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Glossary

REEs — Rare Earth Elements (Lanthanides: La-Lu)

HREEs — Heavy Rare Earth Elements (Gd — Lu)

LREEs — Light Rare Earth Elements (La - Eu)

ppm - parts per million

GPS - Global Positioning System

PPL — Plane Polarized Light

XPL — Cross Polarized Light

MORB - Mid Ocean Ridge Basalt

Q-ICP-MS - Quadrupole Inductively Coupled Plasma®&pectrometry
S-ICP-MS - Solution Inductively Coupled Plasma M&ggctrometry
IBMA — lon Beam Micro Analysis

XRF — X-Ray Fluorescence

LCT — Lithium-Cesium-Tantalum

NYF — Niobium-Yttrium-Fluorine
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Abstract

The Tegrdal pegmatite field, located in the countyTelemark in southern Norway, is known for its
enrichment in Sc as well as other rare metals.rigutie last decade, the interest for Sc has inedeakie

to its important uses in e.g. the aircraft, autaweotand space industries. In light of its economic
importance, mineable resources of Sc are of gnéartaist. Garnet, which is a common accessory nlimera
the Tgrdal pegmatites, naturally incorporates Sthe1B-site of its structure. Besides mica, gaiset
major host for Sc in pegmatites. In addition, vasi@nd very rare Sc minerals have been described fr
the Tardal pegmatites (bazzite, cascandite, hefitetip, kristiansenite, oftedalite, scandiobabinge and
thortveitite). Therefore, mapping and sampling afrget-bearing Tgrdal pegmatites and their hostsrock
was performed, with the intent for chemical analysi

The regional distribution of Sc in the garnets fra® Terdal pegmatites was determined by electron
microprobe analysis (EPMA) and laser ablation inishety coupled plasma mass spectrometry (LA-ICP-
MS). The chemical data indicate a general Sc iseré@m the SW (Butvatnet-Grgnliheii areas) toNle
(Heftetjern-Hgydalen area) in the studied areardgnBispersive X-ray Spectroscopy (EDS) demonstrate
that only wall zone garnets from the Sc abundagtragite locations (Upper Hgydalen and Svaheii 2)
contain Sc-rich (thortveitite) micro inclusions. &sc-enrichment is accompanied by an increaseein th
spessartine component from 30 up to 60 mol.% (up.2® SeOs wt.% and 2197 ppm Sc). However,
garnets from both Sc-rich SW (Svaheii 2 locatioA7 -mol.% spess) and Sc-poor NE corners (Bratterud
and Sjauset locations: ~54 mol.% and ~76 mol.%peaes/ely) do not apply to the general systematic
increase of Sc. Through internal fractionationhia most evolved NYF pegmatites of Hgydalen, Scsrop
from both the Sc- and almandine-rich wall zone sagges (max. 1538 ppm Sc and ~50 mol.% spess) to
the nearly Sc-absent “cleavelandite’-zone garrg@ts93 mol.% spess). The Sc-rich wall zone garrets f

the Heftetjern, Upper Haydalen, and Svaheii 2 looat show a general decrease from the core to the
crystal margin (max. 688 ppm Sc difference). Intipafar, this decrease of the Sc contents in the
Heftetjern garnets is correlated with decreasing(Mn+Fe) ratios and Y and HREE contents as sean fro
BSE-imaging. Similarly, IBMA-imaging shows Sc-ricores where Sc may slightly decrease towards the
rim of the investigated Sc-rich garnets from thdtétern and Svaheii 2 locations. The rest of thalgzed

and relatively Sc-poorer garnets from the Tgrdahdoexhibit any clear correlation for intracryte Sc

nor with any other trace elements such as e.g.dvHREES.

It has long been believed that the Tgrdal pegnsatite formed by fractionated melt derived from the
Tardal granite pluton, located in the south of Tedal pegmatite field. Scandium was, accordinthi®
theory, leached from the mafic supracrustals ofNiesedal outlier into the pegmatitic melts, whae t
melts moved from the pluton to their final destioatof emplacement. This theory was verified by
geochemical whole rock analysis, which demonstriitasSc is much more abundant in amphibolitic host
rocks of the outlier (29-30 ppm) than in the Targadnite (2 ppm). However, fieldwork evidence prove
that the pegmatites were generated by direct azad fmatexis by these host rocks. This anatedtynois
supported by recent dating of the pegmatites aadlthrdal granite, which indicate that the Sc-erith
pegmatites Tgrdal cannot originate from the ~40 dlder Tgrdal granite. Plausibly, through SW-NE
migration of the increasingly fractionated and @mmusly Sc-enriched anatectic pegmatite melt, 8s w
mobilized and transported by ScF ligands, while tigoending up in the Sc-rich pegmatites of the
Heftetjern-Hgydalen area. Scandium was in thesenpgtgs mostly incorporated into late hydrothermal
wall zone micas and garnets. Most importantly, rile@n outcome of this study clearly demonstrates tha
the Heftetjern-Hgydalen area, being most Sc-endicheves to be the best potential for future eixgiion

of Sc. Scandium contents in the garnets were fdanble consistent within each pegmatite. Therefore,
garnet is a very useful and reliable pathfinder erah for exploration of Sc mineralization in gramit
pegmatite fields. However, during Sc exploratidris iof utmost importance to bear in mind, espécialr

the most evolved NYF pegmatites, which zone thegfaroriginate from since Sc decreases drastically
through internal fractionation.
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1. Introduction

The pegmatites of the Tgrdal area in the counfiyedémark have for a long time been known
to be enriched in Sc, Li and Sn, as well as othez metals (e.g. Bergstgl and Juve, 1988;
Kristiansen, 1998; Raade and Kristiansen, 2000;it¢ahl et al 2010). These granitic
pegmatites are part of the Nissedal pegmatiteicliswhich belongs to the Sveconorwegian
pegmatite province of the Sveconorwegian oroger§yaathern Norway (Mduller et al., 2017).
Garnets, which are a group of silicate mineralgsuo@s a common accessory mineral in the
Tardal pegmatites. The garnets found in the Tgpdgmatites are spessartine-almandine
garnets with the general formula - Wh2(SiOs)s-FesAl2(SiOs)s. These garnets have
previously shown to be enriched in Sc in some ef Twrdal pegmatites to sub-economic
levels (Raade and Kristiansen, 2000, 2003). Thasil demand for Sc has been steadily
increasing in the past decade due to its cructdintieal applications in various industries. For
that reason, the Tgrdal pegmatites were the tafgetveral Sc exploration campaigns during
the last decades.

Garnet is, besides mica, the major carrier of Sgramnitic pegmatites. However, the Sc
content in mica is more variable within individyaégmatite bodies (Rosing-Schow et al.,
2018). In contrast, the Sc contents in garnets foma pegmatite seem to be much more
consistent. For that reason, garnet has beenadtilizy mineral exploration companies and in
this study as the major pathfinder mineral for Soeralization related to granitic pegmatites.
Scandium is abundant in the Earth’s crust, but wuds trivalent oxidation state, crystal
chemical behavior and ionic size it is readily inpwrated into minerals. These minerals are
typically ferromagnesian minerals, where Sc inipatar, will substitute for Al, Fe, Mg, and
also other elements (e.g. Shchekina and Grameni#li8). In the garnets Sc enters the B-
site (ideal formula’AsB(SiOs)3; A = Mn, Fe, Mg, CaB = Al, Fe, Mn, Ti, Cr, Zr, V), making
garnet a useful prospecting tool for Sc exploratidowever, limited data exist on the Sc
contents and its intracrystalline distribution mrigets from granitic pegmatites, and the origin
of Sc in pegmatite melts in general. Thus, the iorigf Sc enrichment in the Tgrdal
pegmatites and elsewhere is still strongly debaié@refore, a better understanding of the
enrichment of Sc in the Tgrdal pegmatites will amty contribute to improving the
exploration success of Sc mineralizations in gdnditaese considerations lead to the four
aims of this master thesis: (1) determination @& thgional distribution of Sc in garnet-
bearing granitic pegmatites of the Tgrdal pegmatfiedd, (2) investigation of the
intracrystalline distribution of Sc within the gatncrystals, (3) establishment of potential
sources of the Sc enrichment in the Tardal pegesatand (4) economic implications of the
findings made in this study for the exploratiorSaf mineralization in the Tgrdal area.



1.1 Granitic pegmatites

1.1.1 Genesis, classification, and industrial impéance

Pegmatites are holocrystalline igneous intrusiveksp which exhibit several specific rock
texture traits. These traits include the coarsengsaze (>3 cm), very heterogeneous
distribution of the grain sizes, distinctly zonedheral assemblages, and the occurrence of
skeletal crystal shapes (including the characterggtphic intergrowths) (London, 2008). In
general, pegmatites are probably the least undetstocks in terms of genesis. No
conclusive explanation or satisfactory hypothesish® origins of pegmatites was developed
until Jahns (1953a), who concluded that pegmahita® a magmatic origin with or without
the assistance of hydrothermal fluids. Jahns anuzum (1969a), who concluded that the
presence of a vapor phase distinguishes pegmditdes granites, further developed this
model. According to this model, granites were coeed as the crystalline product of a
magma, which is initially undersaturated inQ4 The HO saturation is observable at the
textural transition between the granite and pegmatvhere the typical pegmatitic textures
are the indication of when the aqueous vapor plhasthe melt reaches its saturation.
Furthermore, the model proposed that crystal foaetiion was an essential factor in the
formation of granitic pegmatites, wherein the petitas are derivatives of relatively large
batches of granitic plutons (London, 1996). Nowagjathe general consensus is that
pegmatites may either be formed as late-stage gatgpas of relatively large granite
intrusions, i.e. plutons (London, 2008) or by diranatexis of the country rock (Mduller et
al., 2017). Evidently, most pegmatites crystallicem eutectic granitic melts (in the system
NaAlSizOs-KAISiz0s), in which they are either slightly peralkaline meraluminous{erny

et al., 2012). This chemistry is reflected in thajon mineralogy of granitic pegmatites, in
which the main constituents are quartz, feldspawli¢ plagioclase and K-feldspar) and
micas.

During the 28 century, scientists tried to classify pegmatites,order to distinguish
pegmatites with potential economic mineralizatiowl darren (non-mineralized) pegmatites.
The earliest attempts of classification were bdaegkly on field-based subdivisions, which
include: internal structure, paragenetic relatignshbulk chemical composition, petrogenetic
aspects, nature of parent medium, geochemical tsiggga etc. The first generally recognized
pegmatite classification was established by thesRnsmineralogist and petrologist Fersman
in 1930 (1930, 1931). Fersman’s classification easpted the thermal evolution of
pegmatitic melts or, in other words, the crystaliian temperature (Fersman, 1930 and 1931).
Later on, Ginsburg & Rodionov (1960) distinguistiedr pegmatite classes based on crustal
environment (depth of intrusion), and relationskigp metamorphism and relationships to
granitic plutons. Ginsburg et al. (1979) developd further into new classes: the abyssal,
muscovite, rare-element and miarolitic classes. Ghmsburg classification is also referred to
as the “depth-zone” classification, since it u@bzthe intrusion depth of pegmatites as
classification criteriaCerny (1990, 1991a) revised the latter classifieatfimproving the
petrological, paragenetic and geochemical criteara) introduced the three new petrogenetic
pegmatite families; the Lithium-Cesium-Tantalum {DC the Niobium-Yttrium-Fluorine
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(NYF) and mixed LCT+NYF family. The LCT family of ggmatites is peraluminous to
hyperalumionous, which is genetically related tdisentary (S-type) and igneous (I-type)
magmatism. This family of pegmatites is enricheélements such as Li, Rb, Cs, Be, Sn, Ta,
and Nb, whereby the Nb content is generally lowamtthe Ta content. In addition, this
enrichment also includes B, P, and F as the fraation of the pegmatite melt progresses. On
the other hand, pegmatites of the NYF family arbatuminous to metaluminous, which
shows an affinity to granitic anorogenic (A-typeidagneous (I-type) magmatism. Elements
enriched in this family include Ti, Y, Sc, REE, Zd, Th, F, Nb and Ta, in which
concentrations of Nb are generally higher tharTtheontent. Cerny and Ercit, 2005) revised
the depth-zone classification of Ginsburg & Rodwi®960) by improving the petrological,
paragenetic and geochemical criteria. Consequethity,lead to a division of the five major
pegmatite classes: abyssal, muscovite, muscoviéeai@ment, rare-element, and miarolitic
pegmatites. These classes were subdivided intdetmesubclasses (HREE, LREE, U, Li),
which reflect both differences in geochemistry ayablogical features. Further subdivision
gave rise to types and subtypes, which display eslghter variations in traits of trace
element geochemistry and crystallization environtsierexpressed through the various
accessory mineral assemblages. Today, both the-dlassification by Cerny and Ercit,
2005) and the family-classification byerny (1990, 1991a) of pegmatites are the most
applied classifications (Figure 1.1).

Class Subclass Type Subtype Family
Abyssal HREE NYF
LREE
v NYF
BBe LCT
Muscovite
Muscovite- REE
rare element NYF
Li LCT
Rare element REE allanite-monazite
euxenite NYF
gadolinite
Li beryl beryl-columbite
beryl-columbite-phosphate
complex spodumene
petalite
lepidolite | e
elbaite
amblygonite

albite-spodumene
albite

Miarolitic REE topaz-beryl
gadolinite-fergusonite NYF
Li beryl-topaz
spodumene
petalite LCT
lepidolite

Figure 1.1: Displayed geochemitistinctions of pegmatites taken froge(ny et al., 2012) modify-
cation offerny and Ercit, 2005)), which divides them intdetiént classes and petrogenetic families.



Granitic pegmatites are the hosts of a vast assgaldf industrial minerals and rare metals.
Important industrial minerals with a long traditioh several industrial applications, include
mostly feldspars and kaolinite (major source forcptain and other ceramics), quartz
(important constituent for e.g. processors, solallsc and glasses), and micas (major
appliances in e.g. cosmetics and industrial lubtg)a(Gloveret al., 2012). These minerals
are foremost found in great abundances in abysdsf called “barren” or “ceramic”,
pegmatites, where gemstones and rare metals aemtafisloveret al., 2012). Chemically
more evolved rare element pegmatites contain ratalmisuch e.g. Li, Be, Cs, Ta, and REEs
(London, 2008), which are of crucial importance tloe modern society. These metals yields
several technical applications, in which some ekthinclude Li-based rechargeable batteries,
medicines, glass-making and ceramics, incorporatbnBe in various alloys, cesium
providing several appliances within the oil and gahistry, tantalum applied in capacitors in
computers and smartphones, and REEs applied i soggnets (Linnen edl., 2012; U.S.
Geological Survey, 2016).

1.2 Scandium

1.2.1 Natural occurrence and economic significance

The chemical element, scandium, was first discalerethe two minerals euxenite and
gadolinite by the Swedish chemist Lars Fredrik diilsn 1879 (Raade and Segalstad, 2002).
Scandium is a lithophile element (typically trivalpand has a relatively small ionic radius,
which makes its geochemical behavior akin to thheofeagnesian elements Fe, V, Cr, Co,
and Ni (Voncken, 2016). Both Sc and the similanadat Y, are often grouped together with
the lanthanides (La-Lu) as REE, due to their singlkeochemical behavior and valence states
(Voncken, 2016). Trivalent Sc forms solid solutiamgh trivalent Y and the heavy REE (Er-
Yb), and additionally tetravalent Ti, Sn, Zr, antvdlent Al (Shchekina and Gramenitskii,
2008).

Scandium is a widely dispersed element in Earthistcwith an average of 22 ppm (Raade
and Segalstad, 2002). Rudnick and Gao's (2003nat&d that Sc is most abundant in the
deep crust and in mafic rocks (Table 1.1). Thiagain reflected in ferromagnesian minerals
such as pyroxenes, amphiboles, micas, garnets,epitthte-group minerals are minerals
where Sc appears as a trace element (Raade, 2008¢ (L.2). In these minerals, Sc typically
substitutes Al and trivalent Fe (Raade, 2003). Shisstitution mechanism is possible because
Sc’s ionic radii and coordination number (6 [2,6)e both akin to the generally widely
dispersed ferromagnesian minerals (Shannon, 197@&hemically evolved magmatic rocks
such as NYF pegmatites, where incompatible traemehts are enriched and ferromagnesian
elements are depleted, Sc occasionally can behexridHowever, the reasons for both the
source and enrichment of Sc is still a matter stadssion.



Only a few minerals, in which Sc is the main canstnt, are known to science. These 18 Sc-
minerals are displayed in Table 1.3. All these Soemals were described from pegmatites
(except allendite and davisite). However, in pegi@sit Sc is predominantly bound in garnets
and micas as trace element with relatively highceaotrations in comparison with other

pegmatite-forming minerals (Table 1.2). High aburzs in garnet have recently also been
discovered. Previous data by (Raade and Kristign@d®0, 2003) of spessartine from the
Heftetjern pegmatite of Tgrdal have shownCsaoncentrations of 0.3 wt.% to ~ 0.5 wt.%.

Ti-Zr-rich garnets, situated in Russian aposkarcksp show even higher abundances of
scandium containing up to ~ 6 wt.%28gand ~ 0.4%pfu (Galuskinaet al, 2005).

Table 1.1 Bulk Average Scandium Abundances

Upper Deep crust Average Ultramafic Mafic Intermediate Felsic rocks
Crust (Middle crust rocks rocks rocks (Syenite, (Ca-rich and
Authors (ug/g) andLower  (ppm) (ppm) (Basalts) T.and W., Ca-poor, T.
Crust) (ppm) Diorite, V.) and W.,
(n9/g) (ppm) Granite etc.,
V)
(ppm)
Shaw et al. (1967,1976) 7 - -
Shaw et al. (1994) - 5.4
Rudnick and Fountain (1995) - 22
Eade and Fahrig (1973) 12
Condie (1993) 134
Gao et al. (1998a) 15 15
Taylor and McLennan (1985,1995) 18.6
Wedepohl (1995a) [7] -
Rudnick and Gao (2003) 14.0 19
Turekian & Wedepohl, 1961 - - - 15 30 3 14 & 7,resp.
Vinogradov, 1962 - - - 5 24 25 3
Raade, 2003 - - 22 - - - -

Table 1.1: Bulk average scandium abundances different layers of the crust, as well as ultramdétsic igneous rocks
taken fromRudnick and Gao, 2003 and sources therein)

Table 1.2 Scandium in rock-forming minerals

Minerals Bulk concentration, ppm Authors

Hornblende 34.2+04 (Higuchi and Nagasawa, 1969)
Amphibole, augite, hypersthene 5-85 (Daset al, 1971)

Feldspars (Kfsp & plagioclases) 0.1-8 (Daset al, 1971)

Chlorites 0.6 -20 (Daset al, 1971)

Micas 2-23 (Daset al, 1971)

Garnet (Pyrope) 114 +£3 (Fedorowich et al., 1995)

Table 1.2: Scandium bulk concentrations (ppm) imewn rock-forming minerals.



Table 1.3 Scandium-rich minerals

Mineral name Ideal formula Reference

Allendeite SaZrs012 (Ma and Beckett, 2009)
Bazzite Bex(Sc,Al):SisO1s (Demartinet al, 2000)
Cascandite Ca(Sc,F&")Sis0s(OH) (Mellini and Merlino, 1982)
Davisite CaScAISIQ (Ma and Rossman, 2009)
Eringaite CaSe(SiOs)3 (Galuskineet al, 2010)
Heftetjernite ScTaQ (Kolitschet al, 2010)
Jervisite NaScSiOe (Mellini et al, 1982)
Juonniite CaMgSc(P@)2(OH)-4H0 (Jamboretal., 1998)
Kampelite BaMg3Sa(PQu)12(OH)s- 7H0 (Haleniuset al, 2017)
Kangite (Sc,Ti,Al,Zr,Mg,Cé, ] 2Ds (Maet al, 2013)
Kolbeckite Sc(P@-2H0 (Yanget al, 2007)
Kristiansenite C£5¢cSn(Si07)(Si0sOH) (Raadeet al, 2002)
Oftedalite KSd bBesSii20s0 (Cooperet al, 2006)
Panguite (Ti,Al,Sc,Mg,Zr,Ca}Os (Maet al, 2012)

Pretulite Sc(PQ (Bernhardet al, 1998)
Scandiobabingtonite (Ca,Na}(Fe*,Mn)(Sc,Fé")Sis014(OH) (Orlandietal., 1998)
Thortveitite SeSiOr (Bianchiet al, 1988)
Warkite CaSaAl6020 (Williams et al, 2014)

Table 1.3: List of recognized minerals with Sc as ofitheir main constituents. Fifteen of the Scemdls are terrestrial,
while three of them (allendeite, davisite, and wapkare extra-terrestrial and only found in met¢esi

The notion of Sc’s scarcity in nature and limitagpgly makes it a valuable commodity
because of its special properties, being a lightahmaaking strong alloys with other metals.
The reason for this is simply that, its naturalevae state S¢ is not commonly compatible
with anions common in ore mineralization (Hedri@k02; U.S. Geological Survey, 2016).
Compared to other metals, Sc production nowaday®ng limited with only 10-15 metric
tons per year, with most Sc being produced fronrtWledite and uranium operations as
byproduct leachant in the US (U.S. Geological Syn#016). Although the interest and
demand for Sc are generally increasing, low suckmedarge-scale distribution and supply up
to this date is still the case. The price of 99.99%e Sc has varied during the past decade
from US$ 4000/kg to US$ 20.000/kg, making it oneh&f most expensive naturally occurring
elements (Strategic Metal Investments Ltd., 2088andium, in various industries, is mainly
used as additions in aluminum alloys (Voncken, 2046d in e.g. “SOFCs” (solid oxide fuel
cells) (Scandium International Mining Corp., 2018&pr industries such as the aircraft,
space, and automotive industries, Sc has proveh enasal. Relatively small additions of Sc
makes a considerable impact, in terms of enharmregall strength and decreasing weight of
Al alloys (Raade, 2003)n “SOFCs” Sc as a performance enhancer, whichtlgreaproves
conductivity and the mediation of heat in thesetdrats (Scandium International Mining
Corp., 2018a).



