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Granites from the Midyan terraiN\W Saudi Arabia: Petrology, geochemistry and

geochronology

Five, Neoproterozoic, poorstudied felsic intrusives from NW Saudi Arabia have been
subjected to a detailed geological study to understand their characteristics, evolutionary

history, tectonic setting, ages and economical potential for rare metal mineralization.

The work has utilized field observations, mapping, mineralogy, petrography,
geotemistry (ICRAES and MS, XRF, scanning electron microscopy and microprobe)
and geochronology (Rb/Sr whole rock isochrons affeblzircon analysis).

The results have indicated that the individual plutons in the region are each quite
different. This is mely displayed by the existence of different types of granites, based

on chemistry and petrography (peralkaline, alkaline andatkidine) and mineralogy
(particularly the presence of different types of amphibole, both sodic and calcic). The
plutons prolably formed at low crystallizaton pressures (~ 1.2 to 3.4 Kbar) and at
shallow (~4 to 12 km +0.5 km) depths, but seem to have been derived from similar
source regions. The granites were most likely derived bypliessure, partial melting

of crustal rocks with possible crustal contamination, followed by fractional
crystallization and latersebo | i dus al teration by fluids.
from 630Ma (Cryogenian) to 554Ma (Ediacaran). The geochemical differences between
the granites could beerl at ed to their formation duri:r
evolution. A gradual change in tectonic setting is indicated, from island arc accretion in
the middle stages of the Panafrican orogen, to aquisional setting in the early

stages of tb Panafrican event. Economically, the granites contain relatively high
contents of rare earthslements (REEspand raremetals (RMs), mostly hostelly
phosphates (monazitee and xenotime), Nbxide (fergusonite’) and possible rare

earth carbonates (syngte). These elevatedREEs and Nbcontents and their
mineralogical forms highlight the presence of suitable exploration targets for rare earth

elements late stagkeposits.
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l. Introduction

I.1. The importance of granites

Granitic rocks are a very commagneouslithology, covering large parts of thea t h 6 s
continental crustStudying granite is important for two reasongArstly, their study
gives an indication othe formation processes (e.g. fractional crystallization, garti
melting, and magma ming). As granite isa product and indicator of crustal processes
and evolution ités study may therefore
region to be determinedhere are several mineralogical and chemical schemes for the
classification of graites (e.g.the quartzalkali feldspatplagioclasefeldspathoid or the
QAPF of Strekeisen, 1976he modified alkaltlime index or theMALI and the Fe
number of Froset al, 2001). Some of these mineralogical/chemical classifications have
been used to sggst the geological environments in which these magmas were
generated and emplaced. The best known of these ialphabetic scheme which
initially introduced | (igneoys and S (sedimentantype granitesChappell and White,
1974), and later the f¥martle)-type, the A(alkaline}type and its subdigions (Al and

A2) (Loiselle and Wones, 1979; Eby, 1992 Chemical classifications were also
developed byPearceet al (1984), through usingrace elements to determine the

tectonicenvironments in which vasus types of granites may form.

The second important feature of granites is themrmon association with deposits

important mineral commodities and in particular deposits of the rarer elerSems
examples of such metal deposits associated gvahites are the Sn and \déposits in
SW England (Alderton and Moore, 198the FeF (Cu, Mo, CuPb-Zn, Ag, Au and
REE) concentrationgn the Bushveld granitin South Africa(Robbet al, 2000)and the
biotite granites hosting depasitof columbite (and miar cassiterite,sphalerite,
molybdenite, chalcopyrite and galgniaa the Ririwai complex of northern Nigeria
(Kinnaird et al, 1985). More specifically some of theCretaceous calc-alkaling

granitic masses and alkali ring complexes that occupydbthesn partof the Egypt
Desertexhibit Snmineralzation and enrichments in other rarer mefals Th, Pb, W,
Nb, Y, Be and MpSoliman,1987).

In the Arabian shield, certain types of granites (e.g. athitgocline microgranite,

alkali microgranite, alkafeldspar granite, alkali granitelsplaya distinct assoation
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with rare metal RM) andrare earth elemeREE) deposits. The mineralization in these
granites is commonly hosted in felsic veiasd is closely associated with various
postmagmatic, hydthermal processes, such as albitization, greisenization,
silicification, propylitic and phyllic alteration (Jackson, 1986). Many of these granite
associated deposits are of major economic significance and are set to become more
important in the coming yes The study of granites and associated rare metal
mineralization is thus of more than academic interest; it also has economic and

industrial relevance.

RM is hereconsideredo beany metal that imormally present in low concentrations in
most rock tyes and is bothklifficult and expensivéo extract fromits ore (e.g. TaNDb,

Au and Ag) In contrast, most othe REE are not actually as rare as the RM the

e ar t h éasd they aresmore abundant than many other relatively common metals
(Cu, Pb) TheREE groupconsists of 17 REEs, 15 within the lanthanaheemical group,

plus yttrium and scandium. They consist of two -gubups, the Light rare eagh
(LREE) that range from lanthanum with an atomic number of 57 to gadoli(@dm

and the heavy rare ghs (HREE) thatrange fromYttrium with an atomic number &9

to terbium (65) (Humphries, 2010)Until fairly recentlythe usage of ttee REEswas
mostly restricted to certain industrial applications, such as ferrous and nonferrous
metallurgy (Harben anduzvart, 1996),this has now all changed and they have wide
and increasing applications, particularly in the telecommunications and electronics

industries.

l. 2. Justification for the selection of the study area

There has beendramatic increasm the wse ofthe REEs and RMm technologyover
the past few decadeBhe world demand for rare earth elemg isedimated at 134,000
tons annually and it is expected ttse to 180,000 tons b012 (Humphries, 2010)
Other elements, such agconiumand niobum, are also now in high demafitfo
mine research group, 2008)owever,most of the discovered deposits awgrently
located ina few countries, such &hing Australia and BrazilAs themarket for such
metals ismainly controlled byrelatively few poducers,this haspromoteda major
exploration impetuso find new depos#in other countrieso satisfythe global demand

for thesecommodities



Various types of granite can be good bdést concentrations odRMs and REEsandone
region that containslarge numbers of granitas the Arabian Shield in Saudi Arabia
However, many of these granitase not well studiednd due tdhis lack ofgeological
datg their geology andectaic evolution have remained uncleahefefore, a detailed
geological stug is needed to characterize these intrusidetermine their nature and

ages and discover if they have aopnomigotential.

An initial study of some plutonsrbm the Midyan terrainhas indicated that some
granites here are associated witM and REEmineralization (e.g. the NbTh-Zr
mineralization in a microgranimicrosyenite at Jabal Tawlah; Drysdall and Douch,
1986, and theNb-Th-Zr-REE mineralization inthe microgranite atthe Ghurayyah
prospect Drysdall et al, 1984) Therefore, theocations fo the present studwere
choserwith the aimof providing a better understanding of the geological hystéithe

terrain and torivestigate th@otentialfor economic concentrations of metals

|.3. Location of the Study area

Geographically, Saudi Aradiis located in southwest Asia, occupying an area of 2.25
million km? (Al-Shanti, 2003)

Geologically, the Arabian shieldccupiesonethird (covering the western area) of the

total area of Saudi Arabiand younger sedimentary covepccupies theremainirg

portion. Precambrian rocksinderliean area 0%650,000 km of the Western Arabian
Peninsula. On its northern, eastern and southern sides, the Precambrian basement is
covered by flalying, early to Late Paleozomediments and is bounded ats western

side by Cenozoicdrmations along the Red Sea Coastal Plain. Tertiary and Quaternary
alkali basalt flows and trachytes form several laglls {the Harrats) alongheRed Sea

Coast with an area 080,000 kni (Al-Shanti, 2003)

The study aremare locatal in different parts of the Midyan terraim the most
northwestern part of the Arabian Shi€ldngitude 26° 40°E to 28 20" E latitude from
35° 10" N to 3650 N, Fig. 1.) and aremainly composed oNeoproterozoidelsic

igneous plutonemplacednto Pre Cambrianstrata.



l.4. Aimsof Project

1) To describe and characterize selected granitic masses from the Midyanhrggion

observing field featuresyunderstanding their petrograptand determining their

mineralogy and geochemistry.

2) To define the ages gfranite emplacement.

3) To use thechemistry and agegsf the granitego fit theminto a model forthe
tectonic evolution of the Arabia Shield.

4) To study thechemistry and mineraloggf these intrusiveto determine if they

couldhave any economic potentahd warrant more detailed exploration

l.5. Methodology

1- Field studes (aded by field reconnaissancegcent satellitesmages and
detailed field samplingto characterizehe different granitic masses and
collect material for further analysis.

2- Petrograpic and nmeralogical stugs to characterizethe main rock
varieties anddentify anyvariations in mineralogical compositioklectron
probe microanalys is used to identifindividual minerals.

3- Geochemical analysis.

a Major elementstrace elements andHE. These are crucial to define the

chemical variations, magmatic affinity and tectonic setting.

b- RadiogenidsotopeqRb-Sr in granites and {Pb in zircon will assist in

defining the source region and ages.

All the abovemethods will be used to investigahe economic potential of the studied
plutons and tosee if previously published models ftire tectonic ewlution of the

region are valid
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[.6. Structure of the thesis

- Chapter onesimply defines the project clarifying its importance, giving brief
introduction tothe location of the arsaf interest and justifying their selectidfnally

it mentons the aims of the project and the methasksdto obtain theegoals.

- Chapter two covers the evolution of the Arabian Shield (discugbiaglifferent
theoriesof formation, its geology, its classification, its major structural features and the

corstituent terrain.

- Chapter three covers the field observations, including samgbasic geological

mapping and rockdescriptionin the field

- Chapter four descrilsethe petrographic studip characterize and distinguisie

different masses

- Chapter fiveis amineralogical studycharacterisinghe amphibolesand identifying

theopaque andther, accessory, fingrained mineral phases.

- Chapter six is mainly concerned with granite chemistry and uses the major and trace
element data to achievock classificationand to determinenagmatic series, magmatic
affinity and tectonic environment. #lso investigates the affect of alteration on granite

chemistryanddiscusses the economical potential of the studied plutons

- Chapter seveis ageodironological studyusing and comparingothwhole rockRb-
Sr radiogenic isotopes andtPb zircon dating. Thse data are tharsed to clarify the

g r a ngeologisabevolution.

- Chapter eighttoncludes with a discussion about how this study has advanced

understanding of the granites ahe geological evolution of the Midyan terrain.



ll. Geology of the Arabian Shield

[1.1. Introduction

The Arabian shield is mainly composed of five terrains (see below), which have
amalganated alongophiolitic zoneswhich were associated witltast and West
Gondwana convergeng€ig 2.1). ®dimentation and volcanism geveraloverlaging
basinslater contributedto the development dhe larger tectonic uniSubsequentlyhe
Arabian Shieldseparated from the Nubianishl during theearly TertiaryRed Sea
rifting event(Saudi Geological Survey, 2012).

Saudi Arabia (the host country of the Arabian Shield) is generally composed of
Paleoproterozoic (older than 900 Madsement igneous and metamorphic lithologies
(the later with igneous and sedimentary protoliths), Neoproterozoic igneous and
metamorphic rocks (900 to 500 Manda cover of Cambrian to Tertiasedimentary
rocks. The Arabian [8eld (Fig. 2.2) gets narrower towards theorthern and soutkrn
regions. Its with in the north ranges between 50 and 10Qakwihis abou00 km in the
south but it gets wider in theentral region (approximateR00 km) (Al-Shanti, 2003).

During its historythe Arabian shielchas been subjected teweral orogenic events
which hawe resulted iruplift and subsidencim basins, as illustrated liie vertical and
lateral changes in their sedimentary facies. The@nts were accompanied by major
plutonic intrusives, whiclalso deformed and contact metamorphotexisurrounding
rocks(Al-Shanti, 2003).
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I1.2.. Classification of the Arabian Shielénd history of research

For a long timehere was no defiretsystem foriie nomenclature of the Arabiahigld
rocks (groups and formations). For example, different names weretgivery similar
formations that ardocated farfrom each other. Also, the same name was gieen

formations that ardistinctly different.

Comprehensiveesearch work in the Arabian ShielMas stated when the Ministry of
Petroleum and Mineral Resources ordered the Saudi geological reseetmtio carry

out systematic mapping andmaral exploration on the ShieltMineral exploratn and
reconnaisance geologic mapping waarried out by the USGS missiamainly in the
southern part of the Shield, by the Directorate General of Mineral Resources in the
central and ndhwestern parts of the Shietothd by the BRGM mission ithe northen

part of the ShieldThe earliest workvas publishedy Brown and Jackson (196@ho
studied the sedimentary and volcanic rocks. Tpayicularly highlighted the presence

of large belts ofyneiss (composed of granite or diorite and surredriglyschist)in the
Shield.

Geochronological studidsave beercarried out inthe southerrpart of the Shieldby
Cooperet al. (1979, Fleck et al. (1979 and Schmidtet al. (1973 1979)andin the
central region of theShield byJackson and Ramsg$980, Ramsayet al. (1979,
Delfour (1979 1981 and Kemp et al (1982). Stratigraphic and geochronological

correlations wersubsequentlguggested for the whole Arabian Shield (Table 2.1).

Work by theUSGS(Greenwoodet al 1976)started to classify the sown region of
the Arabian 8ield and suggestd that the ArabianShield was initially formed as
oceanic crust and island aritgat consisted of basiaiadleiitic) volcanics, followed by
the dayered stratd (s e e finallg 4ll over¢ metamorphosed and transfornietd

the Arabian $ield craton.

The BRGM (Delfour, 1983)established classification for theniddle and northern part
of the ArabianShield, suggesting that the Arani Shield is rerystallizedand deformed

continental crust thatow formsold bagmentwith the youngetayered rocks.
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Johnson(1983) conmbined these twoclassifications of the Arabianh&ld units and
developed a third classificatiomhe classificatiorproposedhreegroups of lithological
units of different age which formenh three stage andwere eaclaffected by successive
tectonic cyclegluring theupper NeeProterozoicFurther detailed geological studieg
Ramsayet al. (1986) demonstratedhat there are common belts of gneissic rocks
separated by belts of ophiolitead layered valanesedimentary rocks. Tkedeformed
gneissic belts ereintruded by granitic intrusives (befotlee Najd tectonic cycle~ 550
to 950 Ma, vhich is equivalent tahe Hijaz tectonic cycle in the first classification).
This means that these gneissic belere subjected t@ tectonic cycle that yielded
continental crust before the beginningtbé Najd fault (a major fault system, witha
dominantly NWSE directionformed after the termin@in of the Hijaz tectonic cycle
from 630 to 530 Maand consideredsathe last tectonicvent that took place in the
Arabian Shield, AlIShanti, 2003)

[1.3. The terrains of the Arabian Shield

The five main terrain®f the Arabian shield are termed the Midyan, Hijaz, Ar Rayn,
Asir and Afif composite terrains. The Midyanri&n is the focus of this study and is
described ifmore detail laterThe evolution of the terrainwas essentially due tthe
formation of islanéarc crust or continentaharginatarc crust above evolving
subductionsystems during théate Proterozoiclt has beersuggested thahe Asir,

Hijaz and Midyan terraimthat form the western part of the Arabian Shield represent
intraoceanic island arcs, wheretse Afif (composite) and\r Raynterrairs forming the
eastern part of the shieldhvecontinental #inities (Al-Shanti, 2003)However, recent
geologi@l and geochronologad information from Stoeser and Frost (2006) have
reclassified the Arabian ®id terrains. TRy added more terrains (Fig. 2.3) that are
mostly hosted in the previous main on&hkree groups of terrain are indicated: 1) the
western arc terrains, 2) the eastern arc terrains, and 3) the Khida terrain. The first and
second groups are of Neoproterozoic oceanic affinity, while the third group is-of pre

Neoproterozoic, continental cruefinity.

According to AlShanti (2003), e Arabian Shield is mainly composed of well
preserved Neoproterozoic assemblages that have been slightly metamorphosed. The
assemblages were generabetween 900 Ma and 550 Ma, by successive accretion of
inter-oceanic, island arcs along suture zonese@fpentinized ultramafics afphiolitic
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affinity. They are partially obscured by thick Phanerozoic sedimentary formations.
There are about six disconnected belts of ophiolites that make up the boundaries
betweenthe five major terrains (Asir, Afif, Ar Rayn, Al-Hijaz, Midyan all showing
similar compositios but of different age). They are parallel tthe main trend of the

rock units and tectonism in the Shiefdur of them (AtAmar-Idsas, JabaHumayyan

Jabal Sabhg Al-Bijadiyah-Halaban and AHamdahkNabitah) showa N-S orientation

and the other two (Jabal E3abal AlWask and Bir Umglabal Thurwah) showan E-
W/SW-NE orientation. Other minor beltare NE-SW or NW-SE trending.The main

structural elements dfie Sheld are shown in Fig 2.3 and 2.4

11.3.1. Midyan Terrain
According to the Saudi Geologicau&ey (2012) the Midyan terrain(Fig. 2.5)is

basically composed of two deformed rock unitise Za'am Group (represented by
volcanesedimentarychert and irofrich formatiors) that is 806725 Ma old and the

Bayda and Hegaf formations (leMv basalt and andesite, intercalated with rhyolite
represenng an islandarc volcanic environmept and epiclastic sedimentary rocks

They areover 710 Ma old and a continehtaargin environmeris indicated

The above menrodkowere ohtrudel lagipricer tendlife(arcrelated, 680
Ma) and youger-type granite and granodiorite. The ophiolitic rocks in the terrain are
displayedat Jabal Ess, Jabal Wask andrejahe Yanbu suturghey are 780/40 Ma
old and were generated during bawk extension as juvenile oceanic lithosphere
(Johnson, 2006)The centraland southern parts dofie Midyan terrain host the Qazaz
gneissic belt, the Azlam graben and the Hamadaisgic beltwhich all show a general
northwest trend (Johnson, 2006G@reenwoodet al. (1980) and Delfour (1981) agreed
thatthe Midyan terrain is distinguished lopntainingthe youngest intrusive rocka the
Arabian Shield. This appearto be the mosimportant difference interms of the
temporalevolution of magmatism betweéme Midyan and other terrains of the shield.
The Yanbu suture zoneseparates the nhern part of the Hijaz terrain frorthe

southern part afhe Midyan terrain

12



Mediterranean Sea

L,
\-

IAHARA DESERT

Argbian Sea

'
.\‘\o

:kdcn ,,;'

Addis Ababa/ ;o

1000 km / <
o4

/" Mogadishu

EXPLANATION \

The Old Main Terrains The New Terrains
1: Midyan Terrain a: Jiddah Terrain
2: Hijaz Terrain b: Bidah Terrain

3: Asir Composite Terrain c: An Nimas Terrain
d: Al Qarah Terrain

e: Tathlith-Malahah Terrain

4: Afif Composite Terrain
5: Ar Rayn Terrain °

i Suture zone

—
o
s
’

f: Amlah Terrain
Approximate boundary g: Hulayfah Terrain

[Z] well defined boundary h: Nugrah Terrain

77 Major fault i: Sagrah Terrain
j: Sawdah Terrain

k: Ad Dawadimi Terrain

I: Siham Terrain

m: Khida Terrain

n: Hail Terrain

Figure2.3: The terrains of the Arabian Shield after Stoeser and Frost (2006).

