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Abstract

The 1.49 Ga Norra Kéarr complex (Sweden) consists lafyered succession déformed and
metamorphosed peralkaline nepheline syenites. The complex was emplaced into the
Transscandinavian Igneous Belt either in a volcanic arc setting during thelis®nal stage

of the Danopolonian or Hallandian orogeny alternativelyjn an active margisettingalong

the southwestern border of the Fennoscandian Shield. The Norra Karr intrusive rocks are
preserved within a westwanpping synform, deformed and metarphosed at moderate to

high greenschisfiacies conditions during the Sveconorwegian orogenyl&tGa. Due to the
marked metamorphic overprint, the nepheline syenites dfithea Karrcomplex are used in

this dissertation asa case studyto distinguish the effects of magmatic and
metamorphic/hydrothermal processms the (re)distribution of high field strengthand rare

earth elements (REE) in alkaline rocks. For this purposeegtailed petrographicand
mineralogical investigatioof the different lithdypes that constitute the Norra Karr Complex
was carried out and combined with studies on the elemental composition of floenurey
minerals based on electron probe microanalyses. This was further complementadeby t
element data for eudialygroup mnerals and clinopyroxenes using laser ablation inductively

coupled mass spectrometry.

Regardless of the intense deformation during the Sveconora&gamvillian orogeny,
indications for primary magmatic layering of tNerra Karrintrusion are retained’he trace
element chemistry of eudialyggoup minerals mimic wholeock compositions and display
well-developed negative Eanomalies and strong -Siand Badepletions in chondrite
normalized diagrams. Theimply that the Norra Karnepheline syeniteformedby intense
fractional crystallization from an alkali basaltic parental magifiZe magmatic mineral
assemblage crystallized from a subsolvus syemdtitat continuously decreasing temperatures
(700#450°C) and silica activity (0.9.3). Owing to initifly relatively low peralkalinity and
reducing conditionszirconiumwas first incorporated into aegirine. Subsequent destabilization
of the Zr-rich aegirineindicates increasing peralkalinity, oxygen fugacity and water activity,
which resulted in théiormaion of early magmatic catapleiiteater aystallization of magmatic
Mn- and REEpoor eudialytegroup minerals happened as soon as Cl, REE and high field

strength elements were sufficignénriched in the residual melt.



Metamorphic conditions during the Sveconorwegdfarenvillian orogeny are constrained to
temperaturedetween 400 and 550°C and a silica activity range of ©.25 Because of
deformation and interaction withydrothermalfluids, postmagmatic Alrich aegime as well

as postmagmatic eudialytgroup minerals enriched in REE, Y and Mmre formed. The
transition froma magmatic toa metamorphic environment is also recorded by an increase of
theREE-content of eudialytgroup mineralsAn exceptional enrichm# of heavyREEIn late
metamorphic eudialyte mde theresultof residual enrichment: liglREE were preferentially
mobilized to form local secondary light rare eanitth rinkite-group mineral assemblages,
while the heavy REE stayed behind and formetiadyte enriched irheavy REE.

This study has documented systematic changes ahiheral chemistry of eudialytgroup
minerals as well as clinopyroxenes of the Norra Kéarr Complex. Based on field relationships
and petrographic arguments, these changes h&en associated with the magmatic and
metamorphidistory of the complexXNew insights are thus provided into the behavior of tock
forming silicates in alkaline rocks under medium greenschist to lower amphibolite facies
conditions. The results can bestied on and transferred to other metamorphosed peralkaline

rocks.



Kurzzusammenfassung

Der 1,49 Gaalte Norra KarrIntrusivkomplex (Schweden) besteht aus deformrered
metamorphisierteperalkalschen Nephelinsyenite. Norra Karr liegt imTransskandinavischen
MagmatischerGirtel und wurde entwedet) als Teil einesvulkanbogensvéhrend des pra
kollisionalen Stadiums der Danopolonischigtallandischen Orogenese oderedflang eines
aktiven Kontinentalandes an der sitdwestlichen Grenze dé&®nnoskandischen Schildes
intrudiert Die Intrusion ist heute als eine nach Westen einfaller®gform erhaltendie
wahrend derSvekonorwegischen Orogenessr ca. 1,15 Ga unter mafligen bis hohen
grinschieferfaalen Bedingungen deformiesturde Die stark verfalteten Gesteine sind eine
idealeFallstudie um die Effektemagmatischer und metamorpher/hydrothe&lamProzesse in
alkalischen Gesteinersowie die Rolle der Metamorphoséei der Anreicherungund
Umverteilung von SeltenerdelementefREE) zu untersuchenZu diesem Zweck wurahe
detaillierte petrographische und mineralogischealysen der verschiedenen Lithotypen
durchgefuhrt Die Arbeit wurde weiterhin durch mineralchemische Untersuchungen mittels
ElektronenstrahMikrosonde sowie miSpurenelmentdatenvon Eudialytund Klinopyroxen

erganzt.