According to (U.S. Geological Survey, 2016) thestgrominent and sizeable Sc resources
are all nowadays located in Australia (Table 1GhHe of these resources (Syerston project) is
the Syerston-Flemington lateritic deposit in NewutBoWales. The laterites, which originate
from relatively Sc-rich clinopyroxenes (~80 ppm)y a complex of ultramafic-mafic
intrusives, reside in relatively stable tectonidtings (Chasséet al, 2017, and sources
therein). Through long-term weathering of the gliymxenes forming the lateritic soll,
wherein Sc-rich waters circulate and enrich Scaethite and partly in hematite by replacing
Fe* by SC* (Chasséet al, 2017). Other notable productions of Sc as a ljyebfrom other
metals are located in Quebec, Canada (extracteth®®@l from red mud, fly ash, and mine
tailings), Japan (recovered from TBIO Philippines (from a nickel laterite leachanthda
Russia (extraction from red mud) (U.S. Geologiaaiv8y, 2016).

Table 1.4 Expected prominent scandium mining-graderoductions

Scandium projects Total Sc abundance, tons  Mining-grade, ppm SceOs, tons/year

Nyngan 3100 100 36
Syerston 1200 600 a
SCONI 2700 100 50

Table 1.4: The table display the most prominenhdian projects, with expected potential for produetof scandium oxide
(U.S. Geological Survey, 2016): Not reported.

1.3 Geological background

The Sveconorwegian pegmatites of the Tgrdal aredomated in the county of Telemark,
Southern Norway, which is a part of the Nissedajnpatite district (Fig. 1.2) (lhlen and
Muller, 2009b; Miuller et al., 2017). The granitiegmatites throughout Tgrdal occur as
hundreds of relatively small and large bodies/sibns, which are situated on top of the
Nissedal volcanosedimentary outlier (1300-1200 May the underlying gneissic basement
(<1500 Ma) (e.g. Segalstad and Eggleston, 1993;d&kand Kristiansen, 2000). The
supracrustal rocks of the Nissedal outlier consiatnly of amphibolite with occurrences of
volcano-sedimentary rocks, various gneissic basemecks, and also mafic to felsic
intrusives (Bergstagl and Juve, 1988). Suggestedsdmeral authors (e.g. Segalstad and
Eggleston, 1993; Raade and Kristiansen, 2000) #ggnptite-forming melts originate from
the anorogenic (A-type) Tagrdal granite in the so{@B0-850 Ma), which has intruded the
relative older supracrustal rocks and basementh Boé Tgrdal granite and its closely
adjacent pegmatites were formed at 8-10 km depth6@0°C and 2.4 + 0.4 kbar (Segalstad
and Eggleston, 1993).
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is situated in a Post-Sveconorwediarnblende-biotite granite field (marked with adk arrow in the image),
located within the Nissedal pegneatiistrict (1; marked in turquoise). (B) — Map olighern Norway.

Geochemically, the pegmatites of the Tgrdal areagmochemically distinct, wherein the
elements Sn, Sc, Y, Be, and Li are enriched condpreother Sveconorwegian pegmatite
fields (Bergstgl and Juve, 1988). The Tgrdal arest both chemical complex and simple
pegmatites (Segalstad and Eggleston, 1993), wincheneral exhibit NYF affinity with
accessory monazite-(Ce), allanite-(Ce), and gaiel{fyY). Some chemically evolved
pegmatites, e.g. Upper and Lower Hgydalen, exhitgavelandite” replacement zones with
“lepidolite”. Because these replacement zones havehemical LCT signatures, these
pegmatites were previously described as mixed NZH-lpegmatites (Bergstal and Juve,
1988; lhlen and Mduller, 2009a) but should be com®d as evolved NYF pegmatites.
Previous mapping by (Segalstad and Eggleston, 198%®) focused on the area in the
proximity of the lake of Kleppsvatn. The authorvide the pegmatites in this area into
different regional zones based on K-feldspar coltire “amazonite”, white K-feldspar, and
pink K-feldspar zones (Fig. 1.3). In this map, ctemptype pegmatites comprise of the
Skardsfjell, Heftetiern, and Upper and Lower Hggdalpegmatites, residing in the
“amazonite” zone. Pegmatites from the Kleppe amdeatyr locations are situated in the pink
dominated K-feldspar zone.
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Figure 1.3: Modified regional map of the northerarpof Tardal by (Raade and Kristiansen, 2003) refuced from
(Segalstad and Eggleston, 1993). Pegmatites ragiditthe amazonite-zone include the evolved NYF atigs from the
Skardsfjell, Heftetjern, and Upper and Lower Hgyddtecations. The area mapped in the study liestseest of this map.

2. Methods

Fieldwork

The mountainous Tgrdal area yields both deep &by high peaks. The general terrain is a
mixture of dense forest and bog, which made sampiimallenging. Yet, some pegmatite
outcrops were situated by the main road, while Em#dails in the terrain made it possible to
reach otherwise unreachable pegmatite locationen®the 14-days field trip, several of the
pegmatites in Tardal were mapped within an aregppfoximately 8.6 kf(8°41'45"-46'0"E,
59°8'50"-9'50"N: Fig. 3.4) using GPS, and lateby satellite photos. Samples of 17 garnet-
bearing granitic pegmatites and 3 host rocks, weéected and labeled throughout the
Tardal area (~50 kfn 8°39'20"-50'10"E, 59°8'50"-12'10"N: Fig. 3.36r later analyses in
Oslo. The own collected sample set (Grgnliheii,pgle quarry (amphibolite), Kleppe quarry
(granite outcrop), Lislegregnlia, Mjeltedalen 2a, eMgdalen 2b (amphibolite), Sjauset,
Storemyr 3 and Upper Hgydalen 12) were complememtitdl samples collected during
previous field trips to Tgrdal (Bratterud, Butvainkleftetjern 1-2, Kleppe quarry, Lower
Hgydalen, Storemyr 1-2, Svaheii 2-3 and Upper Hieyda samples) (Appendix 7.1)

Sample preparation

Samples of garnet and host rock were cut and peddar thick/thin section preparation, and
chemical bulk rock analysis at the Natural Histovjuseum (NHM). The host rocks,
comprising the two amphibolite and granite sampleste sent to ACME Laboratories in
Vancouver, Canada, for bulk rock analysis. Standhand section (35 um thick) and thick
sections for optical microscopy, EPMA, SEM/EDS, L@P-MS and IBMA analyses (300



um thick) were prepared at the thin section lalmoyathe Department of Geosciences,
University of Oslo. A total of 17 thick sections garnet-bearing granitic pegmatite samples
(Appendix 7.1-3), and 3 thin sections of host rogkgpendix 7.1 and 7.4) were made. The
thick sections were carbon coated using Cressing@@¢ before further analysis.

Optical Microscopy

A Leica DMLP optical microscope equipped with ad eligital camera MC170HD, at the
Natural History Museum of Oslo, was used for bdtldging and imaging 32 garnet grains in
x thin sections and the petrography of 3 host reakiples. The garnets in the pegmatite
samples were imaged in plane polar light (PPL).gesaof the host rock petrography were
obtained in both PPL and XPL (cross-polar lightindtal abbreviations for rock-forming
minerals for the host-rock mineral assemblagesMlyyithey and Evans, 2010) were applied.

Scanning electron microscopy

Energy Dispersive X-ray Spectroscopy (EDS) was ootetl both at the Department of
Geosciences, University of Oslo and at the Natdrsiory Museum of Oslo. The instruments
used were a Hitachi SU5000 Scanning Electron Maops, equipped with a Bruker XFlash
6130 detector (at the Department of Geosciences)aaddachi S-3600N Scanning Electron
Microscope equipped with Dual Bruker XFlash30 EQStem. Both instruments were used
for identifying the mineral inclusions in garneituated in the different pegmatite samples.
Backscatter electron (BSE) imaging of the garnaingrwas done with the EMPA instrument
described below (Appendix 7.5), while micro incluss images were obtained using both the
SEM at the NHM at @kern and EMPA instrument at 88m. The website Mindat.org was
utilized for both the mineral identification (onetlbase of EDS spectra/data), and to get an
overview over known minerals reported from the Bspmkegmatites (Appendix 7.9).

Electron probe microanalysis

Compositions of major and trace element compostiere determined by Electron Probe
Micro Analysis (EPMA) on a Cameca SX100 equippedhwive wavelength dispersive
spectrometers (WDS), housed at the Department afs€&ences, University of Oslo.
Chemical analysis of 32 garnet grains in differgéiAtpegmatite samples (prepared as thick
sections) was performed (Appendix 7.6). Parametetrdor analyzed major elements (Si, Al,
Mg, Mn, Fe, and Ca) were 15kV and 20nA, and forlyareal trace elements (Y, Yb, Sc, Na,
and Sn) 20kV and 100nA. The applied calibrationndtads and X-ray lines were:
Wollastonite (Si K, Ca Ka), AlO3 (Al Ka), MgO (Mg Ka), pyrophanite (Ti k&, Mn Ka),

Fe metal (Fe K), albite (Na ki), SnQ (Sn La), and synthetic orthophosphates (¥, ISc Ka,
and Yb La, by Jarosewich and Boatner (1991). The Cameca@é&edure, by Pouchou and
Pichoir (1984), was applied for matrix effects, lsha detailed WDS scan showed no
elemental overlaps. All concentrations below theeckon limit were corrected by the latter
procedureThe electron beam was focused with a beam sizeuan 1Peak count times for Si,
Al, Mn, Fe, Ca, and Ti were 10s, 20s for Na and Mg for Y, and 60s for Sc and Yb. An
Excel spreadsheet by (Locock, 2008) was appliedHercalculation of garnet endmembers
proportions (Appendix 7.6)
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Laser ablation inductively coupled plasma mass spgometry (LA-ICP-MS)

Eighteen garnet grains from eight pegmatite samptre analyzed for trace elements at the
Department of Geosciences, University of Oslo. iristrument used was a Bruker Aurora
Elite (QICPMS) equipped with a Cetac LSX-213 G2sela A total of 88 data points were
acquired to explore core to rim compositional vi@oizss. The isotope of trace elements
include:#Na, 4°Sc,*°Ti, 8%, %Nb, 1185n,139 a, 1%%Ce, 1Pr, 143N d, 1%2Sm, 1> Eu, 1%8Gd, 1°°TD,
163Dy, 1650, 166Er, 169Tm, 172D, 1L u, 17Hf, 181Ta, and?*?Th. For isotope data calculations,
the software Glitter was applied. Silicon from EPMas used as internal standard, while
external standards NIST610, BCR2G, and GJ were tseg@t up and monitor instrument
drift. All trace element data were normalized adamgly to the measured valu&si.
Chondrite data by (Anders and Grevesse, 1989) malged for chondrite normalized plots of
the lanthanide concentration in the various gartigeendix 7.7).

The bulk compositions of pegmatite wall rocks, tamphibolite, and one Tgrdal granite
samples were determined with ICP-MS at ACME lalmotas in Vancouver, Canada (ACME

Labs, 2018). The applied analytical codes for asedywere PRP70-250 (crushing and
pulverizing of 250 g), LF202 (major and minor elemhenalysis by ICP-ES and trace
elements by solution ICP-MS using Lithium Boratesién), PF370 (Peroxide Fusion ICP-ES
for Li analysis) and GC841 (X-ray fluorescence gsial for S and F determination). The
lithium borate fusion provides an exceptional boEakn of even the most resistant mineral
phases and makes an extraordinary determinatidheofotal element compositions during
both ICP-ES/MS analysis. Excluded elements (belmwdetection limit) were As, Cd, Sb, Bi,

Ag, Au, Hg, Se, and W. Based on the lowest meaectien for each element, the two

programs LF200 and AQ200 were applied. LF200 wasl @igr all major oxides. For the trace
elements, LF200 was used with the exception oktbments Ni, Mo, Cu, Pb, Zn, and Ti, in

which the AQ200 was applied. The programs PF370@&@841 was only used for S and F,
respectively (Appendix 7.8)

lon beam microanalysis (IBMA)

Three garnet grains from three different pegmataenples (Svaheii 2, Heftetjern 1, and
Heftetjern 2 locations) were selected for detertiamaof the distribution of the elements Mn,
Fe, Ca, Sc, Y, Yb, and Ti within crystals. The iostents used were Particle Induced X-ray
Emission (PIXE) and Rutherford Backscattering Sqewetry (RBS) at the Helmholtz-
Zentrum Dresden-Rossendorf (HZDR) in Germany. Th@ied ion beam was a 3 MeV'H
beam focused to 548m in diameter. At first, a quick and large scaranfarea (2 x 2mf of

the sample was initiated, in order to find the demahreas of particular interest. After the
grain of interest was targeted, a higher resolusican with a step size ofu8n was applied in
order to image the whole grain. X-rays emitted frihia samples were detected with a Ketek
Silicon drift detector, which was collimated to 80r?. This detector, positioned outside the
sample chamber, is equipped with arth silicon-nitride window, a 6 mm air layer and a 25
um Be window. The contamination of light elementsswaduced using a 114@m Mylar
absorber. A collimated strip detector was usedetea backscattered photons at a scattering
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angle of 173°. The acquired data was gathered“fFasicom MPA3 — PC data acquisition”
format. Measurements obtained from RBS were farraiitg major element compositions,
while the application CSIRO Dynamic Analysis methiodhe software GeoPIXE was used in
analyzing the X-ray data. The latter method in GE&Pselected the elements of interest and
created a dynamic analysis, which finally emergesatial element images. The detection
limits are based on the lowest peak size for armyhne, which is discriminated from the
background (including overlaps from X-ray linesotiier elements).

Software data programs

Both ArcGIS and Adobe lllustrator CS6 were usectrgate a regional map displaying the
regional Sc distribution of the investigated pegtadtodies. Additionally, Adobe Illustrator

was used in accentuating studied garnet grainshéndifferent pegmatite samples. The
contrast and brightness of BSE-images were adjustedprove picture quality by the use of
Adobe Photoshop CS6, which was also used to modiff#PL-images of both analyzed
garnet grains and mineral assemblages of host.rocks

3. Results

3.1 Field description of Tgrdal pegmatites

During the fieldwork in Tgrdal the Grgnliheii, Klpp quarry, Lislegrgnlia, Mjeltedalen,
Sjauset, Storemyr (3), and Upper Hgydalen garnatitgg pegmatites were visited and
sampled. Additionally, garnet samples from the ®@rad, Butvatnet, Heftetjern (1-2), Svaheii
(2-3), Storemyr (1-2), Upper Hgydalen (1), and Lowigydalen were supplemented by
previous field trips in Tardal. All of these garrsaimples are listed in Appendix 7.1 (all from
the wall zone except two “cleavelandite”-zone g&sneomprising the Upper Hgydalen 12
and Lower Hgydalen samples), and viewed in bothmaller mapped area and a larger
regional map of Tgrdal (Fig. 3.4 and 3.35, respebf). The closely studied pegmatites
comprise the Upper Hgydalen, Kleppe quarry and tifjiellen locations because the outcrops
at these locations were more accessible. The maerais observed in the Tgrdal pegmatites
are pink, white and green K-feldspar, white albij@artz, and mica (Juve and Bergstal,
1997). “Amazonite”, the green color variety of Kefgpar, is abundant but occurs in certain
areas only, in particular in the northern partte Terdal pegmatite field. Molybdenite is a
common and characteristic accessory mineral of Tthedal pegmatites, which is found
predominantly in the southeastern part of the pégendield. The chemical evolved
pegmatites at Lower and Upper Hgydalen, being bd &n-enriched, contain in addition
cassiterite (tin-rich) (Oftedal, 1942; Segalstad &ggleston, 1993). During the fieldwork
accessory magnetite was observed in pegmatites tbothe Tgrdal granite in the southern
part of the pegmatite field. Other common accessumerals of the Tgrdal pegmatites
include e.g. beryl, ixiolite, topaz, fluorite, zwaldite, spessartine, tantalite etc. (e.g. Oftedal,
1942; Juve and Bergstgal, 1997).
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Previous field descriptions by (e.g. Oftedal, 194%egalstad and Eggleston, 1993;
Kristiansen, 1998; Segalstad and Raade, 2003 amdfield observations), including Upper
and Lower Hgydalen, Heftetjern, and SkardsfjeNesaded that the chemical evolved Tgrdal
pegmatites exhibit complex internal zoning. Thiming, from the margin to the core,
comprise:1) a 2-5 cm wide border zone with medium-grained igiamexture containing
biotite, 2) a wall zone characterized by coarse quartz-pléagecintergrowths (graphic
granite) 3) a megacrystic intermediate zone with an increagragportion of K-feldspar
compared to plagioclase, and bent and/or curvedewhicas (“ballpen mica”™¥) and a
massive quartz core. The pegmatite contacts wighwhll rock are sharp. At the border
between the intermediate zone and the core andinwithe core zone discordant
“cleavelandite” zones with coarse pink mica (“legit”) are developed. Less evolved
Tardal NYF pegmatites do not have “cleavelanditefies and primitive abyssal pegmatites
do not show any particular zoning at all, e.g. patites exposed in the Kleppe quarry. Figure
3.5 shows the schematic zoning of the Upper Haydadgmatite.

8°42'0"E 8°42'30"E 8°43'0"E 8°43'30"E 8°44'0"E 8°44'30"E 8°45'0"E 8°45'30"E 8°46'0"E
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Figure 3.4: Geological map of the mapping areawimg the distribution of mapped pegmatite bodiesnaf the

pegmatites were both mapped in the field, and aafthtly identified through satellite photos (Kartvetk2017). Some
xenoliths of amphibolite (green) are present initidst of the Tardal pluton red).

