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Abstract

The study of the Yaringie Hill meteorite offers a unique opportunity to investigate the early

stages of the planetary building cycle, in particular, the mechanisms controlling core formation.

This H5 ordinary chondrite features a crosscutting metal vein that has allowed investigation

of metal-silicate-sulphide segregation mechanisms on the ordinary chondrite parent body. This

study focused on trace element analysis of metals and sulphides using LA-ICP-MS and the

establishment of textural relationships through optical and SEM analysis. The vein metal is

depleted in HSE relative to matrix metal, and appears to be the result of injection rather than

local partial melting. Comparative study against terrestrial and meteoric segregation mecha-

nisms concludes the vein neither formed via shock metamorphism as previously interpreted, or

a smelting process. The vein instead appears to be derived from vapour deposition resulting

from impact vapourisation. HSE patterns and abundances relative to iron meteorites high-

light the vein being transitional toward the IIIAB irons and pallasites, indicating processes

like vapour deposition may contribute to final core composition. Further research in this area

should focus on building a larger body of research around the mechanism of vapour deposition

and its impact on planetary core formation.
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1 — Introduction

While the physical and chemical properties of the differentiated domains of planetary bodies

have been researched in great detail, the mechanisms involved in the formation and differenti-

ation of these bodies remain poorly understood. In particular, the mechanisms and time scales

involved in the initial segregation of planetesimals and proto-planets into a metallic core and

silicate mantle.

Our current constraints on the timing of core formation are based primarily on the Hf-

W isotopic system. This chronometer constrains the age of iron meteorites to have formed

within 1.5 My of the formation of CAIs, therefore requiring the accretion and differentiation of

planetesimals to have been very early and rapid within the solar system. The limitation with

using the Hf-W system to constrain core formation is that it relies on complete metal-silicate

equilibration, therefore if segregation occurs in partial disequilibrium, the Hf-W system will

underestimate the time taken for core formation (Tomkins et al., 2013). Therefore understand-

ing the degree to which each of the metal-silicate segregation mechanisms were involved in core

formation is key to us being able to properly constrain the timing of core formation.

1.1 Core Formation Mechanisms

Currently, there have been many proposed core formation mechanisms (Rubie et al., 2007),

however, each operate on different time scales and result in diverse chemical signatures for the

planetary body. The key mechanisms that appear to have played a role in planetary differen-

tiation are: metal silicate segregation within a magma ocean, percolation driven segregation

though solid silicate, impact driven shock metamorphism and smelting of silicate minerals.

1



2 Introduction

1.1.1 Magma Ocean

The most widely accepted mechanism for core formation is metal silicate segregation within

a magma ocean (Ricard et al., 2009). In this model, temperatures exceed the silicate solidus,

forming a localised or global magma ocean. This allows gravity driven segregation of the denser

metal from the more buoyant silicate, where it pools below the molten silicate ocean (Wetherill,

1990). Gravitational instabilities then cause the metal to be transported toward the centre of

the planet where it forms the core (Rubie et al., 2003; Stevenson, 1988) (Figure 1.1).

Figure 1.1: Model of metal-silicate segregation within a magma ocean. Metal droplets driven by
gravity sink through the liquid silicate and pond at the base of the magma ocean. Diapirism and
dyking then act as mechanisms to transport the metal through the underlying crystalline mantle to
form core. Adapted from Rubie et al. (2003), Figure 1, p.241.

There are three key sources of heat proposed to heat proto-planets and planetesimals above

the silicate solidus, and allow the formation of either localised or global magma oceans. These

are; energy delivered to the planet through large impactors (Melosh, 1990), radiogenic heating

through the decay of 26Al and 60Fe (Urey, 1955; Moskovitz and Gaidos, 2011) and the act

of differentiation itself, which lowers the gravitational potential of the body and subsequently

releases heat (Rubie et al., 2007).

Radiogenic heating due to the decay of 26Al and 60Fe would have been a key source of heat

for planetary bodies, however, due to their short half-lives, their role in planetary differentiation
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is limited to the early stages of the solar system (Walter and Trønnes, 2004). They therefore

would have been an important source of heat during the accretion of planetesimals, and not

the later accretion of proto-planets from planetesimals (Rubie et al., 2007).

Walter and Trønnes (2004) modelled the post accretionary thermal response of planetary

bodies with CI chondritic composition and minimum radius 30km, due to the decay of 26Al

(Figure 2). The model looks at three initial 26Al/27Al abundance ratios; 5x10−5 based on

Calcium Aluminium Inclusions (CAIs), 1.5x10−5, and 5x10−6 which is based on measurements

from carbonaceous chondrites (Kunihiro et al., 2004). Their results (Figure 1.2) show that the

effectiveness of heating due to 26Al decay is directly controlled by the initial 26Al/27Al ratios

and the timing of accretion. 26Al/27Al ratios above 1x10−5 provide enough heating to exceed

the Fe-FeS eutectic and begin silicate melting within core timing constraints from the Hf-W

system, so long as accretion begins within 1Ma of initial solar system condensation. Ratios less

than 1x10−5 indicate that for temperatures to reach the silicate melting point and even the

Fe-FeS eutectic, another heat source is required.

Figure 1.2: Model by Walter and Trønnes (2004) showing the effect of radiogenic heating of a
planetary body caused by the decay of 26Al. Model calculated for a body >30km radius with CI
Chondritic composition and starting temperature of 255K. Three 26Al/27Al abundance ratios are used
to calculate heating trajectories from 0ma and 1ma after initial solar system condensation. Taken
from Walter and Trønnes (2004), Figure 1, p.256.

Moskovitz and Gaidos (2011) also modelled the effect of radiogenic heating on a planetes-

imal due to the decay of 26Al and 60Fe. They used an initial 26Al/27Al ratio of 5x10−5 based

on CAI concentrations, and an 60Fe/58Fe ratio of 6x10−6 based on moddeling by Mishra et al.

(2010); Gounelle et al. (2009); Dauphas et al. (2008); Tachibana et al. (2006). Moskovitz and

Gaidos (2011)’s model indicates that for planetesimals with a radius greater than 10km that
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accreted within 2.7Ma of CAI formation, differentiation is probable.

Heating due to impacts is thought to have been the primary heat source for accreting proto-

planets, as their formation time falls mostly outside the critical window for radiogenic heating

caused by the decay of 26Al and 60Fe (Rubie et al., 2007). The bulk mass of the terrestrial plan-

ets is through to have been derived from the accretion of differentiated planetesimals (Bottke

et al., 2006; Baker et al., 2005).

During the accretion of proto-planets, a critical point is reached when their radius becomes

>1000km, resulting in enough kinetic energy from incoming planetesimals to initiate local melt-

ing (Senshu et al., 2002; Tonks and Melosh, 1992; Davies, 1985). N-body simulations of the

later stages of accretion show that impacts increase in energy as an oligarchic accretionary

regime takes over, with a few large proto-planets growing quickly, while smaller bodies accrete

more slowly (Kokubo and Ida, 1996). This results in increased impacts causing a greater ex-

tent of local melting (Samuel, 2012). Eventually giant impacts between bodies occur, delivering

extreme amounts of kinetic energy through both the impact and isostatic readjustment post

impact that could cause melting on a global scale (Tonks and Melosh, 1992).

Heating due to a reduction in gravitational potential energy is also thought to play a signif-

icant role in the differentiation of planetary bodies. An effective lower boundary of a magma

ocean is formed where the melt fraction falls below 60% (Solomatov, 2000). This rheological

boundary allows segregated metal to pool above the less dense underlying mantle, resulting

in a gravitational instability. The redistribution of mass as the denser metal is transported

through the underlying mantle toward the core results in the release of gravitational energy

(Rubie et al., 2007).

Understanding the physical mechanisms through which metal segregates from silicate in

a magma ocean scenario is extremely important as it controls the resulting mantle and core

chemistry. The main controls on segregation in a partial or full melt are the size of the metal

particles and the viscosity of the silicate. These two factors determine the speed at which

segregation can occur and the degree to which metal-silicate equilibration occurs (Rubie et al.,

2007). This is extremely important as our current core formation time constraints are based

on the Hf-W system which assumes complete equilibration (Tomkins et al., 2013).
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As Moskovitz and Gaidos (2011) highlighted, differentiation due to radiogenic heating by of

26Al and 60Fe can differentiate planetesimals within Hf-W time constraints. This means that

during the accretion of proto-planets, the impacting planetesimals could have already under-

gone core-mantle differentiation. During the latter stages of proto-planetary accretion, giant

impacts occur which would deliver cores of bodies up to the size of Mars (Tonks and Melosh,

1992). The size of metal bodies segregating through a magma ocean can therefore range over

several orders of magnitude, from sub-mm scale (Ichikawa et al., 2010; Rubie et al., 2007) to

the already differentiated core of planetesimals and even Mars-sized bodies (Rubie et al., 2007).

Early models of magma ocean segregation showed that metal diapirs would quickly disinte-

grate into centimetre-millimetre particles within a magma ocean (Ichikawa et al., 2010; Rubie

et al., 2003; Stevenson, 1988), resulting in equilibration over a sinking distance of a few tens

of metres (Rubie et al., 2003). This idea was challenged by Dahl and Stevenson (2010), whose

models of turbulent erosion showed that diapirs >10km in diameter could survive sinking dis-

tances of 1000km within a magma ocean without significant loss of volume. This meant that

large volumes of metal could be sequestered to the core in disequilibrium with the mantle.

