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Abstract

The Singedt Complex forms part of the Skjoldungen Alkaline Igneous Province (SAIP,-2880 Ma) located

in SE Greenland. It was emplaced into the southern part of the SAIP in a sequence ehesdtille intrusions
during the Late Archean and was thought until recently to betpca®inic with previous work suggesting an age
of 26832660 Ma. The complegonsists of a variety of silica undersaturafieephelinebearing)alkaline rocks,
which occur as modally layerefiorizontal sheets cut by minor lsdtage nepheline syenite pegmatites and
carbonatites. This project aims to understand the petrogendkes Singertat Complex, includy investigating
magmatic processes and crystal cargo dynamics from mantle source to final emplacement in the upper ci
Crucial questions include whether the complex is constructed from single or multiple magma bdtethes,
those batches were emplaced as crystar liquids or as crystal mushes and what type/s of crystallization
processes operate@2tailed petrographic analysis indicates that the Singertat Complex is conpposadly

of nephelinebearing lithologiesuch as urtite (>70% nepheline), ijolite {30% nepheline) and melteigite (<30%
nepheline). These alkaline silicate rock types are either equigranular or por@naditicemain mineral phases
includenepheline, orthoclase, microcline, apérthite, aegrine-augite, biotite, minor primary carbonate and
some samples sodalite, wilccessory magnetite, apatite and zircon. Poikilitic growth relationships suggest tha
mafic minerals crystallized first followed by nepheline, which appears to have crgstdilom the remaining
interstitial liquid. Antiperthite commonly exhibits anastomosing exsolution textures, indicating supersolvus
crystallization temperatures above 60Q f@lowed by slow cooling. Both gradational transitions and sharp
contacts betweaerock types are observed. Where sharp boundaries occur, crystal truncation suggests that the
existing unit has been chemically or thermally eroded, perhaps as a result of sheet emplacement.

Petrographic and geochemical evidence obtained has founthéhayenitic gneiss which forms part of the
Singertat Complex is actually a nepheline syenite as nepheline crystal were identified during petrograp!
investigationand confirmedduring EPMA analysis Major element results obtained from EPMA analysis also
demonstratéhat the nepheline populations found in the syenitic gneisses are similar to the population found
the nephelindearing alkaline rocks. This evidence could meanitliaé syenitic gneisses have not undergone
fenitizationthen thesyeniticgneisses are not host rocks as previously thought but are actually part of the Singert

Complex itself.

Major element compositions dhe nephelindbearing alkaline rocks show thathile nepheline crystal
populations in gradationally layered samplessarmglar (i.e. from the same magma batch), nepheline populations
in samples with sharp contacts are different (i.e. from several discrete magma bBéathagaphic studieand
EPMA indicatedthat the aegerinaugite crystalsf the nephelindearing rocksvere compositionally zonezhd
many of the aegerinraugite crystals in some samples depict a largstalsize variation with some crystals being
as large as 1 cm and others < 1mm within the same rock. This compositinaabzaand large variation in
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crystal sizemay provide evidence thathese aegerinaugite crystalswere entrainedin a magma which
replenished th&ingertatmagma chambearomotingcrystallization as arystatrich slurry. Furtheevidenceto
supportthis can be observed in some of the nephebearing alkaline sample, where we observe flow textures
with smaller crystalsaegerineaugite and nephelinthat are alignedaround largercrystals. Flow textures are
formed fromeddiecurrentswhere already cryatlized,larger, primocrysts disrupt interstitial liquid flow, causing
alignment of the smaller crystals during nucleatimerefore, it would appear that the Singertat Complex formed
as a result of multiple replenishments of crysigth magma. Major elaent analysis also shows that the Singertat
is barely peralkaline and is in fact more metaluminous due the results obtained from the alkalinityhedex.
majority of the sampkappear to fall into the category of miaskitas they fall within the peraluminous and
metaluminous fields on the peralkalinity index and dlseto indicator minerals such agcon present in many

of the rock types

New 2°PpP3& zircon age determinations show thiag nephelinebearingpegmatite range from 2785 + 10 Ma

to 27534 + 5.8 Ma, one dateatarbonatiteeturns an age &750 £ 11 Maa representativgolite sampleis dated
at2771 + 32 Ma an@ representativenelteigitesampleproduces an age @774 =+ 12 MaNot only does this
prove that the Singertat Complex is older than previotlsbyight butplaces the formation of the Singertat
Complex outside the Singertat Stage and at the beginning of the Skjoldungen orogesg.agks also
demonstratéhat the Singertat Complexnay bethe oldest alkaline complex in the warlthe evidence presented
above suggés that the smakilkaline Singertat Complex formed during Late Archean orogenesis from multiple
batches of crystaich magma with subsequentsitu crystallization as the primary procesinvolved inlayer

formation.
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error bar was provided for the Blichefftoft et al., 1995 age, seen as the gray triangle.

Figure 7.2: A geological map of the Singertat Complex of the SAIP by NielsofiRasidg, 1990. The map
indicates sample localities for a selection of alkaline rocks (green dots) and the syenitic gneisses (red dots) t

were sampled on the 2012 expedition as well as the ages determined for the sample indicated using red circl

Figure 7.3 Wholerock data in molecular proportions of the Singertat Complex in Comparison to the rocks frorm
the Gardar Province, the Kola Peninsula and the Tamazeght complex plotted on an Al vs ASI diagram using
definitions by Frost & Frost (2008). Thegyay fields indicate the composition of important fractionating mineral
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situ crystallization (b). Settling of crystals from flowing/convecting melt will form layered rocks that are
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the outlines of pothole margins, (Latypov et al., 2015).
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Figure 7.6 Depicting the compositionally different populations of nephelimesscsharp boundaries in between

and ijolite and a melteigite and a melteigite and urtite.

Figure 7.7 Variation diagramsdepicting variations in mineral compositiofer the layered sample 542205
which depicts variation form the ceram data foraegerineaugite.

Figure 7.8 Sample 542219 depicting flow textures in a nephddearing rock, which may have formed due to
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normalized to chondrite (Anderson and Grevasse, 1988)

1. Introduction

The main focusf this project is the peralkaline Singertat Complex, which forms part of the Skjoldungen Alkaline
Igneous Province (SAIP) of SE Greenland. The Singertat Complex comprises a variety of silica undersatura
alkaline rocks (e.gurtites, ijolites and metigiteg, which occur as modally layered sheets with minor$hbge
foyaitic pegmatite ana@arbonatitic rocks. Preliminary geochemical and geochronological research has bee
conducted on the SAIP, suggesting that the province may have formed dumémgaratism in the Late Archean
(27202650 MajBlichert-Toft et al, 1995 and Kolbet al, 2013) However, very little investigatioof the
Singertat Complekas been completedven though it is unique, and possibly the oldest example of a peralkali
intrusion(Blichert-Toft, Arndt and Ludden, 1996Peralkaline complexes can be economically important due to
the fact that the layered rocks are associated with+sleltnenbredeposits, often containing high concentrations

of rareearth elements and phosphorus, as wetltasrcritical metals suchsatantalum, niobium and uranium.
Furthermore, the formatiorf tayering in ijolite complexes is poorly understoad, is the case in layered mafic
intrusions such as tigushveld Complex (South Africa). Due to recent uplift and erggicaddition to preious
glacial coverage of the passive East Greenland continental margin, the Singertat Complex has experienced
to none of the pervasive alteration usually associated with peralkaline complexes, making it an ideal candic
for an indepth investigabn of the mineralogy and petrology of economically important peralkaline magmatic
systems. It should be noted that compositionally similar intrusive complexes are typically highly overprinted
metasomatized (e.g., Phalalwarand Pilanesberg), which haemp our understanding of the origin of peralkaline
rocks and associated mineralization. Although the Singertat Complex is very well preserved, barely a
geochemical and geochronological research has been conducted on this intrusive body due to it atiomte

and harsh climatic conditions SE GreenlandTherefore, the aim of this project is to understand the origin and
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evolution of the magma(s) that formed the Singertat Complex. This will include understahthegorocesses
that the magma may haegperienced from the mantle source to final emplacement at crustal level, magma ar

