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At first, my goal was to find chromite grains in these unmelted micrometeorites, and I was prepared 
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total, my objective had shifted a bit to a more broad characterization of the micrometeorites. In a way, 

it has allowed me to learn much more than I even anticipated about both the mineralogy of meteorites 

and the reality of academic research. 

In the end, using my newly acquired knowledge about micrometeorites, and the experience of my four 

and a half years of studying geology, I could finally put together a hopefully somewhat decent master 

dissertation about the topic I have been working on for all these months. All in all, it has been an 

unforgettable experience from start to finish!  

Graphical abstract: Left: A BSE image of particle R5P5, an unmelted micrometeorite from Antarctica. Right: A 
slice from the µCT data of the same particle R5P5. This thesis attempts to compare these two methods, and to 
characterize unmelted micrometeorites using them. 
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Abstract 
 

In this master dissertation, unmelted micrometeorites from the Sør Rondane Mountains in Dronning 

Maud Land, East Antarctica were studied. The extraterrestrial particles are scanned using the HECTOR 

µCT instrument from the UGCT. The efficacy of this non-destructive technique in finding high-density 

relict mineral phases and other structures is evaluated by comparing with SEM-EDS imaging of polished 

particles. Seventy-three unmelted micrometeorite candidates were selected for CT scanning based 

on the presence of Ni and Cr detected with µXRF, and on imaging with SEM-EDS. Thirty-five of the 

scanned micrometeorites were mounted on epoxy cylinders, polished and scanned again using SEM-

EDS. The data from the SEM-EDS analysis provided information about internal structures, porosity and 

mineral phases. µCT data provided information about equivalent diameter, sphericity, number of 

voxels and surface of the present high-density phases, porosity and matrix. Calculated porosities using 

the SEM and µCT images are compared to assess the use of lab-based µCT in the characterization of 

internal structures. The resolution of 4 µm of the µCT instrument has proven to be too low to 

effectively image pores smaller and around 4 µm in size, leading to an underestimation of the porosity. 

High- and low-density phases can be imaged to some degree using µCT, but not much information can 

be gained without chemical characterization. SEM-EDS analysis revealed multiple relict and newly 

formed mineral phases including chromite, Fe and Ni sulphides and metals, magnetite, pyroxenes, 

olivines and other spinel group minerals. In future research, other lab-based µCT set-ups from the 

UGCT group, such as MEDUSA or HERAKLES, may be of interest. µCT is still a powerful technique, which 

can serve as a good first step in the characterization of micrometeorites, provided with an adequately 

high resolution.  
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1. Introduction 

1.1. State-of-the-art 

Micrometeorites are natural, solid objects in a size range of 10 µm to 2 mm, originating from a variety 

of celestial bodies and transported by gravitational and non-gravitational forces through 

interplanetary space within the Solar System. These particles collided with an object larger than 

themselves. Prior to collision, these particles are referred to as micrometeoroids or meteoroids, 

depending on the size (Rubin and Grossman, 2010). Not all micrometeoroids are derived from 

collisions, they can also be produced by other processes e.g., by evaporation of icy bodies. Large 

meteorites can be a source for micrometeorites (Dermott et al., 2001). The accretion rate of these 

extraterrestrial particles on Earth is determined using the Long Duration Exposure Facility satellite. 

Hypervelocity impact craters are measured on the space-facing side of this satellite. Based on these 

measurements, a yearly accretion rate of submillimetric particles of 40,000 ± 20,000 metric tonnes is 

estimated. This also includes Interplanetary Dust Particles (IDPs), which are particles smaller than 10 

µm and are an important fraction of the zodiacal cloud (Dermott et al., 2001). Based on mass 

distributions, extraterrestrial dust particles appear to be ca. 200 µm large on average (Love and 

Brownlee, 1993). 

A significant portion of micrometeoroids are derived from the Near-Earth interplanetary dust-cloud 

complex, often called the zodiacal cloud (Love and Brownlee, 1993; Folco and Cordier, 2015). The dust 

cloud has a complex structure with multiple sources of micrometeoroids, as inferred from observations 

with the Infrared Astronomical Satellite (IRAS) and Cosmic Background Explorer (COBE) spacecraft 

(Love and Brownlee, 1993). The zodiacal cloud contains numerous dust bands originating from the 

disintegration of larger asteroids, trails of dust derived from evaporative jetting of both short- and 

long-period comets, dust clouds associated with the circumsolar dust ring, which is trapped in a 

resonant lock with the Earth, and even impact ejecta from planets or their satellites (Dermott et al., 

2001; Folco and Cordier, 2015). The particles present in the zodiacal cloud are under the influence of 

both gravitational and non-gravitational forces, which alter their orbits. The lifetime of meteoroids 

depends on their critical diameter: particles with a smaller diameter are influenced by solar radiation, 

namely radiation pressure and Poynting-Robertson (P-R) light drag. Critical diameter of 

micrometeoroids is dependent on the effective radius of the particle disk they reside in, the luminosity 

and mass of the star they orbit and the particle density  (Wyatt et al., 1999; Dermott et al., 2001). The 

lifetimes of larger particles depends on collisions between other (micro)meteoroids or fragments. As 

particles break up from larger parent bodies, their size will evolve through time starting from a large 

common ancestor to which the derived particles can be linked (Dermott et al., 2001). 

Because micrometeoroids are generally smaller than the critical diameter stated by Dermott et al. 

(2001), they are commonly under the influence of radiation forces (Fig. 1). The absorption, scattering 

and re-emission of incident photon particles from the Sun on micrometeoroids causes radiation 

pressure pointing away in a radial direction from the Sun. This force can exceed the solar gravity for 

particles smaller than 1 µm (Dermott et al., 2001; Folco and Cordier, 2015). Additionally, P-R light drag 

is a force tangential to the particle’s motion exerted by solar radiation force, resulting in a spiral orbit 

towards the Sun. In addition to the P-R drag, the Yarkovky-Radzievskii (Y-R) effect also affect 

micrometeoroids. This is a seasonal (and diurnal, in the case of larger meteoroids) effect on particles 

orbiting an illuminating body (e.g. the Sun in the Solar System’s case). The Y-R effect results from the 

asymmetric radiation emitted by the illuminated body, the micrometeoroid. Due to thermal lags and 
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rotation of the body, a colder “morning” and warmer “evening” side exist. The Y-R force is directed in 

the opposite direction of the side with the strongest radiative emission. This effect can result in 

acceleration or deceleration, dependent on the spin of the particle in relation to the incoming radiation 

(Peterson, 1976; Vaubaillon et al., 2005). 

Consequently, micrometeoroids are slowly removed from the inner Solar System on a time scale of 

~104 – 106 years (Dermott et al., 2001; Folco and Cordier, 2015). Particles larger than the critical 

diameter have a lifetime dependent on disruptive collisional events, as stated before. This results in a 

lifetime in the order of ~105 years (Folco and Cordier, 2015). 

During their transport through interplanetary space, micrometeoroids may enter the Earth’s 

atmosphere, where they experience  different physico-chemical processes (Love and Brownlee, 1991). 

These processes include collisions, excitation and ionization of atmospheric atoms and molecules; 

ablation; sputtering; deceleration; and temperature variations (Toppani et al., 2001). Generally, 

micrometeorites are strongly heated during impact, leading to increased temperatures up to 1700 °C 

for a couple of seconds (Love and Brownlee, 1991). This heating occurs approximately at the 

thermosphere-mesosphere boundary at ~70 – 90 km altitude. Several parameters can influence the 

degree of atmospheric heating, including the velocity, size, chemistry, density, and entry angle of the 

micrometeoroid (Love and Brownlee, 1993; Flynn, 2001; Folco and Cordier, 2015). If atmospheric 

heating temperatures remain below ~1200 °C, the micrometeoroids may survive without significant 

melting, preserving these unmelted particles, as opposed to the fully or partially melted and re-

solidified cosmic spherules and scoriaceous micrometeorites, respectively (Flynn, 2001; Genge et al., 

2008; Folco and Cordier, 2015). To preserve precursor material by not melting can only be met at 

relatively low entry velocities, low micrometeoroid densities, small particle sizes, and/or with a large 

entry angle measured from the vertical. Entry velocities range from ~12 to 18 km s-1 for most 

micrometeoroids, with a mean value of 17.7 km s-1 (Taylor, 1996). 

Figure 1: Schematic representation of the non-gravitational forces on 
(micro)meteoroids. Solar radiation pressure is directed in the opposite direction of the 
incoming solar radiation. P-R force drags the particle in opposite direction of its velocity 
vector, tangential to the solar radiation. Seasonal Yarkovy-Radzievskii force is directed 
to the “morning” (black) side of the particle, opposite to the direction of the highest 
radiative emission, the “evening” hemisphere (white) (Vaubaillon et al., 2005). 
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Micrometeorites are relatively enriched in iron-rich phases, such as Fe-Ni alloys, Fe sulphides and 

magnetite, with an average composition of 20 wt% iron and maxima up to 95 wt%. During atmospheric 

entry heating, iron is oxidized resulting in the generation of magnetite from the pre-existing iron-

bearing phases (e.g., olivine, pyroxene, metals and sulphides) (Suavet et al., 2009). This leads to the 

formation of a thin rim of polycrystalline magnetite, which surrounds most unmelted and some 

scoriaceous micrometeorites. This shell is also referred to as a “spinel rim”, because the iron-rich 

phases contain spinel solid-solutions (Toppani et al., 2001). Kurat et al. (1994) argue that the formation 

of this spinel rim is related to the condensation of evaporated iron from meteoroids in the high 

atmosphere onto cooling extraterrestrial particles in the atmosphere. Pulse-heating experiments 

performed by Toppani et al. (2001) suggest that the formation of spinel rims depends on heating 

duration, temperature and oxygen fugacity. Partial melting and recrystallization of iron-rich phases 

during atmospheric entry heating allows the formation of a continuous spinel rim. Spinel rim formation 

on less heated extraterrestrial particles may be related to sub-solidus reactions due to thermal 

destabilisation of F-rich phases (Toppani et al., 2001; Toppani and Libourel, 2003). 

Micrometeorites which effectively survived their entry into the Earth’s atmosphere, are deposited 

continuously and ubiquitously on the Earth’s surface. If the accumulation rate is sufficiently high, the 

degree of weathering is low, and the micrometeorites can be distinguished from terrestrial particles, 

a significant deposit of micrometeorite particles can be formed during a prolonged window of time 

(Folco and Cordier, 2015). These favourable conditions occur in deep-sea environments or, snow, ice 

and loose sediments in polar areas. The extent of weathering  in deep-sea sediments and in collections 

older than 10,000 years should not be underestimated. This mostly affects unmelted micrometeorites, 

which are more prone to weathering (Folco and Cordier, 2015). In polar areas, weathering is fairly 

limited, albeit still existing. Van Ginneken et al. (2016) show different weathering features depending 

on the environment and introduced a weathering scale based on the presence of  (1) irregular or 

faceted cavities, which occur at the margins of the particles; (2) etch pits, which are wedge-shaped and 

parallel to each other; (3) infilled cavities, which are also concentrated at the particle margins and filled 

with fine-grained mineral assemblages; (4) replaced silicate phases, which starts at the outer edges of 

the particles; and (5) hydrated and replaced metal and sulphide, where these sulphides are replaced 

by phases such as iron oxides. The weathering scale itself is based on the amount of primary material 

loss or alteration, and the encrustation by secondary material, such as salt growth (van Ginneken et 

al., 2016). Micrometeorite collections have previously been gathered from central Antarctic snow 

(Duprat et al., 2004), loose sediment from the tops of the Transantarctic Mountains (Rochette et al., 

2008), glacier ice (Badyukov and Raitala, 2003), Antarctic blue ice (Maurette et al., 1991), Greenland 

cryoconites (i.e., windblown black dust deposited on glaciers, ice caps etc.; Maurette et al., 1987) and 

Antarctic eolian debris (Harvey and Maurette, 1990). Accumulation rates can be constrained relatively 

well using techniques including δ18Oatm isotope variations of entraining ice, snow precipitation rates 

and determining 10Be exposure ages (Yada et al., 2004; Shiraishi et al., 2008). 

Micrometeorites have proven to be relevant in astrophysics and planetary sciences to help understand 

the composition of precursor body types in the Solar System and how these bodies evolved throughout 

time (Genge et al., 2008; Folco and Cordier, 2015). However, due to their small size it is difficult to link 

micrometeorites to their parent bodies, because mineralogical, geochemical and isotopic properties 

can differ due to alteration during atmospheric entry. Still, primary mineralogical components can still 

be preserved, which can contain information about the precursor bodies. The classification of 

micrometeorites is based on the degree of melting experienced during atmospheric entry (Genge et 

al., 2008). Three different groups are recognized, including: (1) melted micrometeorites, or cosmic 

spherules, which have melted completely during their entry in Earth’s atmosphere; (2) partially melted 
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or scoriaceous micrometeorites, of which the volatile components are also evaporated; and (3) angular 

or unmelted micrometeorites, which are mostly unaffected by melting or evaporation during their 

entry in the Earth’s atmosphere (Genge et al., 2008; Folco and Cordier, 2015; Badyukov et al., 2018). 

The samples studied during this master project mainly belong to the last and, to a minor extent, second 

category. The groups of micrometeorites are further subdivided based on their mineralogical, textural 

and chemical characteristics since the relation to their parent body is hard to derive. These 

characteristics nonetheless reflect the genetic differences between the micrometeorite parent bodies. 

The main (non-isotopic) evidence for the extraterrestrial origin of possible micrometeorites are the 

following: (1) the presence of an (in)complete magnetite shell around micrometeorites (Toppani et al., 

2001; Toppani and Libourel, 2003); (2) a bulk chondritic composition for both major and minor 

elements,   assuming a chondritic progenitor body; and (3) the presence of nickel-bearing iron metal 

in the particles (Genge et al., 2008). Other features commonly associated with an extraterrestrial origin 

are the presence of CaO- and Cr2O3-rich and FeO-poor olivines, which are very rare in terrestrial rocks 

(Brearley et al., 1998). Heating and scorched textures on the surface of the particles can also be used 

as evidence for atmospheric entry heating of potential micrometeorites (Genge et al., 2008). The most 

diagnostic feature important for this study is the presence of nickel (Ni), which can be measured  using 

a micro X-ray fluorescence (µXRF) instrument. 

This dissertation is focussed on unmelted micrometeorites, which include a variety of sub-groups. Fine-

grained unmelted micrometeorites (FgMMs) are generally dominated by fine-grained porous micron-

sized groundmass with a typical chondritic composition (Genge et al., 2008). These types of 

micrometeorites mainly correspond with the geochemical composition of carbonaceous chondritic 

matrices. Carbonaceous chondrites are also called C group chondrites (Van Schmus and Wood, 1967). 

FgMMs are mostly in range of Ivuna-type, Mighei-type and Renazzo-type chondrite matrices (Genge 

et al., 1997; Genge et al., 2008). Ivuna-type or CI chondrites are nearly entirely comprised of matrix 

and their relative abundance of non-atmophile elements (Braukmüller et al., 2018). Metamorphosed 

Ca-Mg-Fe-Mn oxides and sulphide inclusions in magnetite are often found (Rubin and Ma, 2017). 

