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Abstract

Kimberlite magmasransport mantle cargo in the form of xenoligtmixenocrystgo the
surface of thé&arth. Due to thdack of recent kimberlite eruptions and unanswered questions
concerning melt composition and magma rheology, the mechanisms supporting efficient ascent
of these cargoich magmas remasenigmatic.Although olivineis the dominant mineral phase
in kimberlite given the polymineralic nature of mantle xenoliths, xenocrysts are transported as a
multi-mineral mixtureWithin the ascending dykejdh particle concentratiorend high
velocitiesresulting in turbulent flowprovides an environment for frequent partigbarticle
interaction Xenocryst morphologies, textures and size distributions observed in kimberlite
deposits are not reflective of how they occur in xenoliths and are therefore modified during
ascent to the stace.The degree of modification of each mineral varies and is a functibs of
chemical and physical propertié¢ere | present a series of analogue attrition experimerttseon
mantle minerals: olivine, orthopyroxene, clinopyroxene, garnet and diadesighed to inform
on the ascent of kimberlite magm&sta is collected on particle size distributions, particle
morphologies and particle velocities. Natural xenocrysts extracted from coherent kimberlite
reveal remarkably similar surface features andpinologies to that of the experiments
suggesting that attrition indeed operates during kimberlite agGemberlite ascent velocities
are estimated by using a scaling analysis of the expericnaditionsand by investigating
impact pits observed on the surfaces of kimberlitic olivine and garnet xenocrysts. Both methods
result incalculatedascent velocitiesf ~ 4 m &', In mineralmixtures cleavage ishown to be
controlling factor in determining attrition rates whereby minerals with cleavadergo
accelerated breakdown. | suggest thataccelerated breakdown of orthopyroxene increases

assimilation reges, contributing to the onset of turbulent ascent.
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Lay Summary

Anyone who has walked along a beach, dryestreambedwill have at some point
observed the remarkably well rounded and polished pebliiese shapes and textures are the
result of low enggy collisionsoverlong periods of time.

Kimberlite is a rock type well known for being the major global souradashonds. The
magma that goes on to form the rock, kimbertitgginatesdle e p i n t he Eart hods
up mantle rocks and mindsaon its way to surfacd he mantle materiabbserved irkimberlites
is often anomalously well rounded and just like the pebbles in a stream, began as angular
fragments. his study aims to better understahd processes that lead to teserved
morpholaiesin kimberliteand to gain insight into the conditions present during the ascent of

kimberlite magmaowards the surface
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Chapter 1: Introduction

Kimberlites arebodies ofvolcanicrock preserved ashallow pipes, sheets, dykes and
sills across craton@rown et al., 2007; Brown and Valentine, 2013; Dawson, 1971; Kavanagh
and Sparks, 201 lhotable for their diamond bearing potentigthe low viscosity, volatile rich
parental magmas which form kimberlites originateevithin theEarth in excess of 150 km
and ascentbwards the surface anomalouspeed®stimatecetween 1 and 20 m¢Russell et
al., 2012; Sparks et al., 2006; Wilson and Head, 200@nsitthroughthe cratonic mantle to the
surface occurs on the scale of hours to {&gsrks et al., 200@)uring which the magma
samplesand entraingenoliths and xenocryst$hetransported mantle cargancomprise~
50%volume(Holden et al., 2009; Moss et al., 2010; Scott Smith, 2608)e final rock Many
of the xenocrysts, especially olivirend xenolith@recommonlyobserved to beoundedand
ellipsoidal in shapéArndt et al., 2006, 2010; Jones et al., 2014; Peltonen et al., 2002; Peterson
and Lecheminant, 1993; Smith and Griffin, 2Q@%qure 11). Importantly,mantlexenocrysts
hawe initial size distributions, shapes and textussch change during transport within
kimberlite magmasHence, the mineral sizes, shapes and surface features are fingerprints of the
transport conditions and provide unique data which can be utilized to inform on the mechanisms,

rates and timescales attending to kimberlite ascent.



Figure 1-1. Rounded mantle cargo from various kimberlite localitiesa) Olivine macrocrysts from a coherent
lava flow, Igwisi Hills, Tanzania.b) Various types of xenoliths present in coherent kimberlite from West
Greenland. c) Photomicrograph (xpl) of rounded olivine from the A154N pipe, Diavik, NWT.d) Olivine
macrocryst rich coherent kimberlite, Diavik, NWT. €) Left: Eclogite xenolith from Diavik, right: Cut eclogite

xenolith from West Greenland.



Kimberlites make their wayotthe surface in dykes (Rige 1-2). During theascent, the
overlying mantle is fractured due to oy@essures created by thgmabuoyancy(Kavanagh
etal., 2018; Russell et al., 2012; Sparks et al., 20€8)singvall rocksto be entrainethto the
leadingtip of the kimberlitedyke. The xenoliths are then subject to rapid depressurization,
causingtheir disaggregatioand subsequent release of xenysts into the fluid rictheadof the
stratified kimberlite dykéFigure 2). This turbulent, low viscosity environment provides ideal
conditions for particlgarticle interactionserein termed attritio(Brett et al., 2015; Jones et al.,
2019, 2014; Jones and Russell, 2018; Russell et al., 2012; Sparks et al. ARGI@i6N has been
suggested as a dominant process in numerous volcanic systems including: rounding of pumice
clasts within pyroclastidensity currentDufek and Manga, 2008; Jones et al., 2016; Kueppers
et al., 2012; Manga et al., 201 Milling of accessory lithic xenolithsithin volcanic conduits
(Campbell et al., 2013; Mellors and Sparks, 1991; Nairn et al., 1884sport and eruption of
mantle xenolithgArndt et al., 2010; Peltonen et al., 2002; Peterson and Lecheminant, 1993;
Smith and Griffin, 2005)and secondary production of fine ash parti¢lesmes and Russel
2017) These studies have demonstrdteat transported cargo is efficiently resized and shaped
under turbulent conditions, and that the properties oftetifiarticlesprovide a powerful tool to
inform on the conditions present during transport.

Here | build upon the work of Jones et al. (2019) and present a series of novel attrition
experiments on select mantle minerals to better understand attrition during kimberlite dyke
ascent. To do this, data is collected during and after the experimeanksimforms on the size
distributions, shapes, morphologies, surface textures and particle velocities. | use these data as a
unique tool to inform on conditions, timescales and velocities attending to kimberlite ascent, and

discuss the implications of a ttiphase mineral system present in kimberlite magmas.
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Figure 1-2. (not to scale).Ascent path of a kimberlite magma adapted from Jones et al. (2019). Inset shows a
stratified kimberlite dyke wherein the mantle is sourced at the crack tip and milled ira turbulent, fluid rich

suspension. The mantle cargo then settles and is preservedtie melt rich tail of the dyke.

Attrition studies in volcanic regimes is relatively limited and therefore much is still unknown
This work greatly broadens our understanding @f techanism in kimberliteend should be

used towards building a compreler® model of kimberlite ascent dynamics

The following chapters of the thesis are structures as follows:

1 Chapter 2 contains background information on attrition, wbantsists ofin overview of
the mechanisms attending to the process as well as a d@npiee literature review.

1 Chapter 3hows the methods utilized to perform the experiments. This indiodes

design of thenodified attrition apparatuand how experiment conditions were chosen.



The filming of particleparticle interactions using highespd videographis discussed as
well as how grain size distributions were determined.

Chapter 4 contains the methods used to characterize the experiment samples (pre and post
experiment). This includes the process of characterizing the sample grain logig#ho

both qualitatively and quantitativelj. table of mineral physical properties used
throughout the thesis is found at the end.

Chapter5 presents the results from the experimentsappliesan empiricainodel used

to quantify attrition rates and limits of each mineResults of experiments incorporating
mineral mixtures are also presented and compared to the-singgeal experiments.

In Chapter6 a scaling analysis is performadwhich kimberlite asent velocities are
calculatedand mass loss relationships from eagheralexperimentre related to

kimberlite ascent. Mrphologies and textured mineralsproduced from the experiments
arethencompared to that observed in the Diavik kimberlite deépdsixtures produced

by chemical and mechanical processes are discussed which is used to interpret the
processes operating during kimberlite ascHeit, the physical properties of the

minerals are related to attrition rates and limits and any relatposiéack thereof is
discussed. Lastly, the mechanisms of attrition are explored and a model relating impact
pit diametes to impact velocity is constrained by experiment data and applied to
xenocrysts from thA&154N Diavik kimberlite pipe.

Finally, Chapér 7 concludes by reviewing the findings of this research and summarizes

the implications for kimberlite ascent dynamics.



Chapter 2: Background on Attrition

2.1 Particle Attrition Mechanisms and Applications

Attrition hastwo primary modegJones et al., 2017; Tardin et al., 2001; Xiao et al.,
2011) abrasion andragmentation (Figure-2). Abrasion is a relatively low energy procésat
causesvearing of surface asperities, subsequently rounding the lgyaeieasing fine particles
and surface chipdBemrose and Bridgwater, 1987; Jones et al., 2017; Xiao et al.,. Z01l)
particlesize distribution of parent particlesonly weakly modifiedFigure 21) whilst a fine
daughter population groduced On the microscale, abrasion is associated with plastic
deformation and yield at the surface of the gfBiayham et al., 2016; Hutchings, 1993; Scala,
2013) releasing ultrafine particles and in the case of surface chipping, brittle failure in which a
fracture propagates from the site of impact, extending laterally and cuovuagds the surface
releasing small chips

Fragmentation is enore energetiprocessn which a fracturg@ropagatemternally
leading to the formation of fragmerttgat are roughly the same ordemad@ignituden sizeas the
original grain(Bemrose and Bridgwater, 1982hadiri and Zhang, 2002; Jones et al., 2017; Xiao
et al., 2011)In this case, the size distribution changes such that an intermediate peak develops

representing the fragmented daughter prodistgire 21).
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Figure 2-1. Schematic illustrating atrition mechanisms and resulting grain size distributions Fragmentation
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is a high energy process leading to wholesale breakage of partiisto smaller daughter particles of similar

sizes Abrasion is a less energetic process involving chipping of surface asperities on the parent grains
creating ultrafine daughter products.

Griffith (1921) showed that materials fail by crack propagation when energetically
favorable, that is when energy released by relaxing the strain is greater than the energy of the

newly formed surfacdmplicit in the theory is that larger particles wilthieve fragmentation
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under lower energy conditions, as a larger crack leregthires a lower critical stresehe
implication is that under relatively constammtwaningenergy conditions, particles undergoing
attrition will initially fragmentuntil the sze is reduceduch thatragmentation is no longer
energetically favorable (Figure2). From thispoint only abrasioroperats, rounding the

particles until all surface asperities are remov&igure 22).
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Figure 2-2. Grain size evolution of particles undergoing attrition.Time 0. Particles have a narrow
distribution and one mode Time 1. A proportion of parent material is converted into fragmented and

abraded daughter products Time 2: The particle size distribution remains stable as there is not enough

energy to further modify the particles.



2.2 Applications in Engineering

2.2.1 Applications in Chemical Engineering

Attrition of particles has been extensively studmeaginly for applicationsn fluidized bed
systemgo promoteenhancedontact between gases and solldslustrial applications of
fluidized bedsnclude butare not limited to: fluidized bed reactdraultiphase chemical
reactions), fluid catalytic cracking (FC@%¥ed in petroleumefineries, dryingand cooling of
particulate matter, spray granulatiamd CQ and SQ capture(Abanades et al., 2004; Knight et
al., 2014, Pacciani et al., 2008; Sun et 2007).

Numerous types ddpparatugxist to testhe attrition susceptibility of materials,
including: jet cup attrition(Cocco et al., 2010xyclone attrition(Reppenhagen and Werther,
2000) impact attrition(Chen etal., 2007)andmore commonlyjet attrition in fluidized beds
(Jones et al., 2017; Werther and Xi, 1993a; Xiao et al., 20h2)basic components of a
laboratory scalstandard ASTM) fluidized bed used for chemical engineerstgdies include
(Figure 2-3): A distributer plate which the ganters through, a primary attrition tulaerethe
particle collisions take place, a settling chamber to promote recycling of particles back into the
attrition tube and a fines collection filter syst@rereelutriatedultrafine (micron scale)
particlesaccumulate

As the gas flux is turned on to a critical value, the drag force exerted by the flow exceeds
the downward force of gravity and the particles become fluidized, allowing for pautidiele
interactions. If there is enough energy, particles wvitliergo fragmentation and abrasion
processes, resizing the particle population. Several factors constitute the efficiency of attrition in

the fluidized bed, which can be broken down into environmental factors and material properties
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(Bemrose and Bridgwater, 1987; Boerefijn et al., 2007; Forsythe and Hertwig, 1949; Jones et al.,

2017; Werther and Xi, 1993bEnvironmental factors include the experimental controls such as

residence time in the air jet, gas type, temperature, pressure, particle load and gas velocity.

