dust particles (IDPs). IDPs can be collected in the stratosphere and 

laboratory techniques have been developed to deal with small samples (Brownlee, 

1979). This makes them an important part of the inventory of extra-terrestrial materials 

for study as they are easier to obtain and do not require the expense and timescale of a 

sample return space mission. The deceleration of IDPs entering the upper stratosphere 

acts to concentrate the flux compared with near-Earth space, making it the best area for 

efficient collection, with 30 to 40 hours of sampling capturing ~10 IDPs greater than 10 

µm in size (Rietmeijer, 1998). All IDPs collected in the stratosphere show signs of 

atmospheric entry heating, with loss of volatiles (Rietmeijer, 1998). However, as most 

IDPs are less than 100 µm and highly porous they slow down more gently than 
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micrometeorites and cosmic spherules, and are less intensely heated (Marty et al., 

2013). IDPs are chondritic where the proportions of elements within them match the 

cosmic solar elemental abundance (the CI carbonaceous chondrite composition). They 

form two groups: chondritic porous IDPs (CP-IDPs) comprise 90% of chondritic IDPs, 

tend to be anhydrous, and are thought to come from comets, chondritic smooth IDPs 

(CS-IDPs) comprise 10% of chondritic IDPs, are dominated by hydrous minerals, and 

are thought to come from asteroids (Marty et al., 2013). Most non-chondritic IDPs are 

formed of silicates (Mg-rich olivine, pyroxenes) and iron and nickel sulphides. 

Chondritic and non-chondritic IDPs are commonly found adhered to each other, 

suggesting a relationship between them (Rietmeijer, 1998). 

Chondritic IDPs represent protoplanets that were far enough from the Sun not to have 

been affected by heat in the inner disk, so that they did not evaporate and condense. 

Thus, they are thought to originate from the least altered carbon-rich icy bodies in the 

outer asteroid belt and comets (Rietmeijer, 1998). The Stardust missions to comet Wild 

2 provided our first cometary samples to compare with CP-IDPs that will be discussed 

further in Chapters 4 and 5. 

1.1.2 Samples returned by space missions 

Sample return space missions have provided the opportunity to ground-truth, discover 

relationships between meteorites and their possible parent bodies, and to constrain 

theories from remote sensing observations. One of the biggest benefits of sample return 

missions is that the samples can be curated for many years after their return, allowing 

analyses to be carried out by instruments not yet conceived at the time of mission 

design (Westphal et al., 2017). A research group can easily spend over a year on the 

analysis of just one grain, and many techniques are non-destructive, so samples like 

Stardust comet grains will remain available for future generations (Westphal et al., 

2017). 

The first extra-terrestrial samples to be returned by space missions were the Apollo 

human lunar missions. These collected 2200 samples, weighing a total of 381 kg from 

six different landing locations, between 1969 and 1972 (NASA, 2018). The first robotic 

sample return missions collected 301 g, in three Russian Luna (16, 20 and 24) missions 

to the Moon in 1970, 1972 and 1976 (LPI Luna, 2018).  
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Three types of solar wind atom were collected by NASA’s Genesis mission in 2004, 

the first to return material from beyond the orbit of the Moon. The proportion of 
16

O in 

planetary materials varies and the Genesis mission provided the first measurements that 

show the Sun is highly enriched in 
16

O compared with the Earth, Moon, Mars, and bulk 

meteorites (McKeegan et al., 2011). This demonstrates that planetary objects in the 

inner Solar System have been enriched in both 
18

O/
16

O and 
17

O/
16

O by non-mass-

dependent fractionation processes (McKeegan et al., 2011). 

NASA’s Stardust mission to comet Wild 2 has provided ~300 µg cometary grains 

(Horz 2006) and ~12 pg size potential interstellar grains (Westphal et al), with the 

samples safely landing on Earth in 2006. Initial Stardust results identified high 

temperature minerals in the comet grains, and this suggested that material formed in the 

inner solar nebula had been transported to the outer solar system comet-forming 

regions, with implications for Solar System formation models (Brownlee et al., 2006). 

Section 1.3 provides more information on comets, and Chapters 4 and 5 document the 

comet Wild 2 grains analyses from the present study.  

JAXA’s Hayabusa spacecraft visited a silicaceous (S-type), space-weathered asteroid, 

25143 Itokawa, and brought back ~1500 rocky particle grains in 2010 (Tsuchiyama et 

al., 2011). Most asteroids over 1 km in size are thought to be ‘rubble piles’, and this 

was the first mission to make close-up observations of the properties, such as high 

porosity, low density and being boulder-rich, providing a potential benchmark that may 

be common to many small asteroids (Fujiwara et al., 2006). The mission found that the 

Itokawa S-type asteroid composition was nearly identical to that of LL ordinary 

chondrite meteorites  (Nakamura et al., 2011; Tsuchiyama et al., 2011).  

Sample return missions that are currently in progress are described in Chapter 6. 

1.2 Martian meteorites 

The only known samples of Mars on Earth are martian meteorites. One hundred and 

seventeen distinct meteorites, ignoring pairs (Irving, 2018), thought to be from Mars 

have provided a vital new source of information that can be compared with orbital 

spacecraft and rover data to improve our understanding of martian climate and 

geological history. They include shergottites, nakhlites and chassignites (SNC) 

achondritic meteorites, which took their names from the observed falls of Shergotty 
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(India, 1865), Nakhla (Egypt, 1911) and Chassigny (France, 1815) (Fig. 1.3). These 

were initially classified alongside the howardite, eucrite and diogenite (HED) 

meteorites as they showed signs of igneous processing and were differentiated (Urey & 

Craig, 1953). The individual meteorites Shergotty and Zagami were considered to form 

a unique class, the shergottites, as they contained maskelynite and had similar 

mineralogy (Binns, 1967), after the original discovery of maskelynite, (formed from 

shocked plagioclase) in Shergotty by Gustav Tschermak (1872).  

The SNC meteorites were found to have much younger crystallisation ages than the 

~4.4 Gyr ages of the HED achondrites (Bogard, 1995). The shergottites are 175 Myr to 

475 Myr old, and the nakhlites and chassignites are ~1.3 Gyr old (Nyquist et al., 2001). 

These younger ages suggest that the parent body must have been geologically active 

until much more recently than most asteroids in the asteroid belt. 

   

Fig. 1.3. Cross-polarised images of Shergotty, Nakhla and Chassigny, field of view diameter 4.0 mm.  

The discovery of noble gas isotopic ratios within the Elephant Moraine shergottite 

meteorite (EETA79001) (Bogard & Johnson, 1983) that matched the those measured in 

the martian atmosphere by the Viking spacecraft (Nier & McElroy, 1977) was the first 

direct evidence that the SNC meteorites were from Mars. Nitrogen isotopes in 

EETA79001 also matched those measured by the Viking spacecraft (Becker & Pepin, 

1984) . 

1.2.1.1 Shergottites 

Of the 101 unique shergottites (ignoring pairs), 95 are basaltic shergottites, some of 

which form an olivine-phyric subgroup. The remaining 6 are lherzolitic shergottites 

(LPI, 2018; Irving, 2018).  

Most of the basaltic shergottites are thought to have formed by the accumulation of 

crystals from a magma and are fine-grained cumulates, composed mainly of pyroxene 
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(augite and pigeonite) and shocked plagioclase (maskelynite), and they are very similar 

to terrestrial basaltic rocks (McSween & Stolper, 1980). Fractionation may account for 

the different types of shergottite seen (Smith et al., 1984).  

The olivine-phyric subgroup are more Mg-rich than the other basaltic shergottites and 

have large olivine phenocrysts in a finer grained pyroxene groundmass. The subgroup 

are thought to be from olivine-saturated magmas, parental to the magmas that produced 

the basaltic shergottites (McCall et al., 2006).  

The lherzolitic shergottites are cumulates containing small olivine and chromite 

crystals enclosed by larger orthopyroxene crystals (McSween, 1994). They contain less 

maskelynite than the basaltic shergottites (Bridges & Warren, 2006). Their coarse-

grainsize indicates they have cooled slower than the basaltic shergottites (McCall et al., 

2006). 

The shergottites can alternatively be classified by their LREE (light rare earth element) 

geochemistry: shergottites that are slightly depleted in LREEs are mainly basaltic 

shergottites, whereas moderately depleted shergottites are mainly the lherzolitic 

shergottites, and the highly depleted shergottites are the olivine-phyric shergottites 

(Bridges & Warren, 2006). However, the classifications do not correspond perfectly; 

each geochemically depleted group includes members from each petrological group. 

Tissint was the 5th witnessed fall of a Martian meteorite. It fell in Morocco on 18 July 

2011. It provided a fresh olivine-phyric shergottite in which the in situ martian 

weathering should be distinguishable from terrestrial contamination. The glass of 

Tissint was LREE-enriched, which suggested that martian weathering had taken place, 

leaching elements from the regolith into the rock (Aoudjehane et al., 2012). However, 

the trace elements in the impact melts were shown to match those in the bulk rock, 

which suggests that the LREE enrichment was terrestrial (Barrat et al., 2014). 

1.2.1.2 Nakhlites 

The ten known nakhlites (LPI, 2018) are cumulate augite-rich pyroxenites with iron-

rich olivine grains, plagioclase and alkali feldspar, enriched in LREE (McSween, 

1985). Small amounts of alteration phases were originally identified in three nakhlites: 

iron-rich silicate rust, Ca-sulphate, Mg-sulphate and NaCl, though this represented less 

than 0.01 wt.% of each meteorite (Gooding et al., 1991). Veins containing 
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hydrothermal assemblages occur within many of the nakhlites, and are probably pre-

terrestrial in origin as they are truncated by the fusion crusts. Radiometric dating of 

iddingsite in Lafayette veins yielded a formation date of ~670 Ma (Swindle et al., 

2000), distinct from the ~1.3 Ga age of the nakhlites, suggesting a later alteration event 

(Nyquist et al., 2001). Similar traces of hydrous alteration phases were found in all 

SNC subgroups suggesting that oxidising aqueous conditions have existed on Mars 

during the radiometric ages of the meteorites ie 200 Ma to 1300 Ma (Gooding, 1992). 

A trace element ion microprobe investigation into the sequence of salt crystallisation in 

three nakhlites indicated progressive evaporation of brine (Bridges & Grady, 2000). 

The Nakhla meteorite shows the point where less than 10% of the water remain, from 

the final products of the evaporating brine (clay minerals, Mn-rich siderite gypsum 

veins, anhydrite), whereas the Lafayette meteorite shows over 25% of the water 

remains (indicated by the presence of Ca-rich siderite, smectite and illite) (Bridges & 

Grady, 2000). This would have most likely occurred at temperatures of 25 °C to 150 

°C, given the simple mineral assemblages present. Such brine activity is likely to have 

occurred intermittently over the last 1 Ga, because more continuous brine activity 

would have produced more silicate alteration than is seen (Bridges et al., 2001). It has 

been suggested that an impact shock event caused the fracturing in nakhlites, and 

melted the martian subsurface permafrost, creating a hydrothermal system that led to 

the melted brine fluid flowing upwards, from Lafayette at greatest depth towards 

Nakhla nearer the surface (Changela & Bridges, 2010). The variation in Mg# and Ca 

fractionation found in secondary phases in nine nakhlites is thought to be related to the 

distance of each nakhlite from the fluid source causing the alteration (Hicks et al., 

2014). The secondary phases were identified as phyllosilicates, ferric saponite and Fe-

serpentine (Hicks et al., 2014). 

1.2.1.3 Chassignites 

Three chassignites, Chassigny, NWA 2737, and NWA 8694 are known. All are dunite 

cumulates. Chassigny is composed of 91.6% olivine, crystallised from an iron-rich 

magma, indicated by igneous and metamorphic textures  (Prinz et al., 1974; Mason et 

al., 1976). REE abundance patterns suggest that the magma was enriched in LREE 

(Boynton et al., 1976). A fast cooling rate of 28 ºC/yr is indicated by olivine zoning 

profiles and pyroxene exsolution features (Monkawa et al., 2004). 
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1.2.1.4 Orthopyroxenite meteorite ALH 84001 

ALH84001 is a coarse-grained cumulate orthopyroxenite martian meteorite, although it 

was formerly classified as a diogenite (Mittlefehldt, 1994). It is relatively 

homogeneous, which suggests it cooled more slowly than the shergottites, which often 

display complex zoning. An announcement of possible biogenic processes recorded in 

ALH84001 (McKay et al., 1996) resulted in a widespread increase in interest in martian 

meteorites, but the speculations are not considered adequately proved (Treiman, 2003).  

1.2.1.5 Meteorite NWA 8159 

Meteorite NWA 8159 is a martian augite basalt, composed primarily of augite 

pyroxene, plagioclase and maskelynite with small amounts of olivine, magnetite and 

orthopyroxene (Agee et al., 2014). Around half of the plagioclase has been converted to 

maskelynite glass due to shock, indicating that the peak shock pressures experienced 

were less than that experienced by the shergottites, which contain only the maskelynite 

phase. It is the second most magnetic martian meteorite, after NWA 7034. 

1.2.1.6 Regolith breccias: NWA 7034 and pairs 

Ejecta blankets around impact craters on Mars are gradually modified by heating, 

alteration and transport processes, leading to reprocessed rocks that have undergone 

multiple disruption and re-accumulation events (Melosh, 2011). Most impact ejecta do 

not travel more than two crater diameters from the source, with small impacts regularly 

overturning the top centimetre of surface material and less frequent larger impacts 

excavating and stirring up deeper lying material in a “gardening” process (Melosh, 

2011). Therefore, the composition of ejecta regolith is thought to represent the 

composition of the local upper crust to surface. In the past, regolith on Mars 

accumulated at a much faster rate than today, because there was a greater flux of 

impact events (Golombek et al., 2006). The average surface impact velocity on Mars is 

8.6 kms
-1

, much lower than the average impact velocity on the Moon (16.2 km s
-1

; 

(Ivanov, 2001), so melting and vaporization should be less common on Mars than on 

the Moon. 

Meteorite NWA 7034 and its pairs (NWA 7475, NWA 7533, NWA 7906, NWA 7907, 

NWA 8114, NWA 8171, NWA 10922, NWA 11220, NWA 11522 and Rabt Sbayta 

003) are the first discovered regolith breccia meteorites from Mars. Lunar breccia 

meteorites are common, but higher escape velocities are needed for ejecta to escape 
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from Mars and the greater shock processes involved are more likely to disintegrate the 

breccia ejecta, which could explain the greater rarity of martian breccia meteorite finds 

on Earth. 

The martian origin of meteorite NWA 8114 is confirmed by a trapped noble gas 

component similar to the modern martian atmosphere (Cartwright et al., 2014), together 

with oxygen isotope Δ
17

O values that match and exceed those of other martian 

meteorites (Agee et al., 2013; Nemchin et al., 2014). The presence of meteoritic 

siderophiles (Ni, Ir) in the fine matrix have been taken to indicate a 5% component of 

carbonaceous chondrite material and provides evidence that this is a regolith (i.e., 

surface soil) breccia (Humayun, 2013). These meteorites provide the first opportunity 

to study regolith breccias from the surface or near-surface in the vicinity of an impact 

crater on Mars. 

The paired stone, NWA 8114, classified at the University of Leicester, has been studied 

in detail for aspects of interest such as different clast types, any evidence for 

hydrothermal alteration, its thermal history and how brecciation occurred, as laid out in 

Chapter 3. 

“These new Martian meteorite breccias are fiendishly complex rocks, and forthcoming 

investigations will surely reveal more surprises and conundrums. Detailed studies of 

the various types of breccia clast, including age dating and analysis of their 

geochemistry and petrology, could help to unravel the geological record of early Mars”, 

(McSween, 2013). 

1.3 Why study comets? 

Understanding how and where particles accreted to form the bodies in the Solar 

System, and the subsequent evolution of the system, is a key issue in the field of 

planetary science. Early ideas were that icy comets originate in the Kuiper Belt and 

Oort cloud in the outer Solar System under freezing low temperature conditions (Oort, 

1950) and that unknown parent bodies of meteorites formed under high temperature 

conditions in the asteroid belt in the inner Solar System (Brearley & Jones, 1998). 

However, Stardust comet grains contain refractory minerals formed at high 

temperature, including chondrule fragments and CAIs. Carbonaceous chondrites have a 

high volatile and water content. Thus, more complex mixing models are required to 
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explain these features and explain the origins of the Solar System. Determining the 

mineralogical compositions of these different and varied objects is one of the most 

important ways in which their formation can be constrained.  

Chapter 4 analyses the mineralogy of cometary terminal grains captured by the Stardust 

mission and compares them with carbonaceous chondrites, using X-ray absorption 

spectroscopy and X-ray diffraction. Chapter 5 contains transmission electron 

microscopy investigations of a number of slices of seven different Stardust terminal 

grains. These investigations will add to previous studies of other particles, test the 

similarities to different types of carbonaceous chondrites and provide new information 

on the mineral composition of the comet and possible formation mechanisms. 

1.3.1 Features of comets 

Comets were observed in ancient times. Records of Halley’s Comet date back to 240 

BC and the first known picture of it appears in the Bayeux tapestry. However, it was 

not until 1705 that Edmond Halley calculated its 75 year period. Once comets were 

recognised to be astronomical objects, measurements were taken in order to observe 

their motion and orbits, but it was not until the middle of the 20
th

 century that they were 

recognised as being ancient solar system objects.  

Short period comets have orbits lasting less than 200 years with motion in the same 

direction as the planets, whereas long period comets have elliptical orbits in all 

directions that can be over a million years, and may extend hundreds of times further 

from the Sun than the orbits of the outer planets. Oort (1950) proposed a spherical 

cloud of objects from 50,000 AU extending out to 150,000 A.U. that explained the 

origin of long period comets, and became known as the Oort cloud. Short period 

comets were assumed to have been gravitationally altered by the planets, though the 

idea was not tested.  

Kuiper (1951) estimated the mass of material in the protoplanetary disk and concluded 

that beyond Neptune there was a smooth distribution of material, insufficient to form a 

planet, that would have condensed to form billions of small icy bodies, like comets. 

This work suggested that comets must have condensed at low temperatures, ~10 K 

consistent with the Kuiper belt temperatures, and not in the asteroid belt as previously 

proposed (Oort, 1950). Gravitational perturbations from the planets would have ejected 
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the bulk of these icy bodies to form the Oort cloud, where stellar perturbations 

continued to alter their orbits to random inclinations, but the remainder form what we 

now know as the Kuiper belt.  

Jupiter-family comets (JFCs) are thought to have originated in the scattered disk of the 

Kuiper belt and then moved inward, being scattered inward or outward by the nearest 

planet that has the strongest gravitational influence on it (Levison & Duncan, 1997). 

However, observational surveys suggest this source falls short of the number of comets 

required by theoretical models of the evolution from the Kuiper belt into Jupiter-family 

comets (Volk & Malhotra, 2008). This could indicate that other sources contribute to 

the Jupiter-family comets, that comets break up to form multiple fragments as they 

transition towards Jupiter, or that the current Jupiter-family comet population has 

fluctuated above the long term average (Volk & Malhotra, 2008). The lifetime of a 

Jupiter-family comet has been estimated using numerical orbital integrations of 

thousands of particles evolving from the Kuiper belt (Levison & Duncan, 1997). 

Comparing these simulations with observed JFCs suggests they are between 3000 and 

30,000 years old, with 12,000 years as the most likely value, after which they are 

ejected from the Solar System, placed in the Oort cloud or collide with another body 

(Levison & Duncan, 1997). 

The ‘dirty snowball’ model proposed that the nucleus of a comet was a conglomerate of 

ices such as water, methane, ammonia and carbon dioxide, combined with meteoritic 

materials (Whipple, 1950). Thus the observed acceleration of comet Encke was 

explained by the emission of vaporised volatile material in the opposite direction to its 

motion and the approximate mass loss was calculated (Whipple, 1950). 

1.3.2 Comets visited by missions 

1.3.2.1 Comet 1P/Halley 

The first close-up images and measurements of comets were made by spacecraft when 

Halley’s Comet returned to the inner Solar System in 1986. The European Space 

Agency designed the Giotto mission, the Soviet Union launched Vega 1 and Vega 2, 

and Japan sent the Sakigake and Suisei spacecraft. Collaboration and images from the 

Vegas that had a closest approach to the comet of ~8000 km, helped to allow Giotto to 

pass within 600 km of the nucleus safely. 
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Giotto images quickly confirmed 

that there was a solid nucleus at 

the heart of the comet (Fig. 1.4). 

Dust particle analysers on Giotto 

and Vega showed larger number 

of small particles (<10
-14 

g) than 

expected, and that the particles 

are rich in C, H, O and N light 

elements, the first evidence of 

organic material in comets (Kissel, Brownlee, et al., 1986; Kissel, Sagdeev, et al., 

1986). Silicate-like grains and particles of mixed composition were also detected, 

showing that the comet nucleus was heterogeneous (Clark et al., 1987). These results 

confirmed the cometary material was the most primitive material encountered in the 

Solar System. 

Infrared detectors on Vega 1 detected temperatures of over 300 K from an emissive 

centre a few kilometres in size, and also detected H2O and CO2  (Combes et al., 1986; 

Emerich et al., 1987). Giotto’s ion mass spectrometer measured temperatures of ~340 

K and outflow velocities of ~1 kms
-1

, together with a large C+ abundance throughout 

the coma, but relatively low abundance of nitrogen  (Balsiger et al., 1986). 

1.3.2.2 Comet 19P/Borrelly 

The Jupiter-family comet 19P/Borrelly has an orbital period of 6.85 years and is 

approximately 8 x 4 x 4 km in size. It was visited by NASA’s Deep Space 1 spacecraft 

in 2001 eight days after perihelion (~1.36 A.U.), returning the best images from a 

comet at that time. The spacecraft’s closest approach was ~2170 km with a relative 

speed of 16.5 kms
-1

 (Boice et al., 2000). Infrared spectra showed a dry surface with a 

temperature of ~345 K. No impact craters over 200 m in diameter were seen, indicating 

an active young surface (Boice et al., 2000). The main dust jet was found to be aligned 

with the rotation axis of the nucleus (Boice et al., 2000).  

1.3.2.3 Comet 9P/Tempel 1 

Jupiter-family comet 9P/Tempel 1, with an orbital period of 5.5 years, was the target 

for NASA’s Deep Impact spacecraft. Built in two sections, the high speed 364 kg 

“smart” impactor excavated a crater in the comet nucleus on 4 July 2005, while the 

Fig. 1.4. The nucleus of comet Halley (~15km x 8km x 8 

km) from the Giotto spacecraft as it passed within 600 km 

on 13 March 1986 (Image: ESA/MPAe Lindau). 
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flyby section took images and measurements from a safe distance with a closest 

approach of 500 km (Blume, 2005). Follow-up images were taken by the Stardust-

NExT mission in 2011 (Fig. 1.5). 

Around 10
4
 tons of material was excavated, and showed signs of layering. More than 

half of the material consisted of water ice (A’Hearn & Combi, 2007). The comet’s bulk 

density was estimated to be 400 kgm
-3

, indicating that the nucleus is highly porous and 

the material strength is less than bulk ice (A’Hearn & Combi, 2007). 

 

Fig. 1.5. Comparison of an image from the Deep Impact spacecraft of comet Tempel 1 immediately 

before the impact event (red oval) in 2005, with an image from the Stardust-NExT mission taken six 

years later from a distance of 178 km. Yellow arrows show the same features on the different images. 

(Image: NASA/JPL-Caltech/Cornell/Univ. of Maryland). 

The Deep Impact spacecraft was repurposed with two further sub-missions that became 

known as the EPOXI (Extrasolar Planet Observation and Deep Impact Extended 

Investigation) mission. 

1.3.2.4 Comet 103P/Hartley 2 

Comet 103P/Hartley 2 is a small (< 1.6 km diameter) Jupiter-family comet with an 

orbital period of 6.46 years (Fig. 1.6). Remote sensing showed it to be hyperactive, 

releasing more gas at perihelion than comet Tempel 1, despite its radius being five 

times smaller (A’Hearn et al., 2011). On 4 November 2010, the EPOXI mission flew 

by the comet with a closest approach of 694 km and a speed of 12.3 kms
-1 

(A’Hearn et 
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al., 2011). Chunks of particles over a few cm 

in size were detected by the radar, all within 

15 km of the large end of the nucleus, moving 

relatively slowly, with 20% moving at less 

than their local escape velocity (A’Hearn et 

al., 2011). 

1.3.2.5 Comet 81P/Wild 2 

NASA’s Stardust spacecraft collected coma 

dust at a distance of 234 km from the nucleus 

of comet 81P/Wild 2 as well as interstellar 

particles on the journey, and returned them to Earth on 15 January 2006 (Brownlee et 

al., 2006). Stardust grains are the first comet samples to be returned to Earth and offer 

the potential to ground-truth many theories offered from measurements from remote 

sensing telescopes (both in space and on Earth) and other spacecraft missions, such as 

Giotto and Rosetta. See Chapters 4 and 5 for detailed analysis of Stardust grains. 

1.3.2.6 Comet 67P/Churyumov–Gerasimenko 

ESA’s Rosetta spacecraft launched in 2004 and, together with the Philae lander, arrived 

at comet 67P/Churyumov–Gerasimenko in August 2014 and studied it until the end of 

mission with Rosetta crashing onto the comet on 30
th

 September 2016. On 12 

November 2014, the Philae lander made two bounces, due to the failure of harpoons 

and thrusters, before making the first ever landing on a comet nucleus. It managed to 

deploy most of the instruments and return data for up to three days, but then had 

insufficient power to continue communicating. Philae was eventually located in a crack 

on its side, explaining why it was difficult for the solar panels to gain any power. 

However, by finding and imaging the lander on 2
nd

 September 2015, the scientists now 

have the context to interpret data returned from the instruments. 

Comet 67P did not have sufficient gravity to capture the Rosetta spacecraft, so a 

complex trajectory was constantly monitored and modified, which sometimes brought 

the spacecraft as close as 3 km to the surface. A mosaic of images by ESA (Fig. 1.7) 

shows a fraction of the enormous wealth of data gathered by this two year dedicated 

mission. Some of the key findings are summarised below, out of the hundreds of papers 

already published using data from this mission. 

Fig. 1.6. Comet Hartley 2 imaged by NASA's 

EPOXI mission. The nucleus is ~2 km long 

and 0.4 km at the most narrow portion. 

(Image: NASA/JPL-Caltech/UMD). 
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The discovery that comet 67P is a binary comet was unexpected, the smaller lobe 

measuring 2.6 x 2.3 x 1.8 km and the larger 4.1 x 3.3 x 1.8 km with a volume of ~19 

km
3
 and a mass of ~9980 x 10

9
 kg (Taylor et al., 2017). It is thought to have formed 

from the gentle collision of two comets, each about 1 km each in size, about 4 billion 

years ago. Complex topography was imaged, of cliffs, canyons, boulders, bumps, inky 

pits, fine fractures, indicating a number of different geological processes taking place. 

Long term monitoring has shown that the shape of the comet influences seasons, moves 

dust, and helps explain variations in density and composition of the coma (Taylor et al., 

2017). 

 

Fig. 1.7. 210 images from Rosetta of comet 67P/Churyumov-Gerasimenko between July 2014 and 

September 2016. ESA/Rosetta/NavCam CC BY-SA IGO 3.0; ESA/Rosetta/MPS for OSIRIS Team 

MPS/UPD/LAM/IAA/SSO/INTA/UPM/DASP/IDA;ESA/Rosetta/Philae/CIVA; 

ESA/Rosetta/Philae/ROLIS/DLR 
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Molecular oxygen was found throughout the nucleus, and it did not vary with 

heliocentric distance (Bieler et al., 2015). This indicates that the comet formed in a very 

cold region far from the sun, for primordial O2 to be trapped into the nucleus during 

formation (Bieler et al., 2015). The water in comet 67P has a deuterium-hydrogen ratio 

of (5.3 ± 0.7) × 10
-4

, which is ~3 times the terrestrial value (Altwegg et al., 2014), 

ruling out the delivery of Earth’s ocean water from this particular comet, though this 

ratio might vary for different comets. Comet 67P has been found to contain more 

organic compounds than previously known in a comet, including ethanol, 

glycolaldehyde and glycine, an amino acid commonly found in proteins and 

phosphorus, a key component of DNA and cell membranes (Biver et al., 2015).  

The Rosetta mission has confirmed that Jupiter-family comet 67P, like comet Wild 2, 

comprises both volatile ices from very cold formation regions and some minerals from 

the inner hot protoplanetary disk (Fulle et al., 2016). 

Future possible and planned cometary missions are discussed in Chapter 6. 

1.3.3 Relationships between carbonaceous chondrites and comets 

Carbonaceous asteroids are the potential parent bodies of carbonaceous chondrites 

(CC), which are found today in the outer asteroid belt, within Jupiter’s orbit. Distinct 

isotopic characteristics show different origins for CC parent bodies compared with 

ordinary chondrites (OC) parent bodies (Budde et al., 2016; Kruijer et al., 2017). Desch 

et al. (2018) proposed that carbonaceous asteroids originally formed further out, 

beyond a pressure gap caused by Jupiter’s core formation in the early protoplanetary 

disk, and were later perturbed inward to their present positions by Jupiter’s outward 

migration (Desch et al., 2018). This model offers explanations for carbonaceous 

chondrites having a greater content of volatiles and carbonaceous aluminium inclusions 

(CAIs) than OC, and for OC, formed within Jupiter’s orbit, being depleted in CAIs due 

to aerodynamic drag causing them to spiral into the Sun (Desch et al., 2018). 

The greater volatile content of carbonaceous chondrites, together with initial results 

from the Stardust mission identifying chondrules fragments and CAI-like material, 

suggest similarities between carbonaceous chondritic material and comet Wild 2 

explored further in Chapter 4. 
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2 TECHNIQUES 

This chapter introduces the theory and details of the instruments that have been 

employed to study the planetary samples included in this thesis. Optical and electron 

microscopes at the University of Leicester and University of Nottingham have been 

used, together with electron probe microanalysis (EPMA) at the Open University. 

Synchrotron techniques including X-ray absorption spectroscopy (XAS), X-ray 

fluorescence (XRF), X-ray diffraction (XRD) and Fourier-transform infrared 

spectroscopy (FTIR) have been carried out using the I-18 and B-22 beamlines at the 

Diamond Light Source. 
40

Ar-
39

Ar dating methods for small samples have been carried 

out in collaboration with colleagues at the University of Manchester.  

All these techniques were used on the martian breccia (Chapter 3) to investigate 

different aspects of its mineralogy, determine the location of any hydrated phases and 

link these to ages in its evolution. 

Synchrotron beam lines were used to study Stardust tracks and carbonaceous chondrite 

tracks in aerogel keystones (Chapter 4) in order to identify mineral phases and 

oxidation states from XRF, XAS and XRD by comparing with reference materials. The 

grains were too small for scanning electron microscopy. 

A scanning electron microscope (SEM), scanning transmission electron microscope 

(STEM) and electron dispersive X-ray (EDX) spectroscopy were used to image and 

examine the mineralogy of slices of Stardust terminal grains (Chapter 5).  
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2.1 Optical and reflected light microscopy 

An Olympus DP70 optical microscope (Fig. 2.1) was used to 

take images of NWA 8114 grains and Stardust grain tracks. It 

uses visible light and a range of lenses to provide different 

magnifications and has the option to either view directly or on 

a computer screen. The resolution of the optical microscope is 

limited by the wavelength of light, thus the best theoretical 

resolution with the shortest wavelength of visible light (~400 

nm) is approximately 0.2 µm (Fellers & Davidson, 2014). This 

allows for magnification up to 1000 times.  

Reflected light microscopy was also used, which shows 

contrasting regions of these samples from differences in 

reflectivity and topography from different phases and grain sizes. These images are 

particularly useful at the Diamond Light Source synchrotron in order to find specific 

locations for analysis. 

2.2 Electron microscopy 

This section describes the scanning electron microscope (SEM), electron probe 

microanalysis (EPMA), a focused ion beam scanning electron microscope (FIB-SEM) 

and transmission electron microscopy (TEM). EDX quantification theory for all of the 

above is then discussed. 

 

Fig. 2.2. Schematics showing the main features of a scanning electron microscope (SEM) and 

transmission electron microscope (TEM) (OpenStax, 2018). 

Fig. 2.1. Olympus DP70 

optical microscope. 
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In order to achieve superior resolution over optical microscopes, electron microscopy is 

used, as the wavelength of electrons is ~10,000 times shorter than visible light, 

allowing resolution to reach the order of 0.1 nm (Leng, 2010). Whereas optical 

microscopes use lenses to focus light, electron microscopes use electromagnets to focus 

electrons. The main features of an SEM and a TEM are shown in Fig. 2.2. 

2.2.1 Scanning electron microscope (SEM) 

A scanning electron microscope (SEM) optimised for imaging can achieve spatial 

resolution of less than 10 nm. Using an SEM is advantageous as sample preparation is 

straightforward, the time per analysis and time to change samples is short and the 

technique is non-destructive (Reed, 2005). The ways in which the electron beam can 

interact with the sample are described below. 

In order to ionise an atom, the incoming electron must have minimum energy at least 

equal to the binding energy of the relevant shell of the target element, which varies 

approximately with the square of the atomic number of the emitting element via 

Moseley’s Law. The energy necessary to excite a given X-ray line is always slightly 

greater than the corresponding characteristic X-ray emission line. Therefore, the 

accelerating voltage must be greater than this, to obtain reasonably intense X-ray 

emission and a range of 5 kV to 30 kV is suggested (Reed, 2005). However, higher 

voltages giving greater X-ray emission also limits the resolution obtainable.  

A tungsten element in the electron gun is heated to ~2700 K, liberating electrons from 

the surface. A grid placed near the tip of the element limits the effective emitting area 

and a beam of ~50 µm diameter is produced. This is focused further, to ~2 nm in the 

highest performing SEMs, by a series of electromagnetic lenses, usually two condenser 

lenses and one objective lens. A lens produces a magnetic field by containing a copper 

wire that carries a current. The magnetic field is exposed to the electron beam at a 

specific gap in the iron shroud that otherwise contains the copper wire and magnetic 

field and this focuses the beam towards the centre. The condenser lens settings can be 

adjusted to alter the beam diameter, which is also known as the spot size. 

The beam penetrates and interacts with the sample to a depth of approximately 1 µm, 

forming an interaction volume. The interaction volume increases with increasing beam 
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energy, and decreases as the average atomic number of the specimen increases. Low 

energy secondary electrons (SE) can be liberated from the outer orbitals of the atoms in 

the sample near the surface, and the detection of these produces an image showing 

topographic contrast. Higher energy back scattered electrons (BSE) are elastically 

scattered, with a larger proportion being scattered at high-angle from material with a 

higher atomic number (Z). Thus, greyscale BSE images range from white atomically 

heavier areas, to dark grey atomically lighter areas, allowing qualitative estimates of 

the composition to be made by observation. BSE are emitted from much larger depths 

than SE. 

Quantitative energy-dispersive X-ray spectroscopy analysis (EDX) allows the 

proportions of each element in the sample to be measured. The EDX detector is a 

semiconductor, usually silicon or germanium, with fully occupied valence bands. The 

X-ray photons emitted from the sample cause ionization in the detector by raising 

electrons from the valence to the conduction band. These pulses are amplified giving 

output pulses proportional to the photon energy and averaged over a time interval (a 

few µs) to minimise noise. This 

process time is the ‘dead-time’, 

during which the system does not 

respond to further pulses from the 

detector. An EDX spectrum is 

produced as a plot of intensity 

(number of counts) against the X-

ray energy, where the peaks are 

characteristic of a particular 

element (Fig. 2.3). All elements 

with atomic number greater than 3 

can be detected.  

Detection limits are typically 1000 ppm but can be reduced using long counting times 

(UCR, 2018). The overall analytical accuracy is usually ±1% accuracy for major 

elements. Accurate mass absorption coefficients are needed to correct for absorption 

effects (Friel, 2003). Further corrections are required for fluorescence and atomic 

number in the sample and continuum X-rays which are generated from inelastic 

Fig. 2.3. Example spectrum with sodium, aluminium, 

silicon, potassium and calcium peaks, identified as feldspar 

Ab63.9An28.6Or7.5. 
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scattering of beam electrons (a major source of background and dead time). Further 

inaccuracies exist due to physical factors such as imperfectly polished surfaces, 

variation in carbon coating thickness, uncertainties in the composition of standards to 

which the SEM is calibrated etc. 

A Philips XL30 (Hainsworth, 2014) environmental SEM and a Hitachi S-3600N 

environmental SEM (Wilson, 2014) with Oxford INCA 350 EDX spectroscopy system 

at the Advanced Microscopy Centre at the University of Leicester were used for 

characterisation work. A Sirion 200 Field Emission Gun Scanning Electron microscope 

(FEGSEM) and Princeton Gamma Technology Spirit EDX analysis system at the 

University of Leicester were used to initially survey the Stardust TEM grids (Chapter 

5). This is capable of a resolution of 1.5 nm at 10 kV. 

Samples examined were either polished thin sections on glass slides, or polished resin 

blocks, in order to minimise any topographic effects and reduce secondary excitation 

processes. Although the SEM is operated under vacuum with pressure below 10
-4

 mbar, 

the sample also needs to be earthed to reduce any possible charging effects. The 

samples were either given a thin coating of carbon, ~15 nm, or metallic tape or paint 

linked the edges of the sample to the metal base in the microscope chamber. 

Back-scattered electron (BSE) images and EDX spectroscopy element data for point 

analyses were obtained using an accelerating voltage of 15 kV or 20 kV, giving current 

of ~70 µA in order to produce a small spot size while keeping sufficient resolution. A 

working distance of 6 mm to 10 mm was used for imaging, and the minimum working 

distance of 10 mm was used for EDX, which is the closest the detector can be to the 

sample without physical obstruction. During this study EDX analysis times used were 

all over 50 seconds. The INCA system provides quantitative analysis of each EDX 

spectrum giving atomic%, weight% and compound%, combined with oxygen by 

stoichiometry and normalised to 100%, assuming the material to be anhydrous. Carbon 

was excluded as the samples were carbon coated. 

2.2.2 Electron Probe Microanalysis (EPMA) 

SEM-EDX was used extensively to survey the martian sample in chapter 3 as it is more 

convenient and faster. However, for greater accuracy for the quantitative analysis, 
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Electron Probe Microanalysis (EPMA) with Wavelength Dispersive Spectrometry 

(WDS) provides higher spectral resolution and lower detection limits. 

The WDS has three crystal spectrometers enabling the measurement of elements from 

fluorine upwards in the periodic table. A diffraction crystal with lattice spacings (d-

spacings) will scatter the incident X-rays from the sample and reflect a specific selected 

wavelength (nλ) towards the detector. The angle of incidence of the X-rays to the 

crystal (θ) determines the wavelength selected, using Bragg’s Law:  

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 2.1 

The wavelength selected corresponds to the X-ray quantum energy of the element 

being measured in the sample (Reed, 2005).  

 

Fig. 2.4. Schematic of the electron probe microanalysis instrument with the positions of the crystals and 

X-ray detectors at particular angles in relation to the sample.  

The sample, crystal and detector lie on a Rowland circle, this allows a constant Bragg 

angle to be obtained (Fig. 2.4). The crystal is moved in a straight line away from the 

sample and rotated to stay tangential to the Rowland circle. As it moves it can reflect a 

range of different selected wavelengths. The detector is also moved by a corresponding 

amount so that it receives the diffracted X-rays and stays on a Rowland circle relative 

to the sample and crystal. Angles of incidence from ~13° to ~55° allow a range of K-

alpha -ray energies to be detected for different elements. 
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Moseley showed that a plot of atomic number Z versus the square root of the frequency 

of characteristic X-rays from the elements gives a straight line. Using the Bohr model, 

Moseley’s empirical relationship is: 

𝐸 =
ℎ𝑐

𝜆𝜅𝛼
=  ℎ𝑣𝜅𝛼 = 13.6 𝑒𝑉 (𝑍 − 1)2 [

1

12
−

1

22
] =

3

4
13.6 (𝑍 − 1)2𝑒𝑉  

2.2 

where E is energy (eV), h is Planck’s constant (4.136 × 10
-15 

eVs), c is the speed of 

light (2.998 × 10
8
 m s

-1
), λ is the wavelength and νκα is the frequency of the K-alpha X-

ray energy of the element. 

The crystal spectrometers used for EPMA in this thesis utilised TAP, PET and LiF 

crystals, with their d-spacings, detectable wavelength and detectable element ranges 

given in Table 2.1. LTAP and LLiF spectrometers (large versions) were also used, that 

are designed to provide more counts by having a larger crystal area, in order to produce 

lower detection limits. It can be seen that the crystals overlap, e.g. Si (Z=14) can be 

measured by PET or by TAP. The Si Kα line is reflected at 55.4° by PET and by 16.1° 

by TAP. The crystal giving the smaller Bragg angle (larger d-spacing) is usually 

preferable as it gives higher intensity, although poorer resolution (Reed, 2005). The 

final column of the table shows the elements of interest in order to accurately 

characterise the planetary materials examined in this thesis. 

Table 2.1. EPMA crystal spectrometers with their lattice spacing, detectable wavelengths and 

corresponding elements (Reed, 2005). 

Crystal 2d (Å) Range of λ (Å) Range of Z Elements of interest 

TAP Thallium acide phthalate 25.9 6.5 – 20.0 9F – 15P F, Na, Mg, Al,  Si 

PET Pentaerythritol 8.742 2.2 – 7.1 14Si – 25Mn P, S, Cl, K, Ca, Ti 

LiF Lithium Fluoride 4.026 0.9 – 3.3 21Sc – 37Rb Mn, Fe 

EPMA data were obtained for different phases in three sections of the martian breccia 

studied in Chapter 3, using a Cameca SX100 at the Open University, a focused 1 μm 

beam, at an accelerating voltage of 20 kV and beam current of 20 nA. A JEOL 8600 S 

automated electron microprobe equipped with a wavelength-dispersive spectrometry 

(WDS) system at the University of Leicester was also used.  
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2.2.3 Focused ion beam (FIB) 

An FEI Quanta 200 3D dual Focused Ion Beam (FIB-

SEM) was used to prepare wafers from specific regions 

of interest in polished sections, for viewing in the 

transmission electron microscope (TEM). Wafers need 

to be less than 100 nm thick to be electron transparent, 

so that absorption and fluorescence effects are 

negligible and can be ignored.  

The dual beam system has the ion beam column 

positioned at 52° with an electron beam perpendicular 

to the sample surface, allowing the same feature to be 

investigated with both beams simultaneously and to 

target the exact location desired for the TEM sample. 

The sample is raised to eucentric height and can be 

tilted for observations in either beam at different angles. 