Mighei-type or CM chondrites are water-rich, carrying hydroxyls in the form of phyllosilicates mainly 

(Lindgren et al., 2017). Secondary olivines, low-Ca pyroxenes, troilite, taenite and kamacite can be 

present as well (Rubin and Ma, 2017). Kamacite and taenite are low- (5 – 6 wt% NiO) and high-Ni (25 

– 30 wt% NiO) and Fe alloys, respectively, often found in micrometeorites (Anthony et al., 2003). 

Renazzo-type or CR chondrites are also hydrous chondrites composed of iron and nickel metal rich 

chondrules and calcium carbonates (Weisberg et al., 1993). In general, a  chondritic composition can 

traditionally be recognized by high SiO2, MgO, FeO and low Al2O3 contents (Maurette et al., 1989), as 

demonstrated by their mineralogical components. These mainly include olivine (i.e., forsterite and 

fayalite) and low-calcium pyroxenes, such as ferrosilite, enstatite and pigeonite (Morimoto, 1988). 

Forsterite and fayalite form a solid solution, with forsterite on the magnesium-rich end of the series 

and fayalite as the iron-rich end-member (Anthony et al., 2003). The fayalite and ferrosilite content 

olivines and pyroxenes respectively of micrometeorites is often used as a measure of the oxidation 

state of the silicates (Maurette et al., 1987). In addition, forsterite and enstatite survive higher heating 

than their iron-rich counterparts, resulting in a higher forsterite/fayalite and enstatite/ferrosilite ratio 

at a higher degree of melting (Robin et al., 1990). Calcic and/or aluminous silicates occasionally form 

minor mineralogical phases. Pyroxenes and olivines may occur as relict grains, which are (fairly) pristine 

grains that did not experience significant melting during atmospheric entry (Taylor et al., 2012). The 

presence of pyroxene phenocrysts infers little heating occurred during atmospheric entry, as pyroxene 

does not form large crystals during the fast cooling, which occurs after the heating phase (Genge et al., 

2008). Another mineral which can be present in unmelted or partially melted micrometeorites is albite, 
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occurring in a glassy feldspathic matrix together with iron-bearing pyroxenes, olivines and chromite 

grains (Taylor et al., 2012). Often, phyllosilicate crystallites including saponite and serpentite are 

present in FgMMs. High-density phases such as magnetite, and iron and nickel sulphides can also be 

present in this type of micrometeorites (Folco and Cordier, 2015).  

A second subdivision of unmelted micrometeorites are the coarse-grained unmelted micrometeorites 

(CgMMs). This group is generally composed of anhydrous silicates, most commonly pyroxene, often 

accompanied by igneous textures with pyroxene and/or olivine in glassy mesostasis (Genge et al., 

2008). Additionally, composite materials of the current and former groups exist, which are denoted as 

Fg/CgMMs or Cg/FgMMs, depending on the dominant group. More rarely, refractory and 

ultracarbonaceous micrometeorites are found. These contain a relative enrichment of refractory 

minerals or inclusions and organic-rich phases, respectively. However, these particles are extremely 

rare and have not been characterised in great detail (Genge et al., 2008). In a petrological-textural 

perspective, CgMMs can be subdivided in different groups: (1) reduced, metal-bearing enstatite-

dominated porphyritic (PP); (2) oxidized, metal-free iron-bearing silicate (e.g. fayalite) porphyritic (Po); 

(3) radiating pyroxene (Rp); and (4) granular particles (Genge et al., 2005; Genge et al., 2008). 

Micrometeorites with intermediate petrological characteristics such as porphyritic olivine and 

pyroxene (POP) also exist (Genge et al., 2008). Iron and nickel metal, and iron sulphides are also 

commonly present in CgMMs. Fe-Ni sulphides can be present as troilite (FeS) or pyrrhotite (Fe1−x, with 

x = 0 to 0.17) and its polytypes. Polytypes are a type of polymorphism, where crystal structures only 

differ in one dimension, resulting in different stacking of sheets (Zvyagin, 1988). Troilite is believed to 

be the first sulphur-bearing metal formed from the solar nebula (Zolensky and Thomas, 1995; Duprat 

et al., 2004; Noguchi et al., 2011).  

Chromite is classified as a spinel-type mineral with the formula AB2 4, with  as O2-, S2- or Se2-. Spinel 

group minerals belong to the isometric crystal system (Anthony et al., 2003). The spinel group is further 

subdivided into oxide spinels, sulfospinels and selenospinels, depending on the  element. Chromite 

is one of the 24 mineral species in the oxide spinel class, in which  is O2-, and A and B are divalent and 

trivalent cations, or, more rarely, tetravalent and divalent cations (Biagioni and Pasero, 2014). Oxide 

spinels, sulfospinels and selenospinels are isostructural classes, meaning the crystals in these classes 

have the same space group, lattice type and lattice coincidences, but not necessarily the same cell 

dimensions or chemical compositions (Authier, 2003; Biagioni and Pasero, 2014). Chromite is the iron 

end-member along the MgCr3+
2O4 – Fe2+Cr2O4 join, and forms a complete solid solution making it 

difficult to distinguish from the other end-member, magnesiochromite (Beaudoin and Dupuis, 2009; 

Biagioni and Pasero, 2014). Chromite has a high density (specific gravity) of 4.5 to 4.8, which makes it 

distinguishable from other, lighter mineral phases in micrometeorites (Anthony et al., 2003). Chromite 

is a resistant mineral, which can be often found as a relict phase in micrometeorites, and even contain 

other relict inclusions which can be linked to the parent body (Alwmark and Schmitz, 2009; Bjärnborg 

and Schmitz, 2013). 

In this study, we have attempted to recognize high-density mineral phases in unmelted 

micrometeorites, specifically chromite using non-destructive imaging techniques such as computed 

microtomography (µCT), X-ray Fluorescence (XRF), scanning electron microscopy (SEM) and energy-

dispersive spectrometry (EDS). SEM-EDS was performed on polished micrometeorite particles, which 

were likely to contain chromite and other high-density phases, based on the previously mentioned 

methods. 
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1.2. Research objectives 

The first goal of this master dissertation is to identify unmelted micrometeorites in the fine-grained 

sediment recovered from the Sør Rondane Mountains in Dronning Maud Land, East Antarctica. The 

second goal is to detect and identify various phases (e.g., high-density chromite grains, Fe-Ni metal 

beads, Fe-Ni sulphides) within these extraterrestrial particles. These aims are both targeted at using 

non-destructive techniques, mainly µXRF and µCT. Based on these two- to three-dimensional imaging 

techniques, individual grains or clusters of minerals can be recognized within micrometeorites. Relict 

mineral phases within micrometeorites have been used to help identify parent bodies and to define 

source regions within the Solar System from which the particles derive. Newly formed phases may 

reveal more about processes which have occurred since atmospheric entry of these particles. Third, 

the value of lab-based µCT in characterizing these phases is evaluated in comparison to the SEM-EDS 

technique.  

First, after a thorough sample selection procedure and sample preparation stage, µXRF is used confirm 

the extraterrestrial origin with relative certainty. The selected particles are subsequently imaged with 

SEM and analysed with the EDS module. Through the application of these methods, it is impossible to 

confirm the presence of high-density phases, such as individual chromite grains or clusters of such 

grains. For example, µXRF does not allow to differentiate between individual mineral chromite grains 

or a homogenous distribution of chromium at chondritic concentrations (~3000 ppm; Bunch and Olsen, 

1975). Similarly, µCT can only reveal density contrasts within particles, without providing any chemical 

characterisation. Therefore, a set of complementary methods and techniques are required to confirm 

the actual presence of chromite. 

Following the previous procedures, a number of potential relict-rich candidates are selected. These 

may contain primary mineral phases such as chromite, Fe-Ni metal and sulphides etc. Spectral peaks 

from the µXRF data may already suggest the presence of certain elements (e.g., Cr). In parallel, µCT 

images with large dense mineral phases may reveal distinct structures. Particles were selected based 

on these criteria, mounted in epoxy cylinders, and polished for another SEM-EDS scan to reveal the 

chemical characteristics and structure of the micrometeorite’s interior. While EDS can only be used to 

acquire semi-quantitative data, this is sufficient to detect and verify the nature of high-density grains 

or clusters. 

High-density mineral phases found during SEM-EDS analysis on the polished micrometeorites can then 

be compared to with the µCT data. The µCT resolution will be the limiting factor to successfully locate 

these relict minerals within the micrometeorites, since mineral grains or clusters smaller than the voxel 

size cannot be observed. However, while relict minerals may be present in the studied 

micrometeorites, they are not guaranteed to be revealed in the studied two-dimensional polished 

surface.  
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2. Research Description 

2.1. Geological background: the Sør Rondane Mountains 

In this master dissertation, unmelted micrometeorites recovered from two sites, being the 

Walnumfjellet and Widerøefjellet mountain summits (Fig. 2) in the Sør Rondane Mountains  (Dronning 

Maud Land, East Antarctica) were studied. The Sør Rondane Mountains are composed  of low- to high 

grade metamorphic rocks, with evidence of ultrahigh-temperature metamorphism in the geological 

past. Additionally, plutonic rocks intruded into the metamorphic basement. The lithological 

components of the Walnumfjellet and Widerøefjellet mountain summits can be situated in the 

greenschist to amphibolite metamorphic facies, but are characterised by very low-grade metamorphic 

conditions due to a late shearing event (Osanai et al., 2019). Shiraishi et al., (2008) used Sensitive High-

Resolution Ion Microprobe (SHRIMP) U-Pb zircon dating to estimate the age of the last tectonothermal 

event 650 to 500 Myrs ago. The Sør Rondane Mountains have been geologically stable since this latest 

event. This has furthermore been confirmed by the absence of active Cenozoic volcanic structures over 

the last 500 Ma (Suganuma et al., 2014). In the northern parts of the Sør Rondane Mountains, ice sheet 

surfaces reach elevations around 1,000 meters above sea level (masl), and rise up to 2,500 masl in the 

South (Suganuma et al., 2014). Using 10Be exposure dating, several studies have been able to constrain 

the time frame when local mountain summits and sedimentary traps were exposed to cosmogenic 

particles after the retreat of glaciers (Goderis et al., submitted; Suganuma et al., 2014). 

Micrometeorites are concentrated in erosional and eolian sediment, which is found in exposed cracks 

and fissures on wind-exposed, high altitude surfaces of the granitoid summits in the western part of 

the Sør Rondane Mountains (Goderis et al., submitted sup. files). Micrometeorites and fine-grained 

bedrock detritus accumulate in decimetre-sized weathering pits and joints on these summits (Rochette 

et al., 2008). During periods of reduced wind activity, micrometeorites fall vertically on the surface, 

Figure 2: Map of Antarctica (inset) and  sampling sites from the 2018 research expedition in the Sør Rondane 
Mountains (Dronning Maud Land, East Antarctica) (Goderis et al., submitted). 
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and can be captured efficiently in the detritus gravel layer in the joints or pits. However, when wind 

activity is more persistent, or a snow cover is present, micrometeorite capture will not be as efficient. 

Sorting of fine-grained particles may occur by falling through the coarser grained gravel layer (Rochette 

et al., 2008). The main lithotype found in both Walnumfjellet and Widerøefjellet is a gneissose Biotite-

Hornblende (Bt-Hbl) metatonalite, which has a varied degree of mylonitic and cataclastic textures, as 

classified by Kamei et al. (2013), and Kojima and Shiraishi (1986). This lithotype can be geochemically 

categorized as a low-K tholeiitic intrusion in volcanic arc granitoids and was possibly produced by a 

low-K mafic melt from e.g., a juvenile oceanic arc.  

2.1.1 Walnumfjellet 

The Walnumfjellet summit is located around 2,450 masl, S72° 07,188’, E24° 12.252’ (Fig. 2). A total of 

22.15 kg of sediment was recovered from an abraded surface with glacial striations, which has been 

glacially polished during the last deglaciation. The exposure age of this site is dated at 1.9 ± 0.2 Ma 

using 10Be dating (Suganuma et al., 2014). The main lithology of the bedrock is a gneissose Bt-Hbl 

metatonalite. This bedrock was dated using U-Pb SHRIMP on individual zircons, which derived an age 

of 998 – 995 Ma. In the eastern part of Walnumfjellet, a weak gneissose Hbl-Bt metatonalite lithotype 

is present. This lithology slightly differs from the “normal” gneissose Bt-Hbl metatonalite as it is less 

affected by mylonitization and has a different composition. Based on U-Pb zircon dating, an age of 943 

± 3 Ma was estimated (Kamei et al., 2013). 

2.1.2 Widerøefjellet 

The Widerøefjellet deposit is located to the west of Walnumfjellet (Fig. 2), at around 2,755 masl, 

S72°8’41’’, E23°16’41”. Here, 11.97 kg of metatonalitic sediment was collected in similar exposed 

cracks and fissures as those of Walnumfjellet. Since there no suitable exposed glacially abraded 

surfaces were available at this site, no cosmogenic 10Be dating was performed. However, due to its 

vicinity to the Walnumfjellet site, a similar exposure age is assumed here. Due to the low current 

annual mean air temperature of -18 °C at the nearby Princess Elizabeth Station at 1,390 masl, it is 

assumed that the collected sediments have always been below freezing point since their exposure 

(Goderis et al., submitted; Pattyn et al., 2009). U-Pb zircon dating on gneissose Bt-Hbl metatonalite 

and Bt metatonalite provided an age of 998 ± 3 Ma and 945 ± 2 Ma, respectively. Bt metatonalite is a 

lithotype found at the southwestern end of Widerøefjellet. This lithology is derived from a calc-alkaline 

adakite melt instead of low-K tholeiites of the gneissose Bt-Hbl metatonalites and weak gneissose Hbl-

Bt metatonalites (Kamei et al., 2013). 
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2.2. Material and methods 

2.2.1. Sample acquisition and preparation 

During previous expeditions in 2012 – 2013 and 2017 – 2018 to Antarctica, sediments from mountain 

summits and nunataks, including Walnumfjellet and Widerøefjellet, were recovered using 

polypropylene tools. Approximately 6.6 kg and 6.4 kg sediments were collected at the Widerøefjellet 

and Walnumfjellet sites, respectively (Goderis et al., submitted). These sediments were gradually 

defrosted at the Princess Elizabeth Antarctica station. At the Vrije Universiteit Brussel, half of the 

sediments were washed and sieved using milli-Q H2O and separated into size fractions of < 125 µm, 

125 – 200 µm, 200 – 400 µm, 400 – 800 µm, 800 – 2000 µm and > 2000 µm. In total, 2.8 kg of sediment 

was processed, while the other half was stored for reference and further research. Subsequently, the 

magnetic particles of the different size fractions were separated using a hand magnet. The magnetic 

fraction of the sediment is of particular interest due to the abundance of magnetic minerals present in 

micrometeorites, such as magnetite. 

Using optical microscopy, potentially unmelted micrometeorites were picked out using titanium 

tweezers and placed on a microscope glass slide covered with double-sided adhesive tape. Titanium 

tweezers are used since they do not contain any nickel which may contaminate the µXRF scans. 

Additionally, they are not magnetic which is important to pick potential micrometeorites efficiently. 