Figure 3.6 shows examples of typical textures efdtiferent zones (mentioned above) of the
Upper Hgydalen pegmatite. In Fig. 3.6 A and B)dbetact between wall rock and pegmatite
can be seen. At the contact, the 2 to 5 cm thighnadite border zone 2 exhibits a medium-
grained texture with intergrown quartz, white Kefgbar and plagioclase and a few biotite
crystals. The wall zone is characterized by theuoenice of large (up to 1 m in diameter)
spherical plagioclase megacrysts, which are grapiiiantergrown with quartz. On the
periphery of the plagioclase megacrysts concehirés of coarse and dark brown almandine-
spessartine garnet and “ballpen mica” are devel¢pred 3.6 C). The intermediate or blocky
zone is dominated by large (0.5-2 m) “amazoniteaseysts, which are embedded in quartz
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and framed by muscovite booklets (Fig. 3.6 D). Hegmatite core consists of massive
quartz. Characteristically for the Upper Hgydaleegmatite is the occurrence of
“cleavelandite” replacement zones with paragenaggacrystic “lepidolite” (with sheets up
to 30 cm in size), topaz and moganite (pink varietyberyl) (Fig. 3.6 E-F). Accessory
minerals were observed in the “cleavelandite” zanelude tantalite, fluorite, orange
spessartine, and cassiterite. So far no minerails 8¢ as its main constituent have been
reported from the Upper Hgydalen pegmatite (Semlsaind Raade, 2003), although
relatively Sc-rich ixiolite or wodginite micro ingsions (1.28 wt.% $S0s) in cassiterite have
been reported by Raade and Brastad (1993). Noofishi@ Sc content of garnets neither from
the wall zone, intermediate zone nor from the “eddandite” replacements zones have been

reported from the Upper Hgydalen pegmatite so far.
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Figure 3.5: A simplified bottom-top sketch of thepdr Haydalen pegmatite. Layer thickness and drgstas are not up to
scale. Mineral abbreviations: qz = quartz, pl = giaclase, gt = garnet, sps = spessartine, alm =afuine, bt = biotite,
Kfsp = K-feldspar, fsp = feldspar, Ipd =lepidolitiyz = topaz, brl =beryl.
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Figure 3.6: Pegmatite textures from the Upper Hdgdaegmatite. Botﬁ tob pictures (A-B): are disbigythe
contact/border between the host rock (amphibolizzbg), and the pegmatite. At this contact, palews® and leucosomes
are present, with the additional presence of “nodutguartz, plagioclase, and biotite. Middle left (Chhe presence of the
line of garnets (spessartine-almandine), and «leadipmicas residing in the wall zone of the Upperdéégn pegmatite.
Middle right (D): A relatively large spherical cria of partly amazonite/white K-feldspar, whichitmated in the
intermediate zone of the pegmatite (~60 cm yarki$ticscale). Both bottom pictures: Both picturéspthy the
‘cleavelandite’ replacement zone, which partly pestes the intermediate and core zones, in whigka'etlandite’ feldspar,

sheets of lepidolite, topaz, moganite (pink beamy] spessartine garnet are present.

i '.;‘ -l

The pegmatites of the Heftetjern area have thedsighbundance and variety of Sc-bearing
minerals, which include bazzite, cascandite, heftetjernite, kristiansenitdtedalite,
scandiobabingtonite, “scandian ixiolite”, and tiveitite (Kristiansen, 2009). The pegmatites
exhibit a similar internal zoning as the Upper Halgth pegmatite but lacks
the "cleavelandite” replacement zones. Analysegashets by Raade and Kristiansen (2000,
2003), from Heftetjern yield relatively high Sc @@mtrations from ~ 0.3 wt.% to ~ 0.5 wt.%.
Dark brown almandine-spessartine garnet occurs aomyrin the wall zones (sampled for
this study). Raade et.g2002) state that these garnets Sc-rich garnetsi@r primary, but
part of the late hydrothermal phase, which mayanrghe high Sc content as the Sc-minerals
at Heftetjern are typically hydrothermal in origim addition, Chukanov et al. (2017)
described the occurrence of spessartine in smatiesof the “cleavelandite” zone.
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In the following, some of the less evolved pegmeatire described more in detail. The
relatively large and abyssal pegmatites at the pde@uarry form a network of large
pegmatite lenses partially interconnected with patijen veinlets (Fig. 3.7 A-B). Some of the
larger pegmatite lenses comprise pegmatitic lag#esnating with aplitic layers. The main
minerals in these pegmatites are smoky quartzjqukse, pink and white K-feldspar, with
accessory garnet and molybdenite (Fig. 3.7 C-Dg @arnet crystals are present both in the
coarser pegmatitic layers (crystal size: 2 mm —)l@and in the fine-grained aplite layers
(crystal sizes: 0.1 — 1 mmQther minerals reported from this location incliodiee alkali- and
Mg-rich beryl (Juve and Bergstel, 199%).addition to the‘real” pegmatites, both thin layers
of paleosomes and leucosomes were interpreted id@enee in situ partial melting of
amphibolites, which were situated next to the pdgesa(Fig. 3.7 E). Some of the large
leucosomes form foliation-parallel pegmatitic ve(irsthe amphibolites), which are partially
boudinaged due to shearing during crystallizatibig.(3.7 E). This observation may be
evident that the pegmatite melts emplaced wheimasé rock was ductile, which implies that
the pegmatite veins are syn-intrusive/kinematiceigards to the host rock deformation. This
may further suggest that the pegmatite melts wesbgbly formed by local anatexis of the
amphibolites and that the anatectic pegmatite-fiognmelts did not move far from their
origin.

Lo

Figure 3.7: Both top pictures (A-B): Image of thegmatite dykes and bodies exposed in the Kleppumith a
corresponding sketch (B) of the photograph show@jnMiddle left (C): A contact between the pegmatitd amphibolite.

16



The pegmatite contains both pegmatitic and aplyers. Occasionally molybdenite appears as an ssmg mineral.
Middle right (D): Garnets (black dots) residingam aplite layer. Lower left (E): Display both palense and leucosome
layers within the amphibolitic host rock. Lower rigR): Relatively large pegmatitic, boudinaged leseme consisting of
quartz, feldspar and biotite.

As seen for many other pegmatites in Tgrdal, thelteljlalen pegmatite forms a large

boudinaged (max. thickness of ~ 1.5 m) intrusiothemamphibolitic host rock. The pegmatite

shows distinct two-type texture: pegmatite blobs@inded by fine-grained aplite (Fig. 3.8

A). The main minerals of this pegmatite comprisekgK-feldspar, plagioclase, quartz (partly

smoky), and biotite. Garnet occurs as accessorgnairboth in the pegmatitic and aplitic

layers (Fig. 3.8 B). Similarly, other sampled pegitea with the same mineral assemblages
and interlayering comprise the Lislegrgnlia, Griaiii (gadolinite present), and Storemyr

locations. Accessory molybdenite has been repoftech the Storemyr area (Juve and

Bergstal, 1997). The Sjauset pegmatite containsazamite” and muscovite, with accessory
yellow beryl and garnet.

Figures 3.8: Left (A): The Mjeltedalen pegmatit@egrs as a boudinaged pegmatitic sill, which emplandoliated
amphibolite. The internal zoning of this pegmathews distinct layering (top-bottom): Aplite, coapmgmatite, finer aplite
with occurring pegmatitic layer above and blobs belmarked in red), and aplite. Right (B): The sardgarnet crystals
occur in the lower aplite layer.

3.2 Petrography of garnets in the Tgrdal pegmatites

3.2.1 Optical Microscopy

Under the optical microscope, the Tgrdal garnets @mmonly euhedral to subhedral

exhibiting six- or eight-sided cross-sections, daetheir three dimensional dodecahedral
{110} or trapezohedral {112} habit, respectively €bse, 2013). Some grains appear
amoeboid to skeletal due to the high abundanceuaftz| inclusions, which are commonly

concentrically arranged around the crystal coregst@l sizes of garnets in Tgrdal commonly
range: 0.1 — 4.0 mm for smaller grains, largerrgraif 6.0 — 7.0 mm, and 1.2 — 2 cm for the
largest crystals. The characteristics of the gasaetples observed with optical microscopy
are summarized in Appendix 7.2 and imaged in Fig. 3
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Figure 3.9: Representative PPL-images of garnetrgrérom analyzed pegmatite samples: A - Svah@i&n 1), B —
Butvatnet (grain 1) C - Storemyr 2 (grain 1), Dtei®@myr (grain 1), E - Kleppe (grain 1), F - Klepfgain 2), G - Bratterud
(grain 1), H — Heftetjern 1 (grain 1), | — Heftetje2 (section of grain 1), J - Sjauset (grain 1); Kjauset (grain 2), L -
Sjauset (grain 3), M — Lislegragnlia (grain 1), Nislegrgnlia (grain 2), O - Lislegrgnlia (grain 3, — Granliheii (grain 1),
Q - Granliheii (grain 2), R - Grgnliheii (grain 3% - Gragnliheii (grain 4), T- Mjeltedalen 2a (gral), U - Mjeltedalen 2a
(section of grain 3), V - Mjeltedalen 2a (grain ¥,— Storemyr 3 (grain 1)

3.2.2 BSE imaging

Growth zones within garnet crystals are commonlglaed by BSE imaging. In magmatic

almandine-spessartine garnets, zonations are maauged by fluctuations in the Y and
HREE contents (Mdller et al 2012). The growth zoning provides insight intce th

crystallization history of garnets and, thus, thagmatic evolution of the pegmatites. In the
studied garnets, the zoning primarily comprisesceatric oscillatory growth zoning (e.g.

Fig. 3.13 A), step zoning (e.g. Fig. 3.14 A) anslomption surfaces (e.g. Fig. 3.12 A).

The formation of fine-scale (1- 20 prajcillatory growth zoningvith relative low contrast
between the growth zones is generally explainedsé§-organizing growth (“intrinsic”
according to Shore and Fowler, 1996), which is feusion-controlled mechanism on the
crystal-melt boundary layer (Sibley et al., 1976ade et al., 1980; Allegre et al., 1981,
Loomis, 1982; Simakin,1984; Pearce, 1993). Osoilaggrowth zones form very slowly, at
low degrees of undercooling and oversaturation umear-equilibrium conditions. This is
possible only when the crystallizing system on gbkd-liquid interface is not disturbed, i.e.
thus the melt should not convect (Allegre et @81). The observed oscillatory zonation can
be explained by the following model (e.g. Allégteak, 1981): Saturation of Si, Al, Fe, and
Mn in the reaction zone increase the garnet groatin The increasing growth rate results in
the decrease of Fe, Mn, Y and HREE concentratieas the surface of the growing crystal, if
the growth rate exceeds the diffusion rate of thelsenents (results in the formation of a
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relatively depleted zone of those elements). Tigh lgrowth rate favors the incorporation of
impurities such as Y and HREE due to the changplasfar to the cellular interfaces with
rather high specific free energy. The growth ratk slow down when garnet growth is so
fast that Fe and/or Mn becomes depleted in thetimazone and boundary layer.
Consequently, the diffusion rate becomes the dombingystal growth controlling process.
The growth rate starts to rise again as soon assittea in the reaction zone has been
recovered. Physical or chemical changes in the budigma are not required to develop
oscillation zones.

However, wider growth zones (>20 um) with strongitcasts (sharp boundaries in BSE
imaging) may reflect physicochemical changes of gagnet-forming melt (“extrinsic”
according to Shore and Fowler, 1996) such as teatyrer, pressure and magma compaosition
(Bottinga et al., 1966; Allegre et al., 1981). Buga et al. (1966) called the non-periodic
zones compositional zoning whereas Allegre et1#81) referred to them as stepped zoning,
which is a term that will be used throughout thedis. Depending on the type of the
physicochemical change (degassing, magma mixing ascent), the trace element
concentrations show an abrupt change, mostly reptes by variations of Y and HREE, and
sometimes of Fe and Mn. The described oscillatony step zoning can be disrupted by
resorption events, which are visualized as surfan@scating the previous growth zones
(Muller et al, 2010). These abrupt events are suggested to heeqoences of sudden
changes in temperature, pressure and/or chemis$ttheo pegmatite-forming melt, which
resulted in the partial dissolution (resorption}tod crystal (Miller et al., 2010). Figures 3.10-
14 show BSE images of representative garnet ceyd@0d to 300Qum in size. Occasionally
larger grains were examined but the images argrided here. Seven groups of garnets
(A, B, C, D, E, F, and G) are distinguished basedhe observed structural features:

Group A:

Garnets of this group, include samples from theh8i¥& and 3, and Lislegranlia pegmatites,
show contrast-rich oscillatory step zoning (40-29® wide) with sub-ordinate fine-scale
oscillatory zoning (<20 um pm wide). The core o# tharnets is relatively either light (Fig.
3.10 A-B) or dark (Fig. 3.10 C-D). In all crystathe core is overgrown by one or two bright
step zones (40-120 um wide). The outer bright gmpe displays in some cases a wavy
surface accompanied with numerous quartz inclusiwhgh partially truncate darker growth
zones (Fig. 3.10 A). The outmost step zone (14D wide) with sub-ordinate low-
contrast oscillatory zoning appears dull and reédyi homogenous in the BSE images.
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Figure 3.10: BSE images of group A garnets. A h8ii2 (grain 1): displaying the truncating brightavy surface
accompanied with numerous quartz inclusions (whiteva), B - Lislegranlia (grain 1), C - Lislegrgnliar@n 2), D -
Lislegrgnlia (grain 3). The Svaheii 3 crystal is mcluded due to it being too large for whole ¢aysmaging.

Group B:

Group B garnets are characterized by high abundahgeartz inclusions (30 — 330 pum in
size; Fig. 3.11 A), which have disturbed crystadvgth and resulted in amoeboid to skeletal
crystal habits in some cases (Fig. 3.11 B-D). Tiystals commonly contain a bright core,
which in most of the cases is partially resorbdte duter margin (step zone) of the crystals is
relatively homogenous exhibiting fine-scale ostiligt growth zoning of low contrast.

22



Figure 3.11: BSE images of group B garnets. A- tdiidlen 2a (grain 1), B - Mjeltedalen 2a (grain 8); Mjeltedalen 2a
(grain 4), D - Storemyr 3.

Group C:

The prevalence of a resorption surface separahiagotight core (inner step zone) and the
darker margin (outer step zone) is characterishic group C garnets. The bright cores
commonly exhibit subordinate, concentric oscillgtaoning. Garnets of this group reside in
the samples from the Kleppe Quarry, Bratterud, &gguand Grgnliheii pegmatites. In many
cases truncating resorption surfaces are accongpdyiemumerous, concentrically arranged
quartz inclusions (5-160 um) (Fig. 3.12 A, B, Cddn), which may cause an amoeboid to
skeletal crystal habit (Fig. 3.12 E). In some aissthe bright, cores are almost completely
dissolved (Fig. 3.12 F-G) and there are crystalgsi{e same samples) which does not display
bright cores at all. In those cases, the cores p&sumably resorbed completely (Fig. 3.12 H
and central crystal in Fig. 3.12 1). In few casesstals exhibit an additional, bright but
narrow step zone (20 um wide), which are featufessolution (e.g. Fig. 3.12 J).
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Figure 3.12: BSE images of group C garnets. A —tBrad (grain 1) , B — Sjauset (grain 1), C - Sjauggain 2) , D -
Grgnliheii (grain 3) , E - Kleppe quarry (grain 2,- Grgnliheii (grain 2), G - Grgnliheii (grain 4H - Grgnliheii (grain 4),
| — cluster of garnet crystals from Kleppe quarry; $jauset (grain 3): Displayed bright and narrowepwhich is a feature
of dissolution (white arrow).

Group D:

Group D garnets, from the Storemyr pegmatite 1jkeixfine-scale, contrast-poor oscillatory
zoning. Step zoning cannot be identified in thisugr, due to the general gradual character of
the individual zones. In general, the crystal covenmonly appears slightly brighter than the
margin, whereby the brightness continuously dee®&®m core to rim. Some large quartz
inclusions (50-430 pum) occur in the outer margithef crystal (Fig. 3.13 A).

Group E:

Group E garnets, from the Storemyr pegmatite 2wstiwe-scale, contrast-poor, oscillatory

zoning in general, similar to Group D garnets. Heeve the crystal core appears darker
(expect the innermost center of the crystal) anel biightness increases more or less
continuously from core to rim. Similar to Group Bystals, step zoning cannot be defined,
due to the general gradual character of the indalidones. However, the relative bright

center and darker intermediate zone and the bngdngin might be interpreted as three
individual step zones. Bright and fine-scale irlaggrowth zoning (<20 um wide) resides in

the inner dark step zone (Fig. 3.13 B). A minoorpion appears at the margin of the crystal
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(Fig. 3.13 B). Bright zircons (white dots) are abbant and aligned in fractures transecting the
crystal.

o -+ Vol Vol p
1000, .m0 BSE 16,k =500 n BSE 15KV

Figure 3.13: Left (A): BSE-image of a group D garogystal (grain 5) from the Storemyr pegmatitéarger quartz
inclusions appear at the outer margin of the criyéuite arrow). Right (B): BSE-image of a group Bt crystal (grain
1) from the Storemyr pegmatite 2. Bright and finaks irregular growth zoning (<20 um wide) residimgthe inner darker
step zone (black arrow). Minor truncating resorptgurface appearing at the rim of the crystal (wlaiteow).

Group F:

Group F garnets include samples from the Butvatdettetjern and Heftetjern 2 pegmatites.
These crystals are characterized by bright butrastipoor crystal cores (step zone 1)
overgrown by a relatively thin (up to 200 um), dulhrgin (step zone 2; Fig. 3.14). Step zone
1 is bordered by a resorption surface, which iy eBstinctive for the crystals shown in Fig.
3.14 A-B. In Fig. 3.14 B, the resorption cause pgtstructures (white arrows). Step zone 1
displays in some but not all cases subordinate;$oale oscillatory zoning (10-40pum wide).
The crystals exhibit a slightly dark core withiregtzone 1 (Fig. 3.14 A), while others lack
any fine-scale zoning (Fig. 3.14 B).
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Figure 3.14: BSE images of Group F garnet. A - Btrtet (grain 3), B - Heftetjern (grain 1), C - Hejézn 2 (section of
grain 1): The regular dots in the bright core oéthrystal shown in (A) and the greyish, network-$ittectures on the
crystal are sample surface contamination

Group G:

This group of garnets comprises large crystals (2 em), which does not show growth
zoning in BSE imaging. Garnets of this group oragenfrom the Upper Hgydalen and Lower
Hgydalen pegmatites, with one sample from the nméeliate zone (Upper Hgydalen 1
sample), and two other garnets from the cleavelandiplacement zones of the Upper

Hgydalen and Lower Hgydalen pegmatites (Upper Hewdd2, and Lower Hgydalen
samples).
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3.2.3 Micro inclusion inventory

A total of 49 Tgrdal garnets from the 17 pegmaddenples were investigated by SEM. The
micro inclusions residing in the garnet crystalpegy in um sizes. Table 3.4 summarizes the
abundance and diversity of the micro inclusion imteey of the Tgrdal garnets. The
individual micro inclusion species, their appear(gize, habit, frequency) and chemistry are
described in detail in this chapter.

Quartz, SIQ

High abundances of anhedral quartz inclusions (830 um) in garnet crystals are
characteristic for the Svaheii 2, Storemyr 1, KiepQuarry, Heftetjern, Heftetjern 2,
Bratterud, Sjauset, Grgnliheii, Mjeltedalen 2a, &tdremyr 3 samples. Lesser abundances
are observed in garnet crystals from the Svahd@usvatnet and Lislegrgnlia pegmatites. The
garnet crystals of the Storemyr 2, Upper Hgydal¢imtermediate zone), Upper Hgydalen 12
and Lower Hgydalen samples (both latter garnets fitoe cleavelandite replacement zone)
appear to be free of quartz inclusions.

Zircon, Zr(SiQ)

Garnet crystals from the Svaheii 2, Storemyr 2 #feftetjern pegmatites exhibit high
abundances of both euhedral-subhedral tabular eiedlar zircon inclusions (3 — 50 pum).
Lesser abundances of zircon are observed in gargstals from the Svaheii 3, Butvatnet,
Kleppe Quarry, Bratterud, Sjauset, Lislegrgnliagi@iheii, Mjeltedalen 2a, and Storemyr 3
pegmatites. Garnet crystals from the Storemyr, Uppeydalen (intermediate zone), Upper
Hogydalen 12 (cleavelandite replacement zone), amaveL Hgydalen (cleavelandite
replacement zone pegmatite) samples do not conitaion inclusions.

Xenotime Group Y(PQ/ Yb(PQ)

Both subhedral cubical and anhedral xenotime gihiagjusions (2 — 30 um), with simple
zoning, are sometimes present in some garnet 3yfstan the Svaheii 3, Butvatnet, Upper
Hgydalen 1 samples. Normalized atomic proportiorcgreages show a relatively consistent
chemistry of xenotime with even Y and P levels,hw#ome traces of Yb, Si, and Al
Inclusions of solid solutions between xenotime-@nil xenotime-(Yb) are sporadically found
in some grains of the Butvatnet sample.

Gadolinite-(Y), ¥Fe?*BeSiO1o

Inclusions of gadolinite-(Y) are infrequently ocdog in some garnet crystals from the
Storemyr sample. Sizes of the mentioned inclusemes6 pum, which exhibited subhedral
cubical shapes. EDS analysis does not offer argctleh of Be, but different ratios between
Yei, and Si show clear ratios resembling the siormletry of gadolinite-(Y). The gadolinite-
(Y) inclusions share traces of Nd, with additiotraces of Ce for inclusions in garnets from
the Bratterud sample.
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Keiviite-(Y), ¥SkOy;

Keiviite-(Y) frequently occurs in garnet crystal®rin the Upper Hgydalen 1, Heftetjern 2,
and Kleppe quarry samples. Occasionally these siahg are seen to be located in some
garnet crystals from the Svaheii 3, Butvatnet, #ratl, Upper Hgydalen 12, and Mjeltedalen
2a. The inclusions generally exhibit tabular eubkdubhedral shapes with some instances of
simple zoning. The sizes of the inclusions ardnerange of 1 — 30 um (with the exception of
a 370 um keiviite-(Y) found in the Heftetjern 2 gag). Most of these inclusions show
consistent Y/Si ratio, with some exceptions wheris ¥ubstituted with common traces of Ca
and Yb, and in some cases Fe, Ce, and Ta (thusraage in Y). In some instances, these
keiviite-(Y) inclusions exhibit simple zonation.témngrowths with unidentified Ca-Mn-oxides
are sometimes observed

Y-F-silicate

F-bearing Y-silicate inclusions are frequently alved in many grains from the Svaheii 3 and
Heftetjern 2 sample, while sometimes appearin@péngarnet crystal of the Upper Hgydalen 1
sample. The shape of these inclusions is tabuladral-subhedral, with sizes in the range of
3 — 20um Most of these inclusions show consisaent even ratio between Si, F, and Y.
Calcium commonly occurs together with Yb, Mg, Tia,NDy, and Sc in common trace

concentrations.
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Figure 3.15: Representative EDS-spectra of the &ribg Y-silicates from the Svaheii 3 sample. Mamegenand Fe are
remnants of the surrounding garnet chemistry.

Fluorite, Cak

Fluorite inclusions were only spotted in the Upptaydalen 12 sample. These inclusions
exhibited subhedral cubical shape with sizes ofr@pmately 5 um. In general, analyzed
inclusions exhibited F twice as abundant as Ca.
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Yttrofluorite, (CaxYx)Fz+ , 0.05<x < 0.3

Yttrofluorite inclusions frequently reside in gatroeystals from the Lower Hgydalen sample,
and sometimes occur in garnets from the Upper Hepda sample. The shapes of these
inclusions are either anhedral or subhedral cupw&h sizes ranging from 9 — 23 um.
Analyzed inclusions show a consistent chemistigemebling yttrofluorite.