To overcome the binding energy of the material 

comprising the sample surface, a liquid metal ion 

source of gallium (Ga
+
) is used by the ion beam. The 

target wafers were first capped with a ~150 nm thick 

protective Pt layer, to reduce Ga
+
 contamination of the 

sample, following the methods of Changela and Bridges 

(2010). A FIB milling procedure (Hicks, 2015) used the 

Ga
+
 ion beam to mill and extract wafers measuring 5 × 

15 μm at 30 kV, using currents from 5 nA to less than 

100 pA (Fig. 2.5A,B). The FIB-SEM carbon gas 

injection system (GIS) was used to weld an Omniprobe 

W probe tip microneedle to the wafer, which was then 

cut free using the Si application (Fig. 2.5C). The carbon 

GIS was then used to weld the wafer to a TEM copper 

grid and then the Si application cut the needle tip free. 

The wafer was subsequently thinned to be less than 100 

nm thick, using a current of 0.10 nA (Fig. 2.5D). 

Fig. 2.5. (A) Milling the trench in 

strips in an NWA 8114 pyroxene 

grain. (B) Context image of wafer 

location. (C) Wafer being lifted 

out, on the Omniprobe tip. (D) 

Attaching the wafer to the copper 

grid. 
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2.2.4 Scanning Transmission Electron Microscopy (STEM)  

The transmission electron microscope (TEM) allows spatial resolutions of less than 1 

nm to be achieved due to the short wavelength of the electrons, comparable to the 

atomic scale. This enables the crystal lattice structure to be identified and understood. 

The electron wavelength λ can be related to the accelerating voltage by using de 

Broglie’s relationship between particle momentum, p = m0v, with Planck’s constant h: 

λ =
ℎ

𝑝
 , the kinetic energy eV which is equal to the potential energy, the electron mass 

m0 and velocity v, to give: 

𝜆 =
ℎ

(2𝑚0𝑒𝑉)
1
2

  
2.3 

However, at the energies involved, relativistic effects must be taken into account, 

which modifies equation 2.3 to: 

𝜆 =
ℎ

(2𝑚0𝑒𝑉 (1 +
𝑒𝑉

2𝑚0𝑐2))

1
2

  
2.4 

Using equation 2.4 for an accelerating voltage of 200 kV, the electrons have a mass of 

1.391 m0 (where m0 = 9.109 × 10
-31

 kg), velocity of 2.086 x 10
8
 m s

-1
 and relativistic 

wavelength of 0.00251 nm (Williams & Carter, 2009b). The electrons are liberated by 

the lanthanum hexaboride (LaB6) thermionic source at the top of the TEM. LaB6 has a 

melting point of 2210 °C and one of the highest electron emissivities known. 

For static beam TEM imaging, the lenses and apertures are used to select a portion of 

electrons for viewing. The electrons pass through two condenser lenses and apertures 

and the sample. An objective lens and aperture then project the image onto the viewing 

screen at the bottom (Fig. 2.2). Electrons from the direct beam give bright-field (BF) 

images, showing heavier elements as darker areas (the inverse of an SEM image), 

whereas scattered-electrons result in dark field (DF) images. By changing the objective 

aperture or adjusting the beam tilt, BF or DF images can be obtained. 

Scanning transmission electron microscope (STEM) imaging allows capture of BF and 

DF images simultaneously, and as imaging lenses are not used, chromatic aberration 
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does not occur in STEM images. However, the time taken to scan an image is much 

longer than static beam imaging.  

  

Fig. 2.6. (A) Schematic of scanning transmission electron microscope (STEM) imaging mode showing 

the defelction scan coils and the positioning of bright field (BF) and annular dark field (ADF) detectors 

(Tubus, 2017). (B) JEOL 2100 LaB6 TEM at the University of Leicester. 

Two pairs of scan coils are used to control the beam and keep it parallel to the optic 

axis at all times (Fig. 2.6A). Simultaneously the coils are used to scan and build up the 

image on the cathode ray tube (CRT) computer display, thus requiring no lenses 

(Williams & Carter, 2009b). 

Two detectors are inserted in a plane conjugate to the diffraction pattern, below the 

projector lens, above the screen. An annular DF detector (ADF) collects and amplifies 

the signal of the scattered electrons and allows a BF detector to sit in the middle, to 

collect the direct electron signal (Fig. 2.6). 

The wafers extracted from NWA 8114 using the FIB (Chapter 3.2.2), and Stardust 

microtomed samples provided on TEM grids (Chapter 5), were analysed on a JEOL 

2100 LaB6 transmission electron microscope (TEM) with scanning-TEM (STEM) 
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facilities and an Oxford Instruments system with AZtec energy dispersive X-ray (EDX) 

at the University of Leicester or at the University of Nottingham (Fig. 2.6B). All TEM, 

STEM and EDX work was carried out using an accelerating voltage of 200 kV and 

beam current of ~110 μA. Magnifications used were generally between ×20,000 and 

×150,000. 

The TEM was set up to ensure the beam is correctly aligned by adjusting the apertures 

and condenser lenses, and the sample is in focus at the eucentric height, following the 

steps described in Hicks (2015). Some EDX spectrums for Chapter 3 were taken by 

spreading the beam at the location of interest, though the majority and all EDX for 

Chapter 5 were taken in STEM mode. AZtec software supplied quantitative analysis of 

the atomic %, oxide % and weight % that was extracted to spreadsheet. For more 

details of EDX quantitative analysis see the next section. 

2.2.5 Energy dispersive X-ray (EDX) quantitative analysis 

The basis for quantitative X-ray analysis started with using a focused electron beam 

(Hillier & Baker, 1944). Castaing (1951) developed methodology for how to obtain 

quantitative data, when using a focused electron beam on a sample. The concentration 

Ci of an element i in the sample is assumed to be proportional to the intensity Ii of the 

characteristic X-rays for that element that emerge from the sample. As the intensity is 

very hard to measure, we instead measure the ratio Ii / Ij for a standard with known 

concentration Cj, where Ij is the intensity emerging from the standard.  

𝐶𝑖

𝐶𝑗
= 𝐾 .

𝐼𝑖

𝐼𝑗
 

2.5  

Due to the absorption (A) and fluorescence (F) of X-rays within the specimen, and 

depending on its atomic number (Z), there will be some difference between the 

measured and generated X-ray intensities for both the sample and the standard. This is 

accounted for by a sensitivity factor (not a constant), K, which also varies according to 

the kV and the system used. This theory forms the basis of the essential procedures 

used in the EPMA (Williams & Carter, 2009a). 

To measure a standard and then an unknown sample in a transmission electron 

microscope (TEM), the beam would have to be switched off and on in between the two 
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analyses. This would make accurate comparison impossible due to fluctuation in the 

probe current and variations from electron gun instabilities and drift. However, as 

characteristic intensities can be measured for more than one element simultaneously, 

there is no need for a standard (Cliff & Lorimer, 1975). Thus equation 2.5 can be 

rewritten for a sample containing elements A and B, with weight percent CA + CB = 

100%, as: 

𝐶𝐴

𝐶𝐵
= 𝐾𝐴𝐵 .

𝐼𝐴

𝐼𝐵
 

 2.6 

For a sample with more than two phases, each can be calculated provided the relevant 

K-factors are known. By using an electron-transparent sample rather than a bulk 

specimen, absorption and fluorescence can be ignored, thus KAB is only related to a 

correction for the atomic number, Z.  

K-factors can be derived theoretically, or experimentally. For experimental 

determination, a standard should preferably be single phase and well characterised, 

thinned to electron transparency without undergoing chemical changes and should have 

no significant absorption or fluorescence. The thin foil should be stable under the beam 

and long count times should be used for good statistics. An experimental calibration of 

the K-factors is conducted in the next section. 

The Oxford INCA 350 EDX system software controlling the SEM produces spectra in 

both graphical and numerical form, giving atomic weight %, compound weight % and 

oxide weight %, which can be output for each site into a spreadsheet.  Data processing 

proved laborious and error prone given each site has a varying number of identified 

elements and a different number of spectra taken, and ratio calculations need to be 

manually input for each batch of SEM data. 

Python programmes were written to aid data processing. One transforms the format of 

SEM raw at% data from different sample sites from INCA software so that the same 

element can be compared at different sites easily. A second programme was written to 

transform the TEM EDX output data from AZtec software similarly.  
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2.2.6 Experimental calibration of K-factors for STEM-EDX 

A JEOL 2100 TEM with AZtec EDX system was used with an accelerating voltage of 

200 kV and beam current of ~110 µA for STEM bright field (BF) and dark field (DF) 

imaging as described in section 2.2.4. The density was set as 3.2 g cm
-3

, suitable for 

silicate minerals, and the thickness as 80 nm, in line with the average thickness of 

ultramicrotomed sections assumed by Leroux et al. (2008). The typical errors for major 

elements (O, Si, Mg, Ca and Fe) are 2% and for minor elements (Cr and Mn) are 20%. 

The following elements detected were ignored in the analyses, as they were most likely 

to be the result of analysing the aerogel material, the copper TEM grid or other 

materials used in the sample preparation process rather than the sample: Cu, Ga, Au, C, 

F. 

K-factors are the sensitivity factors that account for the difference between measured 

and generated X-ray intensities due to an element’s atomic number, which are 

discussed in detail in the previous section. K-factors are measured as ratios; for 

example, where the relative concentrations of element x and Si are proportional to the 

relative intensities Ix and ISi respectively, the Cliff-Lorimer equation (2.6) is adapted to: 

𝐶𝑋

𝐶𝑆𝑖
=

𝐾𝑋

𝐾𝑆𝑖
 .

𝐼𝑋

𝐼𝑆𝑖
 

 2.7 

Reference materials with known compositions were examined with STEM-EDX to 

ensure the settings used were appropriate. Electron probe microanalysis (EPMA) point 

measurements were previously recorded on focused ion beam (FIB) extractions of San 

Carlos olivine (Mg# 91), NWA 5790 olivine (Mg# 34), NWA 5790 pyroxene 

(En34Fs26Wo40), and magnetite, (Table 2.2), where Mg# = 100 Mg / (Mg + Fe). EPMA 

data for the reference standards was provided by L. Hicks, obtained from a Cameca 

SX100 at the Open University in July 2011, using a 10 µm defocused beam, an 

accelerating voltage of 20 kV and beam current of 20 nA. Further details of this 

instrument are in section 2.2.2. These FIB wafers were examined with STEM-EDX and 

the results discussed in the next section.  

STEM-EDX data were taken with the default AZtec settings using a thirty second count 

time and averaged for seven or eight data points taken at different locations on the 
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reference material. The atomic% for both STEM-EDX and EPMA data on the reference 

materials is shown in Table 2.2. 

NWA 5790 Fe-rich olivine with Mg# 34 (EPMA) shows high Mg and low Fe atomic% 

for the STEM-EDX data, where the average of seven data points gives a Mg# of 40, 

using the default software Fe K-factor of 1.21 (first line, Table 2.2). The stoichiometry 

shown by the Si/O ratio as being 0.26 was reasonable for olivine (Mg,Fe)2SiO4. This 

suggests a possible problem with the K-factors used for Mg and/or Fe. 

Examining the San Carlos Mg-rich olivine with Mg# 91 (EPMA), the STEM-EDX 

measurement of Mg# 90 was a close match. This suggested that the default software 

Mg K-factor of 1.04 was calibrated correctly (Table 2.2). 

The default Fe K-factor of 1.21 was compared with other work that used similar 200 

keV settings, KFe = 1.35 (Williams & Carter, 2009a) and work that used similar 

calibration minerals, KFe = 1.36 (Changela, 2011). These indicated that it was too low 

(Table 2.3). Setting the Fe k-factor to 1.32 yielded the rest of the data (Table 2.2), 

which has reduced the difference between the EPMA and STEM-EDX data, and 

resulted in a Mg# of 38 for the NWA 5790 olivine average measurement. A single data 

point shown for NWA 5790 olivine, with Mg# 35 is now in good agreement with the 

EPMA data. The STEM-EDX atomic% varied by ±0.8 at% for Fe over the seven data 

points so the heterogeneity of this sample and/or variation in its thickness may have 

contributed towards the differences recorded, especially as the EPMA data was a single 

point measurement. Setting the Fe k-factor any higher, resulted in the Fe at% in NWA 

5790 pyroxene and magnetite becoming too high. 

The chosen value of 1.32 is in good agreement with theoretical Fe k-factors that are 

calculated as 1.32 at 100 keV (Lorimer et al., 1977) and range from 1.28 to 1.61 at 120 

keV (Wood et al., 1984). 
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Table 2.2. EPMA and STEM-EDX data normalised at% for reference materials. Data are either averaged (av) over 7 or 8 measurements or are single point (pt) measurements.  

 Na Mg Al Si Ca Ti V Cr Mn Fe Ni O Mg# Si/O Wo% Fs% En% 

Olivines                  

NWA 5790 TEM (av)*  10.8  15.0 0.2   0.1 0.4 16.1  57.5 40 0.26    

NWA 5790 TEM (av)  10.5  14.6 0.2   0.1 0.3 17.0  57.3 38 0.25    

NWA 5790 TEM (pt)  9.8  14.3 0.3   0.2 0.3 17.9  57.2 35 0.25    

NWA 5790 EPMA (pt)  9.5  14.3 0.3    0.4 18.5  57.1 34 0.25    

San Carlos TEM (av)  25.6  14.3    0.1  2.7 0.1 57.2 90 0.25    

San Carlos EPMA (3 pts)  25.6  14.5      2.6  57.2 91 0.25    

Pyroxene                  

NWA 5790 TEM (av)  6.2 0.6 19.9 7.3 0.1  0.1 0.1 5.4  60.2  0.33 39 29 33 

NWA 5790 EPMA (pt) 0.3 6.6 0.4 19.8 7.8 0.1   0.2 5.0  60.0  0.33 40 26 34 

Magnetite TEM (av)   2.3 0.9  3.3 0.3 1.3  38.7  53.2      

Magnetite EPMA (pt)   2.1   5.1 0.4 1.3  37.5  53.6      

*This data uses the default software Fe k-factor of 1.21. All other data uses the calibrated Fe k-factor of 1.32. 
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Table 2.3. Comparison of k-factors for major elements between AZtec default software settings and 

those determined experimentally for similar samples. 

 AZtec  

software 

default 

Calibrated  

values for this 

thesis 

1
Defaults 

1
Calibrated  

2
At 200 kV 

Mg 1.04  1.04 1.81 1.25 1.81 ± 0.18 

Fe 1.21 1.32 1.25 1.36 1.35 ± 0.16 

Ca 0.97 0.97 1.05 1.10 1.05 ± 0.10 

Al 1.03 1.03 1.25 1.00 1.25 ± 0.16 

Si 1.00 1.00 1.00 1.00 1.00 

1
 PhD thesis (Changela, 2011) 

2
 Experimentally determined k-factors at 200 kV (Williams & Carter, 2009a) 
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2.3 Synchrotron radiation 

This section introduces synchrotron radiation and describes the set-up of the beam lines 

used at the Diamond Light Source national synchrotron, established in 2002, in 

Oxfordshire, UK. Subsequent sections go into the detail of each synchrotron technique 

used in this thesis. 

The maximum energies achievable by a cyclotron or betatron, using a ring of magnetic 

fields to accelerate particles and to keep them in a constant circle, are dependent on the 

maximum magnetic field strength. As the speeds of the particles become fast enough, 

their mass grows into the relativistic range and they become out of phase with the 

electric field, so the radio-frequency (RF) voltage cannot accelerate them further. The 

principle of phase stability, proposed independently by both McMillan (1945) and 

Veksler (1944), was vital for the development of synchrotrons. Taking into account the 

increased relativistic mass of the electrons at such high speeds, phase stability theory 

proposed the magnetic field and frequency adjustments needed in order to maintain the 

orbital period in a cyclotron. The first synchrotron acceleration to 8 MeV was carried 

out in 1946 by Goward and Barnes at Woolwich Arsenal, UK (Wilson, 1996). Over 

fifty synchrotrons are now used worldwide, with the Diamond Light Source being 

classified as medium energy, at 3 GeV. 

 

Fig. 2.7. Overview of the Diamond Light Source synchrotron (Diamond, 2018). 
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2.3.1 The Diamond Light Source synchrotron and beamlines 

The Diamond Light Source is a 48 sided polygon of 560 m, kept under vacuum, with 

each of the 48 bending magnets deflecting the beam by 7.5°, totalling the full 360° 

closed loop (Fig. 2.7). 29 beamlines are currently operational although there is room for 

up to 40 beamlines to be fitted. 

The electrons are generated from an electron gun that uses a high voltage cathode 

heated under vacuum, providing thermal energy to liberate electrons. These are first 

accelerated to 90 keV by anodes and then to 100 MeV by a linear accelerator (linac) 

using radiofrequency (RF) cavities. They then enter the Booster synchrotron, with 36 

dipole bending magnets guiding the electrons around the bends. A radio frequency 

voltage accelerates the electrons up to 3 GeV at which point they are ready for the main 

storage ring, which they orbit in two millionths of a second (Diamond, 2018). 

The synchrotron radiation is channelled into the optics hutch of a beamline from the 

storage ring, with the connection through the shield wall being known as the front end. 

This front end allows safe access into the optics hutch if required, protects the storage 

ring against beamline leaks and removes as much heat as possible, as well as 

monitoring the exact position of the beam. Each beamline has its own series of 

diffraction gratings and mirrors in its optics hutch to focus and filter the beam to the 

desired parameters for the technique employed, before it enters the experimental hutch, 

where the sample is mounted (Fig. 2.8). The scientists monitor the experiment from the 

control cabin, from where they can control the sample position, alignments and collect 

data from the detectors. 

 

Fig. 2.8. Schematic of beamline I-18, showing the distances of the monochromators, slits and mirrors 

used in the optics hutch between the storage ring and the sample (Mosselmans et al., 2009). 
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2.3.1.1 Beamline I-18: microfocus spectroscopy 

The Diamond Light Source synchrotron microfocus beamline I-18 has an energy range 

of 2.0 keV to 20.7 keV, and a minimum spot size resolution of ~2 × 2.5 μm, together 

with tuneable monochromators capable of resolving 0.1 eV spectra energy increments 

(Mosselmans et al., 2009). 

The I-18 beamline passes through a sequence of optics from the storage ring (Fig. 2.8). 

It goes through a cooled aperture and water-cooled slits to reduce heat load on the 

optics upstream and to define the incoming beam. A toroidal mirror brings the beam 

into parallel alignment in the vertical plane (Mosselmans et al., 2009). The liquid-

nitrogen-cooled monochromator uses three pairs of crystals, Si(111) and Si(311), and 

operates on the principle of the Bragg equation (2.1) with an angular range of 80° 

(Evans, 2018). The desired energy is selected from the range achievable by varying the 

angle (Mosselmans et al., 2009). The secondary slits focus the beam in the horizontal 

plane and monitor the position of the beam. The horizontally reflecting (HR) mirrors 

remove higher harmonics from the X-ray beam and tertiary slits limit the horizontal 

beam size and remove vertical scatter (Fig. 2.8). The final pair of Kirkpatrick-Baez 

(KB) focusing mirrors use an adaptive system to control the shape, allowing the focal 

point to be adjusted over a range of 10 cm to allow for variation in sample positioning 

requirements (Mosselmans et al., 2009). 

 

Fig. 2.9. Aerial view of the I-18 sample stage (centre) at 45° to the beamline direction from the end of 

the room (arrow), with the XRD transmission detector able to collect X-rays passing through the sample, 

and the fluorescence detector at 45° to the sample, to collect fluorescence X-rays. The video microscope 

is used to position the sample correctly. 
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The sample is placed in the holder so the transmission detector lies in the path of the 

beamline beyond the sample, and the fluorescence detector is at 90° to the beamline 

direction (Fig. 2.9). The sample stage can be rotated and moved in all three dimensions. 

The sample can be viewed using the video microscope, showing the position of the 

beam on the sample in order to find the region of interest for measurement. 

The beamline can be used to make measurements of X-ray Fluorescence (XRF), X-ray 

Absorption Spectroscopy (XAS), and X-ray Diffraction (XRD), which are described in 

the following sections. I-18 has previously been used for similar work on Stardust 

comet grains and martian meteorites by Changela et al. (2012) and Hicks et al. (2014). 

2.3.1.2 Beamline B-22: FTIR 

The synchrotron offers up to 2 orders of magnitude more brightness in the mid-IR and 

up to 1000 times in the far-IR, compared to a classical blackbody source (Cinque et al., 

2011).  

        

Fig. 2.10. (A) Schematic of the focusing optics and end stations for the FTIR beamline B-22, with 

synchrotron radiation originating at the left (Cinque et al., 2011). (B) Experiment hutch of the B-22 

beamline and end stations. (C) The Hyperion 3000 optical microscope at the end station, used to identify 

locations for analysis.  
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The path of beamline B-22 from the storage ring first reaches a flat slotted mirror M1 

that dumps the inner X-ray beam while reflecting the wider IR range beam. The 

beamline then passes via mirror M2 to mirror M3 and is then split by the double 

mirrors at M4 to two end stations Bruker Vertex 80 V under vacuum, with Hyperion 

3000 microscopes (Fig. 2.10A-C) (Cinque et al., 2011).  

2.3.1.3 Beamline sessions 

In this thesis, data was collected at the microfocus beamline I-18 during three separate 

beamline sessions sp10328-1 (December 2014), sp13690-1 (July 2016), nt16688-1 

(December 2016) and three XAS data points for NWA 8114 were collected by L. Hicks 

at sp19641-1 (January 2018). The FTIR beamline B-22 was used for one beamline 

session, sm12761-1 (December 2015). 

2.3.2 X-ray Fluorescence (XRF) 

XRF uses X-rays to excite a sample, and a detector to measure the fluorescent 

(secondary) X-ray emitted. Each element present in the sample produces characteristic 

fluorescent X-rays allowing it to be identified. 

Using a beam between 8.5 and 10.0 keV, XRF measures elements from Ca (Z=20) to 

Zn (Z=30) producing elemental maps. The sample is usually placed at 45° to the beam 

and fluorescence detector, and the stage moves the sample in increments according to 

the resolution selected, usually 2 μm, 5 μm or 10 μm. The resulting elemental maps 

show which elements are present and have an associated X-ray fluorescence spectrum 

for each pixel. The maps are used to pinpoint the location of Fe in order to position the 

beam with ~2 μm accuracy for longer XAS measurements. The maps were analysed 

using PyMca 4.4.1 software. The XRF data gives an indication of the presence or 

absence of elements, but the data are not calibrated so the ‘counts’ only give a very 

approximate measure of the relative quantities. 
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2.3.3 X-ray Absorption Spectroscopy (XAS) 

X-ray absorption spectroscopy measures the X-ray absorption of a material at a specific 

energy level. Each element shows an absorption peak at a unique characteristic energy 

level, which is equal to the energy required for an electron to escape from the atom. 

This is known as the absorption edge, and is a K-edge where an electron escapes from 

the 1s orbital, an L-edge where an electron escapes from the n=2 shell, and an M edge 

for where an electron escapes from n=3 shell, etc. There is also a smaller peak at a 

slightly lower energy level known as the pre-edge centroid; this is the amount of energy 

needed to raise an electron from the 1s to the 3d orbital shell.  

The oxidation state of Fe is studied by measuring the Fe-K edge, though the energy 

range of the beamline allows the K-edge of all elements from P (Z=15) to Mo (Z=42) 

to be examined. 

The X-ray absorption coefficient μ gives the proportion of photons absorbed by the 

sample. In transmission mode, this is measured as the difference between the intensity 

of the incident (I0) and transmitted (It) X-rays at each energy level (Fig. 2.11A). 

 

Fig. 2.11. X-ray absorption spectroscopy (XAS) detector setup for (A) transmission and (B) fluorescence 

(Schnohr & Ridgway, 2015). The latter arrangement can be seen in Fig. 2.9 though the XAS 

transmission detector is out of view, behind the XRD transmission detector. 

Thus, the reduction in intensity I of an X-ray beam passing through a sample with 

thickness x (Calvin, 2013): 

𝜇(𝐸) = −
𝑑𝐼

𝑑𝑥
 

2.8 

Integrating this gives a result known as Bourguer’s Law: 

𝐼𝑡 = 𝐼0𝑒−𝜇𝑥 2.9 

which is equal to: 
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𝜇𝑥 = 𝑙𝑛 (
𝐼0

𝐼𝑡
)  

2.10 

In fluorescence mode, the sample is usually placed at 45° to the beam and detector (Fig. 

2.11B). When the beam interacts with the sample, some photons are scattered both 

elastically and inelastically, and some are absorbed by the element of interest, causing a 

core hole in one of the lower energy shells either from an electron transition e.g. 

1s→3d or by emission of the electron. This causes a fluorescent photon to be released 

in order to fill the core hole. Fluorescent photons are emitted in all directions randomly, 

so a much lower intensity If will reach the fluorescence detector compared with 

transmission mode. The absorption coefficient becomes: 

𝜇(𝐸)𝑥 =  − 𝑙𝑛 [1 −
𝐼𝑓

𝐼0
] ∝

𝐼𝑓

𝐼0
 

             For If << I0 2.11 

The absorption coefficient, μ(E), is a smooth function over large ranges and 

proportional to the density d, atomic number Z, and inversely proportional to the X-ray 

energy E and mass m (Schnohr & Ridgway, 2015): 

𝜇(𝐸) ~
𝑑𝑍4

𝑚𝐸3
 

2.12 

However, due to scattering from neighbouring atoms, there are oscillations producing a 

larger edge (Fig. 2.12). 

 

Fig. 2.12. The smooth modelled absorption coefficient μ0 for an isolated atom compared to an 

experimentally measured absorption result with oscillations from scattering (TU Wien, 2018). 
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2.3.3.1 X-ray absorption near edge structure (XANES) for mineral identification 

The shape of the XANES can help to identify 

minerals. Silicate minerals often contain non-

equivalent cationic sites with similar 

coordination number. For example olivine, 

(Mg,Fe)2SiO4, has an M1 and an M2 site, 

which can both be filled with iron, both with 

magnesium, or some combination of the two 

(Calas et al., 1986). Olivine has a characteristic 

narrow pointed high peak, also known as the 

‘white line’, when the sites are unequal with a 

combination of Mg and Fe in natural olivine Fo85 (Mg1.7Fe0.3)SiO4 (Fig. 2.13). A 

broader, flatter edge maximum is seen for Fe-rich olivine, fayalite Fe2SiO4, when M1 

and M2 are both iron (Fig. 2.13; Calas et al., 1986). Pyroxene often shows a peak split 

into two when the iron content is low (Fig. 3.13G).  

2.3.3.2 Fe-K XANES for oxidation state investigation 

It is known that the energy level for the pre-edge centroid and absorption edge for Fe
3+

 

is higher than for Fe
2+

 (Koningsberger & Prins, 1988). Previous work provides a 

calibration scale for Fe-silicates to determine Fe
3+

/ΣFe (Fig. 2.14) (Hicks et al., 2014). 

This makes it possible to determine the proportion of oxidised iron present in the 

meteorite in specific locations, to determine if it is equally distributed or in specific 

clasts, grains or areas.  

 

Fig. 2.14. Calibration for Fe
3+

/ΣFe from Fe-K XANES 1s→3d centroid energies for five Fe-silicate 

standards and two nakhlite standards (Hicks et al., 2014). 

Fig. 2.13. Fe-K XANES for natural olivine 

Fo85 and fayalite (Calas et al., 1986). 
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2.3.3.3 Fe-K XANES operating conditions 

Transmission mode was used for the powdered reference materials, and fluorescence 

mode was used for the planetary samples and a San Carlos olivine. An XRF map was 

produced to locate the region of interest before taking the XAS measurements. 

The iron K-edge (Fe-K) XAS measurements were taken with a 2 × 2.5 μm spot size. 

The spectra were taken over an energy range of 6900 eV to 7600 eV, with a high 

resolution of 0.1 eV over the known XANES region for iron 7090 eV to 7145 eV, to 

accurately capture the 1s → 3d pre-edge centroid and absorption edge positions, and a 

lower resolution of 5 or 10 eV over the rest of the range. The 9 element Ge solid state 

high-rate fluorescence detector was used for these measurements.  

The spectra were processed and normalised using Athena 0.9.24 software (Ravel & 

Newville, 2005) and the absorption edge was estimated to be at half the normalised 

intensity. The 1s → 3d pre-edge centroids were analysed by fitting and subtracting a 

baseline and calculating the intensity-weighted average energy position of the pre-edge 

centroid, using the methods of Hicks et al. (2014). The ratio of oxidised iron to total 

iron, Fe
3+

/ΣFe, has been calculated using the silicate calibration scale (Fig. 2.14) (Hicks 

et al., 2014). In addition to point measurements, Fe-K XANES maps were made to 

show the variation in iron oxidation state visually over the absorption edge energy 

range 6900 eV to 7300 eV, with the Fe-K XANES spectra for each pixel being 

normalised and analysed using MANTiS 2.06 (Lerotic et al., 2014). A Python 

programme was written in order to extract the Fe-K XANES spectra for each pixel on 

the XANES maps, as the raw data was stored as 141 separate maps for each energy step 

level.  

Fe-K XANES were measured during four separate beamtime sessions in December 

2014, July 2016, December 2016 and January 2018. Due to minor drift in the 

monochromators over time, an energy calibration is required to compare data from 

different sessions. An estimation of the energy variation was calculated by measuring 

reference materials such as Fe-metal foil, powdered magnetite, hematite and San Carlos 

olivine at each beamtime, determining their Fe-K 1s → 3d pre-edge centroid and 

absorption edge positions, and adjusting all the results to the peak positions observed 

during the most recent beamtime (Hicks et al., 2017). 
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2.3.4 Transmission X-ray Diffraction (XRD) 

Different crystalline materials diffract an X-ray beam by different measurable amounts 

(angle θ), which allow the characteristic d-spacings to be calculated using Braggs law 

(equation 2.1). These can be compared to reference databases e.g. ICDD (2014) to 

identify the exact elements or minerals in a sample, and its detailed structure. 

Every crystalline structure has a unique unit cell, in which atoms are arranged in a 

pattern that repeats periodically in three dimensions in a crystal lattice. Miller Indices 

hkl are used to describe planes in a crystal lattice, perpendicular to the reciprocal lattice 

vectors. This is calculated as the inversion of where the plane intercepts the a, b, and c 

unit cell axes, with any fractions multiplied by a common factor to make hkl integers 

(Klein & Philpotts, 2012). For example, (032) describes a plane parallel to the a axis 

that intersects the b axis at 2, and the c axis at 3, so the inversions are 1/∞, ½, 1/3, 

multiplied by 6 giving (032). Diffraction of the X-ray beam occurs when it interacts 

with the atoms, so the characteristic d-spacings provide information on the size and 

shape of the unit cell, with dimensions a, b, c, and interaxial angles of α,  β, and ɣ. 

XRD is a powerful identification tool for mineralogy, as it can distinguish the unique 

characteristic peaks of the different iron oxides and hydroxides, whereas SEM can only 

identify a mineral as iron oxide, and EPMA and XANES provide an indication of how 

oxidised it is. Magnetite Fe3O4 and maghemite Fe2O3 have a cubic unit cell where the 

axial lengths a = b = c, and goethite FeO(OH) has an orthorhombic unit cell where the 

axial lengths a ≠ b ≠ c. Both systems have interaxial angles of α = β = ɣ = 90°.  

For a cubic lattice: 

𝑑ℎ𝑘𝑙 =
𝑎

(√ℎ2 + 𝑘2 + 𝑙2)
 

2.13 

For an orthorhombic lattice: 

1

𝑑ℎ𝑘𝑙
2 =

ℎ2

𝑎2
+

𝑘2

𝑏2
+

𝑙2

𝑐2
 

2.14 

The d-spacings measured are matched to the characteristic Miller indices, hkl planes, 

using the ICDD (2014). For a cubic lattice, equation 2.13 is used to calculate the unit 

cell dimension a. This can be done for each d-spacing that matches a characteristic 

plane, although all will give slightly different values for a. Using an IDL computer 
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programme (Hansford, 2015), calculations can be done the other way around to find the 

unit cell dimension a that best fits all of the measured hkl planes. A value of a is used 

to calculate the ideal d-spacing for an hkl plane, then the difference between the ideal 

d-spacing and measured d-spacing is calculated as a measure of error, and the 

programme iterates accordingly, refining the value of a until the 2σ measure of error is 

as small as possible. For an orthorhombic lattice, the IDL programme can calculate a, b 

and c using equation 2.14 if sufficient hkl planes were identified, though the errors are 

likely to be greater. 

Transmission synchrotron XRD measurements were taken between 9 keV and 15 keV, 

with the majority at 11 keV and 13 keV, with a 2θ range of ~4.3° to ~41.7° detectable 

and an exposure time of 300 seconds. Using equations 2.1 and 2.2 this corresponds to 

d-spacings of ~1 Å up to ~9.1 Å. XRD measurements were taken on a LaB6 standard at 

each energy level in order to produce a calibration file for each energy level using 

DAWN (Data Analysis WorkbeNch) 2.1.0 software. All other measurements were 

processed using the calibration file and a rolling ball correction in Dawn.  

XRD measurements were point measurements for the martian meteorite, but area 

measurements for the Stardust grains, as the grain sometimes moved within the data 

collection times due to some melting of the aerogel. The area measurement was 

explored in Dawn to locate the grain material, and the sub-area giving the most intense 

d-spacing peaks was extracted. The Dawn software then calculates the exact positions 

of these peaks using the Nelder Mead fitting algorithm, which is a numerical method 

used to find the maximum of a function for nonlinear problems where derivatives are 

not known (Nelder & Mead, 1965). 

2.3.5 Fourier Transform Infrared Spectroscopy (FTIR) 

Infrared (IR) radiation covers the wavelengths from 0.8 to 1000 µm, usually reported as 

wavenumbers in cm
-1

 units (the inverse of the wavelength). The mid-IR, between 4000 

cm
-1

 and 400 cm
-1

 is used to characterise the vibrational and rotational-vibrational 

energy structure of molecules. Far-IR is used for lower energy rotational spectroscopy. 

IR spectroscopy uses an IR beam to excite molecular vibrations in bonds with a dipole 

moment. The energy of these vibrations (wavenumbers) depends on the molecular 

composition, the nature of the atoms and bonds between them. A sample compound can 
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then be identified by matching its IR absorption spectrum to a characteristic spectrum 

from a database, treating the absorption spectrum as a unique fingerprint. 

In order for a molecule to absorb IR, the incident frequency must match one of the 

natural frequencies of vibration of the sample molecule. The molecule is excited to a 

higher energy state as the polar bond (with dipole moment) is stretched, bent and 

compressed by absorbing the IR. The vibrational frequency of a bond is directly 

proportional to its bond strength and inversely proportional to the masses at the ends of 

bonds. Water has polar O-H bonds and has three vibrational modes (Fig. 2.15). 

 

Fig. 2.15. Three vibrational modes of water vapour: (a) Symmetric stretch 3657 cm
-1

 (b) Symmetric bend 

1595 cm
-1

 (c) Asymmetric stretch 3756 cm
-1

 (Zobov et al., 1996). 

The stretching bands for liquid water occur at lower wavenumber, symmetric at 3200 

cm
-1

, asymmetric at 3530 cm
-1

, and the bending band increases to 1645 cm
-1

 (Bonner & 

Curry, 1970). 

Dispersive IR spectrometry only allows radiation of a single wavelength to be 

measured at one time by a detector. 

Fourier Transform Infrared 

Spectroscopy (FTIR) enables the whole 

IR spectrum to be measured at once, by 

modulating the frequency of the 

radiation to be low enough to be 

detectable over time. The use of a 

Michelson interferometer enables an IR 

signal of lower frequency to be 

produced, that a detector is capable of 

recording over time. 

The interferometry approach splits the 

Fig. 2.16. Michelson interferometer for FTIR 

(Sanchonx, 2011). 
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source infrared radiation beam, part travelling to a fixed mirror, and part to a moving 

mirror (Fig. 2.16). The radiation is reflected from each mirror and recombined with a 

difference in path length, and some of it is redirected by the beam splitter to pass 

through the sample. As the moving mirror varies one of the path lengths, different 

wavelengths are in or out of phase, depending on the rate of the mirror movement and 

the wavelength of the radiation. The sample absorbs some of the radiation, and the 

detector records the remaining signal at sufficient speed relative to the moving mirror 

speed. The resulting interferogram recorded gives the intensity versus the path 

difference, which is the spectrum of the source minus the sample spectrum. Therefore, 

computer software processing uses a reference spectrum for the source to deconvolute 

the sample spectrum, and a Fast Fourier Transform is applied, to invert the path 

difference (resulting in cm
-1

). This gives an absorption spectrum, showing absorbance 

at each wavenumber. 

This method also allows for a much higher signal to noise ratio than that of dispersive 

IR spectrometers, making it much faster to collect comparable data. The resolution 

achievable is an inverse of the path difference, so the Diamond Light Source 

synchrotron can achieve a high spectral resolution of 0.07 cm
-1

. 

An FTIR spectrometer is used together with a microscope in order to be able to select a 

specific region for analysis with the microscope, and carry out point or area 

measurements to acquire infrared spectra. Synchrotron radiation is far brighter than 

other sources, so allows the beam size to be much smaller, less than 10 μm without a 

significant loss of photons.  

Some IR light is absorbed, some is transmitted and some is reflected from the sample. 

This can be plotted either as transmittance, where absorption bands show as dips, or as 

absorbance, where the bands show as peaks. 

𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒(𝑇) =
radiant power transmitted by a sample

radiant power incident on the sample
 

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 (𝐴) = log 10 (
1

𝑇
) 
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2.3.5.1 Reflectance FTIR 

FTIR can also be used on samples too thick to transmit, by measuring the specular 

reflectance, which is related to the refractive index n. If a material is non-absorbing, 

then n is constant as a function of wavenumber. If a material is absorbing, the refractive 

index (n) of an absorbing sample is related to the absorption. The variation of n as a 

function of wavenumber is shown in Fig. 2.17, where n has been derived from k, a 

synthesised Lorentzian representing a typical absorption band (Bassan et al., 2009).   

 

Fig. 2.17. Variation of refractive index n (dispersion) as a function of wavenumber, derived from a 

representative typical absorption band k (here a synthesised Lorentzian function) (Bassan et al., 2009). 

A reflection spectrum is like a first-order differential for an individual absorption band, 

as, the refractive index is a minimum on the high wavenumber side of the band, and a 

maximum on the low wavenumber side. Therefore, the reflection spectrum needs to be 

converted to an absorption spectrum using Kramer’s-Kronig transformation. 

OPUS 7.0 software calculates the phase rotation angle ɸ(ν) (a function of the wave 

number ν) of an optically thick sample from a measured reflectance spectrum R(ν) = 

r
2
(ν) (Bruker, 2011). Then the Fresnel equation is used to calculate the reflectivity of 

the air-sample interface: 

𝛤(𝜈)𝑒𝑖𝜙(𝜈) =
[𝑛(𝜈) − 1]

[𝑛(𝜈) + 1]
 

2.15 

The real and imaginary parts of the refractive index n = n + ik are linked by the 

Kramers-Kronig relationship and calculated as: 
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𝑛 (𝜈) =
[1 − 𝑅(𝜈)]

[1 + 𝑅(𝜈) − 2 𝑅0.5(𝜈) 𝑐𝑜𝑠(𝜙(𝜈))]
 

2.16 

𝜅(𝜈) =
2𝑅0.5(𝜈) 𝑠𝑖𝑛(𝜙(𝜈))

[1 + 𝑅(𝜈) − 2 𝑅0.5 (𝜈)𝑐𝑜𝑠(𝜙(𝜈))]
 

2.17 

Using the absorption index κ(ν) (the imaginary part of the refractive index), the 

absorptivity A(ν) of a layer with thickness d is:   

𝐴 (𝜈) = 𝑙𝑜𝑔(𝑒) 2𝜋𝜈𝑑𝜅(𝜈)  2.18 

The Kramer’s-Kronig transformation has been applied to all reflectance spectrum data 

in this thesis, using the OPUS 7.0 software (Bruker, 2011). 

MIRIAM beamline B-22 (session sm12761-1, December 2015), was used to investigate 

which phases were hydrated in the martian meteorite NWA 8114 with reflectance FTIR 

for polished sections A, B, C and transmission FTIR for double polished section F 

(Cinque et al., 2011) (Sections 3.2.3.4 and 3.3.6).  

B-22 has a spectral range of 10000 to 5 cm
-1

 and beam size of 3 μm to 15 μm at the 

sample, with achievable resolution of 0.07 cm
-1

. Both point and map measurements 

were made using a 10 × 10 μm or 15 × 15 μm spot size and resolution of either 4 cm
-1

 

(with 256 scans) or 8 cm
-1 

(with 128 scans), with a spectral range in the mid-IR of 

wavenumber 4000 cm
-1

 to 500 cm
-1

 (wavelength 2.5 μm to 20 μm). OPUS 7.0 (Bruker, 

2011) software was used to process the data and a Kramer’s-Kronig transformation 

function within it was used to obtain absorbance values from reflectance data. 

2.4 CT scanning 

An X-ray micro computerised tomography (CT) scan passes X-rays through a rotating 

cylindrical sample to a detector (Fig. 2.18). The material absorbs some of the X-ray 

radiation, which varies according to the atomic number of the material it is made of, as 

well as the density and thickness. With geological samples and radiation sources up to 

100 keV, the most important interaction for absorption is photoelectric absorption. 

There must be air on each side of the sample so that every voxel is in view at every 

rotation position, in order for software to be able to reconstruct it. A separate projection 

is captured by the detector following each rotation, and these two dimensional slice 
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images are constructed into a three dimensional model. A small sample, far from the 

detector (Fig. 2.18, green), can be scanned at higher resolution than a larger sample that 

has to be positioned nearer the detector (Fig. 2.18, yellow). 

An X-ray CT scan was taken of the remainder of the 1.9 g NWA 8114 main mass (after 

sections A-D were prepared, but before further material was consumed in preparing 

sections E-G) using a Nikon Metrology XT H 225 scanner at the University of 

Leicester at 160 kV. This provides a 3D image at high resolution of the internal 

structure and the composition of the bulk sample, processed using VG Studio Max 

(version 3) software (VG, 2017). The voxel size was 8 × 8 × 8 μm. 

2.5 
40

Ar-
39

Ar dating 

This work was carried out with expert collaborators at the University of Manchester. I 

spent two days with them using 

a Thermo Scientific Argus VI 

mass spectrometer, designed to 

quantify Ar isotopes from small 

samples. Once the data was 

obtained, they processed the 

data presented in this thesis and 

discussed the results with us. 