For the Widerøefjellet particles, thirty and five possible unmelted micrometeorites were picked from 

the 125 – 200 µm and 200 – 400 µm size fractions, respectively. Eighty-five particles from the 125 – 

200 µm and 200 – 400 µm size fractions were picked from the Walnumfjellet sediments and divided 

over three glass slides. The particles are thus divided on a total of five glass slides and will be from now 

on referred to as WDF_A and WDF_B for the Widerøefjellet 200 – 400 µm and 125 – 200 µm fractions 

respectively, and WLF_A, WLF_B and WLF_C for the Walnumfjellet particles. 

2.2.2. Micro X-Ray Fluorescence Spectrometry 

X-ray fluorescence spectrometry is an analytical technique, which uses typically polychromatic short-

wavelength X-rays excited from an X-ray source. By applying a voltage over a metal anode target like 

rhodium, short-wavelength X-rays are produced, which are scattered efficiently through internal 

reflection in glass capillaries (Dehlinger et al., 2013). This results in a high specific intensity and a small 

spot size of 25 µm, with minimal energy loss (Fig. 3; Jenkins, 2008; de Winter and Claeys, 2017). The 

incident X-ray photons excite atomic electrons from the sample, producing photoelectrons due to the 

photoelectric effect. For example, electrons from the K shell are ejected, and the resulting vacancy in 

the electron shell of the sample atoms is filled by the transfer of an electron of a more outlying orbital 

to the vacancy, the L shell in this case. Other vacancy-filling processes may occur, producing Auger 

electrons, which interfere with the detection of the desired signals. A characteristic, longer-wavelength 

X-ray photon for each element is produced as a result of the energy difference in the state before and 

after the transfer of the electron (Jenkins, 2008). The transition of an L shell electron to the K shell 

emits a characteristic X-ray line, also known as the Kα line. Transition from an M shell electron to the 

K shell is accompanied by the emission of a Kβ line. (Gilfrich, 1994). The emitted characteristic X-ray 

photons and Auger electrons collide with a proportional detector, which isolates narrow energy bands 

from the incoming polychromatic radiation. This type of X-ray spectroscopy is also called energy-

dispersive spectrometry (Jenkins, 2008). All measurements are performed in high vacuum, to avoid 

the cut-off of lower atomic numbers and the interference by atmospheric atoms (Beckhoff et al., 2007). 

Only Fe, Cr and Ni elemental maps were produced to infer the extraterrestrial origin of the particles. 
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Elements present in the sample can be identified based on the wavelength or energy of the emitted 

characteristic X-rays. Provided the availability of standards, quantitative analysis is possible by 

measuring the emitted characteristic line intensity and linking this to the elemental concentration 

(Jenkins, 2008). However, in the case of micrometeorites, quantification proves difficult and requires 

other analytical methods due to the small size and the lack of an appropriate standard at the VUB. In 

addition, due to the centimetric penetration depth of the X-rays, the underlying glass slide and 

plexiglass table holder are also reflected in the spectrum, adding a large amount of e.g., silicon that 

does not derive from the particles. Also, the 25 µm spot size is very large compared to the size of the 

particles, which range from around 100 µm to up to 400 µm. This implies that the resolution is rather 

poor and the method can only be used to infer the qualitative presence of certain elements, not the 

quantitative aspect. 

A Bruker M4 Tornado High Performance Micro-XRF spectrometer was used to produce elemental maps 

of the unmelted micrometeorite candidates, to determine whether or not the particles have an 

extraterrestrial origin. The computer guided sample stage allows for fast and accurate high resolution 

chemical mapping (de Winter and Claeys, 2017). The µXRF is equipped with a rhodium anode metal-

ceramic X-ray tube (de Winter et al., 2017). The M4 Tornado apparatus was operated on a voltage of 

50 kV and a current of 600 µA. Two silicon drift detectors with a sensitive area of 30 mm² detected the 

incident characteristic X-ray photons. With a 25 µm spot size, a map was produced with measurements 

every 10 µm and 1 ms detection time per pixel. No filters were applied. Initially, five elemental two-

dimensional maps were produced using µXRF measurement, namely for WDF_A, WDF_B, WLF_A, 

WLF_B and WLF_C. 

After acquisition of the elemental maps, a selection was made of unmelted micrometeorite 

candidates. In most cases, the presence of nickel indicates the extraterrestrial origin of these particles 

(Genge et al., 2008). Nickel is also present in terrestrial rocks, mostly as pentlandite ((FeNi)S) in igneous 

rocks, but only in low concentrations of around 0.01 wt% (Fishbein, 1981). Subsequently, these 

particles were characterized using SEM-EDS and removed from the glass slide for µCT measurements.  

Figure 3: Left: Schematic representation of focusing glass capillary X-ray optics and the source-sample-detector 
setup (Bruker site). Right: Representation of interactions between incident X-rays and the orbiting electrons of 
a bromine atom, and the principle behind the emitted characteristic X-rays (Bruker site). 
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3.2.3. Scanning Electron Microscopy 

Scanning electron microscopy or SEM is an electron-based microscopy technique, primarily designed 

for imaging purposes. These images are produced using an emitted electron beam, which interacts 

with the sample. Different types of signals are reflected by the sample and are captured with the 

appropriate detectors. Depending on the emitted type of electrons from the specimen, secondary 

electron (SE) images and backscattered electron (BSE) images can be produced. The former are mainly 

used for topographical features, while the latter provide information on the compositional 

characteristics of the sample. During this Master project, mainly BSE images are used since these may 

indicate density variations within the particle, which is related to the mineralogy of the 

micrometeorite. Additionally, characteristic X-rays can be produced, which are used for chemical 

analysis and elemental mapping (Reed, 2005). 

A scanning electron microscope set-up consists of an electron source or “electron gun” and 

electromagnetic lenses to focus the electron beam onto the specimen. The electron gun contains a 

tungsten filament, which is kept at a negative potential of around 10 – 30 keV and heated to about 

2,700 K. This allows electrons to escape the filament and accelerate towards an anode. The beam of 

electrons is de-magnified and focussed onto a smaller spot size using electron lenses to be useful for 

imaging. These magnetic electron lenses are metal coils carrying a direct current. Passing electron 

beams are deflected towards the central axis, analogous to convex glass lenses deflecting light. Often, 

three electron lenses are used, de-magnifying a source diameter of around 50 µm to a spot size of less 

than 10 nm. Together, the electron gun and electron lenses form the “column”. Typically, electron 

beam systems are under high vacuum, to avoid damage to the high-voltage system or excessive 

scattering of electrons before reaching the sample (Reed, 2005; Goldstein et al., 2017). 

 

Figure 4: Representation of electron-sample interaction volume, and the different types of rays and particles emitted 
from the sample after interaction with incoming electrons (Bacon, 2012). 
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Incident electrons interact with the sample within a certain volume (Fig. 4; Bacon, 2012). The shape of 

the interaction volume is the result of the amount of elastic scattering in the sample. Elastic scattering 

increases with an increasing atomic number, but reduces when electron energy is increased, allowing 

for deeper penetration (Goldstein et al., 2017). SE and Auger electrons are highly sensitive for both 

elastic and inelastic scattering and are only produced within a surface of a couple nanometres thick. 

They are generated by both incident primary electrons and BSE. BSE penetrate in a deeper and broader 

volume (Reimer, 1998). Beam deflection coils and electron detectors are used for the production of 

the scanning image (Reed, 2005). In addition to BSE imaging, X-ray spectrometry is used to infer 

chemical information. EDS detects a broad range of incident energies on a detector with multiple 

channels. These energies in keV are plotted with the number of counts by the detector. These energy 

peaks are characteristic for selected elements identified to be present (Reed, 2005). The elements are 

then chosen to be quantified as oxide percentages with their corresponding standard error σ (Fig. 5). 

The obtained oxide percentages shown in Figure 5 are not calibrated versus matrix-matched reference 

materials, and can as such only be interpreted to be semi-quantitative. However, it is still possible to 

identify certain minerals in the samples based on the stoichiometric abundances of the oxides. For 

quantitative data, fully quantified methods, such as electron microprobe analysis (EMPA), need to be 

applied, which are beyond the scope of this work (Kurat et al., 1994). 

Nickel-bearing particles, identified using µXRF were imaged using BSE SEM. Using EDS, a semi-

quantitative chemical characterization of the micrometeorite candidates can be performed, in addition 

to a topographical view of the particles from SE imaging. Prior to this measurement, the samples were 

carbon coated to prevent charging of the surface causing charging artefacts. Carbon coating provides 

a conductive surface, allowing the charged particles to dissipate. Charging artefacts occur when a 

charge is built up on non-conductive surfaces. This will result in an unstable, and undesirable image 

(Reed, 2005). After the first SEM measurements, the samples were prepared for µCT scans. Some of 

these samples were, after the µCT scans, mounted, polished and prepared for SEM-EDS, to identify 

Figure 5: Energy-dispersive spectrum of micrometeorite particle R4P12 of the Widerøefjellet mountain. The 
number of counts of a specific voltage are plotted, showing characteristic energy peaks corresponding to 
specific elements, converted to oxides with associated standard error σ. 
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whether high-density phases were present in the particles. Other relict mineral phases such as olivine 

and pyroxene have also been studied. 

The SEM measurements were performed at the VUB, using the JEOL JSM IT – 300 scanning electron 

microscope. A voltage of 15 keV was applied for the EDS module, with a current of around 70 – 80 µA. 

A resolution of around 10 nm was attained for the BSE imaging. 

3.2.4. Computed X-Ray Microtomography 

Computed X-Ray Microtomography, also known in literature as X-ray microtomography (XMT), is a 

non-destructive three-dimensional visualisation and analysis technique. Computed X-ray tomography 

is based on the principle of transmission and attenuation of X-rays by matter, which is related to the 

density of the matter where the X-rays pass through, determined by the linear attenuation coefficient. 

Material with a higher density will attenuate more X-rays, while an increase in X-ray energy results in 

a lower attenuation coefficient (Cnudde and Boone, 2013). For energy levels below 200 keV, 

attenuation mainly occurs due to photoelectric absorption, incoherent Compton and coherent 

Rayleigh scattering (Roels and Carmeliet, 2006; Cnudde and Boone, 2013). Depending on these 

aforementioned factors, the transmitting X-rays arrive at the detector with a specific intensity after 

attenuation through the sample. This is described by Beer’s Law: I = I0 exp(-µd), where I is the intensity 

of incident X-rays, I0 the intensity of attenuated X-rays, µ the attenuation coefficient and d the 

thickness of the object (Roels and Carmeliet, 2006). These X-ray signals are converted to electrical 

signals at the detector and transmitted to a computer. Projections from different angles are made by 

rotating the sample (or the source-detector setup) and these radiographs can be combined to produce 

a 3D image (Fig. 6; Vlassenbroeck et al., 2006). During reconstruction of the images, both a spatial and 

temporal normalization was performed. 

The High-Energy CT system Optimized for Research (HECTOR) set-up was used to scan the selected 

micrometeorites. This µCT scanner, developed at the UGent Centre for X-ray Tomography (UGCT), can 

achieve a spatial resolution of 4 µm and can operate at a voltage of up to 240 kV (Masschaele et al., 

2013). A general CT setup in laboratory environment is comprised of an X-ray source, a specimen on a 

sample stage and a detector, which converts X-rays to electrical signals (Fig. 6). In this case, the sample 

stage can rotate to acquire scans from all angles, unlike medical or environmental CT scanners which 

rotate around a stationary sample (Ritman, 2004). HECTOR contains an XWT 240-SE microfocus source, 

which can deliver up to 280 W and produce a high X-ray flux with a spot size of 4 µm. A tungsten 

reflection target is used as the anode in the X-ray tube. The cone beam is produced by letting the X-

rays pass through a narrow hole at the source. In addition, a 1-mm aluminium filter was used, so only 

X-rays with specific energy levels can pass. The motorized stages allow for variable source-to-object 

Figure 6: Schematic representation of the µCT setup, where the incident x-rays are 
emitted from a source through a focal spot to be attenuated by the rotating specimen 
and arrive at the detector (Cnudde and Boone, 2013). 

Figure 6: Schematic representation of the µCT setup, where the incident x-rays are 
emitted from a source through a focal spot to be attenuated by the rotating specimen 
and arrive at the detector (Cnudde and Boone, 2013). 
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and source-to-detector distances to optimize the X-ray flux and cone beam angle. The detector is an 

array of 2024 x 2024 pixels with an area of 80 x 80 cm² (Masschaele et al., 2013). During scanning, the 

exposure time of the detector was 1000 ms per frame. HECTOR operated on 150 kV voltage and 10 W 

power, which corresponds to ~71.5 µA. The source – object and source – detector distances were 

29.4095 mm and 1467.08 mm, respectively. 

The micrometeorite samples selected by the µXRF analysis were mounted onto two carbon rods. A 

total of seventy-three particles from WDF_A, WDF_B, WLF_A and WLF_B were placed on the carbon 

rod. The carbon rod was placed in a small container filled with kinetic or “magic” sand for stability. A 

total of eight scans were made. Using ImageJ software, individual image sequences of each 

micrometeorite were produced, cropped and a linear contrast expansion was implemented to improve 

the contrast between different phases.  

The image sequences of all micrometeorites were processed using Octopus Analysis. Octopus Analysis 

and Visualisation are part of the Octopus Imaging Software, a software package developed in-house 

by the UGCT group (Brabant et al., 2011). This software is used for the reconstruction, analysis and 

visualisation of 2D CT image data to high quality 3D volumes. The same workflow was applied to assure 

reproducible results. First, a bilateral filter was applied, with a grey value σG = 4 and pixel σD = 5. The 

bilateral filter is an extension of a Gaussian filter, which replaces each voxel of the volume with a linear 

combination of the voxels with a kernel with a chosen size, centered around the central voxel. Voxels 

are an array of discrete elements into which a representation of a three-dimensional object is divided. 

A voxel represents a value on a regular grid in three-dimensional space. In bilateral filters, the 

multiplication factors of the kernels are adapted based on the actual grey value of the neighbouring 

voxels. σG and σD stand for the standard deviation of the grey value and spatial Gaussian coefficients 

respectively. Using the filter allows to differentiate mineral phases, porosity, and background more 

easily, making thresholding more manageable. 

After production of a mask to constrain the particle, three thresholds were applied: porosity, matrix 

(meaning all solid mass, including the high-density phases), and high-density phases. A mask needs to 

be produced to discern the particle from the background. This way only measurements on the particle 

itself can be performed. Similar or equal threshold values were used to produce these thresholds for 

each micrometeorite, however due to the large differences between some micrometeorite 

compositions, this was not always possible. Porosity thresholds were only made for 43 of the 73 

scanned particles. A number of binary operations were applied on the thresholded image data. For the 

production of the mask, isolated foreground voxels were removed. These isolated voxels act as noise 

and were removed if 20 neighbouring background voxels were present. Also the “2D fill holes” 

operation was used, which fills all holes in all 2D slices, essentially removing all pores which allows for 

the production of the mask. Large open pores however, are not included with the fill holes operation. 

For the porosity threshold, the “3D open mask” operation was used, which removes all sets of 

foreground voxels smaller than a specific level (level 1 in this case, which removes the least amount of 

foreground voxels). This operation removes incorrectly thresholded pores at the margins of the 

particle, which were created due to grey value averaging which occurs at the edges of particle in the 

µCT images. After processing with Octopus Analysis, information about equivalent diameter, 

sphericity, number of voxels and surface of pores, high-density phases and the matrix were acquired. 

