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ABSTRACT

Kimberlites are the deepest mantle magmas to reach the surface of the Earth and the hosts of
the major primary diamond deposits. The enigmatitineaof kimberlites owing to poorly
constrained triggers of kimberlite magmatism, melt composition, and crystallization conditions
are mostly limited by unknoweomposition of volatiles. The content and ratio e©-and CQ

are important parameters of magma emplacement as they are essential for mantle melting and
rapid ascent of kimberlites. Volatiles also greatly affect diamond preservation in kimberlites
during the ascent to the surface. Apatite is often used as an imdicgweral of magma
degassing in other magmatic systems. As such, it should be appkiedbierlite systems to

study the volatildehaviorduring emplacement. Partitioning of trace elements between apatite
and a melt is also sensitive to the carbonate oot in the melt. This makes apatite a useful
indicator for the evolution of melt composition and fluid during kimberlite ascent and
emplacement. However, the existing estimates for the trace elements partitioning in apatite
give discrepant estimates for cartagitic melts and estimates for silicate melts use
compositions that differ greatly to kimberlites. This study presents experimentally determined
trace element partition coefficients (D) between apatite and synthetic analogues of kimberlite
(Si0211-23 wt. %) and carbonatite melts (SI@1 wt. % and 4.5 wt. %). Experiments were
conducted in pistorylinder apparatus at 1180 1250C 1350C at 1 and 2 GPa, and at
oxygen fugacity3.97, 0.27, 4.83 log units relative to fayaliteagnetitequartz buffer. Radts

show the increase of compatibility for rare earth elem@EE) with increase in Si@of the
meltandtherelationshipbetweerthe concentration of other elemers, Ca,Na, S)in apatite

andits REE contentiptake using substitution mechanisiie effect of temperature, pressure,
water content, and oxygen fugacity on partition coefficient was present in these lonwehi©

| apply the results to apatite from tiygpes okimberlitepipes: (i)Class 1 composite kimberlite

pipes from Orapacluster (Botswana) with hypabyssal coherent and volcaniclastic kimberlite
facies andii) Class 3 kimberlite pipes from Ekati Mine (Northwest Territories, Canada) filled
with effusive coherent kimberlites in Leslie pipe and both volcaniclastic and cbheren
kimberlites in Boapipe anddiscuss how changes in Si€ontent of kimberlite melt affect
apatite saturation further applytheexperimentally determined partition coefficients to model

the composition of evolved kimberlite melt using published butk emd apatite compositions

in kimberlites.
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Chapter 1: Introduction

1.1 Role of volatiles in kimberlite emplacement

Kimberlites are a group of igneous rocks which are volaile, potassic, ultrabasic,
olivine-rich, and silicaundersaturated (Scott Smith et al., 2018). They originate from a
deep asthenospleemantle sourgavhich makes them an important transpation mode

for mantle diamonds. Kimberlite magmatism produces a variety of surface forms and
lithological facies (Scott Smith, 2008)here are two broad subdivisions of the textural
genetic classifiation of kimberliteswhich include coherent kimberlimherent kimberlite
(CK) and volcaniclastic kimberlite (VK{Coherent kimberlités furtherclassifiedas either
intrusive (ICK) and extrusive (ECK) coherent kimberlit¥lcaniclastickimberlite is
further classified as pyroclastic kimberlite (PK), resedimented pyroclastic kimberlite
(RPK), and epiclastic volcanic kimberlite (EVK) (Scott Smith et al., 20B8)oclastic
kimberlite can have different mechanisms of deposition/emplacenagut further
comprises of two faciesulxrlassification, KPK (Kimberleyype pyroclastic kimberlite)
and FPK (Fort a la Corrtype pyroclastic kimberlite) (Scott Smith et al., 2013). While
FPK is a typical pyroclastic rock deposited from an eruption coltimengrigin of KPK is

still poorly understood (Scott Smith, 2008). Combination of different kimberlite facies in
a pipeshaped body is grouped into three clagbagire 1.2)Field and Scott Smith, 1999
Class 1 areery large andieep pipes (>3 km) witan upper volcaniclastic zone, followed
by a middle steeplgided irfilled zone of KPK and RPK faces that transitions to a lower
coherent facies zone. Class 2 pipes are shallow (<500 m)sbaped, and dominated by
FPK facies. Class 3 pipese typicallysmall withdeep steegided crater$>500 n) and

are filled with mostly RVK facies and a small amount of PK (Skinner and Marsh, 2004).



This diversity in kimberlite geology is proposed to be due to either the different types of
country rock that the magmancounters(Field and Scott Smith, 199%r different
kimberlite volatile compositiongSkinner and Marsh, 2094Thefirst modelsuggests that
environments with competent igneous country rocks impede kimberlite magma ascent
leading to pressure build upsat eventually break apart to the surface forming class 1
kimberlites. Ascending kimberlite magma in environments with poorly consolidated
sediments interact with the water in the sediments causing a phreatomagmatic eruption
forming class 2 kimberlites (€id and Scott Smith, 1999)he second model relatédse
emplacement mechanism tiee influence by the volatile composition of the magma. A
COp-rich kimberlite magma rigecloser to the surface and intewiith water to form a
phreatomagmatic eruption. WhereagOrtich magmas exsolve volatiles at depth which
drive its eruption (Skinner and Marsh, 2004). Fluid exsolution is suggested to be the main
component in driving the ascent of kimberlite magma. Expars have shown that
assimilation ofthe mantle mineralorthopyroxene andlinopyroxeneby carbonateich
magmaat >2.5 GParesults in exsolution of CORussell et al., 2012; Stone and Luth,
2016). The resultingdecreasen magmadensity leads to a buoywmy driven ascent.
Secondly, near surfacecbmpressiomlso results in a decrease in solubility of Gd

H2>0 (Moussallam et al., 201@yrovidng that thekimberlite magma retainsonsiderable
amounts ofCO, and H>O gasesinto the upper crusthis second stage axsolutionis

abruptand forns the distinctive pipe shaplerough eruptiorfMoussallam et al., 2016)

Ekati Mine kimberlites located itheLac de Gras kimberlite field in Northwest Territories,
Canada, arpredominantly VKpipes with some less common CK pip&ke CK occurs

aseither small dykes and sills at the base of the pipesfit in some kimberlite pipes



such as Leslie, GrizzlandAaron (mentioned in this study)he later of these are called
pipefill CK (Nowicky et al., 2008)The formation ofEkatiMine CK has been interpreted
to be the result of pyroclastic processes. The reduced@tent in pip€ill CK compared

to the CK from dykes suggest that degassing during eruption occurred (Nowicki et al.
2008).Whole-rock geochemical analyses also show enrichment ahtiSiQ contentand
depletion of Tj Nb (incompatible element in the liquid componeadCO; in pipefill

CK relative to root zone dykesvhich reflect removal of the liquid component in the
magma from theeparatingf fine pyroclastic particles during eruption evemgoclastic
kimberlite showed a similar depletion trend in incompatible elertge(Ti, Nb, V) and an
enrichment in Si@but to a greater degre€he lack of any pyroclastsuggest that the
pyroclastic origin of CK must represent the coalescence of fluidal magmaiadised
from lava fountain type eruption@dNowicki et al. 2008) Additionally, this shows that
different faées have unique compositiorikely linked to thér differing formation
processesNon pipefill CK forming sheets, dykes, or sillsommonly referred to as
hypabyssal)s the result othe kimberlite magmacooling associated witbarly exsolution
(Moussallam et al., 2016The onset of crystallizatioat depthforms theintrusive CK
structures andlows the magmaascentA surface level eruption can be preventedhia
casewhere the exsolved gases separate from the magrmdaascendn their own

(Moussallanet al., 2016)

The origin of KPK in the diatreme of class 1 kimberlite pipes has been a matter of
contentiorfor a long timeThelargest diamond mines in Botswana and Ruasaalsmf
this classof kimberlite pipe Currently there are two contrastinygotheses for the

formation process of KPK kimberlitéacies, which constituggthe diatreme part o€lass



1 kimberlites. One hypothesis suggeat&top-downd model whereinitial near surface
phreatomagmatieruptiors related to rising kimberlite magniarm a surface crateas a
precursotto apipe (Lorenz, 1975Sparkset. al,2006; Sparkset. al 2013. The pipe walls

fall inward as the pipe widenand deepensia continued eruptionand the material is
entrainedwithin kimberlite flows Eventuallyinfilling overtakesthe ability of the flow to
remove entraired material and the pipe is filledThe pipe reaches atmospheriexit
pressuredelow surfaceallowing for magmaat the pipe bast exsolvevolatileswhich

forms acentralfluidized region in the pipeThis fluidized regiondriven by continued
release ofolatilesand fresh magma at the base of the kimberlite pipes thediatreme
materialwhile removing finer ash androding the pipe wall§Sparkset. al,2006; Sparks

et. al 2013)In contrast, another hypothesis suggesisottomupo approach wherthere

is a concentrated front of volatiles ahead of a rising magma col@emént, 1982
Clement and Reid, 198%ield and Scott Smith, 1999). This maggeas column rises,
migrates into and breaks through the country rock until reaching the surface. Once surface
breakthrough occurs, the magma column degasses and volatiles within the catktry ro
migrates inward towards the magma column. This results in brecciation of the country
rock and further exsolving of volatiles from the magma continues. Fluidization of the
magma occurs, and the degassing front migrates downwards. This fluidizatiossproce
excavates the pipe and infills it simultaneousefment, 1982; Clement and Reid, 1989;
Field and Scott Smith, 1999)Both hypotheses indicate a relation to volatiles where the
main driving force foemplacement of KPK kimberlites is the exsolving/ofatiles from

the magma. Thus, a close examination into the volatiles of kimberlites can provide a better

understanding on the emplacement processes of different kimberlites.



Volatiles are poorly constrained in kimberlites due to alteration and lossgduri
emplacement. Therefore, it is important to find direct evidence in kimberlite magma for
the history of volatile exsolution. Surface features of diamonds can provide a record of
volatile presence and composition (Fedortchouk et al., 201@&kadti Mine kimberlites,
kimberlites whictdiamondshowlow-relief resorptiorsurface featureisdicative of fluid

rich magma also haw@ivineswith high contenbf OH defectsThis suggests the presence

of a fluid rich melt during emplacement which contribute to rapaent rates (Fedortchouk

et al., 2010).Study of two kimberlite bodies fro®@rapakimberlite cluster, Botswana,
show thatdifferent kimberlite lithologiescontan diamond with different resorption
featuresKPK facies contain idmonds withow-relief glossy surfacemdicative ofH>O-

rich fluid, while CK facies contain rough corroded surfateticative of resorption by
melts (Fedortchouk et al., 2017This imdies an effect of fluid presence on kimberlite
lithology and diamond populatioidowever, diamond is an extremely rare mineral in
kimberlites,as t is absent from some kimberlite facies, and predicting its abundance and
features are the aim of exploratiefiorts.

Trace element partitioningehaviourbetween apatite and kimberlite liquodn help to
constrain thebehaviourof volatiles in kimberlite magma For example, if an early fluid
phase is to separate from the magma, then a depletion in certaiel¢érmeatsuch as Pb,

Cs, andarge ion lithophile elemest(LILE) would be observed and recorded in apatite
(Guzmicset al. 2008) In the proposed hypothesis of KPK formation by Field and Scott
Smith (1999), the loss of volatiles such as,@Qring the eruption of the kimberlite should

gradually make the magma more silicic in composition. This incieaS®, component



will affect apatite by increasing its trace element compatibdityl as well as apatite

saturation in the magmaMatson andsreen, 1981Green and Watson, 1982)
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Figure 1.1 Diagram of different kimberlite classes. (a) Class 3 kimberlite (b) Class 2
kimberlite (c) Class 1 kimberlite (Scott Smith, 2013).

1.2 Composition of Apatite

The general structural formula of the apatite supergroup of minehis(Z04)eX2 (Where

M = Ca, Sr, Pb, Na, etc.; Z =P, As, Si, V, etc.; X = F, OH, CI). While there are a wide
range of apatite species, the most common subgroup found in nature are the-calcium
phosphate apatites which have the general formula£PQgs(F, Cl, OH). In particulg

thereis fluorapatite chlorapatiteand hydroxylapatitewhere fluorapatite is a ubiquitous
accessory mineral phase in many igneous, metamorphic, and sedimentary rocks (Fleet and
Pan, 2002). Thé&6/m space group of fluorapatite is tolerant to a range of elemental
substitutionsThe hexagonal crystal structupé apatite contains three cation sites. There

are two Ca sites in apatitelaagernine-fold coordinated Cal site angmallersevenfold

6



coordinated Ca2 site. Many divalent cations{IB&*, Mn?*, PI#*...) can substitute into

the Ca sites. In addith, monovalent (N3, trivalent (REE"), tetravalent (Tf{, U*"), and
hexavalent (&) cations can also substitute for Ca. The tetrahedral phosphate site can be
substituted by a variety of tetrahedral anion groupi€sf, AsOs>, VO.*, etc.). Of
particular interest are trace and rare earth elenfREE) since apatite can accommodate
significant amounts of therREEoccupy the Ca sitan apatitewith large Light rare earth
elementdLREE) preferring the Cal site arminaller Heavyare earth elemen($iREE)

the Ca2 site@Ghakhmouradiaet al, 2017). ie main substitution mechanisinsolving

REE forCe" are as follows (Fleet and Pan, 2002):

REE" + Na =2 c&* (1)
REE*+ Sf*=C&"+ P* (2)
2REP*+9 =3Ca&" (3)

REE*+S =Ca&* +F  (4)

Substitution {) is the coupled substitution of monovalent catiecgl as N9 and REE.

In mechanism3), the coupled substitution of REE in the Ca site afdf&i P°* site can
occur. An increase in Sgontent in the melt would increase the substitution of REE into
the structured). In omissionsubstitution 8), a vacancy in the Ca site can accommodate
the incorporation of REE$Mechanism(4) exchangeés® or O* ions for F to compensate

for the Ca and REEharge differencé-leet and Pan, 2002).



1.2.1Previous experimental studies of partitioning of trace elements in apatite

Partition coefficient (D) is calculated as the ratio of elenwmcentration(C) in the
mineral to that of the liquid (mejtvhere foran element(i), Di = Cimin / Ciiiq, and isan
important tool for interpreting the surrounding environment of the mineral during its
growth (Blundy and Wood, 2003Rartition coefficientis highly dependent on the
composition of the melt from which the mineral is crystallizing from as well as the
temperature (Watson and Green, 1981). It has been shownggiah@patite depend on

the melt polymewdation (Prowatke and Klemme006. The effect of HO and oxygen
fugacity (for elements with variable valence state) is not well known. Numerous studies
have focused odeterminingthe partitioning behaviour of trace elements in apatite using
natural samples and experimental studies. The D constrained from natural samples,
different experimental conditiongndfor differentmelt compositionsre summarizeth

Figure 1.2 and Table 1.5tudy of trace element partitioningtonapatite in basaltic to
andesitic silicate melts showed that the REfH Sr are compatible in apatite (Figur2 1
Prowatke and Klemme, 2006), whilé_E such as Cs, Rb, and Ba are highly incompatible
(D << 1). UGanium Th, and Pb have Ds of approximately 1. Prowatke and Klemme (2006)
determined that Dsf REE are most affected by the melt composition itself where an
increasing polymerization of the meltigher SiQ wt.% of the melt) correlated to an
increase in apatite/melt Ds loypeorder of magnitude. The halogen F angDHtontent of

the melt is found to have no effect on the=b Cl is a halogen that preferentially partitions
into the fluid phases prest during the degassing of a melt (Piccoli and Candela, 2002).

is reported that for melisith 40-68 wt.%SiO,, an increase iemperature decreasBree



but does not affect the partitioning of. Sihe effect of temperature is less pronounced

towards lower Si@melt conten{Watson and Green, 1981)

The sudy by Hammouda, et. al (201f@und that thepartitioning of REEnNto apatite in
carbonatite meltss dependent on apatite silica content. Apatites that contaif &%

SiOz, have regPate/cabonati g|es of 1.5 to 4 (Figure2). In apatites containing 0.2 wt.%
SiOp, REEare found to be incompatible (Hammouda et. al, 2010). The high field strength
elementgHFSE)U*, Th**, and Y** are compatiblén SiO,-rich apatitegiving D values of

O 5 for Th and O 2infmtitewithDv &t uke sNod&fedaofmpat i k
pressureon the compatibility behavior of trace elements in apati&s observe@wWatson

and Green, 1981, Hammouda et. al, 2010). Klemme and Dalpe @G08)ned apatite ©

in carbonatite melandfound that the middle rare earth elemegiM&REE) (Sm, Gd) are
preferentially incorporated into apatite relative to lighREE) (La, Ce, Pr) andeavy
(HREE) (Lu). The melt composition is found to be a significéactor in influencing the
Dree. A decrease in silicaontent along with an increase in Ca and P in melts results in the
decrease dDree (Klemme and Dalpe, 2003 lowever thereis an inconsistency between

the findings of the twoexperimentalstudies with carbonatite composition studies
Hammouda et. al (201@ptained mahhigher compatibility Dreg2P2tite/carbonatite: 7 3.3 17

than the study by Klemme and Dalpe (20QBjegPatielcabonatte= 0 34.0.49) The two
studiesuseddifferentexperimental conditiongsedsuch agpressure or temperatuf€able

1.2). Results ofHammouda et. al (20)Gre similar toDrgg?Paite/carbonatittagtimated by
Guzmicset al. (2008) in naturadamples usingpatite hosted carbonatite melt inclusions

in clinopyroxenite xenoliths from lamprophyres in Hungary. Thbgervedsimilar but



slightly lower REE compatibility compared to Hammouda et. al (2QD@):gaiite/carboatite

=1.182.15)

All previous experimental studies used melt compositiemiser more SiQ-rich than
kimberlitic or pure carbonate meRresently therareno trace element partitioning studies
between apatite and kimberlitroelts Furthermore, existing estimates todice element
partitioning in carbonatitic melts from experimental studies and in natural samples

produced overall contradictory partition coeint valuegChakhmouradian et. al, 2017).