Potassium-40 (
40

K) is a 

radioactive isotope with a very 

long half-life of 1.27 × 10
9
 years 

(Emsley, 2011), making it 

suitable for dating rocks up to 

four billion years old. It 

comprises about 0.012% of the 

Fig. 2.18. A cylindrical sample rotates while X-

rays from the source pass through it to a detector. 

The red sample is too close to the source to be 

reconstructed; the yellow sample would be 

scanned at lower resolution than the green sample, 

as it is larger and has to be closer to the detector. 

 Fig. 2.19. The naturally occurring isotopes with their natural 

abundance at% (solid grey boxes) and each artificial 

radioactive isotope with its half life (dotted white boxes) with 

arrows indicating decay reactions (McDougall et al., 1999). 
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potassium found on Earth. 89.28% of the time it decays to 
40

Ca, and 10.72% of the time 

it decays to 
39

Ar. This explains the large amount of 
40

Ar in Earth’s atmosphere (0.93% 

by volume) and the relative abundances of the three argon isotopes: 99.6% 
40

Ar 

compared to 0.34% 
36

Ar and 0.06% 
38

Ar (Fig. 2.19) (McDougall et al., 1999). 

39
K is known to exist in constant proportion to 

40
K and thus is a proxy for the amount 

of 
40

K, allowing determination of 
40

Ar*/
40

K where 
40

Ar* distinguishes radiogenic 

daughter product from 
40

Ar naturally occurring in the atmosphere. For 
40

Ar-
39

Ar dating, 

39
Ar is created from 

39
K by neutron irradiation in a nuclear reactor. 

40
Ar/

39
Ar dating 

offers greater precision than K-Ar dating as it uses ratios of isotopes rather than 

separate absolute measurements. 

The age of a sample, t, can be calculated from equation 2.19, where the radioactive 

decay constant of 
40

K λ = 1.27 × 10
9
 years, J is a measure of the neutron flux of 

irradiation and R is the 
40

Ar/
39

Ar ratio: 

𝑡 =
1

𝜆
𝑙𝑛(𝐽 × 𝑅  + 1) 

2.19 

A number of assumptions are required for either K-Ar or Ar-Ar dating. The decay of 

the parent, 
40

K, must be independent of its physical state. All radiogenic 
40

Ar is 

assumed to result from 
40

K decay. Since the event being dated, the sample must have 

been a closed system, with no gain or loss of Ar or K (Kelley, 2002). Compared to the 

age being determined, the closure of the system should be rapid. 
38

Ar abundances must 

be corrected for a cosmogenic component. Cosmogenic 
38

Ar and 
36

Ar are produced by 

cosmic ray interactions while in space. 
37

Ar is produced from Ca during irradiation, so 

acts as a proxy for Ca, and is thus generally correlated with cosmogenic 
36

Arcos, 

produced in feldspathic phases (Cassata & Borg, 2016). Measurements of 
36

Ar and 
37

Ar 

can be used in addition to the known cosmogenic 
38

Ar/
36

Ar ratio of 1.67 to correct 
38

Ar 

abundances (Cartwright et al., 2013).  

Corrections must be made for contaminating atmospheric 
40

Ar, using the terrestrial 

40
Ar/

36
Ar ratio of 295.5, though complexity is added when considering trapped martian 

atmosphere. Measurements by the Curiosity rover suggests that Mars has 1.93% of 
40

Ar 

in its atmosphere (Mahaffy et al., 2013). Once cosmogenic component corrections have 

been applied, the remaining Ar is a mixture of trapped and radiogenic components 

(Cartwright et al., 2013). The trapped component can be partly resolved using three-
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isotope plots of 
36

Ar/
40

Ar vs 
39

Ar/
40

Ar and examining correlation of the Ar isotopes 

with Cl released (Cartwright et al., 2013).  

Samples were irradiated for 24 hours in position B2W of the SAFARI-1 reactor, 

Pelindaba, South Africa (irradiation MN2016a) to turn 
39

K (potassium) into 
39

Ar 

(radioactive argon). This enables a single measurement of Argon isotopes to give 

40
Ar/

39
Ar results, provided a standard of known age is irradiated alongside the unknown 

samples. As only one measurement is needed, a very small sample can be used. After 

irradiation, a noble gas extraction system at the University of Manchester, UK with a 

laser port attached was used to evacuate the samples that were placed in 3 mm diameter 

wells in an aluminium disk. Ar blank levels were reduced by baking the samples at 150 

°C overnight. 

 

Fig. 2.20. Thermo Scientific Argus VI mass spectrometer, University of Manchester. The red dotted line 

shows the overall direction of the gas given off when the laser is fired at the sample, which travels 

through the preparation system before being ionised, where it is then analysed using a magnetic field of 

particular strength to deflect ions with the desired mass/charge ratios into the Faraday cup detectors. 

The infrared 55 W CO2 laser (Teledyne-Cetac Technologies Fusion 10.6 CO2 laser 

system) was fired at each sample for 30 seconds in step heated intervals starting at 

0.4% power (0.21 W), until it had all disintegrated (by 6 W). The laser beam had 

uniform energy distribution and was 3 mm in diameter with accelerating voltage of 2.5 

kV. Between five and eleven steps were obtained for each sample, until the sample 
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fused. Before the noble gases were admitted to the mass spectrometer, a Zr-Al getter 

(SEAES NP10) was used to purify them for three minutes at 400 °C. The Thermo 

Scientific Argus VI mass spectrometer (Fig. 2.20) equipped with 5 Faraday detectors 

measured the argon isotopes. 

Due to the presence of 
40

Ar in the air, procedural blanks were analysed as a step 

without laser heating. The 
40

Ar blank (equivalent to 2.68 × 10
-12

 cm
3
 at standard 

temperature and pressure) was monitored after every third heating step, staying 

relatively stable with less than 15% variation during all the experiments. Generally less 

than 30% (range 8% to 50%) of the 
40

Ar released at each laser heating step 

corresponded to the blank levels. Aliquots of air with known volumes of Ar allowed the 

sensitivity of the instrument to be calculated and raw data to be converted to cm
3
 at 

standard temperature and pressure. Air aliquots with a 
40

Ar/
36

Ar = 298.6 were used to 

check the mass discrimination of the instrument and to apply a linear mass fractionation 

correction.  

Neutron interference reactions, whereby K and Ca isotopes form Ar isotopes, were 

determined from examining high purity calcium fluoride and potassium sulphate 

samples. Aliquots of the international standard Hb3gr hornblende t = 1081.0 ± 2.4 Ma, 

2; (Renne et al., 2011) were irradiated with the unknown samples and then measured 

for 
40

Ar-
39

Ar, in order to determine the fluence parameter J, which relates to the density 

of the neutron particle flux during the irradiation process, and . 
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3 THERMAL HISTORY OF 

MARTIAN REGOLITH 

BRECCIA NORTHWEST 

AFRICA 8114 

The majority of this chapter is in press at the journal Geochimica et Cosmochimica 

Acta (MacArthur et al., 2018). Scans provided by two of the co-authors and 
40

Ar-
39

Ar 

dating work done with two collaborators at the University of Manchester are 

acknowledged in the text of the relevant sections. Other co-authors provided assistance, 

technical support with setting up instrumentation and feedback in their field of 

expertise. 

3.1 Introduction 

Meteorite Northwest Africa NWA 8114 and its paired stones, NWA 7034, 7475, 7533, 

7906, 7907, 8171, 8674, 10922, 11220, 11522 and Rabt Sbayta 003 (all known as the 

martian breccia) provide the first opportunity to study an impact breccia from the 

surface or near-surface of Mars. The martian origin is confirmed from a trapped noble 

gas component similar to the modern martian atmosphere (Cartwright et al., 2014) 

together with oxygen isotope Δ
17

O values that match and exceed those of other martian 

meteorites (Agee et al., 2013; Nemchin et al., 2014). The martian breccia contains a 
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wide range of crystalline clasts from low-Ca pyroxene to plagioclase and alkali 

feldspar, although olivine is largely absent. Iron oxides, Cl-apatite, chromite, and pyrite 

are also present in clasts and within the fine-grained matrix (Agee et al., 2013; 

Humayun et al., 2013; Muttik et al., 2014; Santos et al., 2015; Wittmann et al., 2015). 

Many of the pyroxene clasts exhibit exsolution lamellae with characteristics that 

indicate slow cooling rates and a range of parent rocks and formation depths, so must 

have developed prior to incorporation into the breccia (Leroux et al., 2016). There is 

also a diverse range of basaltic and alkaline igneous clasts (Santos et al., 2015) that 

were interpreted to be of impact melt origin (Humayun et al., 2013; Hewins et al., 

2017).  

 

Fig. 3.1. (A) Main mass of NWA 8114 (~1.5 g) with visible clasts up to 0.5 mm in size. (B) A CT image 

of a slice from the middle of the NWA 8114 main mass, showing a 1.5 mm diameter spherule with 

concentric structure and layers.  

Accretionary clasts and dust rims are also present in the martian breccia and may have 

formed in an ejecta plume (Wittmann et al., 2015). Melt spherules and clast-laden 

impact melt fragments have been identified in NWA 7533 (Humayun et al., 2013; 

Hewins et al., 2017), similar to melt clasts in NWA 7034 (Agee et al., 2013; Santos et 

al., 2015) and vitrophyre clasts in NWA 7475 (Wittmann et al., 2015). High Ni (1020 

ppm) was measured in a vitrophyric clast confirming this as an impact melt product 

(Udry et al., 2014). Therefore, these polymict martian breccias have similarities to 

terrestrial suevite associated with base surges (i.e. density currents) (Wittmann et al., 

2015; Hewins et al., 2017). Suevites are (usually polymict) impact breccias that contain 

inclusions of impact melt lithologies and the clastic matrix additionally contains melt 

particles (Stöffler & Grieve, 2007).  

McCubbin et al. (2016) suggested that an impact process analogous to a pyroclastic fall 

deposit is responsible for the formation of the martian breccia samples, due to the clast 
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size and shape distribution. Regolith breccias are a subgroup of consolidated clastic 

impact debris that contain matrix melt and melt particles (Stöffler & Grieve, 2007).  

The wide variety of ages found in the meteorite breccia suggests a complex history of 

its clast source terrains. Nyquist et al. (2016) found disturbed Rb-Sr systematics and a 

Sm-Nd isochron age of 4.42 ± 0.02 Ga interpreted as a “bulk” crystallisation age for the 

breccia components. This age is consistent with 4.3-4.4 Ga U-Pb ages obtained from 

zircons in monzonitic clasts or breccia matrix, whereas chlorapatite and some zircons 

yield younger U-Pb ages 1.35-1.7 Ga, possibly recording the effects of impacts that 

disturbed the Rb-Sr system (Humayun et al., 2013; Bellucci et al., 2015; McCubbin et 

al., 2016). The latter may represent the formation of the breccia from ancient precursor 

materials (Wittmann et al., 2015; Nyquist et al., 2016; Leroux et al., 2016). Further 

high precision U-Pb ages of seven zircons yield ages of 4.4763 ± 0.0009 Ga to 4.4297 

± 0.0001 Ga (Bouvier et al., 2018). The cosmic ray exposure age indicating the ejection 

event is suggested to be ~5 Ma (Cartwright et al., 2014). 

Hydrated iron oxides have been identified in NWA 7034 (Muttik et al., 2014; Beck et 

al., 2015), and monazite-bearing apatite in the meteorite is thought to have required 

fluids and temperatures above 100 °C (Liu et al., 2016). The presence of hyalophane in 

veins in a spherule in paired rock NWA 7533 is consistent with hydrothermal activity 

(Hewins et al., 2017). NWA 7034 is the most oxidised known martian meteorite (Agee 

et al., 2013) as shown by the presence of maghemite and goethite (Gattacceca et al., 

2014). These results suggest that this breccia, or components of it, might have 

experienced near-surface aqueous alteration. The high hydration of bulk NWA 7034 

with ~6000 ppm water, shows two distinct δD components (Agee et al., 2013). While 

the high-temperature component +300 ‰ is most likely martian in origin, the low-

temperature component with δD of -100 ‰ could reflect contamination by terrestrial 

water (Agee et al., 2013). A terrestrial origin for some of this hydration is likely, and 

NanoSIMS D/H analyses of δD of 10±85 ‰ show a terrestrial origin for Fe 

oxyhydroxides through alteration of pyrite (Lorand et al., 2015). Further studies of the 

water content of paired stone NWA 7533 estimated ~8000 ppm (Beck et al., 2015) but 

Remusat et al. (2015) found less than 3600 ppm of martian water, with ilmenite 

containing 2000 ppm to 3600 ppm of water with δD between 1370 and 3130‰ and 

apatite containing 560 ppm to 3050 ppm of water with δD between 250 and 2230‰. 
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Any martian hydrous alteration in the breccia might be consistent with what has been 

determined through NIR spectroscopy (CRISM, OMEGA) of impact craters from orbit, 

some of which have been hypothesized to have preserved long-lived hydrothermal 

systems in the near-surface (Poulet et al., 2005; Bibring et al., 2006; Mustard et al., 

2008; Schwenzer & Kring, 2009; Marzo et al., 2010; Ehlmann, Mustard, Clark, et al., 

2011; Ehlmann, Mustard, Murchie, et al., 2011; Mangold, Carter, et al., 2012)(Poulet et 

al., 2005; Bibring et al., 2006; Mustard et al., 2008; Schwenzer & Kring, 2009; 

Ehlmann, Mustard, Clark, et al., 2011; Ehlmann, Mustard, Murchie, et al., 2011) These 

are more commonly seen in and around Noachian and Hesperian aged impact craters 

but are thought to be rarer during the Amazonian (Turner et al., 2016). 

We use a combination of CT scanning, STEM, EDX, EPMA and synchrotron Fe-K 

XANES, XRD, FTIR to characterise the different mineralogical stages recording NWA 

8114’s thermal evolution and interaction with water.  Four individual clasts were 

separated for 
40

Ar-
39

Ar attempted age determinations. The goal is to constrain the 

formation and thermal history of the parent rocks, characterise high temperature effects 

in the regolith from the impact-forming event and investigate any interaction with 

water that it has experienced. 

3.1.1.1 Clast Nomenclature 

As this breccia is the first of its type, different authors have used various descriptive 

terms from volcanic, rock and mineral terminology to describe clasts and features 

within it. Table 3.1 provides a summary of some of the main classifications and terms 

and how they correspond between authors and with this study.  
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Table 3.1. Different classifications of clasts within the martian breccias as described by different authors.  

Agee et al. (2013) Humayun et al. (2013) Santos et al. (2015) Wittmann et al. (2015) Leroux et al. (2016) Hewins et al. (2017)  This work 

  Proto-breccia clasts Sedimentary siltstone 

clasts 

 Fine grained 

sedimentary clasts  

 

Gabbroic clasts Fine grained basaltic 

clasts, microbasalts 

Lithic plutonic noritic 

clasts 

Basalt clasts 

Basaltic andesite 

clasts 

Granular & subophitic 

clasts 

Medium- and coarse-

grained lithic clasts 

dominated by 

magmatic pyroxenes 

and feldspars 

Fine grained basaltic 

clasts, microbasalts 

Lithic plutonic noritic 

clasts, containing 

inverted pigeonite & 

exsolution lamellae 

 

 Lithic plutonic 

monzonitic clasts 

Trachyandesite 

clasts 

Feldspathic clasts  Lithic plutonic 

monzonitic clasts 

 

Apatite-ilmenite-alkali 

feldspar cluster 

 Fe, Ti, P rich (FTP) 

clasts 

Basalt clasts with 

ophitic textures of 

plag, K-spar, ilmenite, 

chlorapatite 

 Fe, Ti, P rich (FTP) 

clasts 

 

 Lithic leucocratic rock 

Clast II (NWA 7533-3)  

 Poikilitic noritic melt 

clasts 

   

 Crystal clasts, px and fp Single mineral 

fragments 

Monomineralic clasts, 

px and fp fragments 

 Crystal clasts, px and 

fp 

Monomineralic clasts, 

px and fp 

   Strongly shocked 

clasts, feldspar & px 

  Relict pyroxene clasts 
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Quenched melt clasts 

and reaction spheres 

“Plumose” 

groundmass 

Clast-laden impact melt 

rock (CLIMR), melt 

rock, melt spherules  

Impact melt clasts 

Melt clasts and 

reaction spheres 

Vitrophyre impact 

melt clasts, melt 

shards, melt spherules  

 

 Clast-laden impact 

melt rock (CLIMR), 

melt rock, melt shards  

Melt spherules: 

microcrystalline, 

vitrophyric and altered 

Spherule with accreted 

rim 

     Clump-like aggregates 

of orthopyroxene 

surrounded by 

aureoles of plagioclase 

(within CLIMR) 

Relict pyroxene clasts 

with feldspar aureole 
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3.2 Methods and samples 

The 1.9 g main mass of NWA 8114 (Fig. 3.1) was found in 2013 and obtained by the 

University of Leicester, with classification reported by Ruzicka et al., (2015). The stone 

was split into two pieces. From the type specimen, held at the University of Leicester, a 

polished thin section (A) (Fig. 3.2), two polished thick sections (B, C), a polished block 

(D) and a double-polished wafer (F) of NWA 8114 were prepared.  Four clasts were 

physically separated from the NWA 8114 stone, and split, with one half of each clast 

for 
40

Ar-
39

Ar analyses at the University of Manchester, and the other fragments for 

complementary mineralogical studies.   

3.2.1 SEM-EDX, EPMA and CT Scanning 

Sections A, B, C, D, F were characterised using a Philips XL30 environmental 

scanning electron microscope (ESEM) and a Hitachi S-3600N ESEM with Oxford 

INCA 350 EDX spectroscopy system at the Advanced Microscopy Centre the 

University of Leicester. Back-scattered electron (BSE) images and normalised EDX 

spectroscopy element data for point analyses were obtained using an accelerating 

voltage of 20 kV and beam current of ~1.0 nA.  

Standardised X-ray element maps of section C (Fig. 3.3) were generated using a JEOL 

7001F FEG-SEM with Oxford Instruments X-Max 50 mm
2
 energy dispersive 

spectroscopy (EDS) detector by collaborator Dr Natasha Stephen within Plymouth 

Electron Microscopy Centre at the University of Plymouth.  

A detailed mineralogical map and modal mineralogy of section A (Fig. 3.2B) were 

obtained by collaborator Dr Elisabeth Steer using a Quanta 600 ESEM with two Bruker 

EDS spectrometers at the University of Nottingham.  

EPMA data were obtained for pyroxenes and iron oxides in sections A, B, C using a 

Cameca SX100 at the Open University, with TAP, LTAP, LLiF, LPET and PET 

spectrometer crystals, a focused 1 μm beam, at an accelerating voltage of 20 kV and 

beam current of 20 nA. 

An X-ray micro computerised tomography (CT) scan was taken of the remainder of the 

1.9 g NWA 8114 main mass (after sections A-D were prepared, but before further 

material was consumed in preparing sections F) using a Nikon Metrology XT H 225 
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scanner at the University of Leicester. This provides a 3D image at high resolution of 

the internal structure and the composition of the bulk sample, processed using VG 

Studio Max (version 3) software (VG, 2017). The voxel size was 8 × 8 × 8 μm. 

3.2.2 FIB-SEM and TEM-STEM-EDX 

Electron-transparent wafers were prepared using an FEI Quanta 200 3D dual Focused 

Ion Beam (FIB-SEM) at the University of Leicester from selected regions of interest in 

the clasts, using the methods described in section 2.2.3.  

The wafers were analysed on a JEOL 2100 LaB6 transmission electron microscope 

(TEM) with scanning-TEM (STEM) facilities and an Oxford Instruments system with 

Aztec EDX at the University of Leicester. All TEM, STEM and EDX work was carried 

out using an accelerating voltage of 200 kV and beam current of ~110 μA. STEM-EDX 

is described in more detail in sections 2.2.4 and 2.2.5. 

3.2.3 Synchrotron techniques at the Diamond Light Source  

The microfocus beamline I-18 at the Diamond Light Source, Didcot, Oxfordshire, UK 

was used to determine the oxidation state of the Fe in NWA 8114 by analysing the 1s 

→ 3d transitions and characteristic absorption edge energy in the Fe-K XANES 

spectra.  The beamline has an energy range of 2.0-20.7 keV, and a minimum spot size 

resolution of ~2 × 2.5 μm, together with tuneable monochromators capable of resolving 

0.1 eV spectra energy increments (Mosselmans et al., 2009). 

3.2.3.1 Synchrotron X-ray Fluorescence (XRF) 

XRF maps of the areas of interest were taken with a resolution of 2 × 2.5 μm primarily 

to locate the iron for Fe-K XAS analyses. XRF measures elements up to Zn in atomic 

weight to produce elemental maps using a beam between 8.5 and 10.0 keV. These maps 

were analysed using PyMca 4.4.1 software. 

3.2.3.2 Fe-K X-ray Absorption Spectroscopy (Fe-K XANES) 

Fe-K X-ray Absorption Near Edge Spectroscopy XANES measurements were taken at 

2 × 2.5 μm spot size.  The spectra were taken over an energy range of 6900-7600 eV, 

with a high resolution of 0.1 eV over the region 7090-7145 eV, to accurately capture 

the 1s → 3d pre-edge centroid and absorption edge positions. The data were processed 

and normalised through Athena 0.9.24 software before analysing the 1s → 3d pre-edge 
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centroids by fitting a baseline and calculating the energy position of the centroid, using 

the methods of Hicks et al. (2014). The proportion of Fe
 3+

 to total iron ratio, Fe
3+

/ ΣFe, 

has been calculated using the silicate calibration scale (Hicks et al., 2014). In addition 

to point measurements, Fe-K XANES maps were made of two areas to show the 

variation in iron oxidation state visually over the absorption edge energy range 6900-

7300 eV, with the Fe-K XANES spectra for each pixel being normalised and analysed 

using MANTiS 2.06. An energy calibration was used derived in order to compare data 

measured during four separate beamtime sessions, as detailed in section 2.3.1.3.  

3.2.3.3 Transmission X-ray Diffraction (XRD) 

The same I-18 beamline was used for transmission XRD measurements of a variety of 

clasts taken at 13 keV for between 60 and 300 s with a detector capable of imaging 2θ 

angles ranging between ~4° and ~40°. This corresponds to an observable d-spacing 

range of ~1.4 Å to ~13.7 Å. Measurements on a LaB6 standard with Dawn 1.9 software 

(Basham et al., 2015) were used to calibrate the NWA 8114 data and obtain the d-

spacings from the raw data. These were compared with measurements of other 

standards, magnetite, goethite, pyroxene, hematite etc and the ICDD database (ICDD, 

2014) to identify the closest mineral match. Unit cell parameters were calculated after 

assigning hkl indices to the d-spacings and compared to unit cell parameters of mineral 

standards from the ICDD database (ICDD, 2014). 

3.2.3.4 Fourier Transform Infrared Spectroscopy (FTIR) 

Beamline B-22 at the Diamond Light Source was used to investigate sections A, B, C 

with reflectance FTIR, and section F with transmission FTIR (Cinque et al., 2011). B-

22 has a spectral range of 10000 to 5 cm
-1

 and beam size of 3-15 μm at the sample, with 

achievable resolution of 0.07 cm
-1

. Both point and map measurements were made using 

a 10 × 10 μm or 15 × 15 μm spot size and resolution of either 4 cm
-1

 (with 256 scans) 

or 8 cm
-1 

(with 128 scans), with a spectral range of 4000–500 cm
-1

. OPUS 7.0 (Bruker 

Optik GmbH 2011) software was used to process the data and a Krames-Kronig 

Transformation within it was used to obtain absorbance values from reflectance data. 

3.2.4 40
Ar-

39
Ar dating 

Four individual clasts were separated from NWA 8114 and subdivided into two 

fragments to investigate age and petrologic relationships. One fragment of each clast, 
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with estimated masses of 0.5-0.7 mg, was neutron-irradiated for 
40

Ar-
39

Ar age 

determinations using the methodology described in section 2.5. The other fragment of 

each clast was mounted on carbon to characterise the mineralogy using SEM. The clast 

3 fragment was subsequently made into a polished block for SEM-EDX analysis. 

The data is uncorrected for martian (or terrestrial) trapped 
40

Ar components, giving 

approximate maximum 
40

Ar/
39

Ar ages to compare to other radiometric ages from the 

martian breccia in the literature. 
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3.3 Results 

3.3.1 Breccia and Clast Textures 

NWA 8114 has a fresh distinctive black outer surface, a desert varnished relict of a 

fusion crust, with some visible feldspar and pyroxene clasts protruding (Fig. 3.1A) and 

a large spherule with concentric layers (Fig. 3.1B). However, minor terrestrial salt 

veins are apparent on the surface and in some of the polished sections. Some fracturing 

is seen, but no shock melt veins or maskelynite have been observed. The CT-scan in 

Fig. 3.1B shows a large spherule of diameter 1.5 mm with a central grain of ~0.6 mm 

and multiple further concentric layers including a fine-grained outer rim, similar to a 

spherule described by Wittmann et al. (2015) and another spherule described by 

Hewins et al. (2017). 

 

Fig. 3.2. (A) BSE image of section A of NWA 8114 showing varied clasts in the fine grained matrix. The 

black box denotes part of a large predominantly relict pigeonite clast where two FIB-TEM sections were 

taken (Fig. 3.12), the white box shows the area examined with Fe-K XANES (Fig. 3.13). Veins can be 

seen cutting the relict pigeonite clast and the partially melted accreted rim (white dotted line). (B) 

Mineral Liberation Analysis (MLA) map of the right hand side of section A. (C) Part of the accreted rim 

indicated by the white dotted line in A, shown at higher resolution with evidence of melting. 

NWA 8114 has similar textural and mineralogical features to those described in NWA 

7034 (Agee et al., 2013; Santos et al., 2015), NWA 7533 (Hewins et al., 2017; 

Humayun et al., 2013) and NWA 7475 (Wittmann et al., 2015). In section, the sample 

has a clastic, brecciated texture comprised of clasts of feldspar grains (26%), pyroxene 

(18%), Fe-Ti oxides (6%), small amounts of Cl-apatite as well as some melt rock, all 
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bound by a dark, fine grained matrix (50%). The SEM images of the sections (Fig. 

3.2A, Fig. 3.3) show the range of clast size (5 μm to a few mm), and clast shape (from 

angular to rounded) bound in the fine grained (<5 μm) crystalline matrix. The 

pyroxenes are the main focus of this study, but alkali feldspar clasts were identified 

with cryptoperthite textures (Fig. 3.4H) indicating slow cooling for them at sub-solidus 

temperatures. An iron oxide intergrowth has a Ti-rich centre (Fig. 3.4C) and some iron 

oxide clasts contain pyrite inclusions (Fig. 3.4I), similar to those studied by Lorand et 

al. (2015), who found Fe-oxides to be terrestrial weathering products of martian pyrites. 

 

Fig. 3.3. Standardised EDS, combined X-ray element map of section C, where Fe=red, Ca=green, 

Al=blue. Thus, pyroxenes are dark green, iron oxides are red, plagioclase light blue, K-feldspar dark 

blue, Cl-apatite bright green. The black clasts are mostly Mg-rich pyroxene. The relict pyroxene with 

feldspar aureole, containing a goethite clast (Fig. 3.7), is shown by the white ellipse. 

Many of the pyroxene clasts exhibit exsolution lamellae on the (001) lattice planes, 

including both augite lamellae in clasts which are mainly pigeonite pyroxene (Fig. 3.4D 

and F), and pigeonite lamellae in bulk augite clasts (Fig. 3.4E, Fig. 3.5). Some 

pyroxene clasts, including low-Ca pigeonite and augite, contain small crystals (<2 μm) 

of iron oxide (Fig. 3.4A,B,D-G, Fig. 3.6, Fig. 3.7A), like those examined by Leroux et 

al. (2016).  
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Fig. 3.4. Clasts from polished sections of NWA 8114, scale bars all 50 μm, white rectangles show FIB-

TEM section locations (Fig. 3.11, Table 3.3). Px=pyroxene, aug=augite, pig=pigeonite, pl=plagioclase, 

or=orthoclase, mag=magnetite, py=pyrite. (A) Relict pyroxene En53Fs19Wo28 with iron oxide grains 

(arrows), porosity and plagioclase An25-55Ab44-75 aureole, showing concave outer surfaces (FIB6). (B) 

Low-Ca relict pyroxene En72Fs26Wo2 with iron oxide grains (arrows), porosity and An40-52Ab43-56Or3-4 

plagioclase aureole (FIB7). (C) Ti-rich magnetite core intergrowth with magnetite rim. (D) Bulk 

pigeonite En44Fs50Wo6 with augite En37Fs26Wo37 exsolution. (E) Bulk augite En31Fs24Wo45 with 

pigeonite En36Fs47Wo17 exsolution. (F) Bulk pigeonite En52Fs43Wo5 with augite En42Fs18Wo40 exsolution 

with iron oxide grains. (G) Low-Ca En68Fs30Wo2 relict pyroxene with iron oxide grains, porosity and 

An32-48Ab49-63Or2-5 plagioclase aureole (FIB2). (H) Cryptoperthite An2-10Ab8-95Or3-91 feldspar. (I) Small 

pyrite inclusion in magnetite.  

Some relict pyroxene fragments show strikingly high porosity of up to ~5% (Fig. 

3.4A,B,G, Fig. 3.7A). These have plagioclase-rich rims (Fig. 3.4A,B,G) similar to 

clump-aureole structures (Hewins et al., 2017). The relict pyroxene with feldspar 

aureole (Fig. 3.4B) resembles dustball-like aggregates described by Hewins et al. 

(2017), Fig.S2d). The pyroxene clasts have been investigated further with STEM, XAS 

and XRD (Section 3.4). 
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Fig. 3.5. (A) BSE image of an exsolution pyroxene clast, pigeonite composition En41Fs53Wo6, augitic 

lamellae En33Fs26Wo41 (C26, Fig. 3.8). (B) XRF map of the white box area in (A) showing Ca (green) 

and Fe (red) at 2 μm per pixel resolution. 

 

Fig. 3.6. BSE images of the large relict pigeonite clast from Fig. 3.2 showing (A) veins containing 

plagioclase feldspar. (B) Close up of the white box region from A, showing the partial melting beside the 

vein. (C) SEM-EDX spectra for locations 1-6 shown in A and B: (1) An area of feldspar An18Ab55Or27 in 

the vein. (2) A point measurement of orthoclase Ab13Or87 in the vein. (3) An area of pigeonite with iron 

oxide grains (white). (4) Bulk composition of ~20 μm region each side of the vein containing (5) light 

grey stoichiometric pyroxene En37Fs42Wo21 and (6) dark dendrites relatively enriched in Al, Na and K 

and depleted in Mg and Fe compared with the pyroxene. 

Some angular clasts have fine-grained rims and feldspar veining as well. Some clasts 

show signs of limited melting taking place after the clast formed.  One example of this 

is shown by the large relict pyroxene clast with iron oxide grains crosscut by 

feldspathic veins (Fig. 3.2, Fig. 3.6). In a region spanning ~20 μm either side of each 

vein there are fewer iron oxide grains and backscattered electron images show 
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devitrification and resultant microcrystalline axialites (Fig. 3.6B). In the same clast, the 

feldspar veins are truncated by a rim with accreted grains of up to 100 μm. This rim 

contains the ends of the veins and feldspar, giving evidence of melting with subsequent 

devitrification (Fig. 3.2C).  

One clast consists of a 600 m iron oxide grain (Fig. 3.7B) that is partially surrounded 

by terrestrial calcium carbonate veins. It also contains inclusions of pyrite and FeTi 

oxide. The data in section 3.5 demonstrates that this clast is composed of goethite. 

 

Fig. 3.7. BSE images of (A) Relict pyroxene (En41-48Wo26-39Fs17-29), with plagioclase aureole (Ab51-

65An18-40Or2-22) and iron oxide grains. The black box highlights the goethite inclusion shown in B; the 

white box area was examined with Fe-K XANES (Fig. 3.13) and the X1-X5 points show XRD 

measurement locations (Table 3.5). (B) Goethite (gt) grain cross cut by calcium carbonate veins, with Cl-

apatite (ap) inclusion. (C) Standardised EDS, combined X-ray element false-colour element distribution 

map of A, Fe = red, Ca=green, Al=blue. (D) 5 μm synchrotron XRF map of the goethite grain, with the 

location of the XRD map (black rectangle) and XANES measurements (X), Fe is red, Ca is green, Ni is 

blue. 
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3.3.2 Mineral Compositions 

NWA 8114 relict pyroxene clasts without exsolution lamellae include low-Ca pyroxene 

and pigeonite (Fig. 3.4B and G, Fig. 3.8) En44-72Fs26-50Wo2-6, and augite (Fig. 3.4A, Fig. 

3.8) En31-53Fs19-24Wo28-45. Compositions of pyroxene clasts with exsolution lamellae are 

plotted in Fig. 3.8 and are similar to the ranges seen in the pyroxene clasts without 

exsolution lamellae. These include bulk pigeonite En44Fs50Wo6 with augite 

En37Fs26Wo37 exsolution lamellae (Fig. 3.4D), bulk augite En31Fs24Wo45 with pigeonite 

En36Fs47Wo17 exsolution lamellae (Fig. 3.4E) and bulk pigeonite En52Fs43Wo5 with 

augite En42Fs18Wo40 exsolution lamellae (Fig. 3.4F), although as the lamellae are only 

1-2 μm wide the lamellae compositions may include some of the bulk clast. 

 

Fig. 3.8. Pyroxene quadrilateral showing: (1) the augite-pigeonite compositions in exsolution clasts with 

dotted tie lines overlaid on crystallisation temperatures showing a range of crystallisation temperatures 

from 900 to 1050 °C (Lindsley & Andersen, 1983), measured with EPMA (diamonds) or where lamellae 

were too narrow, measured with SEM (squares). (2) Monomineralic pyroxene clasts compositions (black 

diamonds). (3) FIB section compositions from pyroxene clasts showing breakdown measured with TEM-

EDX (circles), also shown in Table 3.3. 

The large relict pyroxene clast with a fine grained rim (Fig. 3.2A, Fig. 3.6) was found 

to be predominantly relict pigeonite with SEM-EDX composition En30-33Fs49-59Wo11-18 

with submicron grains of iron oxide and some likely fine submicron feldspar grains 

given the spectra show Al2O3 at 6.4% and traces of Na2O 0.7%, and K2O 2.5% (Table 

1, Fig. 6A3). The veins cross-cutting it contained mainly plagioclase An29Ab64Or7 

(with a range of An20-39Ab60-72Or0-19) though also small amounts of orthoclase 

An0Ab13Or87 and hyalophane of An12Ab30Or52Cn6 were found, similar to veins seen in 

a spherule in paired stone NWA 7533 (Hewins et al., 2017). The ~20 μm melt areas 

each side of the veins were found to be composed of stoichiometric pyroxene 
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En37Fs42Wo21 (Table 3.2) in the light crystallites (Fig. 3.6A5), while the dark areas in 

BSE SEM images (Fig. 3.6A6) were non stoichiometric and relatively enriched in Al, 

Na and depleted in Fe, Mg and Ca compared to the light crystallites (Fig. 3.6A5, Table 

3.2), likely feldspathic but the SEM spot size was too large to capture just 

stoichiometric feldspar and still included pyroxene.  

The feldspar clasts compositions are An12-46Ab50-82Or0-25 and alkali feldspar clasts show 

cryptoperthite texture with a range of An0-10Ab8-95Or3-92 or An1-5Ab11-86Or11-88 (Fig. 

3.4H, Fig. 3.9). The compositional range of plagioclase-rich rims on pyroxene clasts is 

andesine, An30-55Ab43-66Or2-5 (Fig. 3.4A,B,G, Fig. 3.9), which closely matches the range 

of plagioclase seen in the veins cutting the spherule (Fig. 3.2B). 

 

Fig. 3.9. Mineral compositions of feldspars, showing similarity between plagioclase in the veins, the 

plagioclase bordering pyroxene clasts (Fp borders), and in monomineralic plagioclase clasts. The K-rich 

feldspar clast compositions also match the K-rich feldspar found in the veins. 

The EPMA map of the relict pyroxene clast with a plagioclase aureole (Fig. 3.7C) 

shows the areas with more plagioclase grains (blue = Al) (An18-40Ab51-65Or2-22) versus 

those with more pyroxene grains (dark green = Ca with Fe) (En41-48Fs17-29Wo26-39). Two 

measurements of the Fe oxide grain marked ‘gt’ (Fig. 3.7B) showed a total oxide 

weight of 77.3% and 78.1% (Fe was calculated as Fe
2+

, (Table 3.2), indicating that it 

contains Fe
3+

 and/or a hydrated phase. This matches EPMA analyses for goethite in 

other planetary materials e.g. 75.7% (Zhu et al., 2012) and goethite measured as 86.5% 

Fe2O3 (equivalent to 77.8% FeO) (RRUFF Database, 2006).  Both measurements also 

included 0.9 wt% NiO, which was rarely above 0.1 wt% in other measurements taken 
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across different clasts (predominantly pyroxene and feldspar) in NWA 8114. The 

goethite grain contains small amounts of Si, Al, Ti, S and P, consistent with possible 

titanomagnetite and pyrite and other precursor material. The goethite is likely a 

pseudomorph after euhedral pyrite, inheriting the Ni, similar in shape to pyrite and iron 

oxides seen in paired stones (Wittmann et al., 2015; Lorand et al., 2015; Hewins et al., 

2017). 

Other iron oxide grains in NWA 8114 include a Ti-rich magnetite intergrowth (Fig. 

3.4C). Pyrite is present in very small quantities and usually within iron oxide clasts. 

Non-stoichiometric sulfide is also present, and this may be related to alteration. One 

large grain of Cl-apatite (240 × 100 μm) was observed (Fig. 3.3: bright green), 

otherwise Cl-apatite is present as <50 μm grains, or dispersed in the matrix. 

3.3.2.1 Mineralogy of separated clasts for Ar- Ar 

Four clasts that were less than one mm each in diameter were separated from the NWA 

8114 stone. Half of each clast was dated using 
40

Ar-
39

Ar (see section 3.3.7). Two clasts 

were highly zoned plagioclase: Clast 1: An19-41Ab53-73Or5-8, Clast 2: An47-51Ab40-50Or0-9.  

Clast 3 is an augitic pyroxene clast En24-39Fs13-26Wo48-50 with up to 8% plagioclase 

inclusions An12-55Ab45-74Or0-18 and a marginal band of terrestrial calcite (Fig. 3.9, Fig. 

3.10A, Table 3.2). The pyroxene shows porosity of at least 3% throughout, together 

with small iron oxide grains, similar to relict pyroxene clasts with feldspar aureole seen 

in the polished sections (Fig. 3.4A,B,G, Fig. 3.7A). Iron oxides, Ti-magnetite and Cl-

apatite inclusions were also present in clast 3. Clast 4 is a feldspar-rich clast. 

 

Fig. 3.10. (A) BSE image of part of the poorly polished augite clast 3 analysed with 
40

Ar-
39

Ar in Fig. 

3.17, showing predominantly augite (aug) En24-39Fs13-26Wo48-50, plagioclase (pl) inclusions, An12-84Ab15-

74Or0-17 and a calcite vein. (Inset) Microscope image of part of clast 3, showing a rim and green 

pyroxene. (B) BSE image of augite shown in A (white rectangle) showing porosity (black) and iron 

oxide grains (white). 
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Table 3.2: Representative SEM-EDX and EPMA compositions of the relict pigeonite clast with feldspar veins (Fig. 3.6A), the goethite clast (Fig. 3.7B), the pyroxene 

exsolution clast (Fig. 3.4F) and clasts 1, 2 (plagioclase = plag) and 3 (augite with plagioclase inclusions), dated with 
40

Ar-
39

Ar (Fig. 3.10). 

 SEM SEM SEM SEM SEM SEM EPMA EPMA EPMA EPMA SEM SEM SEM SEM 

  

 

Vein 
Fig. 3.6A1 

 

 

Vein 
Fig. 3.6A2 

 

 

Clast 
Fig. 3.6A3 

Vein 

border: 

bulk 
Fig. 3.6A4 

Vein 

border: 

light 
Fig. 3.6A5 

Vein 

border: 

dark 
Fig. 3.6A6 

C5  

 

Goethite  
Fig. 3.7B 

C5  

 

Goethite  
Fig. 3.7B 

A103  

 

Pigeonite  
Fig. 3.4F 

A103  

 

Lamellae 
Fig. 3.4F 

Clast 1  

 

Zoned 
plag 

Clast 2  

 

Zoned 
plag 

Clast 3  

 

Augite Fig. 
3.10 

Clast 3  

 

Plag. 
Fig. 3.10F 

SiO2 62.0 64.7 49.1 49.6 47.2 52.8 3.6 1.8 51.7 51.0 56.6 54.5 53.2 67.2 

TiO2 nd nd 1.3 1.1 1.2 1.2 0.1 0.1 0.2 0.4 nd nd nd nd 

Al2O3 22.5 19.0 6.4 7.1 4.9 10.5 0.2 nd 0.5 1.5 25.4 25.5 0.9 19.8 

Cr2O3 nd nd nd nd nd nd nd nd 0.3 0.8 nd nd nd nd 

FeO 1.3 nd 26.4 21.5 24.2 15.4 71.8 73.7 25.1 12.7 nd nd 9.9 nd 

MnO nd nd nd nd nd nd nd nd 0.7 0.4 nd nd nd nd 

NiO nd nd nd nd nd nd 0.9 0.9 nd nd nd nd nd nd 

MgO nd nd 8.0 10.7 12.0 8.5 0.6 nd 19.5 14.7 nd 0.8 12.0 nd 

CaO 5.8 nd 5.6 7.1 9.2 7.6 0.9 0.9 2.2 17.0 9.9 12.4 24.1 2.3 

Na2O 7.2 1.4 0.7 2.4 1.3 3.6 nd nd 0.1 0.4 7.0 6.7 nd 7.7 

K2O 1.3 14.8 2.5 0.5 0 0.6 nd nd nd nd 1.2 nd nd 2.9 

Total 100.1 99.9 99.9 100.0 100.0 100.2 78.1 77.3 100.3 98.9 100.1 99.9 100.1 99.9 

An % 28.6 0.0         41.4 50.6  11.8 

Ab % 63.9 12.7         52.8 49.4  70.5 

Or % 7.5 87.3         5.8 0.0  17.7 

En %     37.3    55.5 43.1   34.4  

Fs %     42.1    40.0 21.0   15.9  

Wo %     20.6    4.5 35.9   49.7  

SEM-EDX given in oxide weight % normalized to 100%.  

nd = not detected.  