13



aspian
Sea

SAHARA DESERT %

%Y
%

bian Sea

Khartoum O

ddis Ababa

Fault

Mogadishu

Orogenuc belt

Figure2.4: The major structural elements of the Arabian Shield (after Saudi Geological Survey, 2012). Black arrows show fault movement

14



ala" =
JORDAN

RED SEA

LEGEND

I:I Quaternary sediments

- Phanerozoic Sedimentary rocks
D Cenozoic Flood-hasali
- Alkali-feldspar, allkkali granite to sye nogranite pluton

D Monzogranite and granodiorite pluton

- Diorite, quariz diorite, tonalite and trondhjemite pluton

E Volcanosedimentary rocks

E Major Fault

Figure2.5: The geology of the Midyan Terrain after Stoesteal. (1985).

15



11.4. The rock type®f the Arabian Shield

According to AtShanti (2003), the majority of the Arabian Shield is composed of
layered (see later) and plutonicintrusive rocks There are alsdesser amount®f
younger Quaternary sediments and Cenozoic volcanic soblames of groupsf the

Shield rocks with time and everndse shown imMable 2.1.

Il. 4.1. Basementocks

The basement rocks are metamorphosed, dominantly to amphibolitegesdes Their
original features have been affected by the intrusive rocks and the later orogenic activity
and that makes their recognition much more difficult. Soemenants of the basement
have been found in a few places like the Sawglagissic belts thas located in the
central part of thérabian Sield.

Il. 4.2. Layered rocks
The layered rocks show a distinct layered nature on a very large scale, due to

depositional bedding in the sediments and volcanics. Regional metamorphism has
superimposed aditnal layering and foliation on these units. They have an age range
between 900 and 540 Ma. They are mainly composed of volcanic, volcanoclastic and
sedimentary rocks. Theolcanic layered rock comprise volcanic extrusivedeposited

either inbasins(asmolassesdr on tre continentwith compositiors rangng from mafic
(basalt) to silicic (rhyolite). The volcanesedimentarysuccessionsare different in

nature being composed of volcanic anplutonic fragments andedimentary rocks

They occur asbeds ofconglanerate, greywacke, sandstone atmical sediments

(e.g. chert and limestonegnd also as tuff and lapHiuff. The layered rocks are locally
metamorphosetb variable degrees (e.g. gneiss and schist).

Il. 4.3. Plutonic rocks

Plutonic rocks ocqoy largeareas of the ArabianhBeld. Therr composition ranges from
ultramafic (e.g. peridotite and dunite) to mafic (e.g. gabbro) to intermediate (e.g. diorite
and tonalite) to felsic (e.g. granite). They have different forms (e.g. dikes and ba}holith
and the outcrop extemhay reach several kilometerBhdr ages range from 900 to 540
Ma.
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Based ontheir age and styls of emplacemen{Al-Shantj 2003), they have been

classfied into three distint groups:

- Synkinematc intrusives they are often deformel and sometimes contain
remnants from older roclnits. They occur as batholiths, are ealkaline in
composition (dominated hgiorite andtrondhjemitg. Their ages range between

700 to ®OMa.

- Latekinematic intrusives:they are undeformed and are ca#dkaline in
composition (dominated bgnonzogranite and monzonite). Their ages range
from 620 to 70Ma.

- Post kinematic intrusives they arethe smallestand least common of the
intrusivesand havedefined formg(e.g.circular, elliptical or ring sape3. They are
undeformed anaften show alkaline and patkaline compositios with a distinct

pinkish to reddish colourTher ages range from 620 &0Ma.

Il. 4.4. Lava fields (Harrat)
The Arabian Shield hostsome Cenozoic extrusive flood basaitsich belong to

two different phases of volcanism. The older phase is concurrent with the opening of
the Red Sea (15 to 30 Ma) and it is represented by Tertiary alikatie basalt that
occurs inthe western part of the Shield. The younger phase (10okbtajs aslate

Miocene alkali basaltic lava superimposetthe older phase.

Il. 4.5. Sedimentaryrocks
The sedimentary cover rocks occupy theerastnd the nortarn pars of Saudi Arabia.

They are exposed as arshaped belt®f carbonate rocksvhich arehighly-resistant to
weathering. Theylip toward the east and cover tempty Dahna, Nufud and Quarter
deserts which occupy theentra] northeast and sow pars of Saudi Arabia
respectively. The age of these rocks ranges from CambridRetent. Along the
western coast of Saudi Arabia, the sedimentary cover axaparrow bandip to40

km in width andconsists ofocks ranghg in agefrom Tertiaryto the present

17



Table2.1: Proposed lithostratigraphgrfthe Arabian shield, usirdjfferent classitation schemes for the groups and events.

Geo.Times

Paleozoic

Upper Proterozoic

Middle & Lower Proterozoic

Kempet al (1982) Kemp (1981) Delfour (1979) Greenwoocktt al. (1976, 1980) Orogenic | Depositional cycles
Calvezet al(1982) events from | from Jackson &
Gass (1981) Ramsay (1980)
500 JUBAYLAH
550 JIBALAH UPPER
PAN-
AFRICAN
570 MURDAMA
[
600 JIBALAH? FURAYH=MURDAMA= Sequence | g
SHAMMAR A 7
&
3
=
650 FURAYH=GHAMR=HADIYAH HALABAN ::H
z
L
750 ABLAH
MIDDLE
PAN- «
800 MAHD=ALAYS HULAYFAH AFRICAN | Sequencd |
B )
o
850 ABT OPHIOLITES JEDDAH E
&
[
2
900 FARRI=ALQUNNAH=ARJ RHARABA E
BAHAH Lower PAN- =
AFRICAN i
Sequence |'#
qC 2
950 OLDER BASEMENT BAISH E
L
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11.5. Ophiolites and deformational bedt

The ophiolitic rocks have been interpreted as part®miher oceaniccrust that have

been obducted over the continental crust at subduction zones. They are tectonically

importantbecause the define the terrain boundariesd their complete sequence is
composed of serpentinized peridotite, gabbro, dike corapléxasalandpelagic rocks.
These ophiolites were subjected to folding and shearing events twnehobscured
many of their original features (Ahanti, 2008 They are mosthvid-Neoproterozoic,
with an age range between 680 to 890 Ma (Stetral, 2004), were emgdaced by
thrustingand represer200 Ma of oeanic magmatism in the Arabiamigld. Between

780 and 680 Ma these rocks were emplaced in suture zones (100 Ma period of terrain

accretion). Themajor shear zone developed alonguture zone$iosting the ophidates
(Al-Shanti, 2003).

According to AbdelsalamandStern (199%the ArabianNubian Shield deformational

beltscan beclassified into the followng:

1- Deformational belts associated wifla) an 806700 Ma period of ararc
collision, (with ENE orientationin the northern part of the Arabidtubian
Shield and N to NNE orientation in the southern part of the Arabiubian
Shield) and(b) arccontinental collisionsutures(N-trending in the eastern and
western boundaries of the Arabillubian Shield) assaaied with the collision
of the ArabiarNubian Shield with east and west Gondwanaland at6B80
Ma).

2- Deformational belts with postccretionary structuresThese areN-trending
shortening zones and NWending strikeslip faults that offset the east to
northeast oriented sutures in the north of the AraiNabian Shield, but

overprinted theéN to NE orientation sutures in the souththe Arabian 8ield.

Levin and Park (2000) suggested that the coherent fabric of the shear zoweaareas
initiated during &te Proterozoiccontinent continent collision, contemporaneous
with the northward movement d@he Ar-Rayn tectonic block along the northern

flank of the Najdfault system.
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[1.6 . Theories on the formation of the Arabian Shield

Some studies (e.g. Schrhidt al, 1979 and Camp, 1984) have suggested that the
Arabian Shield was formed as a result of accretioa niimber of island arcs which
weregenerated in an oceanic basin overlying oceanic crust. However, others (e.g. Kemp
et al. 1982) have suggestedaththe Arabian Shield was developed and generated from

magmatic activity and/or from the rifting of the silicic continental crust of an old craton.

Stoeser and Camp (1984uggested that the Shield resulted from an accretion of
microplates. Theirdeas &plain the divisions of the geological terrains in the Arabian

shield which are delineated by tectonic suture zones that host the ophiolitic belts.

Stoeser (1986), stated that the evolution of the Arabian shield can simply explained by

the classic Wilsomycle pattern of Phanerozoic plate tectonics.

The Saudi Geological Survey has summarized the geological evolution of the Arabian
Shield (Fig 2.6).Be’eriShlevin et al (2009 conclude that arc formation and
accretonary processes in the Arabian Shielcerav still ongoing inthe latest
Neoproterozoic (Ediacargrntil about 620600 Ma, andthereforethat evolution of the

Ar Rayn terrane (arc formation, accretion, sym postorogenic plutonism) defines a
final stage of assembly of the Gondwana supercentialong the northeastern margin

of the East African orogen

Jibalah Basins Marginal Basins

Murdama Basins
Najd Fault

Gneiss Domes Volcanic arcs
Oceanic Crust

SUTURING
EXTENSION I

- PRECRATONIC ASSEMBLAGE
Crustal Thinning

500 550 600 650 700 750 800 850 900
Ma
Figure2.6. The geologicatime events of the Arabian Shield (after Saudi Geological

Survey, 2012).
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11.6 .1. Tectonic evolution of the Arabian Shield
Based on thenumerousgeological, gochronological, geochemical and structural

studies several plate tectonic interpretations of the Precambrian history of the Arabian
Nubian Shield in general and the Arabian Shield in particular have been carried out by
many authors (e.gemp, 1980 1982 Duyverman, 1984Al Shanti, 1993 Johnson,
2003. Several tectonic models for the evolution of the basement rocks in the Arabian
Shield have been put forwardHereis a bref discussion of two exampldthe most

comprehensive and usitige most recent da).

11.6.1.1. Dwverman(1982) Model

Figure 2.7shows a tentative model for the evolution of the Arabian Shield in late
Proterozoic tnes according to Duyverman (1982According to thismodel, the

tectonic evolution of thet8eld can beclassified inb four stages:

Stage A:This first stagecorresponds with the Baish /Bahah juvenile arc systems with
submarinevolcanic rocks and sediments. Three or more arcs existed during this time.
Oceanic crust was originally present in the whole arehte remnats of this crust are

the presentday ophiolite belts. During this stage proledshstwaredippingsubduction

zonegyeneratedholeiitic to calealkaline volcanism and submarine erosion products.

Stage B: During this stage, further subduction caused resite tholeiitic andcalc
alkaline volcanism along with the depositioithe Hulayfah and Halaban grosip

Stage C During this stage, thMurdama and Shammar groups wkrened andthe
island arcs became mature with the formation of thick crust. Sulmuctaused the

volcanicrocksto change magma typbeconing calc alkalinein nature.

Stage D:During this stagdgthe Najd period the Shield wasfurther cratonizedAlkaline

to pealkaline plutonismand volcanisnoccurred (e.g. the Jubalah Group).
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Cratonized island-ares, the composition of the magma produced represents the type of the intrusive (e.g. Sawda and Mowasse plutons in
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represents the type of the intrusive igneous plutons (e.g. Tabal lasssh and Tabal Raydan in Midyan Terrains)
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Continental Flate
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Figure2.7: Arabian Shield evolution modeddaptedafter Duyverman, 1982).
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11.6.1.2. Genna et al. (2002) Classification

Based oma geologic, structural, geochemical, and geochronologic synthesis, @enna
al. (2002) presented new viewof the anatomy and geologic history of the Arabian
Shield (Table 2.2). The main geologic evolution of tHghield is limited to a period
ranging from 900 to 550 Ma that led to the formation, amalgamation, and final
cratonization ofseveral tectoostratigraphic terrainsGennaet al (2002) observed
extensional deformation with contemporaneous bimodal magmatism in the Late
ProterozoicArabian $ield rocks, which are indicativef crustal thinning. These events
were followed bya marine sedimentain event. The crustal thinning was controlled by
the Najd transform fault, whichlso governed the Jibalah bagnmation (the basal fill
deposits ofthe Shammar group). The extrusive rocks tbé Shammar group were
associated with intrusive complexes atikle swarms (5390 Ma). This extensional
series vas followed by a marine transgression (carbongiatforms of the Jibalah

basins) and endeslith the marine sediments of tHealeozoic coer.

Table2.2: The classification of Genret al. (2002) for theevolution of the Arabian

Shield
Tectonic stages Rock units Group Age (Ma)
-Alkaline & Peralkaline granite Mardama
Postcollision -Layered intrusive gabbro Shammer 670550
-Intermediate to acidic volcanics Ablah

-Molassesediments & dykes

Collision (Pan-African) Peralumineous granite Nabitah belt 670
Island arcs Hulayfah
-Calk-alkaline granitoids Halaban
-Metagabbrediorite complexes Jiddah
-Volcanaosedimentrary association Baha
Pre-collision (island arcs) | Ophiolites Baish 900670

-Marine sediments
-Massive & Pillow basalt
-Sheeted dykes
-Metagabbro

-Metapyroxenites
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11.6.1.3. Compatibility

These two classifications do not give an expetiod of time for each tectonic event
Whereas the first classificationconsiders an extended periad time, the second

classificationust considered thperiodbetweerf00 Ma and 550 Ma.

However, both classifications are very similar as thepose thesame tectonic stages

which occurred aa similar period of timeThese models will be further assessedi

later Chapter.
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l1l. Field Observations

[11.1. Introduction

Five, poorly-studied(Table 3.1)granitic plutonsin the Midyan terrain, NW Arabian
Shield, were selected for detailed geological sttldgse are (from south to nortlgb
ThalabahJabal Khur Dukhan, Jabal Rydan, JabaMessah and Jabal az Zuhd

Table3.1: Previous work on the selected plutons

Pluton | Geology| Structure| Mineralogy | Geochemistry) Economic| Geochronology

TH | Y (Mi)

KD | Y (Mi) | Y (M)

M| Y (Mi) Y Y () Rb-Sr
JR | Y (Mi) Y (Mi) Y ) Rb-Sr
JZ | Y (Mi) ICP (Mi) Y )

Explanation of the abbreviations: TH, Jabal Thalabah, KD, Jabal Khur Dukhan, JM,
Jabal AtMassah, JR, Jabal Raydan, JZ, JazaZuhd,Y, yes,Y(Mi), yes but minoy
Y(1), yes butinitial, ICP (Mi), Inductive coupled plasma but minor study.

Previous studiesvhich focusedon the economic potential dfie Arabian Shieldsee
Chapter 1)ndicatedthat the alkali graniteare the most promising host fenrichments
of REEs and RM.

The majority of the previous work wasarried outin the 1980s by thBeputyMinistry

of Mineral Resources of Saudi Arabia during the production of the geologiiapk of
therelevantquadrangles (Al Wajh, AMuwaylih, Shaghab, Duba and Hagl) that occupy
the nathwestern part of the Arabian shield. The work aismlved some other initial
geological, structural and economic studies. The geological work was mainly based on
regional mapping (simplified maps fromaia photography) and includelimited
sampling.The scale of the maps that were produced for these plutasn:250,000.
Theses mapsnly showthe maingeological lithologies and do not displagy detailed

geologicalfeatures.
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This chapter willdescribe the major geological featureseathof the pltons. These
were derivedy constructing geologicahapswhich were based othe reconnaissance
geological stutks recent satellite imagg$oogle Earth) and the later moredetailed
fieldwork. The satellite images assisted in clarifying the extensiosoofe major
structural elements and in suggesting dpproximate positions dioundaries between
bodies within each pluton butarenot very helpful in identifying the main rock units or
the exactrelationshipsbetween rock typesThe initial rock names sedin the field
descriptionswere based on the colp index and the texturef the rocksin the field,
whilst the namesusedon the produced mapare based onsubsequenpetrograpic

analysisand are therefore more accurégee Chapter 1V)

Initial (reconnaissance) and major field trips were carried out during the suwime
2009 The first tripinvolved somesampling fromthe Jabal Thalabah and Jabal-Al
Massah plutonsThe second (major) tripcomprised mapping the five plutorad
sampling(167 represerdtive samples were collected froall of the plutons tanclude
the various rock varietiey. The samplingmethod aimed to be systematic (evéry
metes along parallel traversgsHowever, this method did not work wekcause of the
difficulties in finding fresh representi@e samples at each locatioifherefore,the
sampling method was changed todpeatified (each pluton was totally covered to have
all the rockvarietieg. The stug areas are located few hundred meters easft the
coastalhighway thatjoins the cities of AFWajh and Duba which were usedfor
accommodation) andccess wady fourwheel drive vehiclesThe terrain is fairly
rugged and mountainous and the temperatures were always high. More details of the
fieldwork, including thenature ofthe environmentind some sampling obstacles are

mentioned in Appendix I.

The five plutons were selected for the following reasons:

- Jabal Thalabah: No previougletailed geological study (only subjected to a
general geological study of its host quadtargnd based onaial photos an
initial geological map wasonstructed)has not everbeen given a name (see

later); and is clost ore of the alkali graite pluton.
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- Jabal Khur Dihan: An alkali granite pluton with naeconomic, detailed
mineralogicalor detailed geologicadtudy.Only subjected to minitial structural
study andgeneral geological study of ito$ét quadrangle and, based camnia

photos an initial geological map was constructed

- Jabal AFMassah: A alkali granite pluton with noprevious detailed
mineralogical andyeological study. @y subjected to atrudural study, initial
economicstudy andyeneral geological study of its host quadrangle and based

aerial photos an initial geological map was constructed

- Jabal Raydan: An alkal granite pluton with no datled mineralogical and
geological study.Only subjectedto an initial economicstudy andgeneral
geological study of its host quashgle and based oreraal photos an initial

geological map was constructed

- Jabal az Zuhd: A dkali granite pluton with no deil@d mineralogical and
geological study.Only subjectedto initial economic study and general
geological studyincluding a few geochemical analysesj its host quadrangle

and based onedal photos an initial geological ap was constructed

[11.2 . Country rocks

The county rocks in the study areaare dark coloed, most commonly massive,
unbedded and featureless. However, the affect of regional metamorphism was reflected
in the appearance of some deformatiastalicturedike folds, faults and cleavagBasic

and acidic netavolcanicsare the dominant lithologies present. These inc{adeording

to Davies, 1980;Ramsay, 1983; Rowaihy, 1985; Clark, 1986; Davies and Grainger,
1985;and Grainger and Hanif, 1989):

- TheZ a 6 a oup,gansisting of metamorphosdasalt and andesitmafic tuff
and agglomerate, dacitic and rhyolitic flows and tuffs, massive to well bedded
volcaniclastic sandstone or lithic arenite, siltstone, pyritic and graphade

andblack chert.
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- TheBayda group generallyconsiss of andesitic tuffs, brecciasnassive lavas,
basaltic sills and dikeshyolite porphyry, dacite, trachyte flows, thickly bedded
lithic, lapilli, and welded asfiow tuffs and volcanic conglomerate and breccia.

- TheHasha formation is specifically characterized tpasalt,andesiteandesitic

tuffs and breccia.

- The Zaytah group generally consists dPrecambrian stratiform r&s thatare
dominated bya succession of mafic and felsic tuffs, andesite, basalt, minor
rhyolite, agglomeate, siltstone, limestone, and chexnnphibolite, mafic schist

and quart#eldspathic mica schist

- The Thalabah group, consisting ofan epiclastic successiorgonglomerate,

phyllite, lithic arenite and siltstone.