Eine primarmagmatischéagerung ist trotzler intensiven Deformatiother Gesteingvéhrend
derSvekonorwegischen Orogenese erhalten. Die Spurenelehsgnie von Eudialyzeigt gut
entwickelte negative EAnomalien und starke Srund BaAbreicherungen die gut der
Gesamgiesteingeochemie entsprechemiese implizieren, dass diblephelinsyenite von
NorraKarr durch intensive fraktionierte Kristallisation aus einem alkalibasaltisbtegma
hervorgegangen sindDie magmatische Minerparagenesekristallisierte dabei aus eine
subsolvussyenitischenSchmelzebei kontinuierlich abnehmenden Temperaturen {#b0°C)
und Siliciumdioxidaktivitéén (0,6-0,3). Aufgrund der anféanglich relativ niedrigen
Peralkalinitatunte reduzierenden Bedingungen wurde Zirkonium in Aegirin ddagé Die
spatere Destabilisierundes Zrreichen Aegirinsdeutet aufeine steigendePeralkalinitat,
SauerstoffFugazitat sowie Wasseraktivitat hin, elche im Anschlusszur Bildung von
frihmagmaschem Katapleiit fihrte Die Kristallisation von Mn- und Seltenerdelement
(REE)}armen Eudialyt erfolgte dagegen erst nach ausreichender Anreicherung der
Restschmelze ml, REE undHFSE



Im Rahmen dieser Arbeit wurdenied metamorphen Bedingungen wahreraker
SvekonorwegischGrenvilleschen Orogenese auémperaturerzwischen 400 und 550°C und
einen  SiliciumdioxidAktivitdtsbereich von 0,28,4 geschatzt. Deformation und
hydrothermale Alteratiofilhrten zur Bildung vompostmagmatischme Al-reichen Aegirin. Der
Ubergangvon der magmatische zur metamorphe Mineralparageneseavird durch die
Zunahmedes REE-Gehaltsin Eudialyt markiert Die auf3ergewdhnliche Anreicherung von
SchwerenREE in spatmetamorpime Eudialytist auf eine Restanreicherung zurtickzufuhren
LeichteREEwurden bevorzugt mobilisiert, um lokale sekundéieeralezu bilden wahrend

die schweren REE zurlickblieben widh inEudialytanreicherten.

Insgesamt hat diegerbeit diesystematischeVeranderungeder Mineralchemie voRudialyt

und Klinopyroxenmithilfe von feldgeologischen und petrographisciidathoden beleuchtet,
und die magmatische sowie die metamorphe Geschichte des Norrintk@sivkomplexes
rekonstruiert.Die so neu gewonneneBrkenntnisse Uber das Verhalten gesteinsbildender
Silikate in alkalischen Gesteindrei mittlerer griinschiefer bis unteler amphibolitfazialer
Metamorphosé&dnnenauf andere metamorphisierte peralkalisGesteinen tUbertragdozw.

an solcheryetestet werden.
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Introduction

Because of broad applications in higith productaind possible supply disruptignisterest in

the geology of ore deposits bigh field strength elements (HFSH) generaland rare earth
elements (REEn particular has experienced a dramatic increase in the last d&=xides
carbonatites, alkaline and especially peralkaline rockgarticularly enriched in HFSE and
comprise one of the most promising sources for future supply Goodenough et al., 2016;
Mitchell, 2015; Smith et al., 2016] heir economi@otentialwas already pointed out bg.g.,
Ovchinnikov and Solodoy1980), Smirnov 1974) and Sgrensgii992) The extraordinary
enrichment of HFSE and REE in such rocks was explained by the high alkalinity and the
reducing conditions during crystallization of the magma, which minimizes the loss of volatile
components and maximizes thetential for minerals enriched in HFSE or REEptecipitae
during magmatic differentiatio(e.g, Kogarko, 1990; Marks et al., 2011; Marks and Markl,
2017)