Chapter 3: Thermal History of Martian Regolith Breccia 

74 

 

3.3.3 TEM Investigations of Pyroxene Texture  

Seven TEM extracted wafers of NWA 8114 relict pyroxenes and their breakdown 

products were analysed. Two FIB-TEM extractions were taken from the relict pigeonite 

clast (Fig. 3.2A) containing iron oxide grains (FIB1 and FIB3, Fig. 3.11, Fig. 3.12). 

TEM-EDX revealed a porphyritic, 

submicron mixture of a K-bearing 

feldspathic, glassy material, iron 

oxide (~10-20%), with the 

remainder being discrete pyroxene 

laths up to 500 x 200 nm in size 

(Fig. 3.12C,D,E). A FIB-TEM 

extraction from a low-Ca 

En72Fs26Wo2 relict pyroxene with 

feldspar aureole (Fig. 3.4B, Fig. 

3.11B FIB7) showed the 

granoblastic texture, with many 

grain boundaries near 120°, 

evidence for re-crystallisation of the 

pyroxene. This clast had porosity of 

up to ~5%. 

Table 3.3 gives TEM-EDX data for pyroxene from FIB1 and FIB3, with compositions 

ranging En32-57Fs21-51Wo13-38, including both pigeonite and augite. The broader beam 

size EPMA data suggests an Fe-rich bulk pyroxene, whereas the finer scale TEM-EDX 

resolution mostly indicates a lower Fs content in discrete pyroxene. This break down 

was also seen in another low-Ca relict pyroxene with feldspar aureole, En65-68Fs29-

33Wo2 (Fig. 3.4G). Iron oxide grains were present in the pyroxene but no aluminium 

silicate was observed. The apparent difference in Fs contents of pyroxene between 

EPMA and TEM-EDX analyses is likely due to submicron iron oxide grains being 

included in the EPMA point analyses. 

 

Fig. 3.11. (A) TEM bright field image of FIB1 taken from 

the relict pigeonite clast (Fig. 3.2A). (B) STEM bright field 

image of FIB7 taken from the relict pyroxene (px) 

En72Fs26Wo2 shown in Fig. 3.4B, showing iron oxide (iron 

ox), porosity and a granoblastic texture with ~120° grain 

boundaries.   



Chapter 3: Thermal History of Martian Regolith Breccia 

75 

 

Table 3.3: Representative TEM-EDX compositions of the pyroxenes studied, given in oxide weight % 

normalized to 100%.  

Clasts: Fig. 

3.12A 

Fig. 

3.12A 

Fig. 

3.12A 

Fig. 3.4G Fig. 3.4A Fig. 3.4A Fig. 3.4B 

 A140-

FIB1 

A140-

FIB3A 

A140-

FIB3B 

C29- 

FIB2 

B202-

FIB6A 

B202-

FIB6B 

B245-

FIB7A 

SiO2 49.2 52.9 52.5 53.1 55.1 53.4 54.1 

TiO2  1.0 0.4 0.5 0.8 0.4 0.1 0.4 

Al2O3 5.6 1.9 3.4 4.8 2.4 4.1 4.4 

Cr2O3 0.4 0.1 0.1 0.2 0.1 0.1 0.1 

FeO 26.6 18.1 12.3 21.0 13.5 6.4 17.0 

MnO 0.6 1.0 0.6 0.8 0.8 0.1 0.5 

MgO 9.4 19.5 13.2 18.2 26.6 14.9 22.6 

CaO 6.9 6.0 17.2 0.9 1.1 20.4 0.7 

Na2O nd nd nd nd nd 0.1 nd 

K2O 0.3 0.1 0.2 nd nd 0.1 nd 

P2O5 nd nd nd 0.3 nd 0.4 0.1 

Total 100.0 100.0 100.0 100.1 100.0 100.1 99.9 

Number of ions on the basis of 6 oxygens, for pyroxenes. 

Tetrahedral:        

Si 1.91 1.97 1.96 1.95 1.97 1.94 1.95 

Al 0.09 0.03 0.04 0.05 0.03 0.06 0.05 

Total: 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

Octahedral        

Ti 0.03 0.01 0.01 0.02 0.01 0.00 0.01 

Al 0.17 0.05 0.11 0.16 0.07 0.12 0.14 

Cr 0.01 nd nd nd nd 0.00 0.00 

Fe 0.86 0.56 0.38 0.65 0.40 0.19 0.51 

Mn 0.02 0.03 0.02 0.02 0.02 0.00 0.01 

Mg 0.54 1.08 0.73 1.00 1.42 0.81 1.22 

Ca 0.28 0.24 0.69 0.03 0.04 0.80 0.03 

Na nd nd nd nd nd 0.01 nd 

K 0.01 0.01 0.01 nd nd 0.01 nd 

P nd nd nd 0.01 nd 0.01 0.00 

Total: 1.92 1.98 1.95 1.89 1.96 1.95 1.92 

En % 32.2 57.2 40.6 59.5 76.1 44.9 69.2 

Fs % 50.9 30.0 21.2 38.4 21.6 10.8 29.3 

Wo % 16.9 12.8 38.2 2.1 2.3 44.3 1.5 

Uncertainties on the values are typically 3% for the major elements (Mg, Si, and Ca) and 10% on the 

minor elements (Al, Ca, Ti, Cr, Mn, and Fe). 

nd = not detected. 
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Fig. 3.12. (A) Black box area from Fig. 3.2 showing altered relict pigeonite En30-33Fs49-59Wo11-18 with 

fine iron oxide and feldspar grains. (B) FIB-TEM section FIB3 taken from the location shown in A. (C) 

BF STEM image of the white box area in B showing iron oxide (iron ox), pigeonite (pg), augite (aug) 

and aluminium silicate (AlSi). (D) BF-TEM image showing pigeonite and aluminium silicate. (E) BF-

TEM image of iron oxide grain. 

Iron oxide grains were also found in an augite-dominated relict pyroxene with feldspar 

aureole, En53Fs19Wo28 (Table 3.3, FIB6A, 6B, Fig. 3.4A), but no aluminium silicate 

was seen in this sample, likely due to TEM-EDX analyses measuring more than one 

phase. Further TEM-EDX data showed an intermediate composition with enrichment in 

SiO2 57.4 wt% and Al2O3 4.6 wt%, and lower FeO 3.7 wt% compared to stoichiometric 

pyroxene (53.4 wt% SiO2, 4.1 wt% Al2O3, 6.4 wt% FeO). This suggests that some of 

the Fe in the pyroxene has been oxidised, resulting in the formation of separate 

magnetite grains and a mixture of pyroxene and a K-bearing feldspathic glassy 

material. 

3.3.4 Iron Oxidation State 

To investigate the oxidation state of the iron, XRF and Fe-K XANES maps (Fig. 3.13) 

were taken across the relict pigeonite clast (Fig. 3.2A, white box), where TEM showed 

the pyroxene breakdown occurring (Section 3.3.3), and the relict pyroxene with 

feldspar aureole (Fig. 3.7A, white box), which had similar small magnetite grains 

within the pyroxene and plagioclase. Fe-K XANES point measurements were taken on 

other similar relict pyroxene clasts with small iron oxide grains and porosity: the low-

Ca relict pyroxene with feldspar aureole from which FIB2 was extracted (Fig. 3.4G), a 
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high-Ca relict pyroxene with feldspar aureole, from which FIB6A was extracted (Fig. 

3.4A), and part of the augite pyroxene clast that also underwent 
40

Ar-
39

Ar dating (Fig. 

3.10).  

Fig. 3.13 G and H show the normalized intensity across a range of energy values 

corresponding to the Fe-K absorption edge, the near-vertical line on the graph, where 

the 1s electron of Fe absorbs an X-ray photon. The small peak before the absorption 

edge energy corresponds to the pre-edge 1s → 3d, known as the pre-edge centroid. If 

the iron is more oxidized, then the pre-edge centroid and absorption edge shift to 

slightly higher energy values. Values for these are given in Table 3.4, and plotted in 

Fig. 3.14. 

 

Fig. 3.13. (A) BSE image of part of the relict pigeonite clast (Fig. 3.2A white box) where a Fe-K 

XANES map was taken. (B) Fe-K XANES map, 65 × 450 μm (5 μm resolution), showing normalized 

intensity measured at 7120.0 eV, light areas = Fe
2+

, dark areas = Fe
3+

. (C) 2 μm XRF image of XANES 

area, Fe=red, Ca=green, Ti=blue. (D) BSE image of part of the relict pyroxene with feldspar aureole 

(Fig. 3.7A, white box) where a Fe-K XANES map was taken. (E) Fe-K XANES map, 40 × 640 μm (5 

μm resolution), showing normalized intensity measured at 7120.0 eV, light areas = Fe
2+

, dark areas = 

Fe
3+

. (F) 5 μm XRF image of XANES area, Fe=red, Ca=green, Ti=blue. (G) Typical normalized Fe-K 

edges for a homogeneous pyroxene (px) clast, the pyroxene clast with feldspar aureole in area E, the 

relict pigeonite clast area B, and the augite clast from Fig. 3.10. Inset shows the pre-edge 1s → 3d 

centroid for each of the four. For energy values, see Table 3.4. (H) Normalised Fe-K edges for NWA 

8114 C5 goethite grain versus standards. Inset shows the pre-edge 1s → 3d centroid. For energy values, 

see Table 3.4. 
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The pyroxene analyses indicate oxidation, as the pre-edge centroid and absorption edge 

are both noticeably higher when compared with unaltered monomineralic pyroxene 

clasts (Fig. 3.13G, Fig. 3.14, Table 3.4). Using the calibration scale of Hicks et al. 

(2014), the relict pigeonite clast, relict pyroxene with feldspar aureole, augitic and low-

Ca relict pyroxenes with feldspar aureole have Fe
3+

/ΣFe ≤25%. Fe-K XANES 

measurements for unaltered monomineralic pyroxene clasts show negligible oxidised 

iron (Fe
3+

) content (Fig. 3.13G, Fig. 3.14). 

Two Fe-K XANES measurements on the Fe oxide grain (Fig. 10D) closely match the 

goethite standard analysis (Fig. 3.13H), with the 1s → 3d pre-edge centroid 0.33 and 

0.44 eV lower than the standard and the Fe-K absorption edge energy 0.40 eV higher 

than the standard (Table 3.4). The XRF map of this goethite grain (Fig. 3.7D) shows 

the presence of Ni throughout the grain, consistent with the EPMA measurement 

recording 0.9% NiO, higher than NiO recorded anywhere else in these samples. High 

NiO was previously seen in pyrite (Lorand et al., 2015), but no clasts of pyrite were 

observed in the three sections studied here (though pyrite clasts have been found in a 

fourth polished block of NWA 8114). 

 

 

Fig. 3.14. Pre-edge centroid vs. Fe-K edge energies for monomineralic pyroxene clasts; pyroxene in the 

relict pyroxene (px) clast and relict pyroxene clast with feldspar (fp) aureole (Fig. 3.13G); a low-Ca relict 

pyroxene with feldspar aureole C29 (Fig. 3.4G); a high-Ca relict pyroxene with feldspar aureole B202 

(Fig. 3.4A); goethite (Fig. 3.7B); iron oxides, pyrite, and Ti-magnetite (Fig. 3.4C) from NWA 8114, and 

standards (including San Carlos olivine). For energy values, see Table 3.4. 
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Table 3.4: Pre-edge centroid and Fe-K edge energies shown in Fig. 3.13G, H, and Fig. 3.14.  

Material Pre-

edge 

centroid 

energy 

eV 

Fe-K 

edge 

energy 

eV  

Material Pre-

edge 

centro

id 

energ

y eV 

Fe-K edge 

energy eV 

Standards:   Low-Ca px clast (Fig. 3.4G) 7112.6 7119.2 

Hematite (Fig. 3.13H) 7114.1 7122.6 High-Ca px clast (Fig. 3.4A) 7112.6 7119.5 

Magnetite (Fig. 3.13H) 7113.0 7118.5 Px clast 40Ar-39Ar (Fig. 3.10) 7112.7 7119.8 

Goethite (Fig. 3.13H) 7113.9 7121.2 Px clast 40Ar-39Ar (Fig. 3.10) 7112.9 7120.0 

San Carlos olivine 7112.1 7118.9 Px clast 40Ar-39Ar (Fig. 3.10) 7112.7 7119.8 

Nontronite 7113.1 7123.1 Px clast 40Ar-39Ar (Fig. 3.10) 7112.8 7119.7 

NWA 8114:   Relict px (Fig. 3.2A, Fig. 3.13A) 7112.9 7119.6 

Monomineralic px clasts:   Relict px (Fig. 3.2A, Fig. 3.13A) 7112.9 7119.6 

 104 7112.0 7118.9 Relict px (Fig. 3.2A, Fig. 3.13A) 7112.7 7119.3 

 104 7112.3 7119.1 Relict px (Fig. 3.2A, Fig. 3.13A) 7112.8 7119.3 

 103 7111.9 7119.1 Relict px (Fig. 3.2A, Fig. 3.13A) 7112.8 7119.4 

 26 7111.8 7119.4 Relict px (Fig. 3.2A, Fig. 3.13A) 7112.6 7119.7 

 9 7112.3 7118.7 Relict px (Fig. 3.2A, Fig. 3.13A) 7112.9 7119.6 

 208 7112.3 7119.1 Relict px (Fig. 3.2A, Fig. 3.13A) 7112.9 7119.3 

 130 7112.3 7119.1 Relict px (Fig. 3.2A, Fig. 3.13A) 7113.0 7120.1 

 130 7112.3 7118.9 Relict px (Fig. 3.2A, Fig. 3.13A) 7112.9 7119.1 

 129 7112.1 7118.5 Relict px (Fig. 3.2A, Fig. 3.13A) 7112.6 7119.0 

 129 7112.1 7118.4 Relict px (Fig. 3.2A, Fig. 3.13A) 7112.4 7119.0 

 3 7112.2 7118.5 Relict px (Fig. 3.2A, Fig. 3.13A) 7112.9 7119.5 

 260 7112.0 7118.7 Relict px (Fig. 3.2A, Fig. 3.13A) 7112.9 7119.6 

 260 7112.1 7118.6 Relict px (Fig. 3.2A, Fig. 3.13A) 7112.9 7119.5 

 224 7111.8 7118.9 Relict px (Fig. 3.2A, Fig. 3.13A) 7112.9 7120.0 

 224 7111.8 7118.9 Relict px (Fig. 3.2A, Fig. 3.13A) 7112.8 7119.4 

 209(Fig. 3.13G) 7112.2 7118.8 Relict px (Fig. 3.2A, Fig. 3.13A) 7112.7 7119.4 

Goethite (Fig. 3.7, Fig. 3.13H) 7113.5 7121.6 Relict px (Fig. 3.2A, Fig. 3.13A) 7112.9 7119.5 

Goethite (Fig. 3.7, Fig. 3.13H) 7113.6 7121.6 Relict px (Fig. 3.2A, Fig. 3.13A) 7113.0 7119.5 

Goethite (Fig. 3.7, Fig. 3.13H) 7113.2 7121.7 Relict px (Fig. 3.2A, Fig. 3.13A) 7112.9 7119.5 

Goethite (Fig. 3.7, Fig. 3.13H) 7113.4 7121.9 Relict px (Fig. 3.2A, Fig. 3.13A) 7112.5 7119.0 

Goethite (Fig. 3.7, Fig. 3.13H) 7113.0 7121.0 Relict px with aureole (Fig. 3.7, Fig. 3.13B) 7113.0 7120.1 

 
Goethite (Fig. 3.7, Fig. 3.13H) 7113.3 7121.5 Relict px with aureole (Fig. 3.7, Fig. 3.13B) 7113.1 7119.6 

Goethite (Fig. 3.7, Fig. 3.13H) 7113.6 7122.0 Relict px with aureole (Fig. 3.7, Fig. 3.13B) 7112.7 7119.8 

Goethite (Fig. 3.7, Fig. 3.13H) 7113.2 7120.7 Relict px with aureole (Fig. 3.7, Fig. 3.13B) 7113.0 7120.0 

Goethite (Fig. 3.7, Fig. 3.13H) 7113.7 7120.9 Relict px with aureole (Fig. 3.7, Fig. 3.13B) 7113.1 7119.8 

Ti-magnetite (Fig. 3.4C) 114 7113.4 7120.1 Relict px with aureole (Fig. 3.7, Fig. 3.13B) 7112.7 7119.7 

Ti-magnetite 206 7113.3 7121.8 Relict px with aureole (Fig. 3.7, Fig. 3.13B) 7112.8 7120.0 

Fe-rich (Fig. 3.4A) 202 7113.4 7122.3 Relict px with aureole (Fig. 3.7, Fig. 3.13B) 7113.0 7119.4 

Fe-rich (Fig. 3.4A) 202 7113.1 7122.3 Relict px with aureole (Fig. 3.7, Fig. 3.13B) 7113.0 7119.5 

Iron oxide 233 7113.1 7120.7 Relict px with aureole (Fig. 3.7, Fig. 3.13B) 7113.0 7120.0 

Iron oxide centre 273 7113.0 7120.4 Relict px with aureole (Fig. 3.7, Fig. 3.13B) 7113.3 7120.0 

Iron oxide edge 273 7113.0 7120.4 Relict px with aureole (Fig. 3.7, Fig. 3.13B) 7112.9 7119.8 

Iron oxide 267 7113.3 7122.1 Relict px with aureole (Fig. 3.7, Fig. 3.13B) 7112.5 7119.7 

Fe-rich 267 7113.1 7121.9 Relict px with aureole (Fig. 3.7, Fig. 3.13B) 7112.4 7119.8 

Fe-rich 206 7113.2 7121.9 Relict px with aureole (Fig. 3.7, Fig. 3.13B) 7112.7 7119.5 
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3.3.5 Mineral Identification by XRD  

XRD measurements were taken across the full range of clasts and used in particular to 

distinguish between different iron oxides and hydroxides. Grains in the relict pyroxene 

with feldspar aureole marked ‘X’ (Fig. 3.7A) gave d-spacing peaks that matched the 

XRD measurement of a powdered magnetite standard (X1-X4, Fig. 3.15A, Table 3.5). 

These peaks were used to calculate unit cell dimensions, giving a calculated cubic cell 

parameter in two grains of 8.389 ± 0.003 Å and 8.391 ± 0.002 Å compared with 

magnetite standards 8.375 Å to 8.405 Å (ICDD, 2014). A measurement in the low-Ca 

relict pyroxene with feldspar aureole (C29, Fig. 3.15C) also gave the cubic cell 

parameter as 8.390 ± 0.01 Å (Table 3.5). This shows that the sub-micron iron oxide 

grains in two of the clasts showing this texture are magnetite. 

 

Fig. 3.15. XRD d-spacing peaks for (A) a goethite standard, two data points from the XRD map taken 

across the goethite grain in Fig. 3.7B (C5-7, C5-32), ‘X4’ shown in Fig. 3.7A, and the five expected 

most intense goethite peaks (dashed lines) (Gualtieri & Venturelli, 1999). (B) a magnetite standard, four 

of the five data points ‘X’ shown in Fig. 3.7A, and the five expected most intense magnetite peaks 

(dotted lines) (Wechsler et al., 1984). (C) four pyroxene and two feldspar clasts (two shown in Fig. 

3.4GH) with the five expected most intense magnetite peaks (dotted lines) (Wechsler et al., 1984). (D) 

Calculated unit cell dimensions a, b, c (Å) plotted for d-spacing values from the XRD map data for the 

goethite grain (black diamonds) and the goethite standard (squares) with error bars, and goethite 

standards from the ICDD database (white circles) (ICDD, 2014).  
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The d-spacing peaks for the ‘gt’ grain in Fig. 3.7B indicate a good match with the 

goethite FeO(OH) standard, as seen by two typical measurements (Fig. 3.15B) taken 

from the fifty measurements of the XRD map across the clast (Fig. 3.7D). The second 

typical measurement C5-32 also shows d-spacings consistent with magnetite and/or 

maghemite (Table 3.5), confirming they co-exist with the goethite. The d-spacings 

were used to calculate unit cell dimensions (Table 3.5) together with further such 

calculated unit cell dimensions from the XRD map. These are plotted in Fig. 3.15B, 

showing a close fit against a population of goethite data (ICDD, 2014).  

Measurements from a further three pyroxene clasts and one plagioclase and one K-

feldspar clast are also shown in Fig. 3.15C. It can be seen that the pyroxene clasts often 

have peaks matching the magnetite standard, suggesting that where iron oxide grains 

are seen in pyroxene, these are usually magnetite. 
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Table 3.5: XRD measured d-spacings (Å) for indices hkl, as plotted in Fig. 3.15, with calculated unit cell dimensions a, b, c (Å).  Measurements from the XRD map in the 

iron oxide grain (Fig. 3.7D, black box, C5), XRD point measurements across the relict pyroxene (px) with feldspar aureole showing sub-micron iron oxide grains (Fig. 3.7A, 

X1-X5) and the low-Ca relict pyroxene with feldspar aureole showing sub-micron iron oxide grains (C29, Fig. 3.4G) and reference standards.  

Goethite  a (Å) b (Å) c (Å) 101 111 301 212 210 511 200 401 201 211 020 610 011 202 500 

X4 38913 9.963(4) 3.020(1) 4.618(4) 4.189 2.451 2.704 1.721 2.583 1.565 - - - 2.254 1.510 1.455   1.992 
C5-7 9.965(5) 3.010(3) 4.609(4) 4.181 2.446 2.701 1.717 2.576 1.563 4.975 2.191 - 2.249 - -    

C5-32 9.961(4) 3.011(1) 4.611(3) 4.182 2.447 2.701 1.717 2.577 1.564 4.973 2.193 3.386 2.250 1.505 1.453 2.521 2.093  

Goethitea 9.981(7) 3.023(3) 4.618(4) 4.184 2.454 2.696 1.721 2.590 1.565 - 2.193 - - - -    
Goethiteb 9.9613 3.0226 4.6017 4.178 2.449 2.693 1.718 2.584 1.564 4.981 2.190 3.380 2.253 1.511 1.455 2.526   

Goethitec 9.956 3.0215 4.608                

Magnetite a = b = c (Å)  311 440 220 511 400 422 222 111 210 531 441 215 332   

X1 38910 8.389(3)   2.529 - 2.959 1.614 2.099 - 2.422 4.839 - - -     
X2 38911 8.391(2)   2.526 - - 1.615 2.100 1.711 2.424 - - 1.419 -     

X3 38912 8.376(8)   2.529 1.484 2.968 1.614 - 1.712 2.421 - - 1.409 -     

X5 38914 8.387(3)   2.529 1.483 - 1.615 2.099 1.710 2.423 4.841 - - -     
C29 8.390(10)   2.532 1.488 2.970 1.614        1.526 1.789   

C5-21 8.379(5)   2.519 1.483 2.960 - 2.092  - 4.837 - - -     

C5-26 8.353(7)   2.521 - 2.961 - -  2.420 - - - 1.453     
C5-32 8.365(9)   2.521 1.482 - - 2.093  - - - - 1.453     

C5-50 8.374(2)   2.522 - 2.958 1.612 2.093  2.419 4.840 3.740 - -     

Magnetitea 8.3882   2.528 1.483 2.964 - 2.096 1.712 2.421 4.841 - 1.418 -     
Magnetited 8.3961   2.532 1.484 2.969 1.616 2.099 1.714 2.424 4.848 - - -     

Maghemitee 8.3364   2.514 1.474 2.947 1.604 2.084 1.702 2.407 4.813 3.728 - -     

Maghemitec 8.3474                  

Error estimates are given in parentheses and quoted in units of the least significant digit. Unit cell dimension error values calculated from standard deviation. 

hkl planes for goethite and magnetite are ordered by intensity per 
b
 and 

d
 respectively. 

a
 Reference material. 

b
 Gualtieri and Venurelli (1999) 

c 
Cornell and Schwertmann (2003) 

d
 Wechsler et al. (1984) 

e
 Solano et al. (2014) 

bde
 Referenced from American Mineralogical Crystal Structure Database (Downs & Hall-Wallace, 2003) 
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3.3.6 FTIR Search for Evidence of Hydration 

FTIR reflectance data showed an absence of any hydration in the relict pigeonite clast 

described previously with TEM (Fig. 3.16) or across the rest of the relict pyroxene with 

feldspar aureole containing magnetite (Fig. 3.7A). FTIR reflectance data (Fig. 3.16) 

taken over the goethite grain marked gt (Fig. 3.7B) indicates a consistent absorption 

peak at 3145 cm
-1

 matching the synthetic goethite in Beck et al. (2015), and absorption 

peaks at 895 cm
-1

 and 795 cm
-1

 (Gotić & Musić, 2007), distinguishing it from other 

hydrated iron oxides.  

 

Fig. 3.16. Reflectance absorption of 9 measurements taken from a map across the goethite grain (black 

line) in the relict pyroxene with feldspar aureole (Fig. 3.7B). The dotted vertical lines show the 

characteristic absorption peaks for goethite at 3145 cm
-1 

(Beck et al., 2015), 895 cm
-1

 and 795 cm
-1

 

(Gotić & Musić, 2007), whereas the relict pyroxene (px) clast (green) (Fig. 3.2) and the rest of the relict 

pyroxene with feldspar (fp) aureole (red) (Fig. 3.7A) show no evidence of H2O or –OH groups in this 

region. 

3.3.7 40
Ar-

39
Ar dating 

Apparent age and Ca/K spectra are displayed for three alkali feldspar clasts (clasts 1, 2 

and 4) and one predominantly augite clast (clast 3, Fig. 3.10) in Fig. 3.17 and the data 

are given in Table 3.6. Data for all samples show considerable scatter on 
39

Ar/
40

Ar-

36
Ar/

40
Ar correlation diagrams (not shown), therefore it is not possible to establish if 

the sample contains trapped terrestrial or martian Ar components. Correction for 

assumed trapped terrestrial atmosphere results in a larger correction at low temperature, 

but a relatively minor correction at higher temperatures. Due to the uncertainty in the 
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trapped Ar composition, any 
40

Ar excesses, and given that a proportion of the 
36

Ar may 

have been formed by cosmic-ray interaction during transit of the parent meteoroid, the 

apparent ages shown in Fig. 3.17A represent maximum approximate age values. 

Precise ages and errors were not obtained due to the disturbed nature of the gas release 

patterns for the separated clasts.  

The augite clast 3 shows a relatively flat spectrum (Fig. 3.17A) with apparent ages 

varying between 925 to 1293 Ma but with most spanning the interval 1100 to 1250 Ma.  

The high temperature step ages of 1130 Ma to 1250 Ma are regarded as more reliable, 

as there is a plateau in the gas release and Ca/K ratios. It is this approximate age range 

that is compared to other radiometric ages from the martian breccia (Fig. 3.18). The 

Ca/K spectrum of the augite (Fig. 3.17B) is reasonably stable for the initial 50% 
39

Ar 

release with a value of a 50, and then rises steeply to a maximum of 700. This 

variation is considered to reflect the difference between the higher Ca in the augite, the 

lower Ca and higher K in the feldspar inclusions and higher Ca in the calcite vein in the 

clast (Fig. 3.10). EPMA data for comparable clasts confirms up to 2000 ppm of K in 

plagioclase and usually less than 200 ppm K in pyroxene, which suggests the 546 ppm 

K (Table 3.6) is predominantly pyroxene but with feldspar impurities. As calcite does 

not contain K, it is not expected to affect the ages. 

The spectra for the feldspar clasts (Fig. 3.17) rise from a calculated 500 Ma (clast 1 

and 2) to maxima of 2620 Ma and 2640 Ma in clasts 1 and 4, but higher at 3440 Ma in 

clast 2. Staircase age spectra might indicate samples that have experienced diffusive 

loss of 
40

Ar during thermal pulses or shock events. The K/Ca spectra for the feldspar 

have some variation throughout the releases (Fig. 3.17B) with the majority of steps 

having values between 28 and 31 (mol/mol). The data for the feldspar clasts is too 

imprecise to report any reliable ages resulting from shock resetting etc.  
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Fig. 3.17. 
40

Ar-
39

Ar laser age determinations of clasts (1, 2 and 4 feldspar; 3 augite) showing (A) age and 

(B) Ca/K spectra. See data in Table 3.6. These data are uncorrected for any trapped martian atmospheric 

component. As a result the maximum approximate ages from these data are used i.e. 1130 Ma to 1250 

Ma for the augite clast. The apparent ages for the feldspar clasts are too disturbed to give an age. 
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Table 3.6. 
40

Ar-
39

Ar analytical data for NWA 8114 clasts (1, 2 and 4 feldspar; 3 augite), produced by 

collaborators at the University of Manchester. 

 

3.4 Discussion 

Based on the mineralogical and Ar-Ar studies, five distinct events have been identified 

in the history of the NWA 8114 parent breccia, ordered here from earliest to last. 

Stages 2 to 4 are considered to have occurred in quick succession as a result of the 

impact event that formed the breccia. The results are discussed in the context of impact 

Cum. 

Laser Power (W) 39Ar (%)

Clast 1 (feldspar)  mass = 0.00007 g

0.31 4.00 ± 0.18 321.8 ± 3.8 8683 ± 108 1308 ± 15 7.29 ± 0.06 9.3 4.0 ± 0.1 517 ± 6

0.31 1.67 ± 0.21 299.7 ± 3.5 5533 ± 66 725 ± 14 6.8 ± 0.05 18.0 2.4 ± 0.1 325 ± 6

1.71 1.76 ± 0.21 553.5 ± 6.3 13802 ± 191 2582 ± 27 12.5 ± 0.1 34.0 4.6 ± 0.1 582 ± 6

2.38 7.28 ± 0.25 1036.1 ± 11.6 27933 ± 317 24838 ± 165 23.5 ± 0.2 64.1 23.7 ± 0.2 1955 ± 11

3.50 8.59 ± 0.73 639.4 ± 7.0 19932 ± 213 27849 ± 150 14.5 ± 0.1 82.6 43.1 ± 0.4 2734 ± 12

3.99 8.41 ± 1.57 591.0 ± 6.2 18163 ± 190 24079 ± 76 13.4 ± 0.1 99.7 40.3 ± 0.3 2641 ± 9

4.97 1.26 ± 0.55 10.3 ± 0.4 305 ± 17 534 ± 25 0.2 ± 0.0 100.0 51.1 ± 3.0 2978 ± 86

Total 32.97 ± 1.87 3451.8 ± 17.0 94351 ± 484 81915 ± 239 78.2 ± 0.2

1928 ± 5 ppm 0.64 ± 0.05 wt%

Clast 2 (feldspar)  mass = 0.00005 g

0.21 4.37 ± 0.15 65.4 ± 0.9 2793.2 ± 41.7 1418 ± 13 1.48 ± 0.02 10.9 21.5 ± 0.3 1837 ± 17

0.62 1.72 ± 0.12 67.3 ± 0.9 1598.9 ± 30.9 984 ± 10 1.52 ± 0.02 21.6 14.5 ± 0.2 1417 ± 14

1.19 5.95 ± 1.51 171.5 ± 1.7 4656.6 ± 51.7 4519 ± 46 3.88 ± 0.02 48.2 26.1 ± 0.3 2070 ± 14

1.71 4.08 ± 0.22 273.5 ± 3.3 7751.7 ± 87.1 13383 ± 95 6.20 ± 0.05 91.6 48.4 ± 0.5 2900 ± 16

2.38 0.91 ± 0.30 49.3 ± 0.7 1405.5 ± 29.1 3460 ± 37 1.12 ± 0.01 100.0 69.5 ± 1.0 3438 ± 23

Total 17.03 ± 1.57 627.0 ± 4.0 18205.9 ± 117.5 23764 ± 113 14.20 ± 0.06

490.3 ± 1.6 ppm 1.46 ± 0.00 wt%

Clast 3 (augite) mass = 0.00039 g

0.21 7.38 ± 0.31 708.1 ± 7.9 17.9 ± 26.4 25271 ± 262 3.1 ± 0.2 13.0 8.1 ± 0.1 925 ± 6

0.62 11.39 ± 0.20 904.0 ± 10.8 244.9 ± 19.1 51693 ± 556 16.3 ± 0.1 29.6 11.3 ± 0.1 1187 ± 9

1.09 11.61 ± 0.20 794.2 ± 9.2 259.2 ± 20.3 28165 ± 312 119.9 ± 0.5 44.2 12.7 ± 0.1 1293 ± 9

1.45 15.63 ± 0.35 616.0 ± 7.5 120.8 ± 21.0 32326 ± 366 189.5 ± 0.7 55.5 11.8 ± 0.1 1226 ± 10

1.87 28.62 ± 0.49 508.0 ± 8.2 106.7 ± 15.1 65382 ± 724 148.8 ± 0.4 64.8 9.3 ± 0.1 1028 ± 12

2.38 40.23 ± 0.60 555.2 ± 11.4 75.0 ± 32.0 101855 ± 1142 95.7 ± 0.7 75.0 8.8 ± 0.2 988 ± 15

2.95 56.92 ± 0.53 476.1 ± 12.5 88.3 ± 38.1 133054 ± 1442 136.2 ± 1.0 83.7 10.2 ± 0.3 1098 ± 21

3.57 74.07 ± 0.56 456.1 ± 16.4 125.2 ± 23.4 207091 ± 2169 131.0 ± 0.4 92.1 10.8 ± 0.4 1145 ± 30

4.3 23.26 ± 0.28 122.9 ± 6.2 110.6 ± 11.8 66539 ± 739 166.1 ± 0.5 94.3 10.7 ± 0.5 1139 ± 43

4.97 42.24 ± 0.56 235.6 ± 13.6 75.0 ± 15.1 162222 ± 1738 155.4 ± 0.5 98.7 12.0 ± 0.7 1243 ± 52

6.32 12.51 ± 0.42 72.5 ± 4.1 86.7 ± 21.2 50969 ± 536 165.2 ± 0.6 100.0 11.9 ± 0.7 1232 ± 51

Total 323.86 ± 1.43 22683.9 ± 94.3 1712.4 ± 81.7 924567 ± 3616 2016.3 ± 2.4

546.3 ± 1.7 ppm 9.24 ± 0.02 wt%

Clast 4 (feldspar) mass = 0.00005 g (estimated)

0.31 1.06 ± 0.21 89.7 ± 1.1 1045 ± 22 1117 ± 9 2.03 ± 0.02 5.7 12.3 ± 0.1 1265 ± 11

0.88 1.27 ± 0.14 145.2 ± 1.6 2128 ± 28 1913 ± 18 3.29 ± 0.02 14.9 13.0 ± 0.2 1317 ± 11

1.40 1.73 ± 0.22 200.4 ± 2.4 4765 ± 65 2841 ± 22 4.54 ± 0.04 27.5 14.0 ± 0.2 1387 ± 11

1.92 1.77 ± 0.09 152.2 ± 1.8 4047 ± 52 2622 ± 21 3.45 ± 0.03 37.2 17.0 ± 0.2 1584 ± 12

2.33 2.78 ± 0.13 234.0 ± 2.6 6363 ± 79 3476 ± 30 5.30 ± 0.04 52.0 14.7 ± 0.2 1432 ± 11

2.75 2.00 ± 0.12 204.5 ± 2.4 5744 ± 62 3977 ± 28 4.63 ± 0.04 64.9 19.3 ± 0.2 1715 ± 12

3.21 6.32 ± 1.12 452.9 ± 4.8 13181 ± 153 11648 ± 23 10.26 ± 0.06 93.6 25.5 ± 0.2 2040 ± 8

3.68 1.46 ± 0.42 39.0 ± 0.5 1186 ± 19 1558 ± 13 0.88 ± 0.01 96.1 39.5 ± 0.5 2612 ± 17

4.46 1.19 ± 0.15 62.1 ± 0.9 1934 ± 30 2502 ± 22 1.41 ± 0.02 100.0 39.9 ± 0.6 2625 ± 21

Total 19.6 ± 1.27 1579.9 ± 7.3 40394 ± 207 31652 ± 65 35.78 ± 0.10

1235.4 ± 2.8 ppm 5.40 ± 0.01 wt%
a Determined from 39K(n,p)39Ar: K = (39Ar/J).(K/40K).(λ/λe).(mole/mole); λ/λe = 9.54; K/40K = 1.167x104; J = 0.08260 ± 0.00036

b Determined from 40Ca(n,a)38Ar: Cl = 8.042x104.(37Ar/a.J).(mole/mole); α = ((K/Ca).(37Ar/39Ar))Hb3gr; (K/Ca)Hb3gr = 0.1674; α = 0.5051 ± 0.0002

c Excludes uncertainties on the J value.

Errors are given at the 2σ level of uncertainty

40Ar/39Ar Age (Ma)c

Concentration (moles)
36Ar  (× 10-18) K (× 10-12)a Ca (× 10-12)b 40Ar (× 10-18) 39Ar (× 10-12)
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crater ejecta blankets and the thermal structure of the regolith on Mars, and provide a 

simple Fourier cooling model constrained by the mineralogical data. 

3.4.1 Five Distinct Events in the Martian Breccia’s Formation 

3.4.1.1 Stage 1: Original magmatic crystallisation 

The compositions of the pigeonite host pyroxenes and their augite exsolution lamellae 

for six exsolution-bearing clasts suggest that these originally crystallised from a 

magmatic event with subsequent subsolidus cooling recorded between 900 °C to 1050 

°C (Fig. 3.8, Lindsley and Andersen, 1983). The lamellae are the result of slow cooling 

from the original magmatic event(s). As the exsolution lamellae vary in width and 

distance of separation (Fig. 3.4D,E,F), these pyroxenes likely cooled at different depths 

and may have originated from different parent rocks. This was also noted by Leroux et 

al. (2016) who measured the lamellae in a TEM study of three augite clasts bearing 

pigeonite lamellae, and one pigeonite clast containing augite exsolution lamellae in 

paired stone NWA 7533. The Ti-magnetite, Cl-apatite, plagioclase and alkaline 

feldspar are also magmatic precursor material, likely originating from more than one 

magmatic event as trends in pyroxene REE chemistry and Mg# suggest that the igneous 

clasts cannot be related by fractional crystallisation (Santos et al., 2015). Cryptoperthite 

feldspar also indicates a slow-cooling magmatic history (Fig. 3.4H). 
147

Sm-
143

Nd dating 

of whole rock and mineral separates suggest that these magmatic precursors and impact 

melt rocks probably formed ~4.44 Ga ago (Nyquist et al., 2016).  

3.4.1.2 Stage 2: Formation of accretionary lapilli and formation of the breccia 

The spherule with diameter 1.5 mm seen with the CT scan shows distinct layers of 

different compositions (Fig. 3.1B), comparable to accretionary lapilli from other 

planetary materials (Branney & Brown, 2011). Accretionary lapilli are found 

throughout Earth’s stratigraphic record at large impact sites on the Earth; at the 1850 

Ma (Krogh et al., 1982) Sudbury impact basin, (Huber & Koeberl, 2017), the 65 Ma 

(indicated by the K/T boundary), ~195 km diameter, multi-ring Chicxulub crater 

(Gulick et al., 2008; Yancey & Guillemette, 2008), and the 14.8 Ma (Schmieder et al., 

2018), ~26 km diameter, Ries crater (Graup, 1981; Siegert et al., 2017). They are also 

present in the Apollo lunar samples, formed in impact events (Mckay & Morrison, 

1971). They appear similar to pyroclastic accretionary lapilli, that start to form in the 
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hot volcanic plume where water vapour facilitates the accretion of dust into pellets, 

which fall out into a pyroclastic density current (Gilbert & Lane, 1994; Schumacher & 

Schmincke, 1995). The pellets circulate in the upper turbulent flow where concentric 

dust layers accrete as they harden, and these accretionary lapilli tend to be found in the 

upper layers of the current deposit, ignimbrites, with pellet and ash fallout layers 

occurring afterwards (Brown et al., 2010; Branney & Brown, 2011).  

Molten silicate, or any condensable material in the ejecta curtain could be the binding 

agent for impact-derived accretionary lapilli (Johnson & Melosh, 2014), as higher 

temperatures are reached compared to volcanic plumes that consist mainly of hot gas 

and solid ash particles. This would explain how they can form on the Moon and Mars 

without there being much atmosphere or large volumes of water vapour present. 

Wittmann et al. (2015) suggested the accretionary dust rims seen in the martian breccia 

may have formed due to sintering in a hot ejecta plume, though they also drew parallels 

with accretionary lapilli in terrestrial suevites thought to have formed under base surge 

conditions. A base surge formation mechanisms would also explain the presence of 

impact melt rock clasts. Fluidized ejecta patterns are observed at craters on Mars and 

base-surge deposits on the Moon show radial flow patterns (Mckay & Morrison, 1971), 

providing further evidence that depositional processes via density currents may occur 

around large impacts, even if the mechanism for them is not currently understood. By 

this scenario, accretion of the breccia followed immediately after the presence of the 

envisaged density flow current. 

3.4.1.3 Stage 3: The breakdown of pyroxene under high temperature, oxidising 

conditions. 

Immediately after the impact, the regolith breccia was assembled and compacted in a 

thick, hot ejecta blanket, likely experiencing sustained high temperatures, of at least 

700 °C based on the oxidation studies described later in this section, from the impact 

event for some weeks or months. The TEM data shows that the large relict pigeonite 

clast with iron oxide grains Wo12-18En31-34Fs47-56 (Fig. 3.12) has partially melted and 

partially devitrified to form magnetite and K-bearing feldspathic glassy material at a 

submicron scale (Fig. 3.12B-E). The iron oxide is assumed to be magnetite as a 

pyroxene clast with similar grains was shown to be magnetite with XRD (Fig. 3.15, 

Table 3.5). The pyroxene breakdown was associated with oxidation, as shown by the 



Chapter 3: Thermal History of Martian Regolith Breccia 

89 

 

Fe-K XANES data (Table 3.4), which indicate up to 25% Fe
3+

/ΣFe (Hicks et al., 2014) 

compared to no oxidation seen in unaltered monomineralic pyroxene clasts (Table 3.4). 

FTIR suggests this alteration assemblage is anhydrous (Fig. 3.16).  However, although 

now anhydrous, the original oxidative breakdown and formation of accretionary clasts 

may have involved the action of water vapour.  This water vapour would have been 

driven off during cooling from high temperature in the porous regolith.  Many 

pyroxene clasts in NWA 8114, from low-Ca to high-Ca pyroxene, show submicron 

magnetite grains within them (Table 3.3, Fig. 3.11). TEM-EDX results for these also 

show an intermediate, non-stoichiometric composition enriched in SiO2 and Al2O3 and 

depleted in FeO compared to pyroxene, indicating that some of the Fe from the 

pyroxene has been oxidised, forming the separate magnetite grains (Table 3.3, Fig. 

3.11). Not all pyroxenes show this breakdown. However, it is seen in some examples of 

augite, pigeonite and orthopyroxenes so the breakdown occurrence does not depend 

upon exact pyroxene composition.  