crystal dynamicsas well as the evolution of crystal cargo in the system

1.1 Locationand Sampling

The Skjoldungen Province of S&Eeenland (Figure.l) is made up of numerous peralkaline intrusions (~3000
km2), which were emplaced into a wdkfined NWSEtrending tract(Rosinget al, 1988) The Singertat
Complex (=8 km?; Figurd..2) represent®ne of thee peralkaline intrusionendwas emplaced into tonalitic
gneiss, amphibolite and quartz syenite of the southern part of the SAIP as-bkshe¢tusionin the Late
Archean at ca. 2664 +-2/ Ma (BlichertToft et al, 1995; Nielsen and Rosing, 1990; Kolb, 2DHXtensive
sampling of the Singertat Complex took place in 2012 by Prof. Sebastian rapp#aboration with the
Geological Survey of Denmark and Greenlamith samplesurrently curatea@t the University of Johannesburg.
Fifty-onesamples were selected for thioject (Figurel.2) and include a suite of nephekbearing felsic to
matfic lithologies plus several carbonatitgegmatitesnd syenitic gneigs The nephelindearing rocks make
up the majority of the complex and are crogs by the pegmatitic rocksvhile the carbonatitdrecciascross

cutsthenephelinebearing rocks as well as the pegmatitic rocks. The syenitic gneiss surrounds the entire compl
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and is said tdethe host rockntruded by theSingertatComplex(Figure1.2) (Blichert-Toft et al., 1995Kolb,
2010).
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Figure 11: Schematigeologicalmap showing théthologies that make utghe Noth Atlantic Craton (NAC).
The inset shown on the bottom right of the geological map, shows the location of the SAIP and NAC in south
Greenland(Kolb etal., 2013.
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1.2 Gedogical setting

The Archean rocks obsithern Greenland extend over ~ 500 km on the eastern coast and ~ 700 km oretine west

coastforming part of the North Atlantic Craton (NAC; Figute8). The NACassembled durintpe Late Archean
due the subduction and collision of Early Archean microcontin@itedley and Garde, 2009). According to

Tappeet al (201)), the growth and stabilizatiorf the NAC in the Late Archean was due to tectonic stacking of

heterogeneous oceaanlithosphereaccompanied by voluminoutonalité trondhjemitégranodiorite (TTG)

magmatism along active margins.

7
f 7/
1/ North

{

, Craton

main __ Sk Lewisian

o~

A Atlantic

Complex

North British

Rockall Bank
Superior Craton ockall Ban
L%j
~ lce

Mesoproterozoic-Phanerozoic
[_]Palaeogene magmatic province
|:] Phanerozoic orogens and basins
[ Neoproterozoic—Palaeozoic basins
[_|Grenville Orogen

Gardar igneous province and Seal
— Lake Group

[ Mesoproterozoic plutonic suites
[ | Palaeo- to Neoproterozoic basins

Palaeoproterozoic
[ Julianehab Batholith
[ Ketilidian-Makkovik Orogen

- Proven Complex,Cumberland Batholith
Lac Lomier Complex
[T De Pas Batholith, Narsajuaq Arc

[ Burwell Arc

[ ] Piling, Hoare Bay and Karrat groups
[] Lake Harbour Group

|| Ramah and Mugford groups

[ Cape Smith - New Quebec Orogen
| |Proterozoic succession

Archaean

[ ] Microcontinental fragments
[ | Rae Craton

[T North Atlantic Craton

[_] Superior Craton

Figure 1.3: Schematic geological map showing the extent of the North Atlantic Craton.(NA&Qkd box shows

the location of the SAIP dhe NAC (Bagaset al., 2013).
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The SAIPis locatedwithin the NAC andis exposed on the eastern coassmithern Greeland. The ~ 2.76

2.68 Ga Skjoldunge®rogeny, was accompanied by granulite facies peak metamorphism and complex cal
alkaline to alkaline and carbonatitic magmatism (Ketital, 2015; BlicherToft et al, 1995).The basement in
southeast Greenland, which was intruded by the SAIRBaisl tobe older than2865 Ma and possibly as old as
3450 Ma (Kolbet al, 2013).At ~ 2.7 Ga the Skjoldungen Arc was formed (Kolb, 2(H0lb et al, 2013, the
orogen was exhumed to greenscifésties relatively quickly, the deformation associated with the orogeny
resulted insoclinal folding and shearing of tlserroundingVlesoarchean rocks of the Thrym Complex (Ketb

al., 2013b; Bergeet al., 2014).These shear zones would serve as conduits for upwelling magma cdfriimg o
subducting slab in th8kjoldungenarc (Figure1.4). Magmatism, due to the formation of thigg@dungen Arc,
began at ~ 2.76a(Figurel.4) with the emplacement of quantzonzodiorite to syenite and ultramafic intrusions
(Kolb et al, 2015; Bagagt al, 2013). The shear zones, which are a result of the deformation caused by orogen
are said to be associated with the ~2:2Z70 Ga alkaline rocks, which include hornblergigoxenite,
hornblendite, hornblendeorite, diorite, leucogabbro, monzonite, monzodiorite and syenite (Bli¢oéret al,
1995). At ~2.68 Ga orogernormal extension, known as the Singertat Stage of defarmaesulted in alkaline
carbonate magmatisme. nephelinite and carbonatite magmas), which formedntinesive Singertat Complex
(Figurel5) (Kolb et al, 2013b; Kolbet al, 2015).

Skjoldungen Orogeny (ca. 2790 - 2700 Ma)

- mid-ocean ridge magmatic arc DACK-ArC DASIN w—

Al gt A

'1i;'-c g
=+ w800 230 km )

r

£ '__'_"-'-, = % “hombienda gabbroic
P PRI and ultramafc sute

U gametilenous gness

Figure 1.4: Schematic of the Skjoldungen Aluring the Skjoldunge®rogen takerirom Bagaset al (2013.
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2293 £ 23 Ma

26882335 Ma

2680-2665 Ma

2664 +4/-2 Ma

SE NW

ca. 2705 Ma
A

o

2750-2715 Ma
2750-2740 Ma

~2800 Ma

ca. 2790

> 2850 Ma

post-tectonic monzodiorite intrusions

cooling to greenschist facies grades (Ar-Ar & K-Ar data)

amphibolite/greenschist facies metamorphism
Singertat stage
ijolite and carbonatite intrusions (SAP)

amphibolite facies metamorphism
Skjoldungen Orogeny

granitic and alkaline intrusions (SAP)
enriched TTG and

granitic intrusions

granulite facies metamorphism
Timmiarmiut Orogeny
TTG intrusions

volcanism, sedimentation,
ultramafic intrusions, TTG
and granitic intrusions

I iate alkaline, monzodiorite intrusions
[ ijolite and carbonatite of the SAP
[#3 Alkaline + granite intrusions (late)
[ TTG + granite intrusions

[Z77] TTG gneiss

[T (meta-) ultramafic dikes

[ (meta-) sedimentary rock
¥ mafic volcanic rock, mafic granulite

Figure 1.5: Synoptic sketch yagaset al (2013, which depicts a proposédite Archean to Early Proterozoic
evolution of the NAC isoutheasGreenland.The Singertat Complex intruded at approximately 2664 2-#a
(Nielson and Rosing, 1990 and Kolb et al., 201&a&]is indicated bythe redcircles

PAGE17



2. Literature Review

2.1 Alkalineigneousrocks

According to Gill (2010), the alkaline igneous rock category encompasses a wide spectrum of rock types, fr
ultramafic to felsic. The fascination with these romdates taheir composition and mineral assemblagésch
arecharacterized by

A A deficiency in SiQ, resultingin the crystallization of various feldspathoidsplace of feldspaspecies
(Figure2.1).

A Mineral families such as pyroxene and amphibole often appear in alkali uése minerals include
sodic clinopyroxeng such asegrine-augiteand riebeckite, a sodic amphibole.

A High concentratios of incompatible elements in alkaé magmaswhich resultsin (at least in evolved
peralkaline rocks) rare accessory minerals, such as eudialyte and arfvedsonite.