1.2.2 Apatite in kimberlites

Apatite is a common groundmass mineral in kimberlitdgchell, 1986. Due to its
structure it has a high affinity towards incorporating halogens, sulfate, carbonate,
strontium, and the REEs (Piccoli and Candela, 2062 substitution mechanissn
previously mentionedAs such, it has routinely been used to shed light on the evolutionary
history in other magmatic systems such as carbonatite complexes and ignimbrites
(Chakhmouradian et. al, 2017; Boyce and Hervig, 200%infberlites, apatite occurs as
discrete subhedrauhedral hexagonal prisms or aggregates of elongate acicular apatite
(Soltys et al.,, 2017; Milligan, 2017)Also reported is the average composition of
kimberlitic apatite being mostly fluorapatite with 2.2+0.4 wt.% F, 55.0+1.0 wt.% CaO and
38.9+0.7 wt.% BOs. Minor elements include 0.77+0.48wt.% Si®. 1 N1 . 4 wt . % Sr (
wt.%NaO, OO0. 5 wt . % F e gDs(Sditys dt alQOZD17R\patitets frovh the e

Lac de Gras kimberlite field have been documented as spherulites with compositions that

classify it as Sapatite and Srich carbonaténydroxylapatite (Chakhmouradian, 2002)
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Previous worlkusing apatite as an indicator of kimberlitic fluid and magmatic composition
has been conducted six kimberlite pipes at Ekatline (Koala, Panda, Leslie, Misery,
Grizzly and Beartoothandthe Snap Lake kimberlitelyke (Milligan, 2017) These pipes

differ in their lithologic featureswhich suggestsliverse eruptiorstyles andhus likely
variation involatile behaviourthat can be correlated tepecific apatitetextures and
composition Leslie and Grizzlyare CK while the remainingfour kimberlite pipes are
volcaniclastic Panda(RVK), Koala (FPK) , Misery (FPK) and Beartoot{RVK). The
diversityof apatiteranging indifferent forms anébundancéhat wasobserved in the study

is outlined here.Leslie kimberlitecontain abundant groundmass apatite. They occur as
euhedral prisms and laths-80 um in size with monticellite inclusions (Milligan, 2017).

In Koala kimberlite, apatite grains are observed in a matrix ofdm@ed silicates,
phlogopite laths, and laggperovskite grains. The majority of the apatite grains a1&050

pum in size and take the shape of subhedral prisms with smooth grain boundaries. The other
type of texture is apatite grains with irregulaslyaped edges of monticellite. Apatite from
Grizzly kimberlite occurs as anhedral grain8®um in size embedded in the groundmass
(Milligan, 2017). Some hexagonal grains show zonation and edge resorption. Panda
kimberlite apatites are abundant subhedral grair801dm in size with no inclusions or
zoning. Groundmass apatite from Misery and Beartooth kimberlites are very low in
abundance. The rare grains that are observed occur as a small cluster of fine grain apatite
laths (Milligan, 2017). Zonation is observed under cathodolumines¢@igen apatite

from Leslie, Koala, Grizzly, and Panda. CL spectra peak in Koala reveals the peaks of Ce
Snt*, and Ed*. Apatite grains from Leslie show spectra peaks corresponding’tame

Dy3*. One apatite grain from Grizzly showed corresponding CL sppetass to C¥,
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Dy®*, Tb** and Smi*. The Ekati kimberlite apatite compositions can be divided into three
groups: hydroxyapatite (Panda), fltloydroxyapatite (Leslie and Grizzly), and fluorapatite
(Koala and Grizzly) (Milligan, 2017ptrontiumand LREE cotents are low in apatite from
Koala and highest in Leslie (0.2 apfu Sr and 0.1 apfu LREES). Grizzly shows two distinct
groups where high F content apatites are similar to Koala in the field of low Sr and LREEs.
The low F apatites are closer to the higha8d LREEs field of Leslie apatites (Milligan,
2017). Panda apatites have high LREE content similar to Leslie but with significantly lower
Sr. Apatite from Leslie and Panda are the most enriched in Sr, Ba and Th, and depleted in
Y relative to the other kindrlites. Koala apatites consistently show a depletion in Nb
compared with the other kimberlites (Milligan, 201%nap Lakekimberlite hasthree
varieties ofapatites. One varietff ype 1)occurs agroups ofradial aciculaapatiteswith
inclusions Type 2 apatites encompassebhedratrystals hosted in carbonate vearsl

Type 3 apatiteare non-poikilitic subhedrakrystals Type 1 and 2 apatitdsave high Sr
content and low LREEwhile Type 3has moderate Sr and higher LREE

It is evidentthat apatite is unique across different kimberlite bqodiesvever, changes in

the crystallisation, morphology, and chemistry of apatite with deglkimberlite pipe or

in different facies of the same pipe have not been studi@dever, they may provedan
important record of crystallization conditions and volatiles in kimberlite pipes during their
emplacement in the crust.

A number of processes that accompany ascent and emplacement of kimberlite magma may
affect partitioning of trace elements in apathnother factor to account for in the natural

apatite studies is the effect@lustalcontaminatiorparticularly inclass 1 kimberlites
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Crustal xenoliths camake up10-30% in volume okimberlites(Clement, 1982)Such
contaminants argpically higher inSiOz, Al203, andN&Q. In thiscaseanincrease oS6i
contentof the meltcould bedue toassimilateccrustalcountry rock andn turnincreass
the partitioning of REE into apatite. In additidioss of volatiles during eruption will
decrease the carbonate contaiftile the incorporation of country rock xenoliths will

increase Si contemwtf the melt thus increasing compatibilay REE in apatite
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Figure 12: Trace element partition coefficients between apatite and various melts from
previousexperimentastudies (data from Prowatke and Klemme, 2006; Watson and Green,
1981; Klemme and Dalpe, 2003; Hammouda et. al, 2Gifrmicset al., 2008 A =
andesite, BA = basaltic andesite, B = basalt, G = granite, Bn = basanite.

Table 12. Summary of the apatite trace element partition coefficient data from various
experimental studies and their parameters

. Experimental Trace element Partition Coefficient Data in
Melt Composition .
Conditions Study
Silicate (BasaniteProwatke 1.0 GPa Cs, Rb, Ba, La, Ce, Pr, Sm, Gd, Lu, Y, Sr, Zr,
and Klemme, 2006) 1250 °C Nb, Ta, Y, U, Pb, Th
Silicate melt (basanite, basalti
andesiteandesite, granite) ggglzlgoefg La, Sr, Sm, Lu, Dy
(Watson and Green, 1981)
Carbonate Mel(Klemme and 1.0 GPa Li, Be, B, K, Cs, Rb, Ba, Th, U, Nb, Ta, La, C¢
Dalpe, 2003) 1250 °C Sr, Pr, Hf, Zr, Sm, Gd, Y, Lu, Pb
Carbonate MefHammouda, 6 GPa La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, T
et. al, 2010) 13501380°C Yb, Rb, Sr, U, Th, Pb
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1.3 Objectives of this study

1. To determine the effect of fluid on the emplacement mode of diffdiertierlite
faciesby correlating itsinfluence on the variation iapatiteabundancecrystal
morphology, and chemical composition in complex kimberlite pipes filled with

coherent and volcaniclastic kimberlite facies.

2. Obtain the partition coefficients of trace elements betvagriite and meltthat
are close in composition to the estimates of kimberlitic aradt examine the role
of temperaturgpressureand fQ on trace elemenpartition coefficientsfor the

compositional range of kimberlites

3. Use the obtainettace elemenpartition coefficientdo model the composition of

late kimberlite melt in different coherent and volcaniclastic kimberlite facies.

4. Use estimated apatite solubility and partition coefficients to evaluate changes in
fluid content in kimberlites and use drfpredictingdiamond preservation potential

of a kimberlite.
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Chapter 2: Methods

2.1 Kimberlites Samples

The kimberlite pipegxaminedn this study are located in the Lac de Gras kimberlite field
(Ekati Mine) in Northwest TerritoriesCanada,and in the Orapa kimberlite cluster in
BotswanaThe sampleswerecollected from borehole DDH in Boa kimberlite pipe, LDC9
from Leslie kimberlite pipe (Ekati Mine, Canada) (Fig@r&), one drillhole from AK15
kimberlite intrusion, and three bordas (H002, HO03, and HO04) from BK1 kimberlite
pipe from the Orapa kimberlite cluster (Botswana) (Fi@u@e In each kimberlite, samples
were collected from different depths time drillhole with a focus on transitions between
the facieqTable 2.1; Fig2.3, 2.4, 2.5). Well preserved kimberlite samples were selected
from each borehole to provide adequate coverage of its depth p8dfiéetedsamples
cover all kimberlitefaciespresent in each borehole. Of the 5 examined boreholes, 23.7
234.6 m depth range was sampled in coherent Leslie kimberlite (R, 30-84.8 m
depth range in pyroclastic and coherent facies from Boa pipe (R@iB), 56.16151.7

m depth range in agmatic (coherent) AK15 intrusion (Figu2ed), and in three drill holes
(36.7-54.33 m, 8.64124.41m, and one with no known depth profile (Fig2i®) in two
coherent and one Kimbertype pyroclastic facies from BK1 kimberlite pip&hese
kimberlite pipes were selected based on their lithologies. Lesdied Boa are class 3
kimberlites where Leslieonsists entirely of ClandBoa contains both CK and PKK15

and BK1 are class 1 kimberlitesK15 kimberlite is entirely CK. BK1 kimberlites contains
multiple facies includingwo differentCK andoneKPK facies The different geological

featuresof thesekimberlites suggests different volatile behaviaand offer an opportunity
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to examine the variation of apatite in different kimberlites faaes identify ary

correlationswith theemplacement processasd fluid exsolution

Diamond studies from BK1 and AK15 kimberlites show very different styles of resorption
featureson diamonds fronCK and KPKfacies (Fedortchouk et al., 2017) inditag
differences irthefluid behavior during the formation tiiesefacies suggesting different
emplacement processétere we examine if these differences are accompanied by textural
and compositional differences of the groundmass ap4fitde diamond surface features
can bea proxy of fluid presence and compositiod,i a m orarity Gestricts its usage.
Therefore, apatiteas a common kimberlite minerad a usefulalternativefor providing

information on the processes and conditidnsng kimberlite emplacement
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Table2.1: Summary of the number of samples selected from each location for this project
and their kimberlite facies and depth. Abbreviated terms: ECK (extrusive coherent
kimberlite), ICK (intrusive coherent kimberlite), KPK (Kimberigype pyroclastic
kimberlite).

Kimberlite Drill hole (total depth) | Kimberlite Type | Number of samples (depth in meters)
6(23.7, 60.0, 127.3, 162.0, 194.65,
Leslie LDC9 (258.17 m) Coherent (ECK)
234.6)
Pyroclastic,
Boa DDH (112 m) 5(52.0, 53.3, 66.2, 84.8)
Coherent (ECK)
CoherertA
BK1 BK1 #1 (61.98 m) 4 (36.7, 40.78, 50.41, 54.33)
(ICK), KPK
CoherertA,
BK1 BK1 #2 (142.71 m) 5(8.64, 18.21, 32.42, 45.65, 124.41
KPK
BK1 BK1 #3 (no depth log) CoherertB 3 (no depth log)
AK15 AK15 (151.7 m) Coherent 3(56.16, 98.48, 151.7)
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Figure2.3 Borehole columns from Lac de Gras kimberlites. (A) Borehole column of the
Leslie kimberliteshowing the samples selected and their depth on the right (Note: red text
indicates samples wherepatite was not present). (B) Borehole column of the Boa
kimberlite pipe showing the samples selected and their depth.
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Figure2.4: Borehole column of AK15 intrusion showing the samples selected and their
depth. (Note: red text indicatesamples wherapatite was not present.)
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Figure2.5: Lithologies ofthe tiree borehokein the BK1 kimberlite pipeshowing the
depths wher¢he samplesvereselected. Borehole H004 does not have any depth log
available and only shows tlreferredsample locatiosiand its relative depth to each
other.Cross section of the BK1 kimberlite pipe showingltetions of théoreholes
and the kimberlite lithologiesafter Fedortchouk et al., 2017).
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2.2 Scanning Electron Microscope

Identification of apatite, its crystathape and texturavasst udi ed at Sai
University, Halifax, N.S.,using a TESCAN MIRA 3 scanning electron microsc(fpeM)
equipped with an INCA XMax 80mnt energy dispersive spectroscopy (EDS) system.
Thin sections of kimberlites and experimental run products were coated with carbon prior
to the analysis. In natural reples, apatite was found using backscatter eledB&E)
imaging and confirmed using EDS. For the samples with a low apatite abundaiage, X

mapping was used to locate apatite.

2.3 Electron Microprobe Analyses

Quantitative analysis afatural and expenental apatiteand experimental glassess
performed at the Robert M. MacKay Electron Microprobe Lab at Dalhousie University,
Halifax, N.S.,using wavelength dispersive spectroscopy (WDS) on a JEOL 8200 EPMA
with an accelerating voltage of 15 kV, 10 nA beam current, and ¥ogosed beam
Analyses of quenched melts utilized a spot size area-GbL0m. Information on the
primary elemental stalards and peak count times used for the analyses of apatite and

glasses are provided in Tal@e Data reduction was performed using the ZAF model.

22

nt



Table2.2 List of elements analyzassing BMPA, and the standards used for apatite (left
column) and glasses (right column

/ﬂiﬂigé P?r?nkq g?sl;nt KV Standard Used f:;;ggg P?r?rl:] g?sl;nt KV Standard Used

ca Durangp Ca BHVO base_ilt glass,
20 15 fluorapatite 20 15 Dolomite

P 20 15 ﬂDurangp P Durango fluorapatite

uorapatite 20 15

Sr 20 15 Celestite Si 20 15 Sanidine

Si 20 15 Sanidine Al 20 15 Sanidine

Ba 20 15 Barite K 20 15 Sanidine

K 20 15 Sanidine Na 20 15 Sanidine

Na 20 15 Jadeite Mg 20 15 BHVO basalt glass

Mn 20 15 Rhodonite Fe 20 15 BHVO basalt glass

Y 20 15 V-metal S 20 15 BHVO basalt glass

Fe 20 15 Magnetite Co 20 15 BHVO basalt glass

La 20 15 Monazite Ni 20 15 BHVO basalt glass

Ce 20 15 Monazite Cl 30 15 Tugtupite

Pr 20 15 REE glass F 30 15 Fluorite

Nd 20 15 REE glass

Cl 30 15 Tugtupite

F 30 15 Fluorite

2.4LA-ICP-MS Analyses

LaserablationinductivelycoupledplasmamassspectrometryLA -ICP-MS) analyses were
performed on an ESI NWR21l&ser ablation system using a frequency quintupled
Nd:YAG laser operating at 213 nm coupled to a Thermo Scientific iCAP quadrupole
inductively coupled plasma mass spectrometer equipped with a single helium kinetic
energy discrimination cell at the Dalhoai&iniversity Laser Ablation IGIRIS Laboratory.
Tuning was done using NIST610 standard to maximize signal sensitivity while also
minimizing oxide production rate to achieve the followifigtn (600061000000 CPS), a

238/232Th ratio of approximately 1, and®®#Th/~?Th ratio of approximately 0.005. Laser
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energy density was maintained atl®% operating power (5.2 J/émnwith 510 Hz
repetition rate depending on the size of apatite crystals or quenched melt. Gas flow rate
through the ablation cell was set at 0.9 L/min. Each analysis involves approximately 20
seconds of background collection with the laser off, followed by 60 seconds of sample
ablation and then followed by 60 seconds of cell washout with the laser off. Helus®ed

as carrier gas flowing from the laser ablation cell to the mass spectrometer whase it
mixed with argon at a-junction with a homogenizer prior to entering the spectrometer.
NIST610 synthetic glass was used as the primary external standardsanasured twice
before and after every interval of 16 analyses. Durango apatite, BHVO1, and BIR1 basalts
were also used as control standards and placed in intervals amongst the .ahbhb/ses

precision and accuracy of thealysesre illustrated in Figer ES1.

The spot sizes foapatite analysewereselected on a graito-grain basiswhich ranged

from 1030 um depending on the crystal size and presence of zoning. Quenched melt
analyses spot sizes ranged from30um depending on the area available and the size of
the quench crystals. Where quenched melts are large, a line abldtem g used in
conjunction with a large spot size (80 um) to maximize signal sensitivity. The following
isotopeswvereanalyzedor apatite compositiort®Mg, 27Al, 2°Si, 4°Ti, 5%V, "5As, 8RD, 883,

89Y, 9lzr, 93Nb, 133(:5' 139La, 140C€, 141Pr, 146Nd, 147Sm 153EU, 157Gd, 163Dy, 172Yb, 175LU,

1784f, 232Th, and 2%%U. The analyses usedtalcium as aninternal standardwhose
compositionwas previously obtained from EPMA on the same grains that have been

ablated. Data reductiomasdone using the lolite software packaggsion 3.6

Screening of apatite analyses was done by excluding analyses with anomalously high

concentrations irF*Mg, 2’Al, and 2°Si which suggests contamination with the melt
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composition. Meltanalyseswere screened for anomalously low concentration$\ag,
27Al, and?°Si (with the exception ofarbonate (CAA) runs) on the basis thatdhalyses

werecontaminated with the inclusion of apatite or other phases.

2.5Experimental Methods

2.5.1Starting Mixtures

The unknown nature of primary kimberlite melt compositions is in lpayedue to the

high amount of external materials incorporated, alteration, and volatile loss during
emplacement making it difficult to determine the original compos(fidmussallam eal.,

2016. Recent estimates of primary kimberlite composisaggested melt with very low

silica content (180 wt.% SiQ) and highalkalinecontent (3045 wt.% MgO + CaO) based

on quenched kimberlite melts and geochemical melting models (Moussalldam2916

and references therdinAn experimental study of a GQolubility model in kimberlite
melts estimate that the GC@ontent ranges from ~30 wt. % @ melts with 12 wt. %

SiOy to ~3 wt. % CQin melts of 40 wt. % Si@(Moussallamet al., 2015). The solubility

of CO, dependson pressure and melt composition with a decrease in solubility with

decreasing pressure and increase in 8ddtent.