Some iron oxide grains have also been observed in those clasts formed of pyroxene 

with exsolution lamellae. These iron oxide grains tend to be larger, over a micron in 

size, and are often present along cracks (Fig. 3.4D,F). They are not aligned or 

associated with the exsolution lamellae from original crystallisation, suggesting they 

formed later. As Leroux et al. (2016) noted, trails of magnetite and silica inclusions 

resemble fluid inclusion trails.  

Oxidation of planetary pyroxene has been associated with shock effects in previous 

studies of meteorites. The breakdown of both Ca-rich and Ca-poor pyroxene to iron 

oxide observed in NWA 8114, and also seen in pyroxenes in paired stone NWA 7533 

(Hewins et al., 2017; Leroux et al., 2016), has some analogies with the breakdown of 

pyroxene in ureilites by impact smelting. In ureilites, it has been suggested ~50% of the 

pigeonite has been reduced by impact smelting and contains a fine distribution of Fe-

metal, and diverse felsic glasses containing SiO2 and Al2O3 (Warren & Rubin, 2010). 

The impact event(s) on Mars took place under much more oxidising conditions, 

calculated from magnetite-ilmenite pairs to be FMQ + 2 to FMQ + 4 log units (Santos 

et al., 2015). Thus, iron oxide grains (rather than Fe-metal) and a K-bearing feldspathic 

glassy material are observed.. Furthermore, the impact shock of the breccia was lower 

than that of ureilites, with the former’s maximum shock pressure estimated at 5-15 GPa 



Chapter 3: Thermal History of Martian Regolith Breccia 

90 

 

from pyroxene and feldspar fractures, occasional shock melt veins (Wittmann et al., 

2015), and the absence of any maskelynite (Santos et al., 2015).   

An appropriate, simplified pyroxene oxidation reaction adapted from Leroux et al. 

(2016) is:   

6 MgFeSi2O6 + O2 = 6 MgSiO3 + 2 Fe3O4 + 6 SiO2 3.1 

In reality, some of the Fe remains as FeO in the pyroxene so pure enstatite is not 

predicted from this reaction. 

The altered pyroxene in LAR 04315 ureilite is unusually porous, with pre-terrestrial 

porosity estimated to be 9% to 12% (Warren & Rubin, 2010). The porosity is thought 

to have been caused by the impact smelting, as the pyroxene still shows near optical 

continuity after smelting, suggesting it was coherent beforehand. The breccia clasts 

showing pyroxene breakdown (Fig. 3.4A,B,G, Fig. 3.7A) show similar porosity of up 

to 5% in the breccia clasts, and this porosity is also observed in the augitic clast 3 that 

was dated to provide approximate maximum ages using 
40

Ar-
39

Ar (Fig. 3.10). 

In another approach to shock effects in pyroxene minerals, McCanta and Dyar (2017) 

used experimental shock analyses (21 GPa to 59 GPa) of pyroxene to show the Fe
3+

 

increased by a factor of ×2 to ×6, even without free oxygen, overprinting the original 

magmatic fO2 values. Mössbauer data showed this increase was within the pyroxene 

structure itself; BSE and TEM imaging showed no new phases. The mechanism of 

incorporating H
+
 ions in the crystal structure is suggested, as hydrogen diffusivity 

increases as total Fe content increases and nearly all natural clinopyroxene contains 

ppm levels of H (McCanta & Dyar, 2017). The redox exchange reaction suggested by 

McCanta and Dyar (2017) incorporating hydrogen is:   

H
+

px + Fe
2+

px  ½ [H2]gas + Fe
3+

px 3.2 

This mechanism provides some insight to the overall link to shock processes causing 

oxidation, however, in NWA 8114 the oxidation in pigeonite is associated with the 

formation of submicron-sized magnetite grains, rather than the oxidation being 

incorporated into the pyroxene structure. An oxidising agent is required, assuming the 

original pyroxene before breakdown and relict pyroxene afterwards have a similar level 

of oxidation, in order for the magnetite to form. Equation 3.2 offers one possible 

mechanism. Alternatively, transient water may have been present at the time of the 
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impact event, perhaps from melting subsurface ice in the regolith, to cause the 

oxidation and breakdown of pyroxene observed.  This would be consistent with the 

formation of accretionary rims around clasts e.g. (Gilbert & Lane, 1994) within the 

martian breccia.   

Studies have also explored the oxidation of iron within the silicate matrix of pyroxenes, 

at a variety of temperatures (400 °C to 1000 °C) and for different durations up to 28 

days (Straub et al., 1991). Mossbauer reflectance spectra confirmed that the proportion 

of Fe
3+

 ions in oxidised pyroxene increases at higher temperatures and after longer 

heating time periods. Nanophase hematite formed in both enstatite oxidised at 700 °C 

for 28 days and pigeonite oxidised at 1000 °C for 14 days. However, oxidation of 

augite at 700 °C for 28 days and 800 °C for 3 days showed structural Fe
3+

 ions were 

present in the pyroxene structure, rather than nanophase hematite.  

Similarly, an analogue martian sample was oxidised in air at 700 °C for 1, 3 or 7 days 

(Minitti et al., 2002). This was a calculated melt sample composition representative of 

the SNC meteorites, low in Al2O3 (~8.0 wt%) and high in total FeO (~19 wt%) relative 

to terrestrial basaltic melts (Johnson et al., 1991), prepared for a range of different 

crystallinities (0% to 80% crystalline). Electron and spectral microscopy showed 

nanophase hematite as the dominant oxidation product in pigeonite, while the 

behaviour of the 1.0 and 2.3 μm visible and near-infrared (VISNIR) absorptions for 

augite were consistent with the development of Fe
3+

 (Minitti et al., 2002). 

Both of these studies show the production of submicron iron oxide grains in pigeonite 

at high temperatures, similar to that observed in NWA 8114 suggesting it also 

experienced a high temperature oxidation process, likely due to heat from an impact 

event. Both show that oxidised augite tends to retain the Fe
3+

 within its structure. 

Olivine in some martian shergottites has been shown to contain iron metal 

nanoparticles, which are responsible for heterogeneously darkening the olivine to 

brown as a result of shock (Takenouchi et al., 2017). It is thought that the 

disproportionation reaction of olivine (3Fe
2+

olivine → Fe
0

metal + 2Fe
3+

olivine + Volivine 

where volivine is a vacancy in olivine) is responsible for this, requiring temperatures over 

1500 K, pressures over 30 GPa and a shock duration of at least ~90 ms (Takenouchi et 

al., 2017). These pressures are higher than those experienced by NWA 8114 but 

similarly show shock-induced oxidation in some martian shergottites. 
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Our results show the decomposition and oxidation of pyroxene in NWA 8114, similar 

to paired meteorite NWA 7533 (Leroux et al., 2016). By comparison to the studies 

above, it is identified to be the result of shock oxidation and heating. Leroux et al. 

(2016) suggested this reaction occurred ~1000 °C and only affected some of the 

pyroxenes, so concluded it was a separate high temperature event to that which formed 

the breccia. The above studies suggest oxidation could take place at ~700+ °C and thus 

it is likely to be the same impact event that resulted in the formation of the breccia and 

accretionary rims around some of the clasts. The 
40

Ar-
39

Ar potential maximum age 

range for the predominantly augitic pyroxene clast 3 (Fig. 3.10, Fig. 3.17) that shows 

porosity and iron oxide grains similar to the pyroxene breakdown texture described 

above in the polished sections, indicates the high temperature shock event was 

approximately 1.13 Ga to 1.25 Ga.  

Comparing with other available data (Fig. 3.18), this is in good agreement with ten 

whole rock 
40

Ar-
39

Ar ages of 1.159 to 1.407 Ga in pair NWA 11522 (Cassata et al., 

2018). It is also consistent with two of the three U-Th-total Pb ages of monazite in 

apatite reported as 1.0 ± 0.4 Ga, 1.1 ± 0.5 Ga and 2.8 ± 0.7 Ga, and interpreted to have 

been formed by hydrothermal alteration (Liu et al., 2016). K-Ar whole rock ages of 

~1.56 Ga (Cartwright et al., 2014) are in reasonable agreement with the augite age from 

this study, given that the K-Ar age is a bulk measurement.  

40
Ar-

39
Ar plateau ages of 1.411 ± 0.009 Ga for a plagioclase sample, 1.361 ± 0.003 Ga 

for an alkali feldspar sample together with 0.798 ± 0.052 Ga for another alkali feldspar 

sample for paired stone NWA 7533 are reported by (Lindsay et al., 2014), Further work 

for NWA 7034 feldspars shows 
40

Ar-
39

Ar plateau ages from 1.4 to 2.3 Ga, noting 1.285 

± 0.004 Ga for a bulk sample of 202 μg and suggests the bulk sample age is a result of 

averaging the three age groups observed in the separated feldspar samples: >2.0 Ga, 1.4 

to 1.6 Ga and 0.8 Ga (Lindsay et al., 2016). 
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Fig. 3.18. Reported ages for bulk rock and mineral separates from pairs of NWA 8114. Coloured 

rectangles represent age and 2σ uncertainty for 
1
Agee et al. (2013), 

3
Nyquist et al. (2016), 

4
Bouvier et al. 

(2018), 
5
Yin et al. (2014), 

7
McCubbin et al. (2016), 

8
Bellucci et al. (2015), 

9
Liu et al. (2016), 

10
Cassata et 

al. (2018),
 
1σ uncertainty for 

6
Humayun et al. (2013), 

11
Lindsay et al. (2014), 

12
Lindsay et al. (2016) and 

the upper limit for the age from 
2
Cartwright et al. (2014) and uncorrected ages, 1130 Ma to 1250 Ma, for 

the Ar-Ar dating of the augite clast in this study
13

. 

Cl-apatite U-Pb ages of 1.35-1.5 Ga (Yin et al., 2014; Bellucci et al., 2015; McCubbin 

et al., 2016) and zircon U-Pb young ages of ~1.4-1.7 Ga (Humayun et al., 2013; Yin et 

al., 2014; Nemchin et al., 2014; Bellucci et al., 2015; McCubbin et al., 2016) show 

some variation. These different isotopic dating methods have higher closure 

temperatures than the Ar system, which could - taken at face value - suggest the 100 

Ma to 300 Ma difference is an indication that the Ar-isotope system stayed open for a 

longer time. However, with the uncertainties in the excess Ar corrections, those values 

are indistinguishable from the ~1.1 to 1.4 Ga ages discussed above (Lindsay et al., 

2014; Lindsay et al., 2016; Cassata et al., 2018) considering the analytical error, and 

1.13 Ga to 1.25 Ga may date the main high temperature event within the regolith, 

immediately after the main impact event associated with the breccia.  

3.4.1.4 Stage 4: The formation of feldspathic veins 

Textural evidence shows that the feldspar veins crosscut and postdate the impact 

oxidised relict pigeonite clast (Fig. 3.2, Fig. 3.6). The presence of a 20 μm region each 
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side of each vein with recrystallised grains of pigeonite among dendrites enriched in Na 

and Al, likely submicron plagioclase (Fig. 3.6) suggests a possibility that the 

temperature at which the veins were emplaced caused some melting and 

recrystallization in the oxidised relict pigeonite clast.  Some of the clast’s accretionary 

rim shows signs of melting and feldspar migration (Fig. 3.2).  

However, orthoclase-rich veins on Earth often occur as a result of hydrothermal 

alteration below 500 °C (McSwiggen et al., 1994; Deer et al., 2001), which is 

suggested as a mechanism for the formation of similar veins seen in NWA 7533 

(Hewins et al., 2017). Hewins et al. (2017) also described hyalophane veins. 

Hyalophane contains 5% to 65% celsian, and terrestrial examples include hyalophane-

zoisite veins in shales near Litosice, Czech Republic (Zak, 1991) and Ba-bearing alkali 

feldspars, hyalophane An0.3Ab8.2Or25.8Cn65.7 and celsian in the green mica schists of 

Hemlo-Heron Bay in Ontario (Pan & Fleet, 1991), both being a result of hydrothermal 

alteration. In this study a small amount of hyalophane An12Ab30Or52Cn6 is present in 

NWA 8114 veins, but there is little clear mineralogical evidence of other hydrothermal 

assemblages or alteration in the meteorite. If the temperature did not go above ~400 °C 

it is hard to explain the recrystallized grains in the ~20 μm area bordering the veins, but 

the nature of the veins and terrestrial analogues do leave open the alternative possibility 

of a hydrothermal origin. 

To explain the feldspar veins in the breccia clasts, it is suggested that the impact event 

may have aggregated the breccia in a thick, hot insulated ejecta blanket, where high 

enough temperatures were maintained to remobilise and melt feldspar rich domains 

(Fig. 3.6). The diopside-anorthite-albite ternary eutectic lies at ~1150 °C, though 

temperatures are unlikely to have reached this given some zircons did not reset (~1000 

°C) and pyroxene exsolution lamellae are preserved (~900 °C). Impurities and other 

components would lower the eutectic, and the liquidus temperature for a monzonite 

could be as low as 800 °C, which is in agreement with a textural study of the degree of 

melting in the submicron matrix (McCubbin et al., 2016). 

The andesine-rich An29Ab64Or7 veins that crosscut the relict pigeonite clast and the Na 

and Al enrichment in the dendritic texture bordering the veins, are evidence of in situ 

melting, of a feldspar-rich domain. Similar andesine is also seen in the fine grained rim 

of this clast, sometimes with a melted texture in the adjacent pyroxene. The range of 
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feldspar in the veins is also similar to feldspar An33.8Ab62.6Or3.6 observed in veins by 

Hewins et al. (2017). 

Other pyroxene clasts with crystalline andesine rims An25-55Ab43-75Or2-5 (Fig. 

3.4A,B,G) rather than accretionary rims, closely match the An32-56 rims of ‘oval 

somewhat spherulite-like clump-aureole structures’ by Hewins et al. (2017). Clasts in 

Fig. 3.4A,B,G also show concave margins in pyroxene which indicate vesicle walls, 

consistent with vesiculated melts (Hewins et al., 2017). These authors suggested 

formation as spherulitic growth on remnants of pyroxene or hydrated dust pellets. 

The evidence of high temperatures – either melting or possibly hydrothermal action –   

identified here is further evidence to the previously described pyroxene breakdown 

textures, that shortly after formation, the breccia was maintained at high temperatures.  

3.4.1.5 Stage 5: Low temperature aqueous alteration and goethite formation 

The presence of goethite FeO(OH) within the relict pyroxene with feldspar aureole as 

shown by the XRD and FTIR analyses, indicates that water was also present at a low 

temperature stage in the regolith’s history. Possible precursor phases that the NWA 

8114 goethite may have replaced under aqueous conditions include magnetite, 

maghemite or pyrite. Of the total iron oxides in NWA 8114, magnetite and maghemite 

make up 70% and 30% respectively (Agee et al., 2013). The goethite grains contain 

small amounts of Ti and S, consistent with precursor phases that contained some Ti-

magnetite and pyrite.  

A range of factors including temperature, pH, particle size, composition, concentration, 

structure and morphology can all play a part in the various possible interconversion 

reactions among the iron oxides. Studies suggest submicron magnetite and 

titanomagnetite oxidise rapidly to maghemite and goethite, whereas coarse-grained 

magnetite oxidises slowly to haematite (Xu et al., 1997; He & Traina, 2007). Magnetite 

(Fe3O4) will also transform to maghemite (Fe2O3) under hydrothermal conditions, and 

maghemite will then likely transform to haematite or goethite. Goethite may also form 

directly from magnetite via dissolution and reprecipitation (He & Traina, 2007). With 

silicate species, sulphate and/or Al present and lower pH, goethite formation will be 

promoted over magnetite or haematite (Cornell & Schwertmann, 2003). Lower 

temperatures favour goethite formation over hematite. Ferrihydrite, identified in NWA 
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7533 (Beck et al., 2015), could also potentially be an intermediate product of similar 

reactions. 

If pyroxenes and Fe-Ti oxides such as magnetite in NWA 8114 were exposed to 

sulphurous hydrothermal fluids, then magnetite may have first been converted to pyrite 

(Wittmann et al., 2015; Lorand et al., 2015): 

Fe3O4 + 6 H2S + O2  3 FeS2 + 6 H2O 3.3 

Lorand et al. (2015) suggested this would occur at temperatures below 500 °C, from the 

maximum Ni contents and that pyrite formed on Mars as a late alteration mineral. They 

concluded the goethite they found in NWA 7533 was terrestrial alteration of the pyrite, 

with goethite postdating shock fractures in the pyrite and based on the D/H ratio of 10 

± 85‰ of five grains of Fe oxyhydroxides, via the following reaction  

FeS2 + 15 O2 + 10 H2O  4 FeO(OH) + 8 H2SO4     3.4 

A similar terrestrial origin for the NWA 8114 goethite clast is likely. Lorand et al. 

(2015) noted that the high-Ni concentration spots in NWA 7533 pyrite increase the 

weathering resistance, as seen by Ni-rich pyrite being less susceptible to alteration. 

The oxygen isotope ratio of bulk NWA 7034 water suggests that most of it is extra-

terrestrial, with Δ
17

O above the terrestrial fractionation line (Agee et al., 2013). The 

bulk rock D/H isotope ratio of NWA 7034 water shows two distinct components, a 

negative value of about -100 ‰  likely to be terrestrial contamination, but also a 

positive value of 300‰ to 327‰. The latter is similar to the range of 250‰ to 900‰  

values seen in the nakhlites though lower than those for shergottites of 1200‰ to 

2100‰ or martian atmosphere at 4000‰ (Leshin et al., 1996), nevertheless it is clear 

there is some martian water within the breccia.  

This leaves opens the possibility that the goethite formation and an associated phase of 

hydrous activity could have occurred on Mars.  Goethite has been detected on Mars 

before by NASA’s Spirit rover together with Fe
3+

-sulphate at Gusev crater in the rocks 

at Columbia Hills on Mars, and this is one of the mineralogical lines of evidence of past 

aqueous processes (Ming et al., 2006; Morris et al., 2006).  
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3.4.2 Formation of Regolith Ejecta Blankets 

NWA 7034 and its breccia pairs have been interpreted as fragments of impact regolith 

due to the meteoritic siderophiles (e.g., Ni, Ir) found in them. These indicate a 

component of at least a 3% carbonaceous chondrite material (Humayun et al., 2013; 

Wittmann et al., 2015). Thus, understanding the processes that create and change 

impact regolith on Mars are key to unravelling the evolution of NWA 8114. 

Consideration of the thermal evolution of an impact regolith on Mars is necessary to 

understand the mineralogical history of NWA 8114. 

The thickness, t, of regolith ejecta blankets has been modelled from nuclear, terrestrial 

craters, lab experiments and estimates for lunar craters, and found for all of the 

examples to be a function of range: 

t = 0.14 R 
0.74

 (r/R)
-3.0

 3.5 

where R is crater radius and r is range from the centre of the crater (McGetchin et al., 

1973). Thus, a 20 km crater could create a 10 m thick ejecta blanket up to 50 km from 

the centre, a 50 km crater could create an ejecta blanket 100 m thick up to 80 km from 

the centre, and a 100 km crater could create a 200 m thick ejecta blanket up to 150 km 

from the centre. 

A thick regolith layer can provide substantial insulation, which can maintain high 

temperatures at depth for long durations after impact events. Numerical modelling 

using HYDROTHERM showed that for a 100 km diameter crater on early Mars in the 

absence of fluid flow, isotherms over 900 °C can extend laterally for 10 km and persist 

for well over 4,000 years within the top 1 km of the crust (Abramov & Kring, 2005). A 

30 km width crater is likely to have cooled below 400 °C within 25 years, whereas a 

180 km crater would have temperatures over 900 °C extending 25 km, to nearly the 

crater rim in the top km depth, and over 1200 °C in the centre at 4000 years  (Abramov 

& Kring, 2005).  

3.4.3 Thermal Structure of the Martian Breccia Parental Regolith and 

Simple Cooling Model.  

The properties of the martian regolith are important in constructing a thermal model for 

its evolution.  Current surface temperatures on Mars range from -113 °C to -7 °C with 

an average of -58 °C at the equator (Carr, 2007) though may vary seasonally as much 
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as from -153 °C at the poles to 20 °C at the equator. Thermal models require 

knowledge of crustal density, porosity with conductivity and ideally surface heat flow. 

The density of the crust has most recently been calculated as 2580 ± 210 kg m
-3

 from 

gravitational and topography measurements (Goossens et al., 2017), in good agreement 

with the uncompressed density of basalt of 2600 kg m
-3

 (Abramov & Kring, 2005). The 

heat capacity of basalt is 800 J kg
-1 

K
-1

 (Abramov & Kring, 2005), while Apollo soil 

has a value of 760 J kg
-1 

K
-1

 at 300 K (Ledlow et al., 1992). However, the geothermal 

gradients on Mars, including impact regolith terrains, are not well constrained as no 

surface heat flow measurements have yet been made. Babeyko and Zharkov (2000) did 

calculate a geothermal gradient of 13.5 ± 7.5 K km
-1

 based on a possible range of 

surface heat flow 30, 40 and 45 mW m
-2

 and crustal thermal conductivity of 2.5 ± 0.5 

W m
-1 

K
-1

. The authors based this model on the considered fraction of heat-producing 

radionuclides (K, Th, U) transported into the crust (Babeyko & Zharkov, 2000). The 

thermal conductivity of 2.5 W m
-1 

K
-1

 (Abramov & Kring, 2005; Babeyko & Zharkov, 

2000) is also in good agreement with Robertson (1988), who noted that thermal 

conductivity varies as a function of (1 – porosity)
2
 for vesicular basalts. Thermal 

conductivity of 1.7 W m
-1 

K
-
 was used for ejecta and 2.5 W m

-1 
K

-1
 for ice in modelling 

post-impact runoff at the Noachian Eberswalde crater (Mangold, Kite, et al., 2012). The 

porosity of the martian crust is modelled as decreasing exponentially with depth, 

starting with a value of 20% at the surface (Abramov & Kring, 2005). The sort of 

temperatures that the NWA 8114 parent regolith experienced would only be achieved 

at unrealistically great depths, within the mantle, unless there was an enhanced 

geothermal gradient resulting from the residual effects of the associated impact. 

Studies of paired breccias have confirmed Cl-apatite U-Pb ages of 1.35 Ga to 1.5 Ga 

(Yin et al., 2014; Bellucci et al., 2015; McCubbin et al., 2016). The U-Pb system for 

apatite has a low closure temperature of 450 °C to 500 °C, suggesting that the breccia 

must have experienced temperatures above 500 °C to reset them (Cherniak et al., 1991; 

Nemchin et al., 2009). Zircons have been divided into two age populations, both 

ancient (~4.4 Ga) and younger (1.4 Ga to 1.7 Ga), with the suggestion that the younger 

metamict zircons experienced later alteration from low temperature fluids (Humayun et 

al., 2013; Yin et al., 2014; Nemchin et al., 2014; Bellucci et al., 2015; McCubbin et al., 

2016). As many of the zircons have not been reset, the breccia could not have 

experienced temperatures above 900 °C (Ireland & Williams, 2003). Similarly, if 



Chapter 3: Thermal History of Martian Regolith Breccia 

99 

 

temperatures had exceeded 900 °C then pyroxene exsolution textures seen would not 

have survived. The breccia is likely to have experienced temperatures above 700 °C for 

some time in order to have mobilised and melted feldspar-rich parts of the breccia, as 

evidenced by the incipient melting textures along the margin of feldspar veins within 

pyroxene clasts. Thus, a temperature range from 500 °C to 900 °C has been used in 

considering a thermal model that would allow the high temperature oxidation seen in 

pyroxene clasts, which is in agreement with a textural study of melting in the 

submicron matrix (McCubbin et al., 2016). 

A simple cooling model has been constructed using Fourier’s Law, which gives the 

cooling times from a starting temperature of 800 °C, for a 1 m thick slab of martian 

regolith, area 100 m
2
,
 
density 2600 kg m

-3
, buried at two different depths, 5 m and 20 m 

(Fig. 3.19). The heat capacity used is 800 J kg
-1 

K
-1

, and two examples are shown using 

thermal conductivity of (A) 2.0 W m
-1 

K
-1

 and (B)
 
0.3 W m

-1 
K

-1
 based on lunar breccia 

samples (Weiss & Head, 2016). Radiative cooling has not been taken into account in 

this model but would lead to faster cooling rates than calculated.  

Temperatures in the regolith at a burial depth of 5 m were maintained at above 700 °C 

for over 28 days, which is sufficient for nanophase hematite to form (Minitti et al., 

2002) (Fig. 3.19). Cooling from 800 °C at a depth of at least ~10 m maintains 

temperatures above 760 °C for 4 weeks, similar to the conditions needed to form 

analogous oxidation in enstatite (Straub et al., 1991).  Oxidation was also reported in 

pigeonite samples oxidised in experiments at 700 °C for 7 days, but a larger effect was 

seen at 1000 °C for 14 days (Straub et al., 1991). This shows that even if the breccia 

formed close to the surface, in a relatively thin regolith blanket, of the order of 5 m 

deep, it would still experience elevated temperatures for weeks and up to months, 

consistent with the experimental results from pyroxene oxidation studies. 
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Fig. 3.19: Modelled cooling profiles using Fourier’s law for a 1 m thick slab of martian regolith with 

surface area 100 m
2
, density 2600 kg m

-3
 buried at two different depths, 5 m and 20 m, starting at 800 °C. 

The martian surface temperature is assumed as -60 °C. The heat capacity used is 800 J kg
-1 

K
-1

, the effect 

of varying this by ±10% or ±40% is shown by the dark grey and light grey areas respectively. Thermal 

conductivity is estimated as (A) 2.0 W m
-1 

K
-1

 based on basalt values and (B) 0.3 W m
-1 

K
-1

 based on 

lunar breccia values (Weiss & Head, 2016). (C) Detailed cooling profiles with parameters the same as 

(B) over the first 20 weeks compared with oxidation studies showing nanophase hematite forming in 

pigeonite, enstatite (Straub et al., 1991) and analogue martian samples (Minitti et al., 2002). As some of 

the zircons have not been reset by the breccia formation event at ~1.25 Ga and there is not extensive 

evidence of melting in the matrix, it is unlikely that temperatures exceeded 900 °C (orange area). As Cl-

apatite grains have had their U-Pb system reset 1.35 Ga to 1.5 Ga (Yin et al., 2014; Bellucci et al., 2015; 

McCubbin et al., 2016), temperatures must have exceeded 500 °C (green area). This model shows a 

burial depth of ~5 m would be sufficient to provide enough heat to partially oxidise the pyroxene and 

produce the micron and submicron grains of magnetite observed.  
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The cooling curves at 5 m depth or greater all maintain temperatures above 700 °C  for 

at least six weeks, with a 20 m burial depth taking over twenty weeks to cool below this 

(Fig. 3.19). Thus, cooling at a depth of at least 5 m provides a thermal environment 

with temperatures high enough and cooling slow enough to produce the crystalline 

plagioclase seen in the veins. 

3.5 Conclusions 

The martian regolith breccia, NWA 8114 is paired with NWA 7034 and others. This 

study of clasts within it used SEM, EPMA, FIB-STEM, synchrotron Fe-K XANES, 

XRD, XRF, FTIR and additionally, individual clasts have been separated and analysed 

with 
40

Ar-
39

Ar. This has revealed a combination of early magmatic events overprinted 

in some clasts by breakdown of pyroxene and feldspar veining at high temperature 

within the impact regolith. 

 The NWA 8114 martian breccia includes a range of crystal clasts, including 

pyroxenes, plagioclase and alkali feldspar, with minor volumes of iron oxides, 

Cl-apatite, and also feldspar veins and aureoles. Pyroxene exsolution textures 

and feldspar cryptoperthite textures indicate slow cooling and a record of 

magmatic events prior to the impact-related processes. 

 I have focused on the pyroxenes, investigating a texture where many pyroxene 

clasts contain sub-micron iron oxide grains and high porosity (~2 %). Some 

clasts have accreted rims, requiring time spent in an ejecta plume or density 

current, perhaps in the presence of water vapour, likely caused by the impact 

event that formed the breccia.  

 FIB-TEM-EDX and XANES analyses reveal oxidation of up to 25% Fe
3+

/ΣFe 

and the breakdown of clasts that were predominantly pyroxene, at high 

temperature, to iron oxide and a K-bearing feldspathic glassy material, with an 

associated porous texture. This was shown to be anhydrous by micro FTIR 

analyses, so any early water vapour was rapidly lost in the cooling regolith 

breccia on Mars. In one of these relict pyroxenes with a feldspar aureole, XRD 

was used to identify iron oxide as magnetite. This breakdown assemblage 

occurs in low-Ca pyroxene, relict pigeonite and some augite-dominated 

pyroxene clasts. The oxidation could arise from the loss of H
+
 ions from the 

pyroxene structure, or the presence of transient water at the time of the impact 
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event. 

 The NWA 8114 parent rock was maintained at high temperature in the regolith.  

By analogy with published experimental studies, the oxidation and partial 

pyroxene breakdown are likely due to being held at a temperature above 700 °C 

for at least 7 days in an oxidising regolith environment as a result of the impact 

event. Temperatures above 700 °C would also be sufficient for in-situ melting 

of feldspar-rich domains forming feldspathic veins crosscutting the oxidised 

pyroxene. The area ~20 µm each side of the veins shows some textural evidence 

for partial melting and subsequent devitrification of the pyroxene host clasts. 

These could however, alternatively be hydrothermal feldspar veins, as a small 

amount of hyalophane is observed. 

 A separated clast of augite showing the partial breakdown texture, yielded an 

approximate, maximum 
40

Ar-
39

Ar age of ~1.13 Ga to 1.25 Ga, in line with the 

1.1 Ga to 1.4 Ga ages suggested by comparable studies. This age range is 

interpreted as dating the pyroxene breakdown in the impact regolith at elevated 

temperatures of at least 700 °C.  

 A simple cooling model suggests that the high temperature processing could 

have occurred within a regolith breccia of the order of ≥5 m depth.  

 XRD, XANES and FTIR identify goethite, which is evidence of late stage low 

temperature hydrous alteration. In the absence of textural evidence to the 

contrary, this is probably the result of terrestrial alteration of martian pyrite.  
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4 SYNCHROTRON ANALYSES 

OF COMET WILD 2 AND 

ANALOGUE CHONDRITES 

This chapter aims to provide a direct comparison between different carbonaceous 

chondrite types and comet 81P/Wild 2. It details my characterisation of comet terminal 

grains returned by the NASA Stardust spacecraft in four keystones that have not been 

examined before, using non-destructive synchrotron techniques: Fe-K X-ray absorption 

near edge structure (XANES), X-ray fluorescence (XRF) and X-ray diffraction (XRD), 

and comparing to reference standard materials. Then, to compare and investigate the 

similarities between Stardust comet grains and carbonaceous chondrites, I have 

prepared and characterised carbonaceous chondrite samples which were shot into 

aerogel and prepared as keystones, analogous to the Stardust capture process. The 

terminal grains were examined with the same synchrotron techniques. 

A prologue about comets and cometary science missions to date can be found in 

chapter 1, and future science in chapter 6. This chapter introduces the Stardust mission 

and samples and looks at the body of knowledge from the first ten years of analysing 

Stardust grains. It then looks at the similarities and differences between comets and 

carbonaceous chondrites. The methods detail the samples, processes and techniques 

used and then the results are given and discussed. The work in this chapter has 

contributed to Hicks et al. (2017) and Wickham-Eade et al. (2017). 
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4.1 Introduction 

4.1.1 Comet 81P/Wild 2 

Comet 81P/Wild 2, first discovered in 1978, previously took ~43 years to orbit the Sun 

between 4.9 AU and 25 AU (Brownlee et al., 2003; Brownlee et al., 2012). Due to a 

close encounter with Jupiter’s gravitational influence in 1974, it was brought into the 

inner Solar System as a Jupiter-family comet (JFC). It is now in a ~6 year orbit 

between 1.58 AU and 5.2 AU (Brownlee et al., 2003). 

Emissions showing depletion of C2 suggest Wild 2 originated in the Kuiper belt 

between 30 AU to 50 AU from the Sun (Brownlee et al., 2012). Perturbations from the 

outer planets most likely caused the gradual migration of Wild 2 from beyond Neptune, 

to its current JFC orbit, over a few million years (Levison & Duncan, 1997). Therefore, 

this recently deflected comet, now accessible within the inner Solar System, offers 

pristine ‘left over’ material from the early Solar System as Wild 2 had only made five 

near solar passes between becoming a Jupiter-family comet and the Stardust encounter. 

The comet has otherwise been stored at temperatures below 50 K beyond Neptune and 

likely undergone little or no alteration since, prior to the Stardust mission encounter.  

           

Fig. 4.1 (A) The closest image taken of the nucleus of comet Wild 2 from the Stardust spacecraft. (B) 

The nucleus of comet Wild 2, surrounded by lines of constant brightness in the dust, with bumps 

indicating jets. (NASA/JPL-Caltech 2004) 

Wild 2 is found to be an oblate ellipsoid, showing a fairly constant cross section as it 

rotates about its shortest axis. Fitting a triaxial ellipsoid, with radii of 1.65 × 2.00 × 

2.75 km ± 0.05 km (Duxbury et al., 2004) to camera images of the nucleus (Fig. 4.1A) 

gives a diameter of 4.0 km (Sekanina et al., 2004). Twenty jets of solid particles from 

multiple sources were observed (one angle shown in Fig. 4.1B) (Sekanina et al., 2004). 
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Doppler data suggests the maximum mass of the nucleus is 5 × 10
15

 kg (Anderson et 

al., 2004) assuming a density for the nucleus of 0.5 gcm
−3

.  

When assessing Wild 2 as a suitable target for a possible sample-return mission within 

NASA’s Discovery program constraints, a 7-year trajectory was calculated. This 

trajectory allowed suitable speeds at which to encounter the comet at a distance of 1.86 

AU (Anderson et al., 2004), capture grains and return the sample, while requiring only 

modest fuel, and led to the mission being selected by NASA in 1995 (Brownlee et al., 

2003). The collected grains should allow the non-volatile component of the comet 

nucleus to be analysed (Brownlee et al., 2006). 

4.1.2 The Stardust mission 

The primary aim of the NASA Stardust mission was to collect over 1000 particles over 

15 µm in diameter from the coma of comet Wild 2 and return them to Earth for 

analysis. The secondary objectives were to collect 100 interstellar particles (ISP) 

particles over 0.1 µm in diameter during the cruise phase for return to Earth, and to 

acquire at least 65 images of the nucleus at a minimum resolution of 67 µr (micro 

rad)/pixel, and to analyse the composition of cometary particles in situ (Brownlee et al., 

2003). 

Launched in February 1999, the spacecraft spent two periods totalling 95 days 

collecting interstellar particles. On 2 January 2004, it flew past the nucleus of comet 

Wild 2 at a distance of 234 km and a speed of 6.1 kms
-1 

(Brownlee et al., 2006), 

collecting an estimated 2800 ± 500 particles of > 15 µm in diameter from the Dust Flux 

Monitor Instrument measurements (Tuzzolino et al., 2004). During the period of closest 

approach the nucleus was imaged at ten second intervals, with fourteen metre per pixel 

resolution for the closest image (Brownlee et al., 2004). Seven likely ISPs have been 

identified (Westphal et al., 2014), though probably no more than a dozen ISPs over one 

picogram in mass were collected (Westphal et al., 2017). The sample collector landed 

in the Utah desert on 15 January 2006, and the samples were subsequently curated at 

the Johnson Space Centre (JSC). 

The spacecraft also made a flyby of asteroid Annefrank (2 November, 2002) that tested 

its instruments in preparation for studying comet Wild 2. After successfully completing 

its primary mission, the spacecraft performed a bonus mission, Stardust-NExT, flying 
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past comet Tempel 1 on 14 February 2011, making its final transmission to Earth on 24 

March 2011. 

  

Fig. 4.2. (A) Asteroid Annefrank, 6.6 × 5.0 × 3.4 km, imaged by Stardust from a distance of 3,300 km. 

Composite image created from over 40 images (Nov 2, 2002, NASA / JPL / Ted Stryk). (B) The nucleus 

of comet Tempel 1, 7.6 km × 4.9 km, imaged by Stardust-NExT from a distance of 181 km, (Feb 14, 

2011, NASA/JPL-Caltech/Cornell). 

4.1.3 The Stardust Spacecraft 

An artist’s impression of NASA’s Stardust spacecraft at Wild 2 shows its main features 

in Fig. 4.3. The Sample Return Capsule (SRC) contained the Stardust Wild 2 and 

Interstellar Sample Collection and Earth Return (WISCER) instrument (Tsou et al., 

2003), which deployed the sample tray assembly (STA) during the encounter. The STA 

comprised the 3 cm thick Cometary Tray 2 (C2) for Wild 2 grains, and the 1 cm thick 

Interstellar Tray 1 (I1) for interstellar grains, back to back mounted aluminium trays. 

These trays contained aerogel varying in density to decelerate the particles during 

capture. The STA was retracted and locked three minutes after the closest point of the 

flyby for Earth return. During collection, the STA extended beyond the high-gain 

antenna and main spacecraft dust ‘Whipple shields’ that protect the spacecraft from 

hypervelocity particle impacts (Fig. 4.3). The following three science instruments 

collected complementary measurements throughout the close flyby of the coma of 

comet Wild 2 in January 2004. 

The engineering Optical Navigation Camera (NavCam) utilised components from the 

Voyager mission and a spare Cassini CCD array with 1024 × 1024 pixels, alongside 

new components with inherited designs. This gave a resolution of 59.4 microradian per 

pixel resolution (Newburn et al., 2003). 

The Comet and Interstellar Dust Analyzer (CIDA) is a time-of-flight mass 

spectrometer, a derivative of an instrument used on the Giotto spacecraft’s flyby of 
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Halley’s comet. Impact ionization mass spectrometry can detect relatively volatile 

molecular species in-situ from the comet, which would not be retained in the aerogel 

cells (Kissel et al., 2003). 

 

Fig. 4.3. Artist’s concept of the Stardust spacecraft at comet Wild 2 with the Sample Tray Assembly 

aerogel detector fully deployed (NASA). 

The Dust Flux Monitor investigation is a polyvinylidene fluoride particle penetration 

dust flux monitor, a duplicate of part of the Cosmic Dust Analyzer instrument used for 

the Cassini mission to Saturn. This classifies impacting dust particles with mass < 10
-4

 

g into seven particle mass thresholds (Tuzzolino et al., 2003). Additionally, half of the 

main Whipple shield has piezoelectric acoustic sensors to detect larger particles, a 

larger area in order to detect the expected lower 

flux (Tuzzolino et al., 2003). 

4.1.4 The Stardust Samples 

Both the Cometary and Interstellar Tray have 

132 aerogel cells. This silica aerogel has very 

high spongy porosity, in which more than 99% 

of the volume is space, and is ideal for capturing 

hypervelocity particles, as it is nearly 
Fig. 4.4. Aerogel cell (Tsou et al., 2003) 
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transparent, allowing microscopic study. The cells have a continuous gradient density 

to decelerate the particles during capture, starting at ~5 mg/ml (kg m
-3

) at the surface of 

each to 50 mg/ml at the base of the cometary side, and to 20 mg/ml (20 kg m
-3

) at the 

base of the interstellar side (Fig. 4.4). The tray wall frames are wrapped in aluminium 

foils to facilitate extraction of the aerogel. The total surface area exposed to Wild 2 was 

1039 cm
2
 of aerogel (87%) and 153 cm

2
  (13%) of aluminium foil (Fig. 4.5) (Tsou et 

al., 2003). 

Techniques were developed for curating and handling the samples at NASA’s JSC and 

University of California Berkeley, including cutting keystones from the aerogel 

(Westphal et al., 2004; Mark J. Burchell et al., 2006), and using acrylic resin to embed 

compressed grains and tracks for ultramicrotomy samples in order to study them with 

electron microscopy (Matrajt & Brownlee, 2006). Epoxy was sometimes used instead 

of acrylic to avoid any compression and preserve the original shape of an entire track 

(Nakamura‐Messenger et al., 2011) 

 

Fig. 4.5. Stardust Cometary Tray 2, showing the status of the 132 aerogel cells and foil areas between 

them as at 23 September, 2018 (NASA-JSC, 2018). 
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4.1.4.1 Nomenclature of tracks  

The names for Stardust samples use the 

following system. “C2” refers to 

Cometary Tray 2, and “I1” refers to 

Interstellar Tray 1 (the others C1, C3, I2, 

I3 were built as flight spares). The next 

part is the name of the aerogel cell from 

001 to 132, so all the Stardust samples 

are numbered from C2001 to C2132 (Fig. 4.5). 

The second part of the name is the sequential number of the piece of aerogel containing 

the captured particle(s), starting from “0”. These are known as keystones and are often 

triangular (Fig. 4.6). 

The third part is the sequential number of the impact track features, in the order they 

were removed from the aerogel cells or first sampled. In this thesis I abbreviate the 

samples by their track numbers #187, #188, #189 and #190. 

Any following numbers denote the parent of any further sub-samples, with commas in 

between each. For example, C2009,20,77,1,6 is TEM grid 6, made by JSC from 

microtomed slices of grain 1 from track 77 in the 20
th

 keystone cut from aerogel cell 

C2009. This chapter focuses on complete Stardust tracks, so the last two numbers are 

0,0 for all samples. 

4.1.4.2 Preliminary sample overview, track types 

The total mass of the comet particles collected is estimated to be ~300 µg and the 

distribution is shown in Fig. 4.7 (Hörz et al., 2006). The deepest aerogel track is 21.9 

mm long, the widest is 9.6 mm and the largest crater in the foil is 680 µm in diameter 

(Hörz et al., 2006). The aerogel tracks have been classified as type A ‘carrot’, type B 

‘bulbous’ with a slender terminal portion or type C ‘bulbous’ without a terminal 

extension (Fig. 4.8). Similar track morphologies have been successfully created 

experimentally for comparison, by firing known projectiles into aerogel using a light 

gas gun of speeds up to 7 km s
-1

 (Hörz et al., 2006). 

Fig. 4.6 Extracted aerogel keystone (credit 

Christopher Snead/UC Berkeley) 
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Fig. 4.7. Distribution of all aerogel tracks > 100 µm in diameter and craters in the foil > 20 µm in the 

Cometary Tray (Hörz et al., 2006). 

A study of 186 tracks found 65% Type A, 33% type B and 2% type C (Burchell et al., 

2008). Most tracks less than 300 µm are type A, whereas tracks over 500 µm are 

approximately half A and half B (Burchell et al., 2008). These preliminary studies 

estimated in total 158-180 particles over 15 µm in diameter were collected, and ~1200 

particles over 1 µm in diameter (Hörz et al., 2006; Burchell et al., 2008). 95% of the 

samples are still available to analyse (Westphal et al., 2017). 