Titanite, CaTi(Si@QO

Titanite is observed sporadically in a few garrfedsn the Svaheii 2 sample, in which their
shapes are subhedral tabular or anhedral. Sizég ¢itanites are 15 - 20 um. Ca/Ti ratios are
all approximately 2:1. Although, trace concentraiccommonly found such as Al, Nb, Ta,
and Fe may be substituting Ti, and thus, explaitivegdepletion of Ti.

Ca-Fe-LREE-silicate

This relatively large subhedral, bladed and heaauiltered (approximately 300 pum) Al-
bearing Ca-Fe-LREE-silicate is settled in one @f glarnet grains from the Bratterud sample.
Calcium and Fe concentrations are fairly even, withor abundances of LREE (Ce, La, and
Pr). Cerium is twice as abundant as La. Tracesardrations of Fe, Mn, Si, Al, and O are
remnants of the surrounding garnet chemistry. 8iase abundant than Al, and the O/Si ratio
is approximately 3.5:1.
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Figure 3.16: EDS spectra of an unidentified Ca-FHeHEE-silicate from the Bratterud sample.
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Ca-Y-LREE-oxide

These unidentified F-bearing Ca-Y-LREE oxides aperadically spotted in the garnet
fragments from the Upper Hgydalen 12 sample. Thedgdes exhibit an anhedral and
poikiloblastic shape, with sizes of approximately mm. Calcium is the most abundant
component with subordinate Y, in which the Ca/Maas 3:1. LREE(La, and Ce)-contents
appeared as minor abundances, where Ce is twigbuawlant than La. O/Ca and O/F ratios
are 3.4:1 and 6.2:1, respectively. Al and Th (seAg) are barely detected during analysis.
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Figure 3.17: EDS spectra of an unidentified Ca-YeERoxide from the Upper Hgydalen 12 sample.

Thortveitite (REESRO?)

These Sc-silicate inclusions occasionally residiéengarnet crystal from the Upper Hgydalen
1 sample, and in a single grain of the Svaheiid@a. The inclusions are subhedral cubical
shaped, with sizes of ~10 um. Analysis of theusidn of the Upper Hgydalen 1 sample
shows Sc being the major constituent with subotdirvaand Yb. The thortveitite inclusion
from Svaheii 2 shows a consistently even ratio betwSc and Y, with minor traces of Yb.
All inclusions of this group are considered membarshe thortveitite group (RESIOy).
The Sc-silicate inclusion from the Upper Hgydalesainple are considered a predominantly
thortveitite (SeSi>O7), while the inclusion from the Svaheii 2 locati@ndetermined to be
solid solution between subordinate thortveitite 2§€©7) and predominant keiviite-(Y)
(Y2SikO7). Scandium, one of the main constituents makingthgrtveitite, is in many
instances known to form solid solutions with oteEments such as Y, and Yb. (Kristiansen,
2009; U.S. Geological Survey, 2016). The stoichimmerelationship between the three
elements is again explained by a simple substiiuti@chanism where scandium replaces
both Y and Yb (St < (Y, Yb)?*), despite their relative differences in size (@ Adfor SE*

in 6-coordination in comparison with 0.900 A an@68 A for Y3* and YB*, respectively)
(Shannon, 1976; Raade et al., 2002).

SEM MAG: 1200 x HV: 15,0 kV. WD: 15,0 mm SEM MAG: 2000 x HV: 15,0 KV WD: 15,0 mm

Figure 3.18: Displayed images of the thortveititelusions seen in garnets from the Upper HgydalandLSvaheii 2
samples. A (left) — a thortveitite inclusion spdtie the garnet crystal from the Upper Hgydalen gmB (right) —
thortveitite inclusion intergrown with quartz in amet grain from the Svéheii 2 sample.
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Figure 3.19: EDS spectra of the thortveitite indtusfrom the Upper Hgydalen 1 sample. Predominanwith subordinate
Yb and Y, which reflects the solid solutions of betweortveitite (S&$Sk07), keiviite-(Y) (¥SkO7), and keiviite-(Yb)
(YSkOy).
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Figure 3.20: EDS spectra of the thortveitite, whizle considered solid solutions between subordittaigveitite (SeSkO7)
and predominant keiviite-(Y) £3207). The displayed EDS spectra is from a thortveititdusion from the Svaheii 2 sample.

Ti-Y-mineral

This group of unidentified inclusions includes bdikY-oxides and Ti-Y-silicates. The shape
of the inclusions is euhedral-subhedral cubicathva size of 1 — 4 um. These inclusions
frequently reside in the garnet crystals from th&lgii 3, Butvatnet, Storemyr 1, and
Heftetjern 2 samples. Additionally, they infrequgrgppear in garnet grains from the Kleppe
quarry, Bratterud, Heftetjern 1, Grgnliheii, Mjeleden 2a, and Storemyr 3 samples. The
oxides of this group generally exhibit Ti as a majonstituent with subordinate Y, in which
Y is in most instances slightly less abundant tharOccasional traces such as Yb, Dy, Ca,
Ni, As, Sn and U with additional remnants of thereunding garnet chemistry, occur during
analyses of these oxides. The Ti-Y-silicates exhibgeneral consistent and even Ti/Y ratios.
Common trace concentrations in these silicatesudecISn, U, As, and remnants of the
surrounding garnet chemistry, with occasional tsaafePb, Mg, and Ca.
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Figure 3.21: Representative EDS spectra of the-dkMe inclusions from the Butvatnet sample.
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Figure 3.22: Representative EDS spectra of the-Sili¥ate inclusions from Mjeltedalen 2a sample.

Polycrase-(Y), Y(Ti,Nb)O,OH)

Inclusions of polycrase sporadically appear in maie grains of the Svaheii 2 sample, and
in some grains from the Mjeltedalen 2a sample. &heslusions exhibit euhedral-anhedral
shapes, in which the euhedral shapes appear cudidabular. Inclusions sizes are in the
range of 15 — 85 um. In the Svaheii 2 sample, thesdasions show a consistent chemistry
resembling polycrase-(Y). Traces of U are presaninaall inclusions in the latter sample,
with some cases of trace concentrations of Taa@a@,Yb. In some instances, these inclusions
are intergrown with other minerals such as hematitd zircon. Polycrase-(Y) inclusions
from the Mjeltedalen 2a sample exhibit zoning detigrowths with other mineral species.
The zoned inclusion show the consistent chemistrgotycrase-(Y) in the light grey areas
while exhibiting inconsistent chemistry with tracelsCa, Zr, and Fe in the dark gray rim.
Another polycrase-(Y) inclusion is intergrown wileveral unidentified U-Y-Fe-oxides. The
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polycrase-(Y) inclusion exhibits an inconsistenermlistry, in which Ti is subordinate in
comparison to the even Y and Nb. Traces of Zr, Tq,U, Si are observed at considerable
concentrations. The general loss of Ti may be duthé substitution mechanism: *Ti—
Si*.

Ti-Mn-Fe-oxide

These inclusions are in some instances found iresgannet crystals from the Heftetjern 2,
and Storemyr 3 samples. The inclusions are culhedral-subhedral shaped with sizes in the
range of 2 — 6 um. Titanium is the major constitweith the subordinates of Mn and Fe. The
inclusions from the Heftetjern 2 pegmatite showosabf 1.8:1 for both Ti/Mn and Ti/Fe,
whereas ratios of Mn and Fe are even. Ti/Mn anBeTiatios for the Storemyr 3 sample are
2.3:1 and 1.5:1, respectively. The Fe/Mn ratio frilva same analysis is 1.5:1. In general, the
Ti/O ratios for these inclusions from both pegnestiare approximately 3:1.
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Figure 3.23: EDS spectra of an analyzed unidemtifie Mn-Fe-oxide inclusion from the Storemyr 3 s&mp

Hematite, FeOs

Hematite inclusions are sometimes located in adeains of the Svaheii 2 and Storemyr 3
samples. In the Svaheii 2 sample hematite appesassdark subhedral cubical core (40 pm
size), which is surrounded by a light grey rim afuhedral tabular shaped polycrase-(Y) (70
um size). The subhedral cubical hematites (50 jzes¥iresiding in the garnet crystals of the
Storemyr 3 sample are dark dull grey and free afrap

Fe-Cu-oxide

Unidentified inclusions of subhedral cubical shaped-Cu-oxides (10 pm sizes) are
sporadically present in the garnet crystal from tlogver Hgydalen pegmatite. The major
constituent is Fe with subordinate Cu, which exhabire/Cu ratio and Fe/O ratio of 3.7:1 and
approximately 1:2. Traces of Mn, Ti, Si, P, S, &mdare also present.
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Figure 3.24: EDS spectra of an unidentified Fe-Cidednclusion from the Lower Hgydalen sample.

Fe-REE-silicate

These unidentified Fe-REE-silicates frequently @ppm some garnet crystals from the
Gragnliheii sample, while being sporadically presantan analyzed garnet grain from the
Butvatnet sample. The silicates generally exhibthlkeuhedral acicular and subhedral equant
shapes, with sizes in the range of 2 — 5 um. Madtisions share Fe as a major constituent
with subordinate Ce, Nd, Y, and Ca. In some caffesy subordinate constituents are Na and
La. Cerium is generally 2-3 times as abundant irstnoases in comparison with the other
REEs (Y, Nd, and La) and Na. Some Fe, Al, Si, O @htn are considered remnants of the
surrounding garnet chemistry. These silicates amoubtedly Al-bearing, with a general
Al/Si ratio of 0.7:1. The Si/O ratio for these inslons is approximately 1:5.

30 _esfeV
25+

20+

Figure 3.25: Representative EDS spectra of theamtifled Fe-REE-silicate inclusions from the Graeli sample.
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Cu-S-oxide

Unidentified S-bearing anhedral Cu-oxides (10 pres) is only observed in a garnet grain
from the Heftetjern 1 sample. Copper is the majmngonent with subordinate S, in which
the Cu/S ratio is 2.8:1. The S/O ratio is 1:5. Me, Al, Si are remnants of the surrounding
garnet chemistry.
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Figure 3.26: EDS spectra of an unidentified S-begiCu-oxide from the Heftetjern sample.

Ce-silicate

These unidentified Ce-silicates are only preserthengarnet crystal of the Lower Hgydalen
sample, wherein they appear subhedral acicularesh@ — 15 um sizes). Cerium is the
major constituent with traces of Nb and P. Mangan€sg, Si, and some O are considered an
influence of the surrounding garnet chemistry.dme cases, these oxides are bordered by K-
feldspars. Ce/O ratios for these inclusions aregdly 1:5.4.
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Figure 3.27: EDS spectra of an unidentified Ce-oxiddusion from the Lower Hgydalen sample.
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Al-oxide

Al-oxide inclusions commonly occur in garnet fragitee of the Upper Hgydalen 12
(cleavelandite replacement zone) sample and inaa grom the Mijeltedalen 2a sample.
Typical sizes of the inclusions from the these dampre 6 — 10 um with subhedral equant
shapes. The inclusions also sporadically appetireigarnet crystal from the Lower Hgydalen
sample, wherein they occur as anhedral masses (&ipes) intergrown with subhedral
cubical Ca-Y-fluorides (5 um sizes). Al-oxide inslons from the Mjeltedalen 2a and Upper
Hgydalen 12 samples show similar Al/O ratios of.3:4nd 1:1.5, respectively. Analysis of
the Upper Hgydalen 12 shows trace concentratio$s, @a, Mn, and Th. Al-oxide inclusions
from the Lower Hgydalen exhibit traces of F and Tlae Al/O ratio of these inclusions is
1:1.8. Remnant garnet chemistry is reflected ineas of Fe, Mn, Si, and some Al and O.
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Figure 3.28: Representative EDS spectra of unidiedtiAl-oxide inclusions from the Lower Hgydalen gEm

U-oxide

A U-oxide inclusion is only spotted sporadicallyarsingle garnet grain from the Heftetjern 1
sample. This inclusion exhibits a euhedral cubgtape, with a size of 10 um. The major
constituent is U with subordinate Pb. Minor impiestof Y and Yb are also detected during
the analysis. The U/O ratio is 1:2.8. A possibladidate for identification may be uranite,
UOs..

Ti-Fe-oxide

Ti-Fe-oxide inclusions are only infrequently pres@m most grains from the Storemyr 1
sample. The inclusions appear either euhedral laci¢8 pum sizes) or euhedral/subhedral
cubical (2 — 3 um sizes). Titanium is the major stitnent with subordinate Fe in most
analyses, with a few instances of Fe being the nm@astituent with subordinate Ti. Ti/Fe
ratios are in the range of 0.7-1.7:1. Traces ohd Zn are common in some of these oxides.
Manganese, Al, Si and partly Fe and O are remnaintee surrounding garnet chemistry.
These Ti-Fe-oxides may potentially be ilmenites.
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Figure 3.29: EDS spectra of an unidentified Fe-Xide inclusion, with the possibility of being ilmenifrom the
Storemyr 1 sample

Thorite, Th(SiQ)

A thorite inclusion is only recognized in a singi&in from the Bratterud sample. The thorite
appears as a fractured subhedral equant inclusitn avsize of 100 pum, which shows
consistent chemistry resembling thorite.

Th-Y-silicate

These Th-Y-silicate inclusions are sometimes latatea few garnet grains of the Bratterud
sample. Both anhedral masses (5 um sizes) and drabloebical shaped inclusions (40 um)
intergrown with both anhedral zircon (30 um) anchhgéte (10 pum thick surrounding rim) are
observed. The major constituent for all inclusiossTh with subordinate Y. Thorium is
approximately three times as abundant for the sichs in some of the grains, while Y is
twice as abundant for the latter inclusions. ThAd &i/O ratios are in the range of 2-2.8:1
and 1.6-3.6:1, respectively. Traces of Ce, NdaRd, Ca are in some instances detected.
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Figure 3.30: EDS spectra of an unidentified Th-ate inclusion from the Bratterud sample (markediark blue).
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Th-U-silicate

A Th-U-silicate inclusion is only observed in aglimgrain from the Heftetjern 1 sample. The
size of the subhedral cubical inclusions is 10 mmere it is intergrown with acicular zircon
(size of 8 um). The major constituent is Th withadinate U. The Th/U ratio is 1.5:1, with
Th/Si and Si/O ratios of 1:1.8 and 1:3.3, respetyivTrace concentrations detected in the
analyzed inclusion include Pb and Y. This inclusioay potentially be a U-rich thorite.

cps/ev
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Figure 3.31: EDS spectra of an unidentified Th-Uate, probably a U-rich thorite, from the Hefteth 1 sample.

K-feldspar, K(AISOs)

K-feldspars are sometimes present in the garnstairfrom the Upper Hgydalen 1 sample,

while commonly appearing within garnet fragmentsrirthe Upper Hgydalen 12 sample. The
general sizes of the K-feldspars are 3 — 10 unf) witbhedral acicular shapes in the Upper
Hgydalen 1 sample (instances of intergrowth witlvike-(Y)) and anhedral masses in the

Upper Hgydalen 12 sample.

Albite, Na(AlSiOs)

An albite inclusion only appears in a garnet grfsom the Svaheii 2 sample, where it is
commonly adjacent to other zircon inclusions. Th@tea inclusion appears as an anhedral
mass, with a size of 10 um. Calcium contents aagively minuscule (>1.0 norm. at. %),
suggesting it is a relatively pure albite.
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In summary, various micro inclusions were obseriredhe Tgrdal garnets. Mainly these
inclusions comprise quartz, zircon, Y-rich mineralsrich minerals and a few Sc-rich
inclusions. Spatially, the abundance of quartzeisegally high in garnets for most locations
throughout Tardal, with the exception of the quadnpr Butvatnet, Storemyr 2, Svaheii 3,
and Hgydalen locations. Mostly the NE-garnets fiibin Heftetjern, Sjauset, Bratterud, and
some of the Storemyr garnets (Storemyr 2) are highundant in zircons. The abundance of
zircons generally decreases towards the S-SW-affethe study (the zircon-poor Svaheii 3,
Butvatnet, Grgnliheii, Lislegrgnlia, Mjeltedalen,leidpe quarry, Storemyr 3 locations),
whereas the Storemyr 1 and all the Hgydalen gaidaets zircons. The Y-rich inclusions
found mainly comprise keiviite-(Y), Y-F-silicategyttrofluorite) and Ti-Y-minerals. The
abundance of these minerals is high for some gawofethe SW-area (Svaheii 3, Butvatnet,
Upper Hagydalen 1, Lower Hgydalen and Heftetjerm@es). Garnets from other locations
of the study area either exhibit low abundance&’-sich micro inclusions or completely
lacking them. The F-rich minerals, comprising Yikeate, fluorite, and yttrofluorite, are
only found in the Heftetjern-Hgydalen area. Thee&slelandite”-zone garnet from the Lower
Hgydalen pegmatite exhibit high abundances of ftioote, whereas the Heftetjern 2 garnets
exhibit a large quantity of Y-F-silicates. Low allamces of yttrofluorite and fluorite are
exhibited for the wall zone garnet and “cleaveltgidzone garnet, respectively. The only
species of Sc-rich micro inclusions were thortwejtwhich only appears in the most SW-
garnets (Svaheii 2 location) and NE-garnets (Uppegydalen location), and in no other
garnets of the study area.
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3.3 Chemistry of garnets in the Tgrdal pegmatites

3.3.1 Major element distribution

The 33 analyzed garnets from 16 different location§grdal exhibit an average spessartine
component of ~ 48 mol.%., ranging from 29.8 to 98@.%. Average core-rim compositions
of major elements in all analyzed garnet crystadéspesented in Table 3.5. Garnet crystals
from the Svaheii 2, Storemyr, Storemyr 2, Bratterdéftetiern 1, Heftetjern 2, and Upper
Hoydalen 1 samples all exhibit predominant spasgartomponents with subordinate
almandine components (e.g. 57.6 mol.% spessus37.9 mol.% alm). The spessartine
component is also predominant in the garnet case fthe Svaheii 3 sample (56.6 mol.%
spessversus38.6 mol.% alm), which has a rim of predominant aicine component 47.7
mol.% speswversus48.4 mol.% alm). In garnet grains from the Sjausgper Hgydalen 12,
and Lower Hgydalen samples the spessartine compamelominating (e.g. 80.1.% spess
versus 15.5 mol.% alm). Prevailing almandine componentshvgubordinate spessartine
components are exhibited for garnets from the giglalia, Mjeltedalen 2a, Storemyr 3,
Kleppe quarry, Grgnliheii, and Butvatnet locatigagy. 39.5 mol.% spes®rsuss4.5 mol.%
alm). Components such as pyrope, grossular, yttnegaand andradite are all below 6
mol.%. Other presented garnet components contaifiingnd Na are mostly negligible,
besides TiQand NaO, which in some grains are maximum <0.11 wt. % a0d 0 wt. %,
respectively.

Garnet compositions in a spessartine versus almanglot (Fig. 3.32) show two parallel
linear trends evolving from Fe-rich and Mn-poorMm-rich and Fe-poor garnets. The first
trend generated by the samples from the SvaheBratterud, Heftetjern 1, Heftetjern 2,
Upper Hgydalen 1, Upper Hgydalen 12, Lower Hgydalsh Sjauset locations. Garnets from
the Mjeltedalen 2a, Kleppe quarry, Storemyr, Stomrey Storemyr 3, Svaheii 2, Lislegranlia,
Granliheii, and Butvatnet locations form the sectredd (shifted to slightly lower almandine
component). These garnets have in general a mwar kkpessartine component. This shift is
mainly due to the pyrope component, which is inrdrege of 1.9-5.5 mol. % in these garnet
crystals. Figure 3.33 shows a pyrope vs spessartimewhich again reflects this pyrope shift
of the Mn-poor garnet crystals forming the secaredd. These slightly Mg-enriched garnets
exhibit apfu core-rim compositions of Mg which are either rsfaly constant (<0.02pfu
difference), decreasing or increasing (Fig. 3.36)e Kleppe quarry and Lislegrgnlia garnets
show variability within each sample. Magnesiapfu values increase in grain 1A, C, and E
decreases in grains 1B and 2 and is more or lesstandt in grain 1D. In the Lislegrgnlia
sample, the core-rimpfuvalue for Mg is consistent for grain 1 and 3, wiasreecreases in
grain 2. All crystals from the Storemyr, StoremyrS¥aheii 2 and Butvatnet samples exhibit
decreasin@pfu core-rim Mg values. Constant core-rapfu values for Mg are exhibited for
the garnets from the Granliheii, Mjeltedalen 2ad é&toremyr 3 samples. Calcium-rich
garnets include crystals from the Kleppe quarrgr&hyr 3, and Mjeltedalen samples (1.00 —
1.36 CaO wt.%, 0.093 — 0.12pfu), corresponding to an andradite component of ©.8.4
mol.%.
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Mn/(Mn+Fe) apfu values from the core to the rim of the 33 analygadhet crystals (Fig.
3.36) are either more or less constant (<@pt difference) or decreasing from the core to
the rim. The relative lowest Mn/(Mn+Fapfu core values (0.308-0.33apfu) are exhibited
for the crystals from the Grgnliheii location. Thegarnets exhibit no considerable change in
theseapfu values towards the rim. Garnet crystals with intedrate Mn/(Mn+Fe)pfu core
values are from the locations of Lislegrgnlia (co&ue ranges of 0.406-0.40&0fu),
Mijeltedalen (core value ranges of 0.421-0.488u), Kleppe quarry (core value ranges of
0.428-0.453pfu), Butvatnet (0.442pfu), and Storemyr 3 (0.45&pfu). These values remain
more or less constant from the core to the rim darnet crystals from Lislegrgnlia,
Mijeltedalen 2a, Butvatnet, and the Storemyr 3 samprhe Kleppe quarry crystals mostly
exhibit no changes in these values (Fig. 3.36 Ba)y the exception of Kleppe grain 1A
(Fig. 3.36 A) exhibit a steadily decreasing Mn/(Mie} value of 0.44%pfu at the core and
0.425apfuat the rim.