Further modelling by Samuel (2012) looked at the stability of iron diapirs sinking through

molten silicate over a large range of viscosities. Their results (Figure 1.3) show that the stable

limit for iron diapirs have a radius >0.2m for the modelled viscosities. Diapirs greater than

their stable limit quickly breakup into smaller bodies within a sinking distance of their initial

radius, which then continues until the bodies reach stability. Figure 1.3 shows that for even the

most viscous model tested (100 Pa), equilibrium of 99% is reached within a sinking distance

of 2km, which is shallow with respect to average magma ocean depths (∼1000km) (Samuel,

2012). This mechanism allows for equilibration of all but the largest diapirs, with the upper

limit of a radius greater than the thickness of the magma ocean. Such massive diapirs would be

subject to erosion by Kevin-Helmholtz and Rayleigh-Taylor mechanisms as modelled by Dahl

and Stevenson (2010), and preserve most of their volume, resulting in sequestration of metal

in disequilibrium.

Once the metal has ponded below the magma ocean, gravitational instabilities cause it to

be transported to the core via diapirism or dyking (Tomkins et al., 2013). The density contrast

between the molten metal and crystalline silicate would cause the formation of metal diapirs

whose size and decent rate would be a function on the initial pond thickness and underlying

silicate viscosity (Rubie et al., 2007; Karato and Murthy, 1997). Descent rate of the diapirs
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Figure 1.3: Results from Samuel (2012) modelling the degree of equilibration for a stable diapir
sinking through a magma ocean of various viscosities. Equilibration is achieved quickly even for the
most viscous model tested, which is 99% equilibrated sinking only 2km (typical magma ocean depth
= ∼1000km). Taken from Samuel (2012), fig. 9, p.113.

would be also further enhanced by gravitational heating, reducing the viscosity of the surround-

ing silicate (Rubie et al., 2007).

Numerical simulations by Rubin (1995) show that dyking can also be a viable mechanism

to transport ponded metal toward the core, requiring a viscosity contrast of greater than 1011

- 1014Pa s between molten metal and crystalline silicate. Molten iron has a viscosity of 10−2

Pa s, which would allow dike formation to begin through a crystalline silicate with viscosities

of around 10−9 - 1012 Pa s. As the modern day asthenosphere has a viscosity of ∼10−19 Pa s, it

is not unreasonable for dike formation to have been a rapid transport process of molten metal

to the core (Rubin, 1995). Both diapirism and dyking would allow limited chemical exchange

between metal and silicate, and therefore result in disequilibrium.

1.1.2 Percolation

Percolation of metal through solid silicate is thought to have been a viable mechanism for core

formation for smaller bodies during the early stages of the solar system (Terasaki et al., 2008).

Percolation requires temperatures to reach the Fe-FeS eutectic, allowing molten metal to per-

colate along the grain boundaries of crystalline silicate, before silicate has reached its melting

point. This allows for core formation to begin much earlier than in a magma ocean scenario,

and in bodies with concentrations of 26Al and 60Fe too low to reach the silicate solidus through

radiogenic heating (Terasaki et al., 2008). High pressure-temperature experiments by Yoshino

et al. (2003) have shown that at high dihedral angles (>60◦), percolation can occur once the
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metallic melt fraction has reached a critical threshold. They estimate this threshold to be as

low at 5 vol.% molten iron-sulphur compounds in solid olivine. However as noted by Terasaki

et al. (2008), this would still leave at least 5 vol.% molten iron left within the silicate matrix,

precluding efficient segregation and core formation. Further work by Walte et al. (2007) also

shows that the critical threshold required for dihedral angles >60◦ could be much higher than

5%, which would result in extremely inefficient core formation.

Modelling by Terasaki et al. (2008) shows that there are several key constraints for perco-

lation to be a viable mechanism of core formation; effective percolation can only occur across

olivine grain boundaries where the dihedral angle is >60◦, up to 3 GPa and with a high oxy-

gen content. At pressures greater than 3 GPa, the interconnected network shuts down as the

dihedral angle becomes greater than 60◦. Oxygen solubility is also significantly lowered for S

free melts, which makes percolation unlikely. Percolation is therefore only a viable option for

small bodies with radii less than 1300 km that are reducing and with high S content, such as

the parent bodies for carbonaceous chondrites (Terasaki et al., 2008).

The diffusivity of molten metal in solid silicate is much lower than in liquid silicate, reducing

the capacity for equilibration, however due to small silicate grain size and the time scale of

percolation, equilibration is possible (Deguen et al., 2011). Numerical modelling by Šrámek

et al. (2010); Ricard et al. (2009) show that percolation tends to lead toward coalescence of

metal free from silicate, and therefore diapirism, which would reduce surface area to volume

and make equilibration insignificant. However, if temperatures reach the silicate solidus before

the diapirs have been transported to the core, their instability should lead to their breakup and

therefore equilibration as they sink through a magma ocean, as shown by Samuel (2012).

1.1.3 Impact Driven Segregation

Metal-silicate segregation as a result of impact driven shock metamorphism another proposed

mechanism for early core formation of planetesimals. Heat generated during impacts cause

melting of both metal and some silicate, while pressure gradients drive these melts along frac-

ture pathways. Lower viscosity melts are able to travel much further, allowing Fe and FeS

melts to migrate significantly further than any silicate melt generated, allowing the Fe+−Ni and

FeS melts to propagate into unmelted silicate domains (Tomkins et al., 2013). This process

happens very quickly, allowing large accumulations of metal to coalesce in disequilibrium with
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the surrounding silicate (Tomkins et al., 2013). As the melt cools and begins to crystallise,

the properties of the liquid change from wetting to non-wetting against silicates, causing the

expulsion of sulphides into the surrounding silicate material (Tomkins et al., 2013; Rushmer

et al., 2005). This results in large accumulations of S depleted, Fe-Ni rich metal in disequilib-

rium with every impact that generates enough heat to cause melting (Tomkins et al., 2013).

It has been interpreted that non-magmatic iron meteorites are direct evidence for accumu-

lations generated during impact metamorphism. Previous models for the formation of non-

magmatic iron meteorites were unable to explain siderophile element signatures seen between

melt and chondritic fragments, however impact driven segregation provides a mechanism to ex-

plain their trace element compositions (Tomkins et al., 2013). Non-magmatic iron meteorites

give us an indication of how large these impact driven accumulations could have been, with the

meteorite that formed Meteor Crater in Arizona being estimated to be as large as 3 x 108 kg

(Tomkins et al., 2013).

Modelling by Tomkins et al. (2013) showed the settling rate of metal globules through peri-

dotite with a melt fraction of 26% allowed for the formation of the core of the asteroid Vesta if

the particles were 2m in diameter, which is much smaller than accumulations that form some

non-magmatic meteorites. If the melt fraction increases, the viscosity drops by orders of mag-

nitude, allowing particles only 12cm in diameter to form the core of Vesta with a melt fraction

of 30% (Tomkins et al., 2013).

Numerical simulations of diapir stability by Samuel (2012) suggest that these diapirs would

then breakdown due to instability and equilibrate, however as these accumulations are S de-

pleted, the melting point of pure FeNi is 1425 ◦C, whereas silicates begin to melt at approx-

imately 1150C (Tomkins et al., 2013). This could result in solid metal accumulations being

quickly transported to the core in disequilibrium.

The sequestration of S depleted metal supports the paradox seen in magmatic iron mete-

orites, thought to be the relict cores of planetesimals, being depleted in S when under equili-

brating conditions, such as in the standard magma ocean model, cores should be enriched in FeS

potentially up to eutectic proportions (85%) (Tomkins et al., 2013). This would suggest that S

depletion in magmatic irons is further evidence of planetesimal core forming under conditions

of disequilibrium (Tomkins et al., 2013).
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1.1.4 Smelting

Metal silicate segregation may also be achieved by smelting, the reduction of FeO by C, typically

seen in Ureilites where olivine is reduced by C as follows the equation C + MgFeSiO4 =

MgSiO4 + Fe + CO (Warren et al., 2006). While smelting hasn’t been proven to be a major

contributor to the formation of planetary cores, terrestrial analogues from Disko Island in

Greenland show that smelting can result in the formation of native metal from mm sized

particles up to several tonnes (Klöck et al., 1986), supporting its potential as a mechanism to

aid core formation.

1.2 Core Formation Conclusions

It seems very likely that core formation did not result from a single mechanism scenario as is

often modelled, rather it was driven by a variety of mechanisms, each operating throughout

different periods during accretion.

Impact driven segregation would have been one of the earliest operating mechanisms, al-

lowing the formation of large accumulations of FeNi metal before the body has had time to

reach the silicate solidus (Tomkins et al., 2013). If a planetesimal had formed after the peak

period for heating via radioactive decay, impact driven segregation would have formed larger

accumulations of metal that could settle through partially molten silicate at low melt fractions

of 26-30% (Tomkins et al., 2013).

Radiogenic heating due to the decay of 26Al and 60Fe provides a viable mechanism for heat-

ing of planetesimals above the silicate solidus and allowing the formation of either localised

or global magma oceans where gravity driven segregation of metal and silicate would occur

(Moskovitz and Gaidos, 2011; Walter and Trønnes, 2004).

Percolation may have also played a role in the formation of cores in planetesimals, how-

ever due to the limitations discussed with percolation, its usefulness may have been limited to

smaller bodies with high S content (Terasaki et al., 2008). Smelting could have also played a

minor role in the differentiation of bodies with enough C to reduce FeO in olivine crystals.