These are summarized in the results section. 3D images of these processed images were then 

constructed using Octopus Visualisation or the ImageJ Volume Viewer plugin. ImageJ is an open-source 

image processing program, which is used for scientific multidimensional images. Plugins and scripts 

such as the Volume Viewer plugin help perform a wide variety of tasks. 
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Due to the large number of porosity thresholds that were not performed, 2D porosity was manually 

measured using ImageJ software. Single 2D image slices of the centre of the micrometeorite were used 

here. Using the freehand selection tool, selecting the individual pores and the total area of the particle, 

the total porosity can be calculated (Fig. 7). However, it is still not possible to calculate the total 

porosity of all particles this way. Fifteen of the 30 particles without 3D porosity threshold are too 

homogenous to constrain individual pores. In some of the image sequences of the µCT data, ring 

artefacts might be observed. This type of artefact is the result of differences between detector 

elements, and are normally partially removed during normalization. Additional processing can remove 

these artefacts. 

Based on these individual image sequences, a selection was made of particles containing potential 

high-density phases, such as chromite, metals, magnetite, etc. Thirty-five particles were selected from 

the first carbon rod, mounted in a resin block, polished, and scanned using SEM-EDS. 

  

Figure 7: Example of a manual 2D porosity measurement using the ImageJ software. The porosity of 
particle R5P14 of the Widerøefjellet mountain was calculated by selecting individual pores and the 
area. Image voxel size is 4 µm. 



 2. Research Description  

16 

 

2.3. Results 

2.3.1. Micro X-Ray Fluorescence Spectrometry: elemental maps 

2.3.1.1. Walnumfjellet 
In total, three elemental maps were constructed for the particles from the Walnumfjellet site (WLF_A, 

WLF_B and WLF_C). An example from WLF_A is shown in Figure 8. The other maps can be found in 

appendix A. In Figure 8, 5 total particles with elevated abundances of nickel (Ni) and chromium (Cr) 

were identified. One particle was enriched only in Ni, while 4 are enriched in Cr only. The potential 

micrometeorites were selected for further analysis. 

2.3.1.2. Widerøefjellet 
Two elemental maps were constructed for the 400 – 200 µm and 200 – 125 µm size fractions of the 

Widerøefjellet particles. Figure 9 represents the elemental map of WDF_A. Fourteen nickel- and 

chromium-rich particles are present. For 3 particles Cr was detected, but no Ni. Two particles contained 

a relative enrichment of Ni but no Cr. These particles were selected for further analysis. The remaining 

chemical map can be found in appendix A. 

Figure 8: XRF elemental map of WLF_A. The elements nickel (red), iron (green) and chromium (blue) are 
represented by different colors. Five particles contain both Ni and Cr (red rectangles), one contains Ni (green 
rectangle) and 4 contain Cr (blue rectangles) only. 

Figure 9: XRF elemental map of the 400 – 200 µm size fraction (WDF_A) of the Widerøefjellet micrometeorites. 
The elements nickel (orange), iron (blue) and chromium (green) are represented by different colors. Fourteen 
particles contain both Ni and Cr (red rectangles), 3 are enriched in Cr (blue rectangles) only, and 2 contain Ni 
(green rectangles) only. 
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2.3.2. SEM-EDS of bulk particles 

Figure 10: Backscattered electron images of bulk micrometeorite particles (A) R2P22 (WLF_A), 
(B) R2P22 (WLF_B), (C) R2P24, (D) R5P5, (E) R5P6, (F) R5P22 from the Walnumfjellet mountain, 
and (G) R3P4 and (H) R1P13 from the Widerøefjellet mountain. Brighter regions in the images 
reflect areas with higher atomic numbers/density, while darker regions correspond to lower 
atomic numbers/density. Interesting features such as vesicles (light blue), striations (dark 
blue), pyramid-shaped magnetite (red) and magnetite crust, cracked or rough (green) are 
indicated by arrows. 
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Based on the elemental data obtained from the µXRF analyses, BSE and SE images were composed of 

bulk micrometeorites using SEM. Particles with shapes or textures resembling extraterrestrial particles 

were also analysed, since the µXRF instrument has difficulty detecting nickel- or chromium-poor 

micrometeorites. These particles may include extremely spherical particles, or particles resembling 

other unmelted micrometeorites described in literature. Forty-three micrometeorites from the WDF_B 

were imaged and scanned using EDS. Most of the studied micrometeorites contained nickel and/or 

chromium, as previously determined by µXRF measurements. However, since nearly all particles 

contain a magnetite rim, often with visible dendritic crystals, it may not be possible to detect these 

elements within the particles. Figure 10 H shows an example of such particle containing a magnetite 

rim from the Walnumfjellet site, marked with a green arrow. A total of eighteen bulk particles from 

WDF_A were scanned using BSE and SE imaging.  

From the Walnumfjellet site, one hundred and thirty-eight micrometeorites were scanned using BSE 

and SE mode (WLF_A, WLF_B and WLF_C). After the µCT analysis, a selection of micrometeorites was 

made that may contain relict mineral phases. These particles were mounted, polished, carbon-coated, 

and re-analysed using SEM-EDS to reveal their internal chemistry and structures. 

A large variety of morphological differences can be observed in the different micrometeorites. The BSE 

images reflect average atomic numbers of a specific area, with brighter areas having a higher electron 

density, and therefore a higher density compared to dark areas. Particles C, D and H reveal a crust 

enveloping the particles, most probably containing magnetite, as indicated by the green arrows. 

Energy-dispersive spectra highlight FeO concentrations between 75 and 80 wt% on the crystals of 

particle A, further supporting this assumption. Images A and F display relatively bright, nearly euhedral 

crystals exposed at the outer surfaces, indicated by the red arrows. The particles in images C and D 

contain vesicles which can be seen from the outer edge, as indicated with light blue arrows. No vesicles 

are seen at the exterior of particles E and G, but the external morphology may indicate internal vesicles. 

Another interesting texture is the striations on images A, B and F, indicated by the dark blue arrows. 
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2.3.3. Computed X-Ray Microtomography imaging 

A total of eight scans were made of 73 particles placed on a carbon rod using HECTOR. After linear 

contrast expansion, a number of particles with clearly discernible phases were first selected. A few 

examples of observed features are included in Figure 11. 

Denser phases are brighter in µCT images, while less dense phases are darker. Pores, indicated with 

blue arrows, are very dark to black in most cases. Pores are discrete voids within a micrometeorite, 

either primary or secondary as a result of the formation of gas during atmospheric entry. Images A and 

B display rounded, porous particles. Relatively denser phases are visible at the edges of the particles. 

Image C shows high-density phases both within the particle with red arrows, as well as at the edges 

with green arrows. Porosity is difficult to discern on this image. Lastly, image D appears to be rather 

dense as a whole, with containing multiple high-density zones. 

Using the Octopus Analysis and Visualisation software, three thresholds were defined for the particles 

scanned with µCT. These thresholds are based on porosity, groundmass and high-density phases. For 

30 of the 73 scanned micrometeorites, no coherent porosity threshold could be defined. In contrast, a 

high-density threshold could not be determined for 11 of the 73 particles. This is due to the 

homogeneity of the image. For each particle phase, if correctly thresholded, data about relative 

volume, equivalent diameter, sphericity, surface and number of voxels can be resolved. The latter 

Figure 11: Examples of micrometeorite particles (A) R1P13, (B) R2P11, (C) R1P12 and (D) 
R5P15 of the Widerøefjellet mountain with distinct phases or structures. A linear contrast 
expansion was performed on the images. Pores (blue), magnetite rims (green) and high 
density phases (red) are indicated with coloured arrows. Image voxel size is 4 µm. 
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includes open and closed porosity, however only total porosity will be discussed here. A full summary 

of the acquired data for all threshold parameters can be found in appendix B. 

If the threshold for porosity could not be constructed, the porosity output for these particles based on 

the applied software routines is 0%. Such value is ambiguous and therefore this data is not used in the 

histograms or graphs summarizing the 3D porosity distribution of the micrometeorites (Figures 12 and 

14). As an alternative, porosity measurements were performed on 2D slices of the µCT data of particles 

where porosity thresholds were previously not possible. To verify these observations, 2D porosity 

measurements were performed on particles for which the porosity was already calculated in 3D. This 

control group consists of ten micrometeorites, for which the porosity was calculated in 3D using 

Octopus Analysis, in 2D using ImageJ on the µCT images using the freehand selection tool, and in 2D 

on the BSE images using the ImageJ thresholding tool. The total porosities calculated using these three 

methods are summarized in Figure 12. 

In total, 3D porosity was calculated by thresholding 43 particles in Octopus Analysis. Using ImageJ, the 

2D porosity was calculated on representative slices of 15 micrometeorites, leaving 15 micrometeorites 

for which the porosity was not determined. Denser phases are brighter in µCT images, while less dense 

phases are darker. Pores are very dark to black discrete voids within a micrometeorite, either primary 

or secondary as a result of the formation of gas during atmospheric entry. However, the primary or 

secondary origin of these pores is difficult to differentiate. Images A and B display rounded, porous 

particles. Relatively denser phases are visible at the edges of the particles. Image C shows high-density 

phases both within the particle, as well as at the edges. Porosity is difficult to discern on this image. 

Lastly, image D appears to be rather dense as a whole, with some specifically high-density zones. 

Figure 12: Micrometeorite porosities calculated using ImageJ for 2D µCT and BSE images, and Octopus 
Analysis for 3D µCT images. The difference between porosities calculated by the different methods is shown. 
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2.3.3. SEM-EDS of polished particles 

Figure 13: Backscattered electron images of mounted and polished micrometeorite particles (A) R4P12, (B) 
R1P13, (C) R2P3, (D) R2P11, (E) R1P16, (F) R1P12 from the Widerøefjellet mountain, and (G) R6P26 and (H) 
R5P5 from the Walnumfjellet mountain. Brighter regions in the images reflect areas with higher electron 
density, while darker regions correspond to lower electron density. Iron-rich (red), nickel-bearing sulphur-
rich (light blue), sulphur-rich (dark blue), chromium-rich (green) and silicon-rich (purple) phases are marked 
with coloured arrows. High- and low-density groups have been added with the corresponding number or 
abbreviation (Tables 1 and 2), high iron (hFe), high chromium (hCr), low chromium (lCr), and high nickel and 
sulphur (hNi-hS). 
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After studying the µCT data, thirty-five particles with possible relict phases were selected. These 

micrometeorites were mounted onto six epoxy cylinders and polished to study the interior of the 

particles. The particles were arranged according to their size fractions and shapes, and spaced evenly 

to assure optimal polishing and visualisation. BSE images were made, and compositional data was 

acquired to locate and identify relict mineral phases, including chromite, sulphides, metals, etc. The 

EDS module of the SEM setup provides a semi-quantitatively chemical composition, expressed as oxide 

percentages (Fig. 13). Several types of mineral phases are observed within the sectioned particles using 

EDS scans. In total, 320 spot analyses were performed, producing 320 elemental spectra for the 

selected 35 particles. Sizes of the high-density and other interesting mineral phases are measured from 

the longest axis of the grains using ImageJ and are calculated from a representative group of five 

particles where the specific phase is present (except for the chromium-rich phase). A brief summary 

of the high-density phases based on their EDS oxide percentages is presented in Table 1. In the next 

section, these phases are described, and the spectra corresponding to these phases can be seen in 

Figure 13 in the results section. The BSE images of the remaining polished particles are presented in 

appendix D. 

Table 1: Observed phases grouped based on oxide percentage compositions analysed using SEM-EDS. 
Representable phases from a number of micrometeorite particles are chosen. ND stands for not detected. 

Iron-rich phases 

Iron-rich phases are marked with red arrows in Figure 13. Table 1 shows the concentrations of the 

elements present in the Fe-rich phases. Nearly all particles contain an Fe-rich phase composed of 75 

to 100 wt% FeO. There are large variations in the concentration of Fe present in the studied 

micrometeorites. Some particles are enveloped by a dense rim, which is often enriched in Fe (Fig. 13 

B and F). Sometimes this rim consists of two distinct layers, with very high concentrations of FeO (up 

to 100 wt%) in the inner layer. In Figure 13 B the outer, less Fe-rich rim has a thickness of 3.99 – 7.77 

µm, while the inner, more Fe-rich rim has a thickness of 1.06 – 3.62 µm for. The Fe-rich outer and inner 

rims in Figure 13 F have thicknesses of around 5.32 – 14.74 µm and 4.64 – 26.34 µm, respectively. This 

highlights a large variation in thicknesses of these enveloping layers for different particles. In certain 

particles (Fig. 13 F and H), iron-rich phases are present as angular grains or aggregates, or as shapeless 

droplets. The compositions of these individual phases are similar to those of the rims. The size of these 

angular grains or droplets vary anywhere between 1.73 and 24.83 µm, measured for the longest axis. 

In Table 1, the spectra of the three high-Fe groups (inner rim, outer rim and grain) are presented and 

their locations are marked in Figure 13 B and C using the hFe abbreviation. A table of the average 

lengths of grains and droplets, and thicknesses of the rims from a selection of representative particles 

can be found in appendix C. 

Group Particle Spectrum MgO SiO2 FeO Al2O3 CaO SO3 MnO TiO2 Cr2O3 V2O5 NiO P2O5 

High Fe 
outer rim R1P13 

107 ND 6.91 81.96 ND ND 5.94 ND ND ND ND 3.7 ND 

High Fe 
inner rim R1P13 

108 ND ND 98.88 ND ND ND ND ND 1.12 ND ND ND 

High Fe 
grain R2P3 

1 ND 0.17 94.17 ND ND ND ND ND ND ND 5.12 0.54 

High Ni and 
S R2P11 

41 1.48 3.89 30.07 ND 0.31 44.31 ND ND ND ND 19.95 ND 

Low Ni and 
High S R7P3 

147 7.75 9.2 41.66 0.77 ND 37.79 ND ND ND ND 2.84 ND 

High Cr R1P16 263 1.83 1.65 19.06 ND ND ND 13.19 ND 63.21 1.06 ND ND 

Low Cr R5P5 181 8.63 1.34 48.64 8.28 ND ND ND 0.29 32.75 ND ND ND 
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As iron is ubiquitously present in nearly all of the studied micrometeorites, a baseline of 75 wt% FeO 

was selected to discriminate Fe-rich and Fe-poor phases. 

Nickel-bearing, sulphur-rich phases 

The light blue arrows in Figure 13 A and D indicate nickel-bearing, sulphur-rich phases. Table 1 

summarizes the chemical composition for a representative sample of this phase. In these phases, a Ni 

concentration of at least 10 wt% NiO and a sulphur concentration of at least 30 wt% SO3 is present. In 

addition, the Fe concentration ranges mostly between 30 and 40 wt%, but is not always present. The 

hNi-hS abbreviation of Figure 13 D corresponds to spectrum 41 in Table 1. These phases are present 

as spherical droplets or shapeless forms and do not have a preferential location within the particles, 

but are not present at the outer edges. The sizes of these Ni-bearing S-rich phases range between 0.10 

and 6.86 µm, averaging 3.10 µm. 