Peralkaline (molar (Na + K)/Al) ratio > 1) nepheline syengieserallyconsist of minerals such
as alkali feldspar, feldspathoids, sodic amphibole/clinopyroxene and in some cases eudialyte
group minerals (EGMMarks and Markl, 2017\Within this context, the mineral chemistry of
the EGM is of particular interesTheseare often regarded as the primary host of HFSE
althoughit is well knownthat theamounts of Zr, Nb, REE and may be highly variablée.g,
Johnsen et al.,, 2003; Pfaff et al.,, 2010; Rastsvetaeva, 2007; Schilling et al., D@d1)
formation of EGMfrom peralkalinemeltsis favored by lowfO. and low BO activities(Marks
and Markl, 2017and references therg@inmportantly, EGM inherit characteristics from their
parental melts (or fluids) whighin turn, are controlled by source characteristics and
fractionaton of previously crystallizingninerals(e.g, Schilling et al., 2011)In addition,
crystal chemical effectgkely contribute to tracelement incorporation into EGKBorst et al.,
2019) Magmatic EGM are easily altered; metamorpiridiydrothermal overprints resuh
complex REFEredistribution processes arile formation of separate REEZr- and Nb
minerals(e.g, Borst et al., 2016; KaruMgller et al., 2010; Karuplgller and RosdHansen,
2013; Moller and Williamslones, 2017; Salvi et al., 2000§et, today there isstill no
conclusive evidenctor preferential partitioningn EGM for any of the REE or HFSEading

to fractionation trends in the evolving me({esg, Marks et al., 2008; Mdller and Williars
Jones, 2016; Pfaff et al., 2008; Schilling et al., 2011)
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Sodic clinopyoxene (cpx, aegirkaigite to aegirine) isftenintimately associated with EGM

in peralkaline nepheline syenit@darks et al., 2011; Marks and Markl, 201Bpsed on field
studies and experimental data, sodic clinopyroxene does notsstwwaffinity for the REE
(e.g.,Beard, 2018; Marks et al., 2004houghthey may incorporate significant amounts of
othertrace elementsThe influenceof cpx on the formation oéconomicREE and HFSE
occurrencedn peralkaline systems isot well understoodHowever, as key fractionating
mineral in alkaline magmatic systemspx is relevant for the interpretation of magmatic
processesge.g.,Kogarko, 2015; Marks et al., 2004; Moéller and Williadanes, 2016; Wood
and Blundy, 199). Although systematic changes in major element composition of cpx are
commonin postmagmatic alteratioiBorst et al., 2016; Chakrabarty et al., 2016; Cuand

Curtis, 1976)little is known about trace elemdmthaviorduring suctgeologicaloverprints.

Many well-studied examples of agpaitic complexes such as the llimaussaq complex in
GreenlandDostal, 2015; Marks and Markl, 2015; Sgrensen et al., 2006; Upton, @0it&)
Lovozero and Khibina complexes in Rus@fazamastsev et al., 2005, 2001; Kogarko, 1987;
Kogarko et al., 1982; Pekov, 1998 ve remained largely unmetamorphosed and undeformed.
Knowledge abouthe behaviourof agpaitic rocks during metamorphiss thus rather limited

but include preliminary studies dhe Red Wine and Kipawa complexes in Can@taemen

and Currie, 2004; Currie and Breemen, 1996; Curtis and Currie, 1981; Curtis and Gittins, 1979)
nepheline syenites in Malawiwoolley et al.,, 1996)and peralkaline gneisses in India
(Chakrabarty et al., 2018, 2016; Goswami and Basu, 2013; Nanda et al., 2008)

The peralkalineNorra Karr Complex in SwederfFig. 1)is a small Proterozoic peralkaline
intrusionthathas been deformed and partially recrystallized dws@wgrametamorphic events
(Atanasova et al., 2017; Sjoqvist, 201B)rthermorethe EGM-bearing nepheline syengef

the Norra KarrComplex are marked byvery high concentrations especially of heavy REE
(HREE) (Sjoqvist, 2015; Sjogvist et al., 2014, 201Bjnally, excellent exposures related to
recent exploration drillingHeinig, 2012)renderthe succession of tHgorra Karr Complex a
highly suitable natural laboratory todistinguish the effects of magmatic and

metamorphithydrothermal processes in nepheline syenites
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Norra Karr discovery, research and exploration

7KH 1RUUD .IUU $ONDOLQH &RPSOH[ LQ YiNisaKarf&®ioUD .1UU
duringregional bedrock mapping by the Swedish Geologicazey (SGU) and first described

by Tornebohm(1906) The intrusionis located abou? km eastof Lake Vattern (58°06" N,

14°40' E; Figure 2andapprox. 15 km NE of the township of Granna in Southern Sweden

has aoughly ellipticalshapg1200 m x 400 m) with the long axis aligned approximately rorth

south The general dip is approximately 45° to the wasttnebohm(1906) published first
JHRORJLF DQG SHWURJUDSKLFVGEGHMANH'S \WIMVR QR URJID 3 NIDW DLS3
identification ofthe twozirconosilicategudialyte and catapleiitddamson(1944)completed
comprehensive, petrographic work of all rock types and complemented the descriptions by
handpainted micrographs. He renamed the-gnained greenish syertit LQWR 3* A#eQ QDLWH"
theclose bytown GranngAdamson, 1944)