Cancrinite SO,

(Na,K)Ca,AlSigO,4(CO5),.2H,0

Colourless in TS. Uniaxial —ve
with 1st-order interference
colours higher than nepheline.
Often rims or replaces nepheline
by reaction with late-stage CO,-
rich melts or fluids (Plate 9.17).

— NaAISi,Oq - KAISi;Oq4

l Albite alkali feldspars Orthoclase

s NaAISi,Oq4 KAISi,Oq

: X X

=] & "

o Analcite NaAlISi,04.H,0 Leucite KAISi,O

o} Colourless and isotropic in | | Colourless. Pseudocubic:

2 TS. Crystallizes at late stage | | very low & with distinctive

? from some alkali melts but complex multiple twinning

o also occurs as a hydro- | | (see Plate 9.8). Confined

73} thermal mineral. to volcanic rocks.
May be replaced by an
intergrowth of nepheline
and K-spar (‘pseudoleucite’).

. Kalsilite ~KAISIO, :
NaAISIO, ? Indistinguishable from KAISIO,
nepheline in TS.

Sodalite NaAISiO,.X
Varieties:

Sodalite if X = NaCl
Nosean if X =Na,SO,

Nepheline
~ NagKAI,Si, 046

Also found in feldspathoidal rocks
(though not itself a feldspathoid):

Square or 6-sided
outline in TS.
Colourless, low 3,
uniaxial negative.
Readily altered to
sericite, analcite
or other minerals.
Plates 9.7 & 9.15.

Hauyne if X =CaSO,

Often sky blue in hand
specimen./sotropic
and colourless in TS.
Nosean often has dark
microscopic inclusions.
See Plates 9.8 and 9.13.

Melilite (Na,Ca),(MgSi,AIANSIO,

Lath-shaped tetragonal crystals
sometimes with line along centre.
Colourless, high relief, very low &
but often shows a steely blue
anomalous interference colour.
See Plates 9.9 and 9.10.

Figure 2.1 Ternary diagram showing how different feldspathoids relate compositionally and the different alkal

feldspars (in molar proportions). Optical features of each feldspathoid is present. TS=thin section. Taken fron

Gill (2010).
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The nephelinebearing rocksKigure2.2), according to Gill (2010Q)are classified into two categoriebBhe first
being nephelinite, which refers tovalcanicrock consisting essentially of nepheline and pyroxene. The second
being nephilinolite, which refets a pluonic rock in which nepheline the abundant feldspathoid. Therefdrce,
avoid unusuaand cumbersomierms nephelinebearing ocks in this studyvill be referred toasurtite, ijolite

and melteigite, on the basismfafic mineral content in the rockirtite is the more felsic of the three rock types
with over 70% nepheline, ijolite mnintermediate rock type ith between 30% 70% nepheline and melteigite

is the more mafic rock type with between 10%0% nephelinéLe Maitre, 2002)Gill (2010) refers to melteigite,
urtite andijolite as variations of nephelinitic magmas intruded at depth.

_ Volume % plagioclase . :
Alkali feldspar |  in overall feldspar content Plagioclase
=

A 10 35 65 90
\ p \ syenite \ monzonite /monzodiorite/b
10 /10
ne-bearing ol essexite \
alkali syenite skt Atk gabbro *

nepheline

syenite
T
2
D
5 &
o Lo
o nephelinolite Lo §
w ar . S &
(ijolite, urtite ¥
SIS
NS N

SiO,-undersat

Figure 2.2 Generalzed IUGS nomenclature for coargeainedalkali rocks, based on the silica undersaturated
portion of the QAPF diagram (bottom left). The main diagram shows the modal nomenclature applied to rocl
in which nepheline is the domindfdid. The rock types seen at the top of the diagram with < 1@fftatiee are
said to bkbeé@nepphpel oneiifoid bearingo rocks. f = f.
= feldspar >5% An, A = feldspar < 5% An. Taken from Gill (2010)

2.2. Peralkaline rocks versus metaluminous rocks

According to Gill (2010) and Le Maitret al. (2002), peralkaline is a chemical term for rocks in which the
molecular amounts of N& + K>O > Al>0. In contrastyocks in which the molecular amounts of2Rat+ KoO <
Al20, are considered to be metaluminflagure2.3). According to Marks et a{2011), peraluminous nepheline
syenites are a rare occurrence as nepheline syenites are usualljnettdeminous or peralkaline.
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[AIZOS]mol

AL,O, < Na,0+K,0+Ca0

metaluminous

peralkaline

[Nazo]mol+[K20]mol [Cao]mol

Figure 2.3 Ternary plot of peraluminous, metaluminous and peralkaline ratkgrmined from whole rock
NaO + K20, AbO and CaO content (in molar proportions; Gill, 2010).

Peralkaline rocks may be divided into two categqrggpaitic and miaskitic, which can be defined as follQves
Maitre, 2002):

1 Agpaitic is a general term to characterize nepheline syenites, these rocks generally have high content

Na, Fe, Cl and Zr with low Mg and Ca. Agpaitic rocks are restrictedgbet@e syenites which contain
Zr and Ti minerals i.e. eudialyte and zircon. For agpaitic rocks the molecular ratd fN&O) / Al203

> 1.

Miaskitic is said to be a leucocratic variety of biotitepheline monzosyenite, with oligoclase and perthite
orthoclase. For miaskitic rocks the molecular rasocalso(NaO + K>O) / AlO3z < 1. The Singertat

Complexis said to be a miaskitic peralkaline complex (Blicheoft et al., 1995)

According to Marks and Mark(2017), peralkaline rocksire rich inthe following:

)l
1
T
T

High ion lithophile elememst(LILE i.e.Li, Na, K, Rb and Cs)
Halogens (F, Cl, Br and 1),
Rare earth elements

High field strengthelement{HFSEs i.e. Zr, Hf, Nb, Ta and U)

It is dueto this extreme enrichment afkalis HFSES, halogens and REEs during the differentiation of peralkaline

magmasthat the precipitation of a substantilmount of rare minerals including -Bearing phasege.qg.

villiaumite) and Ciminerals €.g. sodalite) may result Peralkaline magmatic systenappear to be @lich
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compared to metaluminogystemsbecausén peralkaline systems, Cl partitions into the melt phase rather than
intocoexisting fluidsHencedegassing of Cl in metaluminous systems is muchi&nge in peralkalingarieties
(Marks and Markl, 2017; Bacon et all992). The Cl in manperalkaline rockgartitioninto what is known as
earlymagmatic sodalitgroup minerals (SGMs). These SGMs1dze subdiwded into Clrich (sodalitesensu
stricto) andS-rich (hallyne and noseanhis is important because SGMs are often suliatein miaskitic rocks,
while Clrich in agpaitic rockg§Mark and Markl, 2017Parat et al., 201IKrumrei et al., 2007) Marks et al.
(2011 also state that sodalite present in nepheline syenites, syenitic gneisses or nepheticks may indicate

a transiion from miaskitic to agpaitic.

According to Mark et al.(2011), the mineralogical transition from miaskitic to agpaitic degardvariations in
the chemical potentials of M@, K2O andCaO in the melt. These then define two evolutionary pgathegpaitic
rocks the first being the Gdepleted trende(g. Gardar Proince) and the second being the higa trend €.g.
Kola Peninsula). The Cdepletedirendforms from basaltic parental melts due ftactionation of plagioclase
prior to the formation of the peralkaline plutonic rocks. While Hgttrendscan only form i the plagioclase
fractionation did not occur in the early fractionation history of the precursor mehsh weremost likely

nephlinitic in composition.

2.3Development bigneous layering

The layering obseed in peraluminousto perakaline intrusionsis common throughout gkmical history
(Naslund and McBney, 1996). The layering observed in these intrusions is said to represent processes
fossilized magma chambers and can, therefore, aid in the understanding of magma origin and evoluti
(O'Driscoll et al, 2014). The formation of these layers is said to occur at the cumulus stage through proces:
such as gravity settling, isitu crystallzaion, gainor loss of volatiles, pressure changes, magma replenishments
and assimilation (Irvine, 1987; Spandétral, 2005; Mondal and Mathez, 2007).