- The Minaweh formation generally consiss of metavolcanic (andesite to

basalt)sedimentary schists

[11.3. Jabal Thalabah Complex

The Jabal Thalabah plutobelongs tosomeigneous intrusives thabave not been
assigned to any of the Midyan terrain suites ianehs only described as a felsicijon

with a core of monzogranite surrounded by syenogranite (Davi€83 Davies and
Grainger, 1985).Names were given from modal analysis (Fig. 3.3) and later

geochemical classification.

lll. 3.1. Geology
The pluton(Fig. 3.1 and 3.2 occupies an areaf 4kn?. Forty onesamples were

collected from the plutan. The pluton is composed @in inner zonedlominated by
coarsegrained (> 5mm), grey granodiorite which grades into whitistyrey
monzogranitemostly shearedraniteand an outer zordominated bynedium(1-5mm)
to coarsgyrained buff-pinkish syenaranite. The contadtetweenthe inner and outer
parts of the pluton is occupied by very small zones ofiedium to coarse grayish
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hybrid rock At the contact with the country rocks the granite is fineairged,
representing a chilled margimhe rocks are commonly alterg@ericitization and
chloritization) most likely due to NESW shear zones that have dissected the granitoids
To the suth of the felsic pluton, a similar size gabbroic pluton is localedxhibitsa
fresh core with slightlhighly alteredmargirs. At the contact with the granitic pluton
someweathered and carbonatizetetagabbrosvere found as roof pendadbove the
Jabal Thalabah granite. These altered gabbros are p#re afafic puton whichis
located just southwestf the Jabal Thalabah pluton. The relationship between the
plutons indicate that the Jabal Thalabajranitoidspostdated the mplacement of the

mafic pluton.

The country rocks ofthe Jabal Thalabah pluton are repmesel by the Za'am
metavolcanicsBasic and felsic dykes intrude both granites and the country rocks. The
dykestrend S50W, arered, black and white in calio andare mostly porphyritic. They
show variable thicknessangng from afew centimeters up to 15m width. Faulting is
visible and appears to be more prevalent away filmennternalexternal pluton contact.

The basic dykeare younger as they intrutlee felsicdykes but their thermal affecon
the intruded rocksvas limited. The pluton showsan abundance of smalfrounded

mafic xenolithswhich are only hosted in the granitic rocks (mostly the grey granite).

111.3.2. Form of the plutons and mode of emplacement
The Thdabahis a smal] composite, ovashaped pluton witta low topography. Itis

most similarto the northern Midyan granitic intrusives which werebablyemplaced

by cauldrorsubsidencéThe nature of xenoliths indicates the stoping mechanism).

111.3 .3. Sequence of events
TheZzadam met avere firt amtnuded $y gabbro, wiicwas subsequently

intruded by separate but contemporanesyenograniteand monzogranitegranodiorite

melts. Some assimilation and hybridization took place at the contact zones. The granitic
body then fractionatedlhe granitoids were lat intruded by fésic and basic dykes.

Both the granitoids and theykes were partially affectedfoliated by a later

metamorphic event.
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Figure3.1 The geology of the Jabal Thalabah Complex with the sample locations (prefix JH). Rockmamlater mineralogical and geochemical studreconnaissana@ap boundaries are approximate and
provided the bass for the sampling programme.
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Figure3.2 Hypothetical and idealized diagram showing lithological relationships in the Jabal Th@ainalex.
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Figure 3.3 Modal composition of the Jabal Thalabah granitic roéksplanation of

terms: Qquartz, Ggranite, AFGalkali-feldspar granite, S&yenogranite, MG

monzogranite, GEyranodiorite, Ttonalite, AFQSalkali-feldspar quartz syenite, @S
quartz syenite, QMyuartz monzonite, QMEuartz monzodiorite, QIQuartz diorite,

QGB-quartz gabbro.

In summary Jabal Thalabah is considerénl be a smal] composite, topographadly

low, ovatshaped plutonwhich displays several rock varietieand contais mafic
xenoliths It is partially foliated andis intruded by numerous felsic and basic dyke
swarms that mayelateto NE-SW shear zones that have partially dissected the granitic

rocks.

Modally, the plot(Fig 3.3) of the Jabal Thalabah granitoids dess two different
groups of rocks and it is unclear whether they bear any relation to each other. The first
group occupies the granodiorite field and the second one occupies the syenogranite and
the alkali feldspar granite fields. Each group may reptesealifferent magma source.

The first group possibly shows a trend of fractionation, whereas the second one does not
clearly show this feature. By relating the identified rocks to their field locations (Fig.
3.1) it appears that the more evolved granitesupy the outer part of the complex,

while the less evolved varieties occupy the inner parts.
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[11.4. Jabal Khur DukhanComplex

The pluton (Fig. 3.4 and 3.bis exposed north of Wadi Thalabdforty two samples
were collected from ik area Jabal KhurDukhanhas beersubjected togeological
studiesby Davies(1980, 1983) anda structural study by Agaf1986). However, these
studies were limited in their sampling and detail and it was felt that further work was
justified. Names were given from modal dyss (Fig. 3.6) and later geochemical

classification

lll. 4.1. Geology
The complexis basically composed ain inner andan outer part and eacpart is

dominated bydifferent granitic rocksThe inner part is mainly occupied bycoarse
grained (> 0.5cm) greyMhite monzaranite and granodioritevhich is porphyritic
(feldspar pkenocrysty has an abundance of ferromagnegiamphibole and biotite)
minerals(~9% from modal analysesind commonly showa rough weathered surface

texture

The larger surrourding part is mainly composeof medium (1-5 mm) and coarse
grained(> 5mm) reddi$-pink alkali to syengranite which becomes more reddish and
more altered towardbe northernand soutkrnareas It alsoforms ahigher topography
thanthat ofthe inner pliton Later reddishpink, felsic dykes of aplitic and pegmatitic
characternntrude most of thepluton but are particularly abundant in thenzagranie

and granodiorite.

The pluton hostgenoliths ofvariable shapeuéuallyelliptical or rounded) and sz(5 to
20 cm in diameter)These arenainly felsicin appearancandincludesome porphyritic
(feldspar phyricgranites (mostly found in thaner part of the pluton).

A sharp contact between the mogmmitegranodiorite and the alkafiyenagranite wa
visible in the field, buthe temporalrelationship between these rocks is uncksathe
country rocks (metavolcanics ahe Z a 6 aggmoup) were invaded by boththe
monzogranitegranodiorite and the alkadiyenogranite
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Figure3.4: The geology of the Jabal Khur Dukhan Complex with the sample locations (prefix KD). Rock names are based on the later

mineralogical and geochemical studi@econnaissance map boundaries are approximate and provided the basics foplihg sa
programme.
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Figure3.5: Field appearance of the Jabal Khur Dukhan Complex

aElliptical xenolith , b Rounded xenolith ,-cAlkali to syengranite intrudes

the country rocks ofZa'am group, dQuartz vein(late magmatic evencuting
acrossalkali to syenogranite, -eLarge pegmatite vein dirig across alkalito
syen@ranite The xenoliths represent the coutry rocks that were assimilated

during the magma ascent.
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[11.4.2. Form of the plutons and mode of emplacement

Jabal Khu Dukhan is an irregular, epizonal, elliptical, felsic igneous pluton, with
rectilinear contacts and moderate topography, which was emplaced by a passive

cauldron mechanism at a depth of a few kilometers (Agar, 1986).

[11.4.3. Sequence of events

Thecomtry rocks of the Zadam metavol eanic
granodiorite and alkafieldspar granite and much less syenogranite magmas which
show no crossutting relationships. The pluton was later intruded by felsic dykes and
veins (micregranite, pegmatite and aplite) and also shows very slight alteration which

may indicate a later metamorphic event.
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Figure 3.6 Modal compositions of the Jabal Khur Dukhan granitoifiglanation of
terms: Qquartz, Ggranite, AFGalkali-feldspar granite, SG-syenogranite, M&
monzogranite, GEyranodiorite, Ftonalite, AFQSalkali-feldspar quartz syenite, @S
quartz syenite, QMjuartz monzonite, QMEuartz monzodiorite, QIuartz diorite,

QGB-quartz gabbro.

In the modal composition diagrafig 3.6) the graitoids show a linear array which

could represent a fractionation trend from one magma source.

In summary Jabal Khur Dukhan is an elliptishlaped pluton that hosts abundant
xenoliths and consists of various types of granite. The relationship between thes
granitic rocks of the inner and outer parts of the complex remains unclear as there is no

clear crossutting relationship between theiy relating the identified rocks to their
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fieldds |l ocations (Fig. 3. 4) i py the fages ar s
outer part of the complex, while the less evolved varieties occupy the inner ones.

[11.5. Jabal Al-Massah Complex

The pluton(Fig. 3.7 and 3.Boccupiesan area of 20 ki Forty samples were collected
from this area.Jabal AltMassahhas beersubjected to geologicatudiesby Drysdal
(1980, Davies and Graingefl9895 and Grainger and Han{fL989) anda structural
study by Agar(1986). It was also subjected to 8b age dating and chemicahalysis
by Stoeser and Elliot{1980 and Stoese(1986) andan economic studyhas been
carried outby Drysdal (1980 and Ramsay1986).However, these studies were limited
in their sampling and detail and it was felt that further work was justiiaches were

given from modal analysis (Fig. 3.9) ancelageochemical classification

lll. 5.1. Geology
The country rocks in the area are dominated by the Hasha metavoles@so noted

by Davies and Grainger (1985)he granitic complexs mainly composed of coarse
grained (> 5mm) alkali to monzogranite (kitish), granodiorite (light grey) and
porphyriticalkali to syenogranite (pinkisted). The whitishgranite mainly occugisthe
eastern and central part of the pluton, mostly forming isolated ostsemarated from

the granodiorite. It is slightlyto highly weathered, porphyritic (clearly at the neanth
northwestern, and southern parts) with lokegfeldspar crystalsexfoliated (due to
weathering)and showsan abundancgup to 7%)of ferromagnesiariamphibole and
biotite) minerals and some mafic xenbbt The alkali to syenogranitéhave ahigher
topography, mainly covarg the rortheastern part of the pluton and gréaen pinkish

to reddishcolourtowards the northern and western sides, and have some felsic xenoliths
(just adjacent téhe country rockshat principally cover most of the southern parts). The
whitish granite and the pinkish granites are possibly the younger monzogranites and
older alkalifeldspar granites respectivebsdescribedy Agar (1986).

In the southeastern and southwesteains of the pluton thealkali to monzogranités
cut by quartz veins and by aplitic (S17 or nearly EW; cut by NS trendng quartz
veins) and mafic dykes (N7&). The north, northwestern and southern parts of the
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alkali to monzograniteshow porphyritictextures andvariable granitic compositions.

Thepluton iscutby some majoNW, N-NW and EW trendingfaults.

lll. 5.2. Form of the plutons and mode of emplacement
Thenestedc i r c belljard , f @r ndabal AtMassak plutoris typical of cauldran

subsidence. According to Davies and Grainger (1985), the pluton was emplaced by the
foundering ofan older granite block into younger magma which moved around and
above it and then continued to rise by stoping the roof. A successive upwelling magma
emplaement theory of the circular structure in the homogeneous alkali granite was
proposed by Drysdall1980).1t was emplaced by a passive cauldron mechanisan at
depth of a few kilometer@gar, 1986)

lll. 5.3. Sequence of events
The first event in the eptacement of hdabal AtMassah plutorwasthe intrusion of

the pinkishrred granitoidsntot he met avol cani cs of t he Za
group This was followed by théater, whitish granitoidsand finally the pluton was
intruded byfelsic dykes (alites andpegmatites)basic dykes, and some quartz veins.

is proposed that the alkali granitegerepostdated bythewhitish, calc-alkali granites

Modally, although the granitic rocks of Jabal-Mbssah do not show a clear
correlation, they do seemo show a trend of possible fractionation from one magma

source

As a summary it is possible to say that the nebked Jabal AtMassah is
topographically moderate, weathered to some extent, shows different xenolith
compositions (may reflect an assimitati process, which occurred between either the
two plutons, as the roof of the outer pluton foundered into the inner pluton, or between
the country rocks and the white, inner pluton as it was rising up and before its final
solidification. This may explainhe various compositions of xenoliths present in the
area, different rock types, and is cut by large faults with different orientations.source).
By relating the identified rocks to their field locations (Fig. 3.7) it appears that the more
evolved granites acupy most of the complex, while the less evolved varieties occupy

very minor parts represented by small outcrops.
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Figure3.7: The geology of the Jabal Massah Complex with sample locations (prefix JM). Rock names are from latealogieal and geochemical studi®econnaissance map boundaries are approximate
and provided the basics for the sampling programme.
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Figure3.8: Field views of the Jabal Alassah Complex

a Exfoliated (wathering)alkali to monzayranite b- Highly weathered porphyritic
granodioite, ¢ Mafic dykes (late hydrothermal activityfutiing across and
postdatedalkali to monzogranited- Quartzvein invadedalkali to syenaranite,
f- Quartz vein with NS trend cuing acrossa large felsic gke, g Alkali to
syeng@ranite intruéhg the country rocks athe Hasha formation, hRelic (mafic

xenolith) of theHasha formation in the alkalh syengranite
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Figure 3.9 Modal composition of the Jabal Massah granitoidExplanation of terms:
Q-quatz, G-granite, AFGalkali-feldspar granite, SGyenogranite, M@nonzogranite,
GD-granodiorite, Tonalite, AFQSalkali-feldspar quartz syenite, @fuartz syenite,
QM-quartz monzonite, QMiuartz monzodiorite, QIQuartz diorite, QGRjuartz

gabbro.

[11.6 Jabal Raydan Complex

The puton occupies an area (Fig. 3.10 and B.dflalmost 10 ki A total of thirty
samplesverecollected from the aredabal Raydan was subjected to geologicalistud

by Smith (1979, Drysdal (1980 and Grainger and Han{il989); e dating and
chemicalanalysisby Stoeser and Ellioft1980, Kempet al, (1980) and Stoesef1986)
andan initial economic studyy Drysdal (1980 and Ramsay1986).However, these
studies were limited in their sampling and detail and it was feltftintiter work was
justified. Names were given from modal analysis (Fig. 3.12) and later geochemical

classification

lll. 6.1. Geology
The pluton is composed afhitish coloured, mediumgrained arfvedsonitebearing

granite (alkali to monogranitg and coars to fine-grained reddislcoloured granite
(alkali to syenogranite)together with lessegranodiorite (Drysdall, 1980fas small
outcrops in the sou#in and southeastern partof the pluton. The alkali to

monzograniteepresentshe majorityof the ign@us intrusionlt is intruded by rhyolitic
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dykes, which areut in a few cases by later quartz veinThe alkali to syenogranite
mostly occupiesthe highest part of the mountain aihds commonly foliated. In some
places tIs foliation has been intense a@hequates tanylonitization as Kempet al
(1980) noticed. Along the shear zones, the quartz slovessociation with possible
riebeckite needles (Smith, 1979). Some of @ikali to syenogranit¢éhat occus on the
northwesterrside containspink feldspa and altered ferromagnesian minerahsl could
represent a contaminated phaSeme microgranitic dykes were foundthe central
parts of the red graniteSome mafic xeraths were found hosted in thakali to

monzograniten the western side of the pan.

Some small outcrops gfranodiorite weralso foundn the area butheseshow no clear
crosscuting relationship withthe other granitic rock&nd may in fact not be related to
the main pluton To thesouth of the northern margif the pluton, here is a small
mediumgrainedalkali to syenogranitetrusionandfurther souththere is anotér larger
intrusion Thealkali to syenogranitgranite is mostly weathered and intruded by quartz
andpegmatite veins.

The country rockgo the medium and earse granite are dominated by the Za'am
metavolcanicsThegranitic rocksare intruded by microgranite dykes which sometimes
grade into pegmatit@he later often astringer3. Their strikeranges from NWto NE
especially at the northeastern contadhef pluton.
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Figure3.1Q The geology of the Jabal Raydan Complex with sample locations (prefix JR). Rock hames from later mineralogical and dgetetiesiRaconnaissance map boundaries are approximate and

provided he basics for the sampling programme.
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Figure3.11 Hypothetical and idealized diagram showing lithological relationships in the Jabal Raydan Complex
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The metadiorite of the Shagab complex is intruded by swarms of microgranite and
pegmaitic dykes of S120°E and S155°E orientation. The intrusive rocks are foliated in
the southwestern portion of the pluton and this extends along strike of a shear zone and

penetrates the country rocks of the Zaodal

111.6.2. Form of the plutons and made of emplacement
According to Drysdall (1980), the Jabal Raydan pluton is an incomplete circular pluton

which may belong to the ring complexes of the northern Midyan terrain that are of
simple belljar type and were emplaced by cauldrenbsidence (Roob@nd White,
1986).

111.6.3. Sequence of events
With the incompletecircular pluton of Jabal Raydan (a suggested-featbnic passive

i ntrusion), the country rocks of the Za
dioritic rocks of the Shagab complard then by small granodioritic intrusives and the

i alkali to monzogranite and alkali to syenogranite intrusives. The latter rocks were then
modified by fractionation and intruded by some felsic dykes (grading to pegmatites).

The apices of the alkali gra@ intrusives were partially affected by a foliation event.
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Figure 312 Modal composition bthe Jabal Raydan granitoids€Explanation of terms:
Q-quartz, Ggranite, AFGalkali-feldspar granite, SGyenogranite, M@nonzogranite,
GD-granodiorite, Tonalite, AFQSalkali-feldspar quartz syenite, @fuartz syenite,
QM-quartz monzonite, QMiuartz monzodiorite, QIQuartz diorie, QGBquartz

gabbro.
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The diagram showing modal compositions is similar to that of the other plutons in that it
would support a &ctionation from one parent granitic magma, but a clear fractionation

trend is not present and sample relationships are not clear.

In summary, the Jabal Raydan pluton is topographically moderate to high but a
prominent feature. It is dominated by whiteagites which sometimes grade into
reddish coloured granites (especially in its NW part). It is foliated in some parts (the
red granite roof zone), it hosts a moderate number of dykes and has very few xenoliths.
It is cut by some large faults with seveaalentations (NWSE, NNW and NESW).

By relating the identified rocks to their field locations (Fig. 3.10) it appears that the less
evolved white granites occupy most of the complex, while the more evolved reddish

pinkish granite was found hosted in fitgpe.

[11.7. Jabal az Zuhd pluton

The pluton(Fig 3.13 and 3.1¢occupes an area of almost 20Knand is located 5km
northwestof the famous Tawlah prospe¢Drydsall et al, 1986). Because of the
apparenhomogeneity onlyL4 samples were collected fraire areaTheJabal az Zuhd
Pluton was subjected tgeological stugks by Drysdall (1980, Ramsay(1982 and
Drydsall et al (1986) and economic stuels by Drysdal (1980 and Ramsay1986)
However, these studies were limited in their sampling and datdilit was felt that
further work was justifiedNames were givefrom modal analysis (Fig. 3.1and later

geochemical classification

lll. 7.1. Geology
The equigranular, coarggainednature of thisalkali granite was also noticed by Clark

(1986) as the dominantlithology. Some porphyritic granite was also found along the
eastern margins of the pluton. The plutwas beercut by a few pegmatiteand felsic
dykes and haadismordant contact with the countrgcks.The country rocks of Jabal az
Zuhd pluton are dominated by theMinaweh formation(explained earlierin this

chaptey.
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Figure 3.13 The geology of the Jabal az Zuhd Pluton with sample locations (prefix JZ). Rock names from later mineralogical and

geochemical studieReconnaissanceap boundaries are approximate and provided the basics for the sampling programme.
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Figure3.14 Hypothetical and idealized diagram of the Jabal az Zuhd Pluton.
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[11.7.2. Form of the pluton and mode of emplacement
The topographically high, &circular pluton of Jabal az Zuhd is a ptesttonic,
massive, unfoliated body with sharp, discordant contacts against the country rocks. It is

most likely related to the adjacent, forceful intrusives in the region that were emplaced

during the time interal 570 to 800 Ma (Kemp et al., 1980).