Material properties governing attrition include grain size, hardness, toughness, densgy, shap

and texture.
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Figure 2-3. Schematic of an ASTM jet attrition apparatus modified from Jones et al. (2017)

Chen et al. (2007) investigated the effect of temperature on limestone attrition using an impact

apparatus and observed reduced attrition with higher temperatures. This was explained by a

change
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attrition susceptibility of starting grain size distributions. Larger particles and wider starting size
distributions were calculated to have a larger EOI and consequently a higher initial attrition rate.
Kim et al. (2019) studiethe effects of material properties on attrition in binary mixtures using

iron and limestone particles. They found that both limestone and iron underwent increased
attrition in the mixture in comparison to the singlease experiments. Across all attriteindies

in the literature, regardless of the materials used, the dominant pattern in the experiment data is a
rapid decay in the attrition rate with increased residence(tBwngn, 1969; Jones et al., 2017,

Kang et al., 2017; Xiao et al., 2012)

2.2.2 Applications in Mining

In thepretreatmenprocessing of ore, the first step involves the size reduction of solid
material by grindingcrushing or other processes. In the mining industry, this process is typically
referred to as commution (NapierMunn and Wills, 2005; Wills and Napkenunn, 2006)
During this physical procesginstage all modes of fracturecompressive, tensile and sheeein
be discerned depending on the type of comminution device. During crushing (compression),
coarse daughter particlessut from tensile failure and fine particlese producedy either
shar stress or compressive failure at the point of loafiapierMunn and Wills, 2005)In a
rapidimpactloading eventlgall mill) a particle will experience a high stress and undergo
significantly more strain than necessary to achieve a simple fracture, resulting in rapid breakage
by tensile failurgFuerstenau and Abouzeid, 2002; Sadrai, 200 /Mowever, impact energy is
not greater than the particle yield stress, fracture occurs predominantly through chipping, where
edges are broken away from the part{€lelchini et al., 2019; Ghadiri and Zhang, 2Q08)

milling devices(stirred mils in particular) particleparticle attritionoften becomes the most

11



significant breakage proce&Supta and Yan, 2016¥ hisresultsin a high proportion of ultrafine
particlesthroughsurfaceabrasionin which shear stressauses surface wedrhis byproduct

may or maynot be desirable depending on the industry sector and stage in the comminution
cycle.

Comminution of ore material Bnenergy intensiv@rocess which consumes tlaegest
amaunt of energy in the mining processtimatedetween 30% and 70% of totergy
expenditurgNadolski et al., 2014; Radziszewski, 2013; Sadrai £2@06) With the efficiency
of commination typically below 5%Tromans, 2008)a large body of researchfiscused at
better understandinipe energy requirements for greneralbreakaggNadolski et al., 2014A
common approach tetermine thenergy efficiency of comminution is to compare the energy
input with the energpf thenewsurface( M r e q u i r erdategcal@alatgdybyniiltiplying
the new surface area fhiby thespecific surface energg J m?. Using this approaclkenergy
efficiency can be as low as 1Radziszewski, 2013Adopting this methodSadrai et al. (2006)
performed a series tiigh velocity (56300 m &') impact experiments on limestone, quartz and
rock salt, measuring energy efficiency as a ratier&rgy consumed (kinetic energy of the
particle) to energy produced. The results showed that breakage at high velocities can be as much
as 206300% more efficient than low impact devices such as tumbling.MNgidolski et al.

(2014) investigated the thitesld energy required to break three ore types at a range of particle
sizes using singtparticle compression breakage. An energy efficiency benchmark was

determined by dividing the actual energy consumed by the energy required for breakage.
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2.3 Attrition in Geological Environments

In sedimentologyhe termmaturity is used to describe the degree of sorting and rounding
resultant of the weat hlmmanhgr @0 oic € sdastavithrai o gd ¢ §
high degree of angularitynd a broad grain sizgistribution.These clasts are relatively young
and angular and hawmdergoné i t t | e mov e me ntMaftruag e ot ltd iarst so u mc
have a narrow grain size distribution and a high degree of rounding. The implicatiortie Heat
clasts have been abraded and sorted through the transport pirooedsre there is a vast
number of processes capable of transforming partidehologiedrom angular to round
including the forces ate, wind, andwater Beach environments otain rock fragments which
typically showremarkable rounding produced by continuous wave action over the course of
thousands of years (Figured?. Due to complexities of natural surficial environments, it is rare
that one process is solely responsibietfi@ rounding of particle®Neverthelessthe ability to
interpret morphologies and surface features out of geological context greatly enhances our ability

to interpret paleoenvironments.

Carbon Tape
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Figure 2-4. a) Angular olivine phenocryst imaged by Jones et al. (2014). Bpunded and polished olivinesand

grainfromPunal udu Bl ack Sand Beach, Hawai.
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2.4 Applications in Volcanology

Volcanic environments are host to some of the ranstgetic processes on the planet,
capable of moving large volumes of material at several meters per second for sustained periods
of time. These turbulent, high energy, particle laden environments (Figbyerdvide ideal
conditions for efficient partie-particle interactiongCagnoli and Manga, 2003; Campbell et al.,
2013; Dufek et al., 2012, 2009; Dufek and Manga, 2008; Jones et al., 20&§;aiml Russell,
2017; Kueppers et al., 2012; Mueller et al., 2015)

During a volcanic eruption, thrapidexpansion of volatilekads to magma
fragmentation in which an initial size distribution of juvenile clasfroducedand releaskinto
the paticle rich gasjet. Dufek et al. (2012) argue thidte confined nature of the conduit in
combination with high particle concentrations and velocities leads to a high probability of
disruptive collisiongdefined as losing >25% of the original clast volynTeis causes
modification ofthe original pumice size distribution produced at the fragmentation front. In their
study, experiment data was used in conjunction with numerical simulations to illustrate that large
particlesareunlikely to exit thevent wihout undergoing a disruptive collisiodones and Russell
(2017) illustrated, using gramttrition experimentghat fine ash production through attrition
operates oghorttimescales (< 15 minutes)ithin conduits and plumes, rapidly increasing
surface area generatiofhe authors used Entropy of Information as a metric to quantify the
degree of attrition in natural and experimentally produced total grain size distributions (TGSDSs).
Specifically, a TGSD with a low EOhaslikely undergone substantial milling and attrition
whereasa low EOI would indicate a population yet to be attritted.

Within the conduit wall rocks termed accidental lithi€€ampbell et al., 2013; Wilson et

al., 1980)are violently entrainedhto the stream of erupting material and subjected to ash

14



blasting(Campbell et al., 2013n process whereby a rock is milled by a jet of hot @ampbell

et al. (2013) produced the firdetailedmorphological data s$@f accessory lithicdt was

suggestedhatthe morphology of the accessory lithissontrolled by ash blasting, flaking of

exterior surfaces (driven by rapid heating) and disrumolisions Deeper sourced (~2 km

depth) momogranite clasts were pogated to have rounded morphologies and smoother surfaces

owing to longer residence times (up to ~1h) in the conduit. Shalé@ated dacite clasts, in stark

contrast werdound to have angular morphologies as a result of short (<2 min) milling durations.
As theeruption columrbecomes unstable, ian be subject to collapserming rapid

pyroclasticflows and surge Within these propagating granul@ass movementgarticles

become fluidizedSparks 1976)undergang energetic collisiongKueppers et al., 2012; Manga

et al., 2011)Using atumbling mill, Kueppers et al. (2012) performed experimah@mbient

(room temperature and pressucehditionson volcanic samples from Unzen, Santorini and

Bezymiannj recording the evolving grain size distributions over time. It was found that in all

cases the production of fine ash was rapid at short durati8ds:i#) and then decayed with

increasing timescale3 his finding is an agreement with the results of Mangd. ¢2011) wio

performed experimental measurements to determine an empirical relationship between particle

shape and mass loss through milling of pumice from four different localities. Using roundness as

a shape metric it was found that a steady statedroess was achieved betweer6D86 mass

loss formilled samplesJones et al. (2@) performed fragmentation experiments on pumice

from Soufriere Hills Volcano through milling, decompression and impact experimndeshts

shape analysis revealed that the lasatio increases during milling and particle convexity

increases with repeated impacts. The authors also found that all three methods of fragmentation

produced fractal breakage patterns where the fractal dimension increased from a minimum of
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~2.1 throughdecompression (primary fragmentation) to a maximum of ~2.7 for repeated impacts
(secondary fragmentatior). summaryschematiof where and how attrition operates in

volcanic systems is presented in Figug. 2

Figure 2-5. A) Attrition of mantle cargo after being picked up by the ascending dyke. B) Abrasion of xenoliths
as they collide with themselves and dyke walls during settling.)&igh energy disruptive collisions of juvenile
volcanic clastsXenolith wall rocks are fluidized and milled in the particle rich gas jet. D) Lower energy
collisions take place in the plume resulting in attrition primarily by abrasion and secondary ash production.

E) Particles are fluidized in pyroclastic density curreats where rounding takes place through abrasion.
16



2.5 Attrition in Kimberlite s

Kimberlite magmas form at depth in excess of 150 km and transit the relatively cool cratonic
mantle on a timescale of hours to dégparks, 2013; Sparks et al., 200@json and Head,
2007) Through the assimilation of orthopyroxene, the silica undersaturated magma exsolves
CQO rich fluids and quicklyadops turbulenflow (Brett et al., 2015; Kamenetsky et al., 2008;

Russell et al., 2012; Wilson and Head, 200 Hhe buoyant nature of the magma provides the

foundationoft he #fA ki mber |l ite factoryd modelhedpving sent ec

pressure of the dyke causes fractufighe overlying mantle and entrainment of xenoliths into
thefluid rich bulbous head of the magma (Fig@r6). This region was estimated to range in
length from 4.5 km to 1.5 km depending on the densitytrast relative to the lithospheric
mantle(Brett et al., 2015)importantly, ths fluidized multiphase mixture encourages frequent
particle-particle collisions resulting in rounding and surface modification of xenod@stsit et
al., 2010; Brett et al., 2015; Jones et al., 2019, 2014; Jones and Russellj@dd8kt al. (2014)

observed hemispherical features on the surfacesraforystic olivine from Igwisi Hills which

was attributed to impact during attrition. In the same study, textierdgeedf r om O c(hee mi c al ¢

crystallization and dissolution) processee r e compar ed wi t(he attitien} of
processedt was concluded that the textures observed on the surfaces of olivine xenocrysts were
dominantly mechanical in naturdones et al. (2019) suggests that the early stages of kimberlite
ascent are dominated by chemical dissolution as xenocrysts are outlibfiegn with the melt

The process of attrition firkltecomeselevantduring the onset of turbulent ascent. As silica
saturation is reached by the magma, the xenocrysts can develop phenocrygicndnst al.,

2010; Brett et al., 2015, 2009; Kamenetsky et al., 2608ngwhich chemical and physical

17
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modification are in constant competition.ileompetition is alluded to in Arndt et al. (2010)

who noted stripping of phenocrystic rirasundxenocrysts and depressions on the rim exteriors.

Figure 2-6. Stratified kimberlite dyke modified from Brett et al. (2015). Xenoliths are sampled by the crack
tip into the fluid/gas rich head of the dyke where they are disaggregated arlde liberated xenocrysts are

milled. They then settle into thevolatile-poor tail where they are preserved.

Analogue experiments studying attrition during kimberlite ascent were first performed by
Jonesand Russel{2018) who conducted fluidized experiments on olivine grains at various
residence timedt was found thathe attrition rate was high at low residence times and then

plateaued at longer timescales after grains became rauhlgisdorocess was quantifiey
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assessing the ratio of daughter particles (produced by attrition) to thmiteaaparticles (na /
mp) after Jones et al. (2017):

LA [2.1]
2 wp Q

Wherea represents the infinite attrition limit (i.e. plateauing value) lanepresentshe rate at

which the limit is reached. Jones et al. (2019) stuthiednfluence of particle concentration and
input energy on the attrition process by varying input mass and gas flux.donesded that

the attrition limit @) is dependent on the am@wf energy that the suspended partitiage, and

the attrition ratelf) depends on both the probability for a collision to occur and that collisions

are at or above the threshold for breakage. Importantly, olivine was efficiently reshaped at short
timesales (< 5 hjelevantto kimberlite ascent. A comparison between the attrition experiment
products and natural olivine xenocrysts frBmavik revealed a remarkable resemblance in both
morphology and surface featur&pecifically,both particles showed noded morphologies and
rough pitted surfaces.