In the starting materials for the experiment® wsed two approachder synthetic
analogesof an evolved kimberlite melt that reflect low Si€ontent, high alkalinearth
content, and volatikeich (Moussallam et al., 2016jirst, we usethreecompositions TA

6, TA-9 and TA16 from Moussallam et al., (201&)ith SiO; ranging 16.523.13 wt %
and CQ ranging 9.2633.49 wt. % (Table 2.35econd, weised the bulk composition of
a coherent_eslie kimberlite (Ekati Mine), from which we subtracted the composition of

xenocrystal and phenocrystal olivine, and added I6& during the eruptiofdescribed
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below) In addition, we examined patrtition coefficient for apatit€aCQ melt due to a
discrepancy between the previous estimates (Klemme and Dalpe, 2003; Hammouda, et al.,

2010).

We used two types of apatite in experiments: fih@ly groundnatural Durango apatite

with naturalelevated concentrations of trace elements (La, Ce, Sm, Dy, Lu, Sr, Rb, Cs, Zr,
Nb, U, Th)and 2) a powder of synthetic apatite free of trace elembtust of the runs

were doped with 4 wt% of a mixture prepared fronpowdersof the following trace
elementcompoundsNb, SrO, RBCO3, Zr0O,, Smp(C03)3, C2COs, Hf, LaO3, Y03, and

EwOs providing the concentration for each compound of 0.4 wt.%.

Startingmixtures TAG6, TA9, TAlGTable 2.3 based on Moussallam et al. (B)ivere
modified by the replacement of FeO with CoO to prevent Fe loss into platinum capsules.
The starting mixturesbased orthe whole-rock compositionof Leslie kimberlite from
Nowicki et. al (2004were modified bysubtracing stoichiometrically50 vol% of olivine

in order to closer approximatiee composition of kimberlitic groundmass withaalivine
phenocrysts and xenocrysihis was donebecauselivine phenocrysts angdenocryss
crystallized before the groundmasgs. typical kimberlite contains 25%f its mode
consisting of large (>1 mm) irregular or rounded olivine macrocrysts with another 25% of
the mode made up by euhedral phenocrystal olivine (Scott Smith, 2008). Composition of
both xenocrystal and phenocrystal olivine in kimberlite is approiyn&092 mol.%
forsterite (Mitchell, 1986)Therefore, thedensity of kimberlite and olivine was used to
convert 50 vol%of olivine into 31.38 wt.% MgO and 23.40 wt.% SiOf olivine
components (LS6 ifable 2.3.We also added CQo this composition to the total of 15

wt. % and 26 wt% to account for volatile loss during the emplacengBlowicki et al.,
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2008)(LS15 and LS26 iTable 2.3. In order to explore a possible effect of assimilation
of crustal rocks by kimberlite magma we modifieS15 mixture by adding 20% of a
granodiorite composition, the country rock for kimberlitethim Slave Province (Cousens,
2000). Mixture LS6Mcorresponds tthe compositiorof interstitial melt estimated with

EPMA in the runs with LS6 composition.

All mixtures were prepared from reagent grade oxides and carbohailtés 2.3 stored in

a desiccation oven at 100°C for at least 24 hours to remove any moisture. The oxides and
carbonates were weighed on an electronic balance, mixed in an agate mortar9%ith 95
ethanol for 15 minutes to homogenize the mixture, dried under a heat lamp, and stored in
vials. Cdcium oxide(CaO) NaO and KO were added as CaGMNaCOs, K2COsz and
decarbonated by heating in a platinum crucible at 1000°C for 24 hours. The resultant
decarbonated mixture was then melted by heating to 1400°C for 30 minutes in a Lindberg
Blue M box furnace and quenched immediately in water into a glass. The glass wa
recovered from the platinum crucible and grounded with 95% ethanol in an agate mortar
for a minimum of 30 minutes until it had the consistency of a fine powder. The powdered
glass was dried under a heat lamp and weighed with an electronic balancthaAfte

was added as carbonates (CaCMgCQs;, CoCQ). This mixture was mixed for 15
minutes with 95% ethanol to achieve homogeneity and drie@010t.% of powdered
Durango or synthetic apatite and 4 wvet. % of
mixtures. The final mixture consisting of a starting mixture, apatite, and trace elements was
homogenized in a mortar and stored in a desiccation ové&hwds added as deionized
water with a micresyringe before welding the capsules. In LS mixturesaduditional

amount of water was added as brucite (Mg§pH
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Table 2.3 Starting mixtures used in experiments (wt. %)

CAA TAG6 TA16 TA9 LS6 LS6M LS15 | LS15G20| LS26

SiO, 16.59 23.13 22.68| 16.95 20.26| 15.21 28.79| 14.37
TiO: 0.20 0.30 0.30

Al203 3.90 5.41 5.29 3.54 2.20 3.17 5.62 3.00
CoO 0.90 1.50 1.20

FeOs 22.23 20.76 15.67| 17.15
MgO 6.88 8.30 9.49| 17.77 14.08| 19.92 12.56| 18.83
CaO 56.03| 35.45 30.22 48.35| 23.15 44.17| 15.94 16.24| 15.72
NaO 0.30 0.40 0.40 0.25 0.42 0.23 0.25 0.22
K20 2.30 3.20 3.10 0.83 0.87 0.75 2.02 0.71
Co 43.97| 33.49 27.54 9.20 7.33 18.00| 16.91 13.22| 29.70
H20 7.96 7.11 5.62 0.30
Total | 100.00| 100.00( 100.00| 100.00f 100.00f 100.00| 100.00 100.00| 100.00

2.5.2 Choice of experimental conditions (T, P{O>)

Most of thepistontcylinder rurs were conductefbr 24 hours at a temperature of 1250 °C

and pressure of 1 GR&ing the estimates of kimberlite eruption temperature at 1 GPa of
970/ 1140 £50°C (Fedortchouk et. al, 2005) and <1200 °C (Sparks, 2013). We selected the
conditions 0fLl1501350°Cat 1 and® GPa to ensure that favourable amawfitapatite and
meltareproduced. The basis for this is from the results observed in experiments performed
by Klemme and Dalpe (2006) where no other phases except apatite and melt were
produced. Our experiments investigate the effect of temperature, fluid, aod fidetrace
element DQpattermer TEMpPeErature was testéa a range from 1150 °C to 1350 °C. The
addition of 5 and 10 wt.% distilled water to the starting mixtures was performed to test for
any effects that the presence of a fluid may have ongbe Dhese pemetersveretested

to provide additional information about their effect on e between apatite and

kimberlite and carbonatite melts.
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Attainmentof equilibrium was tested by comparitrgce elemenbDs from 24 hours and

48 hours runs and by conducting forward and reverse experiments. In forward experiments
with trace elementich Durango apatite and undoped mixtures, elements diffuse from
apatite into the melt. In reverse experiments with synthetitita and doped mixtures,
elementgrom themeltareincorporated into the growing apatite. Finally, in the doped runs

with Durango apatite some REEs dif#usto apatite, and other REEs diffuse into the melt.

Estimates of the f@during crystallization bchromite inclusions in olivine phenocrysts
gave a range of NNE.8 to NNO-4.4 and during kimberlite groundmass crystallization
using the Fe content of perovskite gave anréidge from NNO5 to NNO +6 (Bellis and
Canil, 2007a,b). Therefore, we selette range of f@buffers that coverthe fO, range
over 9 log units (irorwustite (IW), magnetitehematite (MH), and nicketickel oxide

(NNO)) due to the large variation observed in natural kimberlites.

2.5.3 Experimental Procedure

The mixtureswvereloaded into 3 mnouterdiameter Pt or AtPd capsules and welded with
eitheratriplef uncti on cr i rperdo edcasi gann, focars ha c¢c o mbi
capsules were only used in Fe free experiments, wheredd& Aiapsules were used in
experiments containing Fe with the exception of one runl®%). Capsules containing

water were wigled while wrapped in a Kimwipe soaked in ethanol. The weight of the
capsulewas measured immediately after welding and placed in a desiccation oven

overnight. The capsuleasweighed afterwards to ensure that no water is lost.

Five different fQ bufferswereused in ouruns.fO> corresponding toarbon-carbon oxide

(CCO) bufferwas achievedly loading starting mixture into a graphite capsuld inserted
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into a Pt capsulen PG209 and P€16.PC-213 with f& corresponding rheniusrhenium

oxide (RRO) buffer was prepared by andg rhenium and rhenium oxidg&keQ) powder
directly into the capsule. Runs PZ8 and P€L79usedNi foil partially oxidized into NiO
inserted inside the capsule to buffer the mixture at thed@esponding to nickehickel

oxide (NNO) buffer. The preservation of Ni and NM@scheckedusingBSE imaging and
confirmedwith EDS. Three runs used a douskgpsule technique (Arima and Kozai, 2008)
with NNO, irori wustite (IW), and hematitenagnetite (HM) buffersWater was addeith

both the inner and outer capsule to ensure tiav&$ availabléo migrate through the

walls of inner capsule both directions to equilibri@e Buffers were prepared by mixing
equal by weight parts gfowders oboth components and adding ~20 uL efCHoaded

into 5mm diameter outer Pt capsule, packed around the 3 mm Pt capsule with the
experimental mixture, and welded using a Lampert Puk 3 maetder. The presence of

both buffer phases after each run was confirmed under the optical microscope, with EDS,
and Xray powder diffraction (Figure ES. Fluid phases werconfirmed by the presence

of gas bubble@ the run productéFigureES3).

The capsules were loaded into MgO ceramic pressure media and together with graphite
heater were placed into a NaCl cell with a Pyrex glass s(&&yere2.6). All experiments

were run in pistorcylinder apparatus in the Experimental Petrology lab at the Earth
Sciences Department of Dal housie Universit
samples and with doubtapsules and usiigd a s s e mb l-capsule@xperiménts.g | e
Experiments were run atdr 2 GPa and 1150350°C for durations of 248 hours. The

run procedure begins by pressurizing the sample to approximately 500 PSI prior to the

heating. The sample is initially heated to 600°C with the wihésdneld for 6 minutes and
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the pressure was increased to 1 GPa. Two different heating procedures were used to achieve
the final run temperature: 1) the temperature is directly increased to final run temperature
at the rate 50°C/min and 2) the temperatisréncreased above the run temperature to
1350°C and slowly decreased to the run temperature with the rate 0.2°C/min. Each run is
held at the final run temperature for 24 or 48 hours. At the end of each experimental run,

the sample was quenched automéiiiday terminating the power to sample.

Pressure was measured by a digital gauge with a precision better than 5%. The temperatures
were measured and controlled with a Eurotherm controller using W98RdRe26
thermocouple. Thermal gradiengd the hot zee position inthe assemblies were
determined using a spinel thermometet300°Cbased on the thicknesstbkespinellayer
developed betweethe Al.O3 thermocouplesleeve and the MgO ceram{@vatson et
al.,2002). Theaemperature variatioalong the length of the capswiéthin the hotspot of

the assembly is +32C (Figure 27).

The extracted sample was mounted 4imdh diameter epoxy resin pucks and cured on a
hot plate for a minimum of 4 hours. The sample puck ischalf using a Buehler IsoMet

low speed cutting machine. Samples are then sanded progressively with coarser to finer
sandpaper (180, 240, 320, and 600 grit) and polished with 1.0 um and 0.3 pum alumina
powder. Samples are cleaned in water with an ultiasdeaner between each step of

sanding and polishing.
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Figure 26: 1J oPistoncylinder experimental assembly layout. Blue: thermocouple, red:
platinum capsule, white: ceramic insulator, black: graphite heater, yellow: Pyrex insulator,
grey: salt cell Inset: Experiment capsule configuration show different ratios of starting
mixture, apatite, trace elements, and water added insideap&ile.
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Chapter 3: Results

3.1 Natural Apatite

The examined kimberlite samples shownatable variation in textureef apatitein
groundmassThe textures range fromregular and radial aggregates composed of fine
apatite crystaldo dscrete euhedral to subhedral crystaAgatite commonly shows
poikilitic texture as inclusionsof olivine or monticellitewithin both clustersof radial
aggregates of apatite needéxiwithin discrete apatite crystal$he apatite textures and
abundancearepresented in the figures and accompanying descriptions below according

to their sample deptiApatite EMPA data is provided ifable 3.1.

Leslie Kimberlite

The six studied samples show apatite formaggregated clusters in the top samples
(23.7m), and euhedral prismatic crystals in the depth rand®®%®, and absent in the
lowest sample (236.6m) close to the contact with the country fiduek.abundance of
apatite was highest at 1:262m, less abundant at 60m, and rare at 18&123.7m, apatite
occurs as large irregularly shaped aggregatesZ00Qum indiametey composed of very

fine apatite needles (<5 um in siz&jigure 3.1 A) They ae fairly abundant throughout

the groundmass and have a poikilitic appearaBaekscatter electromages showfine

bright spots of a rare earth element rich mine@nhmonly embedded in the apatite
aggregates. The groundmass is mainly made up of serpentine with some patches of
carbonate. At 60ngpatiteoccurs as fine euhedral grains embedded in the groundmass that
are approximately 20 um in size(Figure 3.1 B) The abundance of apatite is low to

moderateMonticellite is common throughout the grmimass. Carbonate segregations are
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observed in the groundmg$sgure 3.7, A)At 127.3m, Apatite occurs as discrete euhedral
crystals distributed throughout the groundmass (Figure 3.1 C) and forms elongated prisms
or hexagonal grains. The elongated prisms are approximate3® n wide along the

short edge. The hexagonal prismsam@und 2660 pum in diameter. Some crystals appear

as aggregates of courser crystals as compared to the aggregates of LDC9 23.7. Some apatite
crystals have observable poikilitic textures. Fresh monticellite is very abundant in the
groundmass. Patches of lsanate segregations is also present with smaller crystals of
apatite embedded in the carbonate. At 162.0m, apatite is uniformly distributed and
occasionally occurring as clusters in the groundmass (Figure 3.1 D). Apatite is very
abundant and is mostly eudral showing both elongated and hexagorgains The
thickness of Bngatedprismatic crystalsneasure approximately D pmacross the short

side Discrete hexagmal crystals are approximately-Z pm in diameter.Fresh
monticellite is also very abundant in the groundmass and carbonate is commonly found as
well. Smaller discrete apatite crystal is also observed to be embedded in carbonates. At
194.65m, Aptte is very rare and occurs as small prismatic crystals and short elongated
crystals in the groundmass (Figure 3.1 E). The prismatic crystals are approxirriafety 3

in diameter, while the small elongated crystals are approximately 2 um wide measuring

along the short side. The groundmass is made up of mainly serpentine.

The composition of apatite in Leslie kimberlite differs between euhedral and acicular
aggregated apatites. Acicular apatites show higher Sr and LREE and lower F content than
the euhedral @atites (Figure 3.8, 3.9). The only significant correlation with depth is
observed in Leslie kimberlite, where shallower samples tend to be higher in Sr and REE

content and lower in F (Figure ES5 and ES6).
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Boa Kimberlite

In the five examined samples, apatis the most abundant in CK at 58@.2m. The
abundance is low at 52m in PK and in CK at 84.8m.-Kiarberlitic apatiteapproximately

20-50 pm in sizeandsubhedral to anhedral in shapeommonlyfound at 30nembedded

in the plagioclas&rom granitexenoliths (Figure 3.2 AAt 52m, gatite is found embedded

in the serpentin@hlogopite groundmass and is relatively low in abundance compared to
the deeper samplg§igure 3.2 B) Apatite is approximately -20 um in size and is
subhedral to euhedral in shdpemingshort prismatic crystals. T PKkimberlite appears

to be more altered than the deeper samples. Apatitettebe in close proximity to areas
with carbonate. Apattand carbonatsooccurinsidean assimilated xenolitfrigure 37,

B). At 53.3m, he texture transitions t6K (Figure 3.2 C) andatite is very abundant
throughout the groundmassghere itoccurs as large aggregate clusters of smaller prismatic
elongated crystals approximately 30 pm in siz&ecommony bearinginclusionsof other
minerals Apatite is also observed as larger discrete euhedral crystals within calcite. within
the aggregates of apatiteroundmassontains ronticellite, spinel, phlogopt, apatite,
carbonate, and serpentindt 66.2m, apatite isalso very abundant throughout the
groundmassFigure 3.2 D) It also occurs as aggregates of smaller apatite crymtaigith

more distinct radial appearancehe clusters are approximately 106 in size. Unlike
53.3n depth apatite does not occur as larger, discrete, euhedral crystals embedded in
calcite. Inclusions are also common within the apatite aggregate clégt®4s8m, patite
showsmoderate abundance and is embedded in the serpgraumedmasgFigure 3.2 E)
Apatite crystals are approximately 10 um in size and occur as elongated subhedral crystals

or euhedral hexagonal prisms depending on their orientation. Inclusions are commonly
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seen in the elongated crystals. Apatite tetw appar near or within calcite. Some

elongated crystals appear to be broken up within calcite.

The nonkimberlitic apatite is distinguished by its low Sr and REE content (Milligan,
2017). The discrete and aggregated apdti@sd at the same sample depth (53.3m) show

no significant difference in composition. Apatite composition in Boa kimberlite shows a
slight difference between acicular and euhedral apatites. Acicular apatite tends to have
slightly higher Sr and REE thanetleuhedral apatites (Figure 3.8). F content is the same
for the two apatite textures (Figure 3.9). No significant correlation is observed in the apatite

composition with relation to sample depth (Figure@&s$d ES?).

BK1 Kimberlite (H002)

Four samples &im BK1 Kimberlite (HO02)show distinctly differenpropertiesof apatite

in accordncewith thar hostfacies. The shallower samples 3@0.78mfrom CK-A have
higher abundancef apatite, whichoccurs as aggregates of fine crystals intergrown with
mainly phlogopite in the serpentine groundmass (Figure 3.3 A B). Clusters of digatite
irregular shapesand areapproximately 1€@20um in size.In addition to occurring
throughout the groundmass, apatite is also commonly localized around pianecrysts
(Figure 3.7 D). The two deeper samples at 5G4.B83mfrom KPK show low abundance
and discretepatitecrystalsemplaced in the groundmagst 50.41m near the transition
between CKA and KPK, apatite occurs &ihedralprismatic crystals butosne apatite
crystalshavé at o | | with & @distincteareso$ilicatecomposition (olivineserpentine
based on the EDS spectru(f)gure 3.3 C D E)Other crystals show a patchy appearance
within a prismatic crystal. All observed crystals appearhtwe norhomogeneous

composition. The euhedral crystals are approximatelfQiOm in size. The abundance of
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apatite is low in this sampldn the KPK sample at 54.33mpatite occurs as both
aggregates of small crystalstime groundmass as well as more deteranhedral grains.
The clusters are approximatehld um in size and the discrete grains ar&3pm in size.
Apatite is very low in abundance in this sample.correlationcan be concluded apatite

composition with relation to sample depthe to insfficient data.