111.7.3. Sequence of events
The forceful(the magma forced theway up through the denser country roclka)b

circular, posttectonic pluton of Jabal az Zuhd, its apparent homogeneity, indicate that
the felsic intrgion was basically formed by melting of crustal material (just a
suggestion based on the fact that the rocks nature and their constituents of this pluton
look very different from those of the other plutons which possibly indicates magma with

different chenstry and subsequently different source)

\/\\
[ o oo Ko

YT YR,

Al

Figure 315 Modal compositions of the Jabal az Zuhd PlutoBxplanation of terms:
Q-quartz, Ggranite, AFGalkali-feldspar granite, SGyenogranite, M@nonzogranite,
GD-granodiorite, Ttonalite, AFQSalkali-feldspar quartz syenite, @fuartz syenite,

QM-quartz monzonite, QMijuartz monzodiorite, QIguartz diorite, QGRjuartz

gabbro.

In the modal composition diagraffrig. 3.15) the rocks mostly plot in the alkali
feldspar field, and they do not showelaar linear trend but plot close to each other. The

abundance of allanite (especially in the syenogranites) may indicate a promising source
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for some important rare metals (see later). More than one amphibole type was found

(brown, green and deep blue)dahis mineral is discussed further in a later chapter.

In summary, the Jabal az Zuhd pluton is a large, massive pluton with no xenoliths, very
rare felsic dykes and only two types of granite, the alkali granite and the porphyritic
granite By relating he identified rocks to their field locations (Fig. 3.13) it appears that
the majority of the pluton is composed of the alkali granites. The less evolved

syenogranites were found in a small part of the pluton peripheries.

lll. 8. Comment on the presence génoliths

The xenoliths that were observed in most of the stydreaswould supporthe stoping
magma emplacement theoijhe types ofenoliths are differentsome of them could
represenassimilatedmetavolcanicountry rocks during magmescentwhilst others
might be related to the destruction of the {pmil plutons, where the older upper
granitoidshavefoundered into the younger granitoidg stoping. Theearly stagesof
the enclosed xenoliths are characterizedabyangular blocky shape and as eh
progresghroughthe assimilation their rims reacted and corrodedulting inrounded
shaped xenoliths, whichlsobecome smaller and more elongakie final stagein the
most assimilated xenolithsshow assemblages of ferromagnesian mineralse

chemistry of theses xenoliths is discussed in chapter 6.

[11. 9. Discussion and conclusits

Although the studied plutonsere assumed to be similar tarms oftheir rock types
andmode and age of emplacemesamemajor geological differencdsave beerfiound
(Table 3.2. The field relations between most of the studied plutons and the surrounding
metamorphosedountry rocks show discordasharp contast which indicates that the
plutons wereemplacedposttectonically A sequenceof age of emplacement fdhe
studied plutons and their stratigraphical relations with their country iecgsoposed
(Fig.3.19. The physical features and the formation of the studied plutons are basically

related to their structural controls and mode of emplacement.
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Table3.2 Main geological features of the studied plutons

Pluton Geology Lithology and modal composition Ferromagnesian minerlas (Am+B
Ring-complex structure and highl MG to GD > AG to SE7 samples plot in the GD| All poor in Am but as a total MG t
affected by shear zones filed, 1 plot inthe MG, 3 plot in the SG and 2 plg GD host up to 5%, whileAG to
TH ' in the AG) SG do not exceed 0.8%.

Heterogeneous. Comprises t AG to SG > MG to GO 3 sampés plot in the AG | All poor in Ambut as a total MG t¢

. - 0 H

plutons that show no clear relatij fi€ld qnd 2 plot each field of M@nd SG anql only gg QOSt l{[p to 8-2/(0), ;/\(/;He AG to
KD , . 1 plot in the GDof the modal composition diagran 0 not exceed L. 7/b.

age relationships.

Shows clear nested structure w AG to MG > GD( 2 samples plot in each field of All poor in Am but as a total GD

unclear boundaries. GD, MG and SG ananly 1 plot in the AG of the| host up to 6%, while AG to MG dc
JM modal composition diagram) not exceed 1.5%.

Shows incomplete double ring AG to MG > AG to SG(3 samples plot in th1G | The AG shows no presence of

complex structure. filed andthe same numbeplot in the SG f|elda.nld either 2\{; OffB;; the (S:ithOI\S/Ithom(
JR only 1 plot in the AGof the modal compositio| (UP 0 2%) of t engm the

diagram) host far more (6.7%).
Large and massive; the mqg Dominated by AG with much less SG sampleg The AG host much more (up to
. - . - 0 H

homogeneous pluton. plot in the AG filed and only 2 plot in the SG fie 9.61/02)0}Amand Bi than the SG (up

JZ of the modal composition diagram) to 1.2%).

Explanation:TH, Jabal Thalabah, KD, Jabal Khur Dukhan, JM, Jabd&VlA$sah, JR, Jabal Raydan, JZ, Jabal az Z&Gd alkali granite,

SG, syenogranite, MG, monzogranite, GPanodiorite, Am, amphibole, Bi, biotite.
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Cenozoic Cover <65 Ma

Minaweh formation=Meddan/Farra’ah
formation hosting Jabal Tawlah

Thalabah group (Sulaysiyah/Saluwah
formation & Amlas, Hinshan

formation)=Rahabah formation

Bayda group (Hasha/Amud formation)=Khawr formation

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

Za'am group (Silasia/Ghawjah or Al-Marr formation)=Zaytah group (Silasia/Hegaf formation)

Figure3.16 Suggested stratigraphic relationship of the studied plutons of the Precambrian layered rocks of the NW Arabian Shield after

Davies and Grainger (1985), Clark (1986), Rowaihy (1986), Grainger and Hanif (1989). The suggested sequence okedent is ba
regional comparisons and previous classifications
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[11.9.1. Regional Comparisons
Jabal Khur Dukhan, Jabal Massah and Jabal Raydan resemble the youngest,

cauldron type of peralkaline and younger ealkaline granitoids of the Arabian Shield
that were classified by Drysdall and Odell (1982). These types of plutons are mostly
circular, oval or rectilinear in plan and they have variable sizes, from plug to stocks.
They are mainly characterized by biotite monzogranites thatdatstthe Thalabah
grouwp deposition (~660 Ma). These plutonic suites were episodic and the alkali granites
were posidated by calalkali granites. They are also very similar to the passively
emplaced granites (by a cauldron stoping mechanism)adredhaped plutons in the less
ductile country rocks that are located in Al Wajld &uwaylih areas (Davies, 1982).

They aremore likely tohave hydrothermally modified apical zones tharhe largey
elongatediapirically empaced plutons within ductile areas of regional sheesres The

Jabal az Zuhd pluton is very similar to the hoeregpus alkali granite plutons with a
circular formthat indcate emplacement by constantigwelling ofmagma rather than a
single pulse. The very lograde contact metamorphic and metasomatic effect,
pegmatite and quartz veins suggest that the granites were(meatly cooled and
crystallised)on arrival. Thefinal heat loss and volatiles may have been contemporary
with venting. Jabal Thalabah most likely belongs to the, ddall ring structure
compexes(classfied by Jacksoret al, 1989 that werepartially affected by regional
shear zong containabundanenoliths and haveommon dike swarmslhey predate

the deposition othe Thalabah groumnd are suggested to be emplaced by a cauldron
stopng mechanismin the Arabian Shield the peralkaline granites are younger than both
the Thalabah group and most of the ealkali granitesalthough there is soe overlap.

The overlap in time oémplacement at high lexsein the crustnight bedue to diffeent

rates of magma upwellinthat have been controlled by magma volumes and varying
local temperature/pressure conditions. Further mineralogical, geochemical and
geochronological studies are needed to clarify all the proposed issgedin this

chapter

To summarize, the studied plutoeshibit subtle diffeences in geology and lithology
andaresuggestedo have beeemplacecdat a similartime, which consequently assumes
a similar tectonic settingThe major geological feature of theidied plutonsndicates

that biotite and amphibole are commonly found in greater abundancen it less
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felsic rocks (except with Jabal az Zuhd were the majority of tepresent witin the
alkali granite). Alsothe modal composition diagranmlicate the followig:
- Jabal Thalabals composed of granitoids rocks that shawig difference in
composition(may indicate magma mixing).
- Jabal Khur Dukhan is dominated by the more felsic granitoids (may indicate
highly fractionated magma).
- Jabal AltMassah showa gradu& change in compostion suggesting one magma
source for the granitic rocks.
- Jabal Raydan shoveggradual change in compostion suggesting one magma

source for the granitic rocks.

- Jabal az Zuhaghows that the majority of thesamples are accumulated in the
alkali-feldspar field (not a linear trend that may indicate fractionation) and may

also indicatea different magma source from the other plutons.
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IV. Petrography

IV.1. Introduction

A detailed petrographic study of the granites from the studywes deemed necessary

to:

1) Identify the lithologies, confirm the field terms and assess any possible relationships
between the different granitic rocks in each pluton.

2) Determine and describe the textures presanthese could help clarify the pesses

occurring during and after granite development.

3) Identify the minerals present, especially the potentially important accessory phases.

The petrographic and mineralogical characteristics of the studied granitic suites were
obtained by optical microscopic analysis of textures, mineralogy and modal
composition. These were obtained using standard petrographic thin sections and point

counting a minimum of 2500 points.

In general, the samples used in the microscopic studies were relatively unditangd
altemtionmineralwas present and could clearly be seen to have derived from a primary
phase then it was recorded as a primary phlse.main potential for inaccuradg

these modal analyseslates tothe accurate measurement of the perthitengosition

and this will affect the K feldspar plagioclase proportionsSome accessory phases
could not be identified but their identity was confirmed during subsequent electron
microprobe analysis (chapt&). The main diagram used for summarizing thedaio
compositions is the @-P (quartzalkali feldspasplagioclase feldspardiagramwhich

was originally developed by the International Union of Geological Sciences (IUGS,
1961) and later modified by Streckeisen (1967) to be utilizeglfmonic igneousacks

The nomenclature for some granitoids was slightly modified after more precise
geochemical classification (see chapter VI). The modal compositions are presented in

appendix Il and summarized in figures in this chapter.
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I\V.2. Petrography otthe Jabal Thalabah Complex

The macroscopic, petrographic and modal analysethefJabal Thalabah granitoids
(Figs. 3.3 and 4.1 Table 4.1) reveal that these rocks are maimhesocratic coarse
medium(>5mm and 1 to 5mngrained, grg to buff pinkid granodioritemonzogranite
andsyeno to alkali granites. Some are slightijtered.The pluton also includes some

hybrid and chilled margin rocks (see later).

Plagioclase is commonly zoned amals anintermediate compositiolkali feldsparis
mostly represented by ianocline perthite.The accessory phases are dominated by
biotite, muscovite, hornblende and chlorié@d much less titanite, apatite and opaque
minerals. Biotiteoccurseither as patches or elongataths; hornblende is very rare.

Some typical textureare shown in figure 4.1

This pluton is distinguished from other plutons by the presences of some lithologies
with minerals and textures which appear to represent a mixture of magmaTigpes
include clots or assemblages of ferromagnesian minerals whamnmonly showan
association with opaque phasé@s addition to the presence diie development of

myrmekites these have been termed hybrid rocks.
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Table4.1: Lithologies and mineralogy of the Jabal Thalabah Complex

Major Rock RockForming Major General Alteration Sample
Units Minerals Accessories Texture Number
SG Qz, afs & less plg | Op and very| Coarse Fresh TH5- 10°
poor altered Bilf &  Medium &12°
and am grained
MG Plg, qz & kfs Bi and am| Coarse Highly altered TH5
(chl) & less| grained
ms
Bi & Ms- Plg, gz & kfs Bi, chl, ms, op| Coarse Fresh to| TH3-4-9-11
GD & less ap &| grained slightly altered &1149;1&
tit.
HG Plg, gz & kfs| Am, Bi, chl, | Coarse Fresh to highlyy TH13°&
(alkaline) | (showing variable| ms, zr, mo &| grained altered 14
ratios) tit.
CMR Qz, afs & plg Bi, ms, chl, tit,| porphyritic Fresh tol TH3-4" &
zr & op slightly altered 6

Explanation of terms: Qqguartz, afsalkali feldsparplg-plagioclase amamphibole, bi

biotite, msmuscovite, chthlorite, apapatite, opopaque minerals, zircon, tittitanite

mo-monaite,

SGsyenogranite,

granite, CMRchilled margin rocks.

IV.2.1. Syenogranite
This rock is mainly composed of quartz aralkali feldspars gerthite and micro

M@&nonzogranite,

GEyranodiorite  HG-hybrid

perthite) with much lesser amosrmif plagioclasefeldsparand accessy minerals, such

as muscovite, apatite, zircon, titanite aadnechloritized amphibole and biotite.

The plagioclase feldspar is sutb euhedral and exhibits zoginThis zoned plagioclase

hoss epidoe and opaque inclusions. Tiperthite host some inclusions of finequartz

and plagioclaseThe quartz occurs in two different forms. The largariety has

inclusions of muscovite apatite and biotite. The finer queotrodes most of the other

minerals and rarellgas asaccharoidal appearance.
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The amphiboleand biotte are rare(0 to 0.8%)and are slightly to highly altered.
Chlorite corrodes plagioclase and replaces muscovite.

I\V.2.2. Monzogranite
This rock is maity composed of plagioclase, quartz andekidspar The accessories are

mainly highly altered biotite and much less muscovite.

Sub to euhedral, mostly altered, twinned plagioclase (sometimes oscillatory zoned)
forms much of the rock. hosts some tabulanuscoviteand commonly show sharp
contacs with the quartzbut unclearelatiors with the K-feldspar Medium to coarse
grained quartz is the second mosbundantmineral in therock. It is commonly
fractured,invadedby stringers of Kfeldspar and commdy shows corrosionof the
plagioclase. Fractures in the quartz are occupied by some accessory phesexk
type is rich in accessoriesespe@lly fibrous chlorite, which replaces most of the
minerals. Bbular andarer,fan-shaped muscovitis alsopresent buin alower quantity
than that of the chlorite. They are commonly associated with or encldsedhe
plagioclase. Paque minerals anelatively rare and often associated with chlorite and
feldspar

IV.2.3. Granodiorite

This rock is composedf @lagioclase (rarely showing kinkingnd alignment quartz
and Kfeldspar. The accessories are mainly biotite (prismatic oflikehbrown and
rarely green and reddish), variakdhaped (tabular, prismatic and {simaped)
muscovite, finegrained serite, fibrous chlorite (sometimes showing anomalous purple
interference color), opaque mineratsddess rhombishaped titanitend acicular and
rod-like apatite.

Subhedral plagioclase is the most dominant mineral. It shows variable sizes (up to
5mm) andtypes (zoned, twinned). It is commonly corroded by anhedral quartz (with
rare graphic intergrowthsk-feldspar, and rarely bthin biotite and randomly oriented
acicular chlorite. It hosts some inclusions of opague minemalscovite and biotite.
Anhedra quartz is the second most abundant mineral. It shows variable grain sizes
(sometimes > 5mm) and mainly invades thdeKispar, encloseand replaces the

plagioclaseand hosts fingrained biotite, muscovite, chlorite and opaque minerals.
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The K-feldspar(often perthitic) is much less abundant than quartz and plagioclase and
its crystal size sometimes reaches 0.5 cm. It is often invaded by ferromagnesian
minerals, especially biotite, but in a few cases there are sharp contacts between these
two minerals.Biotite is replaced by fibrous chlorite and opaque minerals and mostly
shows replacement of quartz and feldspar. Some muscovite is enclosed as fine tabular
crystals in the feldspars and the quartz. The opaque minerals are commonly associated
with the ferranagnesian minerals, especially chlorite.

IV.2.4. Chilled margin of the syenogranite

The chilled marginrocks of this complex are found at the margin of the syenogranite.
They show syenogranitic composition and @&@nly composed of quar{targe and
small), alkali feldspar (perthiteand plagioclasémostly zoned). Biotite, titanitezircon,
muscovite, opaque minerals, sericite and chlorite represent the accesorieseing
alterationsecondarigs A porphyritic texture is quite clearly seen inrthsection as
some of large quariz distributed in a fingrained matrix of the other minerals.

The quartz pnocrysts sometimes host muscovite, cldoend opaque inclusions, and
theyalso replae chloritizedfeldspars.The smakr (<1mm)quartzcommorty showsa
saccharoidaltexture andalso replaces thefeldsparsor occursas inclusions in the
perthite. Orthoclase perthite represented either as paddte or veinlike formsand it
has inclusions of finer plagioclasand alsoreplaces that mineralhe zoned feldspar
host anhedral opaques and chlorite aeglaes biotite Chlorite and sericitshow a
generalassociation with euhedral opaque minerals. Filastite and amphiboles are
rardy present, but red biotitss more commn. Titanite zircon, nuscoviteand opaque
minerals are all enclosed tine largercrystals of quartz and feldspar

I\VV.2.5. Hybrid rocks

The Ohybridoé r ock sconpestion and mre ehar&cierized bygthea n i
presence of abundagt 4%) ferromagnesiarfbiotite and aphibole) minerals which
areassociatd with opaque minerals, chlorite and other fgrained(<1mm)phasesand

found either as discrete assemblages or surrounding other felsic phases. Zoned
plagioclasewartlike myrmekite and slightly unclear rapakiwextures are also present

(Fig 4.2. Furthermore, theuartz in thehybrid rocksis rich in trails of aqueougvapor
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and liquid) fluid inclusions. Such rock types may indicate magma mixing or
assimilation proced®eeret al, 2001; Baxter and Feely, 2002

Figure 4.1: Textures in the Jabal Thalabah granitoids

a) Altered hornblende hosted in large crystal of feldspar with some quartz inclusions

and associated opaque minerals (monzogranite) P.P.L.
b) Feldspar: simple twinning in irregular myrmekite (hybmodks) X.P.L.

c) Elongate biotite enclosed with larger irregular opaque mineral in quartz phenocryst
(granodiorite) P.P.L.

d) Plagioclase showing plagioclaakkali-feldspar reaction rim (syenogranite) X.P.L.
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Figure4.2 Charactestics of the Jabal Thalabah hybrid rocks

a) Rapakivi(plagioclasemantled microcline or Keldspar)texture P.P.L.

b) Zoned plagioclaseeflects different composition (more calcic core and more sodic
rim), X.P.L.

c) Ferromagnesiafamphibole and biotiteninerals surrounding feldspa?.P.L.

61



IV.2.6. Conclusions
The lithology of this complex is mainly represented by granodiorite (grading into less

abundant monzogranite), syenogranite, hybrid granite (alkaline) and porphyritic chilled
margin rocks. On thbasis of petrography, the hybrid rocks of the Thalabah pluton are
characterized by intergrowth textures (especially myrmekite and rapakivi) indicating
intragranular soliestate process and abundant ferromagnesian and secondary minerals
To conclude, Jabarhalabah is the only complex in which chilled margin facies and
hybrid rocks are present. Also, it is the only pluton in which myrmekite texture reach a
very advanced development stageom the mineral relationships it is suggested that
the order of mineal crystallization might be as follows:

Amphibole and biotite crystallized first, followed by plagioclas€gispar and quartz;

muscovite and chlorite.

IVV.3. Petrography otthe Jabal Khur Dukhan Complex

From the macroscopic, petrographic and modalyaea of the Jabal Khur Bban
granitoids (Fig.3.6 and 4.3 able 4.2), it appears that the majority of these rocks are
mesocratic, coarse mediumgrained(>5mm and 1 t&mm)and porphyrit¢light grey
granodiorite and monzogranite and pinkish to reddgénogranite to llali-feldspar

granite (sometimealtered).