Magma chambers that experience multiple injections of cryistaimagma (entrained crystal cargos), mayltesu

in the formation of primary igneous layeriigunt, 2015) The microphenocrysts entrained in these magmas are
likely to have nucleated in a plumbing system belowntiaén chamber (i.e. a lower magma chambestaging
magma chambgrwhere they were incorporated into the magma as suspended load and injected into the up
magma chamber (Eales, 2000). Development of stratiform layers on the magma chamber floor would form &
result of settling of these crgds from suspension or injection as crysteh slurries. Repeated replenishment
events would result in cyclicity of the layering (Hunt, 2015; Mondal and Mathez, 2007). However, developmel
of primary igneous layering may also occur due to convectioremisrand thermal gradients (Marsh, 2013).

Doublediffusive convection cells are said to account for primary igneous layering and occur in magma bodies
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which variation in composition exists (Hunt, 2015; Hupert and Sparks, 1984). Thermal gradientsvgtesent

a magma chamber allow forystalnucleation at thermal boundaries. This nucleation is a result of the lowering
of the liquidus temperature as a response to cooling at the thermal boundary. The crystals that nucleate a
thermal boundary may deansported away by convection currents and will either dissolve or continue to grow

(which may result in the formation of a crystal mush) (Marsh, 2013; Hunt, 2015).

According to Marsh (2013), the pressesesponsibldor the formation of layering in lge igneous intrusions is
undoubtedly due to injections of crystath slurries in the magma system. Marsh (2013) argues that layers form
as a result of repetition of emplaced magmas carrying phenocrysts with appropriateittampbersh (2013)
notes thalayering may be formed from crystath slurriesin the followingscenarios

1 Layering ingranularavalanchesthis occurswhen crystalswith significantly different angles of repose
and shape are poured together and form a conical heap. The coamsenrgtalown the bed of fine
particlesmuch easier than finer particles run down a heap of coarse parfibkegine particles sieve
through and fill the interstices among the larger partidlas. heap thegrowsin size and an avalanche
occursand the grains reaching the base of the pile form a slope with a distinct break or kink in its profile
which runs bak up slope to form a layeFhe layering produced in this process is reversely graded, coarse
over fine.

1 Kinetic sieving in granularflows: in poorly sorted granular flows, particles become sorted by Fhie
depicts an upward migration of large pdesin a finer medium due to kinetic sieving.

1 Layering andsegregation irslurry sedimentationa large contrast in size allows small particles to sieve
through the matrix of larger grains, even when the larger grains are at maximum packing. Small grai
plug the matrix and collect at specific horizons, spread horizontally, separating the larger grains al
forming an extensive layer. The higher the density contrast between the size classes, the better the laye
or segregation. In experiments with metatlopper grains as the small particles Bngite as the larger
particles, the copper forms unusually sharp and distinct layers strikingly similar to the Dwars Rive

chromite seams in Bushveld anorthasite

However, Latypovet al (2015) state that it is improbable for repeated recharge of magma that invariably
contained phenocrysts with just the right compositions to mimic fractional crystallization of a single parer
magma. Latypowet al (2015) therefore propoddat layering inigneous intrusionss more likely a result of
internal processes occurring within tim@inmagma chamber, suchiassitu crystallizationor gravity settling as
seen in Figure 2,4vhich shows layer formation in potholes of the Merensky Reef in the Busi@ahplex.
While Latypov (2015) does not denounce the fact that magma replenishmertslthenystals in suspension,

he says it is improbable that each layer in a layered intrusion formed as a result of a single pulse of crystal |

magma which does not undergo some sort-gitin crystallization. Evidence for this is cryptic layering which is
PAGE22



ignored by March (2013), as this preseah obstacle thacceptance of external crystal slurries as essential

components in the development of layecadhulates

Gravity settling In situ crystallization

Layered rocks

Figure 2.4 Predictions of the geometry of igneous layering within potholes owing taksgitling (a) and in
situ crystallization (b). Settling of crystals from flowing/convecting melt will form layered rocks that are
discordant with respect to pothole margins. In contrast, in situ crystallization should result in layering that
follows theoutlines of pothole margins, (Latypetal, 2015).
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3. Aims and Obijectives

The overarching aim of this project is to understand the origin and evolution of the magmas that formed the
Singertat Complex. An understanding of the origin emolution or petrogenesis of the magmarsjudes
assessinghe processes that the magma may have experienced from the mantle source to final emplacement
upper crustal level, magma and crystal dynamics, as well as the evolution of the crystal tergystem.

The main objectives that will assist in achievingséeams include:

9 Understanding whether the complex is constructed from multiple batches of magma, or a single pulse.

Determining whether those magratchesavere mushes (crystélearing) or were emplaced mainly as
crystatpoorliquids.

=

Determining the processes of crystallization, such as gravity settlingsduiarystallization that operated
in the magma chamber and assessing the layering mechanisrsaralkedine rocks.

=

Determine if anyelationshipexists between thé h o syé¢nilic gneisses and the alkaline rocks of the
Singertat Complex.

=2

Determine and better constrain the age of the Singertat Complex using U/Pb geochronology

4. Hypothesis

We propose tht the Singertat Complex operated as an gapagma system, whereby the@inmagma chamber
experienced multiple magma injections of crydtehringiquid. We alsopropose that while the magma chamber
may haveexperiencedepeated replenishment events of crystal slurries, the dominant crystallization processt
occurring within the magma chamber issitu crystallization. This may account for the compositional and
textural variation, as well as the sharp layer boundagies & the layered nephedibearing intrusive rock&Ve
further propose that the syenitic gneisses are not host rocks, but rather that the syenitic gneisses formed witl

at the same time as the other rocks which make up the Singertat Complex.
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5. Methodology

5.1 Electrorprobe microanalysis (EPMA):

Electron probe microanalysisvas performed at thé&pectrum analytical facilities of the University of
Johannesburg, usingthe Cam&&1 00 i nstrument operating at 20 Kk
Na O, CaO, K O, MgO, Al O, Ti O , MnO, Cr a6alyzignd
the cations on their ahalysisias pedosmednEHe elindpyroxeme, mephelines and o

feldspars from 15ingertatsamples. The 12 samples were all carbon coated at the University of Johannesburg

5.2Wholerock analyses

Of the 51 sampleselected for tis project 26 representativeamples weranalyzed for wholeock major and
trace elementompositionsThe 26 samples were coarsely crushed by hand using a hammer and steel plate at
University of the Witwatersrand. Samples were then milled to a powder using the carbide stpehifivainthe

University of Johannesburg.

5.2.1 Major element analyses
Major element (Si@ Al>Os, CaO, NaO, K20, FeOs, MgO, TiG;, MnO, BOs, NiO, CrOs, SQ) compositions
of 20 samples were determined byR&y Fluorescence (XRF) using the Panalytical PW2404 spectrometer,

located in the Earth Laboratory at the University of the Witwatersrand. The powdered samples were prepared
fusion disks, using Spectoflux 105 flux, according to the following method provided by the Earth Laboratory

at the University of the Witwatersrand:

Sampleswvere first driedn a furnace at020°C.

1 Approximately 1.75g of Spectroflux 10%as addednto each Pt crucibleThe sample was thegnited
at 1020C for 40 minutesfter whichthe samples wenemovel from the furnace and all@dto cool in

a desiccator.

1 Using the Pt crucible ID and LOI dishes ID number to match the samgdesoximately 034g of the
pre-ignited samplés measurd into each corresponding Pt crucibBamples aregnited at 1020C for 50

minutes after whiclhemovesampledrom the furnace and allow to cool in a desiccator.
1 Fusion beadsvereindividually poured and pressed the hot plate.

1 The beadsvere allowedo on the hot platafter which the hot plate was switched wffallow to anneal

overnight.The samples were then ready tcabalyzed

The results for the CRMs measured can be found in Tlable
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Table 1 Results of the CRMS that weamalyzedas unknowns at the Earth Laboratory in the Univensity

the Witwatersrand with the Singertat samples.