 

Fig. 4.8. Examples of type A, B and C Stardust tracks (Hörz et al., 2006). 
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The aluminium foil was also bombarded with hypervelocity particles leading to impact 

crater features, giving a range of shapes and sizes with melted and unmelted residue 

(Brownlee et al., 2006). This forms an important complementary data set to the grains 

captured in aerogel. 

4.1.4.3 Capture effects 

The upper parts of tracks contain melted aerogel with dissolved projectile, but further 

down the amount of melting decreases leaving largely unmelted comet fragments in the 

lower region (Brownlee et al., 2006). Components under 1 µm were often strongly 

modified by the capture process, experiencing temperatures of over 2000 K locally, but 

those over 1 µm appear well preserved (Brownlee et al., 2006). Spacecraft 

contamination in the aerogel is very limited (Zolensky et al., 2006). 

If comet Wild 2 were to contain chondrules and CAIs, they would not be expected to 

remain intact during the Stardust capture process. However, terminal grains offer the 

possibility that fragments of these would survive. Light gas gun experiments in aerogel 

suggest that grains >4 µm would not have experienced temperatures over 300 °C in 

their centre. This would also allow phyllosilicates to survive (Noguchi et al., 2007). For 

analogue experiments using light gas guns to fire projectiles into aerogel, the 

acceleration may affect and alter grains, though it is not possible to distinguish these 

effects from the effects of possible alteration from the impact into aerogel. 

We have chosen to study terminal grains as these are generally larger and show the 

least evidence of alteration by the capture process, with cores of grains over 1 µm 

likely to offer the most pristine material captured by the Stardust mission (Changela et 

al., 2012). 

4.1.5 Stardust science: affinities with carbonaceous chondrites 

Stardust grains were originally expected to resemble chondritic porous interplanetary 

dust particles (CP-IDPs), formed at low temperatures and thought to be derived from 

comets. Surprisingly, they instead contain refractory minerals such as forsterite and 

enstatite (Brownlee et al., 2006) that have more in common with inner Solar System 

material and, in particular, carbonaceous chondrites.  

Carbonaceous chondrites are thought to have more than eight parent bodies, as 

indicated by the different classes, CV, CR, CK, CH, CB, CI, CM, CO as well as 
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ungrouped specimens. Most are matrix-rich but CH and CB are matrix-poor (Weisberg 

et al., 2006). All contain minerals formed at high temperatures, and chondrules and 

CAIs (calcium-aluminium inclusions) are present in all types except CI chondrites.  

CI chondrites have the most primitive solar-like composition, but being type 1 with 

heavy aqueous alteration, it is unclear whether CI chondrites are entirely composed of 

matrix, or whether they originally contained chondrules and CAIs (calcium-aluminium 

inclusions) that were destroyed by alteration (Weisberg et al., 2006). All CV chondrites 

are type 3, having undergone little or no thermal or aqueous alteration, with a high 

abundance of CAIs and AOAs. Most CR chondrites are type 2, with some aqueous 

alteration, and a low abundance of CAIs and AOAs. Both CV3 and CR2 chondrites 

contain abundant, large ~1 mm size chondrules, often with rims (Weisberg et al., 

2006). Most chondrules in unequilibrated chondrites share characteristics. They have 

porphyritic and poikilitic textures, indicative of high temperature melting and rapid 

cooling (Nakamura et al., 2008). They are dominated by Mg-rich olivine and low-Ca 

pyroxene microphenocrysts set within feldspathic glassy mesostasis (Nakamura et al., 

2008).  

The possible formation mechanisms for chondrules are highly debated. The prevailing 

view has been that chondrules experienced high temperature melting and fast cooling in 

the solar nebula, and existed as individual chondrules in the protoplanetary disk, before 

they accreted to small asteroids (Brearley & Jones, 1998; Connolly & Jones, 2016).  

Models have been offered for nebular shock waves or lightning in the early 

protoplanetary disk, shock-melting clumps of dust. However, it is unknown if these 

processes did actually occur in the disk (Connolly & Jones, 2016). 

It has been suggested that chondrules could have formed in a planetary regolith 

(Bridges et al., 1998). More recently it has been suggested that chondrules formed from 

partially molten planetesimals colliding (Asphaug et al., 2011). An impact jetting 

model demonstrates that with an impact velocity > 2.5 kms
-1

, material is melted and 

ejected at high speeds with the igneous textures and characteristics of chondrules 

(Johnson et al., 2015). This would make chondrules a by-product of planet building, 

rather than the building blocks of the planets (Johnson et al., 2015).  

CAIs are traditionally thought to have a different formation mechanism to chondrules, 

as they are ~2 Ma older, they have isotopic anomalies and excess 
26

Mg indicating the 
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past presence of live 
26

Al and they formed in a more reducing environment (Russell et 

al., 2006). However, as they are igneous with similar thermal histories and cooling rates 

to chondrules, a simpler solution would be that they formed by a similar mechanism to 

chondrules, but distinct in time and perhaps space, which led to their different 

compositions (Connolly & Jones, 2016). 

Oxygen isotope ratios for four olivine and pyroxene chondrule-like Stardust particles 

cover the full range of O isotopes measured in carbonaceous chondrites (Nakamura et 

al., 2008). This shows an affinity with carbonaceous chondrites rather than ordinary or 

enstatite chondrites (Nakamura et al., 2008).  

Initial studies suggested Wild 2 material is depleted in S and Fe relative to Si, and 

enriched in Cu, Zn and Ga, when compared to CI chondrite composition (Flynn et al., 

2006). These two features are also observed in fine grained anhydrous IDPs (Flynn et 

al., 2006). Six CAI-like Stardust grains have been studied (Simon et al., 2008; Matzel 

et al., 2010; Joswiak et al., 2017) as well as Al,Ti clinopyroxenes and Mg-Al spinel, 

consistent with CAI-like material (Joswiak et al., 2012; Joswiak et al., 2017). Melilite 

was found in the refractory CAI-like Stardust grain ‘Inti’, a major phase in CAIs in 

CV3, CH, CO and CM2 chondrites, formed at temperatures over 1400 K (Simon et al., 

2008). 

Other investigations have yielded two Al-rich chondrule-like fragments (Bridges et al., 

2012; Joswiak et al., 2014), and ferromagnesian chondrule-like fragments, with Mg-

rich olivine and low-Ca pyroxene and minor Fe-metal inclusions (Nakamura et al., 

2008; Ogliore et al., 2012; Bridges et al., 2012; Joswiak et al., 2014; Nakashima et al., 

2015). Stardust grains contain nearly the complete range of olivine, Fo3-100, with a 

strong peak at Fo99 (Zolensky et al., 2006; Zolensky et al., 2008; Dobricǎ et al., 2009; 

Stodolna et al., 2012; Frank et al., 2014). Stodolna et al. (2012) showed that Fe, Mg and 

S abundances in larger Stardust particles (>1 µm) converged to the average CI 

composition value. 

Iron oxides have been identified in Stardust keystones. Magnetite and magnetite-

hematite mixtures (Bridges et al., 2010; Stodolna et al., 2012; Changela et al., 2012) 

have been found along track walls and magnetite has been found in terminal grains 

(Hicks, 2015). Carbonaceous chondrites are known to contain magnetite as the result of 

aqueous alteration on the parent body (Brearley, 2006), thus magnetite found in 
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Stardust may be evidence for a similar alteration formation mechanism and suggests 

further similarities with carbonaceous chondrite mineralogy. Ni, Cu and Zn bearing 

iron sulphides (including cubanite) and comparison to the CI Orgueil meteorite, 

provide further evidence for low temperature hydrothermal processing (Berger et al., 

2011).  However, no hydrous phases or phyllosilicates have been observed in Stardust 

grains, which is interpreted as evidence for a lack of hydrothermal alteration (Westphal 

et al., 2017), although could be the result of sample bias if phyllosilicates were 

destroyed during the capture process (Wozniakiewicz et al., 2015). 

Stardust grains also have similarities with chondritic porous interplanetary dust 

particles (CP-IDPs). CP-IDPs are the only meteoritic materials known to contain >50% 

by volume of GEMS, glass with embedded metal and sulphides, and crystalline silicate 

enstatite whiskers and platelet morphologies (Ishii et al., 2008). GEMS are easily 

destroyed by aqueous alteration or heating (Westphal et al., 2017). GEMS-like melted 

material has been found along Stardust tracks, but it has also been shown to be created 

during capture by melting and mixing with the aerogel (Fig. 4.9). The bulk 

compositions differ from GEMS found in IDPs, so it is not possible to prove original 

cometary GEMS exist in the Stardust samples (Ishii et al., 2008). Only one enstatite 

whisker embedded in a silicate matrix has been found in Wild 2, whereas whiskers in 

IDPs are not usually embedded (Stodolna et al., 2014). A study of ~50 coarse grains 

from a single large CP-IDP yielded three CAIs and a likely AOA, so future study will 

allow comparison of CAIs and AOAs between the Stardust samples, IDPs and 

chondrites (Westphal et al., 2017). 

 

Fig. 4.9. Bright field transmission electron micrographs of (A) GEMS in CP-IDP U220A19 (B) GEMS-

like melted material in a Stardust track and (C) GEMS-like material from a pyrrhotite grain shot into 

aerogel with a light gas gun at similar speeds to Stardust capture (Ishii et al., 2008). 
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Although the proportion of presolar grains found in Stardust tracks is much lower than 

the proportion found in IDPs, analogue experiments show that presolar grains tend to 

be destroyed during the capture process (Floss et al., 2013). After correcting for this, 

the abundances of the two populations are similar (Floss et al., 2013). 

Over half of all Wild 2 tracks contain “Kool” assemblages (Kosmochloric high-Ca 

pyroxene and Fe-rich olivine) which are also found in IDPs, but not in chondrites 

(Westphal et al., 2017). These high-Ca pyroxene grains are usually Na- and Cr-rich 

(Joswiak et al., 2009). One Stardust grain, Iris (C2052,12,74), has similar oxygen 

isotopes and olivine composition to CR type II chondrules (Gainsforth et al., 2015). 

However, it is also Na- and Cr-rich and appears related to the Kool assemblages 

(Joswiak et al., 2009), evidence that perhaps Kool grains may be precursors for 

chondrule-forming processes (Gainsforth et al., 2015). 

4.1.6 Selection of CV3 and CR2 chondrites as analogues 

CR2 and CV3 chondrites were chosen for this study as they contain chondrules, CAIs, 

ferromagnesian silicates such as olivine (end members being forsterite Fo, Mg2SiO4 

and fayalite Fa, Fe2SiO4) and pyroxene, FeNi sulphides, and magnetite Fe3O4 grains, 

and are thus potentially close analogues as all these materials have been identified in 

the Stardust tracks. The characterisation of iron oxides is of particular interest in 

providing further information about possible past aqueous alteration. 

Stardust samples are found to have low iron and MnO enrichment (LIME) in some 

olivine and pyroxene grains (Brownlee et al., 2006; Zolensky et al., 2006; Nakamura et 

al., 2008).  This is also seen in CR chondrule olivine and CM2 matrix olivine (Ebel et 

al., 2012). 

Dobricǎ et al. (2009) note that the abundance ratio of low-Ca pyroxene to olivine varies 

from ~1 for CR meteorites and Antarctic micrometeorites, to ~0.2 for CM meteorites. 

Stardust ratios are approximately ~1 as estimated from a population of 169 grains 

(Dobricǎ et al., 2009), though more accurate measurement is needed for this to be better 

constrained (Westphal et al., 2017). This suggests CR meteorites may be a closer match 

for Stardust than CM meteorites, and I seek to test this hypothesis.  

Oxygen isotopes measured for Wild 2 ferromagnesian grains suggest a trend of Δ17
O 

values increasing with decreasing Mg#, which is most similar to chondrules reported 
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for CR chondrites (Nakashima et al., 2012). Formation ages of a ferromagnesian 

Stardust particle and oxygen isotope ratios suggest similarities with late-forming CR3 

chondrules (Nakashima et al., 2015).  

Analysis of D/H isotopes in water found in carbonaceous chondrites shows CR 

meteorites, with a value of 1.71 × 10
-4

 (with error of +0.17 × 10
-4

, -0.10 × 10
-4

), to be 

the closest to the only value measured in a Jupiter-family comet, 103P/Hartley 2, of 

1.61±0.24 × 10
-4

 (Alexander et al., 2012). CM, CI, CV, CO meteorite values are all 

below this, less than 0.865 × 10
-4

 (±0.036) (Alexander et al., 2012). 

CR meteorites have similar CAI abundances to those found in comet Wild 2 (Joswiak 

et al., 2017). As the CR parent body is the youngest of the CCs, formed ~3.6 Ma after 

CAIs, the materials accreted at this time may have been most similar to those materials 

carried by the radial gas outflow, which could have reached comet-forming regions 

within a few Ma (Desch et al., 2018). CV meteorites have higher CAI abundances, and 

the parent body formed >2.6 Ma after CAIs (Doyle et al., 2015), whereas the CR parent 

body is thought to be a bit later, ~3.5±0.5 Ma (Sugiura & Fujiya, 2014). 

Magnetite is more abundant in the aqueously altered CR2 and CR1 meteorites and rare 

in CR3 meteorites (Abreu & Brearley, 2010). The CR2 meteorite chosen for this study 

has ~1% magnetite. 

To explore these chondrite analogues to Wild 2, the carbonaceous chondrite samples 

were prepared under similar conditions to those for the capture of Stardust grains and 

analysed using the same techniques (see the next section). This work aims to provide an 

accurate comparison of two selected carbonaceous chondrite types and comet Wild 2. 
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4.2 Methods 

4.2.1 Sample preparation 

Three Stardust keystones were obtained from the NASA-JSC Curation Facility in 

Houston, containing four type B tracks: 

  C2065,4,187,0,0 (#187); Tg1, Tg2, Tg3 

  C2098,4,188,0,0 (#188); Tg 

  C2119,4,189,0,0 (#189); Tg1, Tg2, Tg3 

  C2119,5,190,0,0 (#190); Tg 

These were compared with a Stardust 

microtomed terminal grain, from a type 

B track, examined with TEM (Chapter 

5) C2009,20,77,1,6 (#77) and terminal 

grains from previous studies: 

C2045,3,177,0,0 (#177), Tg1 in a type 

A track: and C2045,4,178,0,0 (#178) 

Tg1a, Tg1b, Tg2 in a type B track 

(Hicks, 2015). 

Carbonaceous chondrites NWA 4502, 

type CV3, and NWA 10256, type CR2 

(Fig. 4.10), were used to make two 

polished thin sections. Interior parts of 

the chondrites, away from the crust 

and any terrestrial weathering, were 

used to grind a powder with grain size 

25 μm to 200 μm. Half of the powders 

were fired into aerogel of density 

gradient 25 mg cm
-3

 to 55 mg cm
-3

 at 

speeds of 6.1 km s
-1

 to 6.3 km s
-1

 using 

the University of Kent light gas gun 

(Burchell et al., 1999) (Fig. 4.11) to 

Fig. 4.11. Kent light-gas gun (top) and schematic 

(bottom) (Burchell et al., 1999). 

Fig. 4.10. NWA 10256 CR2 slice showing varied 

large >1mm chondrules in a fine grained matrix. 
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simulate the Stardust grain capture process. Polished blocks were made from the other 

half for further compositional analysis. The impact tracks in aerogel were then made 

into keystones at the University of Berkeley using the same methods as for Stardust 

(Westphal et al., 2004). Three of these keystones, containing three CR2 tracks #1, #2 

and #3 and three CV3 tracks, #4, #5 and #6, were then analysed at the Diamond 

synchrotron. 

4.2.2 Techniques 

The chondrite sections and blocks were characterised using an optical microscope, and 

a Philips XL30 environmental scanning electron microscope (ESEM) with Oxford 

INCA 350 energy dispersive X-ray (EDX) system at the University of Leicester. Back 

scattered electron (BSE) mosaic images of the sections were analysed with Adobe 

Photoshop 2015.5.0 software using thresholding tools and pixel counts to give the 

proportions of chondrules, CAIs and matrix (Fig. 4.12b,d). 

MicroRaman spectroscopy analyses were carried out at the University of Kent using a 

Horiba LabRam-HR Raman spectrometer, incorporating four lasers at 473 nm, 532 nm, 

633 nm, and 785 nm with a spot size of ~5 µm (M. J. Burchell et al., 2006). The 532 

nm laser was used at low power, giving a maximum of 3 mW of power at the sample, 

to ensure it would not cause heating affects or alteration (Wickham-Eade et al., 2017). 

MicroRaman was used to characterise the powders before firing, and the impact tracks 

in aerogel after firing (Wickham-Eade et al., 2017). 

These carbonaceous chondrite thin sections and the analogue tracks with terminal 

grains, together with the four Stardust tracks, and suitable standards for comparison 

and identification purposes, were studied at the Diamond Light Source. The terminal 

grains were located using X-ray fluorescence (XRF), then Fe-K X-ray absorption near-

edge structure (XANES) and X-ray diffraction (XRD) point measurements and maps 

were taken over the relevant areas. The settings and data processing procedures, 

including calculation of the Fe-K pre-edge centroid and edge energy and calculating the 

unit cell dimensions for XRD d-spacing intensities, are detailed in chapter 2.  
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4.3 Results 

4.3.1 Characterisation of carbonaceous chondrites 

CV3 NWA 4502 has 38% matrix, 14% CAIs and 48% other chondrules (Fig. 4.12A,B). 

The chondrules contain pyroxene En50-98Wo0-34Fs0-2 and olivine Fo66-100, the matrix has 

FeNi sulfide, metal and olivine Fo36-50, pyroxene En64Wo36.  

CR2 NWA 10256 has 42% matrix, 58% chondrules (Fig. 4.12C,D). Pyroxene En27-

99Wo0-6Fs1-67 and olivine Fo66-99 are found in chondrules, with more fayalitic olivine 

Fo41-81, Fe-sulfides, FeNi metal, and Fe-oxides in the matrix. 

  

                 

Fig. 4.12. (A) Optical transmitted light microscope image and (B) BSE image of NWA 4502, a CV3 

meteorite. (C) Microscope image and (D) BSE image of NWA 10256, a CR2 meteorite. 

120 Raman spectra measurements of the CR2 powder before the shot showed ~47% 

olivine: Fo43-57 (7%), Fo70-82 (29%), Fo88-99 (64%), ~46% enstatite, ~7% hematite 

(Wickham-Eade et al., 2017). The olivine compositional range is similar to the range 

seen in Stardust grains (Fig. 4.13). After the shot, Raman analyses identified hematite, 

enstatite and forsterite in three of the aerogel tracks of the CR2 powdered sample.    
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Fig. 4.13. Histogram showing olivine compositions from (Red) 58 Raman measurements of the CR2 

meteorite powder, before being shot into aerogel (Wickham-Eade et al., 2017). (Blue) 84 Stardust grains 

in aerogel tracks examined by TEM and/or synchrotron techniques compiled by Dobricǎ et al. (2009) 

from Zolensky et al. (2006), Tomeoka et al. (2008), Leroux, Rietmeijer et al. (2008) and Leroux, Stroud 

et al. (2008). 

4.3.2 Characterisation of Stardust terminal grains 

In this section, the results for each Stardust track are examined in turn.  

4.3.2.1 C2065,4,187,0,0 (#187) 

This type B track #187 contains three terminal grains, Tg1, Tg2, Tg3 (Fig. 4.14).  

 

Fig. 4.14. Track #187: a Type B track, 590 µm in length, with at least two styli featuring three terminal 

grains, consisting of magnetite (Tg1), olivine (Tg2), and troilite (Tg3). 

An XRF map across Tg1 shows abundant Fe, high counts for Ni (1566-27057), with 

small amounts of Cr, Ti, Mn and Ca (Fig. 4.15). 

The Fe-K XANES measurement of #187 Tg1 is a close match with the dilute magnetite 

powder (Fig. 4.16), with its pre-edge centroid energy of 7113.5 eV and edge energy of 

7121.0 eV compared with the dilute magnetite powder having a pre-edge centroid of 

7113.2 eV and edge of 7120.8 eV (Table 4.2). 
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Fig. 4.15. XRF map of the ~5 µm first terminal grain (Tg1) in #187 showed the presence of Fe, Cr, Ni 

and Mn. The location for the XAS measurement is shown by the white box and data number (Fig. 4.16). 

The brightest and darkest points show the maximum and minimum counts respectively for each element. 

XRF map data number: 38505. Counts: Fe 2773-470728, Cr 917-4291, Ni 1566-27057, Ti 410-1705, Mn 

587-5472. 

 

Fig. 4.16. Fe-K XAS of Stardust terminal grains (red) found in #178
*
, #187 and #189 compared with 

CV3 (blue) and CR2 (green) terminal grains, CR2 in thin section, with standards (black) of hematite 

(top), dilute magnetite powder
*
 (2

nd
 top) and concentrated magnetite powder with self-absorption 

(bottom). 
*
(Hicks et al., 2017). 
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Fig. 4.17. Normalised SR-XRD d-spacing peaks for terminal grains in Stardust tracks #178
*
, #187, #189 

(red) compared to #4 CV3 (blue) and #1 CR2 (green) terminal grains and a magnetite powder standard 

(black). Vertical dotted lines show the five most intense hkl planes for magnetite. The terminal grains 

show d-spacing peak intensities that closely match to magnetite (Table 4.3). 

The XRD d-spacings for #187 Tg1 are a close match with the magnetite powder 

standard (Fig. 4.17) (Table 4.3). Given the indicated match with magnetite, which has a 

cubic unit cell, the hkl indices matching the d-spacing peaks observed were used to 

calculate the unit cell dimension a (Å), assuming that the unit cell was cubic (Table 

4.3).  

An XRF map across Tg2 shows abundant Fe, high counts for Ni (1783-8601), with 

small amounts of Cr, Ti, Mn and Ca (Fig. 4.18). 

 

Fig. 4.18. XRF map of the ~5 µm second terminal grain (Tg2) in #187 showed the presence of Fe, Cr, 

Ni, Ti and Mn. The location for the XAS measurement is shown by the white box and data number (Fig. 

4.19). The brightest and darkest points show the maximum and minimum counts respectively for each 

element. XRF map data number: 38493. Counts: Fe 3117-96631, Cr 986-3400, Ni 1783-8601, Ti 506-

2725, Mn 693-4210, Ca 2070-7741. 

The Fe-K XANES measurement of #187 Tg2 is a close match with olivine (Fig. 4.18), 

with its pre-edge centroid energy of 7112.3 eV and edge energy of 7119.2 eV 
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compared with the San Carlos olivine standard having a pre-edge centroid of 7112.1 eV 

and edge of 7118.8 eV (Table 4.2). 

 

Fig. 4.19. Fe-K XAS of Stardust #177
*
, #178

*
 and #187 terminal grains (red) compared with #5 CV3 

(blue) and #2 CR2 (green) terminal grains and with standards (black) of San Carlos olivine, and olivine 

measurements from chondrites Barwell and Tuxtuac. 
*
(Hicks, 2015)   

The XRD normalised intensities for the d-spacings for #187 Tg2 show noisy data as the 

intensities were very low (Fig. 4.20). There are two tiny peaks showing a provisional 

match with two of the lattice planes with highest intensities for olivine, [1,1,2] and 

[1,3,1] as well as a peak at ~2.27 that matches [1,2,2]. 



Chapter 4: Synchrotron analyses of comet Wild 2 and analogue chondrites 

124 

 

 

Fig. 4.20. Normalised SR-XRD of #2 CR2 (green) and #5 CV3 (blue) terminal grains with forsterite 

from the ICDD (2014), fayalite from the American Mineralogical Crystal Structure Database (Downs & 

Hall-Wallace, 2003) (black) and comparison to terminal grains in Stardust tracks #177
*
, #178

*
, #187 

(red). Vertical dotted lines show the six most intense hkl planes for forsterite. The CV3 and CR2 terminal 

grains show d-spacing peak intensities that closely match to forsterite (Table 4.3). 
*
(Hicks, 2015) 

An XRF map across Tg3 shows abundant Fe, high counts for Ni (1646-78334), with 

small amounts of Cr, Ti, Mn and Ca (Fig. 4.21). 

 

Fig. 4.21. XRF map of the ~5 µm third terminal grain (Tg3) in #187 showed the presence of Fe, Cr, Ni, 

Ti and Mn. The location for the XAS measurement is shown by the white box and data number (Fig. 

4.22). The brightest and darkest points show the maximum and minimum counts respectively for each 

element. XRF map data number: 38500. Counts: Fe 2814-397259, Cr 821-2398, Ni 1646-78334, Ti 408-

1332, Mn 573-2630, Ca 1707-3230. 

The Fe-K XANES measurement of #187 Tg3 shows a similar shape to those for the 

iron sulphides, pyrrhotite and troilite (Fig. 4.22). The pre-edge centroid energy of 

7111.8 eV and edge energy of 7117.0 eV are similar to those for pyrrhotite, which has a  

pre-edge centroid energy of 7112.0 eV and edge energy of 7116.7 eV and troilite 

(centroid 7111.8 eV, edge 7116.0 eV) (Table 4.2) though the edge has a slight double 

peak structure more similar to the pyroxenes. 
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Fig. 4.22. Fe-K XANES of Stardust terminal grains #187 Tg3, #188 Tg1, #189 Tg3, #190 Tg1 (red) 

compared with pyroxene, pyrrhotite and troilite reference materials (black). 

The XRD d-spacings for #187 Tg3 show a lot of noise in the data as the only two 

definite peaks were very small, and thus no further compositional conclusions can be 

drawn (Fig. 4.23). 

 

Fig. 4.23. XRD d-spacing measurements for Stardust terminal grains #187 Tg3, #188 Tg1, #189 Tg3, 

#190 Tg1 (red) and reference materials (black) pyrrhotite from the American Mineralogical Crystal 

Structure Database (Downs & Hall-Wallace, 2003) and a magnetite standard. 
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4.3.2.2 C2098,4,188,0,0 (#188) 

This type B track #188 contains one terminal grain, Tg (Fig. 4.24). XRF maps across 

the grain shows it to have abundant Fe, high counts (over 9000) for Cr, Ni and Mn, 

with small amounts of Ti and Ca (Fig. 4.25). 

 

Fig. 4.24. Track #188 is type B and is 460 µm long, with one stylus and one terminal grain (Tg). 

 

Fig. 4.25. XRF map of the ~5 µm terminal grain (Tg) in #188 showed the presence of Fe, Cr, Ni, Ti and 

Mn. The brightest and darkest points show the maximum and minimum counts respectively for each 

element. The location for the XAS measurement is shown by the white box and data number (Fig. 4.22). 

XRF map data number: 38442. Counts: Fe 2003-414883, Cr 637-8307, Ni 1188-8444, Ti 347-1758, Mn 

411-14001, Ca 1398-3568. 

The Fe-K XANES measurement of #188 Tg shows a similar shape to those for the iron 

sulphides, pyrrhotite and troilite (Fig. 4.22). The Tg pre-edge centroid energy of 7111.8 

eV and edge energy of 7117.5 eV are similar to those for pyrrhotite, which has a  pre-

edge centroid energy of 7112.0 eV and edge energy of 7116.7 eV and troilite (centroid 

7111.8 eV, edge 7116.0 eV) (Table 4.2). 

The XRD d-spacings for #188 Tg are shown in Fig. 4.23. Although two peaks match 

magnetite, there were insufficient peaks matching for a conclusive identification. 

4.3.2.3 C2119,4,189,0,0 (#189) 

This type B track #189 contains three terminal grains, Tg1, Tg2, Tg3 (Fig. 4.26).  
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Fig. 4.26. Track #189 is type B and is 740 µm long, with three styli containing one terminal grain each 

(Tg1, Tg2, Tg3). 

XRF maps across Tg1 showed abundant Fe and Ca, high counts (377-9503) for Mn, 

with small amounts of Cr, Ni, Ti and Ca (Fig. 4.27). 

 

Fig. 4.27. XRF map of the ~7 µm first terminal grain (Tg1) in #189 showed the presence of Fe, Cr, Ni, 

Ti, Mn and Ca. The brightest and darkest points show the maximum and minimum counts respectively 

for each element. The location for the XAS measurement is shown by the white box and data number 

(Fig. 4.16). XRF map data number: 38406. Counts: Fe 1857-29784, Cr 576-3957, Ni 1063-3787, Ti 328-

4902, Mn 377-9503, Ca 1145-16033. 

The Fe-K XANES measurement of #189 Tg1 is a close match with the dilute magnetite 

powder (Fig. 4.16), with its pre-edge centroid energy of 7113.1 eV and edge energy of 

7121.1 eV compared with the dilute magnetite powder having a pre-edge centroid of 

7113.2 eV and edge of 7120.8 eV (Table 4.2). 

The XRD d-spacings for #189 Tg1 are not a good match with the magnetite powder 

standard (Fig. 4.17) (Table 4.3). Although the XANES data (Fig. 4.16) indicated that 

#189 Tg1 could be magnetite, insufficient d-spacing peaks matched so the unit cell 

dimension was not calculated for this sample.  

The second terminal grain, #189 Tg2, could not be located with XRF so was not 

measured with XANES or XRD. 
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An XRF map across Tg3 showed it to have abundant Fe, high counts (428-10913) for 

Mn, with lesser amounts of Cr, Ni, Ti and Ca (Fig. 4.28). 

 

Fig. 4.28. XRF map of the ~6 µm third terminal grain (Tg3) in #189 showed the presence of Fe, Cr, Ni, 

Ti, and Mn. The brightest and darkest points show the maximum and minimum counts respectively for 

each element. The location for the XAS measurement is shown by the white box and data number (Fig. 

4.22). XRF map data number: 38379. Counts: Fe 2060-186626, Cr 645-6255, Ni 1129-3708, Ti 346-787, 

Mn 428-10913, Ca 1189-2025. 

The Fe-K XANES measurement of #189 Tg3 showing the double peak, is like that 

shown for the LL5 pyroxene reference material (Fig. 4.22). The pre-edge centroid 

energy of 7112.3 eV and edge energy of 7119.5 eV are comparable to that measured for 

the LL5 pyroxene pre-edge centroid energy of 7112.1 eV and edge energy of 7118.9 

eV (Table 4.2). The XRD d-spacings for #189 Tg3 are shown in Fig. 4.23. There are 

insufficient peaks to identify any minerals present. 

4.3.2.4 C2119,5,190,0,0 (#190) 

This type B track #190 contains one terminal grain, Tg (Fig. 4.29). XRF maps across 

the grain shows it to have abundant Fe, high counts for Cr, with small amounts of Ni, 

Ti, Mn and Ca (Fig. 4.30). 

 

Fig. 4.29. Track #190 is Type B and is 810 µm long with one stylus and one terminal grain (Tg). 

The Fe-K XANES measurement of #190 Tg showing the double peak, is similar to that 

shown for the LL5 pyroxene reference material (Fig. 4.22). The pre-edge centroid for 

the Tg contained glitches so it was not possible to calculate the energy position. The 

edge energy for #190 Tg of 7118.7 eV is comparable to that measured for the LL5 

pyroxene of 7118.9 eV (Table 4.2). 
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The XRD d-spacings for #190 Tg are shown in Fig. 4.23. There are insufficient peaks 

to identify any minerals present. 

 

Fig. 4.30. XRF map of the ~7 µm terminal grain (Tg) in #190 showed the presence of Fe, Cr, Ni, Ti and 

Mn. The brightest and darkest points show the maximum and minimum counts respectively for each 

element. The location for the XAS measurement is shown by the white box and data number (Fig. 4.22). 

XRF map data number: 38375. Counts: Fe 1968-51664, Cr 622-16754, Ni 1146-3335, Ti 338-1824, Mn 

393-6595, Ca 1212-3466. 

4.3.3 Characterisation of carbonaceous chondrite terminal grains  

Five light gas gun shots of carbonaceous chondrite powders into aerogel were carried 

out at the University of Kent. One example type A ‘carrot’ track 22 mm long (Fig. 

4.31) shows similarities with the type A Stardust tracks, albeit at a much larger scale, 

as most Stardust type A tracks are generally under 200 µm long, although the longest 

Stardust track measured 21.9 mm (Hörz et al., 2006).  

 

Fig. 4.31. Example of a 22 mm impact track in aerogel made by CR2 carbonaceous chondrite (NWA 

10256) powder fired at 6.28 kms
-1

. A terminal grain is visible at the end of the track. This track has not 

yet been made into a keystone. 

The analogue tracks are longer than Stardust tracks and contain bigger terminal grains, 

suggesting the starting powder had a larger particle size and/or the particles were more 

cohesive than the Stardust comet grains. Stardust tracks have smaller terminal grains 

and more powdery material along the track walls, particularly for type B tracks, thought 

to be the result of aggregate particles breaking up during capture. The carbonaceous 

chondrite tracks were longer than could be made into a keystone, so the ends of the 

tracks containing the terminal grains were made into three keystones (Fig. 4.32). The 



Chapter 4: Synchrotron analyses of comet Wild 2 and analogue chondrites 

130 

 

tracks cannot be classified as type A or B as I have not seen the full track and whether 

there was a bulbous region or not. 

The Fe-K XANES measurements of the 20 µm Tg in track #1 (Fig. 4.32c) and the 36 

µm Tg1 in track #4 (Fig. 4.32f) are a close match with the dilute magnetite powder 

(Fig. 4.16), with similar pre-edge centroid and edge energy values (Table 4.2). The 

XRF maps for these grains (Fig. 4.33a,d) show high Fe counts and Ni counts, with also 

moderately high counts for Mn in #4. 

The XRD d-spacings for track #1, Tg (Fig. 4.32c) and #4, Tg1 (Fig. 4.32f) are a close 

match with the magnetite powder standard (Fig. 4.17) (Table 4.3). Given the indicated 

match with magnetite, the hkl indices matching the d-spacing peaks observed were used 

to calculate the unit cell dimension a (Å), assuming that the unit cell was cubic (Table 

4.3, section 4.3.4).  

An attempt was made to measure the second terminal grain (Tg2) in track #4 but the 

data was too noisy for comparison to reference materials.  

The Fe-K XANES measurements of the broken two-piece grain Tg1, ~5+5 µm and ~6 

µm Tg2 in track #2 (Fig. 4.32d), and the ~12 µm Tg2 in track #5 (Fig. 4.32g) and an 

olivine in the CR2 thin section, are a close match with olivine standards (Fig. 4.19). 

These also have similar pre-edge centroid and edge energy values to the olivine 

standards (Table 4.2). The XRF maps for these grains (Fig. 4.33b,c,e) show high Fe 

counts in all, with high counts of Ni and Mn in Tg1 #2 and high counts of Cr in Tg2 #5. 

The XRD d-spacings for track #2, Tg1, Tg2 (Fig. 4.32d), #5, Tg2 (Fig. 4.32g) are a 

close match with the forsterite standard (Fig. 4.17) (Table 4.3). Given the indicated 

match with olivine, the hkl indices matching the d-spacing peaks observed were used to 

calculate the unit cell dimension a (Å) (Table 4.3). 

The data taken on the grains in tracks 3 and 6 was inconclusive so their mineralogy 

could not be ascertained. 
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Fig. 4.32. Microscope images for carbonaceous chondrite impact tracks in aerogel from three keystones. 

(a) Keystone 1 containing impact track #1 (CR2) and impact track #6 (CV3) in aerogel. (b) Keystone 3 

containing CR2 impact tracks #2 and #3. (c) Impact track #1 (CR2) shown in (a) with ~30 µm magnetite 

terminal grain Tg1 (Fig. 4.16, Fig. 4.17). The track stylus, minus the bulbous region, measures ~650 µm. 

(d) Impact track #2 (CR2) shown in (b) measuring ~620 µm (full original track ~1500 µm), containing 

olivine grains Tg1 ~2×5 µm and Tg2 ~6 µm (Fig. 4.19, Fig. 4.20). (e) Impact track #3 (CR2) shown in 

(b) ~495 µm containing one Tg. (f) Composite image of impact track #4 (CV3) in keystone 2 measuring 

~610 µm with two terminal grains. Measurements of Tg1 ~36 µm showed magnetite (Fig. 4.16, Fig. 

4.17). (g) Impact track #5 (CV3) in keystone 2 measuring ~710 µm with Tg ~12 µm olivine (Fig. 4.19, 

Fig. 4.20). 
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Fig. 4.33. XRF maps of the carbonaceous chondrite terminal grains, where the darkest and brightest 

points show the minimum and maximum counts respectively for each element. The white boxes show 

where the XAS measurements were taken. Table 4.1 shows the grain sizes, XRF file number, minimum 

and maximum counts for each element, and a reference to where the XAS data is plotted. 

Table 4.1. Data giving the range of counts for each XRF map shown in Fig. 4.33. 

 Grain Size 
File 
no. Fe Cr Ni Ti Mn Ca XAS 

(a) #1 Tg1 ~30 µm 75400 24-214410 0-1983 6-17054 0-719 0-2890 0-993 Fig. 4.16 

(b) #2 Tg1 ~2×5 µm 80504 864-619719 170-5680 607-26597 106-3369 159-10112 106-1391 Fig. 4.19 

(c) #2 Tg2 ~6 µm 80496 284-430495 61-4229 189-18506 50-2452 69-6317 65-1123 Fig. 4.19 

(d) #4 Tg1 ~36 µm 80475 373-760069 19-3942 143-15833 19-3942 47-13863 21-1995 Fig. 4.16 

(e) #5 Tg1 ~12 µm 80483 217-508792 36-16669 123-13224 18-2586 35-9637 19-2752 Fig. 4.19 
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4.3.4 Unit cell fit for magnetite and olivine terminal grains 

As magnetite is cubic, all three unit cell dimensions are the same. This dimension was 

calculated as 8.359(3) Å for #187 Tg1, 8.3624(6) Å for CV3 #4 Tg1a, 8.3660(7) Å for 

CV3 #4 Tg1b, and 8.3521(8) Å for CR2 #1 Tg and it was 8.395(3) Å for the magnetite 

standard (Table 4.3). The Stardust and carbonaceous chondrite grains show consistency 

at ~8.35-8.37 Å, whereas the standard is a little higher at ~8.40 Å. 

The slightly smaller unit cell dimension for the more oxidised cubic maghemite, Fe2O3, 

of 8.3364 Å and 8.3474 Å (Table 4.3) show that the grains studied here may have a 

mixture of magnetite and maghemite. This implies the grains are more oxidised than 

the magnetite standard, consistent with the slightly higher pre-edge centroid and edge 

energies (Table 4.2). 

The orthorhombic unit cell dimensions for the grains identified as olivine were 

calculated from the XRD d-spacing intensities (Table 4.3) and are compared with 

olivine from the ICDD (2014) in Fig. 4.34. Previous data collected (Hicks, 2015) was 

used to calculate the unit cell for #177, though #178 Tg1b had insufficient peaks for a 

calculation to be possible. The unit cell dimensions for olivine increase as the Mg# 

decreases, by Vegard’s rule, which states the lattice parameters vary linearly with the 

concentrations of the constituent elements, at constant temperature.  

The Mg# is determined by calculating applying the methods of Shinno (1980) to the 

calculated unit cell dimensions, which are used to give the idealised d-spacing value for 

the [130] plane. The forsterite composition is calculated via:  

Fo (mol%) = 4401.1 - 1555.5 × d-spacing for [130]   (Shinno, 1980) 

CR2 #2 Tg1 is Fo60±2 and Tg2 is Fo62±1 and the CV3 #5 Tg is Fo43±2. For Stardust 

grains, the approximate olivine composition for #177 Tg1 is Fo64±10, and #187 Tg2 is 

Fo69±13, as the intensities were very low for the d-spacings measured for the much 

smaller grains, giving larger experimental error. STEM-EDX shows C2009,20,77,1,6 

(Track #77) to have Fo71-74 (Chapter 5). 
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Fig. 4.34. Olivine unit cell dimensions a, b, c calculated from XRD data for the CV3, CR2 and Stardust 

grains identified as olivine, plotted against representative forsterite (Fo51-100) from the ICDD (2014).  
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4.3.5 Summary of results 

Table 4.2. Fe-K XAS analysis of Stardust cometary grains, CR2 and CV3 analogue samples and 

reference materials. 

Sample, 

Track 

#No. 

Grain Type/ 

size 

XANES 

1s → 3d 

Centroid 

(±0.05 

eV) 

XANES 

Fe-K 

Absorption 

Edge 

(±0.05 eV) 

XRF detected 

composition 

Concluding 

Mineral Type 

Stardust Tracks      

#177
^
 Tg ~4 µm 7112.5

*
 7119.6

*
 Fe-rich with Cr Olivine 

#178
^ 

 

Tg1a 10 µm 7113.1
*
 7121.5

*
 Fe-rich Magnetite 

Tg1b 6 µm 7112.3
*
 7120.2

*
 Fe-rich Olivine 

Tg2 ~6 µm - - Fe-rich Magnetite 

#187 

 

Tg1 5 µm 7113.5 7121.0 Fe-rich Magnetite 

Tg2 5 µm 7112.3 7119.2 Fe-rich Olivine 

Tg3 ~5 µm 7111.8 7117.0 Fe-rich with Ni Fe-Ni-sulfide^ 

#188 Tg ~5 µm 7111.8 7117.5 Fe-rich Fe-sulfide^ 

#189 Tg1 ~7 µm 7113.1 7121.1 Fe-Ca-rich with Mn Magnetite^ 

Tg3 ~6 µm 7112.3 7119.5 Fe-rich Pyroxene 

#190 Tg= ~7 µm - 7118.7 Fe-rich with Cr Pyroxene^ 

Analogue sample NWA 10256    

CR2 #1 Tg ~30 µm 7113.1 7121.7 Fe-rich with Ni Magnetite 

CR2  Section 7113.0 7119.4 Fe-rich  Magnetite 

CR2 #2 Tg1 ~2 x 5 µm 7112.0 7119.0 Fe-rich with Ni, Mn Olivine 

CR2 #2 Tg2 6 µm 7112.1 7119.0 Fe-rich with Ni, Mn Olivine 

CR2  Section 7112.3 7117.2 Fe-rich Olivine 

Analogue sample NWA 4502    

CV3 #4 Tg1 ~36 µm 7113.0 7121.7 Fe-rich with Ni, Mn Magnetite 

CV3 #4 Tg1b ~36 µm  7113.1 7121.5 Fe-rich with Ni, Mn Magnetite 

CV3 #5 Tg 12 µm 7112.0 7118.8 Fe-rich, Cr, Ni Olivine 

Reference materials used     

Magnetite  Dilute powder 7113.2
*
 7120.8

*
  Magnetite 

Magnetite  Self-absorbing 7113.1 7119.4  Magnetite 

Hematite  Powder 7114.1 7122.6  Hematite 

Fe-metal  Foil 7113.1
*
 7121.9

*
  Fe-metal 

San Carlos Section 7112.1 7118.8  Olivine 

Barwell (L5) Section 7111.7
*
 7118.7

*
  Olivine 

Tuxtuac (LL5) Section 7111.9
*
 7118.8

*
  Olivine 

Tuxtuac (LL5) Section 7112.1
*
 7118.9

*
  Pyroxene 

Pyrrhotite  Powder 7112.0
*
 7116.7

*
  Pyrrhotite 

Tuxtuac (LL5) Section 7111.8
*
 7116.0

*
  Troilite 

^ This identification is uncertain due to insufficient XRD peaks and a lack of good comparisons with 

reference materials. 

