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ABSTRACT

Full Name . [FarisAhad Sulistyohariyanto]

ThesisTitle . [Petrogenesisef the HFSEandREE mineralizedAl-Ghurayyalgranite
pluton, NW Saudi Arabia]

Major Field . [Geology]
Dateof Degree : [05/2024]

The ArabianNubian Shield (ANS) comprises the largest tragueénile, mantlederived
continental crust on Earth. ANS granitoids thus record the major develomndnt
evolutionof thisjuvenileNeoproterozoicontinentakrustandextensivealistributionof A-

type granitoids. Whereas 900630 Ma ttype granitoids dominate the early plutonic
evolution of the ANS, withirplate Atype granitoids dominate 6370 Ma putons and
provide a record of the final collision between eastern and western Gondwana. Some
transitional A/ttype granitoids are highly mineralized in HFSEs and REEs. The Al
Ghurayyalgranitoidcomplexrepresenta smallbut highly mineralizedpluton exposedn

the Midyan terrane of NW Saudi Arabia, the easternmost of a belt of similar bodies in
Egypt(Sternetal. in press)Fourcomponent®f theintrusionareidentified: Arfvedsonite
granite,amphibolefree porphyritic coarseandmediumgrainedgranite,andmicrogranite.
Peripheral meltock interaction generated albitite and marginal units adjacent to host
Neoproterozoic metavolcanics. The granitoids are highly fractionatedichre
metaluminous to peraluminous-t§pe, suggesting withiplate affnity. Chondrite and
primitive mantlenormalized patterns are similar for granite components. Abundances of
HFSEandREEfrom thedifferentcomponentsuggestomagmati@volutionwith extreme

HREE fractionation (La/YbN=0.03% 1.752) and negative Eu anolmea (Eu/Eu*=0.046

T 0.375). UPb SHRIMP dating otircons provides an age¢ 647 + 9.3 Ma to 635 Ma, in

the range of 69528 mineralized At ype granites in Egypt. Av
main intrusion is 1162 ug/g, with a maximum value of 1917 ug/g émugthin zircons

and other accessory phases of the marginal unit. Nb and Ta mineralization (mean of 303
Mg/g Nb, 25 ug/g Ta) is strongly correlated (R2=0.74), concentrated in columbite. Tungsten
(W) concentrationincreasegowardsthe marginal unit. Grante REEstetrad

Xiii



effects (TE1,3) are from 1.251.67 and display a weak negative correlation with Zr/Hf

(R2=0.08) and Y/Ho (R2=0.14), suggesting primary enrichment as a result of extreme
fractionation with subsequent flticbck interaction.Three types of pegmatites are

documented: (1) northern pegmatites (type 1), emplaced into metavolcanics, exhibit

compl ex miner al zonati on Td31d5 po/g) @idILil3el evat ed
3,010 pg/g), but low concentration of U (2.834.3 ug/g) ad Th (25.3i 600 ug/g); (2)

southwestern pegmatites (type 2) emplaced into microgranite exhibits simple mineral
zonation with anomal ous abundance of zircon (
to 6,000 ug/g), and extremely high radioactive element admoes (1,160 pug/g Th and

348 ug/g U). The main HFSEand REEbearing phases for type 1 and 2 are zircon,

pyrochlore, columbite, rutile,xenotime, and cassiterite; (3) southeasterszoned

pegmatiteqtype 3) emplacednto the contactof arfvedsonitebearng granite,with low

xREE and radioactive el ements, but abundances
mica. The isotopic signature suggests maddgved magmas as consequences to

lithospheric mantle delamination and subsequent asthenospherdingpw®le conclude

the critical mineral enrichment is primarily magmatic controlled by ligands in the melt for

the granite. Different types of pegmatite are attributed to different processes and conditions.
Exploration for rare metal mineral deposits shoatthcentrate along and aroutite

reconstructe@-W trendingegyptArabia630-690Ma mineralizedgranitebelt.
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CHAPTER 1

INTRODUCTION

1.1 Background

The ArabianNubian Shield (ANS) occupies a large part of the East African Orogen which
formed due to collision of eastern and western Gondwana at5%DMa(Stern 1994 & 2010;
Jacobs and Thomas 2004; Collins and Pisarevsky 2005). ThB58001a ANS represents the
greatest volume of Neoproterozoic juvenile crust preserved on Earth (Patchett and Chase 2002)
encompassing ové&l10,000 km2 acrodSE Africa and thavesternpartof the Arabian Peninsula
and is best exposed along uplifted Red Sea flanks, while the eastern part is buried under
Phanerozoic sediments (Fleck et al. 1980; Stern 1994; Johnson and Woldehaimanot 2003;
Hargrove et al. 2006). The ANS ischssic example of an accretionary orogen and comprises a
stackof thin-skinnednappesesultingfrom obliqueconvergencef boundingplatesandresulting
final amalgamation of intraceanic arcs generated within the Mozambique Ocean (Stern 1994;
Stein andGoldstein 1996; Johnson et al. 2011). Final accretion and ANS consolidation were
accompanied and followed by emplacement of wifhlate alkaline plutons c. 64850 Ma
(Bent or 1-Shkwn et aB 2009 Johnson et al. 2011; Fritz et al. 2013; Robiat al.