Plagioclase is mainly altered and rarely zoned (sometimes showing oscillatory zoning).
Pethite and much lesser asgerthite (veirtype and patchike) are presenand show
reaction features with plagioclase and quartzresulting in the development of
myrmekiic intergrowths The accessory phases are dominatedslightly to highly
altered biotite (0 to 5.5%) and lesser amountf0 to 3.2%) of amphibole. The
ferromagnesian mineralsspeciallyaltered biotite, show alear association with some
opaque minerals. Fingrained apatite and zircon apeesent, but quite rare. Opaque

mineralsand muscovitare also found in lesser quantities.
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Table4.2 Lithologies and mineralogy of the Jabal Kiiuikhan Complex

Major Rock RockForming Major General Alteration Sample
Units Minerals Accessories Texture Number
AG Afs, gz & few plg | Bi, ms & | Medium Fresh to| KD1-4 & 41

less op, hm?| grained slightly
mo & zr
altered
SG Afs, gz & plg Am & bi | Coarsegrained| Slightly KD37 & 28
(chl), less op altered
& zr
MG Plg, afs & qz Am & bi, | Coarsegrained| Fresh to| KD11 &12
less op, zr &| & porphyritic slightly
ap
altered
GD Plg, afs & qz Am & bi, | porphyritic Highly KD23
less op, zr & altered
ap

Explanationof terms: Qzquartz, afsalkali feldsparplg-plagioclase amamphibole, bi
biotite, msmuscovite, chthlorite, apapatite, opopaque minerals, zzircon, hm
hematite, memonazite, AGalkali granite, SGsyenogranite, M@nonzogranite, Gb

granodiorite

IV .3.1. Alkali granite
This rock is dominated by perthite (mostly simph@nned), coarse to mediu(rgrained

guartz and altered plagioclase; sdlidus myrmekite and rare rapakivi and grdrthite
textures arealso seen. It is generally ramne accessoryminerals, which are mainly
represented by altered biotite, figeained muscovite, some opaque minerals and much
less fine-grained zircon and hematite (?).

Quartz shows anhedral and subhedral (polygonal) crystal shapeplaes the alkal
feldspar ad sometimes enclosesuscovite, opaque minerals and much less biotite. The
plagioclase shows grasize variability(coarse to finggrained, oscillatory zoning and
replacement by perthite. The biotite shows an association with opaque phases and is
sometimes altered to chlorite. Muscovite, opaque minerals and much lesgrdiined

zircon and hematite (?) are enclosed in both feldspar and quartz.
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IV.3.2. Syenogranite
Thisrock is dominated by slightly altered alkali feldspar (vigipe, flamelike, patdy

perthte), less quartz rad plagioclase. The accessories are representedrégn
ferromagnesian minera(piotite and amphiboleopaque minerals and much less fine

grained zircon and muscovite.

The plagioclase is slightly altered and hosts some mitsdaclusions. It is enclosed in
and replaces the alkdeldspars. It is alscorroded by the coarsgained quartz, which
rarely hosts finedjrained muscovite, zircon and alkédidspars Altered biotite shows

a clear association witbpaque mineralandto a lesser extersircon andshows some

replacement afhe majormineral phases

I\VV.3.3. Monzogranite
This rock is dominated by coarsgrained quartz, altered alkali falgar yein-type,

flame-like and patchyperthite), plagioclase(multiple twinned commonlyzoned with
the core being sericitized)and myrmekite The accessorieare mainly biotite (mostly
altered), lesslark greenelongatecamphibole(sometimes showing purpkerefringence

andsimpletwinning), and finegrained, rod like apatite araircon.

The quartz corrodes and encloses the aflkidispar and the altered plagioclase. In some
cases, the alkafeldspar show a circular arrangementmantlingthe large subhedral
plagioclase. It is also found @sremnant in some large quartz crystahd encloses
smaller altereghlagiodase. The amphibole and biotdee enclosed ithe major mineral
components. They sometimes shamacicular arrangement around quartz phenocrysts

andaclear association with relike and acicular apatite and fhggainedzircon.

I\VV.3.4. Granodiorite
This rockis mainly composedf variable sizeg<lmm to >5mmf alteredplagioclase,

guartz, altered alkali feldspar (mostly peit)iandraremyrmekites. The rock is rich in
accessories, especially, @giike biotite, anhedral rhombicshapedand elongate
amphibole and much less muscovite, hematite, opaque mirgrets) and apatite.
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The alkalifeldspar hosts and is corroded by most of the major phases and the
accessories. The quartz is commonly cogrsened ad shows corrosion of altered
plagioclase and alkafeldspar. Italsoreplacessome ferromagnesian minerals drubts
some fresh and alterdalotite. The plagioclasas coarsegrained highly alteredand
associagd with inclusions of chloritized amphiboteand biotitesThe amphibole and

biotite sometimes shownassociation with fingrained zircorand apatite.

IVV.3.5. Conclusiors
Lithologically and modally, thegranitic units are coarsgrained monzogranites and

syenogranites, porphyritic monzograniggsigranodiorites, and mediugrained alkah
feldspar granite.

Petrographicdy, the pluton is generally rarin zircon, apatite and other accessory
phases. The granitoids show different stages of myrmekitic tedawelopmentwell-
developedrhombic-shaped amphiboleand chloritization of biotite and ambibole.
Although the minerals tationship was complicatedq suggestion for therder of

mineral crystallizations given:

Amphibole, biotite and fne-grained muscovitenay havecrystallized first followed by

plagioclase, Kfeldspar and later quanhichis postdated bychlorite and muscovite.
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Figure4.3. Petrographic features of the Jabal Khur Dukhan granitoids

a Myrmekite formation alongjuartzalkali-feldspar contact (alkali granit).P.L.

b- Quartz and alkaifeldspar corroded b§globula ropaque minerals (granodiorite)
P.P.L.

c- Finegrained zircon enclosed large altered alkafieldspar (syenogranite)
X.P.L.

I\V.4. Petrographyof the Jabal Al-Massah Complex

From the macroscopic, petmaghicand modal analyses (Fig 3.9 and;4T4ble.4.3),
the Jabal AlMMassah granitoids are generaliyjesocratic coarsegrained, whitish
monzogranite, light grey granodiorjteeddish alkali-feldspar graniteand porphyritic

pinkishrred syenogranite.

The plagiochse is mostly altered and sometimes shows clear zoned and multiple
(lamellar}twinned crystals. The alkaleldspar isdominated by perthititextures(Fig.
4.6). Different development stages @fm-like) myrmekites were noticed along some
plagioclase crstal boundariesThe accessory phases are dominated l&lyy fbiotite
(mostly alteredl which shows a clear association wittglobular opaque minerals.
Muscovite (flaky or farshaped)is either associated with the biotite and the opaque
minerals or found amclusions in the largemajor components. Brown amphibate
presentand together withine-grained apatite and zircas found as inclugins in the
quartz and feldspaand associatedvith the opaque mineral§he alkali granites are
characterized by thpresence of coarse, simgilginned perthite, while the porphyritic
texture is the most notable feature of the syenogranite. The presence sbiafeu

muscovite and chloritized biotite characterizes the monzogranite and the granodiorite
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Table4.3: Lithologies andnineralogyof thegranitic rocks of thdabal At Massah

Major Rock RockForming Major General Texture| Alteration Sample
Units Minerals Accessories Number
AG Afs, gz & few plg Bi (ox), ms,| Coarsegrained | Fresh JM13
op& zr
SG afs,Plg& q Ms (chl & | porphyritic Fresh JM16&18
ox) & bi
(chl), op ,ap
& less hm
MG Plg, afs & qz Ms (chl & | Coarsegrained | Fresh to| JM7 &24
0x) & bi slightly
(chl), op ,ap
& less hm altered
GD Plg, afs & qz Bi (fresh & | Coarsegrained Moderatly JM4 &33
Chl), ms, Chl, to hlghly
hm, ap & zr
altered

Explanation of terms: Qguartz, afsalkali feldspar,plg-plagioclase bi-biotite, ms
muscovite, chkhlorite, apapatite, opopaque minerals, zircon, oxoxidized, hm

hematite AGalkali granite, SGsyenograniteMG-monzogranite, GEyranodiorite

IV.4.1. Alkali granite
This rocktypeis mainly composed of coarggained alkakfeldspar (commonly altered

perthite) and quartzyery rare plagioclaseand myrmekite. The accessories are

dominated by finggrained muscdte, opagque minerals and altered biotite.

The alkalifeldspar is light brown in colour, indicating the presence of hematite,
possibly due taveathering or other alteration.i# perthiic and show simple twinning
and has been clearly corroded,tBnd eclosed insome anhedral quartz crystals.dn
few cases, smalklmm)myrmekiic texturesare traced along the edges of the altered
alkali- feldspar Fne-grained muscoviteés mainly found as inclusions in the coarse
grained quartz. The opaque mineratsl dhe oxidized biotite shoan association with

zircon and with a high relief creaneplouredmineral.
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IV.4.2. Syenogranite
This rock is mainly composed of perthitic alkididspar, euhedral zoned plagiasé,

two phases of quartz (coarse and {fgrained) and rare myrmekites. The accessories are

dominated by slightly altered biotite, apatite, muscovite and some opaque minerals.

Two phases of quartz are found. The quartz phenocrysts corrode the edges of the
subhedral plagioclases and rarely host somedrained muscovite and remnants of
alkali-feldspars The finegrained quartz phase is generally enclobgdthe coarse
grainedones. Finggrained myrmekite mainly occu@ong some plagioclase crystal
boundaries The alkalifeldsparhost some euhedrallightly altered zoned plagioclase

and is partially corroded by.iThe platy biotite is rich in rotlke apatite inclusionand

is associatedvith opaque minerals. Muscovite is mostly found as inclusions in the
major mineral components. Both biotite andstavite are generally cowded by the

fine-grained (<1lmmjyuartz

IV.4.3. Monzogranite
The rockis mainly composed of multipievinned (lamellar twinning) plagioclkse,

alkali-feldspar (perthite, lesantiperthite and raremicrocline-perthite), quartz and
myrmekite The accessories are dominated by platy biotite (sometimes chloritized), rod

like apatite,opaque minerals anduscovite (sometimes feshaped).

The quartz shows slight corrosion by the aleldspar, slightly altered multiple
twinned plagiotase and flakybiotite. The alkahfeldspar edges are corroded by
plagioclaseand show some inclusions of fahaped muscovite and figgained
subhedral plagioclasdhe rodlike apatiteis mostly found as inclusions in the large
quartzgrainsand also sbws some association with chloritized biotite. So@mbule$
of opaque minerals are foumassociation with finer musede and much less altered

biotite. They shoveorrosionof the major mineral components.

IV.4.4. Granodiorite
This rock is mainlycomposed of altered plagioclase (sometimes showing clear zoning),

quartz, alkali feldspar (poorly developed perthite) and much less myrmekite. The

accessories are mainly brown and greatered flaky biotite, flaky and farshaped
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muscovite, scattered ogpae minerals, much less brown amphibole, figegined rod

like apatite and zircon.

The alkalifeldspar hosts some inclusions of muscovite and altered plagioclase and is
rarely altered. The plagioclase also hosts some-dingmed muscovite and its
peripheries are corroded by the alkBdidspar. The altered plagioclase and alkali
feldspar are both invaded and corroded to some extent by @rarsed quartz. Fine
grained myrmekite is mainly present along sofekelspar crystal boundaries Rare
opaque minls show corrosionof the main mineral componen&snd show an
association with chlorite, altered biotite and muscovite. The muscovite is mostly
concentrated in the largaltered, plagioclasand alkalifeldspar crystals. Rolke
apatite and finedjrained zircon are found either as inclusions in the major mineral
components or associated with the biotite. The opaque minerals commonly show an
association with the amphibole and biotite and appear to replace all the other major

components.

Figure4.4: Some petrographic features of the JabaMalssah granitic rocks

a Large simpletwinned perthitegyenogranite)X.P.L.
b- General view of the relationship between quartz, afieddispar, opaque

mineralsandzircon (alkali graniteX.P.L.

IV.4.5.Conclusiors
Lithologically, the granitoids ofthe Jabal AlMassah complex areepresented by

coarsegrainedmonzogranitegranodiorite andalkali-feldspar graniteard porphyrtic

pinkish-red syenogranite.
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Petrographically, the granitoids tfe Jabal AtMassah comlex are characterized by
the absence or the scarcity of amphib@eo 1.1%)and zircon, the presence well-
developederthitic and antperthitic texture (sometimes not clear due to alteration) and
the existence of fingrained myrmekite alongplagiodase crystal boundaries
Determining the order of the mineral formatisrdifficult as thisis not consistent iall
granitic types, buthe order of mineral formation could be as followsMinerals like
amphibole, biotite and muscovite (platyrystallized, followed by plagioclase, quartz

and muscovite (faishaped).

IV.5.Petrography ofthe Jabal Raydan Pluton

From the macroscopic, petrographic and modal analyses of Japa@hrRgranitoids
(Fig.3.12and 4.5 Table.4.4), it apears that thse®cks are maiy composed of coarse
and mediurgrained(>5mm and 1 to 5mm)white monzogranite and coarse to fine

grained(>5mm and < finm), reddishalkali-feldspar granite anpinkish syenogranite.

The alkali feldspar is generally composed of migerthite andmicrocine perthite

with minor fine granophyric texture. Thelagioclase (sometimes zoned) shows a
compositional range from intermediate to sodic. The accessories are represented by
blue-green amphibole * biotite, zircon, titanit@pnazite, apatite, allanite, uscovite,

chloriteand opaque minerals.g.ilmenite,hematite ananagnetite)

Table4.4 Lithologies and mineralogy of the main granite units of the Jabal Raydan

Complex
Major Rock | RockForming Major General Alteration Sample
Units Minerals Accessories Texture Number
AG to SG Afs, qz & less | Am, bi, chl, op Coarse, Fresh to JR3G9-
plg & few ms medium & | slightly altered| 19 & 20
fine-grained

AG to MG Plg (ser), afs & | Am, bi (chl), Coarse & Fresh to JR3E12

qz op, ms, zrtit, Medium- | slightly altered| & 13

mo (?),fl & ap grained

Explanation of terms: Qquartz, afsalkali feldspar plg-plagioclaseamamphibole, bi
biotite, msmuscovite, chthlorite, apapatite, opopaque minerals, zircon, tittitanite,
fl-fluorite, mo-monazite, AFGalkali granite, $-syenogranite, M@nonzogranite
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IV.5.1. Alkali to syenogranite

This rock type is basically composed of different sidese to coarsegrained)and
forms of alkalifeldspar(mottled, veinlike, patchlike and microcline perthie quartz

and plagioclasdrarely zoned) and shows \ariable grain sizeAccessories are not
common, but are dominated by opaque minerals, biotite (slightly altered), chlorite,

muscovite, amphibole and other (as yet) unidentified phases.

Slightly altered alkali feldspar is the mio abundant mineral in the rock. It hosts
muscovite and otheunknown fine-grained minerals, is corroded by quartz but
sometimes shas corrosion of the plagioclasend commonly is accompanied by some
opague minerals. The plagioclase is corroded by mogiteofmineral present. Quartz
occurs in variable(fine to coarsegyrained) sizes. It replaces alkali feldspar and
plagicclaseand encloses them. Other inclusions of opaque minerals and fine mineral
phases of muscovite and undistinguished minerals are atdechim the larger quartz
grains. Opaque minerals show a clear association with the ferromagnesian minerals (e.g.
biotite and chloriteand less commonly the alkd&ldspars and argometimes enclosed

in some coarsgrained quartz Biotite occursin two dfferent colours (green and
brown).The two phases are affected to some extent by alteration. They are corroded by
opague minerals and chlorite. Some fgrained muscovite and unidentified minerals
occur as inclusions in the three most dominant minemaise rock. Green amphibole is

located along the edges of the alkali feldspar and corrodes it.

I\VV.5.2. Alkali to monzogranite

This rock is coarse (up to 1cm crystal size) to meedjuained and is composed of
plagioclase (commonly altered and zoned), latie@dspar (microcline perthite, micro
perthite and lesseinlike and mottled or spottelike) and quartz. The accessories are
dominated by biotite (slightly altered), amphibole, rarer chlomescovite, opaque

minerals, titanite, ziron, apatite andhet (unidentified) phases.

The slightly to highly alteredlagioclaseencloses most of the accessoradd is
commonly corroded by quartz. Alkdeldspar corrodes plagioclased both of them

are corroded by quartz. The boundaries between the quartfeldsgar sometimes
exhibit micrographic texture. Some of the finer grained perthites are enclosed in the

large plagioclase grains.-t€ldspar hosts fewer accessories than the plagioclase does,
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but it is also affected by them (the corrosion is obvious althegalkali feldspar
peripheries). Coarsgrained quartz is common. Sometimes it shoslsar wavy
extinctionand is partiallycracked, with the fracturdgled with muscovite.Comparing

with the other studied granitic rocks this rock seems to host maresswries.
Amphibole and biotitecommonly occur together, but are also found distributed and
enclosed in the major minerals. They also enclose -gregned minerals (acicular
apatite, zircon and the unidentified minerals). Some of the amphiboles shew blu
pleochrism (indicating possible alkali varieties) and other, gregrhéboles show slight
replacemento either red biotite or opaque minerals. The altered biotite shows a clear
association with opaque minerals, which replace most of the mineral présentew
cases, the zircon shows an association with the ferromagr{asighibole and biotite)

and opaque minerals. Unidentified phases show a distinct association with biotite,
chlorite and opaque minerals. Fgeined, acicular apatite and muscoviiee

commonly hosted in the large quartz crystals.

I\VV.5.3.Conclusiors
Lithologically, the Jabal Raydan pluton is mainly composed of white, meluto

5mm)and coars@rained(> 5mm)alkali to monzogranite andss reddistpinkish fine

, medium and coarsgrained alkali to syenogranite

Petrographically, the whitgranite is the most interesting rock unit asratatively
contains the largest amount of accessooiepotential economic significanceuch as
allanite, zircon and monazite. These are a potera | source of S 0ome
elements (see laterihlthough the minerafelationshig are complicatedh suggestion
for the order of mineral crystallizationis given: Amphibole andbiotite may have
crystallized first followed by titanite (vell-developed), plagioclase,zircon and later

quartz whichis postdated by chlorite and muscovite.
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Figure4.5. Characteristic petrographic features of the Jabal Raydan granitic rocks

a Oscillatory, concentric zoning in zircon (alkali to monzogranielp.L.

b- Association of monazit€?) with opague minerals (alkali to monzogranite)
X.P.L.

c- General relationship betweéargeelongated brown amphibole, opaque
minerak, and Eldspar (alkali to syenogranitx)P.L.

d- Brownish allanite associated with feldspadamphiboleand corroded by

quartz (alkali to syenogranit)P.L.

I\V.6. Petrography othe Jabal az Zuhd Pluton

The macroscopic, petrographic and modal analyses of the Jadahdlpluton (Fig.
3.15 and 4.6Table.4.5), show that the lithology of thisufmn is basically characterized

by coarsegrained, grey and pink alkali granite and porphystenogranite.
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Feldspar is mainly striped perthite, with minor microcline perthite and plagioclase.

Accessory minerals are predominantly bgreen amphiboldgrown-greenbiotite,

muscovite, zircon, monazite, apatite and opaque minerals.

Table4.5: Lithology and nineralogy of the Jabal az ZuhtuBn

Major RockForming Major General Alteration | Sample
Rock Units Minerals Accessories Texture Number
AG Afs, gz & much less| Am (ox) , bi, | Coarsegrained | Fresh to| JZ2-5-6-
Plg op & few ms slightly 810 & 13
altered
SG Afs, qz & less plg Am, bi, ms,| Porphyriticand | Slightly to JZ1A
chl, tit, zr & | mediumgrained moderately
op
altered

Explanation of terms: Qquartz,afs-alkali feldspar, pleplagioclase, am (ox)xidized
amphibole, bibiotite, msmuscovite, chkthlorite, apapatite, opopaque mineralszr-

zircon, tittitanite.