A combination of both metal silicate differentiation within either localised or a global magma
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ocean, and the quick sequestration of large accumulations of metal due to impact driven segre-

gation appears to be a likely scenario for core formation in planetesimals, however the degree

of equilibration that occurred within these bodies is still poorly constrained. Impact meta-

morphism would have resulted in the settling of metal in disequilibrium, however, once the

viscosity of peridotite had been lowered due to increased heating, the stability of the metal

diapirs would have been greatly reduced, allowing equilibration under a magma ocean scenario

(Samuel, 2012). Complete equilibration for planetesimals seems very unlikely in all bodies ex-

cept those that accreted rapidly with very high concentrations of 26Al and 60Fe, allowing the

swift formation of a global magma ocean. This would mean that our current timing constraints

based on Hf-W chronometry from iron meteorites system would underestimate core formation

time (Tomkins et al., 2013).

Core formation in accreting proto-planets would have been very similar to planetesimals.

Impact driven segregation would have been ongoing with every impact great enough to generate

partial melting of metal and silicate (Tomkins et al., 2013). Heating of the proto-planet to form

a localised or global magma ocean would have been primarily driven by the energy delivered

by impacts as well as heating via the reduction of gravitational potential (Rubie et al., 2007).

Sinking diapirs would be equilibrated in a magma ocean, with the exception of those that had

a radius of equal to or greater than the depth of the magma ocean, as may be the case for

the cores of impacting proto-planets and planetesimals. In this case, they would be partially

eroded by Kevin-Helmholtz and Rayleigh-Taylor mechanisms, however would retain most of

their volume and be transported to the core in disequilibrium (Dahl and Stevenson, 2010).

Again, while some equilibration would have occurred, it seems very unlikely that an accreting

planet would achieve full equilibration. This would mean that our current estimations of core

formation time based on the Hf-W system underestimate the time taken for core formation

(Tomkins et al., 2013).



2 — Aims and Objectives

The study of meteorites provides snapshots of all stages of planetary formation. Significantly,

they offer insights into the most difficult to access portions of the planetary building cycle, no-

tably core formation and stabilisation. Chondrites are thought to represent some of the earliest

undifferentiated solar system material, while iron meteorites represent the cores of early plan-

etesimals that underwent metal-silicate segregation before their subsequent destruction (Rubie

et al., 2007). Pallasites are widely accepted to be remnants of the later stages of metal silicate

segregation along the core-mantle boundary of early planetesimals (Mullane et al., 2004). Other

meteorites have been interpreted to represent the process of various differentiation mechanisms

such as smelting forming Ureilites (Warren et al., 2006) and shock metamorphism forming the

non-magmatic iron meteorites (Tomkins et al., 2013).

Understanding the processes behind core formation is particularly important as the forma-

tion of a core is vital to the evolution of life, as the magnetic field it generates helps protect the

earth from solar winds. Core formation is also vital to large scale volcanic activity on planets as

the interaction at the core mantle boundary is thought to be responsible for plume magmatism

(Campbell and Humayun, 2005).

The Yaringie Hill meteorite is an H5 ordinary chondrite that was found in 2006 in the Gawler

Ranges, South Australia (Tappert et al., 2009). It was chosen for this study as it features a

thin (0.5mm) metal vein that cross-cuts the entire meteorite (Figure 4.1). The vein has been

interpreted to be the result of shock metamorphism (Tappert et al., 2009) and allows us to

study the early stages of metal-silicate-sulphide segregation within chondritic material.

In order to better elucidate the chemical and physical controls associated with core forma-

tion, this project aims to investigate trace element segregation between metal and sulphides in

the matrix and the vein of this meteorite. Ordinary chondrites, although the most common type

11



12 Aims and Objectives

of meteorite, are relatively poorly investigated in terms of metal-silicate-sulphide partitioning,

with many studies focusing instead on the more chemically reducing carbonaceous chondrites

(Ziegler et al., 2010; Jurewicz et al., 1993). Yaringie Hill therefore represents a unique op-

portunity to empirically constrain the processes involved in metal-silicate-sulphide segregation

within undifferentiated ordinary chondrite material.

This project incorporates an optical and SEM (Scanning Electron Microscopy) campaign

to establish the textural relationships between the vein and the host material in the Yaringie

Hill meteorite. This offers the basis to test whether the vein material is indeed derived from

in-situ melting, or potentially derived from elsewhere in the parent body. This then provides

the basis for a LA-ICPMS (Laser Ablation - Inductively Coupled Plasma Mass Spectrometry)

campaign using transition metals and PGEs (Platinum Group Elements) to evaluate the likely

provenance of the metal.

Based on the presence of a cross-cutting metal vein through the ordinary chondrite matrix

of the Yaringie Hill meteorite, an opportunity exists to ascertain:

1. Whether the textural relationships between the vein and the matrix metals suggest lo-

calised melting and extraction of metal, or derivation from elsewhere in the parent body.

2. LA-ICPMS analysis of trace metals and PGEs in metals and sulphides within the ma-

trix and vein allows quantification of fractionation of metals within the OC (Ordinary

Chondrite) parent body.

3. Testing whether shock melting of matrix metal and local extraction into the vein is a

viable mechanism for Yaringie Hill. This model would predict injection of the metal

into the chondritic matrix and subsequent expulsion of sulphides from the vein into the

fracture networks of the matrix on crystallisation (Tomkins et al., 2013).

4. An alternative process involving the trace element and PGE behaviour during reduction

from a silicate melt is tested empirically through analysis of a terrestrial analogue from

Disko Island, Greenland.

5. The relative fractionations and partition coefficients in each of the relevant scenarios are

then calculated and compared with literature values in order to derive a preferred model

for metal melting and extraction on the ordinary chondrite parent body. This allows

comparison with other metals within early solar system bodies and hence inform the
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discussion surrounding the ultimate source of metals that are available to participate in

core formation on planetesimals.



3 — Methodology

In order to investigate the mechanism of metal-silicate-sulphide segregation within the Yaringie

Hill meteorite and Disko Island native iron, an analytical campaign was planned to obtain high

quality quantitative data for major, minor and trace elements as well to observe and image

key textural features that could give us insight into the physical and chemical mechanisms

controlling the formation of the vein.

3.1 Samples

In total 10 samples of the Yaringie Hill meteorite were prepared and one Disko Island sample.

The meteorite slab was cut into 5 blocks, each prepared into 30µm polished thin sections on

glass slides for Scanning Electron Microscopy (SEM) analysis. The single Disko Island sample

was prepared into a polished block. An Edwards Auto306 vacuum coater was then used to

carbon coat Yaringie samples YH1 to YH5 and the Disko Island sample for SEM analysis.

The other halves of the 5 meteorite blocks were then prepared into 100µm polished thick

sections on glass slides for analysis by Laser Ablation - Inductively Coupled Plasma - Mass

Spectrometry (LA-ICP-MS) (Samples YHT1-YHT5). Due to budget restraints, only three of

the five thick sections were able to be analysed, so the best three were selected using reflected

microscopy. The Disko Island polished block was also analysed using LA-ICP-MS. All thin and

thick sections were analysed by transmitted and reflected microscopy and the Disko sample was

analysed under reflected microscopy. All samples were stored in a sealed container to ensure

they remained free from any contamination. Table 3.1 summarises the samples and analytical

techniques.

14
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Table 3.1: Summary of samples and analytical techniques

Sample Type Optical SEM LA-ICP-MS

YH1 30µm Thin Section � �
YH2 30µm Thin Section � �
YH3 30µm Thin Section � �
YH4 30µm Thin Section � �
YH5 30µm Thin Section � �
YHT1 100µm Thick Section � �
YHT2 100µm Thick Section �
YHT3 100µm Thick Section �
YHT4 100µm Thick Section � �
YHT5 100µm Thick Section � �
Disko Island Polished Block � � �

3.2 Optical Microscopy

All samples were first examined by both transmitted and reflected microscopy using a Nikon

Eclipse 50iPOL microscope equipped with a Nikon DS-U2/L2 USB Camera. The microscope

was setup with a PRIOR motorised stage, connected to a computer running PRIOR’s software.

This allowed large areas of the thin and thick sections to be photographed under transmitted

and reflected light, before being stitched together into a single large image in order to plan

analysis areas and as a reference map during SEM and LA-ICP-MS analysis.

3.3 Scanning Electron Microscopy

Zeiss Evo MA 15 scanning electron microscope with an Oxford Instruments X-Max 20mm2

silicon drift detector with an energy dispersive (EDS) detector was used to obtain quantitative

major and minor element data from samples YH1-YH5 and the Disko Island sample. Secondary

electron (SE) and backscatter electron (BSE) images were also captured using the SEM. Data

was able to be viewed in real time using the Oxford Aztec EDS analysis software suite. Data

was exported after analysis and processed on a separate computer using the Oxford Aztec EDS

analysis software suite.

The scanning electron microscope was run in point analysis mode to collect major and

minor element quantitative data for all samples, and element maps were run on the Yaringie

samples to distinguish various mineral phases and to look for any partitioning of major ele-

ments along the vein. Backscatter and secondary electron images also allowed us to examine
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textural features of the vein system in much greater detail than was possible using reflected

light microscopy. The quantitative data obtained during analysis of the Yaringie Hill and Disko

Island metals and sulphides was also used as an internal standard during LA-ICP-MS.