2014; Yeshanew et al. 2015). Overall, the tectonic evolution of the ANS represents a segment of
an orogenic cycle that entailed initial fragmentation of Rodinia-BY®Ma) (Li et al., 2007) to

final collision of eastern and western Gondwan#he Cambrian (Li and Powell, 1993; Collins

and Pisarevsky, 2005; Pisarevsky et al., 2008).

Earliestmagmatismin the ANS at~ 900-880 Ma wasmanifestasathick oceanicholeiite
formation interpreted as the shallow manifestation of a plume head (B&86r $tein and
Goldstein1996; Stein2003) thouglthereis little evidenceto supportthis. Intra-oceanicarccalc



alkaline syntectonic plutonism and volcanism subsequently occurred-&68Mda (Flecket al.

1976, 1980; Bentor 1985; Stern 1994; Johnson and Woldehaimanot 2003; Stein 2003; Robinson
etal., 2015),followed by postcollisionalemplacementf calcalkalineandalkalinebatholithsat
~640550 Ma ( Bent Shlevil& 8.52009; Basdnest al. 2011; Fritz et al. 2013;
Robinson et al. 2014; Yeshanew et al. 2015).

An important feature of the tectonic evolution of the ANS, and which is central to our
studies, is the aforementioned switch fromd At ype magmati sm atri- <650
Shlevin et al. 2009 and references therein) reported in many regions, highlighting cessation of
microplateaccretion and subduction, orogenalapseand achangerom subduction to within-
platerelatednagmatismAccordingto Johnsor{2006),postcollisionalmagmatismastedfor ~80
m.y. and marks a switch from cadtkaline to alkaline magmatism (Black and Liegeois, 1993).
During thelaststageentailingorogeniccollapseandextensionnewmagmatisnproducedoneof
the largest alkaline gramei fields worldwide (Stoeser, 1986; Moghazi et al., 2011). Multiple
alkalineplutonsin theArabianShieldexhibitsignificantlyelevatecconcentrationsf incompatible
elements (i.e., HFSE and REE) (e.g., Kuster, 2009; Johnson et al., 2011). These @gposit
significant in terms of mineral resourceBig. 1) and often compared with other deposits
worldwide (USGS 2017).
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Figure 1. Significanceof ArabianNubian Shield Nb and Ta resourcesn comparisonto other
deposit with differengeological background worldwide (USGS 2017)

1.2 Problem Statement

Despitemany studiesof mineralizedgranitoidsin the Arabian Shield (Elliot et al., 1983;

Kuster, 2009; Drysdall et al., 1984; Ramsay,1986; Jackson,1986), the agesand petrogenesi®f
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granitoids comprising thegg#utons arenot well constrained-or example, theéAl Ghurayyah pluton
waspreviouslystudiedby Aseri (2020),who obtainedLA -ICP-MS granitoidagesof 749.9+ 5.9 Ma
(inherited within altered granitep47 +32 Ma ad 631 + 7 Ma (composite body), ab84 + 89 Ma
(porphyriticgranite).However theolderageis anomaloussA-typegranitoidsof the ArabianShield
aretypically youngerthan600Ma. In thecaseof theyoungeshge theuncertaintyis largeandappears
unreliable.Thus,to furtherdeterminghe exactagesof this pluton,| conducta U-Pb SHRIMP zircon

study of granitoids. With respect to petrogenesis, this is established via an integrative study and

interpretation of petrography, whole rock chemisairyd whole rock Nd isotopes.

1.3  Objectives

Theobjectivesof this study aresfollows:

1. Determine and characterize the rock types based on field, microscopic, geochemical, and isotope
interpretation.

2. To constrain the ages of granitoid comprising the&Shlrayyah pluton via tPb SHRIMP zircon
dating.

3. Determinethe petrogenesi®f the hostrock in relationto Arabian Shield formation and other
Arabian Shield Atype granites.