IV.6.1. Alkali granite
This rockis mainly composed ofoarse (up to 1cm), alkali felpar, which is mostly

perthite,showing distinctvein-like and spottedypesand simpletwinning, andhosting
some prismatic biotiteQuartz and lesser amounts of plagioclase are also prddeant
accessories are represented by medium to coasseed ferromagnesian minerals
(amphibole ad biotite) and much less opaque minerals, chlorite, muscovite, hematite

(?), allanite, zircon and othdime-grained, unknowmineral phases.

The relationkipsbetween the feldspars and the other mineralsiaréar to those of the
syenogranites. The majoriy of the quartzis intergranular(as quartz veinlets and
invades mosbf the feldsparsBrown and bluish amphibolendgreen and brown biotite
are thepredominantaaessory phases. They are slightly to highly altered show an
association with each other and withe much less abundanbpaque minerals,
especially radialrutile. The acessories such as apatite aoither unknown phases
occue either adine grainedinclusions in coarsgrainedfeldspar or quartz cryals or
associated with the ferromagnesian minerals.
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IV.6.2. Syenogranite
This rock is mainly composed of alkaleldspar (perthite and microcline perthite),

quartz and some (altered) plagioclagecessories areepresented byreen biotite
(mostly alteed) muscovite, chloriteshombic titanite, zircon andpaqueaminerals.

Variable sizes(coarse to finggrained) of alkali-feldspars occur, but fingrained
feldspar is the most dominaand represents a large part of the groundmass. Lesser
amounts of coasegrained perthite andmicroclineperthite crystals contairsome
inclusionsof quartz, altered plagioclase and chlorR&gioclase isnainly euhedral and
shows lamellatwinning. It is corrodedy quartz, Kfeldspar and chloriteQuartz of
variable size affectsmost of the mineralsrpsent in the section. The coagained
quartzgrains host some Keldspar anather accessories such as titamitel sometimes
have ararrangement ofine grainedmuscovitesalong their grain boundarie$he fine

grainedquartz forms the groundmass of the rock.

Altered biotit replacesmost of theother minerals. Finegrained muscovite isfound
either enclosed in other larger crystals (e.g. quartz, plagioclase-teidsi§ar) orarely
corroding theims of the quartz. Rhobic-shaped titanitées common as discrete crystals
and also as inclusiann quartz or feldspar. Sonfme-grained zircons were also noted
The opaque mmals are fine to mediurgrainedand rounded to subhedral in foramd
showa distinct association whtthe chlorite
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Figure4.6. Petrographic features of thecessory minerals in tlabal az Zuhd granitic

rocks

a General view of brown allanite associated with pegtland ferromagnesian
minerals (alkali granitefp.P.L.

b- Rhombieshaged titanite enclosed in quartz (porphyritic syenograndey.L.
c- Rodlike apatite enclosed in quarfzorphyritic syenograniteX.P.L.

d- General view obrown and dark blue amphiboles (alkali granXep.L.

IV.6.3. Conclusiors

Lithologically, petrograpitally and modally, three different granitic units have been
recognized in the field: the coargeained alkalgranite (comprising most of the
pluton), the mediuragrained syenogranitend the porphyritic micrgyenogranite. The

last one is the most sigidéant as it hosts most of the accessories, such as titanite, apatite
and allanite. The pluton shows a general enrichnfeptto 57%)of alkali-feldspar
(striped perthite) and alkali ferromagnesidap to 9.5%)minerak (green and brown

amphibole and biot).
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Although the mineralelationshig arecomplicated afew clear observatiorsuggest the

order of mineral formation igs follows:

Amphibole and biotite firstthen followed by titanite, plagioclase, zircon and later

quartz whichis postdated bychlornte and muscovite.

I\V.7. The affect ofalteration in the studied plutons

Some of the studied rockdave beensubjected to variable degse®f secondary
alteration. Some evidence foseparatethermal and regional metamorphic ewvent
(deformation and rerystallization) has also bedound (Table. 4.6) Various types of
alteration have affected different minerals in different rock types4.7 Table.4.7).
Some of the alkatfieldspar granites dhe Jabal Thalabah pluton are highly alteréte
majority of the altered rocks are rich in fluid inclusions (mostiylti-phaseandrich in
CO,). Two-phases of secondary (vapor and liquid) fluid inclusions are found
precipitated along trails and planes in the quantszome cases the fluids are composed
of aqueousvaporand liquid and in otherthey showaqueouscarbonic characteristics.

Most of these inclusions were too small (<10um) to be studied in further detalil.
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Figure4.7: The affects of alteratiomithe studied rocks

a Chloritized and oxidized mscovitein the monzogranite afabal AtMassahX.P.L.
b- Calcitein the carbonatized gabbod the gabbroic enclave rabal ThalabalX.P.L.

c- Annealing texturén quartz possiblyindicating thermal affestin the syenogranite dfabal az ZuhdX.P.L.

d- Largezonedplagioclaseinternally replaced by muscovigad opaque minerais the granodirite of Jabal ThalabaK.P.L.

e- Fanshaped muscovite in the granodioritelabal AtMassahX.P.L.

f- Assemblages of biotite characteristic of the hybricksoofJabal Thiabah X.P.L

g- Deformed plagioclase corroding alkédildspar andtself corroded by quartz in the granodiesof Jabal Khur DukhanX.P.L.
h- Multi-phase aqueotsarbonic fluid inclusion in quartm the alkali granite of Jabal Thalab&hP.L.
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Table4.6: Visible affects of deformationn the studied granitoids

Name of Pluton Indicationof deformation Rock name
Jabal Thalabah Annealing texture Monzogranite
Jabal Khur Dukhan Kinked plagioclase Syene and alkali granite
Jabal Raydan Kinked plagioclase Monzogranite
Jabal Az Zuhd Annealing texture Alkali granite

Three different types of alteration have been recorded:

1) Earlystage alteration. There is abundant evidence of mineral replacement by quartz
andfeldspar. This was most likely caused by htgimperature fluids carrying Si, Na

and K, which mainly interacted with tlieldspars in the granitic rockSuch processes

may have changethe feldspar ratios in some of the samples plotted in the QAP ternary
diagram, consequently affecting the rock sifisation based on the modal composition
and confusing any possibigentificationof linear petrographic trend$hesefluids are

likely to have been magmatic water.

2) The second type of alteration refers to dowemperature hydrothermal fluids that
mainly alterplagioclase (mostly sericitization) and biotite (chloritization), and @huse
some secondary minerals to farmhese fluids are likg to contain a significant

metewic water component.

Fluid inclusions suggest that some of these flomldd rave beerCO,-rich

3) The third type of alteration refers to weathering (exterragghyved meteoric
groundwater dominated fluid) that oxidized the iron in the rocks. Sitetation is
exemplified by hemaed biotite and the altered, brownish, alkaldspars and was
clearly noticed in the alkafeldspars ofthe Jabal AtMassah and Jabal Khur Dukhan

plutons.
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Table4.7: The affect of alteration on the studied granitoids

Name of Pluton

Typeof

alteration

Evidence for alteration

Jabal Thalabah

Chloritization

Chloritized plagioclase and amphibole in A
chloritized muscovite in GD and chloritize

biotite in all rock types except AG

Carbonitization

Calcite in the enclosed gabbro

Sericitization

Sericitized plagioclase in all rock types

Jabal Khur Dukan

Chloritization

Chloritized amphibole in SG and chloritiz
biotite in all rock types except AG

Sericitization

Sericitized plagioclase in all rock types

Weathering

Hematitized biotite of AG andFe) oxidized

plagioclase in SG

Jabal AlMassah

Chloritization

Chloritized biotite in all rock types except A

Sericitization

Sericitized plagioclase in all rock types

Weathering

(Fe) Oxidized perthite in AG

Jabal Raydan

Chloritization

Chloritized biotite in all rock types except A

Sericitization

Seicitized plagioclase in all rock types

Weathering

Hematitized biotite in SG

Jabal Az Zuhd

Chloritization

Chloritized biotite in SG

Sericitization

Sericitized plagioclase in SG

Weathering

Hematitized biotite in AG andgFe) oxidized

alkali amphibolen AG

Explanation of terms: A&lkali granite, S&yenogranite, GEyranodiorite
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IV.8. Discussion and conclusios

Table 4.8 summarizes the main petrographic and mineralogical differences and

similarities between the studied plutons.

Table4.8 Petrographi@and mineralogical characteristics of the studied plutons

Pluton Lithology Accessories Modal Texture Remarks
Composition

TH Coarsemedium | Am & Bi, ms, Selected rocks ptin | Dominated | Chilled
grained, whitsh | am (chl), ap, tit | the GD & SG fields | by perthitic | margins.
grey GD & MG zr, op (no correlation may | & less Hybrid rocks
and buff pinkish indicate two different| myrmekitic | Ferro
SG & AG magma source- the | textures magnesian

GD shovs a minerals
linearfractionation abunant in
trend but the SG s hybrid rocks.
not)

KD Coarsemedium | Am & bi (chl), Selected rocks plot i Show welt | Scarcity of
grained op, zr,ap & hm | the GD, MG, SG & | developed | amphibole
porphyritic, light AFG fields, and show perthitic & | Zircon and
grey GD & MG a linear/factionation | less apatite
and pinkish to trend(possibly one | myrmekitic
reddish SG & magmasource) textures
AFG

IM Coarsegrained Bi, ms, chl, op, | Selected rocks ploh | Show welt | Scarcity of
whitish MG, light | ap, zr,mo(?) & the GD, MG & AFG | developed | zircon &
grey GD and hm fields, and do not perthitic & | @mphibole
reddish AFG, and show clealinear less
porphyritic trend butcould myrmekitic
pinkishrreddish possibly have one textures
SG parentalmagma

source

JR Coarse & Am, bi (chl), op, | Selected rocks plot in Show some | Quite rich in
medium-grained | ms, zr tit, mo (?) | the GD, MG, SG & | perthitic and | accessories
white MG and fl & ap AFG fields, and show much (presence of
reddish AFG and a possible myrmekitic I)I)o’szri]gle
Igss_porphyrmc Imear/fracnonatpn textures presence of
pinkish SG trend and possibly alkali

one magma source anphibole

JZ Coarsegrained, | Am (mostly ox) | Selected rocks only | Dominated | Dark blue
gray and pink bi, op &some | plotin the SG & by pethitc | alkaliam
AFG, andsome | ms, chl, ap, zr, | AFG fields, and do | textures (riebeckite or
porphyritic and mo (?) & tit not showclear linear arviedsonite),

mediumgrained
SG

trend

radial op
(rutile?). Poor

plg
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Explanation of terms: Qquartz, afsalkali feldspar, plgplagioclase, kik-feldspar, am
amphibole, bibiotite, msmuscovite, chkhlorite, apapatite, opopaque minerals, zr
zircon, tittitanite, hmhematite, fifluorite, momonazite, AFGalkali-feldspar granite,
SG-syenogranite, M@nonzograrte. Explanation of abbreviations: TH, Jabal Thalabah,
KD, Jabal Khur Dukhan, JM, Jabal Raydan, JZ, Jabal az Zuhd.
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# The granitic rocks of Jabal Khur Dukhan
The granitic rocks of Jabal Raydan

The granitic rocks of Jabal az Zuhd

Figure4.8 The modal composition of all of the studied gtaiuls

Overall, the igneous rocks show a variable compositiarege within the granite field
(from granodiorite to alkatfeldspar granite) and show a variable grsire (coarse

mediumandporphyritic texturg. Additionally, the Jabal Thalabah plutsinoteworthy

because it shows unique hybrid and chilled margikksoc

Overall these plutons exhibit a broad linear petrographic trend from the plagioclase
apex towards the quartdkali feldspar tie line(Fig.4.8. This could represent a

fractionation trend in which plagioclase feldspar has crystallized and been temove
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from the magma; this wuld therefore indicate a similar parental magma source
(tonalite?) for these suited. is of course also possible that a linear trend is due to
mixing between two enthembers. Variationrs away from a suggested line of
fractionation could also be derived fronthe affect of other processesuch as
assimilation, magma mi xing and alteratio
(e.g. the Jabal Thalabah suite) or no trend at all (Jabal az Zuhd) and it is not clear
whether this iecause these lithologies occur but have not been sampled or that they
do not occur and thus these suites have a separate sQiremical analysis (see later)

should help to resolve some of these issues.

Mineralogically, although the major phases prtsee generally similar, some subtle
differences (especially in accessory mineral contents) were noticed between the studied
plutons. For instancethe Jabal Khur Dukharand Jabal AtMassahalkali granites
contain less (up to 1%) amphibole than that dhe Jabal Thalabalf.up to 2%) In
addition, the Jabal Jabal Raydan and the Jabal az Zuhd plutons have amphiboles with
different colars (e.g. dark blue) from those of the other plutons, which indicates a

different (alkali?) amphibole composition.

Subsoidus textures (particularly perthites and myrmekites) are quite common in several
of theseplutons. The wellleveloped browsh-red perthitedistinguishthe Jabal Al
Massah and Jabal Khur Dukhan plutons from the others. Theekite texture of the
Jabal Thalabah pluton is almost restricted to the altered al&klspars butis less
abundant than ithe Jabal Raydan pluton, which domirssded characterizes its alkali

feldspar granites.

IV.8.1. Comparisons
Lithologically similar granitoids have been falielsewhere in the Arabian Shield (AS),

and Stoeser and Elliott1980) presented a map (Fig. ¥.%howing all the
Neoproterozoic alkali granites in the AS. The Jabal Raydan, Jaldahgdah, and Jabal

az Zuhd plutons are included in this map as they aenasd to be alkali plutons as
classified (based on mineralogical and chemical studies) by Harris and Marriner (1980),
Radain (1980) and Stoeser and Elliott (1980).
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According to te map, some examples of similar granitoids to those of Jabal Rydan,
JabalAl-Massah, and Jabal az Zuhd al®o found in:

1) The Midyan terrain: Jabal Murab, Jabal Dabbagh, Jabal Shar, Jabal Nurman,
Jabal Qaragqir and Jaydah.

2) The Al-Hijaz terrain: Jabal Radwa, Jabal Subh and Jabal Sa’id.
3) TheAsir terrain: Kwar and Najran.
4) The Afif terrain: Jabal Bidayah and Jabal @ilsilah.

5) The Ha'il terrain: Jabal Aja, Jabal Ar Rumman and Samirah.

Thus, for instance, the modal composition of the Ratamah specialized granite (in the
Midyan terran and studied by Douch in 198&hd that of theabal Umm AiSugian
albitized apogranite (located in southern Najd region and studied by Bathalri in

1986) are quite similar to the modal composgiohJabal az Zuhd. However, thereais
slight difference between their lithologies as the Ratagnahite shows more variets

of alkali granites and Jabal Umm -8lugian is dominated by microgranite. The
petrography of the latter granitoids is almost the same as those of Jabal Sa’id (located in
the Hijaz region and studied by Hackett, 1986), the Jalsdb8 tin prospect (located in

the Najd region or more specifically iHail terrain and studied by Bain 1986) and

Jabal Hamrah (located in the Hijaz region and studied by Jackson and Douch in 1986)
However Jabal Hamrah more alkaline which may indatea similar magmasource

but a more evolved magmalhe lithology and the modal composition of the Akash
granite (located inthe Hail terrain and studied by Kellogg and Smith in 1986) and the
Jabalat alkaifeldspar granite (located in Asir terrain anddied by AlTayyaret al in

1986) also resemble the Jabal Raydan pluton in its modal compositioehdwta
slightly different lithology.Furthermore, the Dabbagh complex (located in the north of
the shield and studied by Harris, 198hd Davies and Gainger, 1982) shows almost
identical lithology and petrography tbe Jabal Raydan pluton, while Jabal-lA&ssir
(located in the middle dhe Asir terrain and studied by Stoeser and Elliott, 1980) shows
avery similar lithology tothat of theJabal Thalagh pluton.The modal composition of

the Sidarah monzogranite (from the Hijaz terramd studied by Jackson in 1986) is

quite similar to that ofhe Jabal AtMassah complex.
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On a global scale, some granitic intrusi@xhibit some lithological and minalogical
similarities to the studied intrusions. For example, the -s&ige ParAfrican, alkali
granites intrusions at Wadi Lithi and Wadi Seih in Staitain theaccessory minerals
allanite, zirconand variousopaquephases, and alteration to seconglachlorite and
sericite (Aliet al, 2009)and the mediumto coarsegrained, subductierelated Atype
alkali-feldspar granite of Daxiangling (China) that shows common perthitic texture, Fe
Ti oxides and titanite accessories (Zhetoal, 2008). The Homit Waggat Complex
from Egypt (Atype postcollisional intrusion studied by Hassanen, 1997) shows almost
identical granitic units to those ttie Al-Massah and Jabal Khur Dukhan plutohke

syn to postcollisional Singo granite (Uganda) consists of coanselium grained
biotite graniteswhich plot in the monzogranite and syenogranite fields. Its accessories
are zircon, apatite, titanite, monazite, xenotime and opphass, and its secondaries
are chlorite, epidote and fluorite (Nagueli al, 2003). Thelate Precambrian Hasan
Robat Granite (Iran) is composed of syenogranite, alklspar granite, and minor
monzogranite with perthitic, rapakivi textures (Esfahanial 2010). Both of these
occurrences also appear to contain many similar charactetistibg granites studied

here

All the above mentioned examples indicate that many péiftom the Arabian Shield

and other pastof the world showa similar lithology and mineralogy to the studied
granites. However, in terms of lithology and petrograptsmilar or identical felsic
intrusives to those in the studied areas are not particularly abundant on a global scale.
Most granitic intrusives do not exhibit such a large variability in their lithology and
mostly are made up of only one or two differgranitic types. Good examples of such
igneous plutons with a limited range of composition are presented lgtéhéariscan
Cornubian Land's End granite in Cornwglilat is dominated by biotite granite (Muller

et al, 2006), the Sierra Nevada batholith @#lifornia that mostly consists of either
guartz monzonite or granodiorite (Barbarin, 2005) and the-lieed granite in the
western Irish Caledonides which is mostly composed of granite and granodiorite (Feely
et al, 2010.

85



36° 40° 4"

| L I
. RATAMAH
JMURAB
ol L9 1.AZ ZUTHD 1hIA
- . J DABBAGH / J.AKASH
N e JQLRAQIR -
JSHAR \g*, N o ] NURMAN
A 7 AR RUMMAN
TMASSAH ® SAMIRAH
TRAYDAN\, ® ) .
JSILSILAH
e +——] BIDAYAH
. "
14k
JRADWA . JSA'TD
] SIDARAH
JHAMBAH
UM AL-SUQIAN
1 SUBH . >
0% JABALAT KWAR
LEGEND
B DY AN TERRAM
B H17A 2 TERRAIN
] HA'IL TERRAIN
I 4FIF TERRAIN NAJRAN > b
] ASIR TERRAIN -
Figure4.9: Locations of some Arabian Shield alkali granites (after Stoeser and Elliott,
1980).

In fact, most of the examples of similar granites to those studied here were found in the
Arabian and the Nubian shields and these are mostly Precambrian anopigtnis.

The more common, orogenic plutons (d.gnd's End granite in Cornwalre mainly
characterized by a limited range of granitic varietiisis indicates that the studied
plutons have experienced a more complex evolytimeesshanthat which pioduced

more commororogenic plutons.
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IV.8.2. Feldspar textures
Subsolidus feldspar textures (e.g. perthite, myrmekite, rapakivi, graphic intergrowths)

are particularly common in some of the studied rocks so it is important to know how
they formed and hat information they can provide as regards the genesis and evolution

of the granites.