In particle R5P6 from WLF_B, an extremely Ni enriched phase was found as part of a rim on the 

particle’s margin. A Ni concentration of 69 wt% NiO was detected, with an addition of 22 wt% FeO and 

5 wt% MgO. No S was detected. 

Similar to Fe, Ni can also be homogenously distributed in micrometeorites, at concentrations up to 2 

oxide%, which corresponds with the µXRF analyses. 

Sulphur-rich phases 

The dark blue arrows in Figure 13 mark S-rich phases, with often a contribution of Ni. In table 1, an 

example of a representative phase is shown. Sulphur concentrations of 30 to 40 wt% SO3 are measured 

using EDS. Generally, more Fe is present in comparison to the previous group (i.e., 40 wt% FeO). Nickel 

concentrations of less than 2 wt% NiO are measured in some cases as well. These phases are present 

as shapeless or spherical droplets, as aggregates or even angular grains. There is no preferential 

location for these S-rich phases, similar to the Ni-rich, S-rich phase, but are also not found at the outer 

edges. Sizes of these particles range between 1.57 – 16.56 µm, with an average length of 4.66 µm. 

Chromium-rich phases 

In several particles, including these from Figure 13 E and H, chromium-rich phases can be found, 

indicated by the green arrows. These Cr-rich phases contain approximately 50 wt% Cr2O3 and 20 to 35 

wt% FeO (hCr). In some grains (e.g., Figure 13 H), Cr2O3 concentrations of 15 to 30 wt% and FeO 

concentrations of 50 to 70 wt% are observed (lCr). There are only three chromium-rich phases found 

in both groups. However, there appears to be a difference in the chemical composition between the 

two chromium-bearing groups. The >50 wt% Cr-bearing particles vary between 3.4 and 4.75 µm in 

length, averaging at 4.07 µm. The <30 wt% Cr-bearing particles are somewhat larger, around 4.20 – 

6.31 µm in length, averaging at 5.02 µm. In comparison to the aforementioned S-rich (and Ni-rich) 

phases, these Cr-rich phases also do not seem to have a preferential location, but they can be present 

at the outer edge of the particles. 

Analogous to Ni and Fe, Cr can be distributed homogenously in the micrometeorites. However, this is 

more uncommon than Fe and Ni. Chromium concentrations can be up to 1.5 wt% at most, often below 

0.5 wt% Cr2O3. This also corresponds with the Cr values determined by the µXRF. Trace element 

contents present in the Cr-rich phases are summarized in Table 1. 
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Groundmass mineral phases 

Analogous to the high-density phases, Table 2 represents the oxide percentages of the, generally low-

density, groundmass phases. The spectra of these phases can be seen in Figure 13. In nearly all 

micrometeorites, lower-density silica-rich phases are present as large grains or as groundmass. These 

phases are darker on the BSE images than the previously described high-density phases and have a 

lower abundance of high-density elements based on the EDS analysis. These grains can be a few 

microns large up to 56 µm (Fig. 13 H), often with some zonation visible in the larger grains. Due to the 

large variation in composition, it is difficult to observe trends in elemental oxide percentages and link 

these to specific mineral phases. Based on the differences in MgO, FeO, and SiO2 concentrations, some 

mineral groups with specific chemical compositions can be constrained. Elements such as Al, Ca, S, 

etc., present in smaller concentrations, are also important as they can give information about possible 

other mineral phases present in the particle. The chemical compositions of these different groups are 

shown in Table 2. 

In total, five different groups of mineral phases with a relatively low density, with the exception of 

group 5, can be classified. 

Group 1 is composed mainly of 16 – 25 wt% MgO, 40 – 45 wt% FeO and 33-35 wt% SiO2. 

Group 2 is subdivided into 2a and 2b, based on a chemical zonation. Group 2a has 17 – 20 wt% MgO, 

10 – 16 wt% FeO, ~4.5 wt% CaO, ~6 wt% Al2O3 and ~55 wt% SiO2. Group 2b has less Fe and more Mg 

present, only ~1 wt% FeO and ~56 wt% MgO. SiO2 wt% is around 40%. Group 2b appears as dark zones 

in the groundmass of some particles (Fig. 13 B), which transitions into brighter zones which have 

compositions of group 2a. Group 2b can also be present without any visible zonation and then it has a 

higher iron content of about 1 to 10 wt% FeO. Trace elements may vary, but due to the different Fe 

content and lack of zonation, it may be regarded as a different group. These variations are included 

here into group 2b to avoid complication. 

Group 3 can also be subdivided into two subgroups, based on clear zonation within individual mineral 

grains (Fig. 13 C and D). Group 3a comprises the inner, darker part of the zonation, which is composed 

of 35 – 39 wt% MgO, 1.5 wt% FeO at most, 2.5 wt% Al2O3 at most and ~58 wt% SiO2. This transitions 

rather abruptly into group 3b, which is brighter on the BSE image, meaning it has higher atomic 

numbers on average. Group 3b contains more iron, (48 – 60 wt% FeO). The Mg and Si content are 

lower than group 2a, at 2.8 – 12.6 and 24 – 32.5 wt% MgO and SiO2 respectively. Between 1.7 and 7 

wt % Al2O3 is present. 

Group 4 contains 18 to 25 wt% MgO, 10 – 37 wt% FeO and 37 – 58 wt% SiO2. In addition, Al and S can 

also be present in concentrations up to 3 wt%. Other elements such as Na, Ca and P are rarely observed 

in concentrations larger than 2 oxide%. Group 4 is a rather broad group based on its chemical 

composition, but can be recognized in several particle groundmasses (Fig. 13 G). 

Group 5 represents a dense, Fe-rich group. At least 75 wt% FeO is present, with several additional 

elements present at variable concentration, including Al, Si, P, S, Cr, Ni, etc. Other elements present in 

trace amounts are summarized in Table 2. While this is more a high-density phase, it is added here as 

it can occur as groundmass within micrometeorites.  

During a single occurrence in particle R6P26, indicated with the purple arrow in image G, a phase with 

an extreme enrichment in silicon was found, namely 67 wt% SiO2. This mineral phase, with a length of 

9.33 µm, is also characterized by 10 wt% Na2O and 20 wt% Al2O3. Silicon-bearing grains or groundmass 

are prevalent in many particles, but at lower concentration than in this specific particle. 
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Other 

Particle R6P17 from WDF_B is composed mainly of phases containing up to 100 wt% FeO and SiO2, in 

addition to Si-Fe-Al-Mg-bearing minerals. Mineral phases also appear to be more defined, with clear 

edges between phases. No Ni was found using SEM-EDS analysis.  

Table 2: Groundmass and individual phases grouped based on chemical compositions determined using SEM-

EDS. Representative phases from a number of micrometeorite particles are selected. ND stands for not detected.  

Group Particle Spectrum MgO SiO2 FeO Al2O3 CaO SO3 MnO TiO2 Cr2O3 K2O NiO P2O5 

1 R4P12 29 23.68 35.17 40.57 ND 0.16 ND 0.42 ND ND ND ND ND 

1 R2P11 48 19.93 34.13 45.46 ND 0.48 ND ND ND ND ND ND ND 

2a R1P13 112 17.48 54.03 16.03 6.07 4.44 0.62 ND 0.38 0.95 ND ND ND 

2b = 7 R1P13 113 56 41.95 1.25 ND 0.22 ND ND ND 0.58 ND ND ND 

3a R2P3 4 2.81 24.33 59.97 7.36 0.89 0.88 ND ND ND 0.53 2.23 ND 

3b R2P3 6 35.69 58.27 1.56 2.47 0.78 ND 0.27 0.26 0.7 ND ND ND 

3b R2P11 45 38.4 58.33 1.29 0.48 0.55 0.45 ND ND 0.5 ND ND ND 

4 = 6 R1P16 267 22.45 48.62 22.17 3.41 0.28 2.03 ND ND 0.59 0.28 ND 2.25 

5 R1P12 223 ND 6.96 76.85 4.06 0.38 4.57 ND ND 1.55 ND 1.75 ND 

6 = 4 R6P26 298 24.32 43.06 24.98 2.68 2.02 1.85 0.34 ND 0.35 0.24 ND ND 

7 = 2b R5P5 165 51.63 41.04 6.23 ND 0.23 ND 0.32 ND 0.54 ND ND ND 
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2.4. Discussion 

2.4.1. Spatial resolution of the used instrumentation 

Important to this dissertation is the spatial resolution acquired for the different techniques that were 

applied, and whether or not the resolution of these (non-destructive) methods allows for an accurate 

representation of the structures and phases within the studied micrometeorites. In other words, is the 

resolution of laboratory-based µCT sufficiently high to identify individual mineral phases and structures 

within these particles? The HECTOR instrument can acquire images at a resolution of 4 µm, which is 

fairly limited when particles ranging from < 100 µm up to 400 µm are being studied. SEM-EDS in 

comparison, has a much higher spatial resolution of around ca. 10 nm. However, in order to perform 

a chemical analysis of micrometeorites using EDS, valuable material is lost during the polishing stage. 

In addition, SEM-EDS only provides information about a random 2D plane, contrary to µCT, which 

provides information about the entire three-dimensional volume. In this study, only EDS spot analyses 

were acquired of potentially interesting mineral phases, the groundmass and unusual structures. Due 

to time constraints, no line profiles or area analyses were performed, while the µCT covers the entire 

volume of the studied particles. 

In comparison with synchrotron-based nano-CT, such as the nanoscopic ID16B beamline at the 

European Synchrotron Radiation Facility, lab-based µCT has a significantly lower spatial resolution. 

Beamline ID16B can attain a resolution of up to 100 nm (Van Maldeghem et al., 2018). While this 

greatly improves the amount of details visible, synchrotron CT is not as easily accessible as lab-based 

µCT. Operation costs are also considerably higher compared with lab-based µCT. Additionally, lab-

based µCT enables scanning of a large number of particles relatively fast, only at the cost of a lower 

resolution.  For this reason, lab-based µCT can serve as an excellent preliminary method to gain some 

information about internal structures and phases, such as large pores and high-density mineral phases.  
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2.4.2. Porosity 

By applying thresholds on the µCT image sequence, the porosity of 43 out of 73 scanned particles was 

calculated. A second attempt at measuring the porosity of the remaining 30 particles was performed 

using 2D slices and resulted in a porosity value for 15 particles (Fig. 14). 

Figure 14 shows a histogram of the total porosities of the studied micrometeorites. The porosity was 

calculated using Octopus Analysis in 3D (light blue) and ImageJ in 2D (dark blue). Most of the 

micrometeorites have a porosity of lower than 8%, which are 24 of the 58 particles of which a porosity 

was calculated. All of the porosities calculated with ImageJ fall within the 0 – 8% porosity range, as 

expected because the only particles for which ImageJ was used to calculate porosity where those of 

which no porosity threshold was possible using Octopus. This would already suggest that the total 

porosity is not made up of large pores. Another 16 particles seem to group at a porosity between 10 

and 20%, while there are 3 micrometeorites which have a higher porosity of 22 – 28%. The total 

porosity of the micrometeorites, and the size of the pores can reveal information about evaporation 

of volatile phases during atmospheric entry. Micrometeorites with a higher porosity may have more 

volatile components in the parent body than those with a smaller porosity. Distinguishing primary and 

secondary porosity can be a difficult task. Large, spherical pores are most likely formed due to 

evaporation of volatile phases during atmospheric entry (Fig. 13 B).  

Furthermore, it seems that particles with a large amount of relict minerals have a lower porosity than 

those without. R5P5 (Fig. 13 H) for example has very clear relict phases, and a porosity of only 1.17% 

calculated from the SEM image. This is also a good example of how the calculated porosities of the 

different methods can differ. The porosity calculated from the 2D µCT data is 22.32% which is a 

difference of over 20%. From observations of the SEM-EDS data, this may be the result of the larger 

abundance of relatively low-density relict mineral phases, which were mistaken for pores during the 

thresholding phase. 

Figure 14: Chart of total porosity for each micrometeorite particle for which a porosity threshold was 
constructed with Octopus Analysis, in addition to the 2D porosity calculated with ImageJ. The particles are 
divided into porosity intervals of 2%. For 15 of the 73 particles, no porosity was calculated. 
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The 15 remaining particles have pore size distributions that are too small to observe using a maximum 

resolution of 4 µm. Due to grey value averaging, pore edges or entire pore bodies may disappear from 

the image. This may complicate the attempt to differentiate low-density phases from smaller pores 

within the particles and is thus a disadvantage of lab-based µCT, as porosity may be underestimated 

by a certain degree. 

In parallel, very large pore sizes that are connected to the edge of the particle will not be used during 

the calculation of the total porosity using the Octopus Analysis software (Fig. 15). As a result, when the 

mask is constructed to constrain the particle and calculate all parameters, this large open pore is not 

considered to be part of the particle. This contributes to an underestimation of the porosity and 

depends on the definition of an “open pore”. Nevertheless, even if this part of the pore structure of 

the particle is not considered, the porosity will be overestimated, as parts of this void (in other slices 

from the image sequence) will be added to the porosity with the mask. The porosity calculated based 

on µCT images should always be interpreted as the minimal porosity. By measuring the porosity 

manually on 2D slices using ImageJ, this problem can be avoided at the cost of only having information 

for a single two-dimensional slice. However, it remains uncertain whether the bulk porosity can be 

measured from a single 2D slice. 

Based on the porosity chart in Figure 12, a visible discrepancy in porosity values between the different 

analytical techniques can be observed. Porosities calculated from µCT images with Octopus Analysis 

are generally lower than those calculated from 2D µCT slices and SEM images. Especially the total 

porosity values calculated from SEM images and 3D µCT show large difference of up to 22%. Hence, it 

is difficult to determine which analytical technique can re-create the porosity as accurate as possible, 

since each individual technique is associated with important drawbacks. While porosity calculations 

from 2D SEM images are more precise, only one 2D slice is used from a three-dimensional 

micrometeorite. This 2D image is not guaranteed to be representative for the whole particle, due to 

the polishing step and the fact that unmelted micrometeorites are heterogeneous in general. On the 

other hand, while µCT allows for the calculation of the porosity of the entire volume, the 4 µm 

resolution causes the loss of a number of small pores (< 4 µm diameter). Mineral phases in close 

proximity to smaller pores may be averaged out, making them indistinguishable from the surrounding 

mineral phases. To visualise this underestimation of porosity due to thresholding problems, 2D 

porosity calculation was performed for the same particles as the 3D porosity calculation of µCT images. 

Figure 15: Example of an open pore from particle R1P14 
from WDF_B which has not been constrained by the 
mask, and thus not part of the porosity calculated using 
Octopus Analysis. 
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Although there is a difference in the calculated porosities, it does not exceed 15% and there does not 

seem to be a systematic over- or underestimation of the porosity of the 3D µCT images. This confirms 

that the porosity from the µCT data was calculated in a correct manner, but not that the calculated 

porosity is the real porosity. While the porosity calculated from 2D µCT data is based on relatively 

representative slices, there is still a general underestimation of porosity as compared to the porosity 

calculated from the SEM images. In comparison to the difference between the porosity of the 3D µCT 

images and the SEM images, there is a larger difference and the porosity calculated with the SEM 

images is much higher than with µCT. For 8 of the 10 particles, porosity of the SEM images is higher. 