4. Evaluatdts valuableelementsnrichment.

1.4 Study Area

The Al Gurayyah pluton icated within the Midyan Terrane, approximately 20 km
west of Tabuk city, Tabuk Region, Saullrabia at 295 4 6 5 6 G407NG, 4 73056 E. AcC C e ¢
research area includes via highway aneroéd.



1 CHAPTER 2

GeologicalBackground of Al Ghurayyah

2.1. Arabian Shield Mineralized Granitoids

Granitoids aremportant fordiscriminating the environment édrmation, and different granitoid
types can easily be discriminated based on geochemistry and isotopes. The formation of the juvenile
ANS (~850525 Ma) crust began as primitive inribaeanic arcs, the forearcs of which are now
preserved as the ArabiamNubian Shield ophiolites which comprise sutures separating distinct tectono
magmatic terrane in the ArabidanNubian Shield (ANS, Robinsort al., 2014; Johnson and Kattan,
2012;Johnsoretal., 2011).Thecyclesarerecordedoy varioustypesof granitethatrepresent
1) island arcP845Ma), 2) syrcollisional ©@710Ma), 3) postectonic D620Ma), and 4) anorogenic
(D525Ma)settingsimportantly,severafgranitoidhostedmineralizationtypesbeganforming between
D650Ma to ~575 Ma (Robinson et al., 2014; Johnson and Kattan, 2012; Johnson et al., 2011).
Numerous studies and classifications have been proposed based on their respgeitiepsuch as
commoditiesenrichment, geochemistpetrogenesis, or a combination of the$alle 1). Specific
mineralizationtypesoccurredn differentgraniteassemblagesyith gold depositamainly foundin late
to posttectonic calealkaline granitad emplaced into or associated with the Nabitah Orogenyi (680
650 Ma), widespread along major suture zones with typical epithermal low sulfidation vein systems
suchasSukhaybarain the ArabianShieldandthe Sukarigold minein theNubianShield(Johnsorand
Kattan 2012; Johnson et al 2011; Harbi et al., 2017; Helmy et al., 2004).

Another important mineralization is related to the rare metal with different styles of deposit,
commoditiesandtheir respectivegeochemistrgignaturegFig. 2). Basedon previousstudiesof these
Arabian Shield granitoids, the distribution of mineralized -raetal granite can be recognized into
threedepositcategoriedasedn theprominentcommoditiegelatedto: 1) Nb-Ta,Zr, U-Th, REE,Y;

2) Sn, W, Mo, B; and 3Jluorite, with respective distinct areas of distribution (Ministry of Industry
andMineral Resources2016; Table 1). Thesemineralizedgranitoidsshow concentricundeformed



ring-shapes and typically have K/Rb < 200, Ba < 200 ppm, Sr < 80 ppm, R0, a2 extremely
fractionatecchondritenormalizedREE signaturesndicativeof evolvedlate stagesnagmaenrichedn
volatiles (Robinson et al., 2015; Johnson et al., 2011; Kuster, 2009; Ramsay, 1986). The first
commoditytype (NbTa, Zr, UTh, REE) is dstributed mainly in the northefinmiddle part of the

ANS associated with Aype with disseminated deposits, pegmatite, silexite, and rarely quartz veins
which can be subdivided into several types based on their commodities enrichment, lithological
associ#on, theratio of Al.0Oz/NaO+K>0, andtheir chondritenormalizedREE pattern(Kuster,2009;
Drysdall et a., 1984; Elliot, 1983; du Bray, 1986). Strong HREE fractionation (i.e., enrichment of
HREErelativeto LREE) s exhibitedonly in peralkalinegranitefrom Al-GhurayyarandJabalTawlah

(Midyan terranFig. 3). Aswell, the AGhur ayyah pluton is relativel
comprisedf severaklbite-microclinegranitestockssignificantlyenrichedn Nb-Ta, Zr, REE,Y, and

U-Th relatedminerals. These are comagmatic with the larger-fgmsonic pluton (i.e., ABad suite

for Midyan mineralizedgranites)n theirvicinity (Gahlan2022;Aseri, 2020;Ministry of Industryand

Mineral Resources2016;Kuster,2009;DrysdallandDouch,1986;Drysdalletal., 1984;Elliot 1983).

Other peralkaline granites show a negative slope and slight to no HREE fractionation (i.e.,
LREE>HREEor LREE=HREE)on chondritenormalizeddiagramsThesegranitesaredistributedin the
middle and northeastern parttble Arabian shield, including at Jabal Hamra, the Aja Batholith, Jabal
Sadi d, and Umm Al Birak with exploration histoc
(Johnson and Kattan 2012; Drysdall et al 1984; Jackosn and Douch, 1986). Penadugnamitoids
from this type occur mainly in the Eastern Dessert terrane with several distributed in the middle of the
Arabian shield. These peraluminous granitoids are characterized by noticeable crustal contamination
(Kuster, 2009).