During theSecond World Waand in the 1970§wedish mining company Boliden Adarted
exploration activities for zirconium andpteeline.Of primary interest during th®econd World
War wasthe possible exploitation dfirconium, while in the 1970s exploration focused on
nepheline. In both cases, the extraction wegarded asuneconomic andBoliden AB
interrupted its activitiesAt that time, the complex was dated for the first timeBibgxland
(1977 andvon Eckermani{1968)

Extraordinary enrichmenn particularof HREEresulted irenewedexploration ofNorra Karr

in the fall of 2009Tasman Metals Ltda Canadiajuniorexplorationcompanydrilled approx.

21 km of diamond exploration core ameérformed geochemicahssayof ca. 10000 samples,
culminaing in the publication of a prefeasibility report for mining and extraction of rare earth
elements and zirconium 2015(Short et al.2015) Tasman Metals was taken overlsading

Edge Materials in 2016, a company that still maintains the exploration rights to Norra Karr
(Leading Edge Materials Corp., 2Q18Active mineral exploration enabled geoscientific
researclatmany different locations around the world, éJgiversity of Gothenbur§Sj6qvist,

2015; Sjoqvist et al., 2017, 2014, 2013hiversity of Britisch Columbi#&Bluemel et al.2013)

or University of TubingertKnittel, 2017)
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Geological setting

The Norra KarrAlkaline Complex (Fig. 1) is situated in the TraBsandinaviaigneous Belt,

which intruded into the Svecofennian domain of Fennoscandia in the course of juvenile crust
reworking between 1.88.75 Ga(Andersson et al., 200ahd references thereinjhe Trans
scandinavian Igneous Bedtend over a distance ota. 1400 km from NW Norway to SE
Swedenand comprises adn array of monzodioritic to granitic batholiths of alkallcic to

calcalkaline compositioifHogdahl et al., 2004)

Sjoqvist et al(2017)constrained the magmatic emplacemernthefNorra KarrComplex into
the TIB at 1.49+0.01 Ga by dating zircons from feaizited zonesurrounding the complex
with the U#b method by LAMC-ICP-MS. The aganay be used to suggest emplacement
related either textensional or collisionajeotectonic events of regional importanBetween
1.65 and 1.50 Ga, an actiegtensionamarginexisted alonghe southwestern border of the
Fennoscandian Shiel(McLelland, 1989) the intruson of alkali-calcic and calalkaline
magmas into the southernmost parts of the i@ be related to this everfRberg, 1988)
There is no clear indication in the literature that Norra Karr rockgemetically linked to the
intrusionsmertioned abovebut age and geochemical affinity renderelationshigpossible
Another possible scenario is the emplacenoétite Norra Karr Complein a typical volcanic
arc setting during the preollisional stage of the Danopolonian or Hallandian orogeny, which
took place at approx. 1.47 Ga. At that time, to the east and-sastlof Lake VattermA- and
I-type magmatism is report¢éBrander, P11; Brander and Sdderlund, 2009)

Betweenl140 +900 Ma wide areas of the southern and cefitia| as well as broad areas of
southwestern Fennoscandia wedeformed and metamorphosed duritige collision of
Fennoscandia with Amazonig@renvillian/Sveconorwegian orogeningen et al., 2008)

These areaare now referred to abe Sveconorwegian orogenic belt. The area east of Lake
Véattern belongs to thieontal zone of tls orogen and was mainly affected by metamorphism
during the late stages of the orogeny, thealted Falkenberg and Dalane pha@eg.,Bingen

et al., 2008and references thereinpuring the Falkenberg phase (9800 Ma) crustal
thickening and associated eclogite facies conditions affected the Fennoscandian crust. This was
followed by decompression, relaxation agrdvitational collapse during the Dalane phase at
970900 Ma(Bingen et al., 2008, 2006; Mdller et al., 200Buring this time the A& trending

13



Protogine Zone was formed as a steep, sheer zone at the very front of the Sveconorvegian
orogeny(Andréasson and Rodhe, 1994; Séderlund et al., 2004; Wahlgren et al., 1994)

Jonkoping

Sveconorwegian Domain

E——

Palagoproterozoic ‘. DECREASE IN DEFORMATION

I Archean basement

Fig.1.(a) Simplified geological map of Fennoscandia illustrating major lithological units
(modified afterHOogdahl et al., 2004Red box § enlarged in (hwherethe red ellipsenarks
the Norra KarAlkaline Complex Thewhite arrow indicates the direction of decreasing
regional deformatioduring theSveconorwegianrogeny.PZ - Protogine Zone, SFDZ
Sveconorwegian Frontal Deformation Zone (simplified ef@derlund et al., 2002; Wahlgren
et al., 1994)