NIM-P
NIM-D
W2
NIM-S
GSP2
BCR2
NIM-N
NIM-G
PCC1
BHVO2
AGV2
G2
DTS1
G2

S0,
51.15

38.9

53.06
63.84
67.34
55.0&

53.31
76.57
43.9
50.2

60.55

69.72
41.02

69.73

A|203

4.3
0.32
15.59
17.4
15.12
13.77
16.81
12.32
0.73
13.76
17.31
15.48
0.25
15.48

Fe,0s3

1.28
1.71

11
0.14

0.5

14
0.91

0.2
0.87
1.25
0.68
0.27
0.87
0.27

FeO

10.3¢
13.85
8.88
1.13
4.01
11.31
7.33
1.6
7.01
10.12
5.53
2.17
7.06
2.16

MnO

0.22
0.22
0.17
0.01
0.04
0.19
0.18
0.02
0.13
0.17

0.1
0.03
0.12
0.03

For CRMs 10% of total Fe allocated as Fe3+

MgO
25.44

43.83
6.48
0.46
0.97
3.66
7.61
0.04

45.72
7.32
1.82
0.77

50.17
0.76

CaO

2.63
0.3

10.96

0.69
2.13
7.18

11.58

0.8
0.59

11.45

5.3
1.96
0.16
1.95

Na,O

0.34
0.01
2.24
0.37
2.85
3.21
2.45
3.35
0.06
2.22
4.29

4.1
0.08
4.11

0.09
0.01
0.63
154
5.46
1.81
0.25
5.09
0.01
0.52
2.94
4.53

4.52

T|02

0.18¢
0.0251
1.0706

0.04¢8
0.6722
2.282%
0.197%

0.097
0.0139
2.7408

1.047
0.486&
0.0064
0.4851

P,Os5

0.03
0.01
0.13
0.12
0.29
0.36
0.02
0.01
0.01
0.27
0.48
0.14
0.01
0.14

Cr203

3.553%
0.4013
0.0287
0.0168
0.0127
0.0194
0.0186
0.0156
0.4076
0.0541
0.0135
0.0101
0.5733
0.0104

NiO

0.0772
0.2649
0.0114
0.0001
0.0031
0.0007
0.015Z

-0.0014

0.33
0.015%
0.0023

-0.0004

0.3131

-0.0021

TOTAL LOI
99.69 -0.23
99.85 -051

100.3% 0.19
99.61 0.42
99.41 0.87

100.24 0.1

100.65 0.04

100.12 0.73
99.77 5.09

100.09  -0.48

100.08 18
99.67 0.64

100.64 -0.02
99.65 0.64

Major element (SiQ Al.0s3, CaO, NaO, KxO, FeOs, MgO, TiG;, MnO, ROs, NiO, CrOs, SG;, BaO, V20s)

compositions ofthe 6 carbonatitesampleswere determined by XRF using theavelengthdispersive XRF

spectrometer Malvern Panalytical MagiX PR©@ated in thenalyticalfacilities (Spectrunm of the University of

Johannesburigecausehis facility has more experience analyzing carbonatites and yields some of the best resul

for these rock typesThe powdered samplegere prepared into fusion disgsing the followingnethod provide

by the Spectrumat the University of Johannesburg:

Samplesvere first driedn a furnace at05°C.

1 1 g of the dried material was used to determine the loss on ignition (LOI) after about 30 min at 930 °C

1 0.7 g of the dried material was mixed wild g LING; and 5.9 g of a lithium borate flux, fused for 19

minutesin a Pi5 % Au crucible at 1050 °C and then cast to form a glass disc on cooling. An electric

fusion machine called TheOx from Claisse.
The lithium borate flux consisted of 49.75 maski¥B407, 49.75 mass % LiBgand 0.50 mass % LiBr.

The LOI measurements and fusions were done in an air atmosphere.
Borate fusion discs of BH, JSyl, SARM 2 and SARM 16 together with the unknowns. The
measurements of the RMs were used for a doiftection.

The XRF major element method had been calibrated with mixtures of pure chemicals (essentially oxides) ¢

with certified reference materials (RMs) using a fundamental parameters mbdeallows for all combinations

of elements within the rege of the calibration from about 0.05 mass % up to:
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3 mass % Cr203.

20 mass % for N®, SQ, K20, V20s, NiO and BaO.
40 mass % #0s.

50 mass % for MgO and TiO

65 mass % MnO.

90 mass % CaO.

95 mass % R©s.

100 mass % for AD3z and SiQ.

= =/ =4 A4 -4 A4 A -2

5.2.2 Traceelement analyses

Trace elements weranalyzedor the same&6 samples by inductivelgoupled plasmanass spectroscopy (IEP
MS) using a PerkikElmer ELAN DRC in the Earth Laboratory at the University of the Witwatersrand. The

analytical procedure ®described as follows:

50 mg of sample powder disso e d i n a 2nixture &h# is plda¢€l into the microwave digester at
190°C and 450 PSI, for 40 minutes.

Samples are then evaporated on the hot plate at 70°C until all the liquid has evaporated.
2 ml of HNO is then added, the beakers are ¢c¢
After 24 hours the cap removedand the beakers are placed droaplate at 70°C until all the liquid has

evaporated.

2ml of HNO is added to the sample and | eft t
Once all the liquid is evaporated 3000 f HNO i s added and tzedeusiya myg
ICP-MS.

StandardizationvasUSGSagainst artificial multelement standards BERand BHVQ2, results can be seen in
Table2.

Table 2 Results for artificial multelement standards BHV®, which were run with the Singertat samples.

This study Published values
Runl | Run2 | Run3 1 2 3 4
La 12.00 12.02 15.14 15.2 15 14.8 15.25
Ce 31.51 | 32.11 | 36.59 375 38 38.8 37.84
Pr 4.25 4.33 4.94 5.29 5.351
Nd 19.44 | 19.62 | 23.35 24.5 25 24.6 24.39
Sm 4.81 4.85 5.63 6.07 6.2 6 6.03
Eu 1.68 1.69 1.89 2.07 2.01 2.036
Gd 5.01 4.95 5.86 6.24 6.3 6.229
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Tb 0.79 0.77 0.84 0.936 0.9 0.88

Dy 4.15 411 4.84 531 5.3
Ho 0.76 0.74 0.89 0.972 | 1.04

Er 2.05 2.04 2.25 2.54 2.547
m 0.26 0.25 0.29 0.341

Yb 1.53 1.53 1.93 2 2 1.89 1.955
Lu 0.22 0.21 0.25 0.274 | 0.28 | 0.275 0.2709

1 = Raczelet al. (2001); 2 = Wilson (1997); 3 = lla & Frey (2000); 4 = Kenial. (2004)

5.2.3Zircon Mineral Separation

10representativeamples were choségken to the University of Pretoria to undergmeral liberatiorusing the
Selfrag,to ensure preservation tfe zirconduring the separatioprocessThe comminuted samplegere then
sieved down to O 0.5 mm and wunder went mi ner al S

Witwatersrand. The following procedure was usedtoreral separation using heavy liquids:

1 Eachsample was poured onto a clean sheet of white paper and a hand magnet was used ritagmetic
minerals.Remainingnon-magnetic minerals weten processed througieavy liquid separation.

f Tetrabromoethan€TBE), which has a density of 2.96 gffmvas used as the heavy liquid mediae
TBE was poured into the separatingnelafter which the sample was added. The sample was then stirred
using a plastic rod to insure all the heavy minerals would sinketbdttom of the funnel while the light
minerals floated to the top (Figusel).

1 The tap at the bottom of the funnel was then opened to allow for the heavy minerals to be separated
onto the filter paper which was placed on a second funnel directylibe separation funnel (Figure
5.1). The heavy minerals were the placed in beaker with some ethanol and the beakers were placed
water bath for 5 minutes to evaporate in TBE that remained in the sample. The samples were then pla
in an oven to dry.

1 Once the samples were dry they were placed in a magnetic separatovaviaiecurrent was used to
separate out any remaining magnetic minerals. These magnetic minerals were also placed in vials and |

and the noamagnetic minerals were placed in separate vials for zircon picking later on.