In the final stages of ascewhen kimberlite magmas reach within a few hundred meters of
the surface, choked flow conditionanlead to explosive crateririgitiating pipe formation
(Sparks et al., 2006; Walters et al., 2008)is is followed by deep pipe excavation to form a
diatremeas well as decreasing exit velocity. During thening of gaslow, wall rocks and
erupted mantle cargo (i.e. xenoliths and xenocrgstsho longeelutriated from the pipe and
are instead suspended in a turbulentggaisl mixture(Gernon et al., 2009b, 2008; Sparks et al.,
2006; Walters et al., 2006; Woolsey et al., 2019, 191 phenomenon takes place when the
particle velodies fall between the minimum fluidization velocity+) and terminal velocity

(Uy), causingparticles to become fluidizggrigure2-7).
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Xenolith Xenolith Xenolith
Size U Size Ut Size

Figure 2-7. a) Gas velocity Ug) is much greater than theterminal settling velocity (Ut); xenoliths are
elutriated. b) Gas velocity falls between the minimum fluidization velocity Umf) and elutriation velocity;
xenoliths are fluidized and milled in the gas jet. ¢) Gas velocity is much less than minimum fluididan

velocity; xenoliths are unable to become fluidized.

During the process of fluidization within the diatreme, xenoliths are subject to vigorous
blasting by ash and smaller particles as well as disruptive collisions with larger particles
(Campbell et al., 2013; Dufek et al., 201@pservations of rounded nodtlilee xenoliths and
wall rocks in kimberlites have been described by many aufAonsit et al., 2006, 2010; Brown
et al., 2007; Kurszlaukis and Barnett, 2003; Peltonen et al., 2002; Smith and Griffin, 2005)
Thes observations and interpretations are summarized in Tdblerhortantly, milling within
diatremes is a common interpretation for rounding and polished surfaces of clasts, however this

process is not well understood due to a lack of literature explttrntimescales and energetics
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required. A morphology dataset of eclogite and peridotite xenoliths from the University of

Alberta Diavik collection is presented in Appendix1D

Xenolith

Source Observation Interpretation
Type
Eclogite xenoliths are Scratch marks and etcl
rounded; surfaces features are
Peltoneret Ecloaite reveal scratches and mechanically and
al. (2002) g friction-cracklike chemically induced,
markings. Garnet respectively during
surfaces appear etche magma ascent

Sheared sheared peridotites ar  Size reflects inferior
Barton Jr and

Gerya (2005) garnet smaller than non resistance to abrasion
y harzburgite sheared within kimberlite magma
Smith and xenoliths are nearly ~ Abrasion and impact
Griffin Garnetite equant with smooth  during emplacement of
(2005) and polished surfaces diatreme fill
Monomineralic Rounding is due to
Arndt et al. Dunite aggregates of olivine, abrasion of nodule
(2006,2010) termed 'nodules' are during kimberlite magm:
well rounded ascent

Clasts are spheroidal dominantly alteration
commonly featuring processes. Abrasion an
concentric layering milling are also likely

Brown et al. Dolerite and
(2007) Gneiss

Kurszlaukis Amphibolite Clasts show high  concave chips suggesti\
and Barnett  Country degree of sphericity  of vigorous clastlast
(2003) Rock and chip marks impacts
Table 2-1. Observationsand interpretations of rounded xenolithsfrom kimberlite in the literature.

Kimberlitic eruptions ardikely explosive in nature angostulated tdeature particle laden,
fast moving pyroclastic flows where attrition operdtesfek et al., 2009; Freundt and
Schmincke, 1992; Gernon et al., 2009a; Kueppers et al., 28bR)ver,due to erosin these

deposits are rarely preserved and available for study.
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After deposition of a kimberlite body, the pipesighject to erosion and its contents are re
sedimentednd dispersethrough transporfThe dispersed material formsé@i ndi cat or tr a
whereby the mantle minerals known as kimberlite indicator minerals gKéveused to trace the
source kimberlite pipéOzyer and Hicock, 2011Pue to the varying physical properties of the
indicator minerals (olivine, garnet, clinopyroxene, ilmenite etc.) theyundergovarying
amounts abrasiowhich can be usedsa proxy for distance from the pijeAf anasodev et al
2008; Cummings et al., 2014, 2011; Pokhilenko et al., 20d®ynderstand physical
modification of grains during dispersal, nummes studies have been aimed at determining the
relative abrasive susceptibility ofbtseddahe i ndic
ultrasonic dispenser to induce abrasion in a mixture containing olivine, pyrope, picroilmenite,
apatite, diamodh and kimberlite fragmentsr a totaldurationof 635 min The following
sequence of mineral abrasive stability was established: pyrope, olivine, picroilmenite, apatite,
kimberlite fragments. Diamond virtually underwent no change in the experiment. Cgsnetin
al. (2014) performed comminution of indicator minerals in a tumblingusifig stainless steel
shots as an abrasive agaptto 460 hourdimenite was found to be the most stable, followed by
chrome diopside and garnet. Garnet broke downtivoestageprocessfirstly, by abrasive
removal of a kelyphite rim, and then by rapid disintegratiomes and Russell (2018) performed
tumbling mill experiments on olivine up to a duration of 715 hours. Attrition rates were found to
decrease substantially eft~5 daysnce grains had been reduced by ~2.5 Wik particle
shape metric circularitglsofollowed a trendbf initial rapid rise followed by a plateau.

Thisthesisinvestigates the attrition of mantle minerals at conditions scaled to match that of
ascending kimberlite magmakhe research aims to use the data to inform on ascent timescales

and velocitiesather than timescales and distances associate with surfsedimeentation.
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Chapter 3: Attrition Apparatus for Experiments

Experiments were performed in axperimentahpparatus at standard laboratory
conditions whereiminerals grains (i.e. particlegeresuspendeth an airjet (Jones et al.,
2019;Jones and Russell, 2018; Xiao et al., 2014, 20129 apparatus (Fige 3-1; Appendix
A.1) features a compressed air feékdtpasses through a calibrated FMA 5526 Omega gas flow
meter(measuring gaBux), and intoto the base of a 3.5 cm diamete20) tm long vertical
attrition tube The gas enters the base of the tubedsstributor plate which featureg dvenly
spaced hole@~igure 31) to ensure an equally distributed gas flux to suspend the particles. As
particle interactions occwvithin the attrition tube, fine particles are elutriated from the bed,
pasing up the attrition tube and into a 70 cm 1928 cm diametesettling chamber which
servesdwo primary purposes. Firstly, a lower gas flux in the settling chamber allows pagile
135mm to be recycled back into attrition tube which would otherwise leave the attrition process.
Secondly, ultrafine particles (<2fin) canbeelutriated from the settling chambeassing
throughan elbow joint, down a tube afidally into a finescollection nylon filter bagvith 1 mm

openingdo ensure minimum loss from the system.
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Figure 3-1. a) Schematic diagram ofthe attrition apparatus used in this study.Inset shows sample resting on

the distributer plate and fluidized by the gas jet (solid arrow).b) Distributor plate components.
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3.1 Modifications to the Attrition Apparatus

The apparatusf Jones and Russell (2018) alahes et al2019) which was adapted from
the ASTM D575700 standard experimental apparatas been improved by modificatiofi$e
original device used irJones and Russell (2018) alwhes et al2019, did notinclude a
settling chamber and the gas carrying fine particles exited into a 500 mL water re3éwoir
main problem with the water reservoir is that if the tube is too far submersedenthe gas is
unable to exit the system and significant overpressure results which supresses the particle bed
height Additionally, fracturing of the acrylic tubesnd the distributor plate are more likely with
overpressureAnother problem arises aftng experimental durations wherein the water level
of the reservoir decreases due to continuous mixing of the water and the turbulent gés flow.
resolve these issudsieplaced the previous water collection method waifines collection filter
baginstead

A settling chamber was also addedhe apparatus used in this study. This also allowed
experiments to be performed at slightly higher gas fluxes than previous experimental campaigns.
Secondly it serves toreventsignificantly large daughter fragments from exiting the attrition
processealty in the experimentsWith a large diameter settling chamber, only fine particles can
leave the attrition process and larger particles fall down the steep angled flanks at the base of
chamber and return to the attrition tube.

My modifications to the appatus are beneficial since the apparatus is more suited to the
experimental campaign designed for this stadgimore closely resemid¢he updated standard
ASTM D57511 apparatus used for determining attrition of catalysts by ai(A&3M, 2017)

Theverticalattrition tube and the exit tube connected to the fines collection bag are both

made of acrylicThe alternatives considered in the updated design MI&Ie316 stainless steel
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and polycarbonate. Polycarbonate is very similar to acrylic with tie differences being that
polycarbonate has a higher impact strength, scratches easier and is less transparent. Since a high
impact strength is not necessary &imgh-speedilming is utilized in this study, the superior

scratch resistance and transparemake acrylic favorable to polycarbonafgSl 316 stainless

steel has a low thermal conductivity and melting poirt@®B8 W/mK and 1378C respectively,

which was considered for future work studying the effects of temperature on the attrition rates.
However, temperature effects were novestigatedn this work anda stainlesssteel pipevould

not allow for filmingof the experiments

3.2 Experimental Conditions

In order to understand how tparticles would interact with the gas flutke basic principles
of fluidization were appliedAs gas fluxincreasesthere will be a point at which the particle bed
no longer acts as a coherent mass, insteagtiag a fluidlike appearance, and is said to become
fluidized. The velocity of the gaat which this phenomenon takes pladeniswn as the
minimum fluidization velocityUmt. A generalsolution to predictUmsis presented by Kunii &

Levenspiel (1969), known as the Ergun Equation:

pPRLQY C  pum - QY C¢C Q" " " C 3.4
T % A " %o A A

Wherep is the fluid viscositydp is the particle diameteyq is thefluid density,}p is the particle
density,Uis the void space of the bedis the particle sphericitygndg is the acceleration due to
gravity.

If the gas flux is further increased, the terminal settling veldgityf the particles is

overcome and particles will dutriated anatarriedout of the fluidized bedl'he terminal fall
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velocity changes dependiog the Reynolds Numbé€Re) of system (Kunii & Levenspiel.,

1969):
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whereRe< 0.4is considered laminaf.4< Re< 500 is transitional and 560Re < 200,000 is
turbulent flow in a fluidized bedKunii et al., 1969)Particleattrition requires superficial fluid
velocities between minimum fluidization and terminal settling velocity such that particles are
sufficiently fluidizedand can interact without being elutriaigdgure 32).

In the attrition apparatus there are three regions of interest in which gas velocities differ due
to the varying diameter of the pipe the §lasvs through Firstly, the distributor platgjet
velocity) whichhas 4 holes each 0.795 mm in diaregtsecondly the attrition tube (bed
velocity) which has a diameter of 3.5 cm, and lastly the settling chamber (chamber velocity)
which has a 20 comaximumdiameter Superficial gas elocities at varying gas fluxgsesent in

these regions of the apparaasresummarizedn Table 31.

Bed Velocity Settling Chamber
(ms?h Velocity (m s?)

105 21 1.8 0.054

Gas Flux(L min't)  Jet Velocity (m sb)
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150 32 2.7 0.081
200 43 3.5 0.11
250 54 4.4 0.14

Table 3-1. The calculatedsuperficial velocity presentwithin different areas of the attrition apparatus at

different gas fluxes.Highlighted conditions are those used in this study.

© Experiment conditions

—

o
-
T

Particle Size (mm)
o)
o

-
o
Y

Elutriated

Not - Fluidized Fluidized

k sl sl

QS I

10

10 10 10° 102
Superficial gas velocity (m s™)

10*

Figure 3-2. Minimum fluidization and elutriation velocities of olivine. Green marker represents the starting

conditions of 105L min gas flux (1.8 m  in the attrition tube) and 610-710pum (655um mean)used forall

experiments. Shaded region represents region of fluidization possible for attrition experiments on olivine.

Parameters usedj ¢= 1.225 kg n¥, j p = 3246 kg m°, p=1.82 x 1%, U= 0.58,- =1.
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Particle interactions (i.e. collisions) tagkace primarily in the attrition tube, therefore gas

velocity here is of most importance when choosing the appropriate gas flux. The minimum
fluidization velocity and terminal settling velocity of olivine used in this study are graphically
shown in Figuré-2 at the 105 L mir gas flux (1.8 m$in the attrition tube) and 63010 um

(655um mean) starting condition. The figure shows that the starting conditions chosen for this
study were sufficient to fluidize all mineral suites in the attrition tube.rAséeforming these

initial calculations, the conditions were empirically (i.e. through observation) tested using a gas
flux of 105 L mirtt, a particle mass of 15 g and a size of-820 um to ensure that the nature of

fluidization was constant for all mired types.