The Zeiss Evo MA 15 scanning electron microscope was operated with an accelerating volt-

age of 15kV, beam current of 20nA and a working distance of 12mm. Target input counts were

60,000 and target dead time was 40%. A copper grid was analysed every hour during analysis

to perform an energy calibration to increase accuracy and reliability of the data. Analysis are

calibrated against standards from the Oxford Aztec EDS analysis software.

Scanning electron microscopy was chosen as our method of collecting major and minor

element data over other analytical techniques such as X-Ray Fluorescence (XRF) and electron

microprobe analysis (EMPA) as it allowed us to take in situ analysis of our sample which cannot

be achieved with XRF, and at a more cost effective price than EMPA, allowing us to better

direct a larger portion of our budget to trace element analysis using LA-ICP-MS.

3.4 Laser Ablation - Inductively Coupled Plasma - Mass

Spectrometry

Trace element data was obtained at Macquarie Univerity GeoAnalytical (MQGA) Laboratories

using LA-ICP-MS. Laser Ablation ICPMS was selected in preference to other solution ICPMS

methods as it allows in-situ analysis of both metal and sulphide grains in the vein and matrix,

giving us spatially resolved data at similar detection levels, opposed to a bulk composition for

the samples.

Laser abalation was conducted using a Photon Machines Excite Excimer 193 nm laser abla-

tion microprobe coupled to an Agilent 7700cx quadrupole ICPMS. Argon was used as a carrier

gas of the analyte into the ICP torch.

Counting times for the Yaringie Hill samples were 120s of background measuring a gas blank

before 60s of ablation time, followed by 60s of washout time. All standards were analysed with

a spot size of 65µm, kamacite grains were analysed with spot sized of 65-85µm and troilite

grains were measured with a spot size of 110µm. Variation in spot size was due to a need to
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balance low element concentrations and spacial resolution. All Analysis were carried out with

a pulse rate of 7Hz, burst count of 400 and laser energy of 75%.

Counting times for the Disko Island samples were 120s of background measuring a gas blank

before 60s of ablation time, followed by 60s of washout time. All analysis were carried out using

a spot size of 65µm, pulse rate of 10Hz, burst count of 600 and laser energy of 75%.

Analysis of each sample was undertaken in runs of 10, bracketed by analysis of each stan-

dard, with double measurements of each standard at the beginning and end of the analysis

session.

Normalisation to both an internal and external standard is necessary for LA-ICP-MS data

as it corrects for any variation in ablation yield and instrument drift over the course of analysis

(Longerich et al., 1996; Longerich, 1996). The internal standard chosen must be a major or

minor element that is present in both the analyte and external standard. Ni was chosen for

metals analysed and S for sulphides. Both internal standards were determined for the Yaringie

Hill and Disko Island samples using quantitative data obtained during SEM analysis.

The external standards chosen were PGE A, N661, N1262 and JK37 as they allowed analy-

sis of all selected isotopes. Isotopes measured were; Si29, P31, S34, V51, Cr52, Mn55, Fe57, Co59,

Ni60, Ni62, Cu63, As75, Se77, Nb93, Mo95, Ru99, Ru101, Rh103, Pd105, Pd106, Ag107, Pd108, Sn118,

Sb121, Te125, Te126, Os189, Os192, Ir193, Pt194, Pt195, Au197, Pb208, with counting times for each

chosen based on expected concentrations.

The standards chosen for each isotope are displayed in Table 3.2. The average value and

number of analysis is shown for each isotope and confidence is reported as +−1σ and Relative

Standard Deviation % (RSD%). The reference value is also displayed with +−1σ uncertainty.

The long term reproducibility for the analysis can be calculated from the 1σ uncertainty of the

average of the standards used.
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Table 3.2: Standards analysed for each isotope

Isotope Standard n Avg (ppm) +−1σ (ppm) RSD% Reference Value (ppm) +−1σ (ppm)

Si29 N661 5 2621.37 973.53 37.14 2330.0 10
P31 N661 5 150.10 15.55 10.36 150.0 10
S34 N661 2 169.24 34.95 20.65 150.0 10
V51 JK37 6 724.66 65.72 9.07 750.0 40
Cr52 N1262 6 3315.79 532.45 16.06 3000.0 100
Mn55 N661 6 6505.75 294.64 4.53 6600.0 100
Fe57 Wt% based off SEM analysis
Co59 N661 6 314.17 12.53 3.99 320.0 10
Ni60

Used as an internal standard
Ni62
Cu63 N1262 6 5051.81 211.67 4.19 5100.0 100
As75 PGE A 10 131.56 3.04 2.31 131.0 13.1
Se77 PGE A 10 226.51 17.78 7.85 227.0 22.7
Nb93 JK37 6 12.96 3.90 30.07 12.0 2
Mo95 JK37 6 35259.34 12737.35 36.12 35500.0 350
Ru99 PGE A 10 207.17 15.03 7.26 203.0 20.3
Ru101 PGE A 10 223.13 14.46 6.48 203.0 20.3
Rh103 PGE A 10 223.13 14.46 6.48 220.0 22
Pd105 PGE A 10 268.41 28.44 10.60 271.0 27.1
Pd106 PGE A 10 269.04 27.55 10.24 271.0 27.1
Ag107 PGE A 10 225.83 14.95 6.62 229.0 22.9
Pd108 PGE A 10 269.26 28.70 10.66 271.0 27.1
Sn118 N1262 6 158.11 8.15 5.16 160.0 20
Sb121 N1262 6 118.51 6.78 5.72 120.0 6.2
Te125 PGE A 10 201.28 9.49 4.71 214.0 21.4
Te126 PGE A 10 200.67 10.86 5.41 214.0 21.4
Os189 PGE A 10 74.64 10.28 13.77 72.7 4.8
Os192 PGE A 10 75.32 10.67 14.17 72.7 4.8
Ir193 PGE A 10 126.16 13.32 10.56 208.0 20.8
Pt194 PGE A 10 192.79 15.37 7.97 204.0 20.4
Pt195 PGE A 10 192.22 14.99 7.80 204.0 20.4
Au197 PGE A 10 211.78 9.84 4.65 212.0 21.2
Pb208 PGE A 10 28.86 3.57 12.37 29.0 2.9

Standards N661 and N1262 are standard reference materials that are certified by the National Institute of
Standards and Technology. Standard JK37 is a Sweedish steel certified reference material by the Swedish
Institute for Metals Research. Standard PGE A is an in house standard that has been well characterised
by previous publications (Gilbert et al., 2013; Alard et al., 2000).
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The Yaringie Hill meteorite (Figure 4.1) is a weakly shocked, H5 ordinary chondrite that was

found in 2006 within the Gawler Ranges, South Australia (Tappert et al., 2009). The chondrite

has been recrystallised and is covered by a thin brown fusion crust (Tappert et al., 2009). An

interesting feature of the meteorite is a thin (0.5mm) metal vein composed of the FeNi alloy

kamacite.

Figure 4.1: The Yaringie Hill meteorite with cross-cutting kamacite vein.

The main minerals forming the meteorite are olivine, orthopyroxene and phases of iron-

nickel alloys (Figure 4.2). Olivine and orthopyroxene occur both within the matrix as distinct

crystals and as inclusions within chondrules. They both exhibit undulatory extinction which

has been interpreted by Tappert et al. (2009) to be an indicator of shock metamorphism, along
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Figure 4.2: Photomicrograph (crossed polars) of the Yaringie Hill meteorite vein and surrounding
silicate matrix. Large orange areas are due to oxide weathering of opaque minerals, staining the
surrounding silicates.

with planar fractures in olivine crystals and the presence of the kamacite vein. Under the clas-

sification scheme by Stöffler et al. (1991), Tappert et al. (2009) has classified the Yaringie Hill

meteorites as being weakly shocked to stage S3. Kamacite forms the vein and is the main FeNi

alloy within the matrix (Figure 4.3). Other alloys include taenite and tetra-taenite. Tappert

et al. (2009) has classified the meteorite as experiencing weathering stage W1 as defined by

Wlotzka (1993), and weathering of FeNi alloys and troilite grains within the matrix and vein

has caused oxide staining of some of the surrounding silicates (Figure 4.2). Troilite is an Fe

sulphide that can be seen within the vein as rounded grains, indicating it was an immiscible

melt phase within the vein as can be seen in Figures 4.3 and 6.8. Troilite can also be seen as

anhedral grains within the matrix.

The Disko Island sample is composed of aphanitic basalt that hosts µm to mm sized native

iron grains and sulphides. The iron was formed from a smelting reaction as a basaltic lava

flowed over carbonaceous shales and Tertiary coals on Disko Island, Greenland (Klöck et al.,

1986). This allowed silicates within the basalt to be reduced by carbon from the coal, resulting

in the production of native iron. The Disko Island deposit of native iron represents the largest

of only a few such deposits in the world, producing iron that ranges from µm sized grains to

blocks that weigh several tonnes (Klöck et al., 1986).
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Figure 4.3: Photomicrograph (reflected light) of the Yaringie Hill meteorite.

Figure 4.4: Photomicrograph (reflected light) of the Disko Island sample. Metal and sulphides
are surrounded by aphanitic basalt.



5 — Results

5.0.1 Major and Minor Element Results

Scanning electron microscopy has allowed us to image key textural features and obtain quan-

titative major and minor element data of the Yaringie Hill meteorite and Disko Island sample.