Relatively higher Mn/(Mn+Fe)kore values exhibit the crystals from the Storemyr (@.49
apfu), Storemyr 2 (core value ranges of 0.510-0.8pft), Svaheii 2 (0.50&pfu) Svaheii 3
(0.581 apfu), Upper Hgydalen (0.514), Bratterud (0.54%U), Heftetjern (0.586pfu), and
Heftetiern 2 (0.597apfu) locations. Garnet crystals from the Svaheii peges (Svaheii 2
and 3) show different trends from the core to the Mn/(Mn+Fe) values of grain 1 from the
Svaheii 2 pegmatite are more or less constant 2<ip€@u difference)while the garnet crystal
from Svaheii 3 shows a decrease from the coredaith (Fig. 3.36 H). In the core of this
crystal, the Mn/(Mn+Fe) value is 0.581. Towards grain margin, the Mn/(Mn+Fedpfu
value steadily decreases to 0.464 and abruptlegases to 0.51&pfu at the outermost rim of
the crystal. Grain 1 from the Storemyr sample (Bi§6 1) appears distinctly different from
garnet crystals from the Storemyr 2 location. la tore of this crystal, the Mn/(Mn+Fapfu
value is 0.494, which is more or less constantsctbe inner part of the crystal. Towards the
margin, the value drops down to 0.48%u, and increases to 0.452 at the outermost rim. The
other garnet grains from Storemyr 2 (grain 1 andhew relatively consistemipfu values for
Mn/(Mn+Fe), with the exception of grain 5 (Fig. 8.K), which shows a slight increase at the
outermost rim to 0.526pfu The garnet crystal from Upper Hgydalen shows nootess the
same Mn/(Mn+Fe)apfu values (core-rim: 0.514-0.50@&pfu). However, mid-grain of this
crystal theapfu values are variable with a maximum difference .00 apfu (Fig. 3.36 AE).
Analyzed crystals from the Bratterud, Heftetjerrd atieftetjern 2 samples exhibit steadily
decreasingpfuvalues from the core to the rim (Fig. 3.36 X, AGdaAD).

The highest Mn/(Mn+Fegapfu core values are observed in crystals from the Sjausse(c
value ranges of 0.794-0.82pfu), Lower Hgydalen (0.82apfu), and Upper Hgydalen 12
(0.931 apfu) locations. The Sjauset crystals (Fig. 3.36 U-Whibit variations in the
Mn/(Mn+Fe) values within the grains. The core ofstal 1 contains 0.82dpfuMn/(Mn+Fe),
which drops abruptly to 0.6%pfutowards the grain margin, and then increases8@8@&pfu

at the outermost margin. The other Sjauset crygtgésn 2 and 3) show a general decline in
the Mn/(Mn+Fe)apfuvalues from the core to the rim. Grain 2 showsaae or less consistent
apfuvalue from the core (0.80&pfu) to the proximity of the rim but then drops to B0&pfu
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at the outermost rim (Fig. 3.36 V). Mn/(Mn+Fa)fuvalues in grain 3 steadily decrease from
the core to the rim (0.794-0-63&pfu). Both garnet crystals from the Lower Hgydalen and
Upper Hgydalen 12 locations exhibit no apparennghan Mn/(Mn+Fe)apfu values from
the core to the rim.

3.3.2 Trace element distribution

Concentrations of rare earth elements and rarelsn@ta both presented as average core-rim
compositions in Table 3.5-6. The elements of majterest for this study are Sc, Y, and
REEs. These elements are therefore presented m aatail than other elements.

The highest average Sc concentrations in garnéyzathby EPMA were detected in grain 1
from the Heftetjern 1 location (0.29 wt.%28g, 0.021apfu), while the highest concentration
analyzed by LA-ICP-MS was 2197.19 ppm in grain Soalrom the Heftetjern 1 location.
EPMA analyzed contents of Sc in all garnets showulk average of 0.08 wt.% £os.
Average core-rim concentrations of Sc determine&BMA show the highest abundance (in
the range of 0.20-0.29 %oz wt.%) for garnet crystals from the Heftetjern leftétjern 2,
Upper Hgydalen 1 samples. Average Sc concentratibgarnets of all investigated locations
are displayed in the regional map (Fig. 3.35). @om@tions of 987 to 1895 ppm are
classified as high, 392 to 987 ppm as medium, dnid B92 ppm as low.

Garnet crystals with high Sc concentrations armftbe Heftetjern 1, Heftetjern 2 and Upper
Haydalen 1 samples (bulk averages of 1568, 189%,1460 ppm, respectively). Scandium
concentrations in these garnets from the Heftetpmea (Heftetjern 1, and Heftetjern 2

samples) may show some significant differences (m629 ppm core differences) , whereas
Sc abundance in garnets from the Hgydalen areaefUggydalen, Upper Hgydalen 12, and
Lower Hgydalen samples) are much more variable (mdix average ppm difference of 1408
ppm). The Upper Hagydalen crystal shows high comagahs of Sc, while both the garnets
from the Upper Hgydalen 12 and Lower Hgydalen gagrbibit low Sc concentrations. The

Svaheii garnets exhibit large variations in Sc emtiations. Garnets grains from the Svaheii
2 pegmatite exhibit an average medium-high Sc contehile the Sc concentration in the

garnet crystal from the Svaheii 3 pegmatite istieddy low. Other garnets with medium-high

Sc contents comprise the locations Butvatnet, grglelia, Kleppe quarry, Mjeltedalen 2a,

and all Storemyr occurrences. The Storemyr san{8iEsemyr, Storemyr 2, and Storemyr 3)
show slight variations in the Sc concentrationghvlioth Storemyr and Storemyr 3 having
slightly lower concentrations. Garnets from the @ifgeii, Sjauset and Bratterud samples all
exhibit low contents of Sc.
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The Sc concentration increases from 0.01 to 0.30Set.% in garnets with increasing
spessartine component from 0.3 to 0.6 MnO/(MnO+FHgW). 3.34 A). For this spessartine
component range, the Sc content increases witkaserg fractionation of the pegmatite melt
(because increasing spessartine component reflectiscreasing fractionation degree of the
pegmatite melt). With further fractionation (>0.6001.% spessartine component) the Sc
concentration drops drastically down to concerureti <0.03 S£©s3 wt.%. With further
increasing spessartine component Sc in these gabeftomes almost 0 wt.%. The Sc
concentrations in the various garnets from the edsffit pegmatites indicate that Sc
concentrations are highest in garnets from the waille of the chemically most evolved
pegmatites (although the Bratterud garnets, whish exhibit the same MnO/(MnO+FeQO)
ratios as those that are Sc-rich, are Sc-poor). édew garnets from the “cleavelandite”
replacement zones of the same pegmatites showowesi Sc content, which is similar to
garnets from less evolved pegmatites from Grarilibed Svaheii 3.

The CaversusSc plot in Fig. 3.34 B shows a positive correlat{both up to 0.06 Capfu,
and ~ 0.025 Sapfu) with a subsequent negative correlation (0.0613 Caapfy, and ~0.14 —
0.005 Saapfu).Both Ca and Sc increases from relatively Sc-p@onets (both from the wall
zone from less evolved pegmatites, and the higllgtibnated ‘cleavelandite’ garnets) to the
Sc-rich garnets). However, Sc contents drop foorsiclerable portion of the “pyrope-rich”
garnets (from the Svaheii 2, Kleppe quarry, Storerdy Storemyr 3, and Mijeltedalen
locations). Three distinct circles are displayedhi@a MgversusSc plot (Fig. 3.34 C): the red
circle 1, green circle 2, and turquoise circle BeTost Sc-rich garnets from the wall zones
of the Upper Hgydalen and Heftetjern 1 and 2 |loceti situated within the red circle 1 (<0.02
Mg apfu and 0.12 — 0.025 Sapfu), exhibit distinctively low Mg content and high Sc
contents. Within the green circle 2 (0 — 0.20 Bfgu 0 — 0.003 Sapfu) both Mg- and Sc-
poor garnets from the cleavelandite replacemenesai the Hgydalen pegmatites, and in
addition garnets from the wall zones of the higduhygl intermediately fractionated pegmatites
(Sjauset, Bratterud, and Svaheii 3 locations, msgey). All the garnets considered to be
“pyrope-rich” are situated within the turquoisectér 3 (mainly within the ranges 0.04 - 0.16
Mg apfuand 0 — 0.17 Sapfu).
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Core-rim Scapfu values presented in Fig. 3.36 are relatively caests (<0.02 apfu
differences). High precision LA-ICP-MS data givesttbr insight into the mineral scale
distribution of Sc throughout the crystals compat@dEPMA, which have a much higher
detection limit and uncertainty. These acquirechdatlicate that Sc mostly decreases from
the core to the rim and in some instances slightyeases towards the rim. Garnets with high
Sc concentrations (Heftetjern 1, Heftetjern 2, dddper Hgydalen 1 samples) show
variability within each sample between grains inecom compositions. All analyzed crystals
from the Heftetjern 1 samples exhibit a generallidecfor Sc from the core to the rim
(differences ranging from 154 to 688 ppm). The amalyzed garnets, grain 1 and 2 from the
Heftetjern 2 sample, exhibit slight differenceghe distribution of Sc. Grain 1, similarly like
the Heftetjern 1 crystals, show a decline from tlee to the rim (155 ppm difference in
concentration). Grain 2 exhibit a slight increasaf the core to the rim, with a ~20 ppm
difference. The garnet crystal from the Upper Hdsulal exhibit a decline in Sc-contents
from the core to the rim (difference of ~ 156 ppm).

No consistent core-rim variations of Sc in the matldy Sc-abundant garnets (from the
Svaheii 2, Kleppe quarry, Butvatnet, LislegranNgeltedalen, Storemyr 1-3 locations) were
evident among the garnets from the different laceti The Svaheii 2 grains generally exhibit
a decline of Sc from the core to the rim (max. © $pm difference). Scandium contents in
the Kleppe quarry garnets generally increase frow ¢ore to the rim (compositional
differences of 16 to 55 ppm). The Butvatnet garséisw a general core-rim decrease in Sc
with differences of 3 to 115 ppm. No consistentdatystalline distribution for Sc is shown
for the Lislegrgnlia garnets, while the Mjeltedatagstals exhibit both relatively constant and
decreasing core-rim concentrations of scandium2(@@80s wt.% difference). The garnets
from the different Storemyr samples show signiftcaariations of the intracrystalline Sc
distribution. Grain 1 from the Storemyr shows aoréase from the core to the rim (0.02
So0s3 wt.% difference). Both grain 1 and 5 show a desedfar Sc from the core towards the
rim (differences of 0.08-0.09 203 wt.%), while the Sc distribution in the garnet rfro
Storemyr 3 appears homogenous throughout the trysta

The Sc-poor garnets of the Lower Hgydalen, Uppeyddlen 12, Sjauset, Bratterud, and
Granliheii show relatively low core-rim variatiorldo compositional core-rim difference was
detected in the Upper Hgydalen crystal, while ttystal from Upper Hgydalen 12 exhibits no
difference. The Sjauset garnets exhibit a sligbtaase in Sc from the core to the rim, with a
difference of 0.01 wt.% S$S©s. Core-rim compositions of Sc are variable for Bratterud
garnets (maximum difference of ~62 ppm). Most & @rgnliheii garnets do not exhibit any
compositional core-rim differences of Sc. The amatly Sc-poor garnet from the Svaheii 3
location shows no variation from the core to tme m Sc-concentration.
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The generally the most abundant rare metal detdotdde garnet crystals is Y, with the
highest concentrations in the Butvatnet sample.s&heoncentrations are 2.605 wt.%
(0.117apfu)in grain 3 determined with EPMA, and 24935 ppmlyared with LA-ICP-MS in
grain 2. The abundance of Y in garnet from othealimns is variable. The relatively yttrium-
rich garnets X1.0 Y>0s3 wt.%, >10000 ppm Y) include most of the Kleppe quarry mgai
(grain 1B-E, grain 2), Svaheii 2 (grain 1), SvalgiiStoremyr 1, Storemyr 2 (grain 1 and 5),
Storemyr 3, Lislegrgnlia grains, most of the Mjdliken 2a grains (grain 1, 3, and 4),
Butvatnet (grain 1, 2, and 3), Bratterud (grairadg 4), Grgnliheii (grain 2-4), Heftetjern 1
(grain 1, 3, and 5), Upper Hgydalen 1 (1 and 12) laawer Hgydalen garnet crystals. Figure
3.36 shows that Y either remains relatively consta.02 apfu difference), or decreases
from the core to the rim, in particular for the i¢kr crystals. Crystals with more or less
consistent Y comprise the Kleppe quarry, Svahdigrain 1), Storemyr 2 (grain 1 and 5),
Lislegrgnlia (grain 1, 2, and 3), Mjeltedalen 2&a{g 1 and 2), Upper Hgydalen 1, and Lower
Hoydalen samples. Although many of these crystdlews consistent Y core-rim
compositions, some crystals show variability witlenystals. These include the Storemyr 2
(grain 1), Lislegrgnlia (grain 3), and Storemyr @ain cluster), which shovapfu value
differences of < 0.02. The Mijeltedalen (grain 3 dijdButvatnet, Svaheii 3, Storemyr (grain
1, Bratterud, Grgnliheii (grain 2-4), Heftetjern2lgarnets exhibit a decrease of Y from the
core to the rim. The Y-poor garnets (<1.80¢ wt.%,<10000 ppm Y) from the Sjauset (grain
1, 2, and 3), Granliheii (grain 1), Upper Hgydalkh samples show either constant or
decreasing Y. Both grain 2 and 3 from the Sjausetpe show a general decrease of Y,
while grain 1 exhibit an increase in Y. Both theg@heii (grain 1) and Upper Hgydalen 12
samples show consistent Y values at the core amd ri

Figures 3.37 A-R display chondrite-normalized REftgrns of 18 selected garnet crystals.
Europium is below the limit of detection (<0.06 ppm all analyzed grains. The shape of
REE patterns for all grains are relatively consisend exhibit enrichment of the HREES, and
relatively low concentrations of LREEs. The highdREEs content was detected in a garnet
from the Butvatnet locatiorEHREE = 12839 ppm, grain 3). The same sample alseskthe
highest LREE abundanceSLREE = 147 ppm, grain 2). Significant core-rim \aions of
HREEs (largely owing to Yb) are observed for mahyhe analyzed crystals. For example,
the grain 1 from the Bratterud sample exhibitsgmificant increase in the HREE contents
from the core towards the rim (differenceXREE = 8204 ppm, Fig. 3.37 I). A significant
concentration decrease from the core to the BMREE from 5155 to 3171 ppm) show
garnets from the Svaheii 2 (Fig. 3.37 C) , Kleppargy (Fig. 3.37 E), Butvatnet (Fig. 3.37 G-
H), and Heftetjern 2 (Fig. 3.37 N-O) locations.
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3.3.3 Intracrystalline element distribution visualzed by spatial imaging
Intracrystalline distribution maps of the sevemaats including Mn, Fe, Ca, Sc, Y, Yb, and
Ti were determined with ion beam microanalysis. Sehmapsare presented in Fig. 3.38-40.
Three garnet crystals from the Svaheii 2, Heftatjand Heftetjern 2 locations were chosen
because of their relatively high abundances ofdgtgcted by both EPMA and LA-ICP-MS.
These maps provide insight into the spatial digtidn of these elements, which reflect the
crystallization conditions and their changes.

Manganese and Fe appear to be homogeneously disttilacross all investigated crystals
(Fig. 3.38-40 A and B). Both elements are equaliyralant in grain 2 from the Svaheii 2
location, which was also observed with EPMA of graifrom this location. In grain 6 from
Heftetjern Mn is slightly more abundant (30 counmiggher) than Fe, while Mn is slightly less
abundant (10 counts less) than Fe in grain 3 frosftetjern 2. Calcium in all grains is
generally more abundant at the grain margin thatheéncore (Fig. 3.38-40 C). The core of
grain 2 from Svaheii 2 exhibits low contents of (2800 counts), which abruptly increases
outwards towards the grain margin (6000 countspirG6 from Heftetjern shows patchy
zones of both high and low abundances throughaaitctlgstal, with high contents at the
outmost grain margin. In grain 3 from HeftetjerrCa is less abundant (2000 counts) in the
grain core compared to the margin (4000 counts).

The distribution of Sc within the three analyzedigs exhibit different trends. In the grain
from Svaheii the content of Sc is relatively highthe core (1200 counts), which slightly
decreases towards the rim (averaging 800 countg) @=38D). Scandium is generally
homogeneously distributed in grain 6 from Heftetj€averaging 2000 counts), with the
exceptions of patches of lower abundances neagrtie margin (500 counts) (Fig. 3.39 D).
Both the core and rim of grain 3 from Heftetjerrexhibit equally high abundances (2000
counts) of Sc, but Sc is a less abundant the imtéiate zone (500 counts) (Fig. 3.40 D).

Other elements, which include Y, Yb, and Ti, showmikrities in respect to element
distribution patterns in all analyzed garnet crigst@hese three elements are less abundant in
the inner core of grain 2 from Svaheii 2 (Fig. 3B&). Concentrations of these elements
increase abruptly in the outer core. Yttrium isi@med in a narrow zone around the core
compared to the rest of the crystal. Ytterbium, tbe other hand, is abundant in the
intermediate zone, which is overgrown by an outsrezricher in this element. (Fig. 3.38 F).
Titanium shows a weak concentric enrichment atctire, which is also enriched in an open
crack crosscutting the crystal. Both Y and Yb dsttion in grain 6 from the Heftetjern 1
location is patchy with a slightly higher abundanpethe crystal ores (Fig. 3.39 E-F).
Titanium shows a similar pattern (Fig. 3.39 G)ghain 3 from the Heftetjern 2 location, the
distribution patterns of Y, Yb, and Ti are simil@ig. 3.40 E-G). All these elements are
enriched in the core, which exhibits an irregulaon-concentric shape. Both Y and Y
concentrations abruptly decrease outwards the arys@argin. Titanium being slightly
enriched in the core becomes less and less abutaygartds the rim.
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Figure 3.38: lon beam microanalysis mapping oft®iid2 (05061609), grain 2. A - Distribution (MB,— (Fe),
C - (Ca), D—(Sc), E - (Y), F—(Yb), G =(®iyipes seen in images A and B are instrumeifaats.
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Figure 3.39: lon beam microanalysis mappafigieftetiern 1 (20091508), grain 6. A - Distrilmrt (Mn), B — (Fe),
C - (Ca), D—(Sc), E—(Y), F—(Yb), G b.(Stripes seen in images A and B are instrumetifaats.
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Figure 3.40: lon beam micnadysis mapping of Heftetjern 2 (08061601), graif3 Distribution
(Mn), B — (Fe), C — (Ca), IS¢), E — (Y), F— (Yb), G — (Ti). Stripes seeimiages A and B are
instrument artifacts.
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3.4 Petrography and chemistry of pegmatite host rde

3.4.1 Optical microscopy

Thin sections of three different types of host raodmprising amphibolites from the Kleppe
quarry and Mjeltedalen locations and a granite fitben Tardal pluton, which were studied
with the optical microscopy. Mineral identificatiamiteria by (Nesse, 2013jere applied.
Studied features of these rocks include minerakrabtage, crystal habit, size ranges,
fabrics/texture and grain alteration.

Kleppe quarry and Mjeltedalen amphibolites:

The major mineral assemblage of the Kleppe quamypte constituted amphibole (40 vol.%)

and plagioclase (20 vol.%), with minor biotite (201.%), quartz (15 vol.%) and opaque

minerals (5 vol.%). In general, the amphiboles laaduhedral-anhedral habit, with sizes
ranging from 0.1 to 0.7 mm in length. Euhedral talgexhibited a typical diamond-shaped
cross-section with perfect cleavages of approxilpaG®° and 120° or bladed and/or

columnar longitudinal sections when cut paralletite c-axis. Some of the larger amphibole
crystals were poikiloblastic with inclusions of gizaand opaque minerals (Fig. 3.41 C-D). In
addition, anhedral masses occurred (Fig. 3.41 APBgioclase exhibited the characteristic
polysynthetic twinning, with a tabular subhedrahadral habit. The sizes of these crystals
ranged from 0.1 mm to 1.0 mm. The biotite crystajgpeared both as platy euhedral-
subhedral shapes, and occasionally as anhedraésmad®e sizes ranged from 0.1 to 0.7 mm.
Both quartz (0.01 — 0.1 mm sizes) and the opaaiesg of 0.01 — 0.6 mm) were interstitially

situated in both samples. In addition, the opaqueerals were seen to be intergrown with
both amphibole and biotite crystals. The Klepperguamphibolite appeared weakly foliated

due to the alignment of amphiboles and biotites.