Sn, W, Mo, B relagd mineralized granite largely occupies the eastern and southeastern Arabian
Shield and to some extent the southern ANS with mineralization concentrated in greisenized granitoid
cupolas, vein, pipes, and pegmatites, associated with peraluminouvearog granitoids (Kuster,

2009; du Bray, 1984; Elliot, 1983). Fluorite type mineralization shares a similar area of distribution as
Sn,W, Mo, B-type,andarecharacterizethy pipebodiesor veinsassociateavith othercommoditiesand
alterationzonesfrom type oneor two suchasat Ablah (Elliot, 1983).TheseSn,W, Mo, B andF related

granitoidsare mostly locatedin Phanerozoimrogenicbelts within continentalinteriors or margins



(Cerny et al., 2005). Other classifications of mineraligkedons include subdivision into alkali granite
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Figure 2. Generalizedlistribution of mineralizationassociatedvith latei posttectonicgranitoid

of Arabian Nubian Shield. Mineralized granitoid locations are from Johnson and Kattan (2012),
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indicatedoy greensquareQOtherselectedeference$or individuallocationsarementionedn table

one. Base map and granitoids fieldopted from Johnson et al. (2011).

2.2. GeologicalBackground of Al-Ghurayyah

Al-Ghurayyahis thelargestknown peralkalinedeposit inSaudiArabiathatis enriched
in REE and HFSE and is located aP27 6 5 6 #400M™3d 4 73660 E nor t hFigo3f. Al
Together with Jabal Tawlalkig. 3), these deposits comprise the Midyan terrane and represent a
partof the posttectonicAl-Bad granitoidsuite(597.4+ 4.8 U-Pbzircon), which sharethe same
featuresandemplacemenprocess intd’roterozoigreenschistaciesassemblagedrobinsonet
al, 2014).Thesesmall, mineralizedplutonsareessentiallyco-magmatiowith theiradjacenpost
tectonic batholiths. For example, Al Ghurayyah is associated with the Jabal Ad Dabbagh
intrusion(577+13Ma) in thewesternpart of this mineralizedplutonandJabalTawlahis related
to Jabal Zuhd (577+Ma) alkali granite (Johnson and Kattan 2012; Johnson et al., 2011; Qadhi
andMoufti, 2008;Aleinikoff and Stoesed 988; Hedgel984; Drysdalkt al.,1984). Studiesf
Al Ghurayyahhavebeenconductedy manyresearchergAseri, 2020;Kuster,2009;Qadhiand
Moufti, 2008;DouchandDrysdall,1980,1982;Drysdalletal.,1984Elliot 1983)which confirm
thatthis intrusionis importantin termsof economicalesources sucasNb-Ta, REE,Y, U, and
Th. Past exploration and drilling by Tertiary Minerals Plc (2013), and later by the Saudi
Geological Survey, concluded that Al Ghurayyah is a massiveglade deposit with total
inferredmineralresourcegstimatecaround440 Mt (others385Mt) andanaveragegradeof Zr
(8,915ppm),Nb (2,840ppm), Ta(245ppm)anU (140ppm).However this resourceestimation
is not compliant with recent international regulatory standards such as the JORC Code and
Canadads Nat i ol®@la(Ministryhof IndustryngeMineral Reésources 2016).
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Stoeser, (1988); Jabal Tawlah is from Hedge (1984). The location of the study area is indicated b

the red square.

Dimensionwise, the Al Ghurayyah intision resembles a sulircular stock (900 m in
diameter) with an estimated depth of £250 m, steeply dipping contact towards greenschist facie:
metavolcaniandmetasedimentarnyall rock (TertiaryMineral Plc. 2007;Drydall etal, 1984).1t is
geneticallyrelatedio the Ad DabbaghposttectonicA-typealkali granitoid,alargepluton3 km west
of Al Ghurayyah that is gently dipping shallowly towards the mineralized stock (Johnson et al.,
2011; Kuster, 2009; Qadhi and Moufti, 2008; Drysdall, 1984).