The two particles which have lower porosities calculated from the SEM images are R7P3 and R5P5. 

R7P7 is a particle which has been polished too much, meaning only a small fraction of the particle is 

left in the epoxy mount, instead of the desired half. This could have an influence on the calculated 

porosity, but this could lead to either an over- or underestimation. Particle R5P5 contains a large 

amount of low-density phases, which are misinterpreted as pores in the µCT data. 

In certain cases, SEM imaging reveals that particular pores have been filled up with weathering 

material after deposition. This is reflected in the µCT images as a low-density zone, distinct from a 

pore. This also results in an underestimation of the porosity. 

In conclusion, using solely lab-based µCT operating at a spatial resolution of 4 µm is not sufficient to 

calculate porosity of unmelted micrometeorites in a size range of < 100 – 400 µm. Important pores 

smaller or around the voxel size cannot be discerned and are not included in the porosity. Other 

additional factors also influence over- or underestimation of porosity. This method should not be used 

alone to calculate the total porosity in an accurate and precise manner. However, while porosities 

calculated from 2D images also have drawbacks, a combination of methods may result in a porosity 

calculation closer to the real values. This method can still be used to quickly find large pores created 

due to evaporative loss, which are clearly visible in the µCT images. 
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2.4.3. Physical properties 

In total, 73 micrometeorites were studied, of which 33 were mounted and polished. There are vast 

differences in shapes and sizes of these particles. The chemical properties of the high-density and 

groundmass phases are discussed in the next section. The sizes of the high-density mineral phases are 

summarized in appendix C. The interior structures and mineralogical phases are also varied. Most of 

the particles are in the size range of 125 – 200 µm, and the 5 particles from WDF_A are in the 200 – 

400 µm size range. 

Observing the BSE images of the polished and mounted particles, there has at least occurred some 

degree of melting in the particles. Only 4 of the scanned particles show clear euhedral, angular, 

relatively low-density mineral phases. These phases are most probable relict mineral phases which 

have survived atmospheric entry and remained pristine. These phases can be observed in particles 

R5P5 (Fig. 13 H), R1P23, R2P22 and R2P4, which are shown in appendix D. Some zonation can often be 

observed at the edges of these mineral phases. Sizes of these angular minerals range from a few 

microns up to 60 µm in length (along the longest axis). These 4 particles can be classified as CgMMs. 

In the other particles, mineral phases of similar compositions are present in the groundmass, but have 

melted into the matrix. This results in a groundmass of multiple mineral phases which form zonations 

or transition into each other. While there are some high-density relict phases still present occasionally, 

most of the groundmass is very fine-grained, and often has droplet-like mineral phases present. Some 

degree of melting or evaporative loss has occurred. These particles may be classified as FgMMs, or 

some, as scoriaceous micrometeorites. However, it is hard to draw a definitive line between these two 

types. 

In particles including R2P22 (WLF_A), R2P22 (WLF_B) and R5P22 (Fig. 10 A, B and F), striations can be 

observed on the surface. These striations are characteristic for barred olivine, which often occurs in 

cosmic spherules (Genge et al., 2008; Folco and Cordier, 2015). Therefore these particles are probably 

not scoriaceous or unmelted micrometeorites, but weathered or broken down cosmic spherules. 

An attempt was made to match 2D SEM-EDS images with the same 2D slice of the µCT data, but this 

was not feasible without using the appropriate software. The large difference in spatial resolutions 

made this comparison impossible. If a successful match could be made, it could serve as a great 

comparison between the two methods.  
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2.4.4. Groundmass and low-density phases 

The groundmass groups 1 to 4 seem to be mainly composed of olivine and pyroxene group minerals. 

Figure 16 shows a triangular pyroxene group diagram of the Ca-Mg-Fe end-members (Dwivedi et al., 

2019). The minerals associated with the elemental oxide percentages derived by EDS analysis are 

determined using the Handbook of Mineralogy (Anthony et al., 2003), and cross-referenced with 

micrometeorite mineralogy literature (Beckerling and Bischoff, 1995; Rubin, 1997; Genge et al., 2005; 

Genge et al., 2008), which has been explained in the introduction section.  

Group 1 has an elemental oxide composition which fits the forsterite-fayalite series, pointing to the 

more iron-enriched fayalite (Fe2+
2SiO4). This seems to occur as newly formed minerals in the 

groundmass of vesicular particles. They are not present in crystals, perhaps due to fast cooling after 

atmospheric entry.  

Group 2a points to a mineralogy of a Ca-containing pyroxene composition, such as pigeonite 

((Mg,Fe2+,Ca)(Mg,Fe2+)Si2O6). The Mg and Fe content of this mineral group is approximately equal, 

around 16 wt%, with some minor variation. The presence of Al may be due to substitution of Si in the 

crystal lattice or from other Al-bearing minerals such as feldspars, spinel group minerals etc. This 

pigeonite phase occurs as part of the groundmass and not as relict minerals. Pigeonite can form during 

cooling by exsolution from a clinoenstatite-bearing parent body (Rubin and Ma, 2017). 

Group 2b, which is present in the same particles as part of the groundmass, is more enriched in Mg 

and depleted in Fe. The mineral composition corresponds to ~56 wt% MgO and ~40 wt% SiO2 and is 

identified as the forsterite (Mg2SiO4) end-member of the olivine group. The measured chemical 

composition lies at the forsterite end of the forsterite-fayalite series, but some substitution by Fe is 

observed using EDS analysis. It is present in particle R5P5 (Fig. 13 H) as large phenocrysts up to 60 µm, 

as a relict mineral phase. At the edges of these phenocrysts, zonation can be observed. In other 

particles such as R1P13 (Fig. 13 B) it is present as a smaller dark zone part of the pyroxene groundmass, 

with a more pigeonitic composition. The presence of forsterite phenocrysts and partially melted 

forsterite grains is less common than the Fe-rich end-member fayalite. This might be caused by the 

gradual replacement of forsterite by more Fe-rich olivine during thermal metamorphism of the parent 

body (Rubin and Ma, 2017). Forsterite-rich olivine is very common for carbonaceous chondrites (Genge 

et al., 2008; Rubin and Ma, 2017). 

Group 3a has a similar chemical composition as group 1, with the exception of a higher Fe and Al 

content. Therefore, a more iron-enriched fayalite is suggested for the mineralogy of this group. This 

also occurs in a very fine grained groundmass instead of crystals. It is present in particles which seem 

to have underwent some degree of melting. No traces of any relict crystals can be seen within this 

phase. 

Group 3b, which can also be present in the same particle groundmass as group 3a, has much more 

magnesium, up to 39 wt%. The Fe content is also much lower, only around 1.5% maximum. Based on 

the oxide percentages, this composition corresponds to enstatite (Mg2Si2O6) from the pyroxene group. 

This mineral forms a solid solution series with ferrosilite (Fe2+,Mg)2Si2O6), but this group is more closely 

related to the enstatite end-member due to the very low iron content. This mineral phase occurs 

mainly as a darker, recrystallized groundmass, which transitions into a brighter, fayalitic phase 

outwards. This phase is present in particle R2P3 (Fig. 13 C), together with the fayalite phase described 

in group 3a. 

Group 4 has a high SiO2 content of around 50 wt%. Iron and magnesium are present in approximately 

equal amounts, around 20 wt%, but with some variation leaning to a more iron-rich composition. 
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Accordingly, the mineral associated with this composition falls near the middle of the enstatite-

ferrosilite series, depending on the exact iron and magnesium content. This mineral phase is present 

in a fine-grained matrix. 

Group 5 has a high iron content, of at least 75 wt%. No magnesium was detected and only up to 7 wt% 

SiO2 is present, in addition to a number of other elements including Al, P, S, Cr and Ni. The mineralogy 

of this group corresponds to magnetite (Fe2+,Fe3+
2O4), with inclusion of the different elements 

mentioned above and in table 2. Depending on the Ni content, there may be taenite (γ-(Fe,Ni)) or 

kamacite (α-(Fe,Ni)) phases present as well (Anthony et al., 2003; Rubin and Ma, 2017).  

In general, minerals present in the groundmass of the studied micrometeorites have much lower 

density than the smaller grains and droplets, which are spread sporadically across the 

micrometeorites. One exception is group 5, which has a relatively higher density due to the abundance 

of iron. These observations also correspond to the brightness of the phases in the BSE imaging, where 

bright images have higher atomic numbers (and consequently a higher density in general). 

The mineral phase found in R6P26, containing 67 wt% SiO2, 10 wt% Na2O, 1 wt% CaO and 20 wt Al2O3, 

has a composition of a low-Na plagioclase such as albite, which is a rare occurrence. Other mineral 

phases also present here are Fe sulphides and groundmass composed of enstatite and fayalite. Many 

small pores are present in this particle. A certain degree of melting has occurred here, based on the 

abundance of small vesicles and the mineral phases, which seem to have melted into the surrounding 

phases at least partially. However, this must have been limited due to the presence of Na, which 

evaporates quickly. This albite mineral phase is a relict mineral, possibly from a differentiated 

meteorite precursor body, such as an achondritic meteorite (Genge et al., 2008). 

In a single case, particle R6P17 from WDF_B, was not of extraterrestrial origin. Despite all the sample 

procedures and µXRF analysis, it is still possible for terrestrial particles to remain in the sampled 

population. This particle was composed mainly of phases containing up to 100 wt% FeO and SiO2, in 

addition to Si-Fe-Al-Mg-bearing minerals. Mineral phases also appeared to be more defined, with clear 

edges between phases. No Ni was found in spectra from SEM-EDS analysis. 

  

Figure 16: Triangular phase diagram of the magnesium-calcium-iron-rich endmembers of the 
pyroxene group, namely enstatite, wollastonite and ferrosilite respectively (Dwivedi et al., 2019). 
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2.4.5. High-density phases 

A number of high-density phases have been observed in several of the studied particles. These phases 

are present as grains, droplets, aggregates or as rims enveloping the particles. The most abundant 

phase in the studied micrometeorites is the Fe-rich (hFe) phase. This phase is present in four distinct 

forms: as grains or droplets, as an outer or inner rim enveloping the particle, or as previously described, 

as part of the matrix. Regularly, multiple forms of these phases are present within the same particles. 

At least 75 wt% FeO is detected in these phases using EDS analysis. In addition, a number of other 

elements are present in these iron-rich phases, including up to 7 wt% SiO2, up to 6 wt% SO3, up to 5 

wt% NiO and Cr, Ca, K and Al to some degree. The mineralogy corresponding to this chemical 

composition is magnetite, which can be present as the previously mentioned “spinel” rim, or in the 

groundmass or as grains and droplets. The presence of this spinel rim has an influence on the 

techniques used to analyse these particles. The SEM-EDS analysis on whole micrometeorite particles 

will prevent the detection of other mineral phases in other parts of the particle. Often, only magnetite 

will be detected this way. Due to self-absorption, a sufficiently high voltage of the µCT set-up must be 

used to allow for penetration and attenuation of the less dense phases in the particle. If there is a lot 

of iron present, or any other heavy element in that regard, it is difficult to differentiate other phases 

due to the contrast between these high and low-density phases. Since there is also some Ni present in 

these phases, some of the Fe may be in the form of kamacite, or even taenite at higher Ni 

concentrations. This depends on the amount of heating and subsequent oxidation occurred during 

atmospheric entry (Rubin and Ma, 2017). Iron could also be present as FeO, or as the hydrous form 

FeOOH, formed after weathering or alteration (Buchwald and Clarke, 1989). Using SEM-EDS and µCT 

it is difficult to recognize phases such as kamacite or taenite, as these are metal alloys, and are not 

composed of oxides such as NiO and FeO. However, the data from the EDS spectra still are represented 

in oxide percentages, even if oxygen is not part of that specific phase. 

The second group revealed an abundance in Ni, S and Fe (hNi-hS). At least 10 wt% NiO and 30 wt% SO3 

is present, accompanied with an iron content of around 30 – 40 wt% FeO. There is also some addition 

of Mg, Si, P and Ca, but lower than 3 wt%. This phase is identified as Fe-Ni sulphides. While these Ni 

sulphides are thought to be produced due to immiscibility during melting, they show no preferential 

location within the micrometeorite (Genge et al., 2008). This could mean that heating and subsequent 

melting was only brief or minimal, and only enough for the immiscible liquid metal to separate from 

the groundmass, but not travel outwards. For unmelted micrometeorites, this is not unexpected. 

Particle R5P6 which contains a 69 wt% NiO, without any S. Here, Ni could still be present in metallic 

form. 

The third group is similar to the Ni sulphides, as there is also Ni present, but in lower quantity (only up 

to 3 wt% NiO). In addition, more Fe is present, up to 40 wt%. The S content is around 30 – 40 wt% SO3. 

The inclusion of other elements is also more variable, up to 8 and 9 wt% MgO and SiO2 is detected, 

with Al in trace amounts. This phase has a composition that corresponds more to an Fe sulphide. 

Similar to Ni sulphides, this phase forms through immiscibility during melting after heating. Therefore, 

the compositions of Fe and Ni sulphides vary. 

Finally, there are Cr-bearing phases, which are divided by Cr content. First, the Cr-rich phase (hCr) 

contains around 50 wt% Cr2O3 and 20 – 35 wt% FeO. This phase corresponds to chromite (Fe2+Cr2O4). 

Unlike any other of the previously described phases, there is also Mn present, up to 13 wt% MnO. This 

phase is rare: only three small grains were found in 32 particles. The second Cr-bearing group has much 

less Cr (lCr), only up to 30 wt% Cr2O3. The Fe content is also higher, around 50 to 70 wt% FeO. It is 

difficult to assign a specific mineralogy to this phase. This mineral phase seems like a newly formed Cr-
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rich spinel group mineral due to high oxygen fugacity. These chromite mineral phases are only around 

4 µm in length along the longest axis. Finding these using µCT alone would be impossible, as they are 

only the size of one voxel, which would make them indistinguishable of the surrounding phases. The 

rarity of these chromites is partially biased due to the method of finding these using SEM-EDS. They 

need to be (1) present in the actual 2D plane, and (2) be analysed with the EDS module, which may not 

always happen due to the high amount of phases present. Additionally, while chromites are one of the 

more resistant minerals, which can survive long in micrometeorites, they have only been found in one 

of the FgMMs. The other two chromites are present in a CgMM, together with the newly formed spinel 

group minerals. Whether or not the scarcity of chromites is related to Cr-poor parent bodies is difficult 

to determine using only these methods. Another reason could be that some of these small grains were 

lost during the polishing step. 

In some of the magnetite and Fe-Ni sulphides, there is indication of melting. Droplet-shaped phases 

are observed in some of the micrometeorites. This means that during atmospheric entry, at least some 

of the studied particles underwent some degree of internal melting and immiscibility of sulphides. 

By observing the reconstructed µCT image sequences, high-density phases are relatively easily located, 

but with SEM-EDS measurements many high-density grains or droplets smaller than the 4 µm voxel 

size of the µCT apparatus have been identified additionally within the micrometeorites. Also, 

thresholding of high-density phases using Octopus Analysis is difficult, due to the large number of 

different phases and high variability of the chemical composition. Due to these different compositions 

different threshold values need to be used with Octopus Analysis to constrain these phases.  