The Norra Karr Alkaline Gomplex

The Norra KarrComplexcovers ararea of approx. 350 x 1100 m and is located in the Vaxjo
Granite Suite (TIB I), between the Vimmerby Batholith in the east and the major Protogine
shear zone (PZ) in the west (Fig. 1b). The body is preserved within a westwards dipping
(approx. 40°) synfon (Fig. 2), deformed by moderate\# and late, weak N directed

compression under ductile conditiafi&nkin, 2011)

14



Fig.2. (a) Simplified geological map of Norra Kartlustrating major lithological units
(modified afterTasman Metals Ltd., with contributions Eeinig, 2012) The deformation is

well visualized in WE cross sections (I§ection Aand (c)Section B Approximate sampling
location of samples used for this study as listed in Table 1 are indicatedssipleprimary
magmatic layering of the intrusion with preserved major and trace element enrichment and
depletion (#Mn = Mn/(Mn+Fe)).
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Lithological Architecture

The granitic host rocks at the western contact of the NorraAd&atine Complexand some
deeper parts in the east (only known from drill cores) exhibit clear signs of fenitization
(Adamson, 1944; Sjoqvist, 2015; von Eckermann, 196Bgse feniteform anup to 100 m

wide contact zongbut also occur as decimetiick veins in the surrounding granite. They are
characterized by the absence of quartz, which is replacedblig, magnetite, hematite and
fluorite, and the replacement of biotite by aegiri@®@amson, 1944; Sjoqvist, 2015)
Fenitization of the alkaline rocks itself is lgg®minent and rarely occurs in the outer subunit,
only at the direct contact to the fenitized host rocks. Recently, the fenitization of the granitic
gneisses waslated t01.49 + 0.01 GgU-Pb zircon ageSjoqvist et al., 2017)which is
interpretedto coincidewith the age of magmatic emplacement of Norra Karr. Younger ages
determined bySjoqvist et al.(2014) constrain the deformation during the Sveconorvegian
orogeny from 1148 + 5 Ma onwards. At Norra Karr neither the surrounding country rocks
(granitic to- syenitic gneisses) nor the metamorphosed syenites of the complex itself provide
any clear evidence inditag the grade of metamorphism of the complex. Regional geological
studies(Wahlgren and Stephens, 200éport lower greenschist facies conditions for the area
to the East of Lake Vattern and the Protodshear Zone (Fig. 1). Considering this and the
actual position of thecomplex within this major shear zone (Fig. 1), moderate to high

greenschist facies conditions can be assumed.

For this study, the peralkaline rocks of Norra Karr were collectively classified as meta
nepheline syeniteqafter Gillespie and Styles, 1999%or detailed explanation ofhis
classificationseeHeinig, 2012) The most common rock type (85 vol.% of the exposed area),
the secalled grennait§d Adamson, 1944)s a catapleiiteand EGMbearing aegirine meta
nepheline syaite (Fig. 2). The texture of this unit varies systematically across the défgsit

3). On the basis of the frequency of medibm coarsegrained lenses and bands or schlieren
(Adamson, 1944; Sjoqvist, 2015; Térnebohm, 190@ frequency of catapleiite and the degree
of deformation, three subunits with gradual transitions between them are distingisbed
central part (inner subunit¥ strongly foliated andbest described as an aegirine leuveta
nepheline syenite (a.k.a. migmatitic grennaite; lithologic nomenclature by Tasman Metals
Sjogvist et al., 2013)This area is surrounded by a zone rich innp&tpidal schlieren (mid
subuni) named pegmatitbearing aegirine metaephelne syenite (a.k.a. pegmatitic grennaite;

Adamson, 1944)The border area (outer subyndf the complex is defined by a foliated
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catapleiitebearing aegirine metaepheline syenite (a.k.a. catapleiite grennaftdamson,
1944)

Minor rock types of the Norra Kailkaline Complexinclude strongly folded fluorteakeite
aegirine metanepheline syergt (previously called kaxtorpite aegirineamphibolebiotite
metanepheline syenite (a.k.a. pulaskite) and arfveds@dtgrine metanepheline syenite

(former lakarpite), wetknown from the discovery outcrop of Norra K&8joqvist et al., 2013)