In general, AlGhurayyah consists mainly of n@mphibole bearing albite granite and
locally, amphibolebearing albite graniteF{g. 4). Nonamphibole bearing albite granite can be
subdivided into three types: (1) Strongly porphyritic co@ysened type, which mainly occupies
thenorthernto southeasterpartof theintrusions(Fig. 8d); (2) Porphyriticcoarsé mediumgrained
albitegranitewhich occursmainlyin thenorthernandwesternpartof theintrusion;and(3), weakly
porphyritic fine-grained granite (microgranite) which represents the main unit -@Hirayyah
distributed mainly in the central to the southern pdfig.(8c), as explained by Drysdall et al.
(1984). In the field, these granitoids show a wide range of colors, framynwhite to light grey
with some of them being reddish brown due to oxidation and weathéfigg8p). Porphyritic
amphibolebearing albite granite occurs in a few areas with small and limited distribution,
characterizedby arelativelyfreshwhite color alongwith prominentblack euhedraamphibole All

these main units show gradual contacts with each other.

Thecontactzonewith thegreenschistietavolcaniédrom theZaamgroup- Silasiaformation
is indicatedby a narrowmarginalunit (Aseri, 2020)with asharpboundaryMetavolcaniaocksare
dark green, massive, and heavily fractureig).(8f). A marginal unit is reddish to whit&if. 8a),
fine-grainedwith no visible largecrystals,andmostof it is unexposedThis marginalunit wasfirst
descrbed by Elliot et al. (1999) as country rock, but its mineral composition and properties do not
suggestmetavolcanior metavolcaniclasticorigin. A poikilitic albitite unit occursadjacento the
marginal unit, shows irregular gradational contact \althite granite unitsand is identifiable only
by microscopyProminentmafic dykesareobservedtutting Al-Ghurayyahandareorientedmostly
NW i SE Fig. 88. The effect of intrusion of these late mafic dyke intrusions was silicification of
the adjacengranite. This alteration is manifest as browrietl, silicified ridges adjacent to the

dykes.
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Several faults dissect and split-Ghurayyah into several individual bodies with other parts
buriedbeneatiQuaternanalluvium. Theoveralltrendof pre-existingfaultsis almostparallelto
the orientation of the dykes, being N®E. The Wadi Sadr fault acts as the major structure in
Al-Ghurayyah and is oriented\® (Elliot et al., 1983,1999). Barren quartz veins with fluorite
areusuallyassociateavith smallerfaults. Several pegmatiteand felsic dykesarealsoobserved
in thefield with differing characteristicddowever,unlike mafic dykesandfaults,thetrendsare
NW-SE and WSW ENE. Aseri (2020) described these pegmatites as mineralized quartz pods
andcompositebodies.Basedon this study,threetypesof pegmatitesverefoundin thenorthern
and southeastern segments of the intrusion. The northern pegmatite cdrmgplésy ¢uts the
mainintrusionandNeoproterozoievall rockwith thicknesgeachinggOcmandover100m long,
trending NE Fig. 9ad). The pegmatites consist of quartz with minor cassiterite in the center,
while magnetite is concentrated in the rear segment. Other smaller pegmatites (including the
compositdbodyof Aseri,2020)aresituatedn thesouthwester(Fig. 6 left; Fig. 9€) andsouthern
(Fig. 6 right; Fig. 9f) segments found mainly within or between the contact of different albite
granite units and are less than 50 cm wide. On the basis-t8PAMS U-Pb dating, Aseri (2020),
concluded that ages 8i-Ghurayyah range from 749.9 = 5.9 (inherited from altered granite) to
554 + 89 Ma (granite) and 647 + 32 to 631 + 8 Ma (southern composite body).

12



Metavolcanics

AG22D
Rear Segment
{20 cm wide)
Metavolcanics
Large quartz crystal mass
= Awite
BB Attered Biotite
88 Livica &
S
N
Metamict Zircon
‘ Fluorite ',
. Magnetite / ,.""
‘ Anhedral Tourmalin/e’:/’ AG 22 A-F
Core Segment
‘ REE - bearing,” {50 - 70 cm wide)
Minerals -~

<&

Albitite| Zircon Biotite-
Quartzcore| (wall) | Border | Tourmaline

40cm  10.25 mm| 0.1 mm 15¢cm >20cm cm
| - I

Li-mica |Metavolcanic|

<&

Ll e | -
Pegmatite dyke Metasomatized wall rock | Wall rock

Figure 5. Northern pegmatite diagram showing both segment, mineral zonation, and sampling

location.

<——— Zircon - Mica
zone
(20 - 30cm wide)

Loy
13
AG 28
% Microcline - Quartz -
Zircon zone

Microgranite (10 - 30cm wide)

Figure 6. Southwestern pegmatite showing two mineral zonation (left) and Southern pegmatite
with no zonation (right). Sampling location indicated by arrow with AG label.