3.3 Scalingthe Experimentsto the Natural System

The conditions (gas flux and host fluid) at which the experiments were performed were
carefully chosen such that the flow regime fallshe same gme(i.e. laminar or turbulent}s
thatexpeded during the ascent of kimberlite magrHi@re | usea range of inputs from the
literatureto constrain the Reynolds numbBe of kimberlitedykes during ascenBpecifically, a
dyke width(D) of 0.17 10 m(Jankovics et al., 2013; Jones et al., 2019; Kavanagh and Sparks,
2011; Petcovic and Dufek, 2005; Sparks et al., 2006; Wilson and Head, 2@yKe ascent
velocity (v) of 17 20 m s' (Brett et al., 2015; Jones et al., 2019; Kavanagh and Sparks, 2009;
Russell et al., 2012; Sparks, 2013; Sparks et al., 2006; Wilson and Head,&20@gma
viscosity (1) of 0.017 50 Pa gBrett et al., 2015; Chepurov et al., 2018; Moss and Russell, 2011;
Persikov et al., 2015; Sparks et al., 20@nagma densitffor a range of exsolveftlid

proportions)} ) of 20007 3000 kg m? (Brett et al., 2015; Jones et al., 2019; Kavanagh and
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Sparks, 2009; Moss and Redl, 2011; Russell et al., 2012; Sparks, 2013; Sparks et al., 2006;
Wilson and Head, 2001) arrive atRec ~ 1 x 10%- 1 x 10° using:

5 A 2’ [3.5]

Then, sing a gas flux of 106 min?, apipediameter of 0.035 m and the viscosity of air, 1.82 x

10° Pa sthe Reynoldsnumber calculated for flow within the attrition apparatus is 4.28x 10
Therefore, the gas flux (1@5min™) and fluid (air) chosen for this experimental campaign

produces a Bynolds number whicfalls within the range of conditions attending to kimberlite
transport, and the results quantified in this study can be compared to the natural system. It should
be noted however that the Reynolds numbers calculated for the natteal sgpresent a

conservative lower estimatat shallower depths, COs liberated as a supercritical fluid (and

later a gaseous phase), decreasing the density of the kimberlite and increasing the ascent velocity
(Russell et al., 2012; Wilson and Head, 20®ather spporting attrition.The process and its
implications are further discussed in more detail in the discussion chapter of this thesis.

Furthermore, a more detailed scaling analysis is also performed in the discussion chapter.

3.4 Data CollectionDuring and After Experiments

Beforeeachexperiment, aivaspassedhroughthe apparatus to cheédr potential leaks.
After no leaks were detectgparticles were loaded onto the distributor plate astteam of
compressed gas was fed into the vertical attritior {lHigure 31), fluidizing the particle bedf
heighthoto hp (Figure 33). Theh, measuremenwas takeriwo minutes after thgas flux was

initiated for each experiment.
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Figure 3-3. Cartoon illustration of data collected during an experiment.ho is the initial bed height, hp is the
height of thefluidized column. Select experiments of each mineral were filmed using a higipeed camera and

a strobe light. The height of the strobe light(h)) and the height of the cameral{c) changed for each mineral.

As particle beds become fluidized, the nature and extent of fluidization varies as a function of
experimental conditions. From the engineering sciences these factors include the particle
properties (density, size), gas composition and the flow vel@@itgce, 1986)To document the
nature of fluidization and particle interactions, a Chronos 1.4$pgled camera recorded 20

se®nds of select experiments at 1,050 frames per second during the beginning stages of an
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experiment (two minutes after the gas flux was initiated). To ensure that individual particles
could be tracked with accuracy, a Godox QT600II high speed flash sigbbevés used to

visually brighten and enhance the footage captured. Although the absolute heights of the strobe
light and camerah( andhcrespectively) were scaled and changed for each mineral, the distance
from the attrition tube was consistent at &@for the strobe light and 50 cm for the higjeed
camera (Figure-3).

Here | adopt the same, simplified classification scheme of flow regimes documented within
the attrition apparatus useg Jones et al. (2019). These regimes are found to vary mairly a
function of particle concentration and gas flux and include fountaining, transitional and
pneumatic (Figur8-4). Fountaining behavior igenerallyobserved if particle concentrations are
high. In this regime, particles move as a coherent mass armkthbeightlf) pulsates with time.

The other end member regime is pneumatic wherein particle concentrations are low. Here
particles are homogeneously distributed throughout the fluidized column, moving independently
of each other and enclosed by a staolemn heighth,. A transitional regime was found to

exist between the two members where a stable column of particles is seen above a fountaining
particle bed.

Since the fluidization regime influences particle collision efficiency, it was important to
make sure this was kept constant for each mineral. Before starting the experimental campaign,
the proposed starting mass (15 g) and gas flux (105 )mmstested for each mineral and the
fluidization was subsequently documented. To
bordering another flow regime, the gas flux was also tested 404/ mint. Using these
preliminary observations, it was foundathall minerals at the chosen conditions were fluidized

in a pneumatic style.
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@ Fountaining @Transitional Pneumatic

Figure 3-4. Experimental flow regimes in the attrition apparatustaken from Jones et al. (2019).

After ending an experiment.@. switching off the gas flowthe apparatus was left fat least
1 hour to ensure fine particles could settle. Then, the attrition apparatus was carefully
disassembled and washed with deionized water over a standard stack of ASTM E11 mechanical
sieves vith a mesh size range of 1@k to 600 um and a collection pan below the 125 um sieve.
The sieves were then left to dry in &@Z0slow drying oven overnight. The following day the
material was dry sieved for ~ 1 minute and the contents of each sieve @&ighedvusing an

analytical balanceorrect to four decimal placeBue to problems with sieving fine particles
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such as agglomeration and lofting, material caught in the pan (i.e pdpPbad a grain size
distribution measured using Laser Particle Sizelysms (LPSA) Thistechniquenasbecome

standard in measuring the size distribution of pow@#ses et al., 2019, 2017; Jones and

Russell, 2018, 2017; Kang et al., 2017; Kim et al., 2019; Xiao et al., 2014, 20Bjvern
Mastersizer 2000 laser diffraction device with a hydro 2000 Mu water dispersion module
attached was used for LPSA in this study. The pump speed, absorption coefficient and refractive
index was varied for each mineral and can be foudthbie3-2 below. Far each sample, an

aliquot was added to the dispersion module and measured three times. To prevent particle
aggregation, an ultrasonic pulse was applied immediately before measurement for 2 seconds.
This process was repeated three times for a total oim@asurements. To obtain the final

particle size distribution of the powder, the nine measurements were averaged for a mean grain

size distribution.

Mineral Pump Speed AbsorptionCoefficient Refractive
(rpm) Index
Olivine 2600 0.1 1.70
Orthopyroxene 2600 0.1 1.59
Clinopyroxene 2600 0.1 1.70
Garnet 2900 0.1 1.74
Diamond 2800 0.1 2.42

Table 3-2. Mastersizer settings used for each mineral.

3.5 Experimental Grid
A total of 45experiments (Table-3) were performedh which mineral type and experiment
duration were varied-ive mineralsncludingolivine (Ol), orthopyroxenéOpx), clinopyroxene

(Cpx), garnet(Grt) and diamondDia) were all independently studig¢ldrough 5 setsfaingle
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mineral experiments. The effects of binary mineral mixtures were studied using a combination of
olivine + garne{Ol + Grt) and olivine + clinopyroxengOl + Cpx) The experimental duration

varied from 0.5 h to 48 h. Gas flu® input massm andinput mineral sized were kept

consistent across all experiments. Specifically, | used a gas flux &f 05, an input mass of

159 and an input size of 600L0 um. For the binary mixture experiments, 7.5 g of each mineral

was usedor a total of 15 gThe experiments performed are summarizeldwin Table 33.

time (h)
EXpﬁgme”t 05 1 2 4 6 8 12 16 24 36 48
1:A-K X X X X X X X X X X
2:A-F X X X X X
3:A-L X X X X X X
4:A-K X X X X X X X X X X
5:A-H X X X X X
time (h)
EXpﬁgme”t 05 1 2 4 6 8 12 16 24 36 48
6:A-C X X X
7:A-C X X X

* All experiments performed at a gas flux of 10Bnin-1, a grain size of 600710 um and a mass of 15

Table 3-3. Experimental grid showing the 49 experiments performed in this study. X denotes that an
experiment was performed at the noted timeSeries 1, 2, 3, 4, 5 are single mineral experiments on the
minerals: olivine, orthopyroxene, clinopyroxene, garnet and diamond respectively. Series 6 and 7 are mineral
mixture experiments with series 6 representing an olivingiarnet mixture and series 7 r@resenting an olivine

clinopyroxene mixture.
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Chapter 4: Sample Characterization

4.1 Sample Characterization

Fresh (i.e. unalterediinerals for this project were sourced from a variety of companies
mostly specializing in abrasives or gemstone qglestographs of imerals in Appendix B.1)
Forsterite (olivine) sand derived from crushed dunite was obtained from Ashwani Industrial
Minerals Corp.; pyrope (garnet) sand from Zhangjiakou Xuanhua Ju Hong Abrasion Resistant
Material Distribution Co., Ltd.; chrome diopsiddiopyroxene) fronSovtube an unaffiliated
seller, andnatural rough diamonskndfrom CDL FINESHINE The clinopyroxene and
orthopyroxene could only be obtained as laige ¥5 mm) crystals and were manually crushed
usinga corundum mortar angkestle Before using the minerals for experiments for experimental
purposes, all mineral sandere sieved to the desired, restricted grain sif6{710 pum and

washed using deionized water to remove any adheringéreles

4.1.1 Density Measurements
Densities of each mineréteported inTable4-1) were calculated using an analytical
balance to measure mass and a Micrometrics Accuppyc Il 1340 Helium pychometer to measure
volume.Threealiquots of the sample were measured for mass and vptherglotted as mass
[g] against volumgecm?]. A linearregressiorwas fitted through ththreedata points and the

origin, with the slope being the densjiycm®] of the mineral (Figure-4).
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Figure 4-1. Mass plotted against volume fothree aliquots measuredof each mineral. A linear curve is fitted

through the data points and the origin to obtain the best approximation oflensity.

Forsterite

Enstatite

Chrome
Diopside

Pyrope

Diamond

Density (g cn?)

3.246

3.230

3.290

3.891

Table 4-1. Reported densities obtained for each mineral.
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4.1.2 2D Shape Characterization

Fromthe starting products arsglect experiments (Table2}, 100110 grains from the
parentgrain sizefraction(600-710 um)were randomly selected and individually photographed
under a binocular microscope with an intense backligiit.orthopyroxenegrains were often
too translucent for outlines to be seen clearly. On that basis, the grains were imageded a flat
scanner using 1200 dpi resolutidxdopting similar methodology outlined in Jones and Russell
(2018),the images were imported into the software, Imgg#gs://imagej.nih.gov/i/and a
threshold was applied to the imagesonvert to a binary imag&ince the minerals inherently
have different colourghethreshold value applied to the images varied for each mineral.
Specifically, thethresholdvalues for olivine, orthopyroxene, clinopyroxene, gaaret diamond
were 140,125,170,140 and 180 respety. After the threshold was applied, each image was
checked, and if thautomatedhresholded image did not match the outline of the grain seen in
the original image, the threshold wasinuallyadjusted by +/10. This process is summarized

visually bebw in Figure 42.

400 pm 400 pm

Figure 4-2. @) An image of a garnet grain taken with the binocular microscopeb) The grain thresholded and

converted to binary.
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In order to quantify the shagolutionsof the 2D binary mineral projectionisrough
time, the images were imported into Matlaldanalyzed using a shape analysis script
(Appendix E)that Imodified from Campbell et al. (2013). The Matlab script detaitislack
areadarger than a specified pixel areB2000(to avoid capturing random particles) and
computeghe projectedrea, perimeter, major axis, minor axis, convex hull area and convex hull
perimeterOne feature of the script is that the periméteconstructeddy connecting every
fourth pixel that lies along the outline of the mineral. This was found to produce the most
accurate approximate when applying the script to shapes with known perimeters (squares,

circles, triangles, etc.J.hese shapparameters area visualized in Figufg.4

<X" Perimeter (Pimage)

Major axis (aimage)
and
Minor axis (bimage)

Elliptical perimeter (Pellipse)

Area (Aunage)

Convex hull area (Aconvex)

Figure 4-3. Visualization of parameters used to quantify shape metrickom Campbell (2012).
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The major and minor axes are scalars that correspond to the length of the major and
minor axes ofthebe$ti t el | i pse t o t he mirefegstathedmallestut | i ne
convex polygon thatan enclose the outline of the mineral grain. Themated parameters are
in units of pixels but may be converted into absolute values if the conversion factor is known
(i.e. a photo of a scale bar taken under the same conditinrBjs studyphotos were taken at a
consistent scale ardimensionlessnetiics were chosetherebyavoiding the need to convert

between pixels and absolute units

4.1.3 Scanning Electron Microscopy

To ensure that no fragments or fine particles were adhering to the surfaces, the experiment
products were washed with deionized wateat dned before analys grain features.rhages
of the overall morphology and the surfacesegresentative graingere assessed at various
magnifications using a Philips XL30 scanning electron microscope (SEM) in scanning electron

mode with al5-kV acelerating voltageanda 35 pA beam current

4.1.4 Summary of Experiments Chosen for Analysis

Sieve LPSA Bincocular SEM

Experimen Mineral Time down on image of images
No. (h) tol1l25 <125 parent of
pum pum grains  products

1-A ol 0 X X
1-B ol 0.5 X X X X
1-C ol 1 X X

1-D ol 2 X X X

1-E ol 4 X X

1-F ol 6 X X X X
1-G ol 8 X X

1-H Ol 12 X X X X
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1-1 Ol 16 X X

1-J ol 24 X X X

1-K Ol 36 X X X
2-A Opx 0 X X
2-B Opx 2 X X X X
2-C Opx 6 X X X X
2-D Opx 12 X X X X
2-E Opx 24 X X X

2-F Opx 48 X X X
3-A Cpx 0 X X
3-B Cpx 0.5 X X X
3-C Cpx 1 X X

3-D Cpx 2 X X X

3-E Cpx 4 X X

3-F Cpx 6 X X X X
3-G Cpx 8 X X

3-H Cpx 12 X X X X
3 Cpx 16 X X

3-J Cpx 24 X X X

3-K Cpx 36 X X X
3L Cpx 48 X X

4-A Grt 0 X X
4-B Grt 0.5 X X X
4-C Grt 1 X X

4-D Grt 2 X X X

4-E Grt 4 X X

4-F Grt 6 X X X X
4-G Grt 8 X X

4-H Grt 12 X X X X
4-1 Grt 16 X X

4-J Grt 24 X X X

4-K Grt 36 X X X
5-A Dia 0 X X
5B Dia 0.5 X X X
5-C Dia 1 X X

5-D Dia 2 X X X

5E Dia 6 X X X X
5F Dia 12 X X X X
5G Dia 24 X X X

5-H Dia 48 X X X
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6-A Ol + Grt 1 X X
6-B Ol + Grt 6 X X
6-C Ol + Grt 24 X X
7-A Ol + Cpx 1 X X
7-B Ol + Cpx 6 X X
7-C Ol+Cpx 24 X X

Table 4-2. Postexperiment measurements of run products for each experiment. X represents measurements

which were completed for each experiment series.