BK1 Kimberlite (HO03)

The five samples froBK1 Kimberlite (HO03)contain two (8.6418.28m) from CKA and

three (32.42124.41m) from KPK. At 8.64m, subhedrapadite crystals are found
intergrown with phlogopite in the groundmaesd are approximately :@0um in size
(Figure 3.4 A) The crystals have a mottled appeaeapassibly due to alteratioApatite
abundance is moderate. Similarly at 18.28mgcraphenocrysts of apatite appears
intergrown with phlogopite in the groundmass as irregularly shaped clusters within a
serpentine groundmasgBigure 3.4 B) Apatite grain ges range from approximately -10

20 yum in size and are prismatic in shape. The abundance of apatite is moderate. Apatite
and phlogopiteboth exhibit poikilitic texture. At the 32.42m KPK transition, patite
appears as either very fine needle shaped ctustaplaced in the serpentine groundmass
or as very fine clusters within magmaclastgelict graingimmed with diopside (Figure

3.7 C). The abundance of apatite is |o\patite crystals are sized approximatelyGm.

At 45.65m, aatite is very low in abndanceApatite primarily occurin the core of what
appears to be relict grains that has been altered and/or reffagece 3.4 D) This is
similar to EGK63932.42m)except with a lower abundance of diopsael larger sized
apatite Not all magmaclasthave apatite within the core. Apatite appears to occur as

aggregates of small crystals, clumping together in clustdrd.24.41m,apatiteforms

38



exclusivelyin the cores of relict grains that have been altered and/or replaced but with
greater frequencynal abundancéFigure 3.4 E) Grain sizes ranged from approximately
10-20 um. However, the grains appear to be more of an aggregate of finer crystals clumped
together.Perovskite is present in the groundmass and appears to be crystallizing before
apatite. he composition of euhedral apatite in @Kis significantly different from
acicular apatite in KPK (Figure 3.8). Theicular apatites have significantly higher Sr but
similar REEcontent. F is higher in the euhedral apatitesn CK-A compared to the KPK
acicular apatites (Figure 3.9). No significant correlation is observed in the apatite

composition with relation to sample depth (Figure@hd ES7).

BK1 Kimberlite (H004)

Three samples from GB in BK1 kimberlite are fromHO04 drillhole. In the shallowest
sample, patiteforms clustersof aggregates distributed in the groundmasdintergrown

with phlogopite (Figure 3.5 A) The clusters are approximately-18 pm in size.
Perovskite is moderately abundant and large in @2€L00 pum).In the sampleérom
intermediate depth,patite is very low in abundan@ndtends to occur as aggregates of
small crystals intergrown around phlogopite in the groundiikagsre 3.5 B) The clusters

are around 80um in size. One cluster exhibits a euhedral shaped edge. Perovskite is
commonly present in this sample and appeafsrta earlier than apatitdn the deepest
sample, patite occurs as discrete, relatively euhedral prismatic crystals emplaced in the
groundmass approximately -B0um in sizgFigure 3.5 C)Zoning is apparent in some of

the apatite crystals. They are geally intergrown with adjacent phlogopite in the
groundmass. Apatite is moderately abundant, with carbonate, phlogopite and perovskite

being commonly found throughout the groundma$& composition of apatite is low in
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Sr and LREENo correlationcan be oncluded ormapatite composition with relation to

sample deptllue to insufficient data.

AK15 Kimberlite

In the three samples in CK facies from AK15 kimberlite, apatite was very abundant in the
shallowest sample (56.16m) forming discretedral to subheal crystals approximately

10um in sizeas short elongated prisr{fSigure 3.6 A). The abundance of apatite becomes
scarcer with depth, it is rare at 98.48m and entirely absent at 151.7m. At Sapkgitejs

found throughout the groundmass very high abundanceApatite occurs as discrete
crystals approximately 10um in size. Apatite crystals appear to be euhedral to subhedral in
shape and frequently occur as short elongated prisms. Carbonate is presecbadar\s
mineral in the groundmass. Spinel is high in abundance and large in size and is commonly
rimmed with titanite. The groundmass is mainly serpentine with large phenocrysts of
phlogopite. At 98.48m, @atite is very low in abundanceand very fine graned,
approximately 5um in siz¢Figure 3.6 B). It isfound embedded in the groundmass
intergrown with phlogopite/serpentine groundmalise shape is similar tthe apatite

found at 56.16mOnly one specimen was observed in the sample. Apatite is very fine
grained, approximately 5um in size. Monticellite, spinel, and perovskite are commonly
found throughout thgroundmassThe composition of apatite is low in LREE and Sr. No
correlationcan be concluded aapatite composition with relation to sample deghti to

insufficient datgFigure ES6 and ES7).
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Table3.1 Average composition of apatite frdpeslie, Boa, BK1 and AK1&imberlites
sampled at different depth&oichiometry of apatite calculated based on (Ketcham, 2@i3).
apfucalculated assumingtatal anion in the halogen sitt DDH_53.3 A = aggregate
apatitesDDH_53.3 E = discrete euhedral apatites.

Kimberlite Leslie Leslie Leslie Leslie
Sample LDC9 23.7 LDC9 60 LDC9 162 LDC9 127.8
n 20 14 10 14 10 140 20 10
NaO 0.08 0.05 0.01 0.03 0.03 0.06 0.04 0.07
CaO 49.12 0.76 51.66 1.17 51.00 1.38 50.09 0.57
P>Os 36.87 1.04 38.59 0.72 38.12 1.40 37.22 0.84
FeO 0.14 0.09 0.44 0.20 0.43 0.55 0.20 0.09
Si02 1.07 0.16 1.27 0.13 1.25 0.51 1.03 0.16
BaO 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01
Ce0s 1.65 0.23 1.05 0.17 1.37 0.31 1.41 0.22
La,O3 1.05 0.22 0.61 0.12 0.74 0.26 0.82 0.15
SrO 3.14 0.60 1.36 0.14 1.79 0.16 2.00 0.28
Pr,Os; 0.45 0.08 0.48 0.05 0.49 0.12 0.48 0.10
V203 0.17 0.04 0.14 0.07 0.13 0.04 0.13 0.04
K20 0.05 0.02 0.04 0.01 0.11 0.08 0.05 0.03
Nd>O3 0.29 0.14 0.19 0.12 0.29 0.09 0.30 0.14
MnO 0.01 0.01 0.00 0.01 0.01 0.02 0.00 0.01
F 1.97 0.15 2.68 0.31 2.93 0.37 2.55 0.25
Cl 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00
-O=(F,Cly 0.99 0.08 1.34 0.16 1.47 0.19 1.27 0.12
Total 97.08 1.04 99.88 1.76 100.16 1.87 97.59 1.10
Structural formulae calculated on the basis of 8 cations:
Na 0.010 0.009 0.000 0.004 0.000 0.011 0.010 0.013
Ca 4,760 0.040 4.840 0.029 4.810 0.050 4.830 0.022
P 2.820 0.051 2.860 0.027 2.840 0.067 2.840 0.043
Fe 0.010 0.007 0.030 0.015 0.030 0.041 0.020 0.007
Si 0.100 0.015 0.110 0.012 0.110 0.047 0.090 0.015
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ce 0.050 0.008 0.030 0.005 0.040 0.010 0.050 0.007
La 0.040 0.008 0.020 0.004 0.020 0.008 0.030 0.005
Sr 0.160 0.033 0.070 0.006 0.090 0.007 0.100 0.015
Pr 0.010 0.003 0.020 0.002 0.020 0.004 0.020 0.003
V 0.010 0.003 0.010 0.004 0.010 0.003 0.010 0.003
K 0.010 0.003 0.000 0.001 0.010 0.009 0.010 0.004
Nd 0.010 0.005 0.010 0.004 0.010 0.003 0.010 0.004
Mn 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.000
X 8.000 8.000 8.000 8.000
F 0.560 0.047 0.740 0.085 0.820 0.105 0.720 0.071
Cl 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.000
OH 0.430 0.047 0.260 0.085 0.180 0.105 0.280 0.071
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Kimberlite Leslie Boa Boa
Sample LDC 194.65 DDH_GC DDH 52 DDH 53.3 A*
n 11 14 15 [ 146 2 140 2 140
Na,O 0.05 0.06 0.11 0.10 0.00 0.00 0.12 0.05
CaO 50.22 1.46 53.41 1.23 54.23 0.71 50.53 0.45
P.Os 37.03 0.77 40.67 1.11 40.17 0.30 36.22 0.02
FeO 0.55 0.10 0.04 0.02 0.21 0.03 0.14 0.04
Si02 1.77 0.70 0.44 0.60 0.64 0.68 1.05 0.28
BaO 0.02 0.00 0.00 0.00 0.01 0.02 0.01 0.02
Ce0Os 1.27 0.36 0.26 0.10 0.15 0.09 0.90 0.04
Lax0O3 0.70 0.26 0.06 0.04 0.00 0.00 0.59 0.26
SrO 0.95 0.38 0.00 0.00 0.00 0.00 1.42 0.01
Pr,Os 0.40 0.10 0.39 0.07 0.41 0.05 0.40 0.04
V203 0.18 0.06 0.09 0.05 0.07 0.02 0.11 0.06
K20 0.10 0.07 0.04 0.04 0.13 0.06 0.05 0.01
Nd>O3 0.16 0.10 0.14 0.09 0.02 0.02 0.15 0.01
MnO 0.01 0.01 0.15 0.04 0.00 0.00 0.01 0.01
F 2.41 0.23 3.53 0.36 3.30 0.09 1.93 0.15
Cl 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.00
-O=(F,Cly 1.21 0.12 1.77 0.18 1.65 0.04 0.97 0.07
Total 97.03 1.03 101.10 2.24 101.00 0.04 94.61 0.24
Structural formulae calculated on the basis of 8 cations:
Na 0.010 0.011 0.020 0.018 0.000 0.000 0.020 0.008
Ca 4.820 0.086 4.930 0.046 4.980 0.054 4,930 0.028
P 2.810 0.066 2.970 0.040 2.910 0.015 2.790 0.007
Fe 0.040 0.007 0.000 0.002 0.020 0.003 0.010 0.003
Si 0.160 0.063 0.040 0.053 0.050 0.059 0.100 0.025
Ba 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001
Ce 0.040 0.012 0.010 0.003 0.000 0.003 0.030 0.001
La 0.020 0.009 0.000 0.001 0.000 0.000 0.020 0.009
Sr 0.050 0.020 0.000 0.000 0.000 0.000 0.070 0.000
Pr 0.010 0.003 0.010 0.002 0.010 0.001 0.010 0.001
V 0.010 0.004 0.010 0.003 0.000 0.001 0.010 0.003
K 0.010 0.008 0.000 0.005 0.010 0.006 0.010 0.001
Nd 0.010 0.003 0.000 0.003 0.000 0.001 0.010 0.000
Mn 0.000 0.001 0.010 0.003 0.000 0.000 0.000 0.000
X 8.000 8.000 8.000 8.000
F 0.680 0.065 0.960 0.095 0.890 0.025 0.550 0.041
Cl 0.000 0.003 0.000 0.001 0.000 0.001 0.000 0.000
OH 0.320 0.068 0.040 0.095 0.110 0.025 0.440 0.041
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Kimberlite Boa Boa Boa AK15
Sample DDH 53.3 E* DDH 66.2 DDH 84.8 EGR665 (56.16)
n 6 110 26 110 19 110 19 10
Na,O 0.17 0.11 0.10 0.09 0.40 0.13 0.04 0.04
CaO 50.14 0.40 51.31 0.70 51.99 0.84 53.43 0.74
P.Os 36.41 0.55 37.42 0.99 37.01 0.53 38.01 1.04
FeO 0.12 0.07 0.19 0.10 0.35 0.11 0.37 0.06
Si02 1.25 0.21 1.43 0.51 1.58 0.12 0.88 0.18
BaO 0.01 0.04 0.01 0.02 0.02 0.04 0.03 0.09
Ce0Os 0.83 0.15 1.11 0.24 0.79 0.15 0.50 0.13
Lax0O3 0.57 0.09 0.86 0.20 0.49 0.11 0.29 0.07
SrO 1.58 0.24 1.74 0.19 1.27 0.29 0.84 0.10
Pr,Os 0.39 0.05 0.42 0.09 0.40 0.10 0.37 0.09
V203 0.14 0.04 0.15 0.05 0.15 0.05 0.19 0.06
K20 0.06 0.02 0.04 0.02 0.10 0.02 0.03 0.01
Nd>O3 0.07 0.08 0.12 0.10 0.07 0.06 0.08 0.10
MnO 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01
F 1.90 0.15 1.88 0.13 1.92 0.10 3.07 0.27
Cl 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.03
-O=(F,Cly 0.95 0.07 0.94 0.06 0.96 0.05 1.54 0.13
Total 94.61 0.83 97.72 1.23 97.53 0.93 99.68 1.20
Structural formulae calculated on the basis of 8 cations:
Na 0.030 0.019 0.020 0.015 0.070 0.021 0.010 0.006
Ca 4.880 0.031 4.860 0.037 4.880 0.033 4,990 0.047
P 2.800 0.027 2.800 0.052 2.750 0.028 2.800 0.060
Fe 0.010 0.005 0.010 0.007 0.030 0.008 0.030 0.005
Si 0.110 0.018 0.130 0.046 0.140 0.011 0.080 0.016
Ba 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.003
Ce 0.030 0.005 0.040 0.008 0.030 0.005 0.020 0.004
La 0.020 0.003 0.030 0.006 0.020 0.004 0.010 0.002
Sr 0.080 0.012 0.090 0.010 0.060 0.015 0.040 0.005
Pr 0.010 0.002 0.010 0.003 0.010 0.003 0.010 0.003
V 0.010 0.003 0.010 0.003 0.010 0.003 0.010 0.003
K 0.010 0.002 0.000 0.002 0.010 0.003 0.000 0.001
Nd 0.000 0.003 0.000 0.003 0.000 0.002 0.000 0.003
Mn 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.001
X 8.000 8.000 8.000 8.000
F 0.550 0.040 0.530 0.037 0.530 0.031 0.850 0.072
Cl 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.005
OH 0.450 0.040 0.470 0.037 0.470 0.031 0.150 0.072
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Kimberlite BK1 (H004) BK1 (H003) BK1 (H003) BK1 (H003)
Sample EGK619 EGK636 (8.64) EGK637(18.28) EGK639 (32.42)
n 19 140 10 140 6 10 1 10
Na,O 1.71 0.07 0.71 0.18 0.53 0.13 1.16 -
CaO 51.40 0.34 51.93 0.62 50.07 0.87 46.83 -
P>Os 30.15 0.34 35.92 1.01 34.73 0.29 30.68 -
FeO 0.90 0.04 0.26 0.08 1.63 0.04 2.45 -
Si02 2.70 0.23 0.54 0.04 1.25 0.10 3.36 -
BaO 0.05 0.08 0.09 0.05 0.06 0.06 0.33 -
Ce0Os 0.12 0.11 0.15 0.08 0.17 0.10 0.22 -
Lax0O3 0.01 0.00 0.01 0.01 0.02 0.02 0.12 -
SrO 0.14 0.00 2.72 0.28 1.58 0.27 0.59 -
Pr,Os 0.32 0.18 0.36 0.09 0.34 0.08 0.33 -
V203 0.17 0.05 0.90 0.20 0.64 0.11 0.06 -
K20 0.17 0.03 0.10 0.03 0.10 0.04 0.28 -
Nd>O3 0.03 0.08 0.01 0.02 0.01 0.00 0.06 -
MnO 0.03 0.03 0.01 0.01 0.01 0.01 0.03 -
F 1.99 0.23 3.43 0.26 3.50 0.14 3.29 -
Cl 0.01 0.00 0.01 0.01 0.01 0.01 0.01 -
-O=(F,Cly 1.00 0.11 1.72 0.13 1.75 0.07 1.65 -
Total 90.88 0.37 98.87 1.07 96.40 1.10 91.45 -
Structural formulae calculated on the basis of 8 cations:
Na 0.300 0.010 0.120 0.031 0.090 0.023 0.210 -
Ca 5.010 0.002 4,910 0.033 4.850 0.042 4,720 -
P 2.320 0.009 2.680 0.056 2.660 0.019 2.440 -
Fe 0.070 0.003 0.020 0.006 0.130 0.003 0.200 -
Si 0.250 0.021 0.050 0.003 0.110 0.009 0.320 -
Ba - 0.003 - 0.002 - 0.002 0.010 -
Ce - 0.004 - 0.003 0.010 0.003 0.010 -
La - - - 0.000 - 0.001 - -
Sr 0.010 - 0.140 0.015 0.080 0.013 0.030 -
Pr 0.010 0.006 0.010 0.003 0.010 0.003 0.010 -
V 0.010 0.003 0.050 0.012 0.040 0.006 - -
K 0.020 0.004 0.010 0.004 0.010 0.004 0.030 -
Nd - 0.002 - 0.001 - 0.000 - -
Mn - 0.002 - 0.001 - 0.001 - -
X 8.000 8.000 8.000 8.000 -
F 0.570 0.067 0.960 0.080 1.010 0.046 0.980 -
Cl - - - 0.002 - 0.001 - -
OH 0.430 0.067 0.040 0.064 0.011 0.030 0.020 -
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Kimberlite BK1 (H003) BK1 (H003)
Sample EGK641 (45.65) EGK648 (124.41)
n 8 140 4 110
Na,O 1.41 0.14 0.84 0.02
CaO 40.70 3.50 47.62 0.37
P>Os 33.20 1.51 34.40 0.57
FeO 0.32 0.09 0.55 0.07
Si02 1.08 1.12 2.51 0.29
BaO 1.62 0.25 1.50 0.50
Ce0Os 0.24 0.09 0.30 0.09
Lax0O3 0.19 0.12 0.06 0.08
SrO 10.53 3.41 1.20 0.19
Pr,Os 0.43 0.15 0.40 0.02
V203 0.09 0.04 0.06 0.03
K20 0.07 0.01 0.04 0.02
Nd>O3 0.15 0.06 0.05 0.07
MnO 0.01 0.01 0.03 0.02
F 2.54 0.16 2.05 0.10
Cl 0.01 0.01 0.03 0.02
-O=(F,Cly 1.27 0.08 1.03 0.05
Total 93.86 0.86 92.64 0.51
Structural formulae calculated on the basis of 8 cations
Na 0.260 0.028 0.150 0.002
Ca 4,190 0.261 4,720 0.037
P 2.710 0.107 2.690 0.043
Fe 0.030 0.007 0.040 0.006
Si 0.100 0.106 0.240 0.026
Ba 0.060 0.010 0.050 0.018
Ce 0.010 0.003 0.010 0.003
La 0.010 0.004 0.000 0.003
Sr 0.590 0.199 0.060 0.010
Pr 0.020 0.005 0.010 0.001
V 0.010 0.003 0.000 0.002
K 0.010 0.001 0.000 0.002
Nd 0.010 0.002 0.000 0.002
Mn 0.000 0.001 0.000 0.002
X 8.000 8.000
F 0.780 0.055 0.600 0.028
Cl 0.000 0.002 0.000 0.003
OH 0.220 0.054 0.400 0.030
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SEM HV: 20.0 kV wo:1655mm |, 0]
View field: 237 ym Det: BSE 50 ym Det: BSE 20 pm