The presence of the spinel rim around micrometeorites has an important influence on the µCT and 

SEM measurements, causing self-absorption due to its high density or preventing anything other than 

iron to be detected. Therefore, bulk SEM-EDS analysis is only of limited use for the characterization of 

mineral phases in unmelted micrometeorites. The spinel rim can also be detected rather easily using 

µCT, but because it is present at the edge of the particles, it is subjected to grey value averaging at the 

boundary between the background and the sample, making accurate measurements of magnetite shell 

thicknesses very difficult. 
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3. Conclusions 
 

The main goal of this dissertation was the characterization and analysis of high-density phases in 

unmelted micrometeorites using µCT. High-quality three-dimensional data was acquired using 

HECTOR, a lab-based µCT set-up at the UGCT. In addition, µXRF and SEM-EDS analyses were performed 

at the Vrije Universiteit Brussel. A structural characterization was attempted using BSE images and 

volume data from the µCT, in addition to a chemical analysis from the EDS. The micrometeorite 

mineralogy was characterized and compared to the high-density phases observed in the µCT images. 

After acquiring the 3D data from the HECTOR scans, it was clear that the 4 µm resolution would make 

structural analysis difficult. This was confirmed by many features found below and around this voxel 

size in BSE images. These features are not or only barely visible in the µCT data. However, large, high-

density phases can be clearly recognized and these observations were used to select particles for a 

chemical and structural characterization of the interior with SEM-EDS. In general, at the 4 µm voxel 

size of the µCT data, the main high-density phase visible is magnetite, which was certainly expected to 

be present at the rim. Magnetite has been found nearly anywhere in the particles, including in the 

form of two rims and as grains or droplets within the micrometeorites. Other high-density phases 

found include nickel and iron sulphides, nickel metal and even chromite. Regrettably, most of these 

other phases are only around 6 µm at the longest axis on average, which is difficult to impossible to 

discern from other, surrounding mineral phases in µCT scans. These relict phases which were 

characterized with EDS analysis can reveal important information about the composition of the parent 

bodies. 

The same problem arises for porosity measurements. Although µCT allows for fast porosity calculations 

of the entire 3D volume, the resolution certainly limits the accuracy of this measurement. There are 

multiple factors which result in both underestimation and overestimation of the total porosity. A 

comparison was made with 3D porosity measurements from SEM images, and the µCT data using 

ImageJ software. Here, a discrepancy between the acquired porosities on the same particles can be 

observed. Of course, these measurements were only on a 2D plane, so it is hard to tell how 

representative this calculated porosity is. Porosity falls into three intervals, which may be linked to the 

amount of heating and subsequent evaporation of volatile elements during atmospheric entry. 

Lab-based µCT proves to be a powerful 3D imaging technique, which has revealed large internal 

structures and high-density phases in the studied unmelted micrometeorites. While structural 

characterization using this method at a 4 µm resolution is difficult, it is a fast method to estimate a first 

characterization of micrometeorites. Used in accordance with other methods such as SEM-EDS, it is 

possible to reveal both mineralogy and structural information like porosity.  

The HECTOR instrument has the possibility to scan a large number of samples in a short amount of 

time, at a voltage of up to 240 kV. A large voltage is necessary to penetrate the magnetite shell present 

in nearly all the studied micrometeorites. However, for particles of 100 to 400 µm size, the resolution 

prevents the use of this method alone to do a full structural analysis with adequate precision and 

accuracy. While synchrotron nano-CT has shown to be very useful for characterization of 

micrometeorites, this method is much less available to use compared to lab-based µCT set-ups (Van 

Maldeghem et al., 2018). In the future, other CT set-ups at the UGCT may be tested for the envisioned 

application. Specifically, HERAKLES appears to be an interesting instrument, as it which integrates X-

ray computed tomography with X-ray fluorescence and confocal XRF analysis (Laforce et al., 2017). 

This could present an interesting method to characterize internal morphologies in and structures of 
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micrometeorites. A setback may be the high voltage required to penetrate the magnetite rim around 

micrometeorites. MEDUSA is another scanner present at the UGCT, which combines high voltage with 

a sub-micron resolution (Masschaele et al., 2007). The use of software to match 2D slices of the µCT 

volume with the BSE images can also be interesting, which was not possible to do in this study, due to 

the large difference in spatial resolutions of the two techniques.   
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5. Appendix 

A. µXRF elemental maps 

The µXRF elemental maps all have the same legend: the particles’ colour reflects the abundance in the 

studied elements, being nickel (red), iron (green) and chromium (blue). The rectangles represent the 

relative abundances of both Ni and Cr (red), only Cr (blue) and only Ni (green).  

WLF_B 

Thirty-three particles contain both Ni and Cr, and 15 are enriched in Cr only. 

 

WLF_C 

Fifty particles contain both Ni and Cr, 9 are enriched in Cr only, and 3 are enriched in Ni only. 
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WDF_B 

Sixteen particles contain both Ni and Cr, 18 are enriched in Cr only, and 6 are enriched in Ni only. 

  



 5. Appendix  

43 

 

B. µCT threshold data 

The µCT threshold data includes total volume (porosity, matrix or high-density), equivalent diameter 

(ED) and the associated standard deviations (SD), sphericity and total surface. Only particles of which 

the threshold was possible to calculate are included. Some data is missing (N/A).  

Porosity 

Particle name Porosity (%) ED  Sphericity  Voxels  Surface  

 
 

Mean 
(µm) 

SD Mean SD 
Mean 
(voxels) 

SD Mean (µm²) SD 

WLF_B_R6P13 26.24% 59.64 13.81 0.54 0.10 2036.54 1161.37 21755.00 11679.10 

WLF_B_R6P20 13.76% 70.92 27.02 0.59 0.12 4202.80 2906.61 25655.40 14591.40 

WLF_B_R6P24 1.46% 43.89 0.00 0.45 0.00 670.00 0.00 9138.14 0.00 

WLF_B_R7P3 10.37% 52.21 13.87 0.45 0.18 1416.78 781.14 17004.50 9486.73 

WLF_B_R5P5 16.03% 62.37 18.84 0.47 0.15 2490.45 1569.91 23825.80 12668.60 

WLF_B_R5P6 10.66% 52.14 16.65 0.63 0.09 1499.74 1013.71 12578.70 7033.50 

WLF_B_R5P8 11.42% 58.72 19.70 0.60 0.05 2134.46 1254.20 16590.60 8323.43 

WLF_B_R5P10 17.03% 71.88 9.88 0.65 0.07 3154.51 667.63 21566.00 4056.35 

WLF_B_R5P14 1.75% 18.71 3.17 0.70 0.13 57.45 31.04 1187.73 480.61 

WLF_B_R2P4 5.33% 32.28 12.77 0.57 0.15 407.72 382.07 6511.30 5756.19 

WLF_B_R2P24 14.54% 86.49 23.73 0.42 0.10 6327.77 2944.28 66927.60 33441.40 

WLF_B_R3P2 5.41% 47.13 12.83 0.58 0.10 1098.46 797.12 12150.40 7740.20 

WLF_B_R1P3 5.74% 41.52 11.11 0.57 0.15 687.35 403.39 8483.88 4576.79 

WLF_B_R1P19 12.76% 67.39 19.58 0.38 0.10 3099.61 1569.25 41986.70 20364.50 

WDF_B_R5P3 3.82% 38.46 7.35 0.66 0.04 459.42 175.20 5792.97 2051.41 

WDF_B_R5P15 4.32% 51.05 21.00 0.59 0.11 1508.65 1077.74 14577.50 9371.00 

WDF_B_R6P5 2.35% 35.52 7.12 0.54 0.09 387.48 151.03 5376.69 1992.44 

WDF_B_R6P7 11.26% 52.29 15.56 0.48 0.13 1471.28 869.01 15406.00 8479.98 

WDF_B_R6P12 0.96% 26.64 5.27 0.61 0.13 188.29 94.97 2976.62 1312.32 

WDF_B_R6P13 4.44% 50.89 12.80 0.55 0.11 1196.20 582.28 12874.50 5805.77 

WDF_B_R6P17 14.30% 83.10 18.49 0.50 0.05 5219.01 2333.51 34972.20 13456.10 

WLF_A_R1P21 10.21% 53.35 15.82 0.49 0.07 1564.70 768.85 18319.70 8692.38 

WDF_B_R2P3 8.69% 42.26 10.59 0.64 0.10 732.40 409.52 7856.44 3437.43 

WDF_B_R2P5 2.98% 29.06 7.74 0.62 0.07 253.83 146.77 3916.76 2058.74 

WDF_B_R2P11 19.13% 76.34 15.92 0.66 0.03 4062.85 1570.58 27001.90 8124.28 

WDF_B_R2P14 2.22% 34.95 11.35 0.53 0.13 449.92 358.81 5970.84 4200.04 

WDF_B_R3P12 11.52% 46.60 11.05 0.54 0.03 892.58 426.34 9928.42 4292.56 

WDF_B_R3P14 9.09% 58.10 16.35 0.64 0.05 1947.05 1078.77 15738.80 7847.00 

WDF_B_R4P7 1.92% 37.48 9.67 0.64 0.04 554.69 297.78 7054.51 3380.53 

WDF_B_R1P7 0.59% 22.93 5.13 0.69 0.06 130.81 84.46 2294.78 1278.44 

WDF_B_R1P8 2.66% 33.34 5.86 0.63 0.16 313.20 106.91 4201.35 1239.94 

WDF_B_R1P13 23.25% 122.59 10.63 0.74 0.02 15593.50 1612.45 74796.10 7631.53 

WDF_B_R1P14 1.15% 46.32 6.88 0.43 0.07 781.10 167.37 10131.40 2081.60 

WDF_B_R1P15 15.92% 97.96 18.94 0.52 0.07 8872.96 2573.98 62926.60 17446.50 

WDF_B_R1P16 1.30% 32.61 10.41 0.56 0.09 376.91 230.12 5274.56 2955.48 

WDF_B_R2P1 12.34% 49.19 16.71 0.58 0.07 1186.77 779.62 12672.60 7453.72 
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Matrix 

Particle name Matrix (%) ED  Sphericity  Voxels  Surface  

    Mean (µm) SD Mean SD Mean (voxels) SD Mean (µm²) SD 

WLF_B_R6P3 100% 155.61 0.00 0.64 0.00 30467.00 0.00 105296.00 0.00 

WLF_B_R6P11 100% 163.59 0.00 0.51 0.00 37242.00 0.00 134031.00 0.00 

WLF_B_R6P12 92.91% 167.389 5.51 0.60 0.01 38165.10 1323.99 144953.00 5022.12 

WLF_B_R6P13 73.76% 191.03 9.41 0.27 0.01 56204.40 2927.85 339864.00 17684.80 

WLF_B_R6P15 99.99% 163.59 0.00 0.56 0.00 36484.00 0.00 118796.00 0.00 

WLF_B_R6P20 86.24% 199.459 2.81 0.38 0.01 66148.00 962.20 263183.00 3827.58 

WLF_B_R6P24 98.54% 175.56 0.00 0.48 0.00 45093.00 0.00 146449.00 0.00 

WLF_B_R6P26 100% 155.61 0.00 0.74 0.00 31890.00 0.00 93403.20 0.00 

WLF_B_R6P29 100.00% 175.56 0.00 0.48 0.00 45723.00 0.00 170138.00 0.00 

WLF_B_R7P3 89.63% 171.537 2.34 0.53 0.01 41086.00 573.24 149381.00 2084.04 

WLF_B_R5P4 100% 235.41 0.00 0.59 0.00 109621.00 0.00 264226.00 0.00 

WLF_B_R5P5 83.98% 199.271 6.58 0.42 0.01 66234.10 2300.17 258359.00 8960.92 

WLF_B_R5P6 89.34% 223.421 2.04 0.34 0.00 89548.00 846.33 353092.00 3336.25 

WLF_B_R5P7 99.97% 163.59 0.00 0.71 0.00 36165.00 0.00 120324.00 0.00 

WLF_B_R5P8 88.49% 159.582 1.66 0.38 0.00 33887.00 368.12 153197.00 1663.37 

WLF_B_R5P10 82.97% 159.6 0.00 0.33 0.00 33391.00 0.00 163818.00 0.00 

WLF_B_R5P13 100.00% 155.61 0.00 0.54 0.00 30260.00 0.00 106155.00 0.00 

WLF_B_R5P14 98.85% 167.576 0.82 0.64 0.00 39335.00 198.32 125527.00 632.83 

WLF_B_R5P15 100% 179.515 2.43 0.64 0.00 47552.00 689.36 150652.00 2179.62 

WLF_B_R5P22 100% 143.64 0.00 0.47 0.00 23567.00 0.00 87576.50 0.00 

WLF_B_R2P1 99.98% 187.53 0.00 0.49 0.00 55631.00 0.00 182715.00 0.00 

WLF_B_R2P4 94.67% 171.511 3.12 0.53 0.00 41628.00 790.02 153287.00 2907.82 

WLF_B_R2P22 99.97% 187.53 0.00 0.79 0.00 53773.00 0.00 140925.00 0.00 

WLF_B_R2P24 85.46% 198.404 14.19 0.46 0.01 65313.50 5042.02 235304.00 18075.20 

WLF_B_R2P25 99.87% 171.57 0.00 0.77 0.00 40503.00 0.00 132742.00 0.00 

WLF_B_R3P2 94.59% 291.253 2.19 0.48 0.00 204513.00 1566.51 516402.00 3955.03 

WLF_B_R5P3 99.99% 239.4 0.00 0.58 0.00 111557.00 0.00 254690.00 0.00 

WLF_A_R1P21 99.97% 175.56 0.00 0.57 0.00 44345.00 0.00 141211.00 0.00 

WLF_A_R2P9 99.97% 199.5 0.00 0.54 0.00 66871.00 0.00 184227.00 0.00 

WLF_A_R2P22 99.97% 159.6 0.00 0.63 0.00 34566.00 0.00 117586.00 0.00 

WLF_A_R3P7 99.99% 191.52 0.00 0.65 0.00 59538.00 0.00 156319.00 0.00 

WLF_A_R3P9 99.97% 159.6 0.00 0.73 0.00 32810.00 0.00 104595.00 0.00 

WLF_A_R3P13 99.93% 167.58 0.00 0.60 0.00 38236.00 0.00 131102.00 0.00 

Particle name Porosity (%) ED  Sphericity  Voxels  Surface  

 
 

Mean 
(µm) 

SD Mean SD 
Mean 
(voxels) 

SD Mean (µm²) SD 

WDF_B_R1P5 2.21% 32.75 9.26 0.59 0.11 349.07 208.70 5125.84 2817.04 

WDF_A_R4P13 2.95% 33.89 9.57 0.52 0.12 386.65 265.02 5638.26 3213.91 

WDF_A_R5P1 14.56% 103.58 37.30 0.46 0.14 12464.00 9541.44 83693.30 60783.10 

WDF_A_R5P3 5.24% 52.93 21.13 0.40 0.15 1772.60 1303.23 23248.10 16436.80 
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Particle name Matrix (%) ED  Sphericity  Voxels  Surface  