4.1.5 Mineral Properties Summary

Mineral : . Chrome .
Property Forsterite Enstatite Diopside Pyrope Diamond
Density(g cnt®) 3.246 3.230 3.29 3.891 3.508
Hardness 5.06.0 5.06.0 5.56.5 7.07.5 10
hemical , . : :
Eomf; MgSiO Mg:SiOs  Ca(Mg,Cr)SiOs  MgaAl 2(SiOs)s C
Crystal System  Orthorhombic Orthorhombic  Monoclinic Cubic Cubic
Well
Cleavage Poor Well Developed Absent Perfect
Developed
Fracture Conchoidal Uneven Uneven Absent Conchoidal
Hardnesg¢GPa) 7.1 9 7.7 15 105
Tensile Strength 500 i 23 i 3750
(Mpa)
Bulk Modulus
(GPa) - 105 114 172.4 442
Young's Modulus ;g5 232 160.5 590 1050
(GPa)
Fracture
toughness 1.1 - 3.5 1.4 3.44.8
(MPa mt’?)
Fracture Surface 0.98 i i 3.674 55

Energy(J m?)

Table 4-3. Summary of physicalproperties of all minerals analyzed in this study References can be found in

Appendix F.
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Chapter 5: Results and Analysis

5.1 Attrition of Individual Minerals

5.1.1 Fines Production Datasets
The products of each experiment were sieved and masses in each grain size interval were
weighed.The smallest size fraction (<1®n) was measured with a laser particle size analyzer
as outlined in Section 3.Results are summarized in Tabld &s the iitial mass (), the total
mass collectedng), the mass of daughter produats; {.e. mass below the 600L0 um sieve)

and the mass lose) defined asn =nmp i m.

Ms're]?ireag Mineral Térr]r;e mo(g) m(g) ma(g) mi(g)
1-A Ol 0 15.0000 15.0000 0.0000 0.0000
1-B Ol 0.5 15.0002 14.7730 3.2971 0.2272
1-C Ol 1 15.0003 14.7514 5.1949 0.2489
1-D Ol 2 15.0004 14.6861 6.4649 0.3143
1-E Ol 4 15.0000 14.6203 8.4198 0.3797
1-F1 Ol 6 15.0004 14.6233 9.8665 0.3771
1-F2 Ol 6 15.0007 14.6468 8.6357 0.3539
1-F3 Ol 6 15.0008 14.5582 9.5495 0.4426
1-G Ol 8 15.0011 14.5016 11.4637 0.4995
1-H Ol 12 15.0003 14.4200 12.2867 0.5803
1-1 Ol 16 15.0003 14.6044 13.0698 0.3959
1-J Ol 24 15.0000 14.1312 13.4116 0.8688
1-K Ol 36 15.0000 14.3159 14.2273 0.6841
2-A Opx 0 15.0000 15.0000 0.0000 0.0000
2-B Opx 2 15.0009 14.5199 5.000 0.4810
2-C Opx 6 15.0009 14.4197 7.4700 0.5812
2-D Opx 12 15.0008 13.9648 9.3359 1.0360
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2-E Opx 24 15.0008 13.8712 13.1100 1.1296

2-F Opx 48 15.0000 13.8923 13.190 1.1077
3-A Cpx 0 15.0000 15.0000 0.0000 0.0000
3-B Cpx 0.5 15.0006 14.8986 1.2183 0.1020
3-C Cpx 1 15.0000 14.8501 1.4914 0.1499
3-D Cpx 2 15.0007 14.7975 2.7769 0.2032
3-E Cpx 4 15.0003 14.7557 3.6162 0.2446
3-F Cpx 6 15.0000 14.7112 5.4378 0.2888
3G Cpx 8 15.0005 14.5912 8.0012 0.4093
3-H Cpx 12 15.0000 14.5162 9.6691 0.4838
31 Cpx 16 15.0005 14.4372 10.8935 0.5633
3-J Cpx 24 15.0000 14.4295 12.1299 0.5705
3-K Cpx 36 15.0003 14.4623 13.4087 0.5380
3L Cpx 48 15.0005 13.9942 13.0112 1.0063
4-A Grt 0 15.0000 15.0000 0.0000 0.0000
4-B Grt 0.5 15.0010 14.8704 1.3331 0.1306
4-C Grt 1 15.0001 14.8733 2.4727 0.1268
4-D Grt 2 15.0011 14.7822 3.3694 0.2189
4-E Grt 4 15.0005 14.5115 4.1867 0.4890
4-F Grt 6 15.0005 14.5139 5.0056 0.4866
4-G Grt 8 15.0008 14.6539 6.2334 0.3469
4-H Grt 12 15.0004 14.5964 7.508 0.4040
4-| Grt 16 15.0013 13.8182 7.1561 1.1831
4-J Grt 24 15.0011 14.3412 7.9238 0.6599
4-K Grt 36 15.0008 14.4833 8.8299 0.5175
5-A Dia 0 15.0000 15.0000 0.0000 0.0000
5-B Dia 0.5 15.0003 14.8747 1.9859 0.1256
5-C Dia 1 15.0000 14.805 2.8511 0.1950
5-D Dia 2 15.0004 14.8199 3.1298 0.1805
5-E Dia 6 15.0004 14.8272 3.9542 0.1732
5-F Dia 12 15.0000 14.7642 4.0111 0.2358
5-G Dia 24 15.0004 14.9255 4.1216 0.0749
5-H Dia 48 15.0001 14.799 4.6798 0.2011

Table 5-1. Table of masses (g) recorded for each experimemti is the initial mass,m is the total mass
recovered after the experimentmad is the mass of daughter products andh is the difference between the

starting and the recovered mass.



The mass loss for each experiment is plotted against time in Figurdricertainty is
represented as one relative standard deviation obtained from repeating expeifflergel
timeswith a relative standard deviation of 6.8Fr all mineral seriesn increases initially and
then plateaus at longer durations. As noted in previous attrition studies, the loss of particles is
inevitable and is a function of the experimental apparatus, attrition rate, particle size, particle
material and the postxperimem collection methodChen et al., 2007; Kang et al., 2017; Kim et

al., 2019)
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Figure 5-1. Mass loss ) plotted against time for each mineral series. Uncertainty is representec @ne

relative standard deviation obtained from repeating experiment iF three times.
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In this study most of the material lost is thought to bepsnisince the nylon filter bag mesh
had a screen size (i.e. O6r atrdariggskvingdand1 Om. Ma
weighing. For future studies it is recommended that a filter bag of 0.5 pum rating or lower is used
and additional measures such as enclosing the filter in a case as done by Xiao et al. (2011;2012)
are implemented. At the time of modifig the apparatus used by Jones & Russell (2018) and
Jones et al. (2019) nylon filter bags with a rating lower than 1 um were not available to be
purchased.

The production of daughter particles serves as an effective and simple measure to quantify
the attrition procesé@Bemrose and Bridgwater, 1987; Gwyr§69; Jones et al., 2019, 2017; Xiao
et al., 2012)l have plotted the mass of daughter partiakeg (elative to the total mass
recoveredify), as a function of time(h) for each mineral (Figure-2a). As in Figure 51,
Experimental uncertainty is18wn aswo standard deviations obtained from repeating
experiment IF three times (highlighted in FigureZa) and applying the coefficient of variation
(i.e. relative standard deviation) to all experiments

Each set of experiments show an initial, rapid rise in production of daughter particles
followed by a highly reduced rate ultimately forming a plateau, indicating little attrition. In the
literature this plateau has been attributed to a stable state wihertier production of daughter
particles becomes limited with increased residence (imes et al., 2017; Knight et al., 2014)
These two key attributes of the attiriton data (initial rapid attrition followed by stable plateau)
have formed the basis of an empirical mgdehes et al., 201 %With two adjustable parameters
aandb:

[5.1]

o Y o
a ©P
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Figure 5-2. a) Proportion of daughter products (nd) normalized to the mass recoveredh) plotted against
time for each mineral seriesExperiment 1-F is highlighted &s it is used to calculate relative standard
deviation. b) Model values ofa, the infinite time limit of attrition and b, the attrition rate constant for all

minerals. The ellipses represena 95% confidence envelope based on the fit of equatiorl5to the data.
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The variablea represents the dimensionless infinite attrition time limit defining the plateau value
andb [hY], is the attrition rate constant dictating the rate at whicHintie is reached. Here |
adopt this model and have fitted solid lines denote the optimal fit of equation 5.1 to each mineral

series (sedable 52).

Mineral a b (h'}) RMSE of fit
Olivine 0.9179 0.284 0.0708
Orthopyroxene  0.9427 0.1355 0.0793
Clinopyroxene 0.9492 0.0955 0.0312
Garnet 0.5682 0.1884 0.0381
Diamond 0.2784 1.070 0.0231

Table 5-2. Table of model fit parameters for each mineral series. RMSE = Root Mean Square Error

The empirical model (Heption 5.1) describes the experiment data well and confidence
limits on the model enclose the datas#tvine, garnet and diamond have similaaped trends,
however areclearly characterized by different attrition limit @nd attrition ratesoy).
Specifically,olivine has the highest value of 09179 followed by garnet and diamond with
values of 0.5682 and 0.2784 respectivEliamond approehes its attrition limit the fastest
indicated & value of 1.077 i followed by olivine and garnet with values of 0.2840 and 0.1884
respectively. The experiment data for the two pyroxene minerals, orthopyroxene and
clinopyroxene, define model fits of éefent shapes relative to the other minerals. The model
equationshave similara values of 0.9427 and 0.9492 but approach the attrition limit more

slowly as indicated by the lowdswalues of 0.1355hand 0.09554 respectively.
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The modellecturves proved to be better fits for some mineral series than others
demonstrated by differing Root Mean Square Error (RMSE) values. Specifically, didmasnd
the lowest RMSE of 0.02316, followed by clinopyroxene, garnet, olivine and orthopyroxene with
values of 0.0312, 0.0381, 0.0708, 0.0793 respectively.

The relationship betweemandb is explored in Figure-2b where these parameters have
been plotted against each other for each mineral with ellipses representing a 95% confidence
envelope based on tfieof Equation 5.1 to the mineral series. There is no clear correlation
between the attrition limita) and ratelf) at which this value is approachdde relationship
between the andb and the physical properties of the minerals is explored in tbasdi®n

section of this thesis

5.1.2 Grain Size Distributions

For all minerals the parent population (grey mode; Fige8g é&xhibits a rapid drop in
abundance at early experiment duratithreg slows with increased tim&his rapid drop in
parent population is accompanied by the development of secondary (rejtesenting the
daughter productgpr each mineralinterestingly, each mineral tyj@as a grain size distribution
with the number of modes and mode possionique to that mineralThese characteristic
distributions directlyreflectthevarying physical prperties of each mineral.