The vials of normagnetic minerals were then taken to the University of Johannesburg for zircon picking. Out c
the 10 samples that underwent mineral separationamples were found to contain zircons. These zircons
were first picked and arranged on doubiged tape before being mounted in epoxy resin and later analyzed using
the LA-ICPMS at the (Spectrum) of the University of Johannesburg (Figure 5.2).
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Figure 5.1 Fume cupboard set up for heavy liquid separin using Tetrabromethane (TBE) at the Earth
Laboratory in the University of the Witwatersrand.

525964

Pegmatites ljolite Melteigite
Carbonatite
-525964 -525971 -542204

525972

Figure 5.2 a) Photomicrograph of the zircagrainsin sample 542206 as they were being picked, grains are
0.5 mm or less. Schematic maps showing the position of each sample on its respective graasmelling

the rock type of each sample.
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5.2.4U-Pb zircon dating

U-Pb dating was performed on the Resolution ASI laser ablation system, which is connected to a Nu Plasm
MC-ICP-MS instrument in the Department of Geologytet University of Johannesburg. The zircoiPb ages
were analyzed using a single 50 em spot size, en
12.5 %. Theenergy of the electron beam wh$ J/cnd and the measurement wagasurementsave taken over

50 s with a background measurement of 20 s. The calibration standards used wef&PE®Rbage = 3465.4

+ 0.6 Ma: Sterret al, 2009), 91500%f"PbP°Pb age = 1065 + 1 Ma: Wiedenbeek al, 1995) and A382
(*°PbP°Pb age = 1877 + 2 Ma: Huhreaal, 2012). While CDQGNG#"PbF%Pb age = 1851 + 2 Ma: Blaek

al., 2003) and Mud Tank{PbF%Pb = 732 + 5 Ma: Black and Gulson, 1978) were used as secondary standarc

to ensure the accuracy of results.

a) data-point error ellipses are 26 b) 12 data-point error ellipses are 26
/l ’/

040
036

032

206p /238
206p /238
o
3

Intercepts at 009 -

028 Intercepts at

----- +--- & 1830.7+4.0 [#5.1]

Ma 480+360 & 939+630 Ma

MSWD = 0.78

MSWD = 0.78

0.24 .
54 58 6.2 04 06 0.8 1.0 1:2 14

38 42 46 5.0
207pp/235Y 207pp 235

Figure 5.3 Concordia plots for the secdary standards that were measured while analyzing the Singertat
Complex zircon samples a) CDQGNG b) Mud Tank
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6. Results

6.1 Petrography

The following section deals with a petrographic description of the main rock types tndlgeasea, namely the
nephelinebearinglayered intrusiveocks(urtite, ijolite and meltigite), hostsyenitic gneissefigure6.1), late
stagecarbonatites anperalkalinepegmatitesTheserock typeshave been characterized and classified according
to modal abundance analysis and results for the syenitic and negbedineg rocksireshown in Figuré.1and
AppendixXI. The main focusf this section is to identify mineral assemblages, as wgtedominantextures

that aid in the fulfilment of the aims and objectives of this study

Clinopyroxene

’, 7 0
Feldspars 0 10 20 30 40 50 60 70 80 90 100 Nepheline

® Singertat Samples

Figure 6.1 Ternary diagram used to classify the Singertat rock samples based on theaimau#dnces obtained
during petrographic analyses. M = melteigites, | = ijolites, U = urtites and S = syenitic gneisses.
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6.1.1Nephelinebearingrocks

The nephehebearingrocksare coarsgrained(1.5 cmi 1 cm grain sizeyith a urtitic tomelteigtic composition
and show latestage intergrowths dalbite and K-feldspar i.e. antperthite.On the basis of mineralbundances
there are 3 types of nephelibearinglayered intrusiveocks andurtite contains the highest modal proportions
of nepheline(approximately >70% ljolite contains between 780% nepheline anthelteigitecontains <30%
nepheline with more mafic minerals present such as dadagrinopyroxene (aedne), dark brown biotiteand
in somes a mp mMirod amounts of microcline or plagiocla@@gure6.2). It is noted that all samples contain
some form of accessory calcite, magneditel/or ilmenite. Detailed petrographic descriptionan be found in

Appendix XI.

Figure 6.2 a) Urtite from theSingertat Complex, SE Gerland. The green mineral cinopyroxene while the
grey mineralis nepheline and the white mineialalkali feldspar (Sample 525988). b) ljolite from the Singertat
Complex, SE Greenland. The blagieen minerals clinopyroxenewhile the greybrown mineralis nepheline

and the white minerals alkali feldspar (Sample 542214). c) Melteigite from the Singertat Complex, SE
Greenland. The blaegreen minerais clinopyroxene, whd the greybrown mineral isnepheline and the white

mineral isalkali feldspar (Sample 5422Q03)
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Urtite

Predominantly composed of nepheline wiginy small amounts @fegerine-augite, biotiteandminor anti-perthite
(Figure6.3a, b). The nepheline crystals are euhedral to subhedral and range in size from 0.5 mm to >3 mm. T
aegrine-augite and biotite are subhedral and range in size from 0.1 mmto. Disseminated magnetite does

occur as an accessory mineral in this rock typeygiaith some clay alteration.

Figure6.3 Photomlcrographs oirtlte sample ‘525088 showmg the nepheline,-petthite and small percentage

of clinopyroxene present in the sample. a) ppl, b) xpl.

ljolite

The ijolite samplesare primarily composed of nepheline, a&me-augite, biotite, artperthite andaccessory
magnetite calciteand zirconin certain samplesrhe nepheline that occurs in these rocks appears to be euhedra
to subhedral, while the aenine-augiteis subhedral and biotite crystals are euhedral to subh@tgaire6.4a and

6.4b). The antiperthite rangebetween 5%and15% ands interstitial, likely representing the last major mineral
that crystallizedFigure6.4c and6.4d). The antiperthite is seen as orthoclase lamellae that have been exsolvec
from an albite hosiThevolumetricproportions of lamellae to hostystalvary from sample to sample, with some
anti-perthites containing 60% host and 40% lamellae and 80% h@8&tolamellae in other samplddinor

disseminated magnetite and pyrite occur in the ijolites.
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anti-perth

" ‘?:.;,(.,

Figure 6.4: Photom|crographs of |JO|Ite samples 542214 a) fuII thin sectlon scan in ppI 'b) thin sections scan il

xpl, ¢) antiperthite present in the ijolite samples in ppl, d) gdrthite present in the ijolite samples in xpl

Melteigite

The melteigites areoenposedof predominantlyaegrine-augite withsubordinatebiotite, nepheline and anti
perthite samplesalso contairaccessory magnetjtealciteand in some cases zircon. The nepheline that occurs in
these rocks appears to be subhedral to anhedral, while te@naeegigite and biotite crystals are euhedral to
subhedra(Figure6.5a and6.5b). The antiperthiteis interstitial at approximately 5%-igure6.5c and6.5d). The
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anti-perthite is seen as orthoclase lamellae that have been exsolved from an albite host. Disseminated magr

and pyrite occuy in the melteigite.

anti-perth

Figure 6.5 Photomicrographs of Melteigite sample 542215 a) full thin section scan in ppl, b) thin sections sca
in xpl, c) antiperthite present in the ijolite samples in ppl, d) gerthite present in the ijolite samples in xpl
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Layered nephelinbearingintrusiverocksandthe hossyenitic gneisses

The layered Singertat samples consist of the urtite, ijolite, melteigiteeh intruce weakly foliatedsyenitic
gneisses. The samples either have a gradational coetacterdifferent rock tygs(Figure 6.6a, 6.7a and 6.7b)
or sharpcontacs (Figure 6.6c, 6.8a and6.8b). Thesampleghat contain sharp contacts seenh&we truncated
grain boundarieg¢Figure 6.6b)In layeredsample542219 looking at the layers i542219All we observe that
sodalite occursvith nepheline in one rock layand in thissampleandnephelineis the dominant feldspathoid
(Figure6.7b). However,when looking athe layers irsample 542219BNve observe that theress than 30 %
nephelineand sodalites the dominant feldspathoid in this particular laffégure6.9a and6.9b).