Mineralogical, chemical and experimental studies over several decades have
demonstrated that pesblidification exsolution textures result from deuteric/low
temperatue (<400°C) processes, afteetbessation of crystallization atite influx into

the rock mass of hydrothermal fluidggrnon, 2003 The presence of pestagmatic
hydrothermal fluids has been suggested as a cause of coarsening of textures in several
studes (e.g. the Aype granite of Suzhou, eastern ChiBarbarin and Stephens, 2001
andthe alkali feldspars of the Ballachulish igneous complex in Scqtlaedret al,

2001).

The shape, distribution and types of perthites are important indicatoifse rock
evolution (Fig. 4.10 In particular they can provide important information about the
stages of development diie igneous pluton (Figure 4)J1and tkeir rate of cooling
(Figure 4.12 Putnis and McConnell, 1980).

According toSmith (1974)perthite @n be developed mainby three processes:

1- Exsolution (intracrystalline replacement)
2- Replacement (change of the bulk composition of the grain)
3- Simultaneous crystallization

Replacemenas a process of formation for perthites was supportdaieeyet al, 2007).
According toSasakiet al (2003) perthitic texturas a recrystallization texturavhich
develops whem hightemperature granitis emplaced at a shallow depdimd cools to
410-500°C. Its presence may indicatieid-rock interaction(Liu, 2002) Flame perthite

can also be used as an indicator of gataeestressdirection becausdlame growth is
controlled by the imposed differential stress and not by strain in the hosPryekand

Robin, 1996. Furthermore, he presence of flamperthite andthe development of
coarse lamellae may characterize the less evolved part of the pluton as found in the high
level polyphase granitef southwestern NewfoundlariBeeret al, 2001J).
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Smith (1974)stded that exsolution is the most common process reggen®r the
formation of myrmekite, but it can be also subjected to partial or tetalystallization

or metsomatization during its developmeiuguchi and Nishiyama (2008) have
suggested thahyrmekitic texureforms by & exsolution or unmixing pross, as aub
solidus reaction during the deuteric stage, together with othesdigus textures.
Myrmekite texture maylso indicate a deformational event, as the myrmekite lobes are
often seen to pass into and occupy areas of polygoralyseallized agioclase
(Vernon, 2004 Such metamorphic events have been recorded during the formation of
mylonites along the Hatagawa Shear Zone of NE Japan, where myrmekite has started to
replace Kfeldspar (deformatioinduced replacement); with more replacemehg t
deformation was more enhanced (Tsuremal, 2003). However, according eeret

al. (2001, myrmekites of urdeformed porphyritic felsic rocks can be distinguished
from those of deformed ones, as they show different morphologies and spatial
distribuions within theircrystls. Furthermore, in the udeformedfelsic rocks, the
alkali-feldspar may be subject to some stranergy at the boundaries of setoherent
lamellae of exsolved albite and deformation twingerfon, 2004 With the un
deformedrocks the marginbetween the alkafieldspar and the plagioclagerelatively
straight andunssubparallel to the mgmekitefree edggDeeret al, 2009, similar to

most of the myrmekites observed in the studied rotke. randomly oriented lamellae

of albite noticed in graphic and myrmekite textures are basically related to a rapid
cooling procesgVernon, 2004) So, the presence of more ordered albite lamellae
indicates a slower rate of cooling. The existence of isolated albite lozenges indicates a
further coarsening process that breaks up theagpalbite lamealle and causes lozenge
shapes to be preserdder et al, 200). Regardinggraphic texturgVernon (2004)

stated that the rag simultaneous crystallization of alkali feldspar and tuierthe main

process causing the developmeninainy granophyric textures

Rapakivi granites can be developed by sever@tgsses such as slow coolingdeep
seated graniteDempsteret al, 1994) andoressure quencmechanism (Deeret al.,
200]). Under cetain constraints, the decompression process can acdourthe
formation of rapakivi texturen within-plate setting graniteDempsteret al, 1999.
Rapakivi texture can also be formdxy dissolutionrecrystallization proessesin
environments involvingmagma mixing and minglindDeer et al, 200). So the
presence of this texture could indicate a magma mixing proasssuggested for the
Galway granite, Ireland (Baxter and Feely, 2002).
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Willaime and Brown(in Deer et al, 200) have classified perthdiintergrowths into

four groups:

1

Normal perthites with finescale lamination of albite and-#ch feldspar

2

Braid perthite with ziggag lamellae of Ndeldspar in a microcline matrix

3

Diagonal form containing zigag twins of Krich domain and albitévinned

Na-rich domains

4

Plate perthites

All the studied granites seem to contain the third (yipe diagonal formdf perthitic

intergrowth.
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Figure4.1Q The types of perthites classified by Alling (in Smith, 1974). The scales are
in centimeters. The strindléamellae of type A represent the quickest cooled perthite

and as the temperature goes down the other perthite types form, until the last developed
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The studied perthites mostly resemble t/Pe E, F and G. The perthites of the Jabal
Raydanalkali-grarite are dominated by type C. These suggest and interim stage of
development.
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with Pericline twing

W

Figure4.11 The last stages of braid microperthite development after Brown and
Parsons (in Brown, 1984).

Stages number 8, 9 and 10 of the microperthite development are quite sirthe
studied perthites. . Stage number 11 was noticed in the-&l@ddpar granites of Jabal
Al-Massah, Jabal Khur Dukhan and Jabal az Zuhd plutons. Photos a, b and ¢ were
selected from the studied plutons for correlation purposes and suggetstethatere

formed at relatively low temperatures and after a fairly protracted period of cooling.
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Figure4.12 Various temperatureooling rate paths (modified after Putnis and

McConnell (1980).

Orthoclase andnicrocline were both found in all of théuslied granites withdifferent

proportions and ratio&romthe subsolidus texturei$ is proposed that

1-

The alkalifeldspar granites of Jabal Thalabah and Jabal Raydan underwent
faster cooling than occurred in the other plutons, as they show more nitgrmek
textures, and the later pluton also shows smaller, thinner albite lamellae and
some clear crossatched twinned feldspars. Jabal-Méassah, Jabal Khur
Dukhan and Jabal az Zuhd plutons show more ordered albite lamellae and well
developed perthitic texta (especially for the first two plutons), thus indicating a
slower cooling rae (Jabal az Zuhd may have experienced a slightly shorter time
of cooling rate than the other two plutons). It is proposed that they were
subjected tofurther coarsening as thestart to show some diamoisthaped
isolated albite.

Only one sample in Jabal Khur Dukhan (albite granite from an isolated body)
contains abundamnnyrmekites, which would be indicative of a stage of rapid

cooling.

The formation of subsolidus texturesocaurred in the presence opost

soldification,hydrothermal fluidghat carried volatiles and enriched the rocks in

alkalis (possibly also changing the rock composition). The high quantity and
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types of fluid inclusions characterize the highly altered rockd eaused

coarsening (mostly accompanied by turbidity}had texturs.

To summarize, the studied rocks are litholaficand mineralogically subtldifferent,

and some are distinctly enriched in minor accessory phases. From a comparison with
other pluons (locally and internationally) it seems that all these igneous intrusives occur
in a similar tectonic environment. The subsolidus textures (especially perthite) provide
initial evidence for the rock genesis (slow cooling at relatively low temperatites)
solidification alteration has contributed to the ingeowth texture development and in
changing the rocks composition. The rate of cooling and volatiles (mostly likely brought
by hydrothermal fluids) account for the textural variabili§uch conlusiors await
additional support in the future using several techniques, e.g. trace element
geochemistry, fluid inclusions and stabénd radiogenic isotopes analgs The
petrographyandfield observatios showthat the more fractionated granites occtipy

outer part of Jabal ThalabahJabal Khur Dukharand Jabal AltMassahand small
portions of thennerparts of thelabal Raydaand most of thdabal Az Zuhglutons

Although theorder of mineral crystallizatiom most of the plutongs complex and
difficult to define a few clear observationsf the order of formationcanbe given as
follows: amphibole, biotite, titanite, plagioclaseK-feldspar, quartz,chlorite and

muscwite.
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V. Mineralogy

V.1.Introduction

The previous chapter focused primarily on the major mineral phases present in the

granitic rocks, but didghdicate the following:

a. The abundance of accessory phasesome samplesSomeof those
accessories (e.gnonazite) are economically important minerals so

their presence justés further mineralogical study

b. The exact identity of the opaque phases could b® established
during the petrographic study as it only used transmitted light
microscopy on thin sections. Reflected light microscopy using
polished sections was necessary for accurate identification and

description.

c. The different optical propertiesf the amphiboles indicate that
different types with differing chemical compositignare present.
Identifying these types will assist in characterizing and differentiating

the studied plutons.

This chapter istherefore a detailed mineralogical studywhich is primarily
concernedwith identifying the types ofamphibole and the othefine-grained

accessomppaquephass.

V.2. Methodology

Six sampleswere selectedor detailed mineralogical analysi§hey werecarefully
chosen as the most promising host fare earth and rare metal phases, as well as
containing different types of amphiboles and opaque minefdls.samples are listed in
Table 5.2. They were processed in several walys. minor phases were liberatedm

the host rockdy crushing and the separated using a magnetic separator and heavy
liquids; they were then mounted on stubs for squantitative chemical analysis using

scanning electron microscopy (SEM). Poéighhin sections were also made and these
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were used for studying the opaqueapbs in reflected light and for quantitative
microprobe analysis of the amphiboles and other accessory phases. Further details can
be found in appendix II.

V.3. Mineralogical study
Reflected light microscopy and SEM (Fig 5.1) confirmed the presence daietiiag

iimenite, hematite, zircon and other phases suchmasaziteCe, fergusonitey,
xenotime, fluorite andhorite. Suggestions for the identity of some of the additional
minor phases are given in Table 5.1.

V.3.1. Opague phases
Most of the opaque merals that were identified during the microscopiadiesare

oxides which are characterized by some intergrowth textures which suggest secondary

exsolution.

Magnetite (Fe;04) in reflected light it is pale brown with a pinkish tint, isotropic and
hasa low reflectivity. It is present in euhedral to subhedoains with a size range
between < 100m to approximately0.8 mm. k mostly shows euhedratrystals.
Magnetite is associated with and hosted by green amphibole, green and brown biotite,
chlorite, zrcon and titaniteput is also present as isolated, hexagonal crysfais.
exsolution texture was identified between mageeand ilmenite, as some euhedral
magnetite has exsolved ilmenite (as small-likd crystals) forming an ilmenro
magnetite intergroth and in rare cases fine exsolved skeletal ilmenitewhich
sometimes displaylamellar twining. Magnetite replacesthe edges of some large
feldspar and replaces theferromagnesian minerals (especially the chloritized
amphibole). It is sometimes replacky martite (lamellar hematite forming along the
cleavage plare (see Fig. 5.1c) which is mostly presenttime &6 oxi di zed?d
amphibole.

liImenite (FeTiQ;) in reflected light the ilmenite is brownish graygimkish-brownish
with weak anisortopis andlow reflectivity. It is present in subhedral to anhedral forms

with an approximate maximum size @f3 mm. It mostly shows a massive form and
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much less as small lamella. It shows an association with slightly altered ampimitzole

few cases replacamsagnetite,and is enclosed in and corrodes tloees of sericitized
feldspar; it alssshows partial alteration to titanitd. titanite-ilmenite reaction rimwas

only traced in the Jabal az Zuhd alkali granite. The chemical analyses of ilmenite reveal
thepresence of small amounts of Nb and Mn, possibly indicating-soligion between

Mn and Fe.

Hematite (F&Og3) in reflected light the hentige is white with weak anisotpy and high
reflectivity. It is present in euhedral to subhedral forms with an appete maximum
sizeof 0.5mm. It shows patcHike, well andrandomly orienteghrismatic and elongated
crystals. It commonlyccus asneedlelike crystalsforming along the cleavage planes

of either alteed biotite or amphibole.

Rutile (TiOy) in refleced light it is found as long, thin, light grey crystals with a bluish
tint and weak anistropism. It exists in variable sizes (<{ri@o ~ 0.8 mm). Chemical
analysis reveals enrichments Mb and Ca. The latter may relate to reaction rims
(titanite).

Xenotime (YPQ,) in reflected light it occurs as a very small (<100um), irregular,
slightly to highly alteredprownsh-grey mineral. The chemical analyses of xenotime
show the presence of enrichmentd.amand Nd, and lesser amounts of Pr, Sm, Gd and
Ca

V.3.2. Other accessory phases
Allanite (Ca, Fé2),(Al, Ce, Fe")3(OH)(SiOy); has a low abundanck.displaysbrown

to reddishbrown colours, the reddish colour gsibly due to slight alterationlt has
acute terminatiomand is often zoned (Fig. 5.1e).has a limited range of sizes (0.5 to
0.1mm), and is mostly found as inclusions in large crystals of quartz and fel@kpar.

chemistry of the allaniteeveals enrichments in La, Ce, Nd and le3ser

Titanite (CaTiSiG;) has high to medium abundance. ppaars in two different shapes,

the first is drk brown, dignctly rhombic with weak peleochroisrand unclear
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interference clours, while the second iselfowish to light brownish with no definite
shape andigh interference colours. It has various siges to 1mm). The analyses
reveal the presence of some REE (mostly La@&d

Monazite (Ce, La, Nd, Pr) P@appears as smallQ0 to 300pum)colorlesscrystalswith
imperfect cleavagend small fractures. The analysis of the monazite indicates the

preséce of additional, small amounts of Si, Ca, and Fe.

Some of these rare metadaring minerals were found to be restricted to some plutons,
while others were relativelyoocnmon in all plutonsOther phases (Table 9.ivere
identified during the SEM studyubcould not be located and characterized in the thin or
polished sections of particular intereset is the presence of some phases containing Au,
Ag and Pt.These observations, together with the abundance and nature of of these
phases, have helped in chdesizing each pluton (Table. §.Z'he nterpretatiorof the

above mentionetkxtures will be given later

V.3.4. Summary
A large number of accessory phaskave been found in these granitehey are

relatively abundant in the studied plutons and J&lmir Dukhan is characterized by
the most varied rare metal bearing accessories, while Jabal az Zuhd appears to contain
the largest volumeSome evidence foboth magmatic and late stage subsolidus and

hydrothermal processes wasind (see later)
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Figure5.1 Some textures accessory phases from the studied granitoids

a) Homogeneous, elongate crystals of magnetite (bright with a pinkish tint), in reflected light, P.P.L
b) limenite (bright) egolution in magnetitep@le brown, in reflected lightP.P.L

c¢) Martitized(fine bright lammalle of martitenagnetitejn reflected lightP.P.L

d) Reactiorrim betweertitanite (mid grey) and aciculatmenite (pinkishHbrownish),in reflected lightP.P.L.
e) Hexagonakoned allanite; bright zones are rich in REE (back scdtieetron image)

f) Close view of titanitelmenite reactiorrim which dso hosts some fine (white) fergusonite (back scattered electron imag
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Table5.1: Accessory phases

Qualitative chemistry from scanning electron microsc Pluton Mineral Formula

Zr SiO Hf) All Zircon ZrSiOy

CaTi (Fe,Al) SiO + REE TH, JR & JZ Titanite CaTiSi

Ca PO + REE All except TH Apatite Cas(PQy)3(OH,F,CI)

CaF(Y) KD Fluorite Cak

Ca Al Fe SiO + REKTI, La, Ce, Nd) All except JZ Allanite (Ca,Fé%),(Al,Ce,Fé®)3(OH)(SiOy)3

(Ce, La, NJ PO+ Si, Ca, Fe JZ and JM Monazite (Ce, La, Nd, PrPOy

Y NbO orY Nb (Si, Fe) O KD and JZ Fergusonite | YNbO,

(La, Pr, Nd, Sm, Gd, CaY PO KD andJZ Xenotime YPO,

REE (Y, Ce, La, Nd) FeO KD unknown phas¢ (hosted by magnetite)

Au-Pt& Ag KD Au-Pt alloy and| (hosted by magnetite)
free Ag

FeTi (Mn, Nb) O JZ and KD lImenite FeTiO;

Th SiO JR Thorite ThSiOy

REE (Ce, La) CaO KD Synchysite? | Ca(Ce La)[F(COs),]

(Ca Ti (Nb) O JZ Rutile TiO,

Table 5.2 Distribution of rare metal minerals in the plutons

Name of Plutorand sample numbe

Characterization

Association

Jabal ThalabafirH13)

Low rare metal mineral abundance

Associated with zircon, apatite and titanite.

Jabal Khur DukhafKD28)

Shows various types of rare metalineral
and shows golglatinum and free silve

phasesosted in magnetite.

Associated with zircon, allanite and apatited a
also represented by fergusonite, xenotime and

synchysite (?)

Jabal AtMassahJM31)

Containdargest amount of monazite

Associated with zircon, allanite and apatite, :

also represented by monazite

Jabal RaydafUR8, JR12)

Presence of thorite

Mostly restricted to allanite

Jabal Az ZuhdJZ6)

Fergusonite and xenotinmost abundant

Associated with Msrich ilmenite and zircon, and

also represented by fergusonite and xenotime
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V.3.5. Amphiboles
Thepetrographic study has indicated that amplabare generally rare in most of these
granites. However, various types of amphiboles with differing optical properties have

been recognized in some of tip@nitic units:

- Jabal Thalabah: Mostly irregulashort prisms and rarely elongatedSub to
anhedal, yellowish, light green to dark greewith brownish to dark purple

interference colowr

- Jabal Khur Dukhan: Slightly to highly altered, prismatic, rarely sinwlaned
subhedral, yellowish to dark green with grayish green to orgmgkish purple

interference colowr

- Jabal AtMassah: Prismatic, edo subhedral, yellowish to green witiuish
purple to orangey purple interference cotour

- Jabal RaydanContainsmore than one type of amphibpées follows:

1- Irregular, prismatic and rhombghaged, light green to dargreen with greenish

to dark grgish interference colours.

2- Elongated and prismatic, light to dark green, simple twinned, with brownish to

dark purple interference colours.

3- Slightly to highly altered, prismatic, seraguant, subltdral, green to brownish

green with greenish grey to dark interference colours.

Jabal @ Zuhd: Shows the highest abundancap to 4.5%)f amphibole among the
studied granites. Large, elongatgqatjsmatic and semrequant, sub to anhedral,
bluish and browish in colourwith dark blue to dark purple and yellowish gneto

purpleinterference colow respectively.
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Generally speaking, the amphiboles found in Jabal Khur Dukhan and Jaldalséah
are much less abundant and sligtgipaller in size (most daot exceed 1mm) than
those found in the other plutongich reach up to 1.2mm

Electron microprobe analysis was used to chemically analyse the aigshias
presented in appendix. IMineral formulae derived from these &yses(recalculation
based on 23xygen)were used for classification using thenphibole classification
schemes of Leak(1978) Lealke et al (1997)and Hawthorne (2007gnd displayed in
diagrams (Fig.2a to 52e). This system of clasfication is only applicable tecaldc
amphiboles flamidullah and Bowes, 1986The diagramsuseddepend orthe type of
amphibole(e.g. Ca, N&Ca or Ca),as eachamphibole type has its owelassification
diagrams Various types of amphibolare present (see also Table. 5.3). One type of
amphibole was founoh each pluton, except Jabal Raydan pluton that appears to contain
4 different types: dominated by the presence ofUdaless Mge and much less Ca
amphibolesThe chemical analyses of the amphiboles indicate that aampaiboles do

not show good total(see appendix Il), and this may reflect an alteration state in some

phases

Table5.3 Summary of amphibole varieties present

Name of Pluton | Leake (1978) Hawthorne & Oberti (2007) Abundance
TH Na-Ca Katophorite Low to medium(0 to 2%)
M Mg-Fe Gedrie Low (0 to 1%)
Mg-Fe Ferrogedrite 2 analyses | Generaly
outof 36 | low to
Na-Ca Katophorite 29 analyses| medium (0
out of 36 | to 3.5%)
JR Ca Ferrohornblende/ferroactinolite | 3 analyses
out of 36
Ca Ferroedenite 2 analyses
out of 36
JZ Na Arfvedsonte Low to relatively high (O
to 4.5%)
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One limitation from the above mentioned comparisons is that some of the identified
amphiboles show either slightly higher or slightly lower values daoeelements from

the idealtypes. For example, the kataphie shows higher Al and Fe, and lower Mg, Na
and 3, the arfvedsonite has mindig, the ferroedenite show higher Al, presence of
minor Mg, lower Fe and Na, and ferrohornblede show lower Al, Fe and Si, and small

presence of Mg.