Theolivine (Figure 53a) parent mode decreases from 655 um to 500 um with increased
residence time up tol& At the longest duration (36 h), the mode position changes again, located
at 463 um. After 6 h a secondary daughter matde/75 pmbegins to formTwo finer modes
below 100 um at 3 um and 65 pexist(see insetjor a total offour modes Orthopyroxene

shows a initial rapid decline irthe parentnodewhich moves towards a mode position of 463
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pm at 24 h. A4 ha secondary mods 328 pmbecomes very noticeabl&nlike the other

minerals, orthopyroxene below 100 um is characterized by a broad unimodal distribution
centered on 6 prfor a total ofthreemodes | hypothesize that another peak may occur at 26 pm
but given the distribution breadth it is not possible to distinguish multiple modes. Clinopyroxene
shows a parent population that shifts towards a peak position of 500 pm with increased residence
time. Development of decondarynode at 275 pns evidentafter 24 h. At long timeé> 24 h)

the parentmode broadens and is skewed to the finer ggiams indicating possible emergence of
another mode at 463 pm. Below 100 um, two modes are identifiedato® um and another at
31um The latter migrates towards 48 um at long times (> 1é Ital of four modes are

identified for clinopyroxeneGarnet shows a declining parent peak which unlike the other
mineralsdiscussedlioes not shiftA secondary modis observed at 275 pm starting at 16 h.

Below 100 um there exists a bimodal fines population with modes at 3 um and a2 ariotal

of four modesLastly, diamond shows far less attrition than the other mindrhis is indicated

by a persistent paremiode which like garnet does not shift towards a smaller mode. No notable
secondary mode is observed and a relatively low volume of i€ pm) isproduced (note

that the inset volume % scale has been lowered by an order of magnitude to see themopulat
Below 100 um aimodalpopulation is observeaith one peak at 4 um and another at 31um
shifting towards 78 um at longer (24 h) residence timdetotal of three modes are noted for

diamond.
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Figure 5-3. Grain size distributions for each mineral series: (a) Olivine; (bOrthopyroxene; (c)
Clinopyroxene; (d) Garnet; (e) Diamond. The starting (input) distribution is shaded in grey and the
experiment run products are plotted as continuous lines which beene darker with increasing experiment
duration. Insets show the finer daughter products measured by laser particle size analysis (LPSA), at an
enlarged scale. For the readers ease the diamond inseayis scale is an order of magnitude lower than the
other plots to account for the low abundances of diamond daughter product$he complete particle size

dataset can be found in Appadix C.1.
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5.1.3 Experiment Observations / Videography

Highspeed videography confirms that the individual minerals were subject to the same
dynamic conditions in each experiment. Specifically, particles were homogeneously distributed
throughout the column and able to move freely relative to neighboring parfidiese
observations are consistent with a pneumatic flow re¢gBnand Grace, 1995; Grace, 1986;
Jones et al., 2019; Kunii et al., 19&ferating under turbuleflow conditions.The initial bed
height fo), the column heighthf) and particle concentratidfisones () were recorded anare
reported (Table 8). In this study, particle concentrati@ii) is derivedusinga calculatednitial
bed heightlfo cai). This is doneby converting the initial magg] to a bed heighimm] by using
the mineral density and cressctional area of the attrition tube. To arrive at a dimensionless
measure of particle concentratjdhe bed height is divided by the measured fluidized bed height

(hp). Gaonesis provided for reference anddalculated by dividing the measured bed heibht (

mea$ by hp.

Experiment . Time ho meas ho calc h , ,
%eries Mineral 0 (mm) (mm) (an) Ugones (i
1-A Ol 0
1-B Ol 0.5 8.260 4.803 210.0 0.03933 0.02287
1-C Ol 1 8.260 4.803 205.0 0.04029 0.02343
1-D Ol 2 8.260 4.803 220.0 0.03755 0.02183
1-E Ol 4 8.260 4.803 215.0 0.03842 0.02234
1-F1 Ol 6 8.260 4.803 205.0 0.04029 0.02343
1-F2 Ol 6 8.260 4.803 212.5 0.03887 0.02260
1-F3 Ol 6 8.260 4.803 210.0 0.03933 0.02287
1-G Ol 8 8.260 4.803 212.5 0.03887 0.02260
1-H Ol 12 8.260 4.803 210.0 0.03933 0.02287
1-1 Ol 16 8.260 4.803 200.0 0.0413 0.02401
1-J Ol 24 8.260 4.803 205.0 0.04029 0.02343
1-K Ol 36 8.260 4.803 207.5 0.03981 0.02314

52



2-A Opx 0

2-B Opx 2 8.279 4.826 215.0 0.03851 0.02245
2-C Opx 6 8.279 4.826 220.0 0.03763 0.02194
2-D Opx 12 8.279 4.826 220.0 0.03763 0.02194
2-E Opx 24 8.279 4.826 215.0 0.03851 0.02245
2-F Opx 48 8.279 4.826 220.0 0.03763 0.02194
3-A Cpx 0

3-B Cpx 0.5 8.273 4.739 210.0 0.0394 0.02257
3-C Cpx 1 8.273 4.739 205.0 0.04036 0.02312
3-D Cpx 2 8.273 4.739 210.0 0.0394 0.02257
3-E Cpx 4 8.273 4.739 207.5 0.03987 0.02284
3-F Cpx 6 8.273 4.739 212.5 0.03893 0.02230
3G Cpx 8 8.273 4.739 200.0 0.04137 0.02369
3-H Cpx 12 8.273 4.739 210.0 0.0394 0.02257
3 Cpx 16 8.273 4.739 210.0 0.0394 0.02257
3-J Cpx 24 8.273 4.739 212.5 0.03893 0.02230
3-K Cpx 36 8.273 4.739 2125 0.03893 0.02230
3-L Cpx 48 8.273 4.739 2125 0.03893 0.02230
4-A Grt 0

4-B Grt 0.5 7.223 4.007 175.0 0.04127 0.02290
4-C Grt 1 7.223 4.007 175.0 0.04127 0.02290
4-D Grt 2 7.223 4.007 175.0 0.04127 0.02290
4-E Grt 4 7.223 4.007 175.0 0.04127 0.02290
4-F Grt 6 7.223 4.007 172.5 0.04187 0.02323
4-G Grt 8 7.223 4.007 170.0 0.04249 0.02357
4-H Grt 12 7.223 4.007 170.0 0.04249 0.02357
4-1 Grt 16 7.223 4.007 175.0 0.04127 0.02290
4-J Grt 24 7.223 4.007 170.0 0.04249 0.02357
4-K Grt 36 7.223 4.007 165.0 0.04378 0.02429
5-A Dia 0

5-B Dia 0.5 7.824 4.444 185.0 0.04229 0.02402
5-C Dia 1 7.824 4.444 190.0 0.04118 0.02339
5-D Dia 2 7.824 4.444 190.0 0.04118 0.02339
5E Dia 6 7.824 4.444 185.0 0.04229 0.02402
5-F Dia 12 7.824 4.444 190.0 0.04118 0.02339
5-G Dia 24 7.824 4.444 190.0 0.04118 0.02339
5-H Dia 48 7.824 4.444 195.0 0.04012 0.02279

Table 5-3. Height data collected from each experimenti is the initial bed height, hp is the height of the

fluidized column and(, a metric for particle concentration is calculated asho/hp.
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Averagehp and(i valuesare plotted against mineral density in Figurégb revealing a
negative correlation between column height and density (Figdeg &nd a positive correlation
between particle concentration and density (Figudé) Specifically, orthopyroxene had the
largest column height of 209.4 + 5.3 mm, followeddtiyine, clinopyroxene, diamond and
garnet withhy values of 218.0 + 2.7, 209.3 £ 3.9, 189.3 + 3.5 and 172.3 + 3.4 mm respectively.
This resulted in average particle concentrations (Figute)®f,0.02214+ 0.00®8, 0.(2295+

0.00058 0.(2265 0.00013, 0.2348+ 0.006t3and 0.@327+ 0.00C47.
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Figure 5-4. a) Column height fp) plotted against mineral density for each mineral. b) Particle concentration

(0) plotted against density for each mineral. Symbology is consistent with that used in previous figures.
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Upon detailed examination of the higheed videography, particle motion within the
tube is not entirely random. Specifically, the central region of the tube is dominated by an
upward stream of relatively fastoving particles, which contrasts particleton at the tube
margins where particles travel predominantly downwards at slower velocities.
Between 142 and 166 particles were tracked ovEy #ames for a representative
experiment from each mineral type with roughly 120 particles tracked in thaloggtion and
30 particles tracked at the margins of the attrition tube. raiis of particles tracked in the
central to the marginis proportional to the particle volunedservedacross the width of the tube
whereby approximately 70% of tiparticlevolume lies in the upward moving jehd 30% at the
margins The particle tracking results for each mineral are visualized in FighaeeSvhich
includes a plot of particle velocity for each tracked particle, a histogram plot binning the raw
velocity datain bins with a width of 0.2 msand a contour plot of velocity distribution within
the tube. The histogram plots for each mineral show a bimodal distribution with one mode at a
positive velocity and another mode at a negative velocity. The velocityuwsritor each mineral
showa central |jet characterized by relatively |
velocities (6coldd colors) at the margins of
Results are summarized in Tabl& Svhich includes, differential e | o cvj andyan (
approximate maximum differential velocitveragevelocities are similabetween the mineral

typesand havea maximum difference of 13%.
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Figure 5-5. Particle tracking results for a) Olivine, b) Orthopyroxene, c¢)Clinopyroxene, d)Garnet, e)
Diamond. Left: Raw particle velocity values for each particle trackedCenter: Velocity values plotted as
histograms with 0.2 m " bin width. Right: Velocity distribution within the attrition tu be, y is the distance

above the base of the tube (mm) and x is the distance across the tube.
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Vmode o/ i
. " Max Diff.
n Vae(M S)  [peak 1, peak 2] [peak 2I peakl] Velocity (m sb)

(ms?) (m st
Olivine 145  0.526:0.179 -0.4,0.4 1.0 2.2
Orthopyroxene 166  0.5270.196 -0.6, 0.6 1.0 2.2
Clinopyroxene 143  0.56%0.216 -0.4,0.8 1.2 2.4
Garnet 143  0.542:0.229 -0.4, 0.6 1.0 2.6
Diamond 142  0.4930.184 -0.4,0.4 1.0 2.0

Table5-4. Particle tracking results for each mineral: n, the number of particles tracked, the
average of the absolute value of all particle velocitigs)( the mode velocities of the histogram
data ¢modd presentedn Figure55, di f f e r e wm)twhich lis appeokinoated Ry taking o
the difference between the two peak velocities and maximum differential is taken as the range of
the histogram distribution

A common metric of interest in fluidized bed experimesthe dimensionless slip ratio
(Clift R., Grace J.R., 1999; Smolders and Baeyens, ;188&ng et al., 2017}:

s = [5.2

whereU is the superficial gas velocity anglis the particle velocity. A value of 1 implies that

the particles and gas are perfectly coupled and anything lower results from lower patrticle
velocities relativeo the gasThe slip ratio has been usedapproximate velocities when they
cannot be measured directly. In my experiments that use a superficial gas velocity of 1819 m s
and have average particle velocities reported in Taldlethe slip ratios for olivine,

orthopyroxene, clinopyroxene, garnet and diamond are calculated ass@Z#&8B, 0.290 +

0.108, 0.308 £ 0.119, 0.298 + 0.126, 0.27 £ 0.1@ttribute this poor agpling to the high

mineral densitiesharacteristic of mantle origin.
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5.1.4 Grain Shapes and Surfaces
Representative-P parent particle binary images for each mineral are shown in Figure 5
6 for selecexperiment durations of 0 h, 0.5 h, 2 h, 6 h, 12 h,.2drdspective of mineral type

the input particles (0O H)avea high degree of angularity and an irregular shape.

Increased residence time
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ee g 0 00
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Figure 5-6. Representative parent particle binary images for each mineral at select experént durations

ranging from 0 h to 24 h. Note that no experiment was conducted at 0.5 h forthopyroxene.
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In the first two hours of attrition, the particles rapidly lose asperities and the overall
morphologies become increasingly convex. Changeatiiticle shape decrease as residence time
increases. Olivine and garnet become more circular in shape with an axial ratio close to 1
whereas clinopyroxene and orthopyroxene develop more uneven axes lengths and thus have a
lower axial ratio. Diamond undergs the lowest degree of modification, with a slight increase in
convexity being the only notable change.

Particle irregularity is observed at two scales: textural roughness (a perimeter based
approached that is sensitive to asperities along edges) angblaatogical roughness (an area
based approach that is sensitive to corner asperities). Two metrics were chosen to quantify these
observations.

The first metric utilized wasolidity (S):

) 5.3

ny _
]

Solidity is an area scale measureaighness, bounded by 0 an(BLickand et al., 2018;
Campbell et al., 2013; Cioni et al., 2014; Liu et al., 208hapes whose areas can completely
fill the area bounded by the convex hull have solidity; 1 and irregular shapes with numerous
large asperities will havB <<1. Solidity serves as a preferred metric to assess the overall
roundness of a particle since rounded, elongate particles can have a low circularity value but a
high solidity.