SEM HV: 20.0 kV WD: 17.61 mm Al SEM HV: 20.0 kV WD: 16.97 mm | MIRA3 TESCAN

View field: 414 ym Det: BSE 100 pm View field: 211 pm Det: BSE 50 pm

SEM HV: 20.0 kV WD: 17.35 mm Il

View field: 151 um Det: BSE 20 ym

Figure 3.1:BSE images of apatite textures found at different depth intervals of Leslie
kimberlite. Ol = olivine, Ap = apatite, Srp = serpentine, Mtcmonticellite, Carb =
carbonate / calcite
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SEM HV: 20.0 kV WD: 16.63 mm | 1 MIRA3 TESCAN| SEM HV: 20.0 kV WD: 17.35 mm

View field: 326 pm Det: BSE 100 pm View field: 292 ym Det: BSE

. ./' . - .
SEM HV: 20.0 kV WD: 16.68 mm | MIRA3 TESCAN SEM HV: 20.0 kV WD: 17.02 mm | | MIRA3 TESCAN
View field: 587 ym Det: BSE View field: 516 pm Det: BSE

SEMHV:20.0kV |  WD:17.02 mm
View field: 228 ym Det: BSE

Figure 32: BSE images of apatite textures found at different depth intervals of Boa
kimberlite.Kfs = K-feldspar
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SEM HV: 20.0 kV WO: 16.43 mm | MIRA3 TESCAN SEMHV:200kV | WD: 16.98 mm ||
View field; 226 pm Det: BSE View field: 221 pm Det: BSE 50 pm

c

SEM HV: 20.0 kV WD: 16.84 mm | WD: 16.85 mm |

View field: 218 pm Det: BSE 50 pm Det: BSE 20 pm

%

SEM HV: 20.0 kV WD: 17.02 mm | i MIRA3 TESCAN ﬂSFM HV ?Q:D ky gl \ND 172Dmm i
View field: 304 pm Det: BSE 50 pm View field: 225 pm Det: BSE

Figure 33: BSEimages of apatite textures found at different depth intervals of BK1
(HO02) kimberlite Phl = phlogopitellm = ilmenite, Ttn = titanite.
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SEM HV: 20.0 kV ; WD: 16.82 mm SEM HV: 20.0 kV WD: 17.03 mm
View field: 117 ym Det: BSE View field: 180 pm Det: BSE

] a
SEMHV:200kV | WD: 16.44 mm WD: 16.98 mm |

View field: 196 ym Det: BSE View field: 461 ym Det: BSE 100 pm

»

SEM HV: 20.0 kv WD: 17.04mm | | |

View field: 369 ym Det: BSE 100 pm

Figure 34: BSEimages of apatite textures found at different depth intervals of BK13)HOO0
kimberlite.Di = diopside.
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SEM HV: 20.0 kV WD: 16.46 mm | | MIRA3 TESCAN| SEMHV: 20.0kV WD: 16.85 mm | MIRA3 TESCAN

View field: 319 pm Det: BSE View field: 78.0 ym Det: BSE 20 ym

SEM HV: 20.0 kV WD: 16.91 mm

View field: 214 pm Det: BSE 50 pm

Figure 35: BSEimages of apatite textures found at different depth intervals of BK14)HO0
kimberlite.Prv = perovskite.

| . & .
a
SEM HV: 20.0 kV WD: 16.98 mm MIRA3 TESCAN| SEM HV: 20.0 kV WD: 16.69 mm

View field: 335 pm Det: BSE 100 pm View field: 117 ym Det: BSE

Figure 36: BSE images of apatite textures found at different depth intervalskds
kimberlite.
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SEM HV: 20.0 kV WD: 16.60 mm MIRA3 TESCAN SEM HV: 20.0 kV ‘WD: 17.35 mm
View field: 1.48 mm Det: BSE 200 pm View field: 201 pm Det: BSE 50 ym

SEMHV:200kv  Wo:teszmm || 11000 MIRASTESGAN ' .».  JEOL COMP 15.0kV x80  100pm WD11mm
View field: 1.04 mm Det: BSE 200 pm - .

Figure 37: BSE images ofkimberlite textures. A: carbonate segregations in the
groundmas# Leslie(sample LDC9_60 (60 m)B: assimilated xenolitifoutlined in red)

in Boa (sample DDH52 (52 m))C: magmaclasts rimmed with diopside in BK1 HO03
(sample EGK63%t 32.42 m),D: apatite localized around an olivine megacryst in BK1
HO002 (sample EGK569 (40.78)n
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ALeslie CK Acicular

0.9 - e Leslie CK Euhedral 09 |
A ] A
& Boa CK Acicular

08 - A #Boa CK Euhedral 0.8 1
#AK15 CK Euhedral
0.7 #BK1 CK-A Euhedral 07
4BK1 KPK Acicular
0.6 . 0.6
—_ 4 BK1 CK-B Acicular —_
5 3
ED.S | ©Root Zone Kimberlite §0.5
= CHyapbyssal Kimberlite (Dyke, Sills) .
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La + Ce (apfu) F (apfu)
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Sro (wt. %) La203 + Ce203 (wt. %)

Figure3.8 A) La + Ce vs.Sr content ofapatite for differenkimberlite pipe drill hols.

The upward Sr trend is indicative of crystallization from a fluid. Whereas the trend moving
right with increasing La + Ce suggests a magmatic origin.\B) Brcontent ofapatite for
differentkimberlite pipe drill hols. C) SrO vs. Si@content ofapatite D) LaOs vs. SiO».
Hypabyssablnd root zone kimberlites from Kimberley Cluster (South Africa) are shown
for comparison$oltyset al, 2020).
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3.2 Experimental Results

3.2.1 Run products and composition of quenched melts

The results of the experiments and the summary of the run products are reported in Table
3.2 and Figure ES. All run products contain crystals of euhedral apatite rangingLsn

in diameter and various amount of quenched melt (Figut@).3Apatite typically
concentrates along the bottom of the capsule and quenched melt is found along the
capsul ebs sides 3andRuhe woph(é&veguhea€ESng st
devdoped large melt pockets (&b pm) between the apatite grains (FigudO®). Some
compositions had other liquidus mineraisaddition to apatiteH.O-free runs withdoped

TAG6 compositiorformedsmall amounts oREE-rich mineral closelyesembling feldspar
fromits EDS spectrumTA6 composition at 2 GP@un PG198) produced melt with very

low SiO; (4 wt.%) due to significant diopside crystallizati@tarting compositionbased

on Leslie kimberlitel(S6, LS15, and LS26roducediquidusforsterite, diopside, spinel,

and carbonate (Figurel®D, E, F).

Products of HO-bearing runs show the presence of bubldenfirming retention of
volatilesin the runs (FigureeS 3 PG201, 207, 222)However, these textures are not
conclusive to determine if volatiles reached the saturation at run conditions and exsolved
H20-CO: fluid or if bubbles formed during quench. However, solubility experiments in
with TA6 and TA9 melts (Moussallarat al., 2016) show volatiles are likely below
saturation at our experimental conditions. Bubbles are also present in sOnfreéiruns
(PG179, PG184, PC185, PC186, PCG224, 228) with CQ

Melt in all runs showed quenched texturesth skeletalcrystak of apatite carbonate or

silicate phases. To obtain representative melt compositions we uséd i spot size
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area analyzes depending on the size of the quenched crystals (Fi@uke3. Runs with
mixtures LS15 and LS26 formed very small glass ptscfeed um), which were not suitable

for EMP and LAICPMS analyzes.

The study produced a large compositional range of the quenched melts equilibrated with
apatite (Table 3. and Table 3.4, Figure 312) with SiQ, ranging from 623 wt.%, CaO

from 32-51 wt.%,MgO from 013 wt.%, CQ (calculated as a difference between the total
of EMP analyzes and 100%) froi8-40 wt.%, and FOs from 1.514.5 wt.%. This range
allows examining the effect of composition on element partitioning in apatite for the
compositions close to that of an evolved kimberlite nf7el9 composition in P€24 run

has an unusually low SiOnelt content (10.3wt. %) compared to other TA6 and TA9
derived melts. This is attributed to the abundant crystallization of a diopside thlaai$s

not present in other runs.

The effect of fQ wasexamined irthree runs bufferedt NNO, MH, andIW buffers giving

log fO2 range of 9 log unitdJse of graphite capsule PCG-209 and P16to bufferfO;

at CCO did not yield useable run produchge to the lack of any sizeable apatites and
guenched melt pockets that could be successfully analP22@13run with RRO buffer

did not produce large enough melt pockets to leahis.
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Table 32: Experimental conditions and results. All percentages are in wt. %. DA = Durango apatite, SA = synthetic apatite. €®C = Tra
elements, Ap = apatite, Ap apatite rims Lc = quenchedelt with carbonate, Ls = quenchedelt withsilicates, Lsc = quenchethelt with
silicates andcarbonats, FI = fluid, Fo = forsterite, Di = diopside, Sp = spinel, Mont = monticellite, Per = periclase, kfekddpar, CCO =
carbon dioxidecarbon oxide, RRO rheniumrheniumoxide.All experiments are run at 1 GPa except forF38.

Run # Composition T (°C) Buffer | Duration Phases Present
(hours)
CAA (50%) + DA (50%) 1250 NNO? 24 Ap + Lc
PC178 TA9 (50%) + DA (50%) 1250 NNO?! 24 Ap + Lsc +Fl
TAG (48%) + DA (48%) + TRG4%) 1250 NNO?! 24 Ap + Lc/Ls +Fl + Kfs
PC179 T
TA9 (48%) + DA (48%) + TRC (4%) 1250 NNO 24 Ap + Lc/Ls+Fl
LS6 1150 1 Mont + Sp + Peri + Lc
PG184 LS15 1150 1 Fo+Di+Sp+Lc+Ls+Fl
LS15G20 1150 1 Fo + Di+ Sp + Lc +Fl
LS6 1250 1 Fo + Mont + Sp + Per + Lc
PC185 LS15 1250 1 Fo+ Sp + Lc + Fl
LS15G20 1250 1 Fo + Mont + Sp + Di + Lc + FI
LS6 (80%) + DA (20%) 1150 24 Fo+ Sp + Ap + Lsc + FI
PC186 LS15 (80%) + DA (20%) 1150 24 Fo+Di+Sp+Ap+Lc+Fl
LS26 (80%) + DA(20%) 1150 24 Fo+Di+Sp+Ap+Lc+Fl
LS6 (80%) + DA (20%) + TRC (4%) 1150 24 Mont + Sp + Ap + Ap
PG 187 :
LS15 (80%) + DA (20%) + TRC (4%) 1150 24 Fo+Di + Sp + Ap + Ap new + Lc




9G

Run # Composition T (°C) Buffer Duration PhasesPresent
(hours)

LS6 (80%) + DA (20%) + TRC (4%) 1150 48 Mont + Fo + Sp + Ap + Ap
PCG188

LS15 (80%) + DA (20%) + TRC (4%) 1150 48 Fo+ CPx+Sp+Ap+Lc

LS6 (80%) + DA (20%) + TRC (4%) + 5% H20 1150 24 Fo + Mont + Sp + Ap+ Lsc + Fl
PCG189 -

TA9 (80%) + DA (20%) + TRC (4%) + 5% H20 1150 24 Di+Ap ++ Ap + Lc + Fl
PG195 LS6M (88%) + DA (10%) + TRC (2%) 1250 24 Ap + Fo + Mont + Lsc + REphase
PC196 TAG6 (66%) + DA (10%) + SA (20%) + TRC (4% 13001250 28 Ap + melt + REEphase

TA16 (76%) + SA (20%) + TRC (4%) 13001250 28 Ap + Lc + Per + Mont + REfphase
PG197 TAG (76%) + SA (20%) + TRC (4%) + 10% H2( 13001250 28 Quench Ap + Melt

CAA (76%) + SA (20%) + TRC (4%) 13061250 28 Ap + Lc+TRC

TAG6 (76%) + SA (20%) + TR@4%) 13001250 28 Ap + Lc + Di + Kfs + REEKfs + REE
PG19& phase

TA6 (46%) + SA (50%) + TRC (4%) + 10% H2( 13001250 28 Ap + Lsc + REEDi + REEKfs + REE
PG201 phase
PG.207 TA6 (46%) + SA (50%) + TRC (4%) + 10% H2 1350 24 Ap + Lc? + Di? + Fl
PG.209 TA6 (76%) + SA (20%) + TRC (4%) (Graphite)| 13001250 Ccco 28 Quench Ap + melt
PG212 TAG6 (76%) + SA (20%) + TRC (4%) 13001250 NNO?! 28 Quench Ap + melt
PG213 TAG6 (76%) + SA (20%) + TRC (4%) 13001250 RRO 28 Ap + small melt pockets
PG214 TA6 (76%) + SA (20%) + TRC (4%) 13061250 NNO?! 28 Quench Ap + melt

TA9 (76%) + SA (20%) + TRC (4%) 1350 24 Quench Ap + melt

PC215




LS

Run # Composition T (°C) Buffer Duration Phases Present
(hours)

TA9 (76%) + SA (20%) + TRC (4%) 13001250 | NNO! 28 Quench Ap + melt
PC216  TA9 (76%) + SA (20%) + TRC (4%) (Graphite)] 13001250 | CCOP 28 Quench Ap + melt
bColg | TAB (46%) + SA (50%) + TRC (4%) + 10% H2( 13001250 | NNO® 28 Ap + melt + REEKfs + REEphase + FI
b1 | TAG (46%) + SA (50%) + TRC (4%) + 10% H2( 13001250 MH 28 Ap + melt + REEKfs + REEphase + FI
bGoyo | TAB (46%) + SA (50%) + TRC (4%) + 10% H2( 13001250 W 28 Ap + melt + FI

CAA (76%) + SA (20%) + TRC (4%) 13001250 48 Ap + Lc + REEphase
bC.224 TAG6 (76%) + SA (20%) + TRC (4%) 13001250 48 Lsc + quench Ap

TA9 (76%) + DA (20%) + TRC (4%) 13001250 48 Ap + Di + Lsc + FI
bCoog | TAG (64%) + SA (32%) + TRC (4%) 13001250 48 Ap + Lsc

! runs with Ni foil

2 experimental run at 2 GPa

3 experimentduffered atCCO using a graphite capsule
4experimenbufferat RROusingReandReG:

>runs with NNO powder in double capsule configuration
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Table 33: Major element compositions of quenchadltsfrom the run products (wt. %) obtained with EMPACalculated as average ather

runscontainingCo and Ni

Run# | PG| PG| PG| PG| PG| PG| PG| PG| PG| PG| PG| PG| PG| PG| PG| PG| PG
178| 197| 224| 178| 179| 224| 186| 189| 179| 196| 198| 201| 207| 219| 221| 222| 228
Mixture | cAA | CAA| CAA| TA9| TA9| TA9| LS6| LS6| TA6| TA6| TA6| TA6| TA6| TA6| TA6| TA6| TA6
# of
analyses 11 7 7 5 4 5 7 10 6 6 6 5 4 8 5 7 4
K20 0.03| 0.02| 0.03| 2.76] 1.75| 3.01| 065| 1.07| 2.39| 2.09| 1.82| 1.93| 1.66| 2.79| 2.00| 2.16| 1.72
CaO | 50.29| 51.15| 51.92| 32.72| 39.09| 39.42| 37.99| 37.77| 34.45| 37.42| 38.77| 36.42| 38.08| 34.17| 34.76| 33.59| 37.59
NaO | 040| 054| 0.92| 042| 0.19| 063| 047| 053] 063| 0.90| 1.41| 222| 1.81| 3.62| 091| 1.89| 0.65
MgO 0.23| 0.26| 0.31| 7.37| 5.13| 5.64| 13.37| 11.12| 6.86| 558| 5.78| 6.42| 5.28| 7.27| 6.70| 8.39| 6.39
Al20s | 005| 0.17| 0.10| 531| 2.89| 1.75| 151| 1.33| 3.86| 4.20| 1.37| 3.37| 3.21| 3.61| 3.98| 3.54| 3.23
FeO 0.01| 0.00| 0.00| 004| 002| 001| 4.17| 3.38] 0.04| 0.01| 0.01| 0.01| 0.01| 0.01| 0.03| 0.01]| 0.01
SiO, 0.18| 0.13| 0.09| 22.50| 14.06| 10.93| 19.08| 16.89| 17.74| 17.36| 4.26| 12.70| 11.87| 14.06| 14.65| 14.14| 13.05
P20s 8.28| 9.50| 11.09| 4.15| 9.60| 8.44| 3.85| 3.91| 8.24| 8.67| 9.24| 10.95| 1452| 461| 9.50| 5.46| 9.33
Cl 0.09| 0.03| 0.00| 0.17| 0.10| 0.12| 0.07| 0.06| 0.24| 0.07| 0.03| 0.01| 0.02| 0.10| 0.01] 0.03| 0.04
F 1.39| 0.14| 0.19| 0.84| 1.05| 0.75| 0.92| 0.80| 1.01| 0.34| 0.13| 0.15| 0.22| 0.06| 0.15| 0.08]| 0.14
SO 0.02| 0.04| 0.07| 0.03| 004| 0.14| 0.17| 0.42| 0.02| 0.04| 0.02| 001| 0.03| 0.03| 0.05| 0.03| 0.09
CoO 0.17| 0.12| 0.03 0.13| 0.01] 0.06*| 0.01| 0.00| 0.06*| 0.26| 0.00| 0.00
NiO 456| 3.73| 0.00 2.12| 0.00| 3.47*| 0.00] 0.00| 3.47*| 0.00| 0.00| 0.00
TOTAL | 60.95| 61.97| 64.73| 81.01| 77.75| 70.85| 82.26| 77.28| 77.72| 76.69| 62.83| 74.18| 76.70| 70.29| 72.99| 69.31| 72.22
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Table 34: Average trace element (ppm) compositions of quenofedtsfrom run products obtained from LKCP-MS analysesh.d.= below
detection limit.Limits of detection for each analysis included in electronic supplementary* d@aas doped with tracelementgshown with

larger font)