Element maps and backscatter photos have been used to observe the textural relationships,

while point analysis has enabled us to quantify major elements within metals and sulphides.

An Fe Ni S element map of a section of the vein undulating around a chondrule of the

matrix is shown in Figure 5.1. The element map allows us to highlight only the elements of

interest, better displaying the data to the phases we want to investigate. We can see that

there are three key FeNi and FeS phases within the Yaringie Hill meteorite; kamacite (red),

taenite (blue) and troilite (green). Kamacite can be seen forming the vein and as anhedral

grains within the matrix ranging in size from µm to mm. Kamacite can also be seen forming

apophyses extending from the vein into the matrix. Taenite is seen along the edges of the vein

and occurring in small anhedral grains within the matrix either by itself or along the edges of

kamacite or troilite grains. Troilite can be seen as small anhedral grains within the matrix,

and also as rounded grains within the vein indicating that is was an immiscible melt phase

within the vein (Figures 4.3 and 6.8). The inset in Figure 5.1 shows the same image, captured

in backscatter to better show the vein undulating around the chondrule.

Fe v Ni (Wt%) for the Yaringie matrix and vein Kamacite plotted against the Disko Island

iron is displayed in Figure 5.2. We can clearly see that the Yaringie kamacite from both vein

and matrix plot very closely together, with very little variation in both Fe and Ni. The Disko

Island iron however displays a range in iron concentration, with little variation in Ni.

Fe v S (Wt%) for the Yaringie troilite from the matrix and the vein plotted against the

22
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Figure 5.1: Fe Ni S element map showing the Yaringie Hill meteorite vein undulating around a
chondrule of the matrix. Inset shows the same image in backscatter, better highlighting the undulation
around the chondrule.

Disko Island troilite is illustrated in Figure 5.3. We can see that there is a small amount of

variation in the troilite of the Yaringie Hill meteorite, with two phases within the matrix; a

lower Fe and higher S phase that plots the same as the vein, and a slightly higher Fe and lower

S phase. The Disko Island troilite experiences much more variation with a range of both Fe

and S concentrations.

Fe Ni and S average values in Wt% for the metals and sulphides of Yaringie Hill meteorite

are displayed in Table 5.1. Detection limits have been reported as ranges in wt% σ for each

element, as detection limits from EDS will vary with each individual analysis.



24 Results

0

1

2

3

4

5

6

7

91 92 93 94 95 96 97 98 99 100

N
i	(
W
t%

)

Fe	(Wt%)	

Yaringie	Vein	and	Matrix	Kamacite	v	Disko	Iron

Vein	Kamacite Matrix	Kamacite Disko	 Island	Iron

Figure 5.2: Fe v Ni (Wt%) for the Yaringie vein and matrix kamacite and Disko Island iron.

30

31

32

33

34

35

36

37

50 52 54 56 58 60 62 64 66 68

S	
(W

t%
)

Fe	(Wt%)	

Yaringie	Vein	&	Matrix	Troilite	v	Disko	Troilite

Vein	Troilite Matrix	Troilite Disko	 Sulphide

Figure 5.3: Fe v S (Wt%) for the Yaringie vein and matrix troilite and Disko Island troilite.



25

Table 5.1: Representative compositions for metals and sul-
phides of the Yaringie Hill meteorite and Disko Island sample

Mineral No. of analysis Fe Ni S

Vein Kamacite 22 93.18 6.45 b.d.l.
Matrix Kamacite 10 93.32 6.28 b.d.l.
Vein Troilite 7 64.44 b.d.l. 34.60
Matrix Troilite 13 65.05 b.d.l. 34.04
Matrix Taenite 1 80.82 18.94 b.d.l.
Matrix Tetra-taenite 3 49.84 49.81 b.d.l.
Disko Island Iron 10 96.45 2.08 b.d.l.
Disko Island Troilite 10 61.72 b.d.l. 32.92

Detection limits are based on counts and vary for each individual
analysis. Detection limits for Ni and S are; Ni (0.08-0.10), S(0.09-
0.10), reported in wt% σ.

5.0.2 Trace Element Results

LA-ICP-MS has allowed us to quantify trace element concentrations for metals and sulphides

in both the Yaringie Hill meteorite and Disko Island sample. Presented here are average values

for each metal and sulphide, individual analysis points can be found in the Appendix within

Tables 1 to 7.

Vein kamacite and matrix kamacite average results of the Yaringie hill meteorite, normalised

to C1 chondrite from McDonough and Sun (1995) are displayed within Figure 5.4. The raw

data for this graph can be seen in Table 5.2. Overall, the two metals follow very similar pat-

terns, with the vein kamacite being slightly more depleted in all elements with the exception of

S, Nb, Ag and Sn. The vein is depleted in the highly siderophile elements relative to the matrix.

The average analysis of troilite of the vein and the matrix of the Yaringie Hill meteorite

are highlighted in Figure 5.5. The raw data for this graph can be seen in Table 5.3. Again the

troilite patterns follow very similar trends to the kamacite, with the vein being overall more de-

pleted than the matrix, with the strongest relative depletion seen within the highly siderophile

elements.

Figure 5.6 displays the calculated partition coefficients in lithophile, chalcophile and siderophile

element order. The partition coefficient for sulphide/metal for the vein is represented by kDvs/vm

and the matrix kDms/mm. The sulphide/metal partition coefficients for the vein and matrix

highlight the lithophile and chalcophile elements having a strong affinity for the sulphide phase,
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Figure 5.5: Average troilite composition for the lithophile, chalcophile and siderophile trace ele-
ments of the vein and matrix.
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with kD values greater than 1. Exceptions to this are Co, As and Te, who all show affinity

for the metallic phase within the matrix and vein. The siderophile elements all show affinity

for the metallic phase with kD values less than 1. The exception to this is the two moderately

siderophile elements Mn and Mo, who have a preference for the sulphide phase. The partition

coefficients for vein metal/matrix metal (kDvm/mm) are all close to one, however they show the

trend seen previously in Figure 5.4, with the siderophile elements having a stronger preference

for the metal in the matrix than the vein.
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Figure 5.6: Partition coefficients calculated for vein sulphide/metal (kDvs/vm), matrix sul-
phide/metal (kDms/mm) and vein metal/matrix metal (kDvm/mm).

The average results for the iron and the troilite phase of the Disko Island sample are dis-

played in Figure 5.7. The raw data for each mineral is displayed within Table 5.4. The iron

is expectedly more depleted in the lithophile and chalcophile elements and enriched in the

siderophile elements. The exceptions to this are a slightly higher Se content within the iron

phase and Rh within the troilite phase.

The sulphide/metal partition coefficients (kDds/dm) for the Disko sample in lithophile, chal-

cophile and siderophile element order are illustrated in Figure 5.8. Again, the lithophile and

chalcophile elements show a strong preference to the troilite phase with kDds/dm values greater

than 1, with the exceptions being Se and Sn. The highly siderophile elements show a strong

preference to the iron phase, with the exception of Rh, preferring the sulphide phase. The
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Figure 5.7: Average iron and troilite composition for the lithophile, chalcophile and siderophile
trace elements of the Disko Island sample.

moderately siderophile elements Mn and Mo both show preference for the troilite phase.
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Figure 5.8: Partition coefficients calculated for troilite/iron (kDds/dm) within the Disko Island
sample.
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Table 5.2: Average trace element values of vein and matrix kamacite of the Yaringie Hill meteorite

Vein Kamacite Matrix Kamacite

Average (ppm) St.Dev RSD% n Average (ppm) St.Dev RSD% n

Si 442.94 245.74 55.48 9 450.52 256.92 57.03 5
P 66.34 40.54 61.11 10 32.87 3.77 11.46 4
S 723.02 400.29 55.36 8 367.68 433.95 118.02 3
V 0.59 0.50 85.03 5 0.14 0.03 20.34 2
Cr 5.68 3.69 64.95 9 4.37 1.45 33.31 4
Mn 1.78 1.18 66.25 11 3.14 3.33 106.14 6
Co 5128.58 177.08 3.45 17 4860.99 124.13 2.55 7
Cu 90.08 14.97 16.62 17 81.56 6.36 7.79 7
As 10.70 2.30 21.50 17 11.38 1.68 14.79 7
Se 2.59 1.29 50.06 2 3.65 1
Nb 0.27 0.15 56.03 2 0.07 0.02 32.64 2
Mo 11.21 4.10 36.57 16 9.58 2.04 21.33 7
Ru 0.64 0.14 21.83 13 1.18 0.57 48.44 7
Rh 0.16 0.05 30.98 16 0.46 0.20 44.25 7
Ag 0.16 0.10 61.55 5 0.04 0.01 26.85 2
Pd 2.25 0.64 28.55 17 2.89 0.30 10.24 7
Sn 6.67 9.39 140.84 16 2.79 1.90 68.11 7
Sb 0.47 0.27 58.08 8 4.76 8.85 185.89 4
Te 0.91 0.79 86.89 4 0.47 0.28 59.31 3
Os 0.19 0.11 56.78 11 0.47 0.37 80.33 7
Ir 0.14 0.06 44.44 12 0.44 0.33 74.35 7
Pt 0.58 0.19 33.04 16 1.77 0.98 55.41 7
Au 0.62 0.10 16.08 17 0.66 0.08 11.56 7
Pb 0.23 0.19 81.75 11 0.14 0.12 88.49 3
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Table 5.3: Average trace element values of vein and matrix troilite of the Yaringie Hill meteorite