    Mean (µm) SD Mean SD Mean (voxels) SD Mean (µm²) SD 

WLF_B_R1P3 94.94% 191.484 2.56 0.44 0.00 57013.00 791.80 183842.00 2551.83 

WLF_B_R1P19 87.24% 178.76 11.44 0.60 0.01 46659.20 3222.62 180600.00 12405.70 

WLF_B_R1P23 100% 159.6 0.00 0.63 0.00 32307.00 0.00 120467.00 0.00 

WLF_B_R1P26 99.99% 159.6 0.00 0.63 0.00 34596.00 0.00 107301.00 0.00 

WDF_B_R4P14 99.99% 247.38 0.00 0.63 0.00 126287.00 0.00 266120.00 0.00 

WDF_B_R5P3 96.18% 162.848 10.01 0.51 0.01 36166.20 2667.31 145004.00 10468.00 

WDF_B_R5P14 99.99% 251.37 0.00 0.68 0.00 131686.00 0.00 284890.00 0.00 

WDF_B_R5P15 95.68% 219.445 1.02 0.38 0.00 88989.00 421.87 259603.00 1230.62 

WDF_B_R6P5 97.65% 191.52 0.00 0.44 0.00 56472.00 0.00 180343.00 0.00 

WDF_B_R6P7 88.74% 191.451 3.56 0.40 0.01 56662.00 1090.58 190891.00 3673.02 

WDF_B_R6P12 99.04% 215.46 0.00 0.43 0.00 81999.00 0.00 255056.00 0.00 

WDF_B_R6P13 95.56% 187.53 0.00 0.49 0.00 54216.00 0.00 198922.00 0.00 

WDF_B_R6P17 85.70% 211.36 4.73 0.58 0.01 77643.00 1805.25 235713.00 5477.88 

WLF_A_R1P21 89.75% 166.73 11.43 0.59 0.02 N/A N/A 154766.00 11460.40 

WDF_B_R2P3 91.31% 239.4 0.00 0.32 0.00 112986.00 0.00 412378.00 0.00 

WDF_B_R2P5 96.68% 179.539 1.40 0.51 0.00 46964.00 375.34 145469.00 1162.48 

WDF_B_R2P10 99.99% 147.63 0.00 0.57 0.00 27416.00 0.00 105073.00 0.00 

WDF_B_R2P11 80.87% 187.53 0.00 0.32 0.00 53601.00 0.00 253225.00 0.00 

WDF_B_R2P14 97.78% 223.44 0.00 0.45 0.00 93516.00 0.00 255597.00 0.00 

WDF_B_R3P12 88.48% 167.559 1.84 0.40 0.00 37812.00 434.76 166025.00 1908.41 

WDF_B_R3P14 90.91% 223.323 5.02 0.38 0.01 94281.00 2192.12 269111.00 6254.52 

WDF_B_R4P7 98.08% 195.51 0.00 0.59 0.00 61017.00 0.00 183495.00 0.00 

WDF_B_R1P7 99.41% 207.48 0.00 N/A N/A 73612.00 0.00 244437.00 0.00 

WDF_B_R1P8 97.34% 108.147 17.53 0.54 0.05 11543.70 3926.23 60876.70 18529.40 

WDF_B_R1P12 100% 147.63 0.00 0.62 0.00 26501.00 0.00 88006.30 0.00 

WDF_B_R1P13 76.75% 183.506 2.44 0.50 0.00 52573.00 724.96 220133.00 3034.17 

WDF_B_R1P14 98.85% 207.48 0.00 0.40 0.00 74058.00 0.00 208490.00 0.00 

WDF_B_R1P15 84.08% 187.53 0.00 0.32 0.00 55823.00 0.00 259084.00 0.00 

WDF_B_R1P16 98.70% 195.422 3.97 0.63 0.01 61345.00 1355.60 176102.00 3875.80 

WDF_B_R1P17 99.99% 147.63 0.00 0.68 0.00 26397.00 0.00 91954.50 0.00 

WDF_B_R2P1 87.66% 154.371 12.11 0.39 0.02 31043.80 3141.06 157891.00 15612.30 

WDF_B_R2P2 100.00% 155.61 0.00 0.79 0.00 30189.00 0.00 91238.10 0.00 

WDF_B_R1P4 98.05% 199.5 0.00 0.46 0.00 64707.00 0.00 210034.00 0.00 

WDF_B_R1P5 97.79% 207.472 1.27 0.48 0.00 74956.00 474.18 225372.00 1425.46 

WDF_A_R4P11 99.98% 255.36 0.00 0.80 0.00 134505.00 0.00 263637.00 0.00 

WDF_A_R4P13 97.05% 299.224 2.77 0.57 0.00 221812.00 2106.11 462851.00 4393.84 

WDF_A_R5P1 93.79% 367.08 0.00 0.27 0.00 413375.00 0.00 865496.00 0.00 

WDF_A_R5P3 94.76% 327.044 6.59 0.52 0.01 290308.00 5974.29 560707.00 11537.30 
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High-density phases 

Particle name Volume (%) ED  Sphericity  Voxels  Surface  

    Mean (µm) SD Mean SD 
Mean 
(voxels) 

SD Mean (µm²) SD 

WLF_B_R6P3 4.31% 40.95 10.45 0.52 0.11 648.86 328.26 10656.50 4779.73 

WLF_B_R6P11 4.60% 59.85 0.00 0.47 0.00 1713.00 0.00 24755.80 0.00 

WLF_B_R6P12 3.19% 46.34 10.46 0.52 0.04 835.44 356.35 9215.02 3158.09 

WLF_B_R6P13 1.04% 25.46 6.68 0.69 0.14 175.37 94.90 2975.49 1196.64 

WLF_B_R6P15 4.14% 52.69 8.96 0.49 0.02 1208.19 371.22 18340.10 5425.62 

WLF_B_R6P20 2.04% 39.12 7.60 0.76 0.07 593.32 237.68 6370.38 2097.94 

WLF_B_R6P24 5.59% 57.53 15.73 0.34 0.08 1899.25 738.40 40403.20 15548.40 

WLF_B_R7P3 6.29% 57.33 10.63 0.45 0.03 1641.96 603.42 17791.00 6047.39 

WLF_B_R5P5 4.42% 68.69 10.90 0.71 0.03 2998.48 793.69 22031.90 5237.58 

WLF_B_R5P6 4.88% 71.39 19.20 0.40 0.13 3447.30 1426.52 43233.70 17434.40 

WLF_B_R5P7 7.27% 58.88 12.15 0.35 0.10 1954.97 712.40 32367.70 11717.90 

WLF_B_R5P8 5.51% 48.66 10.60 0.50 0.02 1034.61 430.18 12611.00 5030.94 

WLF_B_R5P10 5.39% 55.64 8.14 0.47 0.01 1447.33 511.71 16163.00 4547.46 

WLF_B_R5P13 13.86% 79.80 0.00 0.65 0.00 4194.00 0.00 27860.20 0.00 

WLF_B_R5P14 4.69% 56.31 10.57 0.37 0.12 1489.10 461.36 19180.80 5618.79 

WLF_B_R5P15 3.43% 51.05 12.67 0.50 0.05 1251.46 455.38 18184.90 6381.46 

WLF_B_R2P4 9.58% 52.32 9.64 0.43 0.08 1246.25 365.42 17648.40 4723.42 

WLF_B_R2P24 7.23% 75.54 18.09 0.45 0.04 3869.85 1581.23 35863.90 12888.10 

WLF_B_R2P25 4.11% 51.55 9.20 0.36 0.01 1174.98 409.90 17913.50 5803.92 

WLF_B_R3P2 19.84% 158.70 29.15 0.41 0.03 36001.50 10349.20 154994.00 41040.00 

WLF_B_R5P3 2.44% 46.13 12.53 0.61 0.14 965.69 547.31 11288.50 6191.79 

WLF_A_R1P21 0.83% 22.78 6.04 0.70 0.12 129.75 80.41 2453.67 1276.46 

WLF_A_R3P7 4.25% 59.95 11.11 0.46 0.07 2003.29 637.66 25270.00 7747.53 

WLF_A_R3P9 1.14% 27.13 6.86 0.59 0.16 180.40 96.95 2926.53 1225.05 

WLF_A_R3P13 3.64% 46.15 12.40 0.40 0.08 958.37 409.70 20274.10 8411.83 

WLF_B_R1P3 5.57% 49.85 6.40 0.47 0.06 1013.90 309.76 13764.70 3051.19 

WLF_B_R1P19 8.88% 53.21 16.27 0.41 0.13 1492.63 958.98 24241.10 14807.20 

WLF_B_R1P23 10.61% 75.81 0.00 0.37 0.00 3448.00 0.00 44624.00 0.00 

WDF_B_R4P14 4.16% 70.02 1.99 0.57 0.04 2656.90 254.79 21187.70 752.62 

WDF_B_R5P3 0.83% 58.29 7.73 0.60 0.00 1682.54 324.79 17500.20 3218.94 

WDF_B_R5P14 1.38% 58.17 8.11 0.73 0.03 1675.80 333.82 14425.80 2677.90 

WDF_B_R5P15 7.33% 54.59 13.54 0.40 0.11 1515.10 764.66 19340.00 9579.00 

WDF_B_R6P5 1.98% 38.23 5.93 0.42 0.11 496.40 132.71 10343.10 2558.03 

WDF_B_R6P7 11.63% 76.06 6.56 0.47 0.03 3770.68 709.75 33726.80 3812.38 

WDF_B_R6P12 2.87% 51.88 15.31 0.37 0.09 1486.94 720.22 19413.00 9087.27 

WDF_B_R6P13 5.18% 38.98 8.51 0.44 0.08 820.96 430.62 12698.00 6406.01 

WDF_B_R6P17 19.32% 127.68 0.00 0.47 0.00 17519.00 0.00 86111.80 0.00 

WLF_A_R1P21 4.02% 42.61 12.19 0.57 0.07 726.18 418.59 9853.83 5282.86 

WDF_B_R2P3 3.52% 30.49 11.18 0.49 0.14 346.83 349.43 6239.35 5685.46 

WDF_B_R2P5 4.08% 38.90 11.80 0.46 0.15 611.54 365.71 9243.78 5267.00 

WDF_B_R2P10 9.76% 67.83 0.00 0.53 0.00 2677.00 0.00 26554.70 0.00 
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Particle name Volume (%) ED  Sphericity  Voxels  Surface  

    Mean (µm) SD Mean SD 
Mean 
(voxels) 

SD Mean (µm²) SD 

WDF_B_R2P14 1.03% 28.51 7.01 0.42 0.10 216.75 113.43 4530.76 2176.04 

WDF_B_R3P12 6.47% 46.24 11.60 0.56 0.10 1004.38 598.80 12366.00 7032.66 

WDF_B_R3P14 5.84% 57.98 10.53 0.54 0.04 1797.19 851.77 16658.10 5057.05 

WDF_B_R4P7 5.86% 53.39 13.78 0.46 0.09 1446.36 714.55 17410.10 6953.96 

WDF_B_R1P7 4.49% 39.86 9.27 0.42 0.08 564.75 338.20 11570.90 6417.81 

WDF_B_R1P8 2.42% 28.66 5.95 0.42 0.09 239.48 98.51 5339.36 2081.01 

WDF_B_R1P12 2.16% 13.52 4.19 6.93 1.51 27.65 6.01 12905.30 6523.76 

WDF_B_R1P13 3.45% 34.49 11.52 0.47 0.12 415.04 271.38 7974.66 5181.53 

WDF_B_R1P14 6.16% 62.29 8.71 0.46 0.10 2052.84 637.14 22444.00 6255.36 

WDF_B_R1P15 3.05% 45.01 7.92 0.41 0.02 795.82 244.63 14314.50 4698.49 

WDF_B_R1P16 0.40% 31.92 0.00 0.63 0.00 249.00 0.00 3836.74 0.00 

WDF_B_R1P17 13.43% 75.81 0.00 0.47 0.00 3545.00 0.00 29993.50 0.00 

WDF_B_R2P1 3.45% 34.49 11.52 0.47 0.12 415.04 271.38 7974.66 5181.53 

WDF_B_R1P4 13.51% 85.42 10.57 0.59 0.04 5429.96 1844.66 35175.90 8917.65 

WDF_B_R1P5 2.29% 42.95 13.49 0.42 0.07 859.94 498.01 14416.00 7919.12 

WDF_A_R4P11 3.01% 71.58 13.77 0.58 0.03 3387.96 999.50 27140.60 7559.32 

WDF_A_R4P12 0.18% 38.11 7.34 0.53 0.09 520.31 217.99 31001.10 14796.40 

WDF_A_R4P13 3.21% 90.48 18.82 0.39 0.05 6321.56 1737.87 64831.90 17205.90 

WDF_A_R5P1 6.75% 108.77 40.35 0.32 0.12 14301.20 8864.32 183746.00 112229.00 

WDF_A_R5P3 26.10% 210.91 10.08 0.56 0.05 79519.50 4447.29 383837.00 21233.00 

 

C. High-density phase sizes 

Sizes of the different high-density phases present in the studied particles are presented here. The 

average length is measured from the longest axis of the according phase, using the ImageJ software. 

Iron-rich phases 

Particle name Fe-rich type Average length (µm) 

WDF_B_R1P13 Outer rim 5.460 

 Inner rim 2.075 

WDF_A_R4P12 Rim 5.474 

 Grain 2.049 

WDF_B_R2P3 Grain 16.602 

WDF_B_R1P12 Outer rim 13.607 

 Inner rim 8.753 

 Grain 3.907 

WLF_B_R5P5 Grain 3.545 
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Nickel-bearing, sulphur-rich phases 

Particle name Average length (µm) 

WDF_B_R2P11 2.491 

WDF_A_R4P12 3.916 

WLF_B_R5P6 3.308 

WLF_B_R5P3 3.894 

WLF_B_R7P3 4.367 
 

Sulphur-rich phases 

Particle name Average length (µm) 

WDF_B_R2P11 1.714 

WLF_B_R6P26 2.184 

WDF_B_R1P5 6.060 

WLF_B_R7P3 3.517 

WDF_B_R2P1 5.286 
 

Chromium-rich phases 

Particle name Cr-bearing type Average length (µm) 

WDF_B_R1P16 High Cr 4.104 

WLF_B_R5P5  4.073 

WLF_B_R5P5 Low Cr 5.024 
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D. SEM images of polished particles 
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Distribution of the polished particles in the different size fractions and mountains: 

WDF_A R4P11   WLF_A R1P21   

  R4P12    R2P9   

  R4P13    R2P22   

  R5P1    R3P7   

  R5P3    R3P9   

        R3P13   

WDF_B R1P4 R2P11 WLF_B R1P3 R5P8 

  R1P5 R2P14  R1P6 R5P10 

  R1P7 R3P12  R1P19 R5P13 

  R1P8 R3P14  R1P23 R5P14 

  R1P12 R4P7  R1P26 R5P15 

  R1P13 R4P13  R2P1 R5P22 

  R1P14 R4P14  R2P4 R6P3 

  R1P15 R5P3  R2P22 R6P11 

  R1P16 R5P14  R2P24 R6P12 

  R1P17 R5P15  R2P25 R6P13 

  R2P1 R6P5  R3P2 R6P15 

  R2P2 R6P7  R5P3 R6P20 

  R2P3 R6P12  R5R4 R6P24 

  R2P5 R6P13  R5P5 R6P26 

  R2P10 R6P17  R5P6 R6P29 

        R5P7 R7P3 

 

 