*
 Data taken from Hicks et al. (2017), collected prior to this thesis.  
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Table 4.3. XRD measured d-spacings (Å) for indices hkl, as plotted in Fig. 4.17 and Fig. 4.20 with calculated unit cell dimensions a, b, c (Å). Measurements from the Stardust 

tracks, CR2 and CV3 analogue samples and reference standards. 

Magnetite a=b=c  File  311 440 220 511 400 422 222 111 210 531 441 215 521  

#178 Tg1a* 8.370(6) Hicks et al   2.526 1.479 2.959 1.610 2.093 1.710 2.413        

#178 Tg2* 8.357(10) Hicks et al   2.522 1.475  1.607 2.090  2.416        

#187 Tg1 8.359(3)  38491  2.518 1.480 2.956 1.608  1.704 2.412      1.525  

#189 Tg1                   

CV3 #4 Tg1a 8.3624(6)  80480  2.522 1.478 2.957 1.610 2.091 1.707    1.413     

CV3 #4 Tg1b 8.3660(7)  80481  2.522 1.479 2.958 1.610 2.091 1.708 2.415 4.823  1.414     

CR2 #1 Tg 8.3521(8)  75396-T4  2.517 1.476 2.950 1.608 2.088 1.705         

Magnetite 8.395(3) Jul16 std 75209  2.528 1.483 2.964 1.614 2.096 1.712 2.421 4.841 - 1.418     

Magnetitea 8.3882 which sess Same as 
above? 

 2.528 1.483 2.964  2.096 1.712 2.421 4.841 - 1.418 -    

Magnetiteb 8.3961    2.532 1.484 2.969 1.616 2.099 1.714 2.424 4.848 - - -    

Maghemitec 8.3364    2.514 1.474 2.947 1.604 2.084 1.702 2.407 4.813 3.728 - -    

Maghemited 8.3474                  

                   

Olivine  a b c Fo% 112 222 130 131 021 062 004 240 111 122 211 133 022 042 

#177* 4.777(9) 10.30(3) 6.03(1) 64(10)  1.765             

#187 Tg2 4.78(1) 10.28(3) 6.00(2) 69(13) 2.460  2.766 2.530      2.279   2.585 1.955 

CV3 #5 Tg 4.793(1) 10.358(4) 6.046(3) 43(2) 2.485 1.766 2.803 2.540 3.934 1.499   3.532  2.180 1.636   

CR2 #2 Tg1a 4.782(2) 10.311(4) 6.022(1) 60(2) 2.473  2.789 2.529   1.506 1.753 3.514      

CR2 #2 Tg1b 4.783(1) 10.311(2) 6.020(1) 60(1) 2.474  2.791 2.533    1.753 3.519      

CR2 #2 Tg2 4.783(1) 10.303(4) 6.018(2) 62(1) 2.473 1.760 2.789 2.531     3.514      

San Carlos 4.739(7) 10.225(3) 5.994(4)                

Fayalitee 4.8180 10.4710 6.0860  2.499 1.777 2.827 2.564 3.969 1.514 1.5215 1.7726 3.5534 2.3091 2.1904 1.6481 2.6309  

Forsteritee  4.7600 10.2210 5.9840  2.461 1.751 2.775 2.518 3.893 1.483 1.497 1.744 3.503 2.272 2.163 1.621 2.585  

Error estimates are given in parentheses and quoted in units of the least significant digit. Unit cell dimension error values calculated from standard deviation. hkl planes for olivine and magnetite 

are ordered by intensity per X and d respectively. 

*Data from Hicks (2015). aReference material. bWechsler et al. (1984). cSolano et al. (2014). dCornell and Schwertmann (2003). 

bce Referenced from American Mineralogical Crystal Structure Database (Downs & Hall-Wallace, 2003). 
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4.4 Discussion 

My results build directly on previous work (Bridges et al., 2010; Changela et al., 2012; 

Hicks, 2015) and contribute to Hicks et al. (2017) and Wickham-Eade et al. (2017), and 

provide further evidence that carbonaceous chondrites are close analogues to the Wild 

2 terminal grains.  

4.4.1 Classifications of CR2 and CV3 carbonaceous chondrites 

The CV3 meteorite, NWA 4502, is classified as oxidised with shock level S2 and 

weathering degree W1 (Ruzicka et al., 2015). My results for proportions of chondrules 

(48%), CAIs and AOAs (14%) and matrix (38%) agree exactly with the classification 

results, and are similar to their compositional ranges for matrix olivine Fo46-52 and 

chondrule olivine Fo61-98 (Ruzicka et al., 2015). 

The CR2 meteorite, NWA 10256, is classified with an apparent mean chondrule size of 

625±325 μm, with the largest up to 3 mm in diameter, and contains a few very small 

CAIs (Bouvier et al., 2017). A similar proportion of matrix (40%) and olivine 

compositions were found (Bouvier et al., 2017). 

4.4.2 Mineralogy of Stardust and carbonaceous chondrite terminal grains 

The compositions found in Stardust grains are consistent with previous reports. 

Stardust grains #187 Tg3 is provisionally identified as Fe-Ni sulphide and #188 Tg1 as 

iron sulphide from XAS (Fig. 4.22), although insufficient XRD d-spacing intensities 

were observed to be able to confirm these. 

Stardust grains #189 Tg3 and #190 Tg are potentially pyroxene from XAS similarities 

(Fig. 4.22), although insufficient XRD d-spacing intensities were observed to be able to 

confirm these. 

4.4.2.1 Comparing olivine in comet Wild 2 with carbonaceous chondrites 

Stardust grain #187 Tg2 has been revealed as olivine and calculated to be 

approximately Fo69±13, where the forsterite Fo mol% is Mg/(Mg+Fe). Hicks (2015) 

identifies #177 Tg1 to be olivine from XAS; I have used the XRD d-spacing data from 

Hicks (2015) in order to calculate the unit cell and show the olivine to be Fo64±10. Using 

the size of the unit cell to calculate the Fo mol% has uncertainty from both the 
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synchrotron measurement, and the software programme used to calculate the best fit 

dimensions for the unit cell (section 2.3.4). The two olivine grains are more iron rich 

than the average olivine compositions measured in Stardust grains previously (Fig. 

4.13). The Stardust terminal grain from Track #77 is shown by STEM-EDX to have 

olivine Fo71-74 (Chapter 5). 

Olivine was identified in two carbonaceous chondrite tracks, CR2 #2 Tg1 is Fo60±2 and 

Tg2 is Fo62±1 and the CV3 #5 Tg is Fo43±2. Frank et al. (2014) report olivine ranges 

from carbonaceous chondrite matrices to be CR2 Fo54-99 and CV3 Fo3-99. Chondrules 

typically have a higher Mg content, so the olivine in these analogue shots is more likely 

to be from the matrices of the CR2 and CV3 meteorites. 

4.4.2.2 Magnetite in Comet Wild 2 and carbonaceous chondrites 

Stardust grains #187 Tg1 and #189 Tg1 have been identified as magnetite. These add to 

magnetite revealed in track #178 (Hicks, 2015) and a grain found in the mid-track #134 

(Changela et al., 2012), as well as fragments in close to the track entrance in #41 and 

terminal grains from #121 (Bridges et al., 2010). Cr-rich magnetite was identified in a 

30 µm  × 20 µm particle in track #183 (De Gregorio et al., 2017). Further magnetite 

was identified in sub grains in track walls (Stodolna et al., 2012). 

Magnetite was identified in two carbonaceous chondrite tracks, CR2 #1 Tg1 and #CV3 

#4 Tg1. This is surprising considering magnetite only comprises ~1 % of the CR2 and 

<1% of the CV3. Identifying magnetite in a CR2 track (Hicks et al., 2017) and now 

also in a CV3 track reinforces the suggestion that it is preferentially preserved during 

capture. 

4.4.3 Formation of magnetite 

Ti-bearing magnetite on Earth is usually a late forming high temperature igneous 

mineral. This is also found in achondrite meteorites like the angrites and martians 

(McSween Jr. & Treiman, 1998; Mittlefehldt et al., 1998) and some equilibriated 

chondrites. Magnetite with high Ti-contents are a diagnostic feature of CK chondrites 

(Greenwood et al., 2010), which have undergone higher degrees of metamorphism than 

some of the other carbonaceous chondrites. 

Terrestrial magnetites that do not contain Ti tend to form via low temperature oxidation 

and alteration reactions of Fe metal or primary ferromagnesian silicate minerals 
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(Haggerty & Baker, 1967; Sanderson, 1974). The same mechanism forms Ti-free 

magnetite in carbonaceous chondrites, mainly as a result of aqueous alteration on the 

parent body asteroid (Brearley & Jones, 1998; Hutchison, 2004; Weisberg et al., 2006) 

though some magnetites found in chondrites form due to weathering on Earth (King & 

King, 1981; Gooding, 1986; Bland et al., 2006). 

The most likely mechanism to produce the required liquid is the melting of icy 

particles, which accreted to the carbonaceous chondrite parent bodies during formation. 

The decay of radiogenic 
26

Al would have produced sufficient heat within the first few 

million years of the asteroid’s history (Ghosh & McSween, 1998; Merk et al., 2002).  

Studies of aqueously altered CI and CM meteorites suggest mechanisms for the 

aqueous alteration of anhydrous coherent lithified rock in a closed-system (Palguta et 

al., 2010). Numerical studies suggest large scale water transport over 10s of kms on 

parent asteroids, but this would cause fractionation of soluble elements which is not 

observed (Bland et al., 2009). Chondrite precursors are thought to have low 

permeability due to the extremely fine grain size which would restrict liquid water flow 

(Bland et al., 2009). The range in 
18

O requires varying temperatures and water-rock 

ratio over small scales, which is hard to achieve in a closed system. Bland and Travis 

(2017) suggest that at this time, the accreted body would have high-porosity and no 

process would have lithified the material, so large-scale mud convection may have 

acted to reduce variation in temperature and produce size-sorted chondrules. Full 

mixing of the system would remove any solubility-related fractionation and allow the 

original chemistry to be preserved, explaining why the most aqueously altered are the 

most chemically pristine (Bland & Travis, 2017). 

Ti-free magnetites are far more abundant in carbonaceous chondrites than Ti-

magnetites, and they are the second most abundant phase in CI chondrites (Weisberg et 

al., 2006). Magnetite abundunces in carbonaceous chondrites vary from 120 mg/g in CI 

to ~80 mg/g in CV, to less than 8 mg/g in CM (0.5 vol%, McSween, 1979) and CR 

(Kallemeyn et al., 1994). Kallemeyn et al. (1994) suggest hydrothermal alteration of 

metal-rich precursors is responsible for the formation of magnetite in CI and CR 

chondrites, and the lower abundance of magnetite in CM relative to CI is due to the CM 

parent body being metal poor. The similar abundance of magnetite in the CM and CR 

parent bodies is explained by the CR parent body having a higher Fe-Ni content but a 
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much lower degree of hydrothermal alteration. 

Oxygen isotopes for magnetite and fayalite in CO3 and CV3 meteorites were 

demonstrated to be in disequilibrium with olivine in the chondrules (Krot et al., 1998; 

Doyle et al., 2015). This shows the magnetite and fayalite did not originate in the same 

high-temperature environment as the chondrules. Together with chronology data 

showing fayalite ages younger than CV and CO parent asteroid accretion ages, a later 

low-temperature aqueous alteration formation mechanism is supported (Doyle et al., 

2015). 

Magnetite can form by aqueous alteration of ferromagnesian silicates, eg the alteration 

of fayalite: 

3 Fe2SiO4 + 2 H2O → 2 Fe3O4 + 3 SiO2 + 2 H2            (Deer et al., 1992) 

The abundance of magnetite is expected to correlate with the abundance of other 

alteration products, such as phyllosilicates (serpentine, smectite). The relative degree of 

hydrous alteration is reflected in the chondrite classification scheme from unaltered 

type 3.0 (< 0.05 phyllosilicate) to type 1.0 (phyllosilicate > 0.95) (Howard et al., 2015), 

which corresponds well with previous classification schemes (Weisberg et al., 2006). 

This was found to be the case in examining CM-chondrites ranging from mild 

alteration (type 2) to almost completely altered (type 1), with Mg-serpentine and 

magnetite abundances found to increase with increased alteration, from ~1% to ~3% 

vol% for magnetite (King et al., 2017). An alteration model is suggested whereby the 

Fe,Ni-metal is oxidised first to magnetite, before Mg-rich silicates were altered to 

phyllosilicates (King et al., 2017). This model opens up the possibility of a limited 

amount of alteration, whereby some magnetite is formed but insufficient alteration 

takes place to produce phyllosilicates. When examining terrestrial weathering reactions, 

Bland et al. (2006) found that magnetite formed as a result of direct dissolution of FeNi 

metal, whereas other primary minerals (pyroxene, olivine) were more likely to form 

ferrihydrite before further dissolution. 

In oxidised CV3 meteorites, similar to NWA 4502 used for this study, magnetite 

abundances were 1.6 vol% to 6.1 vol%, whereas in reduced CV3 meteorites they were 

lower, 1.4 vol% to 1.8 vol%, with the anomalous Allende, an oxidised CV3, having 0.3 

vol% (Bland et al., 2004; Howard et al., 2010). Reduced CV3 meteorites are not 



Chapter 4: Synchrotron analyses of comet Wild 2 and analogue chondrites 

141 

 

thought to have undergone alteration, given the relative absence of phyllosilicates 

(Howard et al., 2010).  

CK chondrites are highly oxidised with 1.2% to 8.1% (vol%) magnetite in two different 

populations, micron-sized grains, and rounded aggregates up to 1mm in size, with 

average 4 wt% Cr2O3, <1 wt% TiO2 (Geiger & Bischoff, 1995).  It is suggested that 

magnetite replaced sulphides (Geiger & Bischoff, 1995). Studies suggest that CK 

chondrites are metamorphosed CV chondrites and should be reclassified as one group, 

CK making up for the missing CV types 4 to 6 (Greenwood et al., 2010; Wasson et al., 

2013). However, differences in magnetite compositions (higher Cr2O3, NiO and TiO2) 

are difficult to reconcile with a single parent body history for both groups (Dunn et al., 

2016). 

The lack of phyllosilicates observed in Wild 2 could indicate that the Wild 2 material is 

anhydrous (Frank et al., 2014; Westphal et al., 2017), or by analogy with CM 

chondrites, perhaps comet Wild 2 was only oxidised enough to form magnetite, not 

phyllosilicates (King et al., 2017). However, it could instead be sampling bias, as 

phyllosilicates may be destroyed during collection (Wozniakiewicz et al., 2015). 

Experimental hypervelocity studies of CM2 and phyllosilicate powders fired into 

aerogel showed they were reduced to less than 20% of their original size and 

experienced significant melting and fracturing (Noguchi et al., 2007). While 

temperatures in the interior of the grains did not exceed 300 °C, the captured grains 

would need to be larger than 4 μm to retain their original mineralogy (Noguchi et al., 

2007). Hypervelocity shots into foils of CV3 and CI meteorite powders showed less 

than 3% organic material survived (Wozniakiewicz et al., 2018). 

Hypervelocity impact studies have demonstrated a correlation between the relative 

densities of the penetrator and target material, with penetration depth (Dehn, 1987; 

Christiansen & Friesen, 1997). A coherent mineral such as magnetite (density 5150 kg 

m
-3

) would thus be expected to penetrate further than a low-density mineral such as 

phyllosilicate. This offers an explanation for the preferential preservation of magnetite 

and absence of phyllosilicates observed in Stardust grains (Hicks et al., 2017). 

Magnetite can form as a result of oxidation of metallic iron. It is proposed that 

magnetite in track #183 formed, in an environment with water/ice and carbon, via 

oxidation of iron, originally condensed as reduced EH3-chondrite-like metal (De 
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Gregorio et al., 2017). However, the combination of cohenite and Cr-rich magnetite 

found in #183 has not been observed in the enstatite chondrites. 

Magnetite is found in CP-IDPs, though some of this forms due to heating during 

atmospheric entry (Germani et al., 1990). Wooden (2008) suggests that the grains 

forming Wild 2, including magnetite grains, migrated from various locations under 

different reducing-oxidising conditions in the solar nebula, rather than the magnetite 

forming by selective aqueous alteration in the comet.  As parent-body processing 

should not have affected the oxidation state of anhydrous CP-IDPs (Zolensky & 

Thomas, 1995), a synchrotron study compared the Fe oxidation state of these with 

Stardust tracks. (Ogliore, 2010). This found a 2σ difference with CP-IDPs being more 

oxidised, unlikely to be caused by sampling bias or effects, as Stardust contains more 

Fe metal (Ogliore, 2010). Thus, anhydrous CP-IDPs do not originate from a comet of 

Wild 2 composition (Ogliore, 2010). 

Direct condensation of magnetite from a nebula gas is ruled out, as it would only be 

stable at temperatures below 400 °C or lower. Fe is more likely to condense as metal 

grains or as Fe-bearing olivine, Fe-bearing carbides and other minerals at much higher 

temperatures (De Gregorio et al., 2017).  

The VIRTIS (Visible, Infrared and Thermal Imaging Spectrometer) on the Rosetta 

mission, visiting Jupiter-family comet 67P/Churyumov-Gerasimenko, did not identify 

any hydrated minerals (Quirico et al., 2016). They conclude a lack of connection with 

the CI, CR and CM chondrites (Quirico et al., 2016). 

Fe metal and ferromagnesian silicates are abundant in the Stardust samples, so by 

analogy with carbonaceous chondrites, it is most likely that magnetite formed via low 

temperature aqueous alteration reactions. However, carbonaceous chondrites containing 

magnetite formed by alteration usually have abundant phyllosilicates in the matrix, and 

the absence of phyllosilicates and lack of context for the Wild 2 samples prohibits 

proof. This study shows that higher density minerals like magnetite may have been 

preferentially preserved (Hicks et al., 2017), and other studies (Wozniakiewicz et al., 

2015) show phyllosilicates may have been destroyed during the capture process. This 

would explain the absence of phyllosilicates. 
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4.4.4 Complementary Raman studies 

58 Raman spectra measurements taken before shooting CR2 carbonaceous chondrite 

grains into aerogel, were identified as olivine (Wickham-Eade et al., 2017), and show a 

similar compositional range to that observed in Stardust grains (Fig. 4.13). These were 

compared with six Raman spectra identified as olivine, taken afterwards (Wickham-

Eade et al., 2017). These suggest that there was a change in at least three of the olivine 

compositions of up to ten forsterite units to a lower Mg content, due to shock and 

heating effects (Wickham-Eade et al., 2017). However, due to the difficulties of getting 

a strong enough signal to measure in the aerogel after shooting, and the method for 

calculating forsterite content only offering accuracy to ±10 Fo units (Kuebler et al., 

2006), more data is needed to confirm this effect. 

4.4.5 Formation in the early solar system 

Any dynamical model to explain the formation and mixing of materials in the early 

Solar System needs to take into account the spatial and temporal constraints from the 

following overlapping themes of study: 

1. Analysis of minerals in all planetary materials, to understand the constraints on the 

time and place of their formation, from radiometric and thermodynamic studies.  

2. The constraints on planet formation positions given their size, composition and 

locations today, and how efficiently material was transported in the protoplanetary 

disc. 

3. Linking the meteorite collection accurately with parent bodies and their locations 

today. 

The refractory grains found in Comet Wild 2 formed at high temperature, similar to 

CAIs and chondrule fragments, require either that they were formed in situ, at distances 

of 30 AU+, or they were formed in the inner Solar System and transported outwards to 

comet forming regions (Brownlee et al., 2006). The similarities with carbonaceous 

chondrites, thought to form much closer to the Sun than comets, support the latter 

possibility of large scale transport. 

Comet Wild 2 contains crystalline silicates and refractory particles that resemble 

chondrule fragments. Ciesla (2010) studied the dynamics of the paths that these 

refractory objects could have taken, to achieve the large scale transport in the 
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timescales available. It was found that objects formed in the first few×10
5
 years would 

make up over 90% of those that survive throughout the nebula, as a larger number 

formed in this period, and the initial angular moment transport assisting fast spreading 

of the protoplanetary disk helped preserve the earlier formed grains rather than the later 

formed grains. 

Hughes and Armitage (2010) examined advection and turbulent diffusion in a 

protoplanetary disk, finding that this could transport particles up to 20 μm in size 

outwards. This would need to be quickly accreted by icy bodies to avoid fallback from 

the mean inward gas flow in the disk. A range of favourable models show original 

compact protoplanetary disks that undergo rapid expansion in the earliest phase of disk 

evolution, within 1-2 Ma, offer efficient outwards transport (Hughes & Armitage, 

2010).  

Spectral analysis of asteroids supports spatial differences for formation, as enstatite and 

ordinary chondrites have similarities with inner belt asteroids at ~1.9 AU while CCs 

have more in common with asteroids at 2.75 and 3.0 AU, with carbonaceous material 

becoming more abundant with heliocentric distance (Gaffey et al., 1993). 

Warren (2011) suggests that the highest classification distinction for meteorites should 

be between carbonaceous (C), formed in the outer solar system and non-carbonaceous 

(NC), formed in the inner solar system, based on differences in their Ti and Cr isotopes. 

Warren (2011) comments that Jupiter is an obvious potential barrier between the two 

groupings. Mo isotopes were also observed to be anomalous in carbonaceous 

chondrites (Burkhardt et al., 2011; Budde et al., 2016) and additional work on Mo and 

W isotopes has found that the same two distinct groupings, C and NC, exist in iron 

meteorites (Kruijer et al., 2017). Furthermore, thermal modelling suggests the NC iron 

meteorite parent body cores formed earlier, likely within <0.4 Ma after CAI formation, 

whereas the C iron meteorite parent bodies accreted later, ~0.9 Ma after CAI formation 

(Kruijer et al., 2017). As we have no samples of intermediate composition, the two 

reservoirs must have remained separate until after the chondrite parent bodies were 

fully formed at 3-4 Ma after CAI formation (Budde et al., 2016; Kruijer et al., 2017).  

Rubin (2018) studied the C-iron meteorites and NC-iron meteorites, revealing longer 

cosmic-ray exposure (CRE) ages for the C-iron meteorites. The smaller number of C-

irons is likely to be a result of both the longer residence in interplanetary space and 
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more fragmentation via collisions due to formation further from Earth than NC-irons, 

and also the C-iron precursors having smaller cores with less metal as they were more 

oxidised (Rubin, 2018). 

Kruijer et al. (2017) suggested Jupiter’s early formation < 1 Ma opened a gap, in the 

disk, preventing exchange between these two different genetic systems. This would 

also prevent fall back of particles transported further outwards in the disk, solving one 

of the issues highlighted by Hughes and Armitage (2010). Desch et al. (2018) notes that 

a similar pressure gap could have existed beyond Saturn ~15 AU, and possibly the CI 

chondrite parent formed there by 4 Ma, without CAIs or chondrules, as fragments of 

CAIs and chondrules took longer to be transported out to these distances.  

The Grand Tack dynamical model, starting from a protoplanetary disk of about 1 AU 

radius, manages to reproduce characteristics of the terrestrial planets, including Mars’ 

small mass, which was a problem for previous models (Walsh et al., 2011). This 

proposes that Jupiter migrated inward to 1.5 AU, similar to observed exoplanets, and 

then outwards due to a resonance with Saturn, noting that the formation of C-type 

asteroids occurs beyond Jupiter, near or beyond the snow line and nearer to comets than 

to S-type asteroids (Walsh et al., 2011). The CR chondrite parent body is one of the 

youngest at ~3.6 Ma after CAI formation, constraining the earliest time Jupiter could 

have migrated outwards (Budde, Kruijer, et al., 2018). 

Desch et al. (2018) offer the most comprehensive model so far, linking the three initial 

themes mentioned in this section, to overcome the issue of CAIs being abundant in CCs 

but not in ordinary chondrites. This solves the CAI storage problem, of CAIs forming 

very early on, before chondrules and chondrite parent bodies, and surviving to accrete 

to the CC parent bodies, rather than plunging into the Sun due to gas tidal pressures. 

The model accurately reproduces the compositions of 18 classes of chondrites, lunar 

and martian meteorites, and finds that radial gas outflow is reasonable to support 

comets having nearly as many CAI fragments, ~0.5 vol%, (Joswiak et al., 2017)  as 

CM and CR chondrites (Desch et al., 2018). Similar ideas have been put forward (Scott 

et al., 2018; Melosh et al., 2018) but Desch et al. (2018) have developed the first 

quantitative model. 

These latest modifications suggested to the Grand Tack model with Jupiter creating a 

tidal barrier until its outward migration, explain many key compositional differences 
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between the carbonaceous and ordinary chondrites. It also allows for the storage and 

transport of CAIs to neatly explain their presence in carbonaceous chondrites and 

comet samples. This suggests wide scale mixing in the protoplanetary disk is 

responsible for the combination of refractory silicate minerals and icy minerals found 

in comets. Small amounts of radiogenic heat could cause partial melting to react with 

ferromagnesian silicates to form the magnetite observed. 

Alternatively, a radical model based on ‘tidal downsizing’ for planet formation in situ 

is suggested, whereby instability in the outer protoplanetary disc gives rise to massive 

(~10 Jupiter masses) gas giant planet embryos, hot (up to ~1500 K) and dense due to 

contraction of the gas regions (Nayakshin et al., 2011). These were disrupted, with 

some particles mixing with outer solar system material to form comets, and the rest 

leaving planetary cores, such as possibly Uranus and Neptune (Nayakshin et al., 2011). 

This model suggests there would be more planets at long distances (up to 100 AU) 

from their parent star, which is unlikely to occur via the core accretion or the disc 

instability models for planet formation, so may be testable with future observation 

(Nayakshin et al., 2011). 

4.4.6 Best carbonaceous chondrite match for comet Wild 2 

This work shows that magnetite and forsterite Fo60-62, Fo43 grains from the matrix of 

CR2 and CV3 chondrites survive a capture process analogous to the Stardust mission. 

This supports the idea of preferential preservation, due to the higher density of 

magnetite (5150 kg m
-3

), as magnetite comprises ~1% of the CR2 and <1% of the CV3 

chondrite powders used and is not thought to be one of the dominant phases in Stardust 

grains. This potential selection bias would also explain the lack of phyllosilicates 

observed in comet Wild 2 so far. 

From these results, both are good analogues. Combining my work with other results 

and models discussed, more investigation is recommended into the close similarities 

with CR meteorites, though comet Wild 2 may contain a mixture of materials from 

different carbonaceous chondrite classes. 
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4.5 Conclusions 

The mineralogy of Stardust terminal grains and carbonaceous chondrite analogue 

terminal grains have been studied and compared with synchrotron XRF, XAS and 

XRD. Raman analyses on these samples have been carried out by colleagues at the 

University of Kent. 

1. Track C2065,4,187,0,0 (#187) contains three terminal grains. Tg1 magnetite, 

Tg2 olivine Fo69±13, Tg3 provisionally Fe-Ni sulphide. 

2. Track C2098,4,188,0,0 (#188) Tg Fe sulphide. 

3. Track C2119,4,189,0,0 (#189); Tg1 magnetite, Tg3 pyroxene. 

4. Track C2119,5,190,0,0 (#190); Tg pyroxene. 

5. CR2: 3 tracks: #1 Tg1 magnetite, Track #2 Tg1 is Fo60±2 and Tg2 is Fo62±1, #3 

not identified. 

6. CV3: 3 tracks: #4 Tg1a and 1b magnetite, #5 Tg is olivine Fo43±2, #6 not 

identified. 

7. CR2 and CV3 powders were shot into aerogel at 6.1 km s
-1

 and made into 

keystones, analogous to the Stardust capture process. This was to test the 

similarities between Stardust grains and carbonaceous chondrites. These results 

verify the preservation of magnetite and olivine in terminal grains from each of 

the CR2 and CV3 powders. 

8. This work confirms carbonaceous chondrites as a close match with Stardust and 

provides evidence of a possible density selection bias, whereby a minor phase 

of high density like magnetite is preferentially preserved. This would also 

provide a reason why low density phyllosilicates may have been preferentially 

destroyed, if present in comet Wild 2.  

9. Alternatively, given the presence of magnetite and lack of phyllosilicates 

identified in Stardust comet grains, and by analogy with the two stage timing 

model suggested for CM meteorite alteration, it is suggested that the degree of 

aqueous alteration in comet Wild 2 only allowed the initial oxidation of metal 

FeNi to magnetite and there was insufficient aqueous solution to produce 

phyllosilicates. However, further work would be needed to substantiate that this 

process could be two discrete stages and would require a very specific amount 

of alteration, so I favour the density selection bias theory. 
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5 STEM-EDX ANALYSES OF 

COMET WILD 2 

Five terminal grains captured by the Stardust mission have been investigated using 

scanning transmission electron microscopy (STEM) bright field (BF) and dark field 

(DF) imaging and energy dispersive X-ray (EDX) spectroscopy techniques as described 

in sections 2.2.4, 2.2.5 and 2.2.6. Ultramicrotomed slices mounted on copper grids 

were allocated by the Johnson Space Centre (JSC). 

The purpose of this work is to characterise the mineralogy of the terminal grains to 

increase the overall population of Stardust grains examined, compare with previous 

studies, and consider the origin and formation of the grains. 

A general background to cometary science is given in Chapter 1, and a detailed 

introduction to the Stardust mission and particles captured can be found in Chapter 4. 

This chapter gives an overview of previous transmission electron microscopy (TEM) 

Stardust studies, introduces the samples and describes the sample preparation processes 

undertaken by JSC. It then gives the results, characterising the grains and discusses 

them in the context of other studies. 
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5.1 Introduction 

The Stardust spacecraft and the cometary tray used to capture particles from the coma 

of comet Wild 2 and return them to Earth are described in section 4.1. Grains from 

comet Wild 2 have been found to contain ferromagnesian silicates (pyroxenes, olivines, 

feldspars), iron oxides such as magnetite, chondrule-like fragments and particles 

similar to calcium aluminium inclusions (CAIs) (Brownlee et al., 2006; Zolensky et al., 

2006; Zolensky et al., 2008; Bridges et al., 2010; Joswiak et al., 2012). Kosmochloric 

(Ko-, meaning enriched in Na and Cr) high-calcium pyroxene grains have been 

identified, and Kool (Ko-olivine) grain populations (Joswiak et al., 2009). Material 

similar to glass embedded metal and sulphides (GEMS) has been seen but cannot 

unambiguously be proven indigenous to the comet rather than formed from possible 

reaction with the melted aerogel (Ishii et al., 2008).  

Finding refractory minerals, chondrule-fragments and CAI-like particles in comet Wild 

2 was a surprise, as these materials are thought to have formed in the early hot inner 

Solar System. The discovery that up to 10% of comet Wild 2’s mass may have been 

transported from the inner Solar System to the cold outer comet-forming regions 

provides evidence for widespread mixing in the early Solar System (Brownlee et al., 

2006).  

Chondrules are ferromagnesian 

igneous droplets up to one 

millimetre in size that experienced 

flash heating and fast-cooling, 

usually composed of olivine and 

low-Ca pyroxene in a feldspathic 

glassy mesostasis (Fig. 5.1) (Scott 

& Krot, 2007). Type 1 magnesian 

chondrules are thought to have 

formed in a reducing environment, as they have large amounts of metallic iron as FeNi-

metal and iron sulphide (predominantly troilite, FeS) nodules and very little iron oxide 

(Fig. 5.1). Thus, compositions close to forsterite (Mg2SiO4) and enstatite (MgSiO3) are 

usually seen for olivine and pyroxene respectively, with Mg# over 0.9, where Mg# = 

Mg/(Mg+Fe) (Jones et al., 2005). The glassy mesostasis usually has a feldspathic 

Fig. 5.1. Constituents of a ~1 mm ferromagnesian chondrule 

(Jones et al., 2005). 

. 
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plagioclase composition and was the last liquid to solidify as the chondrule cooled 

(Jones et al., 2005). Over 95% of chondrules in CV, CR, CM and CO carbonaceous 

chondrites are type 1 (Scott & Krot, 2007). 

Type 2 chondrules, with Mg# less than 0.9, are thought to have formed under more 

oxidising conditions, so their pyroxene and olivine contains more FeO and they are 

generally more volatile rich (Jones et al., 2005). Chondrules are often described and 

grouped further by their textural properties, but as there is no textural context for the 

Stardust comet grains, discussion is restricted to comparing their compositions. 

An experimental study suggest that type 1 chondrules may be precursors for type 2, and 

that chondrules could have formed in vapor plumes from impacts on planetesimals, 

with the most oxidising conditions experienced closest to the plumes (Villeneuve et al., 

2015). Other possible chondrule formation mechanisms are discussed in section 4.1.5. 

The terminal grains found in aerogel tracks are thought to be the most pristine material 

captured from comet Wild 2, as they are the largest grains that retained their integrity 

through the capture process, suffering less melting than fragments found along track 

walls (Bridges et al., 2010). Section 4.1.5 describes the material further and compares 

mineralogical resemblances with carbonaceous chondrites and interplanetary dust 

particles (IDPs). 

Analytical transmission electron microscopy has been highlighted as one of the most 

important techniques available to determine modal mineralogy and concentrations of 

minor phases in the cometary tracks, look for evidence of aqueous alteration, determine 

the distribution of iron in olivine, and whether samples are crystalline or amorphous 

(Westphal et al., 2017). Together with isotopic results from other high precision 

techniques, these can be compared with other analyses of extraterrestrial materials in 

order to learn what comets are made of, how and where they may have formed, and 

how material might have been transported and mixed in the protoplanetary disk 

(Westphal et al., 2017). 

5.2 Samples and methods 

Stardust terminal grains from tracks #77, #81, #108 and #153 were ultramicrotomed 

and mounted on grids by the Johnson Space Center for transmission electron 

microscopy (TEM) study. These samples were borrowed for this study and are all type 
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B tracks (section 4.1.4.1). This work examines five grains, comparing their mineralogy 

with previous studies.  

Procedures were developed for excavating individual grains as small as 3 µm using 

microneedles, extracting them with microtweezers and embedding them in an epoxy 

resin (Embed-812) before ultramicrotoming them (Westphal et al., 2002; Westphal et 

al., 2004). Microtomed slices that were electron transparent (70-100 nm thick) were 

then mounted onto copper TEM grids. A later refinement using acrylic resin instead of 

epoxy has the advantage of being soluble and reversible, so that carbon and insoluble 

organics can be analysed (Matrajt & Brownlee, 2006). 

This section describes the samples using the JSC documentation where available. 

Details of the TEM and calibration procedure used for STEM-EDX are in sections 

2.2.4, 2.2.5, and 2.2.6. 

5.2.1 Track #77, terminal grain 1 (Tg1) 

Samples 2009-20-77-1-6 and 2009-20-77-1-12 

were provided from the twentieth aerogel 

keystone containing track #77, being TEM grids 

6 and 12 made from microtoming Tg1. Grid 6 is 

shown in Fig. 5.2; no images were available of 

grid 12. 

Both grids were previously allocated to D. 

Brownlee (30 December 2006) (NASA-JSC, 2018). Tg1 was also named Puki, Puki-A, 

and Puki-1, Puki-2 (7 µm x 4 µm), Puki-3 for different fragments/slices of the terminal 

grain (Matrajt et al., 2007; Brownlee et al., 2010; Joswiak et al., 2009). TEM of Tg1 

has diopside and Fe-olivine (Matrajt et al., 2007). Time-of-flight secondary ion mass 

spectrometry (TOF-SIMS) work on TEM grid 11 (2009-20-77-1-11) reported Mg-rich 

olivine and noted the bulk Si/Mg ratio of 1.1 was near to chondritic values (Stephan, 

2009). Puki contains Fo62-67, a one µm grain of  Ko-diopside and FeNi/FeS nanobeads 

in a SiO2 melt rim and thus is described as a Kool-grain (Brownlee et al., 2010; 

Joswiak et al., 2012). Full analysis of further fragments from track #77 was reported by 

Joswiak et al. (2012) and XANES of Fe metal of 53 fragments from track #77 was 

examined by  (Ogliore, 2010).  

Fig. 5.2. Grid 6 (2009-20-77-1-6) has five 

slices. 
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5.2.2 Track #81, terminal grains 1 and 2 

 

Fig. 5.3. Track #81, type B, length 2040 µm, with the Stardust grains entering the aerogel from the left 

hand side, with terminal grain 1 (Tg1) and terminal grain 2 (Tg2). Image: K. Nakamura-Messenger, 

NASA-JSC. 

Samples 2092-7-81-1-4 and 2092-7-81-1-7 were provided from the seventh aerogel 

keystone containing track #81 (Fig. 5.3), being TEM grids 4 and 7 made from 

microtoming terminal grain 1. TEM grid 4 contains slices 13 to 18 and TEM grid 7 

contains slice 22  of this grain, numbered by JSC (Fig. 5.4). 

An extra grid was stuck to the first sample, which has been identified as the 5
th

 TEM 

grid of terminal grain 2, sample 2092-7-81-2-5. This contains four slices (Fig. 5.5). 

  

Fig. 5.4. Optical micrographs of (Left) 2092-7-81-1-4: Slice 13 is only 30 nm thick, no useful data 

collected. Slice 14 overlaps the copper grid. Slice 15, no grain was found. Images and EDX 

measurements were collected from slices 16-18.  (Right) 2092-7-81-1-7: Slice 22. Images: NASA-JSC. 

Terminal grain one (Tg1) from #81 was recorded as ~15×20μm (2092-7-81-1-0) and 

named Pyxie or F1/T81 (Nakashima et al., 2012; Nakashima et al., 2015). It consists of 

low-Ca pyroxene (En92Wo3) and plagioclase (An65Ab35) (Nakashima et al., 2012; 

Nakashima et al., 2015). Similar analyses were seen from the tenth TEM grid of Tg1 

(2092-7-81-1-10): low-Ca pyroxene En80-95Wo1-8, high-Ca pyroxene En52-63Wo32-38 and 

plagioclase An45-85Ab13-55Or0-2 (Dobricǎ & Brearley, 2011). 
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TEM grid 2092-7-81-1-4 was previously allocated to M. Fries (24 September 2008) 

(NASA-JSC, 2018). Crystalline graphite was identified by Raman spectroscopy, 

though considered likely to have crystallised after contact with molten aerogel, as 

analogue studies indicated graphite would be strongly disrupted by the capture process 

(Fries et al., 2009). 

 

Fig. 5.5. Optical micrographs of 2092-7-81-2-5 with four microtome slices each with part of terminal 

grain 2. Image: NASA-JSC. 
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5.2.3 Track #108, terminal grain 20 

Samples 2081-1-108-20-1 and 2081-1-108-20-3 were provided from the first aerogel 

keystone containing track #108 (Fig. 5.6), being TEM grids 1 and 3 made from 

microtoming terminal grain 20 (Fig. 5.7). This track was 13210 µm long, with 8 stylii 

coming out of the bulb and 30 terminal grains. 

 

Fig. 5.6. Microscope images of track #108, type B, with the Stardust grains entering from the right hand 

side. (Top) length 13210 µm, with 8 stylii coming out of the bulb, containing a total of 30 terminal grains 

(Bottom) Terminal grain 20 is highlighted. Image: NASA-JSC. 

  

Fig. 5.7. Optical micrographs of (Left) 2081-1-108-20-1 with four slices, two containing the terminal 

grain. (Right) 2081-1-108-20-3 with one slice containing the terminal grain. Image: NASA-JSC. 

Terminal grains previously studied from track #108 are 2081-1-108-1, Gozen-sama, 

(40 µm) with two olivine Fo95 grains enclosed in low-Ca pyroxene, En95Fs4Wo1, and 

2081-1-108-7 has pigeonite, En84Fs5Wo11 and low-Ca pyroxene, En97Fs1Wo2 

(Nakamura et al., 2008). 
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5.2.4 Track #153, terminal grain 2 

Samples 2035-3-153-2-7 and 2035-3-153-2-8 were provided from the third aerogel 

keystone containing track #153, being TEM grids 7 and 8 made from microtoming 

terminal grain 2 (Fig. 5.8). The microtome slices are numbered here as slices 1 to 9 for 

grid 7 and slices 1 to 7 for grid 8. 

Grid 7 contained nine microtome slices but only slices 1, 4, 5 and 7 were observable as 

the others overlapped the copper grid (Fig. 5.8B). Grid 8 contained seven slices, where 

six of them could be analysed with the TEM (Fig. 5.8C). 

  

Fig. 5.8. Optical micrographs of (A) Track #153 made by Stardust grains entering the aerogel from the 

top, causing the bulbous type B cavity seen. Terminal grain 2 is 6 µm. The track length is 1131 µm, the 

bulb width 29 µm and depth 530 µm. (B) Sample 2035-3-153-2-7 contains nine slices. (C) Sample 2035-

3-153-2-8 contains seven slices. Images: NASA-JSC. 
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5.3 Results 

As the silica aerogel has often partly melted and mixed with the captured Stardust 

grains, it is very hard to measure indigenous Si, present in the cometary grains, 

precisely (Zolensky et al., 2006; Leroux, Rietmeijer, et al., 2008; Jacob et al., 2010). 

Some of the silicate mineralogy observed in this section is not stoichiometric for that 

reason, but as the proportions of other minerals should not change, this does not hinder 

reporting and discussing the pyroxene, olivine and feldspar grains found. 

5.3.1 Terminal grain 1 from Track #77 

Grid 6 (2009-20-77-1-6) contains a terminal grain slice, imaged with DF and BF 

mosaic images in Fig. 5.9. This was identified to be the same as the fragment examined 

previously by Joswiak et al. (2012) (Fig. 5.9C), with mineralogical information also 

available from their studies in the Stardust sample database (NASA-JSC, 2018). 

  

Fig. 5.9. (A) Dark field image and (B) Bright field image of 2009-20-77-1-6, mainly Fo71-73, some 

En77Fs21Wo2. (C) Labelled image of the slice by Joswiak et al. (2012). 

STEM-EDX point measurements gave a range of olivine Fo69-73 and the Ko-diopside 

grain was measured to be En52Fs11Wo37 (Table 5.1). Comparable measurements from 

Puki-2 have a slightly lower olivine range Fo62-67 (Joswiak et al., 2012) (Table 5.1). 