13



Towards Mafic dyke Towards Proterozoic wall rock

4_ Primary Porphyritic >

Silicified unit Texture Albitite unit Marginal unit

Proximal Distal ?

T T 7 T T T T
100 200 300 400 500 600 700 800 200 1.000 1.100 1.200 1.300

N 280°E N 068 E
4@ Potassium /,\) Primary quartz @ Zircon 8 Vica ' Epidot
W feldspar - pidote
(= Albite ‘ Fluorite @ Pyrochiore Secondary quartz <1 Carbonate

Figure 7. Crosssectionof Al-Ghurayyabtshowingdifferentstyle of alterationwithin the mainalbite granitehostrock

14



s —
Porphyntlc coarse grained ’

Metavolca

Figure 8. Selected field photos from ABhurayyah showing contact relation of albite granite,
poikilitic albitite, and white chilled margianits in the northern part (a). (b) Various gradational

unit contacts from amphibole albite granite, coamsslium granied, and microgranite from
southern area with Dabbagh pluton and Silasia metavolcanic as background (red arrow indicates
human comparisgn Close up photos showing representative microgranite unit (c) and -coarse
grainedporphyriticalbitegranitecutby quartzvein (d). Relationshipf basaltiodykecuttingalbite
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granite which induced silicification and oxidation at the viginof the dyke (e). Silasia

metavolcanic from southern pluton (f).

Figure 9. Representativenagesshowingpegmatiteseriesfrom Al-Ghuryyah Northernpegmatite
dyke complex oriented northeastward with length up to 100m (a), close pictures are indicated.
Contact zone between pegmatite and metavolcanic wall rock with sampling location obtained

graduallyfrom coreto rim (b). Pseudezonationof northernpegmatiteshowingmassivequartz
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associated with cagerite in the proximal core (c) and magnetite with intense microscopic REE
mineralization occurs in the distal / tail part of pegmatite (d). Highly radioactive southwestern
narrow pegmatite dominates by potassium feldspar within microgranite unit (&@k Th
zinnwalditepotassium feldspar pegmatite from southern pluton showing absence of zonation,

located at unit boundary (f)

2.2.1.Petrography

On the basis of petrography, the-@hurayyah pluton is divided into n@mphibole
bearing albite granite, amphibebearing porphyritic albite granite, and silicified porphyritic
granite. These units are characterized by concentric inclusions (poikilitic) of several minerals
manifest as snowball texture. This texture indicatessttge melt with fluiesaturated enriched
in F and Li (Aseri, 2020; Muller and Seltmann, 1999). The growth of individual plagioclase and
potassium feldspar with a small percentage of perthite texture, indicatessalauh condition.

Little alteration occurs in the albite granites; however, sneargin alteration is evident in the
albitite unit. The marginal unit shows stronger replacement of secondary minerals masking its
primary texture. Other intense silica alteration occurs in the vicinity of basaltic dykes. Types of
alteration include pervag (e.g., manifest as pseudomorph) and-pervasive. Nofpervasive
alteration is observed only in the marginal unit, on the other hand, silicification near dykes tends
to be more pervasiveFig. 89. Other important nogranitoid units include pegmatites
Neoproterozoievall rock,basalticdykes,andquartzveins.Alterationasevidencedy petrography

shows zonation of certain minerals. Based on this study and that of Aseri (2020), common
accessory minerals mainly occur between grains with some occagimglusions identified on

the basis of optical properties and EPMA. Accessory minerals include zirceM, related
mineralssuchaspyrochloreandaeschynitefluorite, fluocerite,thorite, rutile, andprotolithionite.

Below | describe each unit based mineralogy, texture, and alteration characteristics.
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Figure 10. Photomicrograph of coarggained albite granite showing intense snowball texture
within microcline and quartz with interstitial cleavelandite (a). Slight silicifredrogranite
displays equigranular texture along with anhedral zircon (b). Close up photo showing partially
metamict subhedral zircon and radioactive halos from pyrochlore (c). Secondarierded
muscovitization to replace biotite within marginal rin).(Mabearing amphibole rim with sodic
pyroxene core from amphibekearing unit (e). Subhedral purple fluorite with intense inclusion

of pyrochlore and zircon from lithological contact (f). Abbreviation for Alb: albite, Mcr:
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microcline, Qz: gartz, Btt: biotite, Amp: amphibole, Pyx: pyroxene, Hmt: hematite, Zr: zircon,

Prt: protolithionite, Flr: fluorite, Pcl: pyrochlore;8sc: secondary muscovite.