The second metric employed wamvexity Cvy):

0 [5.4

0
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Conventy is a perimeter scale measure of roughitessded by 0 and 1 where values close to 1
indicate a highly convex obje(Buckland et al., 2018; Jones et al., 2016; Liu et al., 2015)
Particles with rough, irregular surfaces will havargerperimeter relative to that of the convex
hull and therefore a lower convexit
Additionally, to aid further comparison with other studies | also calculated the shape
factor: circularity C), a measure of how close the shape mathematically approximates a circle
and commonly referred (Buskland st al.a20i8aliu etialc20856s f or m
Manga et al., 2011)

T“0 [5.5

5
U

Cis bounded by 0 and 1 whete= 1 represents a perfect circular object &k 1 denotes
irregular, angular, or highly elongate objects. This metric was partly chosen due to its wide
spread use a shape metric to assess the extent of rounding in nature, i.e. volcanic systems
(Andronico et al., 2014; Coltelli et al., 2008; Jones and Russell, 2018; Liu et al., 2015; Manga et
al., 2011)and sedimentological procesg€ox, 1927; NovakSzabo et al., 2018; Polakowski et
al., 2014; Takashimizu and liyoshi, 2016)n that basis the results can be compared with data
obtained from other natural systems where attrition operates.

These metrics are plotted against time iruFégs7ac (markersymbologyis consistent
with previous figures) and summarized in Tabig. As with the trend of daughter particle
production presented in Figure25change is rapid at shorter timescales and substantially slows
at longer residendimes. For certain metrics orthopyroxene seems to defy this tuéch is

further exploredn Figure 58.
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For solidity (Figure 57a), all valuesinitially increasdollowed by aplateau As
morphology becomes more uniform, lower standard deviationg®eoeded at 24 h for all
minerals except diamond. Both olivine and garnet are observed to dip in value at 2 h which rises
again at the nextrecordedtime (6@ t hopyr oxeneods saterbdandat val ue
12 h plateaus to the same valugiase O h. Higher convexities and lower standard deviations are
noted at 24 h for all minera(&igure 57b). Diamond loses convexity at short residence times (<
2 h) which begins increasing again after 2lhminerals became more circular with time with a
rapid increaseccurringafter just 0.5 lwhichthen gradually stabilizg$igure 57c). Standard
deviations decrease for all minerals at 24 h other than orthopyroxene. Orthopgraexene
circularity begins to change after 2 h, then plateaus at a lower Watierestingly, as with
convexity, at 2 h both olivine and garnet circularity values drop slightly.

The fact that almost all minerals end with higher solidity (except orthopyroxene) and
convexity shows that through attrition parent particles become eduidhe reduction in
convexity at early residence times (< 6 h) while increasing solidity values is attributed to
particles losing edge asperities (at the @eae) however gaining surface roughness as impacts
cause smaller scale (perimeseale) inderations. This effect is particularly noticeable with
diamond which starts with very straight edges (Figué¢ &nd in the process of becoming
rounded, the surface appears more irregular. However, as the corners are remmasks in

conveity occur with longer residence times.
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Figure 5-7. a) Solidity, b) Convexity, c)Circularity plotted against time (h). Colors and symbology are

consistent with previous figures.
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C S Cux
Olivine Oh 068010, 0.94+002 0.89 %007,
24h 085+0.06 099+0.01 0.96+0.02
Orthoovroxene 0N 0:62£017, 085008, 097008,
Py 24h 047+0.19 085+0.07 0.99+0.06
. 0.59+0.10, 0.94+0.03, 0.88+ 0.06,
Clinopyroxene /'t 173+0.10 0.98+001 094+ 0.03
Carmet Oh 0.68+010, 0.94+0.02 0.91+0.05,
24h 0.81+0.06 097+002 0.97+0.01
. Oh 0.61+009, 0.94+0.03, 0.88+0.05,
Diamond 24h 064+009 00954004  0.89+ 0.05

Table 5-5. Summary ofthe change in circularity (C), solidity (S) and convexity Cw) for each mineral from O h

to24 h

Orthopyroxene shows the most differelmoenpared tdahe other mineral trends in

circularity which is attributed to a combination of preferred breakage along cleavage planes and

a lamellar, acicular habit causiefpngatiorwith increased attrition. The dexp of elongation

can be quantified using the axial rat:(

5

Wherebimageis the minor (short) axis arahageis the major (long) axie f t

A
=

[5.6

he

mi ner al 6s

image The ratio is bounded from 0 to 1 where values close to 1 indicate a highly equant object

and elongated objects will hae<< 1. The relationship between circularity)(@ndaxial ratio

(A) is visualized and applied to orthopyroxene and olivine in Eigt8. Olivine and

orthopyroxene show contrasting trends whereby olivine responds to attrition by becoming more

circular, thereby also attaining a higher axial ratio. Orthopyroxene shows a dramatic drop in axial

ratio as the particles break along cleavplg@es and therefore also beaoess circular.
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Figure 5-8. Axial ratio (A) plotted against circularity (C) for olivine (green)and orthopyroxene (yellow).

Marker size is proportional to experiment duration, larger symbols denote longer experiment£olors and

symbols are consistent with previous figures. Representative binary images of the experiments are shown for

reference.

Expanding upon the-P sha results, SEM images of parent grain morphologies and

surface are presented in Figure®band Figure 80 respectively, where the rows represent the

mineral type and columns indicate the experiment duration (h).
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Figure 5-9. SEM images (in Secondary Electron mode) of representative parent particle morphology at select experiment duratiodRews represent
different minerals and columns denote experiment duration.
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Figure 5-10. SEM images of representative parent particle surfaces at select experiment duratidRows represent different minerals and columns

denote experiment duration.
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All mineral grains begin with angular morgbhgiesand smooth surfaces which transition
towards rounded morphologies with rough surfaces. Olivine undergoes the most efficient
modificationas shown by the roughest surfaces and highly convex morpholGgtaspyroxene
and clinopyroxene shodistinct cleavageontrolled disruption with planar breakage planes
(Figure 510) and dow axial ratio (Figure 8). Garnet shows clear conchoidal fracture and
morphology at 24 kike that of olivine however withess pronounced convexity and surface
roughnessStarting diamongbarticles show perfectly straight edges and flawless surfaces
controlled by the mineral 6s perfect cleavage.
the other minerals and surfaces appear less rough.

To analyzethe surice features left behind by particle impacts (i.e. attrition), Figure 5
11(left) shows smaller scale (<20 um) surface depressions that result from lower energy, but
more frequent collisionglones et al2019, 2014; Kueppers et al., 2012; Xiao et al., 2012, 2011)
andFigure 511(right) shows larger scale (>100 um) impact features interpreted to result from
higher energy collision€Campbell et al., 2013; Dufek et al., 2012; Jones et al., 20hé)
nature of the impact features shown in FigwEL5/ary by mineral typand to an extent are
controlled by cleavage. For example, olivine and garnet have impact depressions and excavations
categorized by hemispherical morphologies with a smooth interior and a seemingly random
orientation. By contrast, orthopyroxene, clinopyeng and diamond show a higher degree of
flaking and layering with impact pits appearing more elongated. Flaking at and beneath the
exterior surface is not restricted to cleavage and is also observed, although less frequently, in
both olivine and garnet.t@erauthorshave identified these subsurface texturesfhaky
surfaces as a stress release mechamsesponse to either decompression or hed@agmpbell

et al.,2013; Jones et al., 2014; Little et al., 2014)is feature is most common in diamond and
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has been documented in natural diamonds and interpreted as brittle fracturing during syn and
post transport within the kimberlite magrf\in et al., 2001)Impact features observed in

Figure 511 (right) are characterized by smooth interiors as noted with Figade(eft)
althoughhavemore angular morphologies, straight edges and often reveal breakage planes
beneath the surface. At this scale (100 um), the conchoidal fracture et ghanacterized by

curved surfaces becosgarticularity noticeable.

Figure 5-11 Left: Smaller scale impact features (< 20 um) associated with surface roughness. Right: Arrows

pointing at larger impact features (> 100 um) interpreted to result from higher energy collisions.
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The characteristics of trdaughterparticles (i.e. sizandmorphology)that form as a
result of fragmentation and abrasion is dependent upon the mineral type and the collisional
energy. The grain size distributions (Section 5.1.2) showed unique distribiaticgesch mineral,
distinguishable by the number of modes, mode shapdmodepositions. To gain further
insight into the nature of these particles, for each mindaaightemodes identified in the grain

size distributions (Figure-3; Table 56) were analyzed using SEM imagery.

Olivine Orthopyroxene  Clinopyroxene Garnet Diamond

<125,250,425, <125,125,300, <125,250,425,

Table 5-6. Sieve fraction sizes (um) selected for SEM imagery of daughter particles.

The images ofthe daughter modes are presented in Figui2 &nd Figure 8.3 for short
and long experiment durations respectivdlige images are valuable in that they give insight
into the likely formation of the particles. For instanie,the shortest duration (Ot, regardless
of the mineral type, both the 500600 um and the 426500 um modes of olivine,
orthopyroxene and garnet closely resemble the parent particles shown in Féguréebms of
morphology and surface features. On that basis, these paatielegerpreted to be parent
particles which, in the process of rounding have lost corners, reducing their diameter by ~100
200 um. The orthopyroxene grains within the 3®b5 pum sievalsocontainfragmentation
products since thgrainsbegin showing fresh fracture surfaces across the long axis of the grain
indicating wholesale fracturing@e. fragmentatioh This feature becomes ubiquitous in the 250
300 um and the 12850 um sieve fractions suggesting that these modes formed sdteofe

early fragmentation of parent particles. The particle images below 1Zhpwwlarger chips and
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fines andare interpreted to form as a result of abrasion of parent and daughter particles. This
agrees with the grain size distributions which all slzomodal distributiorandconfirms the
hypothesis made earlier that the wide firel00 pm)distribution of orthopyroxene is likely two

merged distributions.
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Figure 5-12 Daughter products from individual sieve fractions (see Table-b) for each mineral for the
shortest experiment times. Rowshowsieve fraction size and columnshowmineral type. All images taken at
0.5 h except Opx whose shortest experiment is 2 8ieve fractions are classified by fanation: Abraded
parent particles, fragmentation products and abrasion products. Opx was found to have both fragmented

parent and abraded parent particles in the 300 355 pm bin.
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Figure 5-13. Daughter products from mode sieve fractions for each mineral for théongest common

experiment duration of 24 h. Shading is consistent with that in Figure-32.

For the long duration (24 h; Figurel3) it is observed that rounding is most pronounced
in grains measing 425 to 60Qum. In the 125 300 um range multiple generations of fracturing
are visible, noted by breakage planes displaying varying degrees of overprinting impact features.
Late fracturing is also observed on numerous particles wherebyauellied grticles display

fresh breakage surfaces cross cutting the particle axis. The fines fraction (<125 um) undergoes
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no observable change in morphology. The reason is because these particles are elutriated from

the system at inception and do not have timestéubther modified.

5.2 Attrition of Mineral Mixtures

In the engineering sciences, it has been shown that the attrition of binary mixtures is
influenced by the contrasting physical properties of each particulate solid and their relative
proportions(Gravina et al., 2004; Kim et al., 2019; Marzocchella et al., 2000; Ray et al., 1987)
Most geological systems, including the natuiadlderlite dyke host multiphase mineral mixtures
(Brett et al., 2015; Scott Smith et al., 2098 initial proportions governed by the modal
distribution present in the sampled mantle. On that basis, | performed two sets of binary mixture
experimentgo investigate the influence of contrasting physical properties on multiphase mineral
attrition. The two sets of experiments included an olhgaenet series and an olivine
clinopyroxene series with both minerals in equal mass proportions. Olivine whfubeth
sets of experiments since it is the dominant mineral phase in kimbéaitdgni, 2018; Moss et
al., 2010; Scott Smith, 2008parnet (no cleavage) and clinopyroxetveo(sets of cleavage)
were chosen tmvestigatef the presence of cleavagemixtures influences breakagehe
results are presented in Figurd4a and Figure 84b for the olivinegarnet and olivine
clinopyroxene binary mixtures respectively, where thtio of daughter products to the tota (

/ my) is plotted against time for a short, medium and long experiment duration.
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Figure 5-14. Ratio of daughter particles to the total (na/ mr) againsttime for a short (1 h) medium (6 h) and
long (24 h) durationfor a) Olivine-garnet and b) Olivine-clinopyroxene Circles represent themq / mr bulk
mixture and triangles the ma / m: of the individual minerals obtained from separating the minerals from the
bulk mixture. Solid lines are for the single mineral experiments taken from Figure £ and dashed lines are
an average of theséwo curves The bulk mixture should plot along thepredicted dashed line if the attrition

rates and limits do not changefor each mineral.
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To determine the / me of the minerals within the mixture, the mineral grains of the
parent fraction (600 710 um) were separated by hand, weighed and subtracted from the total
recovered mass to finally arrive at the mass of the individuatnals.

The bulk mixture of olivinggarnet is observed to plot very close to phedictedaverage
andthe separatedlivine and garneplot close taheir respective single mineral curves. Garnet
underwent no change compared to the single mineral exgeti Olivine in comparison had no
change in the attrition limit, however experienced a slightly enhanced rate of attrition(at low
h) residence times. The bulk mixture matched the linear 5/6fageas hypothesized.