Run # PG178 PG197* PG224* PG178 PG179 PG186 PG189 PG179
Mixture CAA CAA CAA TA9 TA9 LS6 LS6 TA6

# of analyses 8 20 6 20 7 20 6 20 6 20 6 20 10 20 5 20
Rb b.d. b.d. 1517.67 | 538.70 | 4302.00| 691.59 b.d. b.d. 3515.00| 434.74| 2.87 0.19 | 4126.30| 326.30 b.d. b.d.
Cs 0.01 0.01 886.83 | 335.75| 4791.43| 769.08 b.d. b.d. 1754.50| 235.61| 3.58 0.38 | 3601.20 | 244.03 | 2469.80 | 367.40
Sr 468.71 | 11.36 | 344250| 66.25 | 2460.57| 38.87 284.67 | 17.01 | 2021.33| 98.93 | 289.50 | 2.84 | 4782.60| 200.43 | 3932.20| 368.38
La 2298.75| 89.74 | 2318.50| 71.56 | 1210.86| 21.17 1137.67| 37.66 | 1831.83| 39.79 | 559.83 | 26.18 | 2838.10| 181.62 | 4225.20| 347.54
Ce 2894.75| 133.93 2.74 0.14 6.21 0.12 1327.33| 62.57 | 1341.33| 101.15| 762.83 | 19.31 | 726.50 | 82.65 | 1604.60| 118.07
Pr 206.48 7.84 0.17 0.01 0.10 0.00 99.55 4.49 91.55 4.32 51.53 | 1.63 53.20 6.97 111.00 3.67
Nd 580.94 0.14 0.57 400.87 0.36 0.01 300.00 0.03 262.02 | 50.12 | 146.48 | 0.03 160.34 | 217.80| 316.48 | 781.53
Sm 67.04 1.67 1487.50| 22.78 886.71 19.84 37.63 2.16 1373.50| 89.39 19.36 | 1.22 | 1521.40| 120.71 | 1884.40| 95.63
Eu 8.49 0.21 2640.00| 60.69 | 1896.14| 31.53 4.57 0.27 1264.67 | 99.52 3.06 0.15 | 1997.50| 185.30 | 2286.60| 75.81
Gd 56.65 1.22 0.10 b.d. 0.15 0.01 32.05 2.09 26.54 2.00 15.16 | 0.99 19.55 2.53 31.88 1.63
Dy 35.28 0.89 b.d. b.d. 0.13 0.00 21.72 1.24 18.14 1.22 10.56 0.65 15.78 1.63 21.94 0.88
Y 245.39 6.84 0.55 0.01 0.56 0.01 142.88 5.48 119.80 6.27 67.20 4.48 102.77 9.43 145.40 7.59
Yb 15.26 0.63 1257.00| 57.55 | 1014.71| 25.43 9.39 0.53 1799.67| 36.76 5.66 0.32 | 2942.70| 171.54 | 3141.20| 140.49
Lu 2.05 0.11 0.98 0.07 1.00 0.02 1.35 0.07 3.65 0.20 0.66 0.03 3.70 0.22 412 0.24
Ti 1720.25| 89.96 869.00 | 13.10 | 904.04 531 1737.83| 195.72 | 1393.33| 87.70 | 636.42| 3.08 636.03 524 1675.40| 132.69
Hf 0.86 0.09 62.93 5.19 51.67 1.61 0.52 0.07 565.33 | 50.26 0.54 0.03 | 3812.10| 231.96 | 5160.60| 690.81
7Zr 33.09 4.19 127.40 11.23 164.54 5.06 6.48 0.82 813.17 | 74.45 451 0.19 | 3547.80| 191.16 | 4469.20| 604.79
U 12.03 2.14 0.30 0.03 1.27 0.03 4.44 0.24 4.55 0.31 3.94 0.06 4.67 0.07 451 0.36
Th 94.39 11.05 b.d. b.d. 0.02 0.00 60.38 1.81 43.03 1.65 21.77 1.64 21.51 4.87 52.84 251
\ 885.00 | 96.65 16.83 1.36 30.87 0.92 1299.83| 207.87 | 893.67 | 77.35 | 26.63 | 0.88 26.60 1.39 1139.20| 130.00
Nb 0.84 12.06 | 2876.83| 0.04 4624.29 | 257.757 0.17 19.51 | 566.00 | 15.16 0.99 7.51 | 4053.10( 22.99 | 5016.40| 12.03
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Run # PC196* PC198* PG201* PG207* PG219% PG221* PCG222¢ PCG228¢
Mixture TAG6 TA6 TA6 TA6 TA6 TA6 TAG6 TAG6

# of analyses 10 20 6 20 6 24 6 24 5 20 5 20 5 20 7 20
Rb 3860.00| 76.11 | 3928.00| 445.41 | 5480.33| 252.98| 6628.50| 521.72 | 7236.00| 692.59 | 8152.00| 600.27 | 6339.80| 238.53 | 5003.14| 274.00
Cs 2883.50| 46.79 | 3007.00| 302.31 | 3007.17| 142.05| 6414.50| 497.32| 3878.00| 368.01 | 5424.00| 398.88 | 3852.00| 150.46 | 5441.57| 325.74
Sr 3727.20| 38.22 | 4314.83 53.61 3962.33| 70.01 | 3704.00| 116.44| 4034.00| 160.27 | 4161.40| 60.56 | 4135.60| 69.07 | 4063.71| 78.11
La 3951.00| 42.66 | 3963.00| 80.40 2809.33| 48.02 | 2750.50| 47.09 | 2453.00( 74.61 | 2919.20| 89.28 | 3150.20| 69.44 | 2669.00| 61.61
Ce 496.83 | 13.60 5.17 0.16 8.11 0.14 6.88 0.07 13.73 0.66 8.41 0.32 20.01 0.26 6.60 0.10
Pr 37.66 0.67 0.48 0.02 0.33 0.00 0.33 0.01 0.27 0.01 0.36 0.02 0.35 0.01 0.31 0.01
Nd 121.71 | 94.88 1.92 897.79 1.11 148.88 1.12 407.72 0.92 776.58 1.18 519.69 1.20 217.44 1.15 0.04
Sm 2684.40| 44.54 | 3180.33 96.84 1808.50| 39.52 | 1873.50| 77.53 | 1489.60| 65.45 | 1859.40| 66.92 | 1999.20| 59.60 | 2202.57| 72.07
Eu 3309.10| 37.75 | 3649.17| 48.86 2328.50| 33.90 | 2349.33| 59.92 | 1800.00| 74.20 | 2232.00| 89.27 | 2471.60| 56.00 | 2728.00| 54.87
Gd 14.22 0.39 0.70 0.14 0.33 0.00 0.31 0.02 0.25 0.01 0.31 0.02 0.44 0.02 0.43 0.02
Dy 10.94 0.36 0.75 0.07 0.33 0.01 0.34 0.02 0.29 0.02 0.33 0.02 0.37 0.01 0.46 0.02
Y 71.11 1.03 3.10 0.42 1.52 0.04 1.55 0.03 1.48 0.05 1.63 0.08 1.76 0.08 1.98 0.07
Yb 3611.60| 88.08 | 4018.67| 421.08 | 2756.67| 62.94 | 2852.33| 87.79 | 2751.40| 104.09 | 3017.80| 154.42| 3157.60| 111.99| 2963.14| 90.03
Lu 2.84 0.27 4.07 0.50 2.93 0.07 3.03 0.09 2.87 0.14 3.21 0.17 3.21 0.15 2.93 0.09
Ti 1072.60| 9.47 1462.50 87.25 1065.17| 14.71 | 1003.38| 34.11 | 1171.40| 73.36 | 1231.00| 47.95 | 1132.20| 17.56 | 1002.29| 13.00
Hf 5378.40| 137.31| 8614.17| 11348.97| 4027.50| 87.84 | 5156.00| 446.32 | 5214.00| 382.21| 5796.20| 380.96 | 5328.60| 256.92 | 4038.71| 95.95
7r 3239.40| 79.63 | 7764.83| 10202.99| 3456.50| 96.14 | 4359.33| 327.35| 3588.20| 286.67 | 4808.80| 335.91 | 4395.80| 161.38 | 3452.71| 71.14
U 1.63 0.16 1.40 0.18 0.36 0.01 0.56 0.01 0.49 0.03 1.05 0.07 0.48 0.01 0.93 0.01
Th 21.49 0.41 0.30 0.03 0.14 0.01 0.15 0.00 0.12 0.00 0.20 0.01 0.16 0.01 0.13 0.01
\ 530.98 | 12.85 | 836.67 85.61 532,50 | 17.67 | 454.32 | 38.09 | 667.80 | 67.18 | 700.20 | 51.87 | 565.92 | 21.79 | 431.11 | 11.98
Nb 4423.60| 1.67 | 9748.33 0.12 5829.67| 0.01 | 4945.67| 0.04 | 7212.00f 0.04 | 7198.00| 0.07 | 6751.80| 0.05 | 3616.43| 111.65




3.2.2 Texturescomposition, and zoning in apatite

Apatite is present in all run products where it was added (Ta®)lelt3occurs as euhedral
prismatic crystals ranging in size from ~5um to ~50 um argkeketal crystalsvithin the
guenched melt (Figure 3 ABC). Durango apatite from the runs doped with trace
elements developed compositional zoning, where the poessrveheinitial composition

and the rims are enriched in the added elements (Figl@eDEF) matcling closely the
compositions of the synthetic apast(Figure 3.2). Run PC196which usedoth Durango

and synthetic apatite shows no zonimgpatites. The composition of apatite in PT96 is
enriched in trace elements and similar to both the apatite rims previously mentioned and
the apatite produced ing synthetic apatiteln the undoped runsthe composition of
Durango apatitevolves towards a decrease in trace element concentrations as expected
due to their loss to the melt, and increase i QYure 312 A B). The increase in SiD

is unlikely tobe analytical contamination from the matrix as other major elements such as
MgO did not show elevation in any of the runs where it was meagRret 219, 221,

222, 224, 228). In the runs with CAA composition, S@ntent is higher in apatite than

the melt itself which would indicate that Durango apatite naturally contained higher SiO
content.In the doped runs with Durango apatite, the composition is enriched in trace
elements along with higher SiGontent trending away from the composition of Durango.
The apatite composition (reported in Tablé &dTable3.6) from the doped runs have
lower totals (approximately 885 wt.%) compared to apatites from undoped runs {97.5
98.8 wt.%). It has been suggied that substitution of G@to the P site in apatite can
lower the total in EMP analyses (Chakhmouradian et al. 2017). However, Raman spectra

of our apatites (Figure E® does not show any discernible difference in the intensity of
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the peaks assocat with the carbonate component (672 cmt, 1070 + 1 crht and
1102 1107 cm') in apatite (Chakhmouradian et al. 201Y®t we assume that thew

totals of EMP analyzes are dueth@missing CQ . Apatite from undoped rurgave higher
totalsandlower SiO, than doped runs (Figurel2 C). Apatite from the doped runs shows

a positive correlation betweemeeated SiQ contentand higher concentrations of trace
elements (Table B; Figure 312 A B). A trend is also observed where CaO an@sP
content deaases as Sincreases (Figure B2 D, G). The F and Cl content of apatites is
lower intheruns with synthetic apatite which are hydroxylapatite compared to fluorapatites

of Durango.
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Table 35: Average major element compositions (wt. %) of apatites from run products analyzed by

EPMA and stoichiometry of apatite calculated based on (Ketcham, 20kbapfu calculated
assuming total anion in the halogen siteA = Durango Apatite, SA = synthetapatite.

Run # PCG178 PCG197 PCG224 PCG178
Trace El Undoped Doped Doped Undoped
Ap. Type DA SA SA DA
Mixture CAA CAA CAA TA9

n 10 10 10 10 10 10 10 10

NaO 0.07 0.08 0.24 0.02 0.30 0.04 0.04 0.05

K20 0.02 0.01 0.02 0.01 0.02 0.01 0.07 0.01

CaO 53.62 0.56 53.16 0.49 52.97 0.41 53.30 0.78

MgO 0.07 0.01

Al,0Os3 0.02 0.01

FeO 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01
V203 0.06 0.05 0.1 0.05 0.08 0.04 0.06 0.05
MnO 0.04 0.03 0 0.01 0.02 0.01 0.03 0.02
SrO 0.11 0.03 0.26 0.04 0.19 0.04 0.15 0.03

BaO 0.08 0.06 0.09 0.05 0.09 0.06 0.09 0.09

La:03 0.17 0.15 0.31 0.05 0.19 0.10 0.19 0.10

Ce0s 0.39 0.14 0.12 0.08 0.11 0.10 0.47 0.09

ProOs 0.4 0.08 0.37 0.11 0.30 0.12 0.42 0.10

Nd>O3 0.09 0.10 0.05 0.05 0.07 0.09 0.09 0.08

SIO, 0.53 0.31 1.45 0.20 1.03 0.40 0.70 0.61

P.Os 39.5 0.91 34.78 0.80 37.32 1.17 39.56 1.37

SGs 0.13 0.14 0.08 0.02 0.10 0.03 0.15 0.18
F 2.35 0.17 0.33 0.03 0.55 0.04 2.24 0.25
Cl 0.19 0.06 0.08 0.02 0.01 0.01 0.17 0.03

-O=(F,Cly 1.03 0.08 0.16 0.01 0.23 0.02 0.98 0.10
Total 98.82 1.15 91.61 0.67 93.66 1.17 98.75 1.82
Structural formulae calculated on the basis of 8 cations:

Na 0.012 0.013 0.041 0.004 0.051 0.006 0.007 0.008
K 0.003 0.002 0.002 0.001 0.002 0.001 0.007 0.002
Ca 4,981 0.049 5.122 0.045 5.010 0.037 4,954 0.030
Mg 0.010 0.002
Al 0.001 0.001
Fe 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
V 0.003 0.003 0.006 0.003 0.004 0.003 0.004 0.003
Mn 0.003 0.002 0.000 0.000 0.001 0.001 0.002 0.002
Sr 0.006 0.001 0.013 0.002 0.010 0.002 0.008 0.001
Ba 0.003 0.002 0.003 0.002 0.003 0.002 0.003 0.003
La 0.006 0.005 0.010 0.002 0.006 0.003 0.006 0.003
Ce 0.012 0.005 0.004 0.002 0.003 0.003 0.015 0.003
Pr 0.013 0.003 0.012 0.003 0.010 0.004 0.013 0.003
Nd 0.003 0.003 0.002 0.002 0.002 0.003 0.003 0.003
Si 0.047 0.027 0.130 0.018 0.091 0.037 0.061 0.054
P 2.9 0.051 2.647 0.055 2.788 0.061 2.905 0.064
S 0.008 0.009 0.005 0.002 0.006 0.002 0.010 0.012
X 8 8 8 8
F 0.644 0.047 0.094 0.008 0.153 0.011 0.614 0.064
Cl 0.028 0.009 0.013 0.002 0.001 0.001 0.024 0.004