2.2.1.1. Non-amphibole bearing granitoids

This unit is discriminated based on its texture and cry@t@d. The overall primary
mineralogicamodeis 35-45 % plagioclase25-30 % quartz,25-30 % microcline,<5% orthoclase,
< 5 % biotite, and <3% muscovite. Primary biotite shows strong pleochroism and parallel
extinction,while muscovitas identifiableonthebasisof its stronginterferencesolor. Thestrongly
porphyritic coarseyrained sukunit displays intergranular albite crystals occurring between large
euhedral microcline, quartz, and orthoclase with crystals ranging frd® @m Eig. 109.
Coarse to mediumgrained albite granite shows identical texture, but the coarser type has
phenocrysts of quartz and microcline ranging from-2.5hm. Finegrained albite granite
(microgranite) shows a very weak porphabritic
anhedral microclineHig. 10b). Albite (cleavelandite) crystals are small (<0.5 mm) subhedral to
euhedralathsandoccur betweetargergrainsor asinclusionsin quartz,microcline,andto some
extent in orthoclasand mica. These crystals tendidom a subparallel alignment, particularly in

the strongly porphyritic units. Zircon and mica (protolithionite?) minerals are ubiquitous.

Alteration within this unit is subtle and do not mask primary magmatic texture. Hetero
orientedreplacemenfRongandWang,2016)occursassecondaryjuartz sericite, muscovite and
microcline(Fig. 10d). Secondaryuartzis presenin coarsé mediumgrainedunits,indicatedby
the presence of small (<0.4 mm) monocrystalline crystals within primary quartniaratline
phenocrysts. Secondary microclines occur as small patches within primary orthoclase or
microcline. Sericitization locally occurs as pseudomorphs of feldspar, however, they are
recrystallized into anhedral small secondary muscovite towards btgealinit. Secondary
muscovite is found only as a pseudomorph after biotite located in the rim or within the cleavage.

Chlorite replaces biotite as a pseudomorph.

Zircon occursasdisseminatedzoned,euhedralanhedral crystals. Crystals ranfgem 50
i 400pum, andwhenstronglymetamict,showspongytexturewith turbid color andareassociated
with inclusions such as thorite or Nbbearing minerals. Isotropic pyrochlore is found as both

intergranularcrystalsand as <100 um inclusionsmainly showingpleochroic halos (Fig. 109.
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Protolithionitemicaoccursassubhedrato anhedral(.0517 1 mm, phenocrystandinclusions,and
arecolorlesso slightly brownishwith weakbrownishpleochroismFluorite crystaltendsto show

a turbid color undeplanepolarized light. Rutile occurs as inclusions in biotite.

2.2.1.2. Amphibole bearing granitoids.

This unit is distinguished by the presence of-béaring amphibole and Nzearing
pyroxeng(asconfirmedby EPMA). Theamphibolebearingalbite granitesharecommontextures
and mineralogical features to albite granite but with the additiorl®% of modal primary Na
amphibole characterized by subheedaahedral crystals, dark blue pleochroism, and weak
interferencecolor (Fig. 106. Na-pyroxenecommonlycoexistswithin amphibolecrystalsforming
coronatexturesasresultof reaction.Inclusionsof primaryandaccessorynineralsarecommonin
amphibolecrystals. Protolithionitecontentincreasedy ~3% comparedo nonamphibolegranite,
wherebychloritizationis verylow. Onesamplerecoveredrom thecontactzonebetweerthis unit
and noramphibole albite granite shows an increase of secondary albite within orthoclase, and
purple fluorite content Kig. 10f), Nb-Ta minerals, and zircon. Zircon crystals undarive

metamictization, but several still show clear crystal zonation.
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Figure 11. Photomicrographs of three types of pegmatites. Northern pegmatite complel (a
showingzonedcassiteritdrom corezone(a) andmagnetitevith minutesof REE-bearingminerals

from tail zone (b). Complete mineral zonation sequence preceded by quartz segregated
narrow layer of metamict zircon and altered wall rock (c). Close up of the altered proximal
metavolcanic mineral assemblages of biotite, quaatzd blue tourmaline? (d). Typical
southwestern pegmatite indicated by poikilitic of highly metamict zircon within microcline and

guartz(e). Mineral assemblages frosoutherrpegmatiteshowing euhedrainnwalditemicaand
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zoned zircon with inlasion (f). Abbreviation of Cst: cassiterite, Qz: quartz, Mgt: magnetite, Bit:

biotite, Zr: Zircone, Znw: zinnwaldite, Mcr: microcline

2.2.1.3. Albitite

Albite granite shows extreme poikilitic texture with albite inclusions in microcline and
guartz. The poikilitt albitite is discriminated from albite granite by the absence of concentric
patterned inclusions in a snowball textuFeg( 123. This unit shows a significant increase of
primaryalbiteof upto 20%comparedo thealbitegranite.Sericitizationandsecondaryspherulitic
muscovite growth are more intense in feldspar, biotite, and protolithionite. Accessory minerals
includingzircon,tendto form anhedrabrainsaccompanietby multiple albiteinclusions.Most of

the zircons lack zonation and exhibityaical turbid appearance and low interference color.