Figure 6.6: The layering seen between the nephetiearing alkaline rocks show irasples a)542205 which
depicts agradationalchange(dashed white linepetween melteigite and ijolite and b) 542219, which depicts a
sharp changdwhite line)from syenitic gneiss to melteigite to ijolite.
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Melteigite |

Figure 6.7: Photomicrographs of a layeredephelinebearing rock sample 542216BIl, which shows a

gradational contaci{indicated by the dashed white ling@tween an urtite and a melteigite layer. a) full thin

sectionscansn ppl, b) thin sections scan in xpl
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Figure 6.8: Photomicrographs of a layered nephelinearing rock sample 542219All, which shows a sharp
contact between a syenitic gneiss and a melteigite (@ydicated by the white lingyvith a melteigite vein cross

cutting the syenitic gneiss. a) full thin sectsmansin ppl, b) thin sections scan in xpl.
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Figure 6.9: Photomlcrographs of a Iayered nephehhearlng rock sample 5422198II i;\/hich shows a
gradational contact between an ijolite and a melteigite layer. In this sample there is little nepheline, howev:
sodalite appears to be the dominant feldspathoid premeahflow textures are observed in this samplefull

thin section scan in ppl, b)ithsections scan in xpgl) depicts a truncated boundary seen in sample 542219ClI
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Peralkaline pgmatites

The pegmatites araimarily composed of nepheline, orthoclase and biotite with all samples containing accessot
magnetite, zircon anapatite All minerals are euhedral and the crystals range in size from 1 cm to flBgume

6.10, 6.11a-6.10f). Disseminateanagnetite is present in all the samples and the zircotatsysanging from 0.1

mm to 4mm (Figure6.11a and6.11b).

Figure 6.10: Hand samples of a)52596@d b) 542206vhich depicts pegmatitic nepheline (pale bregvay),
feldspars (white) anbiotite (dark browri black).

PAGE40



microcline

»

Figure 6.11: Photomicrographs of the pegmatite samples a) a zircon crystal in the sample 542206 in ppl, b)
zircon crystal in the sample 542206 in xpl, ¢) macrocrystic nepheline angextiite in sample 542206 in ppl,

d) pegmatitic nepheline and aiterthite insample 542206 in xpl, e) afgerthite texture seen in sample 525969

in xpl, d) pegmatitic biotite crystals in sam@25969 in xpl.
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Carbonatites

The SingertatComplex contains twdypes of the carbonaitit occurrence The first typeof carbonatite is
composedredominatelyof calciteandin placescontairs garné and aegerinaugite (Figures.12b and6.12c).
The secondis a carbonatiic breccia,which containdragments of the ephelinebearinglayered silicate rocks
(Figure6.12 a), as well as larger nepheline and orthoclarystalsfrom the pegmatite@-igure6.13b and6.13c).
The calcite present in these samplasperfect cleavage ansl euhedralo subhedralThe garnet in these samples
has a highri contentdue to the unusual oranged colorandis euhedral to subhedras is the aegeriraugite

in these particular carbonatiteBhe carbonatites contain littker no magnetite, however, there is still some

accessory apatite and zircqgresent (Figure6.13aand6.13b).

Figure 6.12: Hand samples of a)525972, b)542232 and c) 542249 which depicts a carbonatite breccia
(containsfragments of nepheliAgearing rocks and pegmatite), a carbonatite containing almost 100% calcite
and a carbonatite containing high-garnet respectively
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Figure 6.13: Photomicrographs of carbonatite sample 542249, which shows a garnet and clinopyroxen

surrounded by a large amount of calcite. a) full thin secticansin ppl, b) nepheline xenocryst carbonatite

breccia in ppl and c¢) rounded fragments of ijolite in a carbonatite breccia in xpl.

Grey Syenitic Gneisses

These rocks arerpnarily composed of arfperthite with aegrine-augite biotite and small amounts of nepheline
with all samplesontaining accessory magnetéad apatit§Figure6.14). The clinopyroxenesre euhedraio
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subhedral, nepheline and apgrthite ae subhedral, while the biotite anhedral(Figure 6.15a and6.15b).

Disseminated magnetite is present in all the sangridghe zircon crystals rangem 0.1 mm to 0.5 mm

pJHUf

LY
s %

1y lllll'lll[]l

Figure 6.14: Hand samples of a)542217, b)525981 and c) 525989 which depicts syenitic gneisses showing th
typical gneissic texture (alignment of aegerameite and biotite grains)
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n scan in ppl, b) thin sections
scan in xpl, c) antperthite present in the ijolite samples in ppl, d) grgrthite present in the ijolite samples in
xpl.
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6.2 Mineral Chemistry

The aim of this section is to determinbether the minerals observed in different layersampositionally
similar or not.This aids indeterminng if the minerals crystallized from the same melt orarad ultimately
whether the Singertat Complex was formed from a single magma or multighe$®€at magmer-or the

detailed mineral chemistry results refe®ppendixI-1X.

Nepheline
Due tothe formula for nepheline being (Na, K)AISiQrariation diagramgontaining each component were

plottedin Figures6.16, 6.17 and6.18. These plots are meant to depiatiation between nepheline crystals found
in thedifferentlayered nephelinbearingrock types Sample542205shows anjolite gradationally transitioning
into melteigiteandback to ijolite again. Bpheline from both rock types generally appegiabin a cluster, with
the excepbins of a few outliers (Figu® 16). The general clustering of data could suggest thaht#ieigite and

the ijolite in this particular sample crystallized from the same melt.
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Figure 6.16: Variation diagramsdepicting variations in mineral compositiofis the layeredsample542205

whichdepicts gradationalransitions fromijolite to melteigite and back to ijolite agaiithe blue dots represent

analyses that were taken across the ijefitelteigite boundary, while the black dots were analyses taken in the

melteigite layer only.
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For sample 542216@wo thin sections were analyd, sample 542216 Bl shew sharp transition fronurtite to
melteigite, while sample 542216 Glhowsa gradationalransition fromijolite to melteigite. Referring téigure

6.17 it appears that there are different populations of nepheline in each rock type. The nephelines in sam
542216BlI are higher in SEDK>0 and AbO3 while in sample 542216 Cll the ijolite hagher amounts dflaO.

It is observed that in both sample2246BII and 542216ClII the nepheline population in the melteigdatain

more sodium compared to the ijolite and urtite, this may be due to thbdattese particularephelinecrystals

were crystalizing with the aegeriagigite. Therefore, both mires would be competing for sodium in the
magma, this would leave less sodium in the residual liquid from which the nepheline populations in the ijoli
and urtite may have crystallized from. While this is likely for sample 542216ClII, wessbserve some overlap

between the two populations of nepheline, seen in plots whe Wak:O and AbOs (Figure6.17).
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Figure 6.17: Variation diagramsdepicting variations in mineral compositiofa the layered sample 542216

using samples 542216 Bl and Cll which transitions from ijolite to melteigite and melteigite to urtite respectivel

The bluesquaresrepresent analyseom the ijolite layer and the blue dots represent analyses taken in the

melteigite layer in samples 542216 CTheblack squaresepresent analysesom the urtite layer and the blue

dots represent analyses taken in the melteigite layer in samples 542216 BI.

For sample 542219 three thin sections werdyaprd, sample 542219 All shoveharptransition fromsyenitic

gneissto melteigite, sample 542219 Cshows asharptransition fromijolite to melteigite andinally sample
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542219 DIl showsa gradationatransition fromijolite to melteigite. According toFigure 6.18 the nepheline
populations which in the syenitic gneiss and meltempi@eato besimilar in composition, as tiresultsfor these

two rock types tend to cluster togethgawever the population of nepheline occurring in the ijolite layer appears
to compositionally different from the populations in the syenitic gneiss and melteigite [@lgersiepheline
occurringin the ijolite has the highest percentage and range of silicai(4%.% wt% SiQ), while the nepheline

in the melteigite and syenitic gneiss samples have a similar silica percentage arnfdorar07 44.2 wt%
SiOy. The syenitic gneiss and melteigite have higher percentagesfakid KO, but lower NaO with respet

to the ijolite.
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Aegerine Augite
For samples 542205 and 542216 it was noted that some of the clinopyroxene crystals appeared to be zc

therefore core and rim readmgere taken(Figure6.19 and6.20). It was further noted that the populations of

clinopyroxenes on either side of the gradational boudary in sample 5422@5imilar in composition. However
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in sample 542216, sample 542216 Cl16s cl i roxepegino X
sample 542216 BI.