OH 0.327 0.052 0.893 0.009 0.846 0.010 0.362 0.064
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Run # PG179 PG224 PC-186 PC-189
Trace EL Doped Doped Undoped Doped
Ap. Type DA DA DA DA
Mixture TA9 TA9 LS6 LS6
n 7 140 10 140 10 140 8 10
Na.0O 0.02 140 0.03 0.01 0.07 0.10 0.00 0.00
K20 0.05 0.01 0.09 0.01 0.04 0.01 0.04 0.01
CaO 52.92 0.58 51.35 0.51 54.32 0.52 48.94 0.55
MgO 0.69 0.05
Al>Os3 0.01 0.01
FeO 0.01 0.01 0.01 0.01 0.27 0.06 0.36 0.12
V203 0.09 0.04 0.08 0.04 0.10 0.02 0.11 0.04
MnO 0.04 0.03 0.01 0.01 0.00 0.00 0.01 0.01
SrO 0.28 0.04 0.39 0.04 0.12 0.04 0.43 0.06
BaO 0.06 0.04 0.09 0.04 0.07 0.07 0.06 0.05
La:0O3 0.38 0.12 0.75 0.12 0.25 0.09 1.74 0.09
Ce0s 0.40 0.12 0.31 0.08 0.40 0.12 0.52 0.10
ProOs 0.36 0.09 0.36 0.12 0.37 0.09 0.36 0.08
Nd>O3 0.06 0.05 0.06 0.07 0.11 0.07 0.08 0.09
SiO, 2.18 0.09 3.63 0.14 1.42 0.91 4,24 0.12
P.Os 35.91 0.40 33.34 0.73 37.89 1.57 31.87 0.44
SGs 0.03 0.03 0.02 0.02 0.27 0.05 0.21 0.02
F 1.96 0.11 1.71 0.05 1.21 0.07 0.93 0.04
Cl 0.16 0.01 0.14 0.01 0.06 0.01 0.07 0.02
O=(F.Cl) 0.86 0.05 0.75 0.02 0.52 0.03 0.41 0.02
Total 95.78 0.62 93.82 0.96 97.50 1.27 90.39 0.86
Structural formulae calculated on the basis of 8 cations:
Na 0.004 0.003 0.005 0.002 0.012 0.017 0.000 0.000
K 0.006 0.001 0.011 0.001 0.004 0.001 0.005 0.001
Ca 5.032 0.054 4,948 0.040 5.012 0.039 4,905 0.066
Mg 0.092 0.007
Al 0.000 0.000
Fe 0.000 0.000 0.001 0.001 0.020 0.005 0.028 0.009
V 0.006 0.003 0.005 0.002 0.005 0.001 0.007 0.002
Mn 0.003 0.002 0.000 0.001 0.000 0.000 0.001 0.001
Sr 0.015 0.002 0.020 0.002 0.006 0.002 0.024 0.003
Ba 0.002 0.001 0.003 0.001 0.002 0.002 0.002 0.002
La 0.012 0.004 0.025 0.004 0.008 0.003 0.060 0.003
Ce 0.013 0.004 0.010 0.003 0.013 0.004 0.018 0.004
Pr 0.012 0.003 0.012 0.004 0.012 0.003 0.012 0.002
Nd 0.002 0.002 0.002 0.002 0.004 0.002 0.003 0.003
Si 0.193 0.008 0.327 0.014 0.123 0.079 0.397 0.007
P 2.698 0.029 2.538 0.034 2.762 0.092 2.524 0.052
S 0.002 0.002 0.001 0.001 0.017 0.003 0.015 0.001
X 8 8 8 8
F 0.549 0.031 0.487 0.017 0.330 0.019 0.277 0.014
Cl 0.024 0.002 0.021 0.002 0.009 0.002 0.011 0.003
OH 0.427 0.031 0.492 0.016 0.661 0.020 0.712 0.014
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Run # PCG179 PC-196 PC-198 PCG201
Trace El Doped Doped Doped Doped
Ap. Type DA DA + SA SA SA
Mixture TAG6 TAG6 TAG6 TA6
n 10 10 12 10 9 10 13 10
NaO 0.02 0.02 0.13 0.03 0.42 0.04 0.48 0.04
K20 0.07 0.01 0.12 0.01 0.29 0.05 0.10 0.01
CaO 52.08 0.34 50.61 0.41 49,99 0.99 50.29 0.64
MgO
Al,Os3
FeO 0.02 0.02 0.00 0.01 0.00 0.01 0.01 0.02
V203 0.09 0.04 0.08 0.04 0.10 0.04 0.07 0.05
MnO 0.02 0.01 0.00 0.01 0.01 0.01 0.00 0.01
SrO 0.46 0.04 0.38 0.04 0.37 0.05 0.42 0.04
BaO 0.12 0.06 0.08 0.08 0.08 0.06 0.11 0.06
La:03 0.71 0.12 0.56 0.07 0.32 0.08 0.44 0.08
Ce0s 0.32 0.09 0.21 0.10 0.12 0.09 0.10 0.13
ProOs 0.40 0.07 0.36 0.09 0.34 0.11 0.35 0.12
Nd>O3 0.13 0.08 0.02 0.03 0.02 0.05 0.04 0.04
SIO, 2.59 0.07 3.72 0.14 1.73 0.26 2.90 0.08
P.Os 35.42 0.40 31.88 0.41 34.13 0.67 32.84 0.49
SGs 0.01 0.01 0.02 0.02 0.02 0.01 0.02 0.02
F 2.02 0.08 0.79 0.07 0.35 0.04 0.42 0.04
Cl 0.22 0.02 0.13 0.01 0.02 0.01 0.02 0.01
-O=(F,Cl) 0.90 0.03 0.36 0.03 0.15 0.02 0.18 0.02
Total 95.59 0.36 89.47 0.57 88.44 1.09 88.79 0.93
Structural formulae calculated on the basis of 8 cations:
Na 0.003 0.004 0.023 0.005 0.075 0.007 0.086 0.007
K 0.008 0.002 0.014 0.001 0.034 0.006 0.012 0.002
Ca 4,989 0.030 5.040 0.029 4,983 0.047 4,992 0.027
Mg
Al
Fe 0.001 0.002 0.000 0.001 0.000 0.001 0.001 0.002
V 0.005 0.002 0.005 0.002 0.006 0.002 0.005 0.003
Mn 0.002 0.001 0.000 0.001 0.001 0.001 0.000 0.001
Sr 0.024 0.002 0.020 0.002 0.020 0.003 0.023 0.002
Ba 0.004 0.002 0.003 0.003 0.003 0.002 0.004 0.002
La 0.023 0.004 0.019 0.002 0.011 0.003 0.015 0.003
Ce 0.010 0.003 0.007 0.003 0.004 0.003 0.003 0.004
Pr 0.013 0.002 0.012 0.003 0.011 0.004 0.012 0.004
Nd 0.004 0.003 0.001 0.001 0.001 0.002 0.001 0.001
Si 0.232 0.008 0.346 0.013 0.162 0.025 0.269 0.009
P 2.681 0.033 2.508 0.031 2.688 0.046 2.576 0.035
S 0.000 0.001 0.001 0.001 0.002 0.001 0.001 0.001
X 8 8 8 8
F 0.571 0.026 0.233 0.022 0.102 0.012 0.123 0.012
Cl 0.033 0.002 0.021 0.002 0.003 0.002 0.003 0.002
OH 0.396 0.026 0.746 0.021 0.895 0.012 0.874 0.011
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Run # PCG-207 PCG219 PG221 PG222
Trace EL Doped Doped Doped Doped
Ap. Type SA SA SA SA
Mixture TAG6 TAG6 TA6 TA6
n 10 10 10 10 9 10 10 10
Na.0O 0.35 0.03 0.52 0.04 0.37 0.04 0.41 0.03
K20 0.09 0.02 0.10 0.02 0.06 0.01 0.09 0.01
CaO 51.41 0.54 52.44 0.34 52.57 0.22 51.41 0.30
MgO 0.63 0.04 0.57 0.02 0.65 0.03
Al>O3 0.01 0.01 0.01 0.01 0.01 0.02
FeO 0.01 0.01 0.01 0.01 0.02 0.02 0.03 0.02
V203 0.06 0.05 0.07 0.03 0.06 0.04 0.10 0.05
MnO 0.00 0.01 0.02 0.02 0.02 0.02 0.01 0.01
SrO 0.41 0.04 0.41 0.02 0.39 0.03 0.34 0.04
BaO 0.09 0.06 0.09 0.08 0.08 0.07 0.06 0.06
La;0O3 0.40 0.04 0.37 0.09 0.40 0.10 0.38 0.08
Ce0s 0.10 0.08 0.13 0.08 0.13 0.11 0.09 0.06
PrOs 0.35 0.06 0.32 0.10 0.34 0.06 0.36 0.08
Nd>O3 0.02 0.03 0.00 0.01 0.01 0.03 0.03 0.06
SIO, 2.61 0.09 2.78 0.21 2.28 0.08 2.70 0.10
P.Os 34.83 0.49 33.77 1.10 35.55 0.46 34.47 0.45
SGs 0.02 0.02 0.00 0.01 0.00 0.01 0.01 0.01
F 0.44 0.04 0.38 0.05 0.39 0.05 0.51 0.04
Cl 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.00
-O=(F,Cly 0.19 0.02 0.16 0.02 0.17 0.02 0.22 0.02
Total 91.39 0.94 92.23 1.18 93.46 0.39 91.89 0.61
Structural formulae calculated on the basis of 8 cations:
Na 0.061 0.006 0.089 0.007 0.063 0.006 0.071 0.005
K 0.010 0.002 0.011 0.002 0.007 0.002 0.011 0.001
Ca 4,972 0.015 4,979 0.045 4,951 0.025 4,924 0.022
Mg 0.083 0.005 0.074 0.003 0.087 0.005
Al 0.001 0.001 0.000 0.000 0.001 0.001
Fe 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.001
V 0.003 0.003 0.004 0.002 0.004 0.002 0.006 0.003
Mn 0.000 0.001 0.001 0.002 0.002 0.001 0.001 0.001
Sr 0.021 0.002 0.021 0.001 0.020 0.001 0.018 0.002
Ba 0.003 0.002 0.003 0.003 0.003 0.002 0.002 0.002
La 0.013 0.001 0.012 0.003 0.013 0.003 0.013 0.003
Ce 0.003 0.003 0.004 0.003 0.004 0.004 0.003 0.002
Pr 0.011 0.002 0.010 0.003 0.011 0.002 0.012 0.002
Nd 0.000 0.001 0.000 0.000 0.000 0.001 0.001 0.002
Si 0.236 0.010 0.247 0.019 0.201 0.007 0.241 0.008
P 2.662 0.015 2.533 0.059 2.645 0.027 2.609 0.033
S 0.001 0.001 0.000 0.000 0.000 0.001 0.001 0.001
X 8 8 8 8
F 0.126 0.011 0.106 0.015 0.109 0.012 0.144 0.010
Cl 0.002 0.001 0.001 0.001 0.002 0.002 0.002 0.001
OH 0.872 0.011 0.893 0.015 0.888 0.012 0.854 0.010
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Run # PCG228
Trace EL Doped
Ap. Type SA
Mixture TAGB
n 10 14
Na&O 0.12 0.03
K20 0.05 0.01
CaO 51.77 0.29
MgO 0.38 0.02
Al203 0.02 0.01
FeO 0.01 0.01
V205 0.09 0.05
MnO 0.00 0.00
SrO 0.35 0.05
BaO 0.08 0.05
Lax0O3 0.49 0.11
CeOs 0.14 0.09
PrOs 0.42 0.13
Nd20s3 0.04 0.06
SiO 2.30 0.06
P20s 36.81 0.46
SGs 0.10 0.01
F 0.55 0.03
Cl 0.01 0.01
- 0.23 0.01
O=(F,Cly
Total 93.66 0.65

Structural formulae calculated or
the basis of 8 cations:

Na 0.021 0.004
K 0.005 0.001
Ca 4,903 0.016
Mg 0.000 0.002
Al 0.005 0.000
Fe 0.000 0.001
V 0.018 0.003
Mn 0.003 0.000
Sr 0.016 0.002
Ba 0.004 0.002
La 0.016 0.004
Ce 0.004 0.003
Pr 0.013 0.004
Nd 0.001 0.002
Si 0.203 0.005
P 2.754 0.022
S 0.001 0.001
X 8
F 0.155 0.008
Cl 0.002 0.001
OH 0.843 0.008
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Table 36: Average trace element compositions (ppm) of apatites analyzed-b@R-MS.

*b.d.= not detected due to below detection. DA = Durango Apatite, SA = synthetic apatite.

Run # PCG178 PG197 PG224 PCG178
Trace EL Undoped Doped Doped Undoped
TAyF:)'e DA SA SA DA
Mixture CAA CAA CAA TA9
n 10 20 10 20 5 210 7 20
Rb b.d. b.d. 49.1 4.6 62.86 19.72 b.d. b.d.
Cs b.d. b.d. 6.1 2 25.65 14.55 b.d. b.d.
Sr 269.6 44.1 1677.8 33.9 1290 64.78 420.9 42.5
La 1512.4 440.8 2464.4 134.6 1412.4 63.67 3288.6 348
Ce 2052.7 486.8 3 0.4 7.87 0.14 4292.9 386.2
Pr 167.8 35.2 b.d. b.d. 0.17 0.01 341.9 33.3
Nd 549.2 107.2 0.9 b.d. 0.61 0.02 1022.9 85.9
Sm 71 12.3 2902 145.5 1594.2 32.3 128.9 12.5
Eu 8.1 1.7 2035.9 68.1 1456.2 34.04 14.8 1.1
Gd 62.5 11.1 b.d. b.d. 0.28 0.05 108.6 9.6
Dy 37.7 6.7 b.d. b.d. 0.16 0.03 63.7 5.1
Y 231.2 42.7 0.4 b.d. 0.61 0.03 418.7 38.4
Yb 12.8 2.7 1330.4 75.3 862.4 29.17 21.8 2.7
Lu 1.6 0.3 0.7 b.d. 0.76 0.04 2.9 0.4
Ti 807.2 9.9 868.2 8 905 6.47 863 10.3
Hf 0.03 0.02 2 0.5 1.01 0.05 b.d. b.d.
Zr 2.8 1 9.5 1 5.38 0.39 b.d. b.d.
U 3.2 1.2 b.d. b.d. 0.1 0.01 7.6 1.9
Th 101.4 12.1 b.d. b.d. 0.02 0.01 154.9 27.8
\% 16 8.6 135 6.5 18.73 2.89 b.d. b.d.
Nb b.d. b.d. 202.8 12.1 207.8 13.25 b.d. b.d.
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Run # PG179 PG224 PG186 PG189
Trace EL Doped Doped Undoped Doped
TAﬁ)'e DA DA DA
Mixture TA9 TA9 LS6 LS6

n 6 20 9 20 7 20 6 20
Rb 56.8 59 9.78 1.09 b.d. b.d. 11.41 13.21
Cs 23.8 21.9 0.6 0.28 b.d. b.d. 10.78 13.5
Sr 1516 215.2 | 2646.11| 73.05 230.3 21.9 3341.67 | 871.3
La 3811.5 563.3 | 5115.67 | 469.17 2016 95.5 | 14953.33 | 434.21
Ce 3212.3 418.3 | 1711.67| 140.83 2663.9 96.5 3346.67 | 59.16
Pr 259.3 29.5 154.09 13.13 225.7 6.2 300.67 7.01
Nd 831.3 88.8 535.33 47.3 748.1 20.7 1048.33 20.6
Sm 4835 1072.6 | 5572.67 | 508.49 101.8 2.3 11960 464.23
Eu 3808.3 909.5 | 5919.11| 510.5 14.9 0.7 14516.67 | 718.95
Gd 86.3 1.2 75.19 6.96 81.7 3.3 133.05 11.46
Dy 53.2 2.8 45.15 4.67 45.4 1.6 83.83 12.89
Y 351.1 43.7 258.98 28.35 262.3 9.5 477.17 18.81
Yb 3003.3 631.2 | 4077.22| 539.56 12.8 0.8 8550 152.75
Lu 5.8 0.4 4.65 0.62 14 0.1 9.92 1.34
Ti 863.8 24.9 848.22 5.16 879.6 8.5 788.67 7.05
Hf 33.6 1.8 236.54 13.95 b.d. b.d. 273.83 25.16
Zr 113.8 17.6 518.5 80.07 b.d. b.d. 492.67 46.33
U 4 0.6 4.31 0.76 1.1 0.9 0.95 4.22
Th 113.1 10.4 102.12 19.72 108.8 5.3 199.83 28.66
\Y b.d. b.d. 7.04 0.39 b.d. b.d. 29 -
Nb 7.6 5.3 47.57 8.65 b.d. b.d. 32.87 13.11
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Run # PG179 PG196 PG198 PG201
Trace EL Doped Doped Doped Doped
Ti‘,%e DA DA + SA SA SA
Mixture TAG TAG TAG TAG
n 8 20 10 210 7 20 10 20
Rb b.d. b.d. 36.4 275 70.8 321 37.95 17.06
Cs 55 4.9 26.3 29.8 36 32 7.74 9.66
Sr 3150 253.9 2592.3 34.8 2639.7 97.7 2881.6 18.13
La 6466.3 350.5 4538.6 86 2382 100.7 3370.4 50.42
Ce 2666.3 181.5 679 11.2 4.2 0.4 9.65 0.53
Pr 213 11.9 62.3 1.2 11 0.4 0.5 0.03
Nd 686.4 30.6 222.5 3.4 6.2 2.3 1.95 0.09
Sm 4602.5 418.8 5103 80.9 3473.4 123.3 3535.6 59.71
Eu 5040 466.2 5303 141 3768.7 1354 3813.9 594
Gd 75.4 3.6 32 14 5.9 2.1 0.51 0.07
Dy 43.9 1.8 20.9 0.8 4.1 1.3 0.56 0.03
Y 271.4 13.2 1154 2.5 3.8 0.9 2.22 0.07
Yb 3808.8 397.1 3874 79.6 3467.9 116.3 3314.2 47.78
Lu 51 0.3 4 0.1 3.8 0.6 3.21 0.07
Ti 830.6 8.2 838.9 12.1 839 19.9 831.9 5.38
Hf 266.3 39.5 457 22.2 94.2 11.5 377.79 16.51
Zr 543.9 71.1 661.3 16.3 259.8 29.9 677.7 14.32
U 3.9 0.5 31 0.1 1.9 0.4 0.67 0.03
Th 92.8 6.3 53.9 1.6 1.1 0.4 0.31 0.01
\% 20.1 5.6 29.9 10.3 46.8 12 11.06 3.81
Nb 40.2 9.7 72.9 20.8 242.6 84.7 84.04 20.19

70




Run # PCG207 PCG219 PG221 PG222
Trace EL Doped Doped Doped Doped
TAﬁ)'e SA SA SA SA
Mixture TAG TAG TAG TAG

n 10 20 9 20 9 20 7 20
Rb 60.8 31.17 39.76 17.89 19.79 7.96 49,51 39.41
Cs 26.77 30.99 8.47 10.05 5.59 7.28 16.91 25.56
Sr 2731.8 35.86 2878.11 18.7 3746.44 | 32.68 2839.14 18.28
La 3337.9 37.96 3319.33 | 81.71 | 3271.33 66.3 3249.57 | 40.73
Ce 8.55 0.14 14.72 2.14 7.7 1.08 14.67 2.83
Pr 0.51 0.01 0.53 0.02 0.51 0.02 0.48 0.01
Nd 2.01 0.06 2.05 0.05 1.95 0.16 1.88 0.05
Sm 3588.2 38.95 3563.22 | 45.64 | 3526.89 59.2 3392.71 | 28.79
Eu 3802.3 31.24 3973 62.4 4017 68.29 3825.86 | 25.57
Gd 0.54 0.03 0.51 0.03 0.52 0.02 0.71 0.08
Dy 0.58 0.03 0.59 0.03 0.56 0.04 0.55 0.02
Y 2.13 0.03 2.32 0.09 2.24 0.06 2.2 0.04
Yb 3095.7 43.68 3302.67 51.91 3233 63.48 3110.43 | 44.43
Lu 2.95 0.04 3.17 0.06 3.14 0.08 2.94 0.05
Ti 845.02 6.84 862.72 4.44 863.52 4.35 862 11.92
Hf 425.19 32.1 449.03 19.03 333.66 10.69 409.06 44.54
Zr 672.96 21.26 701.38 18.08 617.98 20.8 710.26 33.92
U 0.57 0.02 0.42 0.01 0.28 0.01 0.5 0.02
Th 0.34 0.01 0.38 0.01 0.33 0.02 0.31 0.01
\% 6.42 2.39 6.94 1.66 3.85 0.46 7.46 3.31
Nb 61.4 23.78 79.61 18.02 53.1 4.05 88.89 51.82
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Run # PC228
Trace EL Doped
e |
Mixture TA6

n 10 20
Rb 6.71 0.5
Cs 0.63 0.54
Sr 2380 30.36
La 3962.2 79.19
Ce 8.7 0.34
Pr 0.52 0.01
Nd 2.24 0.05
Sm 5054.9 84.41
Eu 5450.8 1155
Gd 0.82 0.04
Dy 0.91 0.03
Y 3.11 0.08
Yb 3877.8 85.55
Lu 3.58 0.09
Ti 862.54 2.68
Hf 289.09 7.21
Zr 516.67 15.1
U 0.72 0.1
Th 0.27 0.02
Vv 2.32 0.33
Nb 2.24 0.05
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3.2.3 Apatite/melt partition coefficients

Apatite/melt partition coefficients (Pare reported in Table Band Figure 3.3. Apatite

and melt analyses were carefully screened for any outliers, contamination with the
neighbouring phases with the composition of unreact&lirango apatite core when used

for the partition coefficients calculation. Apatite analyses with anomiglohigh
concentrations in Si, Mg, and Al (Si >15000 ppm, Mg >5000 ppm, and >500 ppm Al) were
excluded on the basis that the analysasy becontaminated with the melt composition.