Vein Troilite Matrix Troilite

Average (ppm) St.Dev RSD% n Average (ppm) St.Dev RSD% n

Si 1778.61 440.02 24.74 6 51835.16 69302.17 133.70 6
P 188.79 29.95 15.87 6 1346.95 2527.96 187.68 6
S 340230.56 0.01 0.00 6 339118.70 2723.50 0.80 6
V 1323.34 220.02 16.63 6 680.42 537.00 78.92 6
Cr 795.04 385.50 48.49 6 840.73 1267.93 150.81 6
Mn 436.52 392.00 89.80 6 1167.27 1260.61 108.00 6
Co 1107.97 1322.51 119.36 6 472.22 818.32 173.29 6
Cu 4039.80 1832.98 45.37 6 1735.96 1270.76 73.20 6
As 0.41 0.32 79.93 5 0.38 0.32 85.53 6
Se 123.50 3.52 2.85 6 124.70 3.26 2.62 6
Nb 3.78 2.04 54.06 6 11.56 10.22 88.42 6
Mo 1128.30 352.90 31.28 6 393.73 153.56 39.00 6
Ru 0.02 0.01 63.56 4 0.23 0.40 174.36 6
Rh 0.01 0.00 78.56 5 0.06 0.08 149.30 4
Ag 0.22 0.14 62.13 6 0.12 0.14 118.30 6
Pd 0.04 0.03 84.91 6 0.19 0.15 79.81 3
Sn 4713.85 6178.60 131.07 6 370.89 442.07 119.19 6
Sb 113.26 160.56 141.76 6 20.00 30.29 151.47 6
Te 0.09 0.04 48.96 6 0.03 0.02 47.41 5
Os 0.01 0.01 97.54 4 0.56 0.95 169.22 5
Ir 0.01 0.01 107.10 2 0.37 0.57 152.81 5
Pt 0.03 0.02 70.05 3 0.60 1.11 185.04 5
Au 0.01 0.01 103.08 4 0.06 0.03 56.42 3
Pb 0.30 0.35 118.38 6 0.07 0.05 75.92 6
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Table 5.4: Average trace element values for iron and troilite of the Disko Island sample

Disko Iron Disko Troilite

Average (ppm) St.Dev RSD% n Average (ppm) St.Dev RSD% n

Si 168.84 45.41 26.90 10 27095.21 24012.25 88.62 10
P 444.17 57.84 13.02 10 609.17 402.88 66.14 9
S 136.08 29.99 22.04 10 350237.35 0.03 0.00 10
V 0.11 0.07 62.45 7 12.13 16.54 136.35 10
Cr 1.90 1.53 80.58 10 538.02 222.01 41.26 10
Mn 32.20 16.29 50.58 10 453.38 253.56 55.93 10
Co 2.13 0.28 13.33 10 3103.97 917.21 29.55 10
Cu 6474.61 449.06 6.94 10 11201.40 8825.19 78.79 10
As 1254.51 144.60 11.53 10 42725.73 20324.21 47.57 10
Se 241.38 34.73 14.39 10 22.54 31.60 140.18 10
Nb 0.25 0.09 37.22 5 42.67 15.33 35.93 10
Mo 0.00 0.00 50.21 8 0.50 0.45 89.45 9
Ru 1.29 0.09 6.85 10 0.31 0.28 89.15 10
Rh 0.05 0.00 8.86 10 0.32 0.15 48.46 10
Ag 0.02 0.01 41.12 10 5.12 7.35 143.48 10
Pd 0.13 0.01 11.30 10 0.03 0.03 88.02 10
Sn 10.92 2.00 18.31 10 10.98 12.80 116.58 10
Sb 3.34 0.58 17.25 10 2.58 3.36 130.12 10
Te 0.04 0.01 18.61 2 1.16 1.01 87.30 10
Os 0.05 0.04 83.87 10 0.00 0.00 66.12 4
Ir 0.03 0.04 110.60 10 0.00 0.00 54.61 3
Pt 0.43 0.23 53.71 10 0.04 0.05 110.16 5
Au 0.09 0.02 20.05 10 0.02 0.02 91.43 9
Pb 0.06 0.08 135.89 9 1833.86 3709.39 202.27 10
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Table 5.5: Yaringie and Disko partition coefficients

kDvs/vm kDms/mm kDvm/mm kDds/dm

Si 4.02 115.06 0.98 160.48
P 2.85 40.98 2.02 1.37
S 470.57 922.31 1.97 2573.76
V 2258.27 4774.85 4.11 105.86
Cr 139.92 192.50 1.30 282.57
Mn 245.11 371.55 0.57 14.08
Co 0.22 0.10 1.06 1458.63
Cu 44.85 21.28 1.10 1.73
As 0.04 0.03 0.94 34.06
Se 47.77 34.16 0.71 0.09
Nb 14.26 177.85 4.08 170.97
Mo 100.61 41.10 1.17 317.27
Ru 0.03 0.20 0.55 0.24
Rh 0.04 0.12 0.36 6.09
Ag 1.39 3.02 4.02 259.14
Pd 0.02 0.06 0.78 0.26
Sn 706.86 133.14 2.39 1.01
Sb 243.57 4.20 0.10 0.77
Te 0.09 0.07 1.94 30.59
Os 0.08 1.20 0.40 0.07
Ir 0.07 0.85 0.32 0.14
Pt 0.05 0.34 0.33 0.10
Au 0.02 0.09 0.93 0.20
Pb 1.28 0.51 1.70 33128.82
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6.1 Source of Vein Metal

In order to understand the mechanisms behind segregation of the metal vein within the Yaringie

Hill meteorite, it is necessary to establish using trace element and textural features whether

metal within the vein is derived from local in-situ melting or being injected from another source

within the ordinary chondrite parent body.

Trace element analysis of the vein and matrix kamacite of the Yaringie Hill Meteorite (Fig-

ure 6.1) highlight that the vein is depleted in siderophile elements with respect to the matrix

kamacite. This would indicate that the vein is not directly fractionating from the surrounding

kamacite of the matrix since the highly siderophile elements would preferentially partition into

the melt phase (Rubie et al., 2007), enriching the vein relative to the surrounding matrix. Fur-

ther evidence of this can be seen within figure 5.5, where the troilite of the vein are depleted

in the siderophile elements relative to the matrix. This is emphasized by figure 5.6 whereby

partition coefficients for the vein metal/matrix (kDv/m) highlight the affinity of siderophile el-

ements for the matrix.

A common textural feature of the vein are apophyses of kamacite that extend into the ma-

trix (Figure 6.2). These could be interpreted as either matrix kamacite melting to form the

vein, or injection of the vein into the chondritic material. A laser ablation transect across the

vein and into the apophyses was analysed to investigate compositional change and potentially

discriminate between these options. A change in trace element concentration within the apoph-

ysis is expected if it is locally derived from the matrix, and no change if it is sourced from the

vein. Figure 6.3 illustrates the results of the transect, highlighting that siderophile element

concentrations within the vein are the same as those of the apophysis. This implies that the

vein is being injected into the chondritic material and the apophyses are not the result of locally

33
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Figure 6.1: Highly siderophile elements (HSE) distribution within the kamacite of the matrix and
vein of the Yaringie Hill meteorite.

derived chondritic material melting to form the vein.

Figure 6.2: Reflected light image of the vein showing a transect taken across the vein and into an
apophysis. Laser ablation sites YHT1-4 to YHT1-13 are indicated in red.
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Figure 6.3: HSE data from the centre of the vein (left) into a vein apophysis (right) indicating no
systematic variation in abundance with proximity to the silicate host.

Textural relationships obtained by detailed backscatter images and element maps from the

SEM further suggests that the vein is not fractionating from the surrounding matrix kamacite,

rather the vein is being injected from another source of melt. For example, Figure 6.4 shows

the tips of the vein hydraulically fracturing the silicate minerals of the matrix, typical of vein

propagation being driven by internal overpressuring (Tomkins et al., 2013). An interesting

feature of these vein tips is a change in composition to a higher Ni content than the rest of the

vein (Figure 6.5). Similarly, changes in vein tip chemistry have been observed within tholeiitic

dyke propagation by Hoek (1994), a result of fractionation due to the flow of residual fluids

to the tip. Due to the low gravity of bodies such as asteroids and planetesimals, the flow of

melt is primarily controlled due to deformation driven pressure gradients, as the low gravity

environment significantly reduces gravitational flow (Tomkins et al., 2013). The viscosity of a

melt directly controls the speed and therefore distance that a melt can travel (Tomkins et al.,

2013). An FeNi+−S melt (0.004 Pa s−1) will travel ∼2500 faster than a basaltic melt (∼10 Pa

s−1, 1250◦C) (Tomkins et al., 2013). A pressure gradient created through strong deformation

would then be capable of driving a metal vein into an unmelted silicate domain from an area of

metallic and silicate melt. The lack of any silicate melt around the vein could therefore indicate

that the vein is being injected into the chondritic matrix from another source.
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Figure 6.4: Backscatter SEM image of propagating metal vein tips fracturing host silicate matrix.

Figure 6.5: Fe Ni S element map showing the composition of the vein tips hydraulically fracturing
the silicate minerals. Vein tip composition is a kamacite with slightly higher nickel content than the
vein, and much lower than matrix hosted taenite.