Referring to Figuré.19, it appears that sample 542205 does show some compositional zoniageeseperate
clusters of core andm data The rims appear tbe more alkalinen composition due to the higher amounts of
NeeO (  -485wl%) in comparison withhec or e whi ch appears to have hi
i 18.4 wt%) i.e. more diopsideich. The rims also have a higher-8k content, but lower Sig) TiO, and MgO

and similar amounts of FeO and.Be This can similarly be seen in sample 542216 CII, which also shows a

gradational change from ijolite to melteig{tegure6.20).

Forsample542216BI (Figure6.20), we observe very little variation frogore to rim in the melteigite and urtite
layers The cores and rims seem to have similar concentrations of all the major elements, however, some of
rims seem to have a slightly higher magnesb5b5ub5 an

wt% MgOa n d T 4.54t%BAbOs). The populations of clinopgxene appears to differ from sample

Referring toFigure6.21 for the layered sample 542219, which transitions from syenitic gneiss to melteigite tc
ijolite. A vein of meleigitic composition was anagd and plotted, this vein is seen crogfting the syenitic
gneiss The samplashows that while the clinopyroxengopulationdound in the syenitic gneigse differentthe
clinopyroxes found in theein and the melteigite acmmpositionallysimilar with respect to the major elements
compositonsTheclinopyroxene in thgolitic layer appears to beompositionallydifferentfrom the vein(similar

to the nepheline data mentioned befolidje ijolitc layer appears to have a higher percentage of MgQ, 8i®

CaO. This showshat the clinopyroxene found in the ijolitic layer may be more augde in composition
compared with the clinopyroxenes in the syenitic gneiss, vein and melteigite legksosappears thahe amount

of N&O present in the aegne-augite crystals, ocurring in the ijolite layer, begins to decrease this may be due t
nepheline beginning to crystaliz€he veinwhich appears to bmelteigitic in compositionis appears to be
chemically different from the actual melteigite layegarding TiQ and MgO. The vein has higher percentage

of TiO2, but a lower percentage of MgO with respect to the melteigite fgreentage oTiO2, but a bwer
percentage of MgO with respect to the melteigite layberefore while vein is melteigtic in composition it is

not part of the melteigite layer we observe in sample 542219.

Referring to Appendices Ill, V and VIl we observe that the santidee characterstic alkali clinopyroxene such
as higler Fe* vs Fé* in all the clinopyroxenes that were analyzed. The pyroxenes also have mol% 32486
acmite (aegerine) with considerable amounts of Jadeite. The pyroxenes also appeat to have elevated

tschermark values and excess alumina.
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Referring to Figur®.19, it appears that sample 542205 does show some compositional zoning as we a see sepe
clusters of core and rim data. The rims appear to be more alkaline in composition due to the higher amount
NaeO (  -4485wv@%) in comparison withthecorehi ch appears to have highe
T 18.4 wt%), i.e. more diopsidegch. The rims also have a higher@®k content, but lower Sig¢) TiO> and MgO

and similar amounts of FeO and.Be. This can similarly be seen in sample 542216 @Hich also shows a

gradational change from ijolite to melteigite (Figure 6.20).

(Wo, En, Fs)

20
80

aegerine -

80
20

. jadeite aegerine 10

542205A
542205C
5422168l
542216Cl|
542218All
542219Cl|
542219DlII

CeO0e®00®O®

Figure 6.22 A ternary diagram representing the EPMA results for the clinopyroxene crystals found in the
nephelinebearing alkaline rocks of the Singertat Complex.
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Sodalite

Sodalite was identified using EPMA in the syenitic gneiss sample (542217Bgtaodrpphicallythe sodalite
appearedsotropic It was observed as the medium gray BSE reflectance seen in Figdir€l&2esults obtained

can be seen in Table 3. The total weight does not add up to 100 wt% due the fact that spectrometers were
calibrated to measure chlorine and fluorine

e +———— Spdlite

Figure 6.23: BSE taken of the EPMA image, which showhe sodalite thamnvahged in sample 542217B

Table 3 EPMA results for sodalite in sample 542217B

Major elements (Wt%) NaO MgO SiO, K,0 CaO TiO» FeO MnO  Cr,0O; NiO AlLO;  Total

8.85 0 34.7 0.15 5.65 0 0.01 0 0 0.01 2485 74.22
8.44 0 34.42 0.2 5.62 0 0 0 0 0.01 2469 73.36
8.52 0.01 35.6 0.47 5.76 0 0 0 0 0.01 2702 774
9.1 0 3525 0.15 5.64 0 0 0 0 0 2748 77.63
9.03 0 3471 0.17 5.53 0 0.07 0 0 0.01 27.34 76.85
8.93 0 3486 0.16 5.63 0.01 0.04 0 0 0 25.95 7557
8.74 0 34.9 0.15 6 0.01 0 0.01 0 0 27.34 7714
8.68 0 3463 0.16 571 0 0.02 0 0 0 2456 73.75
8.41 0.01 3501 0.26 5.74 0 0.02 0 0 0 2551 74.96
8.66 0.01 3445 0.16 5.76 0 0.01 0.01 0.01 0 2585 7491
8.78 0 34.72 0.17 5.69 0 0 0 0 0 28.23 77.59
8.88 0 3472 0.16 5.64 0.01 0 0 0 0 25.16 74.58
5422178 9.11 0 3531 0.5 5.76 0.02 0.02 0 0.01 0 28.77 79.15
8.64 0.02 3487 0.14 5.52 0 0 0.01 0 0 26.56 75.76
8.66 0 35.09 0.2 5.66 0 0 0 0 0 2772 7734
8.89 0 3449 0.13 5.52 0 0 0 0 0 25.68 74.73
9.21 0 34.74 0.12 5.71 0.01 0 0 0 0 25.88 75.68
9.67 0.01 3518 0.5 5.79 0 0 0 0 0 26.93 77.74
9.16 0.01 3482 0.14 5.87 0 0 0 0 0 27.04 77.05
9.12 0 3438 0.13 591 0 0 0 0 0.01 25,6 75.14
8.75 0 3476  0.17 5.99 0.01 0 0 0 0.01 27.05 76.74
9.05 0 3461 0.16 5.95 0 0.01 0 0 0 28.79 78.57
9.06 0 3474 0.5 5.85 0 0 0 0 0.01 27.27 77.08
8.86 0 3479 0.8 5.99 0 0 0 0 0 28.24 78.07
9.06 0 3463 0.15 5.86 0 0 0 0.01 0 28.24  77.95
16.63 0 34.8 0.2 6.79 0.03 0.02 0.01 0.01 0 28.65 87.14
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Anti-perthite

The ati-perthite is presentin all the samplesand appearas dark grey orthoclase lamellae occurramy
anastomosing textures with a light grey albite host (Figurd) 6The antiperthiteswereanalyzed using EMPA

to determine the crystals mineral compositiaverages for each major elememreplottedfor each sample on
Figure6.24. Referring tdFigure6.25, we can see the arierthiteis made up orthoclase and albite, however there
is an anorthite component to the goeirthites in each sample.

1000, wrn BSE 20.kV

Figure 6.24: BSEimageshowng the antiperthite that wasnalyzedn sample 542219. The dark grey lamellae
are the orthoclase, while the lighter grey is the albite host.
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Figure 6.25: Ternary diagram for all the samples that wargalyzedusing EPMA. The results seen are the
averages taken for each sample and the orthoclase lamellae and albite host results are joirkaediptie
each sample.
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