Fig.3. Selectedccore samplethat illustrate characteristic mesoscopic features of lithologies of
the Norra Karr Complex(a) Folded fluoreleakeiteaegirine metanephelinesyenite (b)
Catapleiiteand EGMbearingaegirinemetanephelinesyenitewith 5 % pegnatoidalschlieren
sillustrating complexolding. (c) Catapleiiteand EGMbearingaegirinemetanephelinesyenite

with 30 to 50 % pematoidalschliererwith small scale folding of the schlieren, minerals show
hematization(d) Foliated fine to mediumgrainedaedrine leucemetanephelinesyenite (e)
Coarsegrained schlieren withmicrocline, albite and=EGM, fine-grained euhedral aegirine
forms patchy aggregates
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Deformation and Metamorphism

The most common deformation features of all rock types include the alignment and stretching

of someminerals e.g, clinopyroxene, EGM,and catapleiiteas well asthe presence of
porphyroclasts (mainly microcling which have tails of recrystallized matdri The
porphyroblast@&re commonly preserved in a fingrained, probably recrystallized matrix and

form typical shearelated @atterns (sigmaand deltaclass). In the inner subunitgrenulated
IROLDWLRQ DQG DOPRVW 3fructird3ant lobéertedr betbuternaupimt@&O L1 H G
often schistose and gradually figeained to aphanitic. It hgsorphyric appearance awoden

includes laths like, 30 mm long, elongated to needilee crystalsof catapleiite.
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Objectives and Approach

Thetwo major aims of this studyare:

1.

to distinguish the magmatiattributesof an agpaitic complex froncharacteristics
related to subsequent deformation and metamorphism.
to differentiate the effects of HFSE and REE partitioning under magmatic and

metamorphiconditions

To achieve these aima,large suite of samples of tdédferent lithotypeswas selectedrom

deep (unweathered)amond drill coreacross thé&orra KarrComplex. More than 100 polished

thin sections were prepared from this suite of sampletailed petrographic characterization

was carried out for all lithotypassing light and electron microscopic metho@kis was done

to understand mineralal changeandto identifypossible mineral reactiorfisee kg.4). This

wascomplemented by detaill mineral chemical studies, using electron microprobe as well as

laser ablation ICPMS data, in order to constrain the redistribution of HE®H in particular

REE during alteration and metamorphifiang. 4). In order to minimize crystal damage and to

adhieve accurate quantification of thether complexhemical composition dEGM with the

electronmicroprobe,a dedicated analytical protocol had to be developed and tesied! get

upwaschosen taninimizethe instability of EGM under the electrbeam.

drill core logging

genetic model
thermodynamic trace element
model constraints
mineral
chemistry
EPMA analytik

geochemistry

petrography &
mineralogy
light microscopy

scanning
electron
microscopy

LA-ICP-MS
analytik

Fig. 4 Overview of workflowincluding analytical methodapplied and all major outputs

obtained
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Electron Probe Microanalysis of REE in Eudialyte Group Minerals:
Challenges and Solutions

The monitoring of gstematicvariations in major, minor artdace elementompositiors ofore-
forming mineralssuch asudialytegroup minerals (EGMis a powerful tool in reconstructing
geological processes at local as well as regional .sChle electron probe microanalyzer
(EPMA) is anessentiabnd very widegread analyticalechnique for theystematic collection

of robustmineral chemistrylata sets

Using EPMA, major and minor element concentrations can be quantdiedever, he
accurate quantification of the chemical compositioEGM with EPMA is complicated by
structural and chemical variability, mutual interferences-o&xlines, in particular of the rare
earth elements, diffusive volatility of light aniofe.g.,F, CI) and cationge.g., N&, K* or
Si**) and instability oEGM under theelectron beami.e. due tdattice changgor evenglass
formation Thoughsuch difficulties were know(see e.gChakrabarty et al., 2012; Olivo and
Williams-Jones, 1999neither a systematic documentatiornhad instability ofEGM under the
electron beammor a protocol of optimal conditions foreasuremenbutineshas beepublicly
available For this dissertation, 10dxperimentdave beemesignedand evaluatedniorder to
minimize crystal damagduring routine measurement$ EGM and in order to yield robust
guantitative mineral chemistry dafahirty differentinstrumentalsetups combining the four
variables beam modgsteady vs. scanning moddjeam diametefl-20 um), edge length of
scanned squa(8-20 um)and scanningpeed1-10)wereevaluatedRepeatability was ensured
by conducting 30 measuremerits each of the 30 setting®ll 900 measurements were

repeated for ttee measurement sequences A, B, and C

The effecs of diffusive volatility and beam damadmave beeriound to beminimal, when a
square of 20x20 um is scanned with a beam diameter of 6 um at the fastest possible speed,
while measuring elements critical to electron beam expdsuge Na, Cl, F, Si, and Caarly
in the measurement sequende.addition, matrix-matched reference materidigave been
selecteddefined andprocedures for offline corrections &f-ray interferenceslefinedusing

individual calibration factors.