The major minerals in the Mjeltedalen amphibolitere&vamphibole (50 vol.%) and quartz (20
vol.%), with minor plagioclase (10 vol.%), bioti{d0 vol.%), and opaque minerals (10
vol.%). Sizes and habits of the minerals were noorkess similar to that of the minerals of
the Kleppe quarry sample; although amphibole clystgere commonly larger (the larger
crystals are in the range of 1.3 to 2.2 mm). Theltdgalen amphibolite showed a more
distinct foliation then the Kleppe quarry samplent of the larger amphibole crystals were
poikiloblastic with inclusions of quartz and opaguénerals (Fig. 3.41 C-D). The opaque
minerals were intergrown with both amphibole anatite crystals. Some of the plagioclase
crystals had been partly altered to sericite (8igl E-F).

Teardal granite (Granite outcrop near Kleppe quarry)

Major minerals in the thin section of the Tgrdahmte were quartz (35 vol.%), microcline
(30 vol.%), and plagioclase (20 vol.%), while mimomerals are biotite (8 vol.%), opaque
minerals (5 vol.%), and xenotime (2 vol.%) (Fig43.A-B). The minerals exhibited a
phaneritic texture. The plagioclase crystals wergedral-subhedral tabular shaped, with the
characteristic polysynthetic twinning. Grain sizasged from 0.3 to 3.0 mm. In some of the
plagioclase antiperthitic lamellae were observe).(B.42 C-D). Some larger plagioclase
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crystals were poikiloblastic with inclusions of bie, microcline, and quartz. Microcline
formed euhedral crystals typically 0.4-2.7 mm mesand exhibited the characteristic “tartan”
twinning. The microcline crystals occasionally agme as perthite (Fig. 3.42 E-F), with
exsolution lamellae of albite. Myrmekites occurredmmonly at microcline-plagioclase
contacts (Fig. 3.42 G-H). Some of the larger mitnes were poikiloblastic with inclusions
of plagioclase and quartz. Quartz occurred inda@nhedral masses (average size of 1.5
mm) or as small equal-sized crystals (averagedif22 mm). Both large and small crystals
exhibited undulose extinction. Sericite formed aslieration product of both microcline and
plagioclase. The biotite crystals were platy euakgubhedral shaped, and typically 0.2 to 0.7
mm in size with strong pleochroism (green/paleow)l The opaque minerals (0.05 — 0.6
mm) showed anhedral amoeboid or euhedral cubiceshaphe xenotime crystals were
colorless or pale brown, showed weak pleochroismiofess-pale brown), had a high
positive relief, and high birefringence. Color zapiwas seen in some crystals, where the core
was darker than the rim. These crystals showedesirhhtetragonal elongate prisms, with
sizes ranging from 0.1 to 0.4 mm. Some of the xamotrystals were slightly altered, and
overgrown and/or intergrown with opaque minerals.

Figure 3.41:dges on the left side are in PPL with comparativages in XPL on
the right. A-BRepresentative images of the main mineral assayalgresent in the
Kleppe quarry avgeltedalen amphibolites. Amp = Amphibole, Bt ofie, Pl =
Plagioclase, ®Ruartz. C-D — Image displaying the instances dkipablastic
amphibole crysteontaining quartz and opaques. E-F — Partly @teplagioclase
containing séec
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Figure 3.421 khages are displayed in PPL on the left with cepending XPL
images on tight. A-B — Representable image of the main minesaémblage in

the granite.#PPlagioclase, Qz = Quartz, Mc = Microcline, XtmXenotime. C-D —
Antiperthititagioclase with exsolution lamellae of K-feldspa+t-E- Pertitic microcline
exhibiting ekgmn blebs of albite. G-H — Myrkmekite intergrowvigipically situated at
the contactveén plagioclase and microcline.

3.4.2 Whole rock chemistry

Table 3.7 displays bulk rock chemistries of thee¢éhhost rock samples acquired by solution
ICP-MS at ACME Laboratories in Vancouver, Canadadentifying potential sources of the
amphibolitic host rocks, two plots were constructagsuming that these rocks were mafic
magmatic rocks prior to amphibolite facies metarh@m. The first plot, a Ti-V-plot,
according to (Shervais, 1982) displays slight cosifpmal differences for the two
amphibolites. Even their compositions are relajiveimilar, the Mjeltedalen amphibolite
(Ti/V-ratio = 20-50) plots in the MORB field andedhother Kleppe quarry sample in the
Alkalic field (Ti/V-ratio = 50-100) (Fig. 3.43 A)n the Th-Hf-Ta ternary diagram by (Wood,
1980) the two amphibolites are plotted in the salomain of primitive arc tholeiites (Fig.
3.43 B).
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Figure 3.43: (Modified Ti-V-plot from(Shervais, 1982isplaying acquired
LA-ICP-MS dateatitdinium and vanadium ppm concentrations. (B): ifled
Th-Hf-Ta terngript from(Wood, 1980displaying relationship percentages of
acquired LA-ICP-M&ta of thorium, hafnium and tantalum ppm concarans.

The Tgrdal granite is a felsic granite (Si® 74 wt. %) (Whalen et al., 1987) and plots as
being peraluminous (see Fig. 3.44 A>@4 / (CaO+NaO+K>0) > 1.0, AbOz / NaO+K20 >
1.0). The granite is identified as an A-type (What&t al., 1987) (Fig. 3.44 B), and Post-
COLG (Post-collision granite) (Fig. 3.44 C) (Peasteal., 1984). The abundance of Sc is
significantly higher in both amphibolites (Kleppaagry: 30 ppm, and Mjeltedalen: 29 ppm)
in comparison with the Tgrdal granite sample (2 pgAuorine contents in the amphibolites
are generally higher than in the Tgrdal granitel@@.08 and 0.01 wt.%, respectively).
Concentrations of the HREEs show low levels fohalt rock samples, while the LREESs are
relatively more abundant in the Kleppe quarry arbpliie (maximum 106 ppm).
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Figure 3.44:QA Three modified plots of A/ICNK versus A/NK from (Maaizd
Piccoli, 1989P000*Ga/Al versus #O+Na20)/CaO from (Whalen et al., 1987),
and Rb ver8ud\b (Pearce et al., 1984). All plots are displayiend discriminating
the acquired-l@P-MS data of the analyzed Tgrdal granite sample.



Table 3.7 Whole rock chemistry of host rocks

Sample MDL GAS04071705 GAS06071716 GAS04071707
Rock type Amphibolite Amphibolite Granite
Location Kleppe quarry Mjeltedalen Kleppe
Wt.% oxides

SiOz 0.01 49.07 47.82 74.57
Al20s 0.01 15.45 15.76 13.73
FeOs 0.04 12.16 12.09 1.42
MgO 0.01 6.71 8.05 0.14
CaO 0.01 9.20 9.03 0.96
NaO 0.01 3.13 2.94 3.67
K20 0.01 0.96 1.12 4.96
TiO2 0.01 1.92 1.67 0.10
P20s 0.01 0.40 0.27 0.01
MnO 0.01 0.19 0.18 0.03
Cr03 0.002 0.03 0.03 <0.002
Total 99.22 98.96 99.59
Trace elements, ppm

Ba 1.00 188.00 174.00 207.00
Ni 0.10 37.00 0.80 60.00
Sc 1.00 30.00 29.00 2.00
Be 1.00 6.00 3.00 4.00
Co 0.20 40.10 46.40 1.00
Cs 0.10 10.80 11.30 1.30
Ga 0.50 19.30 19.40 22.00
Hf 0.10 5.60 4.20 4.00
Nb 0.10 6.00 6.20 25.80
Rb 0.10 135.20 86.00 291.00
Sn 1.00 4.00 2.00 <1.00
Sr 0.50 232.80 224.20 62.40
Ta 0.10 0.30 0.40 1.90
Th 0.20 0.90 1.10 27.70
u 0.10 0.70 2.20 15.20
\Y 8.00 217.00 214.00 13.00
Zr 0.10 234.90 160.90 91.60
Mo 0.10 5.70 0.20 0.30
Cu 0.10 45.70 2.70 35.80
Pb 0.10 2.30 18.30 1.40
Zn 1.00 50.00 43.00 37.00
Ti 0.10 0.90 0.20 0.70
Y 0.10 41.00 33.60 64.40
La 0.10 17.20 8.40 18.50
Ce 0.10 44.00 22.80 42.20
Pr 0.02 6.32 3.75 4.92
Nd 0.30 29.80 18.2 18.80
Sm 0.05 7.40 4.93 4.77
Eu 0.02 2.13 1.63 0.49
Gd 0.05 7.97 5.87 5.41
Tb 0.01 1.30 0.99 1.20
Dy 0.05 7.91 6.37 9.06
Ho 0.02 1.64 1.29 2.25
Er 0.03 4.61 3.85 7.75
Tm 0.01 0.64 0.54 1.25
Yb 0.05 4.03 3.43 8.60
Lu 0.01 0.63 0.57 1.35
YLREE 106.58 59.71 89.68
YHREE 28.73 22.91 36.87
Trace elements, wt.%

Li 0.001 0.004 0.005 <0.001
S 0.01 0.07 0.09 <0.01
F 0.01 0.16 0.08 0.01

Table 3.7: Displayed whole ratiemistry of the host rocks. Elements excluded frnentist are As,
Cd, Sb, Bi, Ag, Au, Hg, Se, Wh¢below detection limits).MDL = mean detection timi



4. Discussion

4.1 Regional distribution of scandium

The Tgrdal area is geochemically distinct in congmwer with other Sveconorwegian
pegmatite fields of Southern Norway, because ofehechment of Sn, Sc, Y, Be, and Li
(Bergstal and Juve, 1988). The Tgrdal pegmatitesbegenerally to the petrogenetic family
of NYF pegmatites. Some of these pegmatites, homwebhew in addition to the mineralogy
and zoning typical for NYF pegmatites, “cleaveldatlireplacements zones with LCT
signature (e.g. Kristiansen, 1998). These pegnsatite classified as chemically evolved NYF
pegmatites.

Average Sc concentrations (determined by EPMA aAdI@P-MS) of garnets from all
investigated locations are shown in the regiongb wiaTgrdal (Fig. 3.35). Concentrations of
987 to 1895 ppm Sc are classified as high, 398t @pm as medium, and 14 to 392 ppm as
low. In the studied area, Sc is concentrated irHéketjern-Hgydalen area exhibited in the Sc
content of garnets from the wall zones of the pdgesa(Sc ppm bulk averages of 1568 for
the Heftetjern 1, 1895 for Heftetjern 2, and 1460 Wpper Haydalen 1 samples). Two of
these pegmatites, the Upper and Lower Hgydalen atg® contain “cleavelandite”
replacement zones and are the most evolved pegmafitthe Tgrdal area. Garnets from the
wall zone of the Upper Hgydalen and Heftetjern paiipes exhibit the highest Sc content
(max. 2197 ppm for the Heftetjern locations, andxm&538 ppm for Upper Hgydalen
location). The high Sc content of the Heftetjerigrpatite locations is especially reflected in
the high abundance and diversity of Sc mineralsjclwvhnclude bazzite, cascandite,
heftetjernite, kristiansenite, oftedalite, scandioingtonite, and thortveitite (Kristiansen,
2009). Notably, those minerals are a large proportif the 15 known terrestrial Sc-minerals
(Table 1.3). On the other hand, highly fractionaggessartines from the “cleavelandite”
replacement zones of the Upper Hgydalen and LovesidBlen pegmatites exhibit very low
levels of Sc (bulk averages of 15 and 52 ppm Sspedively). Northeastwards from the
Heftetjern-Hgydalen area, the average Sc contergammet drops drastically to low Sc
contents at the Bratterud and Sjauset (119 angif®, gespectively) locations. In the opposite
direction, southwestwards from Heftetjern-Hgydadeea, Sc decreases to both medium and
low Sc concentrations. Garnets with medium abun@antontents comprise the Svaheii 2,
Butvatnet, Kleppe quarry, Lislegrgnlia, and Storeyocations (bulk averages of 987, 392,
478, 646, and 529 ppm, respectively.), while theeptSc-poor garnets originate from the
Storemyr 1, Storemyr 3, Mjeltedalen, GrgnliheiidaBvaheii 3 locations (bulk averages of
338, 235, 295, 60, and 36 Sc ppm, respectivelyterdistingly, garnets of the Svaheii 2
pegmatite in the outmost southwestern corner ofsthdy area form a positive Sc anomaly
surrounded by pegmatites with low Sc garnets. Aseoked through EDS analysis, only wall
zone garnets from the Sc abundant areas in theUggef Haydalen location) and SW areas
(Svaheii 2 location) contain Sc-rich micro inclusso(thortveitite, as seen in Fig. 3.18 A-B).
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Figure 3.34 A illustrates that Sc in most of thdlwane garnets increases with an increasing
spessartine component (from 30 — 60 mol.%), whildarty reflects the general spatial
increase of Sc in the garnets towards the NE-dmectHowever, the wall zone garnets from
the most southwestern (Svaheii 2: ~47 mol.% spasd)northeastern locations (Bratterud:
~54 mol.% and Sjauset: ~76 mol.% spess), have learySc and do not follow the general
NE trend. In addition, both “cleavelandite’-zone steml garnets from the Hgydalen
pegmatites, exhibit the highest spessartine comger(e81-93 mol.%), but virtually no Sc.
In summary, Sc is generally correlated with aneasing spessartine component up to 60
mol.% and increases spatially towards the northéastever, this general spatial distribution
of Sc does not apply for the pegmatites in the nsosithwestern (intermediate spessartine
components with high Sc) and northeastern cormetisd area of this study (high spessartine
components with low Sc). Notably, Sc also abrugtlyps through internal melt fractionation,
which is seen for the garnets related to the “@éndite” replacement zones of the most
evolved NYF pegmatites from Hgydalen.

Both Ca and Mg correlate with Sc in many of theestigated garnets (Fig. 3.34 B-C). The
positive Sc-Ca correlation is observed to a Caamanap to 0.06 Capfu Subsequently, at
concentrations >0.06 Capfu the Sc-Ca correlation is negative. Interestinghe garnets
showing the negative Sc-Ca correlation (SvaheKI2ppe quarry, Storemyr 3, Mjeltedalen
2a, and partly Storemyr 2) have a higher andramiteponent (up to 3.4 mol.%) than garnets
comprising the positive Sc-Ca correlation. This igates that an increased andradite
component results in a decreased Sc content fee tha@rnets. This is surprising as eringaite is
the Sc analogue of andradite and the only knowm&net (Galuskinat al, 2010), thus
implying the substitution of Sc for Fe in the BesiFigure 3.34 C shows a weak negative Sc-
Mg correlation from Sc-rich predominant spessasti(@arnets from the Heftetjern-Hgydalen
area) to “pyrope-rich” garnets (up to 5.5 mol.%Mhieir exhibit generally low Sc contents.
Norman and Haskin (1968) suggested that Ca mighidre favored by substitution together
with Sc than e.g. Mg, which may explain the mergapositive Sc-Ca correlation. However,
this does not apply to the negative >0.06 &du Sc-Ca correlation. Despite the latter
observations, the same author also confirmed tieetis no direct link between 3and
other ions, such as Ca and Mg, in igneous roclgemreral. This makes it rather uncertain if
any of mentioned garnet endmembers has a signifiogpact on the general Sc content in
garnets.

4.2 Mineral-scale distribution of scandium

As mentioned by e.g. Shannon (1976) and Raade €082) Sc, Y, and REEs often occur
together in various minerals (e.g. thortveitite)hisl is because they share chemical
similarities, despite their differences in the madii (0.745 A for St in 6-coordination
compared to with 0.900 A and 0.868 A fof*Yand YB*, respectively) (Shannon, 1976;
Raade et al., 2002). In spessartines, trivalemid Al can replace Mn and Si because of their
akin radii (Reaction 1) (Jaffe, 1951). SimilarlyY3", the incorporation of S¢in the B-site

of spessartines occurs through two possible raatim which Sc either replaces Al and
trivalent Fe (Reaction 2) or divalent Fe and Mnd&®n 3) (Raade et.aR002).
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Reactir2(Y3*,Al*Y) « Mn?* + S
ReacttirSé* « (A%, Fe)

ReactBir2Sé* « 3(F&*, Mn?")

Scandium-rich garnets, from the Heftetjern 1, Hgfta 2, Upper Hgydalen 1, and Svaheii 2
pegmatites all share a predominate spessartineswitbrdinate almandine component. Some
of the mentioned garnets, exhibiting general high/(Mn+Fe) ratios, exhibit a decrease of
the Mn/(Mn+Fe)apfu values from the core to the rim of the crystalg.(€igure 3.36 AC-
AD). This characteristic of Mn- and Ferich garnets has been reported also from aplitels a
pegmatites of other regions (e.g. Baldwin and Varoiking, 1983; Samadi et.al2014).
Similar to the MnO/(MnO+FeOQ) ratio, all Sc-rich gats, found in the wall zone of the
investigated pegmatites, show a general decreabe &c concentrations from the core to the
rim (up to 688 ppm). Growth zoning visualized thghuBSE imaging classify these Sc-rich
garnets into different textural groups, which comsgrthe groups A, F, and G defined in
chapter 3.2.2: (1) group A — garnets with contragt-step zoning (40-290 um wide) with
sub-ordinate fine-scale oscillatory zoning (<20 m wide) (Svaheii 2), (2) group F —
garnets with bright but contrast-poor crystal cdisgep zone 1) overgrown by a relative thin
(up to 200 um), darker margin (step zone 2) (Hgitetl and Heftetjern 2), and (3) group G —
garnets without zoning (Upper Hgydalen 1). Howewatsp some Sc-poor garnets share the
same zoning patterns as the Sc-rich garnets, wduofprise the Lislegrgnlia and Svaheii 3
(group A), and Butvatnet (group F) garnets. No @iaat core-rim variations for Sc are seen
for the Lislegrgnlia garnets, while the Svaheii &rget show no variation at all. Yet, the
garnets of the Butvatnet location exhibit a gendedrease of Sc from the core to the rim.
The Sc-rich garnets from Svaheii 2, Heftetjernrid &leftetjern 2 exhibit a bright core in the
BSE-imaging. Core-rim compositions of Sc for thgaenets (from group A and F) generally
decrease from the core to the rim. Based on thesereations, the textural groups A and F
and their core-rim compositions indicate that trerngt forming melts must have been
relatively Mn-, Y-, and HREE-rich during the eadyages of crystallization. During these
early stages, significant substitutions of Mn, Rg,and Si by Sc, Y, and HREE must have
taken place (according to reactions 1 - 3). Thizcess is especially well illustrated in the
group F garnets. These garnets generally exhiloithighly contrasting step zones: the bright
inner and the darker outer step zones. This mayyimpo different scenarios during
crystallization:1) either sudden changes in temperature, pressuverazmmposition of the
garnet forming melt occurred, @) the Sc, Y, and HREE content was buffered/triggdred
the crystallization/stop of other simultaneouslystallizing Sc-, Y- and HREE-bearing
minerals. Based on observations from BSE-imaging ewore-rim chemistry, many of the
garnets (especially those that are Sc-rich) malpviolY and HREEs fluctuations during
crystallization. However, IBMA-images (see Cha@®e3.3), indicate that the Sc-rich garnets
do not exhibit any consistent intracrystalline wlmition of Sc. These images show no
particular correlation between Y and HREE (Yb) aBid, as occasionally seen when
comparing BSE-images and core-rim chemistry. Yatpeding to this method, Sc is enriched
in the garnet cores, and may decrease in some afryistals towards the margins. In addition,
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a clear negative Sc-Ca correlation can be seelmeinBMA-analyzed grains: Sc generally is
abundant in the core, while Ca is depleted in tire and enriched at the margin of the garnet
crystals.

Both growth zoning and core-rim chemistry of the-@or garnets of the groups B-E
(generally predominantly wall zone almandines) @agaificantly different and variable, than
those that of Sc-rich garnets. Both group B (Mpdilen and Storemyr 3 locations) and
especially group C (Bratterud, Sjauset, Granlirei Kleppe quarry locations) garnets show
evidence of significant crystal resorption/dissimnt events, which partially dissolved the
relative older growth zones. These events, visedlas generally dark truncating resorption
surfaces, can be consequences of abrupt chantgsperature, pressure, and/or chemistry of
the pegmatite-forming melt. These disturbances rbay responsible for the variable
intracrystalline distribution of Sc in those Sc-pagarnets. The other Sc-poor garnets of
group D (Storemyr 1 location) and group E (Storeyocation) both evidently exhibit that
Sc does not follow Y and HREEs fluctuations. Asnséar the Storemyr 1 garnets, with
decreasing brightness from the core to the rima@aally increases from the core to the rim
(in BSE-images). On the other hand, the Storengar®ets show the opposite trend, in which
the brightness increases from the core to the while Sc decreases in the same direction.
Lastly, the Sc-poor “cleavelandite” zone garnet®ig G: Upper Hgydalen 12 and Lower
Hgydalen) exhibit generally low and stable intratajline Sc contents, which are to be
expected since they presumably crystallized in thghly fractionated and Sc-poor
“cleavelandite”-zone forming pegmatitic melts. Thawelts are interpreted as alkaline melt
proportions, which was separated by melt-melt incrbisity from the major pegmatite melt
during pegmatite solidification (Muller et al., &)1 Nevertheless, the intracrystalline Sc-
distribution in most Tgrdal garnets does not shay eonsistency, nor any clear correlation
with the intracrystalline Y and HREE distributiolet, in the Sc-rich wall zone garnets
(Heftetjern-Hgydalen area and Svaheii 2 location)isSabundant in the core and decreases
towards the rim.