6.2 Vein Segregation Mechanism

Based on the textural and trace element evidence presented, the vein appears to be a result of

injection into the chondritic material as opposed to partial melting of the surrounding matrix
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metal. Depletion of the vein in highly siderophile elements relative to matrix metal further

rules out a local simple partial melting derivation for vein metal.

The preclusion of a local partial melting model further suggests that the vein could not

have formed as a result of a magma ocean scenario. This is because we would expect metal

segregated in a magma ocean to be enriched in the incompatible highly siderophile elements

relative to the matrix metal of the parent body (Rubie et al., 2007), the inverse of what we see

in the Yaringie vein.

We can then infer that the vein must have either formed from a mechanism that results in

depletion of less compatible elements during metal-silicate segregation or the vein is sourced

from a reservoir of different composition elsewhere within the parent body or accreting solar

disc.

The Disko Island sample represents a terrestrial analogue of metal-silicate segregation, re-

ducing FeO and Fe silicates by C in a smelting process. The Disko island sample is the result

of a basaltic flow over a coal seam, allowing olivine to be reduced by C, forming native iron as

follows the equation C+MgFeSiO4 = MgSiO4 +Fe+CO (Warren et al., 2006). Evidence of

this as a meteoritic metal-silicate segregation mechanism can be seen in the Ureilite meteorite

group. Thus it is reasonable to compare the Yaringie vein metal to demonstrated processes

occurring during planetary formation.

The Yaringie kamacite plotted against the Disko Island iron and Bulk Ureilite composition

for HSE is displayed in Figure 6.6. The Disko Island iron and Bulk Ureilite are both depleted

in HSE concentration relative to the kamacite of the vein and matrix of the Yaringie Hill me-

teorite. This is consistent with needing a mechanism that can segregate metal with a lower

siderophile abundance than the metal of the Yaringie matrix. The Disko Island iron and Bulk

Ureilite also show negative Pd and positive Pt anomalies, while the Yaringie metals show the

inverse. The Disko Island iron also shows a strong positive Ru anomaly (Figure 6.6).

A strong correlation between the vein and matrix kamacite of the Yaringie Hill meteorite,

with the vein generally more depleted in both Pd and Pt relative to the matrix kamacite is

highlighted in Figure 6.7. The Disko Island iron and bulk ureilite composition also plot closely,

with very similar Pd levels and some depletion in bulk Ureilite Pt relative to the Disko sample.
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Figure 6.6: HSE concentrations within the Yaringie kamacite, Disko iron and bulk Ureilites. Bulk
Ureilite data from Warren et al. (2006).

0

1

2

3

4

5

6

7

0.1 1 10

Pt
(n
)

Pd(n)

Pt	v	Pd

Vein	Kamacite

Matrix	Kamacite

Disko	 Iron

Bulk	Ureilite
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normalised to C1 Chondrite. Bulk Ureilite data from Warren et al. (2006).
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Based upon the available HSE data we can conclude that while the mechanism that segre-

gated the Yaringie Hill vein resulted in a lower bulk siderophile concentration than the kamacite

of the matrix as seen in both smelting analogues, it appears unlikely that smelting was the driv-

ing mechanism of segregation. No evidence of Fe rimmed, zoned olivine crystals has been found

within the matrix of the Yaringie Hill meteorite from optical and SEM analysis, which would

be an indicator of a smelting reaction.

Shock metamorphism caused by accreting material is a metal-silicate segregation mechanism

by which temperatures would be great enough to melt both metal and silicate, while providing

a transportation system for the melt through pressure gradients resulting in vein propagation

(Tomkins et al., 2013). Such a model is consistent with the combination of trace element and

textural analysis of the vein, and hence agrees with the interpretation that the vein is a result

of injection into previously undifferentiated chondritic material.

Optical analysis of the silicates within the matrix show undulatory extinction of olivines,

pyroxenes and plagioclase, as well as the presence of planar fracturing of olivine crystals. Tap-

pert et al. (2009) has classified the Yaringie Hill meteorite to have been weakly shocked up to

stage S3 under the classification scheme of Stöffler et al. (1991). This indicates the Yaringie

Hill meteorite experienced pressure deformation of 10-20GPa. The kamacite vein seen within

the Yaringie Hill meteorite are also a rare feature of S3 deformation (Stöffler et al., 1991).

While silicate melt would occur at the site of a large impact, its absence within the Yaringie

Hill meteorite does not preclude the vein being formed though shock metamorphism. This

is due to the viscosity of melt controlling the speed and therefore distance a melt can flow,

allowing a low viscosity FeNi+−S melt to travel further than the higher viscosity silicate melt

(Tomkins et al., 2013). This would result in metallic melts being able to migrate away from

silicate melt into undifferentiated chondritic material. In this context Yaringie Hill could simply

represent the distal portion of a shock metamorphic melt induced system.

The expulsion of sulphides from the metallic melt is a key indicator of shock metamorphism

(Tomkins et al., 2013). On cooling, S within the metallic melt becomes wetting toward olivine,

while the Fe metal remains non-wetting. This results in a capillary action within microfrac-

tures in the silicate drawing the S dominant melt out of the metallic phase. Vein networks of

troilite are then formed as the S rich melt reacts with small Fe grains as it crystallises (Tomkins
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et al., 2013). Optical and SEM analysis shows networks of troilite outside of the vein are not

a feature of the Yaringie Hill meteorite, instead troilite is present as rounded immiscible grains

wholly within the vein itself (Figure 6.8). While the Yaringie Hill meteorite clearly displays

signs of experiencing shock deformation, it seems unlikely based on trace element abundances

and sulphide behaviour that the vein is simply a result of shock metamorphism.

Figure 6.8: Fe Ni S element map illustrating immiscible troilite grains within the kamacite vein
of the Yaringie Hill meteorite.

Alternatively, metal within ordinary chondrites has been observed to form 2-30mm nodules

and metal veins without associated silicate melting (Tomkins et al., 2013; Rubin, 2002, 1999;

Kong et al., 1998; Widom et al., 1986). These veins and nodules are depleted in the highly

refractory elements Re, Os, Ir, Ru, Rh and Pt. However they are not depleted in the normally

refractory W and Mo, nor common siderophiles Fe, Ni and Co or volatile siderophiles Au, As

and Sb relative to bulk metal composition (Rubin, 1999). It is currently thought that these

veins and nodules are the result of vapour deposition after impact vapourisation (Rubin, 1999;

Widom et al., 1986). A fractional condensation model proposed by Rubin (1999), suggests
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that during an impact, both metal and silicate are vapourised. The moderately volatile W

and Mo are then oxidised by the silicate vapour, along with Re and Os which would become

partially oxidised. The unoxidised refractory siderophile elements, along with a small fraction

of Re and Os, on cooling condense first onto pre-existing grains or as a mobile melt. Trans-

port then occurred condensing the residual vapour containing the common siderophiles, volatile

siderophiles and W, Mo Re and Os oxides into fractures. Reduction of these oxides occurred

either on cooling or during annealing of the parent body.
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Figure 6.9: Yaringie matrix and vein kamacite compared with WIS91627 and Jilin bulk metal
analysis and metal nodule analysis. The metal nodules are interpreted to be the result of vapour
deposition. WIS91627 and Jilin bulk metal and metal nodule data from Kong et al. (1998).

The Yaringie kamacite can be seen plotted against bulk metal and nodule metal analysis

from the WIS91627 and Jilin Ordinary chondrites in Figure 6.9. The Yaringie vein is depleted

relative to the matrix in the HSE, while Co, As and Au are similar to matrix concentrations.

The same trends can be seen with respect to the bulk metal and metal nodules of the WIS91627

and Jilin Ordinary chondrites, however the differences lie in Sb being depleted relative to ma-

trix metal, and Cu having the same concentration as the matrix metal. These differences could

possibly be a result of later processing within the parent body.

Based on the trace element patterns of depleted highly siderophile elements relative to bulk
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composition and the depleted kamacite forming a vein, it seems very plausible that the metal-

silicate segregation mechanism forming the kamacite vein within the Yaringie Hill meteorite is a

result of vapour deposition. It should be recognised however as noted by Tomkins et al. (2013),

that the vapour condensation model proposed by Rubin (1999); Widom et al. (1986) has not

yet been supported by any physical evidence or a thermodynamic argument. Notwithstanding,

the fractionation’s in HSE observed between the vein and the matrix in Yaringie Hill meteorite

are likely to share a common origin with that observed in Jilin and WIS91627.

6.3 Core Compositions

One of the main difficulties in understanding the Earth’s core formation is our inability to

directly sample it. Instead we rely on constraints provided by geophysical and geochemical

modelling. Iron meteorites however allow us to analyse the remnant cores of early planetes-

imals that differentiated early within the solar system before subsequently being destroyed

(Rubie et al., 2007). By comparing the vein kamacite of the Yaringie Hill meteorite with the

compositions of various iron meteorites, we can better understand the degree to which various

metal-silicate segregation mechanisms play a role in core formation.

Figure 6.10 compares the metals of the Yaringie Hill meteorite against IVB, IIIAB iron

meteorites and the Cumulus Ridge and Brenham Pallasite.

IIIAB irons have been interpreted to be the result of a magmatic fractional crystallisation

series, resulting in greater PGE abundance within the early products (Wabar and Henbury),

while the latest stages of fractional crystallisation resulted in strong depletion of the PGEs

overall, particularly with respect to Os and Ir (Grant and Mt Edith) (Mullane et al., 2004).