The bulk mixture of olivineclinopyroxene plots along the predicted line at the earliiest (
h) and the latest (24 h) time, however at 6 h plots quite far above the 50/50 linear prediction. For
clinopyroxene a drastic change is noticed at the 6 h markewtreerate more than doubles that
of the individual mineral experiment. Neither of the attrition limits seem to have been affected
for eithermineral, however the attrition rate of clinopyroxene was considerably enhanced at
intermediate residence times. The bulk mixture does not matclyplo¢hlesized linear 50/50

average
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Chapter 6: Discussion

6.1 Transport Duration and Velocity of Kimberlite Ascent

Kimberlite magnasareableto rapidly transit the cratonimantle lithosphere from source
depths in excess of 150 kiRussell et al., 2012; Sparks et al., 2006; Wilson and Head,.2807)
depththe dyke propagates towards the surfacdyie tip propagation wherelilge overlying
mantle is fractured and entrained into the dykéBiett et al., 2015; Russell et al., 2017; Spera,
1984) Due to the silica undersaturated nature ofrifi&al melt, orthopyroxene is preferentially
assimilatedMitchell, 1973) resulting in deepeated C@exsolution generating buoyancy
through density reducticand triggering the onset of rapid asc@russell et al., 2012; Wilson
and Head, 2007Rapid transporf 1 0 6 s 1) of kimb@rlitesthrough the cratonic lithosphere
has been discussed by many autliBrstt et al., 2015; Jones et al., 2019; Kavanagh and Sparks,
2009; McGetchin and Ullrich, 1973; Russell et al., 2012; Sparks, 2013; Sparks et al., 2006;
Wilson and Head, 200/howe\er the dynamicstill remaina hotly debated topic. Specifically,
the timescales and velocities associated with magma ascent are poorly constrained with velocity
with estimates ranging from20 m st (Sparks et al., 2006; Wilson and Head, 20@8)lting in
transporttimescales of hourdays.Ultimately, the fast moving, low viscositgargoladen nature
of kimberlite magma provides an ideal environment for attrition of mantle ¢argdt et al.,
2006, 2010; Brett et al., 2015; Jones et al., 2019, 2014; Jones and Russell, 2018)

The flow regimen my experiments fall in the same range as naiilneh allows me to
relate the experiments toetmatural syster(Section 3.3)Flow regimes are quantifiday using
the Reynolds numbé&Re) which has a range in kimberlitesxRe~ 1 x 167 1 x 1C (see

Section 3.3)This is calculated by:
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2 A 2’ (6.1

where D[m] is the dyke diametey,[m sY] is the velocity of thescending magma [kg m3] is
the bulk density and u [Pa s] is the bulk viscosityhe three phase fluidized mixture (melt,
crystal,volatileg. Using the ranges @stimategjiven in Sectior8.3, reasonable values are
assigned to each parameter. Specifically, a dyke diameter (D) of, & 5nagma velocityy of
4 m s!, a bulk densityj() of 2100 kg ® and a bulk viscosityp() of 0.05 Pa svhich relates to
Re=2.52 x 16.

Similarly, theReynoldsnumberof the experiments (Rg) is given by:

\Zy Z

2 A L; 6.2

Where L is the attrition tubiaternaldiameter [m]y" [m s?] is the bulk velocity [m 9], ;" is the
bulk density [kg r¥] and | [Pa s] is the bulk viscosity. Here | have chosen to adopt a mixture
based approadWeit et al., 2019, 2018pr calculation of velocity, density and viscosity of the
fluidized mixture of gas and particles. The velocity) {s given by:

VIRV p U (6.3
Whereli is the particle concentratiow, [m s?] is the particle velocity and, [m sY] is the
superfigal gas velocityParticle concentrationtf is calculated using:

Q [6.4)

Q
Whereho cac[mm] is the initial bed height ang is the column height of the fluidized bed

(Section 3.4)The bulk densitysolid + gas)f the mixture {*) is given by:

"Ioer g e [6.5]
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Wherej , [kg m?] is the particle density ang [kg m™] is the gas density. Finally, the bu(ks
above, sold + gasjiscosity () is given by:

: v, (6.6
Ut

where |4 [Pa s] is the gas viscosity. Since the paramdiexdi, } p, Vp) of the mixture metrics
vary for each mineral series, thecRevill vary slightly. The Rey calculated for olivine,
orthopyroxene, clinopyroxene, garnet and diamond werex214B, 2.37x 10°, 2.47x 1(°, 2.98
x 10° and 2.72x 10° respectivelyNow | equateRec andRexx, for each mineral serige find the

velocity of the kimberlite magmay) by:

v A [6.7]

Using this approach, velocities calculatedolivine, orthopyroxene, clinopyroxene, garnet and
diamondwere 3.91, 3.77, 3.91, 4.73 and 4.31 mrespectively

To relate thenodelattrition rates (Figure 523 to kimberlite ascent, theaxis is converted
from time [h] to distance [kmpy multiplying by the velocities calculated abd¥#egure 613).
Theresultingcurves now show attrition as a function of distance wheRimberlite magmais
in a fluidized, urbulent stateThis Figure can now be useditdorm on mantle cargo mass loss
during dyke ascent and as a proxy for xenocryst source depth. For example, mantle material
sourced at 100 km will likely not be as well rounded as material sourced from2DB0km
depth.Additionally, each of the mantle minerals can be assessed individually in kimberlite
deposits and used collectively to suggest ascent rates and source depths. However, other factors
contributing to mass loss or mass addition should also tsdewad before applying this
concept. For example, dissolution of the mineral will contribute to mass loss and crystallization
around the mineral rim will contribute to magasn
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Figure 6-1. a) Mineral series attrition curves where the xaxis is converted to distance usingalculated ascent

velocities. b)Olivine curves from Jones et al(2019 showingthe effects of changing input mass and gas flux.
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These attrition curves are also dependentergas flux and mass input used in the
experimentgJones et al., 20197 his is illustrated in Figure-fib where the attrition curves
presentedn Jones et al. 2019 are scaled in the same way as presented above to convert the time
axis to distance. Although it is impossible to know the true particle concentrations in the dyke
thea andb parameters are sensitive to the amount energy in thersgsie the particle
concentrationThis means that in application of these models to the ascending kimberlite dyke,
the choice of particle concentrations and energy (velocity) needs to be chosen with caution. Itis

recommended a range of possible energglteand particle concentrations are considered.

6.2 Morphology and Surface Features ofCoherentKimberlite Xenocrysts

Olivine, clinopyroxene and garnet grains were carefully extracted from coherent Diavik
A154N drill core b study themorphology and surface features of xenocryste Diavik pipes
arelate Cretaceous and Eocene in agdare located in the Northwest Tories, Canada, part
of an economic ore body within the Lac de Gras kimberlite {ideaman et al., 2004) he
xenocrysts imaged in this study were extradiestly by using a diamond drill tip to extract an
area of groundmass encasing the gréiren,the grainwas rinsedunder water to remove the
attached groundmass. The grains were imaged using scanning electron micabseomus
magnifications

The images ofhe kimberlitic xenocyrsts reveal a remarkable resemblance to the experiment
products(Figure 62). Specifically, the kimberlitic xenocrysts display rounded morphologies and
rough surfacedominated bympact pits. Thesteatureshave been interpreted tesultfrom
abrasion during ascent of kimberlite magma. In the engineering sciences, impact features have

been linked to collisional energetics aar@used to inform on impact velocitié€Bayham et al.,
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2016; Fulchini et al., 2019; Ghadiri and Zhang, 2002; Nevz&b6 et al., 2018; Scala et al.,
2013) Diavik olivine and garnteshow discernable hemispherical impact pits with measurable

dimensions.

Figure 6-2. Morphology and surface features of clinopyroxene, garnet and olivine grains extracted from

Diavik coherent kimberlite compared with experiment products

80



As described in 5.1.4, the impact featureslwfopyroxene show more flaking rather than
hemispherical pits. This texture forms when the impact zone penetrates through cleavage planes,
resulting in brittle breakage and flaking. For this reason, impact pits on clinopyroxene are
difficult to discern ad not further analyzed. Due to the complex and dynamic environment
present in the ascending dyke, impact pits often appear to overprint former roughness features.
In natural kimberlié, rough surfaceandcavities are also observed which are not consistent
with that of attrition.The creation ofurface textures in kimberlite can broadly be divided into
6chemical 6 aprotesse§iomeas btaln 20£9a20180hemical textures originate
from assimilation and crystallizatidiGiuliani, 2018; Kamenetsky et al., 2008; Pilbeam et al.,
2013)whereas mechanical textures originate from parpeldicle collisiongArndt et al., 2006,
2010; Brett et al., 2015; Jones et al., 2019, 2014; Russell et al., Z0&2appearance of these
contrasting modes of surface modification are illustrated in FigeBel@portantly, the features
observed on theenocrystsare pervasively mechanical in natu@avities formed bghemical
etching appear strongly controlled by crystallography, having sliggseand regular geometry
(Figure 63). Impactpits by contrast have convex outlines and hemispherical morphologies
(Figure 62; 6-3). Roughness is also observed on clinopyroxene and garnet (Figuwehich is
more likely to have formed under chemicahtrols. Clinopyroxene often sha@wglobular
formations <10 um in size on the surfaces of exposed cleavage planes anisgdrsetved to
havea fibrous kelyphite reaction rim (Figure3y. Mechanically and chemically derived features
have controls and foration conditionsvhich arelargelyindependent of anotheacting during
different stages of ascefArndt et al., 200; Brett et al., 2015; Jones et al., 201Si)hce the
surface features observed on xenocrysts fbeavik (Figure 62) aredominantlymechanical in

nature, at a minimum, mechanical processes dominate during the final stages of ascent.
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Figure 6-3. Comparison of chemical and mechanical surface features on natural Diavik xenocrysts of olivine,
clinopyroxene and garnet. Olivine: Left: Dissolution feature showing straight edges. Rightiemispherical
impact pit overprinting arough surface. Clinopyroxene: Left: Globular formations on exposed cleavage
planes. Right:Cleavage controlled breakage. Garnet: Leftl ayer of fibrous kelyphite rim on garnet. Right:

Conchoidalfractures from repeated impacts.
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Diamondsfrom the experiments also revealed surface features which are unlikely a

product of attrition (Figure-@).

Tetragonal pits
Impact Pit

Trigon

Inset right

Negative —

trigons ~\_ >
Y

30 um Negative trigons

Rough, rounded edge after attrition

Figure 6-4. a) Left: Diamond showing equant tetragonal pits. Right: Inset highlighting difference between
impact pit and trigon. b) Left: Rough edge of an attrited diamond with one surface showing cleavage

controlled breakage and another surface with trigons. Right: Inset of figons.

For instance, some diamonds showed detpgonal pit§Fedortchouk, 2019; Win et al., @D)
with straight edgeanduniform, nearperfect geometrySmaller scale trigon@~edortchouk,

2019)are also notedn surfaces (Figure-8a,b) withconsistent size, depth and a regular triangle
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shape. Imprtantly, the tetragonal pits and trigons observed on sohtlkee diamondexperiment
productsare preexistent and did not form during the attrition experiments. Proxiontle

trigons, impact pitare observed (Figure4a),which are often hemisphericahd have a range

of diametes, deptts and morphologs As with the other minerals discussed, the conditions
controlling formation of mechanical and chemical modification vary for diamond. Specifically,
Thedepth and size of the impact pits at&ibutedto the mineral size, physical properties and
the collision energyGhadiri and Zhang, 2002; Salman et al., 2002; Zhang and Ghadiri, 2002)
whereas the depth, size and geosnefretch features in diamond reflects the crystallography
and nature of the conditions (temperature, pressus®,G0,, composition, etc.in the reacting

solventf(t Fedortchouk, 2019; Khokhryakakowv and Pal

6.3 Mineral Physical Properties Related toAttrition Susceptibility and Mechanisms

In a fluidized system the infinite attrition limi, depends on thghysical properties of
thesolid particlesand the energy that the particles have (environmental factoe)attrition rate
constantp depends on both the probability for a collisioroccur and the likelihood that
collisions are at, or above, the threshold velocity for breakidys.is further controlled by the
mineraks initial shapeFor examplehighly irregular grainshathave more asperitiese more
susceptiblgéo chippingandmass losgBemrose and Bridgwater, 1987; Fulchini et al., 2019;
Jones edl., 2019)

Previous studies have shown that mineral properties influence the attrition susceptibility
of particulate solidéBemrose and Bridgwater, 1987; Boerefijn et al., 2007; Bridgwater, 2007;

Frye, 2007; Ghadiri and Zhang, 2002; Scala et al., 2013)
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Figure 6-5. Model a and b values plotted againsmineral physical propertieswhere H is hardnessKc is

fracture toughnessoi s t he fracture surface energy and Y is the
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