This first comprehensivenethodologicalstudy on EMPA analyses of EGM thus yields
optimized analyticalapproach for the definitionf a suitableanalytical protocol A similar

approachmay well beapplicable taotherminerak of complex mineral chemistry
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Distinguishing magmatic and metamorphic processes in peralkaline rocks
of the Norra Karr complex (Southern Sweden) using textural and
compositional variations of clinopyroxene and eudialyte -group minerals

The peralkalineNorra Karr Complexhas been deformed and partially recrystallizieding
regional metamorphism The main aim of this investigation has thubeento distinguish
magmaticsignaturs retained in the nepheline syenites of the Norra Karr Confiaxthose
characteristicgelated to subsequent deformation and metamorphidimeral textures and
compositions of rociorming silicates were studied for this purposditiyt as well as electron
microscopy and EPMAThe focus was ontgsicturally andcompositionally complex minerals
of theeudialytegroup(EGM), catapleiite and clinopyroxenwhich areall stable over a large
P-T rangeand thus regarded asiitable monitorgor physicochemicathangesCombining
textures and paragenetic relatiaiglinopyroxene an&GM with systematic variations in their
chemical compositiomnablel the reconstruction afmagmatic and subsequent metamorphic

conditions

Regardless of the intense deformation due to folding of the NorraGGinplexduring the
Sveconorvegian/Grenvillian orogeny, indications for primary magmatic layering of the
intrusion are retained on thepesit scaleThis agrees witkompositional changes of magmatic
EGM from the outer to the inner subupitthe complex that may be interpreted to reflect the
effects of fractional crystallization.The reconstruction of the magmatic crystallization
conditions deliverechew insights of critical parameters for EGM formatiét.Norra Karr,
EGM are exceptionally @boor, but may contaiop toabout 3wt % HO. This observation
leads to the conclusion ah the stability fields of EGM and catapleiite may deex
Crystallization of catapleiite and resulting enrichmerRBE vs. Zr in the meltis identified as

acrucialfactor stabilizing EGM in this relatively €door& H2O-rich environment

Mean compositions of Adegirinefrom NorraKarr were used to compuf@essuredetween
2.5 and 8 kbar and temperatures between 300 and 70@3C regional metamorphism,
suggestinggreenschistto lower amphibolitefacies conditionsThese are the firsfbroad)
constraints on{J conditionsattainedduring the SveconorwegidrGrenvillianorogenyin the
Norra Karr Complex. e proposed conditionslightly exceed assumedoaterate to high
greenschistaciesmetamorphiconditions previously postulated bagen regional geological

arguments
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Fractionation of geochemical twins (Zr/Hf, Nb/Ta and Y/Ho) and HREE
enrichment during magmatic and metamorphic processes in peralkaline
nepheline syenites from Norra Karr (Sweden)

This study combines three major datdss namelyuantitativeminerabgicaldata, wholerock
geochemical data of all drill hole available and-L@P-MS trace element data etidialyte

group minerals EGM) and clinopyroxene (cpy) of the Norra Karr Complelt aims to
differentiate the effect®f HFSE and REE partitioning under magmatic and metamorphic
conditions.Although systematic changes in major element composition of cpx are common in
postmagmatic alteration, little is known abotite influence of cpx on the formation of
economic REE an#iFSE oresin peralkaline systemsSimilarly, magmatic EGM are easily
altered; metamorphic or hydrothermal overprints result in complex -fe#istribution
processes and the formation of separate -REE and Nb minerals, thought there is no

conclusive eidence for preferential partitioningf any of the REE or HFSE EGM.

The exact calculation of partition coefficients was not possible in the course of the study.
However, itis obviougthat the REE partition coefficients for EGM are always much larger th
those for cpxHowever the observedegative correlation in REE incorporation between EGM
and cpx suggests that in the absence of major-Bd&iEing minerals, cpx could incorporate

moreREE and thus influence the deportment of REE in peralkaline systems

The studydocumend furtherthat cpxis able to fractionate the geochemical twins Zr and Hf
under magmatic conditions, showing strong affinity for Hf. By contrast, under metamorphic
conditions, EGM fractionate th&EE (and likely Nb and Tj)resulting in exceptional
enrichment of heavy rare earth elemgBREE) vs. light rare earth elements (LRER)ate
metamorphic eudialyteRecrystallization of magmatic EGMuring regional metamoprhism
evidently leads to the release I®REE and possiblylso of Nb and Ti HREE, in contrast,
remained immobile and became residually enriched in late metamorphic, poikilitic EGM
Elements mobilized from EGMereimmediately consumed to form rinkigroup minerals

thus essentially retaining the isochemicaracter of regional metamorphism at a mesoscopic
and macroscopic scaleesults suggest that evenhighly evolved systems, HFS&n be used
asrobust proxies for the evolution of the systems, if whole rock geochemical data are combined

with mineral chenistry and data on partitioning behavior.
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Conclusions