2.2.1.4. Marginal unit

Albite graniteareoverprintedby later microcrystallineanhedraminerals,diminishingthe
primary magmatic texturesThis zone mainly comprises 5%% microcrystalline quartz and 5
30% microcrystalline albite with some primary magmatic minerals that have survived alteration,
however the compositions vary depending on the type of walli flodk interaction. In the
northern pluton, one sample retrieved from the proximal area showsdseg quartz and albite,
accompanied by remnants of microcline and orthoclase (2b). Small (<100 pm) euhedral
zirconsshowzonationwith relativelyweakmetamictizationSmallflakey sericitemuscovitewas
observed aftefeldsparandprimarymicas. @ the otherhand, granitoidef the southwesterpart
nearthe contactvith metavolcanicsarecharacterizedby extensivesecondaryjuartzcarbonates
epidote assemblages. No primary minerals or texture is preserved. This zone has no important

accessoryninerals Fig. 129.

2.2.1.5. Pegmatitesand Quartz Vein

Threetypesof pegmatiteiavebeenidentifiedbasedntheirmineralogy.Typeoneoccurs
in thenorthernpartandis characterizety a mineralzonationsimilar to themainintrusion. Type
one consists 0#80% quartz in the core, and several essential minerals such as euhedral fluorite,

cassiteriteandzircon, while multiple cryptocrystallineREE-bearingmineralsandmagnetiteare
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concentrateth therearsegmentresultingin thehighestx R E-bearingsample(Fig. 11ab). The
complexity and size of these RERinerals can only be seen under SEM backscattered electron
imaging. Towards the contact zone, multiple albites are shown to form a layer with a subsequent
layerof segregatedhicrocrystallinezirconbeforereachinghewall rock (Fig. 11¢). Metavolcanic

wall rocks also exhibit sequential mineral zonation as a result of progressive fluid interaction
providedby theintrusionresultingin thedestructiorof their precursotexture. A cryptocrystalline
guartzbiotite-sanidine(?) zone with accessory minerals including blue tourmaline characterizes
theproximalzoneatthe pegmatitecontact(Fig. 11d), while acryptocrystallinequartzi Li bearing

mica (lepidolite?) zone with albitesins is found a little further awaffig. 139).

Typetwo pegmatitesncludethecompositebodyasidentifiedby Aseri (2020)andexhibits
mineralzonation Differenceswith thetypeonepegmatitesrethe presencef abundanpoikilitic
zircon (>20% mode)Nb-Ta bearing minerals such as pyrochlore, and HREE related minerals.
Zircons are euhedfiagdubhedral crystals and show obscure zonatag (L16, however, almost
90% are completely metamict resulting in the highest percentage of radioactive elefdédts (1
ppm of Th and 348 ppm of U) among all samples.

Typethreepegmatites diffefrom thetypesoneand two by lack okonation. It comprises
mainly microcline,quartz,andzinnwaldite(Li -bearingmica) with lesserzirconandNb-Tarelated
mineralscomparedo typetwo (Fig. 12f). Zircon crystalsaretypically large(2007 500um), fresh,
and show bright interference colors and clear zonation. Zinnwaldite ranges fraimlB00 pm
and are colorless to brownish, slightly chloritized, and show weak pleochrQsartz veins
comprise euhedral and brecciated quartz with euhedral fluorite.
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Figure 12. Nearmargin unit complexes {@ showing randomly oriented albite from poikilitic
albitite unit (a) followed by two types of marginal uaiteration, indicated by pervasive minutes
of quartzalbite overprinting prexisting mineral in the proximal zone (b) and complete
obliterationof magmatictexturein distalpartwith sodiuntbearingsecondarynineralgrowth(c).
Second type of silica aktation from silicified unit, showing secondary polycrystalline quartz to
replace interstitial albite with original snowball preserved (d). Abbreviation of Alb: albite, Qz:
primary quartz, Mcr: microcline, Ort: orthoclaseMSc: secondary muscovite;d&: secondary

quartz, Scrb: secondary carbonate, Epd: epidote, Src: sericite, Zr: zircon.
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