4.3 Potential sources of the scandium enrichment

Three processes are suggested to be responsibléhdoSc enrichment in the Tgrdal
pegmatites(1) the enrichment is a consequence of continuous getgnmelt fractionation
(Cerny, 1991b),(2) the enrichment is due to low-degree partial mgltfanatexis) of the
relative Sc-rich amphibolitic host rocks (Mulleradt, 2017), and3) the Sc is leached by the
pegmatite melts when moving through the amphilwoktibst rocks; a hypothesis suggested by
Bergstal and Juve (1988). Anyway, there is the ggrmnsensus (e.g. Bergstgl and Juve,
1988; Raade and Kristiansen, 2000; Kristiansen9p0Mat the main source of Sc of the
Tardal pegmatites is the mafic supracrustal rodkehe Nissedal outlier (amphibolitic host
rocks of the Tgrdal pegmatites). According to Baalgand Juve (1988), the enrichment of Sc
happened while the pegmatite melts penetrated tiedstvely Sc-rich rocks (third process)
(Fig. 4.46). Similar observations were made duffiegdwork; numerous pegmatite bodies
and smaller pegmatitic veins intruded the amphiieolhost rocks. Additionally, this
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hypothesis was during the fieldwork verified by tiresence of amphibolite xenoliths within
the Tardal granite.

According toCerny (1991b), pegmatites are in general genetiaa@lgted to a relatively
larger granite intrusion (pluton). Considering thiedel, pegmatites surrounding the pluton,
evolve chemically with increasing distance awayrfrthe granite source. This is reflected in
the regional chemical/mineralogical zoning of tregmatite field (Figure 4.45). Assuming
that the Sc content in garnets increases with asong fractionation degree of the pegmatite
melt (at least up to a spessartine component @etdInO/(MnO+FeO)), then the most Sc-
rich garnets should occur in the most distant pdigesa while pegmatites with Sc-poor
garnets should be closest to the Tgrdal granitat iBhtrue for both the Sc-poor and medium
in the southwest area, and the Sc-rich garnets fitwenHeftetjern-Upper Hgydalen area,
which occur close and far away from the pluton (lBérgranite), respectively. However as
mentioned above, garnets from pegmatites in thet masthwestern (close to the pluton:
Svaheii 2 location) and northeastern corners ofstiuely area (far away from the pluton:
Bratterud and Sjauset locations) do not apply i®riodel of fractionation.

Increasing
fractionation,
volatile enrichment,
complexity of zoning,
extent of replacements

c.1to 3 km

Figure 4.45: Image taken from (Mdiller et al., 201&hich was modified froderny (1991b). The image shows the
evolution of the geochemistry of an idealized faawition trend from pluton source, barren and toleed/complex
pegmatites.

The regional distribution of Sc in the investigatédrdal garnet-bearing pegmatites does
generally apply taCerny’s (1991b) model (systematic chemical zoningégmatite fields).
However, some anomalies as seen for the Svah&czi¢h, close to the pluton), Bratterud
and Sjauset locations (Sc-poor, farthest away fiftwarpluton) occur. Wise et al. (1998) made
similar findings, stating that the regional distiion of Sc-rich minerals (e.g. Sc-enriched
columbite-group minerals) among pegmatites fromower locations in North America is
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highly unpredictable, and cannot be related toomgi fractionation trends of pegmatite
fields. As stated by Goldschmidt (1937), Sc doesfollow the general partitioning rules of
other elements. Due to its special incompatibleattar (e.g. Bergstal and Juve, 1988; Wise
et al., 1998; Raade and Segalstad, 2002; Pezzaitg 2005), the Sc distribution in granitic
pegmatites is still not well understood. The ove&d concentration in the Tgrdal garnets
both increases with increasing spessartine comper{8 — 60 mol.%), and for pegmatites
farther away from the pluton. However, some of dnémost SW and NE pegmatites do not
follow this general regional fractionation trend thfle Tgrdal pegmatite field. Therefore,
another or an additional source to the Tgrdal tgamust be investigated for the Sc
enrichment observed in the study area.

The 10000*Ga/Alversus (K-O+NaQ)/CaO plot in Fig. 3.44 B indicates that the Térda
granite is anorogenic (A-type). This anorogenigioris supported when plotting the data in
the Y+NbversusRb diagram (Fig. 3.44 C). According to Whalen le{(H87) the formation

of A-type granites, which typically marks the latesagmatic stage of orogenic events,
happens after the creation and abduction of eashegenic granites in the lower crust. The
same authors state that the partially melted daygjitic remnants, which are rich in e.g. F,
generate these anorogenic granites. On the othmat, lae much older and metamorphosed
amphibolites of the Tgrdal area originate from glittis of primitive arc tholeiitic
composition, according to both the Ti-V- and Th-Fd-ternary plots (Fig. 3.43 A-B).
Scandium in such rocks crystallized from mafic sielacts as a compatible element,
according to experimental evidence by Norman anskiia1968). Table 3.7 shows that both
Sc and F are significantly more abundant in thelabgiites than in the Tgrdal granite (Fig.
4.46). Based on this observation, it is evident tha source of Sc and F in the pegmatites are
most likely from the amphibolites. However, the sfien remains; were Sc and F leached
from the amphibolitic host rocks and absorbed keyghgmatite melt during anatexis, at the
time of migration and emplacement in these hodts®c

29-30 Sc ppm, Intrusions of pegmatite and aplite veins, |2 ppm Sc,
0.16-0.08 F wt.% and small granite bodies 0.01 F wt.%

Outlier supracrustal
sequence

Discordance 1300-1200 m.y.r

thrust?

]
R Basement
\ 1520-850 m.y.r

Fragments of outlier and
basement rocks drowned in
Tardal granite 960-850 m.y.r

Figure 4.46: This image is modified from (Bergstadtl Juve, 1988), which displays the view by thedsoasifor the Sc
enrichment in the Tgrdal pegmatites. The Tgrdahiea from which the Tgrdal pegmatites derivedyidéed both the
basement and the Sc-enriched supracrustal rocksiddem concentrations in the two analyzed typesf fock are
outlined in the image — amphibolitic host rock: 20-Sc ppm, and the Tgrdal granite: 2 ppm.
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According to Andersen et al. (2007), the Tagrdahdeayielded a U-Pb zircon age of 918 + 7
Ma, while the ages of the pegmatites were not knammhl recently. Recent studies by
Rosing-Schow et al. (2018), using fergusonite ftbm Tardal granite, disclosed a discordant
U-Pb age of 946 + 4 Ma. The same study revealed ddlumbite ages of 892 + 8.8 Ma of
the Skardsfjell pegmatite. This pegmatite sharesggochemistry and is in the proximity of
the evolved NYF pegmatites of the Heftetjern-Hggdahrea (Oftedal, 1942). This implies
that the pegmatites may be up to ~40 Ma younger tihe Tardal granite. Consequently, the
Tardal granite is, therefore, an unlikely sourcetfe pegmatitedMiller et al. (2017) support
this hypothesis since they made similar findings fbe neighboring Sveconorwegian
pegmatite fields of Evje-lveland and Froland. Thene authors forward the supposition that
the Tgrdal pegmatites like other Sveconorwegiammagiges (e.g. from the Evje-lveland and
Froland pegmatite fields) may be formed by diretataxis of the amphibolitic host rocks.
Evidence supporting the anatectic origin of thedB#pegmatites during this thesis’ fieldwork
were observed from e.g. the Kleppe quarry locatiéor instance, at this location, the
amphibolites show clear textural evidence for lopattial melting and the generation of
pegmatite melt (Figures 3.7 E-F). In light of thise Sc in the pegmatites was probably taken
up by fractional partial melting (anatexis) of tamphibolites and through continuous melt
fractionation. The pegmatite melt may therefore hate been generated as late hydrous
fractionated melts from the Tgrdal granite as presiy believed.

Fluorine is known, as an effective fluxing ageontassemble Sc and other rare metals in the
latest magmatic fully fluid-saturated pegmatitic ltme(e.g. Segalstad and Raade, 2003;
Pezzotta et al., 2005), in the form of relativetsbde Sc-F-complexes (Gramaccioli et al.,
2000). This is evident especially for wall zonetites in both the Heftetjern and Skardsfjell
pegmatites, which exhibit both high F and Sc casténp to 6.04 F and 0.43 Sc wt.%)
(Rosing-Schow et al., 2018). Wall zone muscoviteam publication) from the Upper
Hgydalen pegmatites exhibit lower Sc and F contéh&9 — 6.34 F and 0 — 0.08 Sc wt.%).
Yet, wall zone muscovite from the Skardsfjell pegteaactually exhibit higher F (7.12
wt.%), but no Sc contents. On the other hand, ganaturally lacks F in its structure.
Consequentlyrelatively few occurrences of F-rich micro inclussoare present ithe wall
zone garnets (up to 0.29.88 wt.%) from all the investigated pegmatites (witle exception

of “cleavelandite”-zone garnetsjhe Sc and F contents in micas and garnets, incplar
from the wall zones of the evolved NYF pegmatitesn be explained in the following
process: during anatexis of the amphibolitic hastks (Sc- and F-rich) relatively stable
ligands, such as Sekvere formed (Fig 4.47). This ligand acted as agpart medium for Sc
and entered the pegmatite melt during its init@hfation. During the crystallization of the
different mineral phases of the first proportionpefgmatitic melt (e.g. wall zone), this ligand
was dissociated. Scandium and F, therefore, weatdifferent mineral phases based on the
variable compatibility/incorporation of Sc and Fgiegarnet, mica, K-feldspar, plagioclase).
Fluorine in the wall zone is preferentially incorpted into micas (ideal formula: AB
3(X,S1)4010(0O,F,OH}). Most of the Sc-rich minerals in Tgrdal are fodnduring the late
hydrothermal stages of the pegmatite formation. (Raade et al., 2002; Chukanov et al
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2017). In particular, pegmatites of the Heftetjarea are type localities for the Sc minerals
heftetjernite, kristiansenite, oftedalite — allvafich are related to the late hydrothermal stages
(Kristiansen, 2009). Due to the tiny crystal sigeg. up to 2 mm for kristiansenite according
to observations by Raade et al., 2002) and rarergmuce within the pegmatite bodies, a
relatively small portion of Sc bulk content is imgorated into these minerals. Therefore, the
major part of Sc, during the late hydrothermal walhe crystallization, went into the other
Sc-compatible minerals such as e.g. biotite anehegafwith occasional thortveitite micro
inclusions according to EDS analysis), and minwscamounts into K-feldspars and
plagioclases (Table 4.8). Plausibly, a considergblgion of Sc in those minerals may have
been re-mobilized from primary mica and/or garndterad during these late-stage
hydrothermal processes. Despite the mentioned sitppts, the partition of Sc into the
different mineral phases remains an open quesiibith needs to be further investigated.

Table 4.8 Sc partition coefficients in rhyolite
Mineral Sc Kd Authors
13.6 -19.2 (Irving & Frey, 1978)
Gamet 63 (Sisson & Bacon, 1992)
Biotite 4.9-20 (Nash & Crecraft, 1985)
K-feldspar 0.029 (Leeman & Phelps, 1981)
b 0.01-0.04 (Nash & Crecraft, 1985)

Plagioclase 0.01 (Bacon & Druitt, 1988)

9 0.02—0.06 (Nash & Crecraft, 1985)

Table 4.8: Displayed patrtition coefficients for i@different mineral phases. Rhyolites shares singeochemistry as
granitic pegmatites, which may indicate the incagtimn of Sc into different pegmatitic mineral phasData on the
incorporation of Sc into muscovite and quartz appeaccessible in literature, and is therefore mutluded.

Anatexis of Sc- and F-rich | Sc transport in the anatectic Break up of Sc-F-complex during late
amphibolitic host rocks | melt via ScFs complexes hydrothermal wall zone crystallization

[ScFs]

Sc-rich minerals
B vica = Pl

Figure 4.47: Schematic illustration of the origan@texis of amphibolites), transport via S@@mplexes in the anatectic
pegmatite melt, and final incorporation of Sc itiie different mineral phases in the wall zone ofNlYé& pegmatites. The
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size of arrows indicate degree of Sc partition ithte distinct pegmatite-forming mineral phases. Irtgoaly, only a small
portion of the bulk Sc contents in the pegmati&esdorporated into the tiny and rarely occurring-8inerals. Thus, most of
the Sc is incorporated into the relatively biggeénemals such as micas and garnets. Mineral abbréwies: Gt = garnet,

Kfsp = K-feldspar, Pl = plagioclase. The micas arainly biotites, while accessory Sc-rich mineralduigie e.g. thortveitite.

The regional distribution of Sc in garnets showsegally a systematic zoning in Tgrdal.
Clearly, Sc becomes enriched from the Sc-poor ¢gminghe Butvatnet-Grgnliheii area (SW)
to the Sc-rich garnets of the Heftetjern-Hgydaleaaa(NE). This may imply that the
pegmatitic melts were probably generated by pamialting (anatexis) of the amphibolitic
host rocks in the SW-area of this study (Sc-poagnpettites residing in the pink K-feldspar
zone). Considering this assumption, the pegmatitelt would have moved in the NE-
direction, being continuously fractionated, whibestly generating the Sc-rich “amazonite”
pegmatites in the Heftetjern-Hgydalen area (Fig8¥.However, this model does not apply
for the pegmatites of the most SW (Sc-rich and pAleldspar dominated pegmatite of the
Svaheii 2 location) and NE corners (both the Scraoal “amazonite” dominated pegmatites
of the Bratterud and Sjauset locations). It is ¢fme suggested that at least some melt
portions moved in the NE-direction from the Sc-paorthe Sc-rich pegmatites. This is
indicated by the overall regional distribution of $ the Tgrdal pegmatites as discussed
above.
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Figure 4.48: The displayed map shows the plausielative pegmatitic melt direction in Tgrdal. Thegp®titic melt was
most probably continuously fractionated from thsslevolved Sc-poor NYF pegmatites in the SW-areardsvthe more
evolved NYF pegmatites in the Heftetjern-Hgydalea gnortheast). Importantly, the pegmatitic meltsimarobably did not
originate from the Tardal granite. The more plalsibource of this melt was generated through anat@artial melting) of
the Sc-rich amphibolitic host rocks. Solid lineg dvased on the regional zoning of the Tgrdal petjesasuggested by
Bergstgl and Juve's (1988) on the base of disiohubf K-feldspar types (pink K-feldspar, white Kdépar and
“amazonite”). Stippled lines are highly uncertaiare borders, which need to be further investigaBrdtterud and Sjauset
are outside the map area. The Tgrdal granite (blercisses) is displayed at the eastern edge of #ye irhe granite contact
is still uncertain in some parts due to limited @ops and access challenges.
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4.4 Economic implications of the scandium enrichmen

According to the achieved results, Sc in garneth®fTagrdal pegmatites generally exhibits an
overall systematic distribution pattern with incsigey enrichment towards NE in the area of
this study (Sc-poor in the SW-area to Sc-rich ie tE-area). Thus, from an economic
perspective, the Heftetjern-Hgydalen area yieldshighest Sc concentrations and therefore
has the highest economic potential. The Tgrdal basabeen in the past subjected to several
exploration campaigns e.g. the Scandium Internatidmining Corporation. As a result of
their 2011-2012 prospects of the Tgrdal area (Suant¢hternational Mining Corp., 2018b),
the company reported promising potential explatatof various rare metals (e.g. Sc and
REES) of relatively high concentrations from ovél03mapped and sampled pegmatites.
According to Scandium International, the highestasueed Sc concentrations of pegmatites
was above 1.600 ppm (bulk rock analysis by XRFe €ompany stated further that notable
mineralizations of Sc, as well as HREE, occur m dmphibolitic host rocks. These rocks are
therefore considered as the source for both tharcHREE enrichment. In addition, the
company announced the following distribution of iBcthe area based on XRF bulk rock
measurements of the pegmatites (Fig. 4.49). ThieeBigconcentrations were detected in the
Heftetjern area with an average of 1.000-1.500 [@u pArea 1. Kleppe), and 500-1.500 Sc
ppm in the Storemyr area (Area 2: Heftetjern). Ftbese areas, Sc generally decreases in the
SW direction towards Solli (Area 3) with 300-700npiBc, South Kleppsvatn (Area 4) with
300-900 ppm Sc, and Butvatn (Area 5) with 300-1.9pfh Sc. This study also shows that
mica is more Sc-rich than garnet (moderate Sc).ohaptly, the result by Scandium
International, revealing the gradual NE-orientedamment of Sc, has been confirmed by this
study.

Mica data by Rosing-Schow et al. (2018) from dgfer pegmatites from Tgrdal show
variable Sc contents. The lepidolites from Lowed &lpper Hgydalen pegmatites have no Sc,
whereas muscovite from the Upper Hgydalen pegmiagiseslightly higher Sc contents (0.1 —
0.8 Se0s wt.%, 0.00 — 0.01 Sapfu). Muscovite from the Skardsfjell pegmatite consano
Sc. However, biotites from the latter local shoeveted Sc (0.14 — 0.23 £» wt.%, 0.01 —
0.03apfu), and biotites from Heftetjern has even higher &tents (0.12 — 0.43 &8s wt.%,
0.01 — 0.0=pfu). Oftedal (1943) detected Sc contents in micas fpegmatites at Hgydalen
(0-0.07 Sc wt.% in muscovite and 0.005 Sc in lelieloand Skardsfjell (0.2 Sc wt.% in
zinnwaldite and 0.04-0.05 Sc wt.% in muscovite)n€aguently, these presented mica data
indicate that biotites are most abundant in Sc @et to white micas, but exhibiting
variable concentrations.

According to this study, the Tagrdal garnets yieldktaverage concentrations of ~ 0.08G¢
wt.% (EPMA) and ~ 876 Sc ppm (ICP-MS). The high&stconcentrations in garnet were
detected in samples from the Heftetjern area upa8 wt.% SgOsz or 0.02apfu Sc(EPMA),
and 2197 ppm Sc (ICP-MS). For comparison, biotikethe Heftetjern area also exhibit the
highest Sc concentrations (Rosing-Schow et al.8R0These values correspond to other
measurements of garnets from the Heftetjern ar€a3~to ~ 0.5 wt.% S€©s (Raade and
Kristiansen 2000, 2003). Similarly, in other pegmestfields of southern Norway, such as the
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Evje-lveland field, both biotite and garnet havghiSc contents (1,040 and 1,240 ppm,

respectively) (Stokkeland, 2016). This study shdwat garnets can inde

ed be used as

pathfinder mineral for the Sc mineralization in gt pegmatites. As discussed above,
garnets exhibit relatively consistent Sc conceimnatin one pegmatite body in comparison to

e.g. micas, which can have much more variable 8teats. However, it could

also imply that

various members of the garnet family occurring me @egmatite will show different Sc-

contents. In particular, almost pure spessartireenfrthe “cleavelandite”

zones of the

Hgydalen pegmatites have no Sc, whereas more alngndh spessartines from the wall
zone of the same pegmatites are rich in Sc. Thexefbis crucial to pay attention during
sampling from which zone of the pegmatite the garneriginate, before making any

conclusions on the overall Sc distribution and @coic potential of an area.
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5. Summary and outlook

1) Regional distribution of Sc in the Tgrdal garnes

Most of the investigated garnets of the Tgrdal peges show a distinct spatial increase of
the Sc content from SW (Butvatnet-Grgnliheii ard¢ad)E (Heftetjern-Hgydalen area) of the
study area. Evidently, Sc-rich micro inclusions andy present in the wall zone garnets from
the Sc abundant NE-area (Upper Haydalen) and SWec¢8vaheii 2) of the study area. The
spatial increase of Sc is correlated with the iaseeof the spessartine component from 30 to
60 mol.% (up to 0.29 SOz wt.% and 2197 ppm Sc). Regarding this generaldir&c
contents in garnet-bearing pegmatites increase thighdegree of fractionation, commonly
seen in other pegmatite fields. However, wall zgaeets from both the most SW (Sc-rich
~47 mol.% spessartines from the Svaheii 2 locatam) NE (Sc-poor ~54 mol.% spessartines
from the Bratterud and ~76 mol.% spessartines ftiben Sjauset locations) corners of the
study area do not follow this general trend. In dhemically most evolved Tardal NYF
pegmatites of the Hgydalen area, Sc in garnetidadlgtdrops from the wall zone Sc- and
almandine-rich spessartines (up to 1538 ppm Sc &b@ mol.% spess) towards the
“cleavelandite”-zone garnets. Evidently, these dekdandite”zone garnets represent the
most advanced stages (81-93 mol.% spessartine ec@npoof fractionation, where Sc is
nearly absent.