This careful petrographic and mineral chemical study has elucidédwedeffects of
metamorphism, deformation and hydrothermal fitadk interaction on the mineralogy and
mineral chemistry of agpadtirocksof the Norra Karr Complex in Sweddhcontributes to the
general understanding of the genesis and alteration of-B&ving REE deposits resulting in

local HREE enrichment under magmatic and metamorphic conditions.

The Norra KarAlkaline Complexis consideredo beof alkali basaltic origimwith its formation
beingpossiblylinked to prolonged rifting and magmatism in the course oMégoproterozoic
geotectonic evolution of th&candinavian ShieldEven aftelintense deformation and regional
metamorphsm at uppergreenschist lower amphibolitdacies conditionsit is still possible to

identify primary magmatic textures and compositionsEGM and clinopyroxene fronthe
peralkaline rocksuite that comprises the Norra Karr Complestmry magmatic layering of

the intrusionis preservedProgressiveenrichment of REE, LREE and Mim whole rock
samples from the bottom towards the top of the layered igneous succession provides important

evidence for the primary magmatic nature a$ thyering

The twomineral groupghat were in the focus of this studglinopyroxeneand EGM have a
largepressure and temperatwgtbility range both have very variable mineral chemistry and
are able taadapttheir compositionto changingconditions Therefore, both were studied in
detail in order toprovide a record of thevolutionof the nepheline syenites tife Norra Karr
Complex Both mineralswere found to haverystallized froma subsolvus syenitaelt over a
rather larggemperature intervgl70C°C to 450°C) with a corresponidg decrease isio2 from

0.6 to about 0.3.

Zirconiumaegirinewas the first clinopyroxene to form during magmatic crystallization. It
crystallized at relatively loweralkalinityandunderreducing conditionsStill during magmatic
crystallization and in response &m increase imperalkalinity of the residual magnend at
moderateto-high fo2 and a0, Zr-aegirine was destabilizexhdaegirinesensu strictdormed

At this pointcatapleiitebecame thenain host mineral foiZr. Due to the absence of sodalite
and the very early formation of catapleiitgci further increased anBEE and HFSEwere
enriched in theesidual meltpromotingEGM crystallization.Crystallization of EGM eems
not necessarilyestricted taspecific conditions, forming even at very laac) and at relatively
high an20. EGM crystallization appears tather be constrained byhe concentrationsof
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specific elements in the me@f importance appears to be @ailability of REEin the magma

in generaland HREE in particular. It remaingt uncertain, if this enrichment is due to the
presence of a mantle source -preiched in REEor if it is related to the process of melt
formation. Fractional crystallization as expressed by compositional layering preserved in the
now deformed and metamorphosed complex is associated with relatively yeingystematic
changes in wholeock REE ompositions. These trends atesely trackedy the composition

of magmatic EGM, the dominant host of REE.

During the Sveconorvegian/Grenvillian orogeny, theks of theNorra KarrComplexwere
deformed and folded.atemetamorphi&GM and Alaegirine femedat 400- 55°C and in an

asioe range of 0.25).4 at pressures not exceeding 5 kb&sring regional metamorphism
EGM interacted with metamorphic fluids, either changing its composition or being-partly
destabilized tdorm catapleiite andecondary REBearing britholite or rinkite group minerals
This process waaccompanied by local redistribution of REE. As a result, the composition of
EGM changd significantly, with HREEbecomingenriched in recrystallized EGM and LREE
incorporated int@.g.rinkite-group mineralsRemobilization of HFSE remained local in extent,
with whole rock compositiongvidently affected by this processegional metamorphism

remainecevidentlyisochemicabt mese and macroscopic scatgth respect to HFSE

Yet, the study alsdlustrates a surprisingxtent at which geochemical twins such as Zr/Hf or
Y/Ho of the HFSE can be fractionated during magmatic and-mpagmmatic alteration
processesWithin this cantext, Y/Ho fractionation observed in cpx at Norra Karr is almost
certainly related to theegional metamorphic overprint+ and not linked to magmatic
crystallization This points to the fact thahihighly evolvedmagmaticsystemssuch as the
Norra KarrComplex,whole rock data ogeochemical twinstelement pair®ftenthought to

be suitable as geochemical proxieshould only be regarded esbust proxieghat reflectthe

evolution of thestudied system onlyf suchdata are combined with mineral chemigiata
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