Grid 12 has a slice of the terminal grain (Fig. 5.10A). STEM-EDX maps have Mg, Si 

and Fe throughout with no other major element contribution (Fig. 5.10B). Three 

measurements across the grain report olivine Fo70-73 (Table 5.1). No area of high 

calcium or possible diopside was seen in this slice of the grain. 
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Fig. 5.10. (A) Bright field image of 2009-20-77-1-12. (B) EDX map of A with olivine Fo70-73. 

Table 5.1. Normalised STEM-EDX data for olivines and pyroxenes identified, compared with previous 

measurements. 

 77-1-6 77-1-12 77-1-6  Puki-A* Puki-A* 

 olivine olivine Ko-diopside  olivine Ko-diopside 

SiO2 37.8 37.9 59.3  37.4 56.4 

TiO2      0.3 

Al2O3   0.9  0.2 0.5 

Cr2O3 0.5 0.4 1.3  0.1 1.4 

FeO 25.6 26.0 6.1  27.5 6.7 

MnO  0.3   0.4 0.2 

MgO 36.2 35.2 15.7  34.3 14.2 

CaO  0.2 15.7  0.2 19.4 

Na2O   1.0   1.0 

Total 100.1 100.0 100.0  100.0 100.0 

Si/O 0.25 0.25 0.35  0.25 0.34 

Mg# 71.6 70.6   69.2  

En %   51.7   44.3 

Fs %   11.2   12.4 

11.4 Wo %   37.0   43.7 

*(Joswiak et al., 2009)      

Further material in a different slice of grid 6 has very small iron sulphide beads, 

measurements suggest Fe0.95S, though there is Si contamination. 
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5.3.2 Terminal grain 1 from Track #81 

Grid 4 (2092-7-81-1-4) was examined. Slices 13 and 15 were noted to be only 30 µm 

thick (JSC). No useful data was obtained from slice 13, and the grid appeared ripped 

and no grain could be found in slice 15. The grain in slice 14 was mounted on top of 

the copper grid so no measurements could be made. The grain was found in slice 16 

(Fig. 5.11), slice 17 (Fig. 5.12) and slice 18 (Fig. 5.13). Grid 7 (2092-7-81-1-7) was 

examined and the grain was found in slice 22 (Fig. 5.14).  

 

   

Fig. 5.11. (A) BF image of 2092-7-81-1-4 slice 16 of a terminal grain with an area of ~16 µm x 12 µm. 

(B) DF image of bottom left of A consisting mainly of pyroxene. (C) EDX map of area in D with Al 

indicating feldspar, Mg for pyroxene, and the iron rich area also contains sulphur, Fe0.82S. (D) DF image 

showing the area in C, from the bottom right of A. 
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Pyroxene, feldspar and iron sulphide 

were found in all four slices and no 

olivine was seen, similar to previous 

studies (Nakashima et al., 2015; 

Dobricǎ & Brearley, 2011). The 

pyroxene is enstatite with a range of 

En85-97Fs2-9Wo0-11 from thirty-one 

stoichiometric measurements. The 

plagioclase feldspar has a range of 

Ab29-64An36-71Or0 from twenty-eight 

stoichiometric measurements. Table 

5.2 gives representative measurements from each slice. 

Table 5.2. Normalised STEM-EDX data for pyroxenes and feldspars identified. 

Slice 16 16 17 17 18 18 22 22 

 px fp px fp Px fp Px fp 

Data pt 15-70 15-57 2-8 1-2 11-59 12-62 5-15 2-6 

SiO2 57.4 56.3 57.4 53.3 57.9 53.1 57.7 53.5 

TiO2       0.1  

Al2O3 1.1 24.6 2.3 30.1  30.7  30.9 

Cr2O3 1.2  1.0  1.0  1.1 0.4 

FeO 2.0 1.2 1.3  2.6  3.6 0.3 

MnO 0.5    1.0  0.9  

MgO 36.9  32.6  37.0  36.2  

CaO 1.0 14.1 4.7 9.8 0.5 8.3 0.5 10.3 

Na2O  3.7  5.7  7.9  4.6 

Total 100.1 99.9 99.9 100.0 100.0 100.0 100.1 100.0 

Si/O 0.33 0.32 0.33 0.30 0.33 0.30 0.33 0.3 

(Mg+Fe+Ca)/Si 1.00  0.96  1.00  1.00  

En % 95.3  88.5  95.3  93.9  

Fs % 2.9  2.2  3.7  5.2  

Wo % 1.8  9.2  1.0  0.9  

Ab %  32.2  51.4  63.4  44.5 

An %  67.8  48.6  36.6  55.5 

Or %  0.0  0.0  0.0  0.0 

Fig. 5.12. BF image of 2092-7-81-1-4 slice 17 of a 

terminal grain showing material with an area of ~4 µm 

x 2.5 µm. 
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Fig. 5.13. (A) Gatan image of 2092-7-81-1-4 slice 18 of  terminal grain material with an area of ~19 µm 

x 14 µm. (B) DF image of the blue rectangle area from A with four stoichiometric enstatite analyses 

locations (red). (C) DF image with STEM-EDX map of an Fe0.8S pyrrhotite droplet (left), from the red 

rectangle area in A. 

 

 

 

Fig. 5.14. BF images of (A) 2092-7-81-1-7 slice 22 of terminal grain material with an area of ~28 µm x 

14 µm. (B) A STEM-EDX map for the blue rectangle area in A: Al indicates plagioclase Ab42-48An52-58, 

Mg shows Px En95Fs4Wo1, Fe is metal and pyrrhotite Fe0.9S. (C) STEM-EDX map for the red rectangle 

area in A: Al indicates plagioclase Ab52An48, Mg shows Px En94Fs5Wo1, Fe shows pyrrhotite Fe0.8S. 
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5.3.3 Terminal grain 2 from Track #81 

A-BF  A-DF  

B-BF  B-DF  

C-BF  
C-DF  

D-BF  D-DF  

Fig. 5.15. BF and DF images of the four slices A-D from terminal grain 2 (2092-7-81-2-5) with abundant 

small Fe-Ni-S beads. 
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Fig. 5.16. Slice B contains the largest Fe metal sphere with an iron sulphide rim (red box area from Fig. 

5.15B-BF). 

Grid 5 (2092-7-81-2-5) was examined (Fig. 5.5). The grain was found in all four slices, 

all containing abundant Fe-Ni beads with iron sulphide rims (Fig. 5.15). EDX 

compositions of these are plotted in Fig. 5.23 with a compositional range of Fe50-89Ni3-

9S1-46. A few analyses showed near-troilite compositions but the majority of the 

analyses varied with lower sulphur content, indicative of capture heating effects 

liberating some of the volatile sulphur. The EDX map (Fig. 5.16) contains one of the 

largest Fe-Ni beads with an iron sulphide rim. 
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5.3.4 Terminal grain 20 from Track #108 

Grid one (2081-1-108-20-1) had two slices of the terminal grain (Fig. 5.7). Some Mg 

and Si was observed along the top area, with one fragment containing Ni-Ti (Fig. 

5.17B). However, counts were very low, so no stoichiometric identifications could be 

made. 

  

Fig. 5.17. (A) BF image of the grain (2081-1-108-20-1). (B) EDX map of the top part of the grain 

showing the darker material in A. 

Grid 3 (2081-1-108-20-3) had one slice of the terminal grain (Fig. 5.18A). EDX spectra 

for parts of the grain report high Fe (39-45 at%) with some Ni (1-5 at%) though also 

high Si (10-20 at%) contamination from the aerogel (Fig. 5.18B). EDX spectra gave 

low counts and SiO2 was predominantly identified elsewhere in this grain, as there was 

little surviving material. No evidence was found for olivine or pyroxene, observed in 

other terminal grains in this track (Nakamura et al., 2008). 

  

Fig. 5.18. (A) Gatan image of the slice from grid 3 (2081-1-108-20-3). (B) DF image of part of the slice 

in A (red box).   
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5.3.5 Terminal grain 2 from Track #153 

EDX spectra for grid 7 (2035-3-153-2-7, Fig. 5.8B) slice 4 contained TiO2 (Fig. 

5.19A). A grain was found in the expected location for slice 1 but the EDX counts were 

too low to identify any minerals (Fig. 5.19B). The locations for slices 5 and 7 were 

examined but no convincing Stardust material was observed. 

  

Fig. 5.19. (A) BF image of #153-2-7, slice 4. (B) DF image of #153-2-7, slice 1. 

Grid 8 (2035-3-153-2-8, Fig. 5.8C) had grain fragments in slice 1 (Fig. 5.20). The EDX 

spectra for both fragments contained Fe (35 to 46 at%), Ni (16 to 22 at%), Cr (17 to 22 

at%) and Mn (1.1 to 1.7 at%) (Fig. 5.20A,C).  

   

Fig. 5.20. (A) EDX of the lower left grain in image B. (B) BF image of slice 1 on grid 8. C) EDX of the 

upper middle grain in image B. All particles contain TiO2. 
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5.3.6 Comparisons of mineralogy with previous results 

Stardust grains contain both low-Ca pyroxene, mainly enstatite, and high-Ca pyroxene 

(Fig. 5.21). All observed pyroxene is Mg-rich. Pyroxene and olivine, within the same 

Stardust grain, have a similar proportion of magnesium compared with iron, 

Mg/(Mg+Fe)%. Joswiak et al (2009) noted that tie lines between the average 

composition of co-existing pyroxene and olivine, for different grains, do not cross. This 

suggests that the Fe-Mg in pyroxene and co-existing olivine shared a similar evolution.  

 

Fig. 5.21. Pyroxene quadrilateral and line plot of olivine forsterite% with STEM-EDX compositions of 

the Stardust grains studied here, #77 (Table 5.1) and #81(Table 5.2), and previous measurements from 

the literature, compared with pyroxene in chondrules in different carbonaceous chondrites, types CV, 

CR, CO and CM. # = track number, Tg = terminal grain. 
1
TEM (Joswiak et al., 2012), 

2
(Joswiak et al., 

2009), 
 3

EPMA (Nakashima et al., 2015), 
4
TEM (Dobricǎ & Brearley, 2011), 

5
EPMA (Nakamura et al., 

2008), 
6
STEM(Stodolna et al., 2012) 

7
TEM (Jacob et al., 2010), 

8
TEM (Leroux, Jacob, et al., 2008). 

9
Brearley & Jones (1998). 

The range of olivine in Fig. 5.21 is comparable with the measurements of olivine in 

Stardust and a CR2 meteorite powder together with their relative abundances (Fig. 

4.13). Track #77 olivine Fo69-73 has a rarer higher iron content compared to more 

abundant Fo90-100 Stardust olivine compositions (Fig. 4.13) and the co-existing Ko-

diopside grain was En52Fs11Wo37. The terminal grain compositions from this study 

have parallel tie-lines between their olivine and pyroxene compositions when compared 

with other fragments from track #77 (Fig. 5.21) (Joswiak et al., 2009). 
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Fig. 5.22. Feldspar ternary with STEM-EDX compositions of the Stardust grains studied here and 

previous measurements from the literature, compared with feldspar in chondrules in different 

carbonaceous chondrites, types CV3, CR2, and CO3. # = track number, Tg = terminal grain. 
1
TEM 

(Joswiak et al., 2012), 
2
(Joswiak et al., 2009), 

 3
EPMA (Nakashima et al., 2015), 

4
TEM (Dobricǎ & 

Brearley, 2011) 
5
Brearley & Jones (1998).  

Feldspar observed in Stardust and carbonaceous chondrites is usually plagioclase, with 

negligible orthoclase content (Fig. 5.22). Crystalline plagioclase or feldspathic glassy 

mesostasis is susceptible to aqueous alteration, thus feldspathic compositions are rarely 

seen in aqueously altered CM chondrites. The range of compositions seen in Stardust is 

similar to that seen in chondrules, with CR chondrites being the closest match (Fig. 

5.22). 

Track #81 low-Ca pyroxene is nearly pure enstatite En85-97Fs2-9Wo0-11, overlapping 

with pyroxene compositions of CV, CR, CO and CM chondrules (Fig. 5.21). The Ab29-

64An36-71 composition of the #81 plagioclase overlaps with plagioclase seen in CR 

chondrules (Fig. 5.22). Small spheres of Fe-Ni-S, pyrrhotite, were also observed in #81 

(Fig. 5.23). 
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Fig. 5.23. Fe-Ni-S ternary with STEM-EDX compositions of the Stardust grains studied here and 

previous average measurements from the literature, 
1
TEM (Leroux, Rietmeijer, et al., 2008). # = track 

number, Tg = terminal grain. 

Troilite (FeS) and pyrrhotite (Fe0.8-1S) are present in Stardust tracks #77 Tg1 and #81 

Tg1, though there is also a large scatter of analyses with a range of Fe50-89Ni3-9S1-46,  

(Fig. 5.23). This is likely due to effects of capture heating leading to loss of some of the 

volatile sulphur content (Zolensky et al., 2008). Thirteen fragments studied previously 

showed similar scatter, with one track also having more Ni-rich material 

(C2054,0,35,24, fragments 1 and 7) (Leroux, Rietmeijer, et al., 2008). The average 

composition of 11-59 analyses for each fragment was plotted for comparison here 

(Leroux, Rietmeijer, et al., 2008). 

Only troilite and pyrrhotite are present in anhydrous chondritic IDPs, with hydrous 

chondritic IDPs having Ni-rich sulphides such as pentlandite (Zolensky & Thomas, 

1995). 
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5.4 Discussion  

5.4.1 Chondrule-like fragments 

Track #77 Tg1 contains olivine throughout two slices with one grain of diopside. Track 

#81 Tg1 has enstatite and andesine assemblages in all four slices of the terminal grain. 

These mineral assemblages are similar to those seen in chondrule fragments. 

The low-Ca pyroxene En85-97Fs2-9Wo0-11 in the terminal grain of track 81 is similar to 

that seen in type 1 chondrules. Type 1 (low-iron) chondrules are the most abundant, 

and present in all chondrite types (Jones et al., 2005). Oxygen isotope analyses of 

Stardust grains overlap with oxygen isotopes seen in carbonaceous chondrite, and 

distinguishes them from oxygen isotopes in ordinary chondrites, rumuruti and enstatite 

chondrites (Nakamura et al., 2008; Nakashima et al., 2012). Both low-Ca pyroxene and 

high Ca-pyroxene in carbonceous chondrites have similar compositions for the 

different types (CV, CR, CM, CO) so it is not possible to distinguish further or suggest 

a closer affinity with one type than another (Fig. 5.21).  

Anhydrous IDPs were found to be the closest match for the large range of low-Ca 

pyroxene from Fs0 to Fs48 observed in seven Stardust tracks (Zolensky et al., 2008), 

broader than the range seen in most chondrites. The Fe-rich pyroxenes observed in 

Stardust may instead have affinities with chondrite matrix that also has a broader range 

of pyroxene compositions, though more accurate compositional data for chondrite 

matrix minerals via TEM analyses is needed for comparisons (Zolensky et al., 2008). 

The range of Fe-rich olivine in Stardust also suggests similarities with chondrite 

matrix, particularly with aqueously altered matrix of CM, CO and CI chondrites 

(Zolensky et al., 2008). A larger study of the fayalite content (mol%) of thirty-six 

particles from twenty-six Stardust tracks were compared with both ordinary and 

carbonaceous chondrite matrix (Frank et al., 2014). This study concluded that the FeO-

rich olivine observed was more similar to type II chondrules (Frank et al., 2014). 

The plagioclase Ab29-64An36-71 in the terminal grain of #81 suggests a closer affinity 

with plagioclase seen in CR2 chondrules, as CV3 and CO3 compositions from other 

studies usually have a higher anorthite content, above An60.  
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Chondrule-like fragments have been seen in multiple tracks in comet Wild 2 grains 

Previous reports include fragments resembling both type 1 and type 2 ferromagnesian 

chondrules (Nakamura et al., 2008; Gainsforth et al., 2015; Joswiak et al., 2012), Al-

rich chondrules in tracks #154, #130 (Joswiak et al., 2009; Bridges et al., 2012; Joswiak 

et al., 2017). Five refractory-rich CAI-like particles were all found in type B tracks 

(Joswiak et al., 2017). 

The presence of chondrule fragments and CAIs indicates that these refractory materials 

were present both in the inner Solar System regions where asteroids accreted, and in the 

outer regions where comets formed, as discussed in section 4.4.5. It is difficult to 

model a high temperature process in the outer Solar System that could have made a 

range of material so similar in composition to chondrules formed in the inner Solar 

System (Westphal et al., 2017). Thus, the presence of chondrule fragments in comet 

Wild 2 strengthens the evidence for models of large-scale mixing in the early Solar 

System. 

5.4.2 Fe-Ni metal and sulphides 

Four slices of Tg2 from track #81 contain numerous nanophase Fe, Ni metal beads with 

Fe sulphide rims (Fe50-89Ni3-9S1-46), similar to compositions in tracks previously studied 

(Leroux, Rietmeijer, et al., 2008; Joswiak et al., 2012).  

Laboratory experiments firing pyrrhotite grains into aerogel, similar to the Stardust 

capture process, demonstrated that sulfide-metal beads formed in silicate glass (Ishii et 

al., 2008). These sulfide-metal beads resemble GEMS-like objects, making it hard to 

definitively identify GEMS in Stardust, as the beads may just be an affect of capture 

heating (Stodolna et al., 2012). Further work, investigating fine-grained GEMS-like 

material thought to have been shielded by a larger terminal particle, also concluded the 

material was likely created by the effects of deceleration and heating in the aerogel 

(Ishii, 2018). 

CR, CV, CO chondrites have up to 8 vol% Fe and Ni metal, whereas CI, CM and CK 

chondrites have less than 0.1 vol% Fe and Ni metal (Krot et al., 2009). Fe-Ni metal has 

been observed here in the two Stardust terminal grains of track 81, and terminal grain 2 

of track #153 contains Cr-rich Fe-Ni metal. Fe or Fe-Ni metal was also seen in terminal 

grains 1 and 2 of track #176 studied previously at the Diamond Light Source (Hicks, 
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2015). This provides further evidence for CR, CV and CO chondrites being closer 

analogues for Stardust than the other types of carbonaceous chondrites. 

5.4.3 Limitations and future investigations 

As more Stardust tracks have been analysed, it has become apparent that further 

information is needed for the elemental compositions of chondrite matrix, 

micrometeorites and silicates in IDPs, in order to have high quality data sets available 

to compare with the wide range of materials seen in the comet grains (Zolensky et al., 

2008).. More TEM work on chondrite matrix is needed as it is too fine-grained for 

microprobe analyses to be useful (Zolensky et al., 2008). 

The lack of any textural evidence for the Stardust grains prevents any textural 

comparisons with chondrule or IDPs. Although the Stardust mission represents a huge 

step forward in collecting the first samples of pristine cometary material and showing 

the heterogeneous nature of comet Wild 2, the next generation of asteroid sample return 

missions will hopefully successfully return samples collected in-situ. This will remove 

the difficulties associated with distinguishing between capture heating effects due to the 

high speed impact into aerogel, and original material. 
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6 CONCLUSIONS 

This chapter discusses the key results obtained from the techniques employed, as set 

out in the earlier chapters, together with suggestions for future work. Advancements in 

techniques and instrumentation for sample analysis are reviewed. The future for 

planetary material analysis is reviewed in the context of present and future meteorite 

discoveries and space missions that will lead to new discoveries in planetary science. 

6.1 Thermal history of martian meteorites 

The analysis of the martian breccia described in Chapter 3 shows the power of using a 

variety of complementary techniques to analyse small valuable samples, enabling a 

large amount of information to be obtained. 

The work in this thesis has provided constraints on the formation conditions of this 

breccia, Northwest Africa (NWA) 8114, near an impact crater on Mars. The 

combination of transmission electron microscopy with synchrotron X-ray absorption 

spectroscopy (XAS) confirmed that clasts showing the partial breakdown of pyroxene, 

into a potassium-bearing feldspathic glassy material and iron oxide, were also partially 

oxidised, ~20% Fe
3+

/ ΣFe. Subsequent Fourier transform infrared spectroscopy (FTIR) 

investigations indicated that these clasts were anhydrous. Compared with shock 

oxidation experiments, this suggests the pyroxenes experienced temperatures above 

700 °C for at least 7 days. This temperature could have occurred at a burial depth in the 

regolith of over five metres. The lack of alteration detected with the range of techniques 
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used, together with the general absence of hydration seen with FTIR, suggests the 

breccia did not experience significant hydrothermal alteration on Mars. 

Synchrotron X-ray diffraction (XRD) and FTIR allowed the precise determination of an 

iron oxide to be goethite. Different iron oxides and iron hydroxides are difficult to 

distinguish with any other technique, so this is important for mineralogists, particularly 

with such small extra-terrestrial samples. In this instance, the goethite is most likely to 

have formed due to terrestrial alteration rather than martian alteration. Following up 

this identification of goethite with deuterium-hydrogen analyses, using an ion 

microprobe or nanoscale secondary ion mass spectrometry, could resolve the origin of 

the water in the breccia.  

A detailed trace element study would also help resolve the similarities and differences 

between clasts in the breccia, and which clasts may have shared a similar thermal 

history before compaction of the breccia. 

This work will contribute towards a better understanding of this heterogeneous breccia 

and its thermal history. The detailed compositional study of NWA 8114 will be useful 

for comparisons with studies of rocks on Mars by the Mars Science Laboratory 

Curiosity rover, and for comparisons with other martian meteorites, as we continue to 

identify more. 

6.2 Magnetite and silicates identified in comet Wild 2 

XAS and XRD have been used to identify the mineralogy of further Stardust comet 

grains and compare them with carbonaceous chondrite analogue samples, extending the 

work of Changela et al. (2012) and Hicks (2015). Five out of seven carbonaceous 

chondrite terminal grains were identified, two contained magnetite and three contained 

olivine (Chapter 4).  

Magnetite is a likely result of water-rock interaction on the comet, although other 

possibilities are also discussed (section 4.4.3). Finding magnetite in two out of five 

grains, albeit a small sample, is unexpected when magnetite comprises no more than 

~1% of the original CR2 or CV3 material. This evidence suggests a density selection 

bias, where magnetite, a coherent high density mineral, is preferentially preserved 

during the capture process. If this is the case, it also implies that low density 
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phyllosilicates in Stardust grains, if present in comet Wild 2, may be preferentially 

destroyed during capture. 

Further cometary missions are needed to understand the presence or absence of 

phyllosilicates in comets, and the extent to which aqueous alteration processes occur on 

comets and throughout the Solar System. 

Chondrule-like fragments rich in feldspar and pyroxene have been observed by TEM in 

Stardust terminal grains in Chapter 5. The large range of pyroxene and olivine 

compositions, particularly the more iron-rich, suggest affinities with the rarer type 2 

chondrules as well as type 1 chondrules being represented by the enstatite and forsterite 

found. A range of iron sulphide and metal beads were also found in terminal grains, 

indicating pyrrhotite was originally present, although capture heating effects have led 

to a loss and variable range of sulphur content. 

This work adds to the database of characterised Wild 2 comet grains that have 

transformed original ideas of comets being icy bodies, and demonstrates widespread 

mixing must have taken place in the early Solar System. Missions to asteroids and 

comets in the future will help to match meteorites to parent bodies, and sample-return 

missions, with context, will provide further constraints on when and where planetary 

bodies formed, and refine possible Solar System formation models such as the Grand 

Tack, discussed in Chapter 4. 

6.3 Advancement in sample analysis capabilities 

Work is always ongoing at synchrotrons to improve and extend the capabilities offered 

to users. The I-18 beamline has had a number of upgrades; in early 2017 the X-ray 

fluorescence (XRF) mapping software was rewritten, which combined with new 

Xspress-3 detector readout electronics, allow for two-way scanning (Diaz-Moreno et 

al., 2018). This avoids the overhead of wasted time in resetting at the end of each row 

when mapping. Both XRF and XAS mapping are considerably faster as a result. 

The hard X-ray nanoprobe I-14 beamline at Diamond Light Source came online for first 

users in March 2017. The beam size of just 50 nm with a range of 5 keV to 23 keV is 

optimised for XAS, XRF and XRD, and is achieved by maximising the distance 

between the sample and the focusing optic (~185 m), with the experiment hutch (Fig. 

6.1) and control cabin in a new building. Samples can be mounted on both 3 mm 
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circular TEM grids and Omniprobe half grids, or on silican nitride membranes. The 

University of Leicester have already utilised it once in September 2018 to study further 

martian and other meteorite samples, as well as some grains returned from an asteroid 

by the Hayabusa mission. Studies of the martian breccia using I-14 would enable 

further investigation of the smallest clasts and matrix, that are not resolvable with I-18. 

 

Fig. 6.1. The I-14 nanoprobe beamline at Diamond Light Source (Image: J. Piercy). 

6.4 The future for planetary materials 

This section discusses the future for planetary materials. Developments in the search 

for meteorites are noted, and a brief overview of some of the latest martian meteorite 

discoveries is given, together with planned future martian sample return missions. The 

collection and curation of interplanetary dust particle (IDP) and Stardust samples for 

future study are considered. Finally, it reviews the current active and proposed space 

missions to asteroids, comets and the Moon. 

Many space missions have allowed remote sensing measurements of planetary bodies, 

including asteroids and comets, and in-situ surface measurements on the Moon and 

Mars. However, returning more samples for detailed laboratory analysis on Earth 

would greatly assist in understanding the evolution of the Solar System. Accurate 

compositional measurements and isotope analysis provide constraints as to where and 

when meteorites could have formed in the Solar System, but pristine samples from 
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asteroids and comets with their context are needed, to match meteorites to parent 

bodies. 

For example, only rocks from Earth and the Moon have been dated accurately, and the 

Curiosity rover Sample Analysis at Mars (SAM) instrument obtained an age of 4.21 ± 

0.35 Ga (K-Ar) for a mudstone in Gale crater (Farley et al., 2014). Meteorites have also 

been dated accurately, but apart from lunar and martian meteorites, parent bodies have 

not been conclusively identified. Surface ages for the outer planets and moons currently 

rely on crater counting techniques that use an estimate of the collision flux in the early 

Solar System, which is hard to constrain accurately. Returning samples with context 

from Mars, asteroids and further planetary bodies would allow for accurate surface 

dating. 

6.4.1 New meteorites 

Meteor tracking networks such as ‘Fireballs in the Sky’ are expanding operations from 

Australia to the UK, and comparable systems are resulting in many more meteorites 

being found as a result of witnessed falls. In the last eight months these systems have 

led to success in finding eight new falls globally. This is important for science because 

if the meteorites are found quickly, they spend minimal time on the Earth’s surface and 

are less likely to undergo terrestrial weathering. This is particularly important when 

trying to resolve whether reactions took place on a parent body or on Earth.  

6.4.1.1 New discoveries of martian meteorites 

Further unusual martian shergottites have been discovered in the last few years. NWA 

8159 is a single 150 g stone purchased in 2013 (Ruzicka et al., 2015) and NWA 10416 

is a 964.8 g stone purchased in 2015 (Bouvier et al., 2017). Both are martian because of 

their characteristic oxygen isotopes, Fe/Mn ratios and An-content in plagioclase. A 

preliminary age of 400-500 Ma (
40

Ar-
39

Ar) for NWA 10416 has been suggested, 

similar to other shergottites (Cassata et al., 2016). NWA 8159 has a formation age of 

2.37 ± 0.25 Ga (Sm-Nd; Herd et al., 2017), and could be launch-paired with NWA 

7635, a 196 g martian meteorite purchased in 2012, age 2.403 ± 0.140 Ga (Sm-Nd; 

Lapen et al., 2017). This Amazonian older age is different to the rest of the younger 

shergottites (all <500 Ma) so samples a second igneous suite of rocks from Mars. 

Although they are classed as shergottites, NWA 10416 and NWA 8159 are far less 
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shocked than other shergottitites. NWA 10416 has <10% and NWA 8159 has <50% of 

the plagioclase converted to maskelynite. Further study of NWA 10416 is being carried 

out at the University of Leicester.  

6.4.2 Interplanetary dust particles (IDPs) 

The range and distribution of compositions of interplanetary dust from all bodies in the 

Solar System represent a challenge to differentiate the origin of the dust between 

cometary, asteroidal and Kuiper belt objects. Understanding the creation, evolution and 

loss of IDPs will help to match particles to their source regions and parent bodies (Espy 

et al., 2011; National Research Council, 2011). 

The stratosphere, between 30 km to 48 km, is the best region for sampling to find IDPs, 

as it is above the levels of contaminating dust from anthropogenic activities. DUSTER 

(Dust in the Upper Stratosphere Tracking Experiment and Retrieval) is a sampling 

device for meteoric dust 200 nm to 40 μm in size in this region (Ciucci et al., 2011; 

Della Corte et al., 2014). It aims to improve the efficiency of collection, to be able to 

cut down the length of time to collect a similar number of particles, by using pumps to 

sample larger volumes of air, and for the collector to operate autonomously.   

Large micrometeorites (> 100 μm) have been collected from rooftops in towns, with 

significant numbers (500) retrieved and identified. Entering the atmosphere causes the 

silicate cosmic spherules to melt, and they are found as magnesian olivine, and iron-

bearing olivine in glass, sometimes with Ni-rich metal sulphide beads (Genge et al., 

2017). 

6.4.3 Stardust samples 

Over 95% of the Stardust grains returned in 2006 are available for analysis (Westphal 

et al., 2017). Plans are underway at the Johnson Space Center to cut keystones from all 

the remaining aerogel cells. Given the specialisation of both sample preparation and 

analysis techniques, it will take time to prepare larger numbers of terminal grains for 

TEM analysis, and access to synchrotrons to examine keystones continues to be 

competitive. However, the data set has been gradually building throughout the last 

decade and there is plenty of material to increase this further and answer some of the 

outstanding questions (Westphal et al., 2017). Some samples will be preserved for 

future generations of scientists and new developments in instrumentation. 
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Co-ordinating future studies of these grains is very important, in order to identify the 

best candidate particles that may help to answer key questions. For example, the lack of 

Al-rich, low-Mg phases has made it challenging to date the age of the cometary 

materials relative to CAIs, and oxygen isotope studies require high-precision analysis 

on small unaltered samples (Westphal et al., 2017). Further use of non-destructive 

synchrotron techniques for compositional analysis will be needed in order to identify 

possible grains that may be suitable for such analysis (Westphal et al., 2017). 

6.4.4 Sample return missions 

Techniques for analysing small samples will continue to be tested and improved from 

sample return missions.  

6.4.4.1 Asteroid sample return missions 

 JAXA’s Hayabusa 2 is currently at type-C asteroid 162173 Ryugu (1999 JU3), 

thought to be similar to the parent body of the CM carbonaceous chondrite meteorites 

(Okada et al., 2017). As carbonaceous asteroids contain some of the most pristine 

materials in the Solar System, detailed spacecraft observation will provide evidence for 

understanding the dynamic evolution of the Solar System, including the origin of water 

and organic compounds (Tachibana et al., 2014). 

Since its arrival in July 2018, it is carrying out an eighteen month survey. High 

resolution images are being taken and studied to select the best landing sites for 

sampling (Fig. 6.2). It will collect up to ten grams of sample from three locations and 

return it to Earth in December 2020. A projectile will be used each time, which impacts 

onto Ryugu’s surface, then reflecting material will be collected by the sampler horn 

(SMP) and placed into one of the three chambers in the sampling container (Tsuda et 

al., 2013). 

Two MINERVA-II1 (Micro Nano Experimental Robot Vehicle for Asteroid) robot 

rovers were successfully deployed to the surface of Ryugu on 21
st
 September, 2018. 

They are designed as autonomous ‘hoppers’, able to move 15 metres in any direction 

and stay afloat for 15 minutes due to the weak gravity. The European MASCOT 

(Mobile Asteroid Surface Scout) 10 kg rover will free fall from about 100 metres to 

land on the asteroid in October 2018, and be able to jump up to 70 metres to explore 
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Ryugu with four scientific instruments (Ho et al., 2017). Another MINERVA-II2 rover 

will deployed in 2019. 

A two metre crater will be generated by a high speed impactor, deployed at an altitude 

of 500 metres and accelerated to 2 kms
-1

 before impact (Saiki et al., 2013). Before 

detonation, the Hayabusa 2 spacecraft will move away to the opposite side of the 

asteroid to ensure no damage is done to the spacecraft (Tsuda et al., 2013). 

    

Fig. 6.2. Asteroid Ryugu from an altitude of: (A) 6 km, taken with the telescopic Optical Navigation 

Camera (ONCT) on 20 July 2018 by the Hayabusa 2 spacecraft, with a 6.5° field of view. (B) ~80 m 

during the Minerva II-1 lander deployment on 21 September 2018, with the shadow of the spacecraft 

clearly visible. Taken with the wide-angle camera (ONC-W), with a 65° field of view, with the north 

pole at the bottom. Credit: JAXA, University of Tokyo and collaborators. 

The OSIRIS-REx (Origins, Spectral Interpretation, Resource Identification, Security, 

Regolith Explorer) NASA spacecraft will rendez-vous with asteroid 101955 Bennu 

(1999 RQ36) in December 2018. This pristine, ~1 km wide, carbonaceous B-type 

asteroid is thought to be most similar to the parent body of the CI or CM meteorites 

(Clark et al., 2011). A spectral investigation found that type CI carbonaceous 

chondrites heated above 700 °C were the closest compositional match for B-type 

asteroids (Clark et al., 2011).  

The spacecraft will study Bennu for eighteen months to allow global mapping, 

extensive documentation of the context of the sample site, as well as ground truth 

astronomical measurements collected for this asteroid and improve estimates of its 

future trajectory and possible impact with another body (Lauretta et al., 2017). The five 

science instruments include imaging cameras, an imaging LIDAR system, a thermal 
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emission spectrometer, a visible and near-infrared spectrometer and an X-ray emission 

spectrometer.A Touch and Go Sample Acquisition Mechanism (TAGSAM) will be 

delivered to within 25 m of the selected sample site and collect an asteroid regolith 

sample between 60 g and 2 kg, by releasing a jet of nitrogen gas to excite the regolith 

into the sample chamber (Bierhaus et al., 2018). In addition to this, there are 24 surface 

contact pads on the TAGSAM that will collect regolith material by trapping particles in 

a velcro steel hook and loop system (Snead et al., 2018). The sample canister will be 

put into the Sample Return Capsule (SRC), based on the Stardust SRC, and return it to 

Earth in September 2023 (Lauretta et al., 2017). 

Work is underway to build new cleanrooms in both Japan and Houston, USA, for the 

future curation of Hayabusa 2 and OSIRIS-Rex asteroid samples (Pace et al., 2018; 

Yada et al., 2018). A memorandum of understanding assigns 10% of the Hayabusa 2 

sample to NASA, and half a percent of the OSIRIS-REx sample to JAXA, 0.1 grams 

and 0.3 grams respectively, if each mission manages to collect its minimum target 

sample. 4% of the OSIRIS-Rex sample will be claimed by Canada in return for their 

contribution of a laser altimeter sensor to the mission. 

Development of techniques for the characterisation, handling and storage for small 

particles, less than 100 microns in size, are underway at the Astromaterials Acquisition 

and Curation office at NASA JSC. Replica OSIRIS-REx contact pads are being tested 

for sample extraction, and tungsten carbide needles have been found the best at 

handling praticles larger than 20 microns (Snead et al., 2018). Custom N2 gloveboxes 

will be designed to accommodate a range of small sample processing requirements 

(Snead et al., 2018). 

6.4.4.2 Cometary sample return mission 

In December 2017, CAESAR (Comet Astrobiology Exploration Sample Return) was 

selected as one of two finalists for NASA’s New Frontiers programme. This would 

neatly combine the legacy from the Stardust and Rosetta missions by returning a 

sample from comet 67P/Churyumov–Gerasimenko, with a “touch and go” sample 

collection mechanism similar to OSIRIS-REx (Fig. 6.3). The wealth of scientific 

context, from the Rosetta mission having already visited the comet, would increase the 

chance of mission success. CAESAR aims to launch by 2025 and return a 100 g sample 

to Earth in 2038, 100,000 times more than returned from Stardust. The mission hopes 
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to protect the sample from alteration and collect it at ambient temperatures, to avoid the 

heat-capture effects seen in the Stardust samples (Glavin et al., 2018). 

 

Fig. 6.3. CAESAR mission concept (Credit: NASA) 

6.4.4.3 Martian sample return missions 

Following on from the ongoing successful Mars Science Laboratory ‘Curiosity’ rover 

mission, NASA’s Mars 2020 rover will be based on the same design. As well as 

looking for evidence past habitable conditions on Mars, it will seek for signs of past 

microbial life and test new technology to extract oxygen from the carbon-dioxide rich 

martian atmosphere. The Mars 2020 rover will have a drill to collect core samples of 

rocks and soils, and cache up to 32 samples for eventual future return to Earth. Two 

further missions will be required, one to launch the samples from the surface of Mars 

into orbit around Mars, and a second mission to collect the samples from orbit and 

bring them home. 

JAXA’s Martian Moons eXploration (MMX) mission aims to launch in 2024, 

characterise the two martian moons, Phobos and Deimos, and return a sample of 

Phobos to Earth in 2029. The mission aims to understand the origin and evolution of 

the satellites. If they contain lots of volatiles, they are more likely to be primordial 

captured asteroids, but if they are dry they are more likely to have formed from a large 

impact event on Mars that ejected enough material to form moons. 

6.4.4.4 Lunar sample return 

The Moon is thought to have been formed in a collision between Earth and a Mars-

sized body, Theia (Cameron & Benz, 1991). It is suggested that Theia must have 
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formed between Earth and Mars, between 1.16 A.U. and 1.20 A.U. to have remained in 

a stable orbit for 70 to 110 Ma prior to the collision (Dvorak et al., 2017; Halliday, 

2008). Dynamical models suggest that the Moon should be made of 70% to 90% Theia 

and only 10% to 30% Earth material (Canup & Asphaug, 2001; Cameron & Benz, 

1991). The identical nature of stable isotopes and compositions between the Earth and 

the Moon today, suggest that Theia must have formed at a similar distance to the Sun as 

the Earth (Wiechert et al., 2001). Although this was originally considered unlikely, 

Melosh et al. (2018) suggest that the idea of gaps in the protoplanetary disk discussed 

in Chapter 4 (Desch et al., 2018; Kruijer et al., 2017; Budde, Burkhardt, et al., 2018) 

may be quite common, as observations of exoplanet systems sometimes show up to 

four planets appearing to form at the same distance from their sun. This could explain 

that Theia and Earth forming in nearly the same orbit may not be as unlikely as initially 

thought (Melosh et al., 2018). 

The Chang’e 5 Chinese lunar exploration mission plans to land on the Moon in 2019 

and return a sample from Mons Rümker in Oceanus Procellarum. It will dig two metres 

below the surface for a 1.3 Ga basalt, younger than Apollo samples returned 

previously. 

A sample return mission to the South Pole Aitken Basin on the Moon was submitted to 

NASA’s Discovery program in 2000 (Duke, 2003). An initial proposal to return a one 

kilogram sample of regolith fines and rock fragments would test the hypothesis for 

lunar differentiation of a lunar magma ocean, and test whether the Moon experienced a 

strong peak in bombardment by meteorites at ~3.9 Ga, the ‘lunar terminal cataclysm’ 

(Tera 1973,74) or if it may be a result of sampling bias. Lunar meteorites do not show 

this peak, which suggests the terminal cataclysm was not a short interval (Michael et 

al., 2018). NASA’s Decadal survey agreed the importance of a sample return mission 

to this location in order to determine the age of the oldest and largest basin on the 

Moon (National Research Council, 2011). Studies from 2008 to 2012 that mapped the 

best locations for every scientific goal culminated in a report of scientifically rich 

landing sites (Kring & Durda, 2012) and a database where ArcGIS map layers can be 

utilised (CLSE, 2018). 
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6.4.5 Asteroid and comet missions 

Space missions can greatly enhance our understanding of asteroids and comets by 

visiting them and provide detailed information that can prove or disprove theories 

about possible parent bodies of meteorites that have been studied. NASA’s Discovery 

programme is building two spacecraft that will improve understanding and knowledge 

of asteroids and help constrain possible parent bodies of meteorite samples in our 

collections.  

Lucy will launch in 2021, flyby a main belt asteroid in 2025, then will conduct flybys 

of six Jupiter Trojan asteroids between 2027 and 2033 (Levison et al., 2017). Lucy will 

be mapping the surface geology and composition, determining interior properties and 

determining the properties of any satellites or rings. There are three different spectral 

types (C, D and P) of Trojan asteroids, P and D types are thought similar to icy bodies 

in the Kuiper Belt and C-types are in the outer main belt of asteroids. Thus the Trojan 

asteroids likely formed at different locations and were mixed together by planet 

formation and migration. By visiting at least two examples of each type, this mission 

hopes to provide further evidence towards answering priority questions in NASA’s 

Decadal Survey (National Research Council, 2011), such as where did primordial 

organic matter originate, how did the giant planets accrete and did they migrate, what 

were the processes and conditions of Solar System formation and what influence did 

impacting projectiles have (Levison et al., 2017). 

After a 2023 launch, NASA’s Psyche orbiter will arrive at a unique giant metal 

asteroid, 16 Psyche, 210 km in diameter, in 2030 (Fig. 6.4). Asteroid Psyche, made of 

iron and nickel, is thought to be either the core of a planetesimal that was once molten, 

or possibly metal-rich materials that accreted but never melted in the early Solar 

System (Elkins-Tanton, 2018). Models suggest that collisions in the early Solar System 

could remove the silicate mantle from a differentiated body, which is the leading 

formation theory for Psyche. This mission potentially offers the first glimpse of a 

differentiated iron core that should help us better understand the Earth and terrestrial 

planets, and will shed light on the process of differentiation in the early Solar System 

(Elkins-Tanton, 2018). 
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Fig. 6.4. Artists's concept of the Psyche spacecraft at the metal asteroid. Image: SSL/ASU/P. 

Rubin/NASA/JPL-Caltech 

In July 2018, ESA issued a call for a Fast (F) mission, to be a co-passenger to the Ariel 

or Plato medium sized (M) missions, specifically mentioning Near-Earth Objects or 

main belt comets as possible targets. This may give a renewed opportunity to the 

Castalia mission, unselected at previous M4 and M5 calls, which aimed to visit a main 

belt comet. Main belt comets are icy bodies between Mars and Jupiter in the main 

asteroid belt that could be remnants of a population that supplied the early Earth with 

water.  Castalia would characterise a comet in the asteroid belt and perform the first in 

situ measurements of water (Snodgrass et al., 2017). 
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