2) Mineral-scale distribution of Sc within the Tgrdal garnets

Scandium in the Sc-rich garnets (Heftetjern 1-2pé&tpHaydalen 1 and Svaheii 2) generally
decrease from the core towards the crystal magmt¢ 688 ppm Sc difference). This
decrease of Sc, especially for the Heftetjern darme@ accompanied, by the decrease in
Mn/(Mn+Fe) ratios and both Y and HREE contents.atidition, IBMA indicate that the
investigated Sc-rich garnets (Heftetiern 1-2 andh®ii 2 locations) exhibit Sc-abundant
cores, where Sc might slightly decrease towardsritme Other garnets with lower Sc
abundances did not show any overall consistentildlision of intracrystalline Sc, nor any
particular correlation with other major or traceraents (e.g. Y and HREES).

3) Potential sources of Sc-enrichment in the Tgrdgdegmatites

Similarly to other pegmatite fields, the Sc cont@mtmost of the garnet-bearing Tgrdal
pegmatites is accompanied by a systematic SW-N&nxt@ul increasing degree of
fractionation. Initially, this implies that the pegtite melts may have originated as
fractionated melts from the Tgrdal granite plutauth in the study area. As proposed by
Bergstal and Juve (1988) Sc was leached from thec rmapracrustals (amphibolites) into
these fractionated pegmatite melts, as these matised through them. Geochemical whole
rock analysis concurs with this theory and revesagmificantly higher Sc (including F)
contents in these amphibolitic host rocks (29-3th ) than in the Tgrdal granite (2 ppm
Sc). However, fieldwork indicates evidence for loaad direct anatexis of the amphibolitic
host rocks. In addition, the most recent datinghef pegmatites and the spatially related
Tardal granite by Rosing-Schow et al. (2018) rex@dhat the Tgrdal pegmatites are about 40
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Ma younger than the Tgrdal granite. Thus, the Tiggdgmatite melts did not originate from

the Tardal granite but were rather formed by l@ral direct anatexis of the amphibolitic host
rocks. As suggested, the anatectic pegmatite melteed from the Sc-poor SW to the Sc-rich
NE area of the study. During this melt migrationotigh the amphibolitic host rocks, Sc in

the pegmatite melts, both assembled and transpbyt&tF complexes, became increasingly
fractionated and continuously Sc-enriched. Lastlgst of these highly fractionated and most
Sc-enriched melts were emplaced in the NE parthef study area (the most Sc-rich

Heftetjern-Hgydalen area). In these evolved NYF np&tfes (especially the Heftetjern

pegmatites), a large portion of Sc was incorpordatéd micas and garnets in the late
hydrothermal wall zone. However, this incorporatanSc into the different mineral phases
of the late hydrothermal wall zone needs to béntrrinvestigated.

4) Economic implications of the Sc-enrichment in Talal.
The main outcome of this study demonstrates tleapdgmatites of Heftetjern-Hgydalen area

are most abundant in Sc, and thus, yields the bigb&tential for future exploitation of this
metal. In an individual pegmatite body, Sc contesuts considerably more consistent in
garnets compared to micas, as revealed by thiy.s@&kafnet is, therefore, a significantly more
reliable pathfinder mineral for Sc mineralizatioglated to granitic pegmatite fields. This
study also shows that the different garnet endmesnisghin distinct evolved NYF pegmatite
zones will have a great impact on the Sc contewniddatly, the Sc drops through internal
fractionation from the Sc abundant almandine-rigbssartines of the wall zone to the almost
pure spessartines from the “cleavelandite’-zoneesé&h cleavelandite’-zone spessartines
virtually have no Sc and should, therefore, be @@widuring exploration. With this in mind,
it is of great importance for future Sc explorationconsider from which zone of the evolved
NYF pegmatite the garnets originated. Considerimgfindings of this study, the following
aspects should be considered for future studiegrins of the estimation of both distribution
and economic potential of Sc mineralization in grapegmatite fields:

1) Further mapping of the pegmatites in the Tgrdad,areorder to know the total size of
this pegmatite field (The study area comprises @lyart of the Tagrdal pegmatite
field).

2) Investigation of Sc distribution in the whole Tdrdaegmatite field, since the
pegmatites of the SW- and NE-corners of the studg do not follow the main SW-
NE-oriented spatial systematic Sc-enrichment treaslseen for most of the other
pegmatites.

3) Exploration on why the Sc content suddenly dropa apessartine component >60
mol.%, and the impact of other elements such asGagand Mg (reflected in other
endmembers such as e.g. andradite and pyropegddcthontent in garnet.

4) Inspection on the potential late hydrothermal psses, which are involved in the
incorporation of Sc into distinct mineral phaseascfsas garnet and micas as well as
other minerals) of the wall zone in the evolved NdEgmatites.
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7. Appendix

Appendix 7.1: Sample/thick & thin sections list

Sample Location Mineral/Rock Pegmatite UTM East North | Thickness
zone Zone
GAS09061603 Bratterud Garnet/Pegmatite Bratterud 32V 488817 6562727 300-um
GAS05061618 Butvatnet Garnet/Pegmatite Butvatnet 32v 481700 6557482 300-pm
GAS06071703 Granliheii Garnet/Pegmatite Grgnliheii 32v 482611 6557673 300-pm
GAS20091508, Heftetjern 1 Garnet/Pegmatite Heftetjern 32v 485407 6560383 300-um
GAS08061601 Heftetjern 2 Garnet/Pegmatite Heftetjern 32v 485238 6560598 300-um
GAS07061611] Kleppe quarry Garnet/Pegmatite Kleppe 32v 484884 6557627 300-um
GAS04071705, Kleppe quarry Amphibolite Kleppe 32v 484892 6557629 30-um
GAS04071707| Kleppe quarry, Granite Kleppe 32v 485303 | 6556713 | 30-um
granite outcrop
GAS06071710 Lislegrgnlia Garnet/Pegmatite Lislegragnlia 32v 483592 6557878 300-pm
GAS23091545 Lower Hgydalen "Cleavelandite" Hgydalen 32v 0486445 | 6560532 300-pm
garnet
GAS06071715 Mijeltedalen 2a | Garnet/Pegmatite Mjeltedalen 32V 484311 6557191 300-um
GAS06071716| Mijeltedalen 2b Amphibolite Mijeltedalen 32v 484311 6557191 30-um
GAS05071708, Sjauset Garnet/Pegmatite Sjauset 32v 486505 6562085 300-um
GAS06061609 Storemyr 1 Garnet/Pegmatite Storemyr 32v 485640 6558697 300-um
GAS06061604 Storemyr 2 Garnet/Pegmatite Storemyr 32v 485441 6558866 300-pm
GAS07071703 Storemyr 3 Garnet/Pegmatite Storemyr 32v 485627 6558286 300-pm
GAS05061609 Svaheii 2 Garnet/Pegmatite Svaheii 32V 481596 6556927 300-um
GAS05061613 Svaheii 3 Garnet/Pegmatite Svaheii 32V 481515 6557011 300-um
GAS08061612| Upper Hgydalen | Garnet/Pegmatite Hgydalen 32v 486274 6560473 300-um
GAS03071715 Upper Hgydalen | "Cleavelandite" Hgydalen 32v 486274 6560473 300-um

garnet
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Appendix 7.2: Thick samples descriptions

—

Samples Garnet Crystal sizes (minimum- Garnet color (PPL) and
occurrence | maximum) and habit zonation
within
pegmatite
Bratterud Wall zone 0.2-4mm. Subhedral to anhedral Brown-asimgslight color zonation,
GAS09061603 commonly resembling pale rims
around dark cores.
Butvatnet Wall zone 0.3-2.6mm. Euhedral-subhedral crystadls wBrorangish color. Thin pale colof
GAS05061618 zones around dark cores are common.
Grgnliheii Wall zone 0.2-1.5mm. Euhedral to subhedral. Browamgish. Some crystals exhib
GAS06071703 slight color zonation resembling pale
rims around dark cores, while others
show no apparent color zonation.
Heftetjern 1 Wall zone 0.1-6mm. Euhedral (smallest garnets)|t@rown-orangish. Slightl color
GAS20091508 subhedral-anhedral (larger garnets) zonation, commonly resembling pale
rims around dark cores.
Heftetjern 2 Wall zone 0.2-7mm. Subhedral-anhedral. Brown-ordmditightl color
GAS08061601 zonation, commonly resembling pale
rims around dark cores.
Kleppe quarry Wall zone 0.2-1.5. Euhedral-subhedral. with some Brown-orangish. Slightly color
GAS07061611 dendritic overgrowth. zonation, commonly resembling pale
rims around dark cores.
Lislegrgnlia Wall zone 0.3-1.2mm. Euhedral to subhedral. Browamgish. Color zonation,
GAS06071710 commonly resembling dark rims, pale

cores, and several intermediate zoneps
both dark and pale.

Lower Hgydalen

Cleavelandite

1.2cm. Fragment of larger crystal

Light brownistish. No apparent

GAS23091545 replacement color zonation.
zone

Mjeltedalen 2a Wall zone 0.6-3mm. Subhedral to anhedral. Often Brown-orangish. Color zonation,

GAS06071715 resembling skeletal/lamoeboid shapes.| commonly resembling pale rims,
relative paler intermediate zones, and
dark cores.

Sjauset Wall zone 0.1-1.5mm. Euhedral to subhedral. Dahktlgrey to pale orangish color

GAS05071708 Some crystals exhibit no apparent
color zonation, while others exhibit
slight color zonation, resembling pale
orangish rim around light grey cores.

Storemyr 1 Wall zone 2-4mm. Euhedral-subhedral. Brown-orangabr. Pale rims

GAS06061609 around dark cores are common.

Storemyr 2 Wall zone 0.2-1mm. Euhedral-subhedral. with son&rown-orangish color. Commonly dank

GAS06061604 dendritic overgrowth. rims around pale cores.

Storemyr 3 Wall zone 0.2-2mm. Anhedral. resembling Dark brown-orangish. Slight color

GAS07071703 skeletal/amoeboid shapes zonation, commonly resembling pale
rims around dark cores.

Svaheii 2 Wall zone 0.7 — 2 mm. Euhedral Brown-orangish color. Commonly

GAS05061609 multiple color zoning, resembling both
dark rims and cores with intermediate
pale color zones.

Svaheii 3 Wall zone 2 cm. Crystal fragment Brown-orangish cdip apparent

GAS05061613 color zoning.

Upper Hgydalen 1 Wall zone 1.5cm. Subhedral fragment Brown-orandishapparent color

GAS08061612 zonation.

Upper Hgydalen 12 Cleavelandite| 2cm. Subhedral/anhedral fragment. Yellow alterated mica with white

GAS03071715 replacement | Garnet fragments in alterated anhedral fragments: 0,1-2mm.

zone

Surrounded by purple mica

(lepidolite).
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Appendix 7.3: Thick sections images, garnet

Appendix 7.3: Displayed images of the all the I¢ktsections of the sampled garnet-bearing pegesiit Tardal. A:
Svaéheii 2, B: Svaheii 3, C: Butvatnet, D: StoremyE2Storemyr 1, F:Storemyr 3 (grain cluster 1), Keppe quarry, H:
Heftetjern 2, I: Heftetjern 1, J: Upper Hgydalenkt,Upper Hgydalen 12, L: Lower Hgydalen, M: BratteriN: Sjauset, O:

Grgnliheii, P: Lislegrgnlia, Q: Mjeltedalen 2a. Thed circles indicate the garnet grains (with graiambers), which were
imaged both in PPL and in BSE.
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Appendix 7.4: Thin sections images, side rocks

Appendix 7.4: A: Kleppe quarry amphibolite, B: Tdrgeanite near Kleppe quarry, C: Mjeltedalen (2b) dmiwlite.
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Appendix 7.5 Origingarnet BSE-images

B

[

=1000 um BSE 15,6V
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1000 m BSE 15.kV

Appendix 7.5: Original BSE-images of the displaytimg studied garnets: group A (A-D), group B (A-@pup C (A-J),
group D(A), group E(B), group F (A-C). Group G igmrcluded due to their lack of zoning and relayvarge sizes.
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Appendix 7.6-8 are all attached as excel spreatishéppendix 7.6: EPMA-acquired data of
chemical core-rim compositions in 33 analyzed Thgdanets. Some of the grains’ cores and
rims (Storemyr 1 and 3) in some analyses were efied, but were however considered for
regional bulk concentration data. Appendix 7.72{KS data of average core-rim
compositions from 18 Tgrdal garnets, and chondt@enalized core-rim compositions of
those garnets. Seven (96-7=88) laser ablation ganat not included since these points either
exhibited “untrue” concentrations or the zone (tam® of the crystals was not defined.

Appendix 7.8: ICP-MS data of bulk rock geochemisiopcentrations of the three
investigated host rocks from the Kleppe quarry lijeltedalen locations in Tardal.

Appendix 7.9: Overview of minerals in the Tgrdal

Mineral

Formula

Actinolite

CaZ(M g4.5—2.5F%.5—2.52+)Z=58i8022(o H)Z

Agakhanovite-(Y) (TL)

YCa |,KBe,Si,,0

371273C
Albite NaAISi,O,
var: Cleavelandite NaAISi,O,
var: Oligoclase-Albite NaAISi,O,
i - 2+ - -
Allanite-(Ce) CaCeAlFe (Si,0)(Si0,)O(OH)
'‘Apatite’ Cg (PO, X
— , o~ >
Axinite Group Axinite-(Fe) Cafe Al BSi,0, OH
Axinite-(Mg) CaMgAl BSi,0,.OH
—— o _
Axinite-(Mn) | camn” AlLBSI,0,(OH)
Tinzenite
2+ .
CaMn, Al,[B,Si,O,](OH),
Bastnasite-(Ce) CeCQF
Bavenite CaBe,, Al, SO, (OH),  , (x=0-1)
. =
Bazzite Be,(Sc,Fe ,Mg),Si0,, - Ng . - nHO
Bertrandite Be,Si,0,(OH),
Beryl Be,AlSi.O,,
H 2 2
Beusite Mn +Fe2 +(PO4)2
'Biotite' K(Mg, FE€)3AlISi3010 (OH,F)
Bismoclite BiOCI
Bismuth Bi
Bismutite Bi202(COs)
Bohseite CaBes+xAl 1.xSigO25.(OH)z+x , (X = 0-1)
Brookite TiO>
Calcite CaCQ
Cascandite CaScS0s(OH)
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Cassiterite SnG

Cerianite-(Ce) CeQ

Cerussite PbCQ

Clinochlore MgsAl(AlSi 3010)(OH)s
Clinozoisite CaAl3(Si207)(Si0s)O(OH)
Epidote CaFe** Al 2(Si07)(Si0s) O(OH)

Euxenite-(Y)

(Y,Ca,Ce,U,Th)(Nb,Ta, T¥Ds

Fergusonite-(Y) YNbO4

Fluocerite-(Ce) Cek

Fluorite Cak

var: Yttrofluorite (CaxYx)F2+x, (0,05 <x<0,3)
Fluor-schorl NaFe?*Al¢(SisO15)(BO3)3(OH)sF
Gadolinite-(Y) FE'BexY 2(Si04)202

Gahnite ZnAl>04

Galena PbS

Goethite FeO(OH)

Heftetjernite (TL) ScTaQ

Hellandite-(Y) (Ca,REE)Y2Al(Be,Li)2xB4SisO22(OH):
Helvine BesMn42*(Si0)3S

'Hingganite-(Y)' (Y,REE,Ca)(o,Fe")Be[SiO4] 2(OH),
liImenite FETi**Os

var: Manganoan limenite FE'TiOs3

Ixiolite (Ta,Mn,Nb)Q

var: Scandian Ixiolite (of Bergstal &

Juve

(Ta,Sc,Nb,Sn,Fe, TiDs

Kainosite-(Y)

CaY2(Si04C0s) - KO

Kamphaugite-(Y)

CaY2(C03)4(OH)2 - 3HO

Kristiansenite (TL) CaScSn(SiO7)(SiOsOH)
Kuliokite-(Y) Y 4AI(SiO4)2(OH)2Fs
Laumontite Ca(SkAl2)012 - 40
Lepidocrocite Fe**O(OH)

'Lepidolite’ K(Li,Al) 3(Si,Al)4010o(F,OH)
‘Limonite’ (Fe,0,0H,HO)

Magnetite FE'Fe>'0s

Microcline KAISi30g

var: Amazonite KAISi30g

Microlite Group

(Ca,Na)Ta(O,0OH,FY

var: Scandium Microlite (of Bergsta

lIncompletely described Sc-microlite group mineral

& Juve)

Milarite KCa(BexAlSi12030) - XxHO
Molybdenite MoS;

Monazite-(Ce) CePQ

'Morganite' BesAl2(SisO1s)

Muscovite KAl 2(SizAl)O10(OH).
'‘Muscovite-2M1' “Muscovite-polytype”

Nontronite Nao,sFe*(Si,Al)4010(OH)2 * nH20
Oftedalite (TL) KSc(BesAlSi11)Ozo

Opal SiC2 - nHO
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Phenakite

BexSiOy

Plattnerite

PbG

'Plumbomicrolite (of Hogarth 1977)

Pb-rich microlite, Plumboan member of the micralit
pyrochlore family.

Polycrase-(Y)

Y(Ti,Nb)2(O,0OH)

Pyrite

FeS

Pyrochlore Group

A2ND(O,0HY%Z , (A =
Na,Ca,SA",Sr,SB*,Y,U* H0 or ) (Z =
OH,F,0,H0 or )

var: Yttropyrochlore (of Hogarth
1977)

A:ND2(O,0H%Z , (A =
Na,Ca,SA",Sr,SB",Y,U* H0 or ) (Z =
OH,F,0,H0O or()

Pyrochlore Supergroup

A2.mB2X6-wY 1-n (A = Na,Ca,SH",Sr,SB",Y,U* H20
or [1, rarer Ag,Mn,Ba,F&,Bi®*",Ce (including other
REE), Scor Th) (B =
Ta,Nb,Ti,SB*W,V°*,Srf* Zr,Hf F€*,Mg,Al,Si)

(X =0, also with OH and F)

(Y = Anion, vacancy, kD, or large cation of OH,F,Q
1,H20,K,Cs,Rb)

var: Yttrobetafite (of Hogarth 1977)

A2-mB2X6-wY 1-n (A = Na,Ca,SH,Sr,SB,Y,U** H.0
or [, rarer Ag,Mn,Ba,F&,Bi**,Ce (including other
REE), Sc or Th) (B =
Ta,Nb,Ti,SB*,W,Vv°*,Srf*, Zr, Hf Fe*, Mg,Al,Si)

(X =0, also with OH and F)

(Y = Anion, vacancy, kD, or large cation of OH,F,Q
'1,H-0,K,Cs,Rb)

Quartz SIO,

Rutile TiO>

var: llmenorutile Fe(Nb,Tapx - 4ThxO>
var: Striverite (Ti,Ta,Fe)Q
Rynersonite CaTaOe

Scandiobabingtonite

(Ca,Na)(Fe&**, Mn)(Sc,Fé"SisO14(OH)

Schorl NaFe?*Als(SisO1s)(BOs)3(OH)sOH

Spessartine Mn32*Al 2(SiOx)3

Sphalerite ZnS

Stilpnomelane (K,Ca,Na)(Fe,Mg,Aly(Si,Al)12(0,0HX%s * NHO

Synchysite-(Y) CaY(CQy)F

‘Tantalite' (Mn,Fe)(Ta,Nb)Os

Tantalite-(Fe) Fe*Ta0s

Tengerite-(Y) Y2(CQOs)s - 2-3H0

Thorite ThSiQy

Thortveitite SeSiOr

Titanite CaTiSi%

var: Triclinic Titanite Both Ta- and Al-bearing titanite from Heftejern
pegmatite

Topaz Al>SiOsF

‘Tourmaline' A(D3)Ge(T6O18)(BO3)3X3Z , (A = Ca,Na,K or vacant

(large cations)) (D = Al, F&Fée*, Li,Mg?*,Mn?) (G

= Al, Cr*, Fe'* V) (T = Si, occasionally minor Al
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and B (X = O and/or OH) (Y = F,O and/or OH)

Tveitite-(Y) (TL)

(Y,Na)s(Ca,Na,REE)(Ca,Na)k>

Uedaite-(Ce)

Mn?*CeALFe**(Si,07)(SiOs)O(OH)

Xenotime-(Y)

YPOy

Yttrotantalite-(Y)

(Y,U,Fe)(Ta,Nbp(O,0H}

'Zinnwaldite' KLiFe?*Al(AISi 3010)(F,OH)
Zircon ZrSiOy
var: Alvite Zr(SiO4) , commonly referred to as a metamict

hafnium-rich zircon

Appendix 7.9 : Mineral overview of reported mineragsm the Tgrdal area taken from https://www.mindaf/oc-

23233.html
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