Melt analysis with anomalously low concentrations of Si, Mg, and Al (withetkception

of carbonate (CAA) runs) were excluded on the basis that the analysis is contaminated with
the inclusion of apatite or other phases. When melt from the same run showed a range of
compositions, the preference was given to the analyzes obtainadjér melt pockets.

Rims on Durango apatites showed some compositional variation and the compositions
diverging from the initial Durango composition (FiguréBABEF) were selected.

The effect of melt composition on; i apatite was examined in the runs with Durango
apatite in order to examine a larger range of elements including the trace elements which
were not added to the mixture but naturally occurring in Durango affattiere 3.13 A).

Most elements are incomiilale or very weakly compatible when apatite is equilibrated
with a carbonate melt (Figure 3.13 A). In the runs with silicate melts REE, Yb, Ti, and Th
are compatible and d2e,vo,1i,Th increase in order from runs with TA6 , TA9 and LS6
mixture, whereas §) wr, zr are similar in all the compositions. Rb, Cs, and Nb (as well as
Hf, Zr, V) are extremely incompatible in all studied compositions. Sr is not sensitive to the
melt composition and shows similar compatibility to REE in carbonate melts Dree

but Dsr < Dree in silicate melts. U is mostly incompatible in all melt compositions with
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Durango apatite but becomes more compatible in runs with synthetic apatite. It is unclear
if melt composition or U valence state affects compatibility. Th shows conijtibiall
experimental melt compositions with higher compatibility in silicic melts. Major elements
Na, K, Mg, Al, and Fe are highly incompatible in apatite. F and Cl are compatible in apatite.
F shows higher Pin experiments with synthetic apatite. Tinend of increasing D with

an increasing Si@in the melt is evident in runs with Durango apatite except for runs with
LS6 composition. In runs with synthetic apatite, the Ds in apatite show a much less
pronounced difference between runs of different casitipn (CAA vs TAG) (Figure 3.13

B).

This study observed no effect of temperature, pressure@(3wt.% and 10 wt.%) oniD

in apatite (Figure 34 A B, Figure 3.15A) which isin agreement with Watson and Green
(1981).TheRun with TA6 composition at 2 GPa produced lowrrDapatite compared to

the runs with TA6 composition at 1 GPa (Figur&43). However, due to the pressure
effect on the solidus and extensive crystallizatbuliopside, the melof the2 GPa run
contains only 8wt.% SiQ (compared to 12:17.7 wt.% SiOz in 1 GPa runs, Table 3.

As a result, trace element partitioning is similathat in the runs with carbonate melt
(CAA) at 1 GPa andhe observed difference is due to melt composition rather thean
effect ofpressure. The effect of @n element partitioning in apatite examined with HM,
WM, and IW buffers cover log f&range of 9 log units. It shows no effect obf@h REE,

Sr, and HFSE partitioning (Figurel3.B). D of thehighly incompatible Rb, Cs, U, V, Nb

is lower in the most oxidized run with the HM buffddowever, due to the low
concentrations of these elemerite difference between the runs with different buffers is

within the uncertainties.
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Error bars were calculated as the propagated error in the quotient of two variables:

O — —_— O (where belis the error for the D of an element,

Cap = concentration of element in apatitey: € concentration of element in melt, std =

standard deviation, avg = average, Ppartition coefficient of an element).
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Table 37: Apatite/melt partition coefficients of trace elementgft column is the partition
coefficient, and the right column is teandard erro(*) Major elements based on EMPA analyses.

Run # PC178 PG197 PG224 PG178
Mixture CAA CAA CAA TA9
Rb 0.032 | 0015 | 0.015 | 0.006
Cs 0.007 | 0.005 | 0.005 | 0.004
Sr 0.575 | 0.153 | 0.487 0.02 0524 | 0032 | 1478 | 0.23
La 0.658 | 0.312 | 1.063 | 0.102 1.166 | 0.066 | 2.891 0.43
Ce 0.709 | 0.275 | 1.087 | 0.248 1.267 | 0.042 | 3.234 | 0.437
Pr 0.812 | 0.278 1.642 | 0.115 | 3.434 | 0.491
Nd 0.945 | 0.299 | 1.624 - 1.704 0.1 3.41 0.476
Sm 1.059 | 0.298 | 1.951 | 0.162 1.798 | 0.068 | 3.424 | 0512
Eu 0.956 | 0.316 | 0.771 | 0.047 | 0.768 | 0.027 | 3.233 | 0.407
Gd 1.103 | 0.318 1.837 | 0.383 | 3.388 | 0.489
Dy 1.07 0.31 1.25 0.305 | 2932 | 0.379
Y 0.942 | 0.283 | 0.743 - 1.101 | 0.064 | 2.93 0.389
Yb 0.842 | 0288 | 1.058 | 0.114 0.85 0.044 | 2326 | 0.417
Lu 0.763 | 0.278 | 0.69 - 0.757 | 0.05 | 2.166 | 0.449
Ti 0.469 | 0.037 | 0999 | 0.024 | 1.001 | 0.011 | 0.497 0.07
Hf 0.039 | 0043 | 0.032 | 0.013 | 0.019 | 0.001
zZr 0.084 | 005 | 0075 | 0.015 | 0.033 | 0.003
u 0.263 | 0.18 0.082 | 0011 | 1.704 | 0.596
Th 1.075 | 0.275 1.26 0.307 | 2565 | 0.629
Vv 0.018 | 0016 | 0799 | 0.624 | 0.607 | 0.109
Nb 0.07 0.014 | 0.045 | 0.005
Na* 0.183 | 0449 | 0435 | 3014 | 0326 | 1.401 | 0.04 0.277
K* 0.87 4402 | 1.164 | 4019 | 0508 | 1.527 | 0.023 | 0.255
Mg* 0.237 | 0.78
Alx 0.165 | 0.228
Fe* 2.913 | 5.131 2557 | 2168 | 0.312 | 0.595
F* 1.687 | 8785 | 2297 | 5591 | 2922 | 9507 | 2328 | 27.375
CI* 2.056 | 5.894 | 2698 | 12.389 | 2934 | 3.125 | 0588 | 7.324
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Run # PCG179 PCG224 PC-186 PC-189
Mixture TA9 TA9 LS6 LS6
Rb 0.016 0.021 0.004 0.001 0.003 0.004
Cs 0.014 0.016 0 0 0.003 0.005
Sr 0.75 0.141 0.539 0.024 0.796 0.103 0.699 0.233
La 2.081 0.388 1.003 0.142 3.601 0.312 5.269 1.625
Ce 2.395 0.45 1.166 0.158 3.492 0.203 4.607 1.202
Pr 2.832 0.436 1.359 0.18 4.38 0.238 5.651 1.385
Nd 3.173 0.482 1.576 0.215 5.107 0.379 6.538 1.635
Sm 3.52 1.017 1.802 0.254 5.257 0.444 7.861 3.104
Eu 3.011 0.946 1.636 0.219 4.866 0.428 7.267 2.975
Gd 3.25 0.311 1.85 0.265 5.392 0.528 6.806 1.601
Dy 2.929 0.31 1.58 0.254 4.298 0.386 5.312 1.35
Y 2.931 0.494 1.43 0.242 3.903 0.378 4.643 1.27
Yb 1.669 0.44 1.01 0.206 2.254 0.258 2.905 1.125
Lu 1.59 0.181 0.911 0.188 2.119 0.324 2.679 0.52
Ti 0.62 0.054 0.585 0.027 1.382 0.02 1.24 0.022
Hf 0.059 0.008 0.132 0.014 0.072 0.011
Zr 0.14 0.031 0.192 0.047 0.139 0.02
) 0.879 0.184 0.812 0.225 0.29 0.321 0.204 1.13
Th 2.629 0.328 1.75 0.521 4.998 0.575 9.29 3.782
\Y 0.008 0.001 1.09
Nb 0.013 0.012 0.009 0.003 0.008 0.004
Na* 0.051 0.12 0.022 0.563 0.159 0.553 0.001 0.004
K* 0.02 0.092 0.029 1.066 0.054 0.172 0.036 0.103
Mg* 0.122 6.358
Al* 0.003 0.15
Fe* 0.111 0.271 0.066 0.99 0.105 0.771
F* 2.085 8.59 2.098 35.74 1.317 6.313 1.163 11.63
CI* 1.729 2.966 1.12 18.163 0.89 2.768 1177 271
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Run # PG179 PG196 PG198 PG201
Mixture TAG TAG TAG TAG

Rb 0.009 0.011 0.018 0.011 0.007 0.005
Cs 0.002 0.003 0.009 0.017 0.012 0.014 0.003 0.005
Sr 0.801 0.127 0.696 0.019 0.612 0.032 0.727 0.018
La 1.53 0.187 1.149 0.04 0.601 0.038 1.2 0.039
Ce 1.662 0.215 1.367 0.071 0.82 0.113 1.189 0.108
Pr 1.919 0.171 1.653 0.069 2.241 1.089 1.517 0.129
Nd 2.169 0.168 1.828 0.061 3.21 1.601 1.751 0.126
Sm 2.442 0.351 1.901 0.07 1.092 0.067 1.955 0.075
Eu 2.204 0.306 1.603 0.075 1.033 0.053 1.638 0.051
Gd 2.364 0.213 2.25 0.192 8.373 4.606 1.539 0.364
Dy 2.003 0.149 1.913 0.15 5.398 2411 1.665 0.155
Y 1.866 0.172 1.622 0.068 1.235 0.458 1.464 0.086
Yb 1.213 0.193 1.073 0.055 0.863 0.12 1.202 0.044
Lu 1.245 0.137 1.409 0.224 0.924 0.232 1.097 0.051
Ti 0.496 0.045 0.782 0.021 0.574 0.047 0.781 0.016
Hf 0.052 0.014 0.085 0.008 0.011 0.018 0.094 0.007
Zr 0.122 0.03 0.204 0.011 0.033 0.055 0.196 0.01
U 0.866 0.184 1.907 0.325 1.377 0.47 1.893 0.142
Th 1.757 0.195 2.506 0.144 3.763 1.737 2.314 0.219
\% 0.018 0.195 0.056 0.031 0.056 0.021 0.021 0.012
Nb 0.008 0.003 0.016 0.008 0.025 0.012 0.014 0.006
Na* 0.018 0.065 0.08 1.574 0.295 2.884 0.12 4,513
K* 0.027 0.524 0.053 1.583 0.16 1.771 0.05 1.092
Mg*

Al*

Fe* 0.486 1.299 0.717 1.799 4.003 10.877
F* 1.806 6.324 2.698 19.895 2.641 8.067 2.897 26.653
cr* 0.883 2.706 1.825 14.867 0.669 1.116 1.624 3.321
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Run # PCG207 PCG219 PCG221 PCG222
Mixture TAG TAG TAG TAG
Rb 0.009 0.008 0.005 0.004 0.002 0.002 0.008 0.008
Cs 0.004 0.008 0.002 0.004 0.001 0.002 0.004 0.009
Sr 0.738 0.033 0.713 0.033 0.66 0.016 0.687 0.014
La 1.214 0.034 1.353 0.069 1.121 0.052 1.032 0.031
Ce 1.243 0.036 1.072 0.246 0.915 0.201 0.733 0.191
Pr 1.561 0.085 1.957 0.136 1.435 0.122 1.378 0.038
Nd 1.795 0.117 2.218 0.128 1.657 0.228 1.567 0.098
Sm 1.915 0.105 2.392 0.129 1.897 0.092 1.697 0.061
Eu 1.618 0.056 2.207 0.117 1.8 0.095 1.548 0.042
Gd 1.739 0.222 2.094 0.205 1.654 0.138 1.601 0.246
Dy 1.685 0.17 2.024 0.2 1.672 0.229 151 0.072
Y 1.373 0.048 1.568 0.112 1.376 0.096 1.25 0.072
Yb 1.085 0.049 1.2 0.059 1.071 0.07 0.985 0.044
Lu 0.971 0.041 1.103 0.069 0.978 0.071 0.916 0.054
Ti 0.842 0.037 0.737 0.053 0.701 0.032 0.761 0.02
Hf 0.082 0.013 0.086 0.009 0.058 0.005 0.077 0.012
Zr 0.154 0.016 0.195 0.019 0.129 0.012 0.162 0.012
U 1.034 0.073 0.864 0.066 0.263 0.027 1.055 0.062
Th 2.312 0.149 3.198 0.188 1.714 0.172 1.939 0.153
\Y 0.014 0.009 0.01 0.004 0.006 0.001 0.013 0.008
Nb 0.012 0.008 0.011 0.004 0.007 0.001 0.013 0.01
Na* 0.099 0.784 0.143 0.598 0.179 1.949 0.102 2.227
K* 0.046 0.204 0.035 0.161 0.032 1.257 0.046 0.929
Mg* 0.087 0.457 0.092 3.104 0.102 1.679
Al* 0.003 0.011 0.002 0.03 0.004 0.062
Fe* 1.028 1.561 0.761 1.146 0.613 0.519
F* 2.293 11.758 6.853 7.771 3.093 8.179 2.97 14.788
CI* 1.306 2.65 0.087 0.137 1.273 2.21 0.999 1.726
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Run # PC228
Mixture TAG6
Rb 0.001 0
Cs 0 0
Sr 0.586 0.019
La 1.335 0.057
Ce 1.317 0.086
Pr 1.684 0.074
Nd 1.951 0.12
Sm 2.295 0.119
Eu 1.998 0.087
Gd 1.926 0.18
Dy 1.986 0.147
Y 1.568 0.105
Yb 1.309 0.071
Lu 1.224 0.071
Ti 0.861 0.016
Hf 0.072 0.004
Zr 0.15 0.008
U 0.775 0.183
Th 2.068 0.281
\Y 0.005 0.001
Nb 0.007 0.001
Na* 0.098 1.418
K* 0.025 1.587
Mg* 0.012 0.295
Al* 0.005 0.122
Fe*
F* 4.049 13.359
Cl* 4.146 3.086
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3.2.4 Henryodos Law

Henryds | aw behaviour was observedsth¢e o be
partition coefficients is independenttbie elementoncentrationFigure 317 showsthat
for all experimentatunsanincreas in elementoncentration does nsignificantly affect

the partition coefficientvith all variatiors beingwithin the uncertainties

3.2.5 Achievement of equilibrium

Use of undoped and doped mixtures with Durango apatites allowed for the use of forward
and reverse paths to reach equilibrium. In undoped runs, Durango apatite easnitigh
concentrations of all trace elements relative to the aralttrace elementre diffusing

into the meltOn the contrarythe doped runkavethe concentration of the ten elements
much higher in the melt compared to the Durango apstitehat these elements were
diffusing into the apatiteFigure 3.16and Figure 3.17A shows that both doped and
undoped runs produce a similar partitioning pattern indicatiag our runs reached
equilibrium concentrationsWe also tested the achievemehequilibrium by comparing

the products of 24 hour with 48 hour runs. Ba#h and 48hourexperiments produce the
same partitioningoefficients(where slope=1) (Figure 3.17) indicating that equilibrium

has been reachad 24 hour runs
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SEM MAG: 848 x  Date{midly): 0T/09118 Saint Mary's University
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Figure 39: BSE images of the experimental run products. (A) ruAlBT (CAA, SA)

shows concentration of apatite towards the top of the capsule and segregation of melt with
skeletal quench apatite and sparks of tiny RiiBerals towards thieottom. (B) run PE

196 (TA6, DA & SA) shows separation of apatite crystals and the melt with quench skeletal
apatite. (C) run P@79 (TA9, DA) shows apatite crystals surrounded by the quenched
melt. Note the presence of compositional rim and core in sqpages. (D, E, F) run RC

186 (with DA) showing melt pockets in LS6 composition (D) and the lack of any quenched
melts in LS15 (E) and LS26 (F). White circles show representative areas used in EMP
analysis of the melts. Ap=apatite, Di=diopside, Fo=foiteteEp=spinel, Carb=carbonate,
DA=Durango apatite, SA =synthetic apatite.
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MIRAZ TESCAN  SEMHV: 200 kV WD: 17.20 mm
Det: BSE
x  Date{midy): 111618

MIRA3 TESCAN  SEM HV: 20.0 kV WD: 1691 mm
i 288 ym Det: BSE

Figure 310: BSE images of (A C) apatite textures in the runs not doped with trace
elements and (B F) compositional zoning showing traeeement enrichment in apatite
rims inthe runs doped with trace elements with Durango apatite. (A) Euhedral prisms of
liquidus apatite and fine skeletal apatite in quenched melti8EGvith TA6 and SA. (B)
Large euhedral lathes of apatite in-RP€7 with CAA and SA. (C) Euhedral apatite pnis

and skeletal quench apatites in the melt inR186 with LS6 and DA. (D) Compositional
zoning in PC179 with TAG6. (E) Zoning in P79 with TA9. (F) Zoning in PA89 with

LS6.
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Figure 311: Composition of quenched melts in the experiments from EMPA.c0tent
was calculated as a difference between the total in EMP analyses and 100%.
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