In contrast, the Brenham pallasite is a main group pallasite that has been interpreted to

have formed from a depleted system synchronous with the formation of the IIIAB iron mete-

orites (Mullane et al., 2004). This indicates a genetic connection between the two where the

pallasite melt became isolated from the IIIAB source, which then continued to further frac-

tionate (Mullane et al., 2004). The Cumulus Ridge pallasite is also a main group pallasite that

displays very similar HSE patterns to Brenham. Danielson et al. (2009) however argued that

the Cumulus Ridge pallasite did not form from the same parent body as the IIIAB meteorites,

instead at the core-mantle boundary of another asteroid. Regardless, the pallasites appear to
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share a characteristic depletion in Os and Ir along with the late stage subset of the IIIAB

meteorites.

The IVB group of meteorites are thought to represent a fractionally crystallised core of a

planetesimal that accreted a high proportion of PGE rich metal grains formed from high tem-

perature volatilization/condensation processes within the early solar nebular (Campbell and

Humayun, 2005). They contain on average the highest abundances of refractory siderophile

elements in the iron meteorite group (Campbell and Humayun, 2005).

We can see that neither the Yaringie vein nor the matrix metals show any direct correlation

with any of the irons or pallasites. This is perhaps indicative of the degree of processing that is

undergone between initial differentiation to final core composition. Interestingly however, while

the most plausible mechanism for vein differentiation appears to be through vapour deposition

as a result of impact vaporisation, the vein appears to be transitional towards the later stage,

heavily fractionated IIIAB meteorites and pallasites. Thus it seems that in addition to metal-

silicate segregation mechanisms, the composition of the accreted material plays a significant

role in controlling the resultant composition of the core.
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Figure 6.10: Comparison of Yaringie Hill kamacite with IVB, IIIAB iron meteorites and the
Cumulus Ridge and Brenham Pallasites. IVB data from Campbell and Humayun (2005), IIIAB and
Brenham data from Mullane et al. (2004), Cumulus Ridge data from Danielson et al. (2009).



44 Discussion

6.4 Summary

Based on the available textural and trace element data it appears the kamacite vein within the

Yaringie Hill meteorite has been formed as a result of vapour deposition resulting from impact

vapourisation.

Textural analysis and trace element data appear to agree that injection of a mobile melt

rather than the partial melting of local chondritic matrix metal resulted in the formation of

the vein. Trace element analysis and comparison with other metal-silicate-sulphide segrega-

tion mechanisms also indicates that smelting reactions, a magma ocean scenario and shock

metamorphism all appear to disagree with the relative HSE fractionation patterns between the

metal in the vein and the matrix. Vapour deposition however provides a mechanism whereby

a mobile melt depleted in the HSE relative to matrix metal compositions could form, and be

injected into the chondritic matrix.

Comparison between the segregated Yaringie metal, iron meteorites and pallasites highlights

that the metal in the vein doesn’t match the analogous later stages of core formation. However

it could suggest that the extreme depletions of HSE that we see in the IIIAB irons and pallasites

may not only be the result of late stage fractional crystallisation (Mullane et al., 2004), but also

due to the input of iron sources within the parent body that were differentiated by segregation

mechanisms like vapour deposition.



7 — Conclusions

The Yaringie Hill meteorite has granted us a unique opportunity to study the early stages of

metal-silicate-sulphide segregation within the ordinary chondrite parent body. A multi-faceted

geochemical approach combining textural analysis, major, minor and trace element geochem-

istry has allowed us to investigate the genesis and mechanisms behind the prominent kamacite

vein which cross-cuts the entire Yaringie Hill meteorite. An understanding of the mechanisms

behind the vein is important as it represents the early stages of the planetary building cycle,

in particular, the beginnings of core formation.

Based on the data collected by this study, and the comparison with published literature

values, we have been able to determine;

1. Trace element abundance and partition coefficients within the metals and sulphides of the

Yaringie Hill meteorite. This has enabled quantification of the fractionation undergone

on the ordinary chondrite parent body resulting from the differentiation of the kamacite

vein.

2. Trace element abundance and partition coefficients for metals and sulphides formed via

a smelting process for the Disko Island sample.

3. The cross-cutting vein of the Yaringie Hill meteorite appears to have resulted from in-

jection of a mobile melt into the undifferentiated ordinary chondrite matrix, opposed to

partial melting of the local kamacite of the matrix. This has been supported by textural

features that indicate injection of melt, hydraulically fracturing the silicates of the matrix,

and trace element data showing the vein kamacite to be depleted in HSE relative to the

matrix. This is the inverse of what would be expected from a partial melting model.

4. The vein appears to be neither the result of shock metamorphism as previosly interpreted

(Tappert et al., 2009), nor smelting. Trace element patterns for smelting based off the

analogous Disko Island sample and bulk Ureilite composition indicate that while smelting
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provides a mechanism for HSE depletion relative to C1 chondrite, it doesn’t appear to

have controlled the metal-silicate-sulphide segregation within the Yaringie Hill meteorite.

Shock metamorphism provides a mechanism of melt propagation needed to form the

Yaringie Vein, however the absence of sulphide expulsion from the vein on crystallisation

would indicate that it isn’t responsible for the veins formation.

5. Vapour deposition as a result of impact vapourisation as proposed by Rubin (1999);

Widom et al. (1986) seems to provide the most plausible metal-silicate-sulphide mecha-

nism for the formation of the Yaringie Hill vein. Bulk metal and metal nodule data from

ordinary chondrites analysed by Kong et al. (1998) and interpreted to be formed through

vapour deposition show very similar HSE depletions and no depletion within some of the

more common and volatile siderophile elements as is seen in the kamacite of the Yaringie

vein and matrix. This would indicate at the very least a common origin between the

ordinary chondrite nodules and the Yaringie vein.

6. The segregated kamacite of the Yaringie vein is very different in HSE abundance relative

to the IIIAB and IVB iron meteorites and pallasites. The vein kamacite however does

appear transitional in its HSE patterns to the more depleted IIIAB metal and palla-

sites which have been interpreted to represent the later stages of fractional crystallisation

(Mullane et al., 2004). This could perhaps indicate that the strong depletion seen in these

meteorites may not be only due to fractional crystallisation, but the input of iron sources

into the core that have been differentiated though mechanisms like vapour deposition.

Future directions for this research should strongly focus toward building a larger body of

literature surrounding the vapour deposition model and determining if it results in metal

equilibrated with the surrounding silicate. As noted by Tomkins et al. (2013), no physical

evidence or thermodynamic argument has been put forward to fully support the vapour

deposition model put forward by Rubin (1999); Widom et al. (1986). The importance

of this lies in that ordinary chondrites make up the single largest meteorite group found

on Earth. This suggests that the metal-silicate-sulphide segregation mechanisms that

we see operating on this body would have been perhaps some of the most common and

potentially most important segregation mechanisms operating within the early stages of

the planetesimal building cycle. These mechanisms therefore may be the most important

to focus on when trying to understand planetary core formation.
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William F Bottke, David Nesvornỳ, Robert E Grimm, Alessandro Morbidelli, and David P
O’brien. Iron meteorites as remnants of planetesimals formed in the terrestrial planet region.
Nature, 439(7078):821, 2006.

Andrew J Campbell and Munir Humayun. Compositions of group ivb iron meteorites and their
parent melt. Geochimica et Cosmochimica Acta, 69(19):4733–4744, 2005.

Tais W Dahl and David J Stevenson. Turbulent mixing of metal and silicate during planet
accretionand interpretation of the hf–w chronometer. Earth and Planetary Science Letters,
295(1):177–186, 2010.

Lisa R Danielson, Kevin Righter, and Munir Humayun. Trace element chemistry of cumulus
ridge 04071 pallasite with implications for main group pallasites. Meteoritics & Planetary
Science, 44(7):1019–1032, 2009.

N Dauphas, DL Cook, A Sacarabany, Carla Froehlich, AM Davis, M Wadhwa, A Pourmand,
T Rauscher, and R Gallino. Iron 60 evidence for early injection and efficient mixing of stellar
debris in the protosolar nebula. The Astrophysical Journal, 686(1):560, 2008.

Geoffrey F Davies. Heat deposition and retention in a solid planet growing by impacts. Icarus,
63(1):45–68, 1985.

Renaud Deguen, Peter Olson, and Philippe Cardin. Experiments on turbulent metal-silicate
mixing in a magma ocean. Earth and Planetary Science Letters, 310(3):303–313, 2011.

Sarah Gilbert, Leonid Danyushevsky, Philip Robinson, Cora Wohlgemuth-Ueberwasser, Nor-
man Pearson, Dany Savard, Marc Norman, and Jacob Hanley. A comparative study of five
reference materials and the lombard meteorite for the determination of the platinum-group
elements and gold by la-icp-ms. Geostandards and Geoanalytical Research, 37(1):51–64, 2013.

Matthieu Gounelle, Anders Meibom, Patrick Hennebelle, and Shu-ichiro Inutsuka. Supernova
propagation and cloud enrichment: A new model for the origin of 60fe in the early solar
system. The Astrophysical Journal Letters, 694(1):L1, 2009.

Johan Dick Hoek. Mafic dykes of the Vestfold Hills, East Antarctica. An analysis of the em-
placement mechanism of tholeiitic dyke swarms and of the role of dyke emplacement during
crustal extension. Utrecht University, 1994.

47



48 References
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