The Na type of amphiboldatis only present in thdabal Az Zuhd plion indicating
that the magma that formed Jabal Az Zuhd is more alkaline (possibly peralkaline) than

the ones that formed the other plutsiisee chapter 6).

According to Hammarstrom and Zen (198&hallow evel of emplacement iadicated
if the Al total (number of atoms in amphibole formu)aef the amphibolas < 2 this
was foundo be the casm theJabal a Zuhd, Jabal Thalabah addbal Raydan plutons.
The Jabal AIMassah amphiboles show >A2 total which possibly indicatea deeper

level of emplacement.

1.00 #
Edenite . Eichterite Magnesio-
’ + Arfredsointe
* .ﬁ
.ﬂ'
|}
L J
- L
=
& 0.A0
=
L ]
L
*
Tremolite Winchite Magnesio-
Eiebeclkite
0.00 .
0.00 0.50 1.0 1.50 2.00
Na

Figure5.2a The general amphibole classification from Leakal (1997) (pink

squares = Jabal Thalabah, blue rhombohedra = Jabal Raydan)
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Figure5.2la The sodiecalcic amphibole classificath from Hawthorne and Oberti
(2007) (pink squares = Jabal Thalabah, blue rhombohedra = Jabal Raydan).
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Figure5.2c The calcic amphibole classification from Hawthorne and Oberti (2007)
(blue rhombohedra = Jabal Raydan).
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Figure5.2d The calcic amphible classification from Hawthorne and Oberti (2007)
(blue rhombohedra = Jabal Raydan).
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Figure5.2e The MgFe-Mn-Li amphibole classification from Hawthorne and Oberti
(2007) (pink squares = Jabal Raydan, orange triangles = Jahissah).



V.3.6. Summary
Different types of ampbioles are present in these plutoasd theyprovide more

evidencefor the differences between the studied plutodsbal Thalabah, Jabal -Al
Massah and Jabal az Zuhd only contain one type of amphibole, Jabal Raydan has 4
types ofamphibole and Jabal Khur Dukhanntains no amphiboléhe difference in
appearance or character could relate to alteration and/arnm@fic magmainflux
(amphibole associatedith mixing processs, while the difference in grain size may
reflect the cobng rate of the developing magma (slower rate of cooling for the coarser

amphiboles)

V.3.7. Geobarometry
A method for estimating the crystallization pressuné amphibolewas empirically

proposecby Hammarstromrand Zen (1986). It ibased on the total |Acontent per 23
oxygenatomsof calcic hornblende ithe pressure range froni 4o 8 kbarandhas at3

kbar uncertainty. The rocks should include the mineral assemblage of quartz,
plagioclase, orthoclase, bi@jt hornblende, magnetite, titanite epidoe. The
calibration has been refined several tintegucingthe error tat1 kbar (Hollister et. al.
1987), £0.5 kbar (Johnson and Rutherford, 1989) and +£0.6 kbar (Schmidt, 1992).

Crystallization pressures, based the compositions oamphibdes in two putons
(Jabal Thalabah anthbal Raydan have beemalculatedirom the electron meroprobe
analysis by using thedmrometes andthe results are sunarized in tables 5.4 and 5.5.
(The amphiboles idabal az Zuh&ndJabal AtMassah were excluded #sey d not

have acalc-alkalic composition).

The average pressures range from 1.2 to 23k Jabal Thalabahnd 2.2 to 3.4kdx

for Jabal Raydan; these equate to approximate depths of 4.3 to 7.9 km for Jabal
Thalabah and 7.8 to 11.9 km for Jabal Raydaeveral studies have attemgte¢o
calculate the pressure a@flcalkaline plutons and then convert the crystallization
pressure to depth. Conversion factors used have been 3.8 (e.g. thikaale batholith
southwestern Mexico, Zenteret al, 1996),3.7 (the North Patagonian batholith in
Chile, Herveet al, 1996),3.6 (Median bathdth western New Zealand, Tulloch and
Challis, 2000) or 3.5 Iie Manaslu granite in Central Nep@illot et al., 1994).
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Table5.4: Crystdli ation pressure (kb) for amphibole and suggested dkpthof emphcement for thdabal Thalabahléton.

Al (T) TH (T) Hammarstrom and Zen 1986 Depth Holli ster et al 1987 Depth Johnson and Rutherford 1989 Depth Schmidt 1992 Depth
1.1 95.51 1.4 5.0 1.2 4.4 1.0 3.7 2.1 7.2
1.0 95.37 0.9 3.0 0.6 2.1 0.6 2.0 1.5 5.3
1.1 95.13 1.4 5.0 1.2 4.4 1.0 3.7 2.1 7.2
1.0 95.06 1.2 4.1 0.9 3.3 0.8 2.9 1.8 6.3
11 94.99 1.5 5.3 1.3 4.6 1.1 3.9 2.1 7.4
1.0 96.62 1.3 4.5 1.1 3.8 0.9 3.2 1.9 6.7
1.0 94.35 1.3 4.4 1.0 3.7 0.9 3.1 1.9 6.6
1.1 94.22 1.7 5.9 1.5 5.3 1.3 4.4 2.3 8.0
1.1 97.28 1.7 5.9 1.5 5.3 1.2 4.4 2.3 8.0
1.0 95.81 1.2 4.2 1.0 3.4 0.8 2.9 1.8 6.4
1.1 93.21 1.8 6.4 1.7 5.9 1.4 4.8 2.4 8.5
1.2 90.44 2.0 7.1 1.9 6.7 1.5 54 2.6 9.2
1.0 97.50 0.9 3.2 0.7 2.3 0.6 2.1 1.6 5.5
1.1 94.53 1.4 4.8 1.2 4.1 1.0 3.5 2.0 7.0
1.1 93.13 1.5 5.4 1.4 4.8 1.1 4.0 2.2 7.6
1.3 94.36 2.5 8.6 2.4 8.4 1.9 6.6 3.0 106
1.3 95.38 2.4 8.4 2.3 8.1 1.8 6.5 3.0 104
1.2 91.42 2.1 7.5 2.0 7.1 1.6 5.7 2.7 9.5
1.1 96.67 1.5 5.3 1.3 4.7 1.1 3.9 2.1 7.5
1.1 93.21 1.4 4.8 1.2 4.1 1.0 3.5 2.0 7.0
1.2 95.88 2.0 7.1 1.9 6.7 1.5 54 2.6 9.1
1.2 94.26 2.1 7.5 2.0 7.1 1.6 5.7 2.7 9.5
1.2 95.87 2.1 7.3 2.0 6.9 1.6 5.6 2.7 9.4
1.2 95.68 2.2 7.7 2.1 7.4 1.7 5.9 2.8 9.8
1.2 94.60 2.2 7.6 2.1 7.2 1.7 5.8 2.7 9.6
1.3 94.55 2.4 8.5 2.4 8.2 1.9 6.6 3.0 10.5
1.2 92.08 2.1 7.5 2.0 7.1 1.6 5.7 2.7 9.6
0.7 95.60 -0.4 -1.6 -0.9 -3.0 -0.5 -1.9 0.3 1.0
1.3 95.68 2.4 8.5 2.4 8.3 1.9 6.6 3.0 10.5
1.1 93.50 1.6 5.5 1.4 4.9 1.2 4.0 2.2 7.6
1.1 95.82 1.4 4.9 1.2 4.2 1.0 3.5 2.0 7.1
1.3 97.52 2.5 8.7 2.4 8.5 1.9 6.8 3.1 10.7
1.0 94.94 1.3 4.7 1.1 4.0 1.0 3.4 2.0 6.9
0.9 96.24 0.8 2.7 0.5 18 0.5 1.7 1.4 5.0
1.2 92.81 2.2 7.5 2.1 7.2 1.6 5.8 2.7 9.6
1.2 94.17 2.1 7.2 2.0 6.9 1.6 5.5 2.7 9.3
1.1 95.48 1.4 5.0 1.3 4.4 1.0 3.7 2.1 7.2
1.2 96.99 2.2 7.8 2.1 7.4 1.7 6.0 2.8 9.8
1.3 95.50 2.7 9.5 2.7 9.4 2.1 7.4 3.3 11.5
1.1 97.19 1.5 5.4 1.4 4.8 1.1 4.0 2.2 7.6
1.1 93.92 1.6 5.5 1.4 4.9 1.2 4.0 2.2 7.6
1.0 95.60 1.3 4.6 1.1 3.9 1.0 3.3 2.0 6.8
0.8 97.00 0.3 1.1 0.0 -0.1 0.1 0.3 1.0 3.4
1.0 97.95 1.3 4.7 1.1 4.0 1.0 3.4 2.0 6.9
1.1 96.15 1.7 5.8 1.5 5.3 1.2 4.3 2.3 8.0
1.1 97.56 1.4 4.8 1.2 4.2 1.0 3.5 2.0 7.0
1.1 97.65 1.4 4.8 1.2 4.1 1.0 3.4 2.0 7.0
1.2 97.42 2.3 8.0 2.2 7.7 1.8 6.2 2.9 10.1
1.1 95.2 1.7 5.8 1.5 5.2 1.2 4.3 2.3 7.9

Explanation: The last rovepresergthe average values
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Table5.5: Crystallisation pressure (kb) for amphibole and suggested dkpthof emplacementadr the Jabal RaydaruRon.

Al(T) JR total Hammarstrom and Zen 1986 Depth Hollister et al 1987 Depth Johnson and Rutherford 1989 Depth Schmidt 1992 Depth
1.31 95.18 2.7 9.4 2.6 9.2 2.1 7.3 3.2 11.3
131 95.58 2.7 9.3 2.6 9.2 2.1 7.3 3.2 11.3
1.26 95.04 24 8.4 2.3 8.2 1.9 6.5 3.0 10.4
1.30 96.31 2.6 9.2 2.6 9.0 2.0 7.2 3.2 11.2
1.30 95.59 2.6 9.2 2.6 9.0 2.0 7.2 3.2 11.1
1.26 96.58 2.4 8.4 2.3 8.2 1.9 6.5 3.0 104
2.60 95.18 9.1 32.0 9.9 34.6 7.5 26.3 9.4 32.7
2.54 95.53 8.8 30.9 9.5 334 7.3 254 9.1 31.7
1.33 95.93 2.7 9.6 2.7 9.5 2.1 7.5 3.3 11.5
1.33 96.44 2.8 9.7 2.7 9.6 2.2 7.6 3.3 11.6
1.68 97.37 4.5 15.8 4.7 16.5 3.6 12.7 5.0 17.4
1.46 96.13 34 11.9 34 12.1 2.7 9.4 3.9 13.7
1.57 96.31 4.0 13.9 4.1 14.4 3.2 11.2 4.5 15.6
1.27 96.80 2.5 8.6 2.4 8.4 1.9 6.6 3.0 10.6
1.25 96.78 2.4 8.4 2.3 8.1 1.8 6.5 3.0 104
1.36 96.01 2.9 10.2 2.9 10.1 2.3 8.0 3.5 12.1
1.29 95.67 2.6 9.0 2.5 8.9 2.0 7.0 3.1 11.0
1.27 95.36 24 8.6 24 8.3 1.9 6.6 3.0 10.5
1.28 95.50 2.5 8.8 2.4 8.5 1.9 6.8 3.1 10.7
1.03 96.29 13 4.4 1.0 3.6 0.9 3.1 1.9 6.6

1.27 96.19 2.5 8.7 24 8.5 1.9 6.8 3.1 10.7
1.74 95.82 4.8 16.9 5.1 17.7 3.9 13.7 5.3 18.5
1.45 97.42 34 11.9 34 12.0 2.7 9.4 3.9 13.7
1.38 95.32 3.0 10.6 3.0 10.6 2.4 8.3 3.6 12.5
1.31 96.59 2.7 9.3 2.6 9.2 2.1 7.3 3.2 11.3
1.65 97.42 4.4 15.3 4.5 15.8 3.5 12.3 4.8 16.9
1.59 97.48 4.1 14.3 4.2 14.8 3.3 11.5 4.6 16.0
1.55 95.92 3.9 13.6 4.0 14.0 3.1 10.8 4.4 15.3
1.15 97.16 1.8 6.5 1.7 6.0 1.4 4.9 24 8.6

1.20 97.34 2.1 7.5 2.0 7.1 1.6 5.7 2.7 9.5

1.19 95.91 2.1 7.3 2.0 6.9 1.6 5.6 2.7 9.4

1.26 98.42 24 8.5 24 8.2 1.9 6.6 3.0 10.5
1.28 98.57 2.5 8.8 2.5 8.6 2.0 6.9 3.1 10.8
2.78 95.26 10.1 35.2 10.9 38.2 8.3 29.1 10.2 35.8
1.25 98.86 2.3 8.2 2.3 7.9 1.8 6.3 2.9 10.2
1.27 98.00 2.5 8.7 24 8.5 1.9 6.8 3.1 10.7
1.5 96.4 3.4 11.9 3.4 12.0 2.7 9.4 3.9 13.7
1.3 96.5 2.8 10.0 2.8 9.9 2.2 7.8 3.4 11.9

Explanation: @rk green cells represeffe-Mg typeswhile the light blue and orange cells represent the calcic typese(tibedenite and
the ferrohorblende). The last two rows respectively represent the aver@ges with and without the Rdg types
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For the studied rocks the depth of emplacement was estimated by multiplying the
crystallization pressure by 3.5 with £0.5 km limitation. Differences in Al content of
calcic amphiboles aréhereforedirectly related to the depth of emplacement of the

plutons.

V.3.8. Summary
The geobaromey studyhas suggesteadepth of emplacement feome ofthe studied

plutors and thiswill subsequently helim the tectonic reconstructien

V.4. Discussion and Conasions

V.4.1.Significance of exturesand alteration
The textures of the opaque phaseggest that bothrimary magmatic and secondary

late stage subsolidusand hydrothermal processdsave been operative. These are
indicatedby the presence of euhatitubes of magnetite, exsolution and replacement

texturesrespectively.

The ilmenemagnetite exsolution couldave resulted either from cooling (Craig and
Vaughan, 1981, Vernon, 200dye to subsolidusecrystalization(Himmelberg, 1977)

or from late netamorphisn{Karkkainen and Appelqvist, 1990)hich is not likely tan

this situation) The idomorphic homogenous magnetite is magméticnmelberg,
1977) mineral that reflect slow rate of growtHenriquez and Martin, 1978). The
titanite-ilmenite reactbn rim is possibly developed due to -amystalization
decompression reactioMengel and Rivers, 1991), with decreasing pressure and
temperaturédRumble and Finnerty, 1974) and influx Af-rich (Frostet al, 2001)late-

stage fluid activity accompanied Iygh oxygen fugacity during the subsolidus cooling
(Broskaet al.,2007). The presence of magnetite and ilmenite indicates a relatively deep
magma source, and the later mineral which was found much more with the Jabal az
Zuhd than the other plutons indte latestage processes (Conreidal, 1988,Clemens

and Bea, 2012 ). The REE enriched zone of allarstanost likely related to
hydrothermal, metasnatic process (Sorensen, 1991) or could be related to
metamorphic processwhich may also account foné observeg@rowth zoning(Janots

et al., 2009). The presence of some @eminant REE minerals in some -Baaring
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minerals was not unexpected, as this baninterpreted by the fact that from crystal
structure sense the @geoup rare earths show similarardination number to those of
calcium (Joneet al, 1996)and therefore, an isomorphous substitution was more likely

occurred in responding to the newly developed solid solution.

V.4.2. Rare metal- bearing phases
Generally speakg, REEbearing mineasls are formed from highly fractionated

magmatic systes(Bortnikov et al, (2007. They can form by both magmatic and/or
metasomatic process (e.g. the Palung granite in Himalaya, Scharer and Allegre, 1983,
the Igralishte granite pluton, Southwestern BribgaTarassowet al, 2008, the Ireteba
granite, Sothern Nevada, Townseeidal, 200Q the peraluminous Melechov granite
massif, Czech Republic, Harlost al, 2008, the Nizke Tarty Mountains, Western
Carpathians, Slovakia, Petrik and Konecny, 2009 addition, monazite and xenotime
may result from late magmatic regkement by rerystallization offormer orinherited
phases which have eestitic origin (Petrik and Konecny, 2009)he presence of
monazite may also indicatslightly alkaline crystallizatn conditions (Popova and
Churin, 2010 andit can also form byigh temperaturelkaline metasomatismvhich
resuls in secondary minerals like thorite and apatite (Tarassowal, 2008). The
presence of the Mpoor Y-Nb-oxide may also support the latkegation process as it
can be related to rapid emplacement and cooling of mdatiged magma (Nakashima
andimaoka, 1998)The presence omagmaticREE-bearing minerals could belated to
high-temperature magmatic saline solutions that are in fact e#egtive in carrying
and transporting them (Jones$ al, 1996). From the mineralogical study monazite
appeared to be slightly alterealthoughit can be a weathering product of other rare
earth minerd like apatite (Changet al, 1996)its chemical aalyses (appendixl)
indicate that some at least is a primary phaséh&3 contens are close tthe average
(~ 5wt %) of primary monazite. Some idiomorphic or subidiomorphic lasgkted
grains of allanite arexpected to be magmatic, hever, primaryallanite typically
contairs some Th, Zr and fBea, 1996 Clemens and Bea, 2012aipd such elements
did not appeain the allanite chemical analyses (appendix II). Becauses ofrity and
lack of chemical analyses for xenotime it was difficult to sigjgeather it is a magmatic
or a hydrothermal mineral. However, primary xenotime contains some THQ, and
appretable amount of Fe@Bea, 1996 Clemens and Bea, 2013nd these were not

present in the senguantitdive analysestherefore, xenotim wassuggestd to be of
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hydrothermal originThe elationship variation diagrams in the following chapter and in
chapter eight support these suggestions for the origitheoéconomically important

minerals.

Monazite and xenotiméhosphorous specieare crucial in transporting the REE in
certain hydrothermal fluids, and may indicate the presence of-gRBEphate
complexes at high temperatures (Joeieal, 1996).Other than P@?® ligands like Fand

OH are also possible to occur at elevated temperatuegsesenting REBearing
complexes, and lately all those would most likely be representing minerals like fluorite
and apatite (Jonest al, 1996).Monazite can be related to low presstemperature
conditions in the later magmatic differentiates (Chetra., 1996) The presence of Au

Pt alloy and free silver were only found in two locatichgygesting a presence of

separate mineral phase.

V.4.3. Amphibole
The composition ofthe amphibolescanvary with bulk magmacomposition, pressure,

temperatur@andoxygen fugacity These factors will be disssed bellow

The formation of Jabal az Zuhd arfvedsonite might be attributed to sodic metasomatism
and higher oxygen fugacity condition (Mucke, 2003), more evolved earlier granites or
by remelting of earliergranite and hybridization with a more mafic magma-ijeer,

2007) The presence of arfvedsonite and other -tich phases of magnetite and
ilmenite in alkaline granites of Jabal az Zuhd indisaahigher degree of oxidation

(Buddingtonet al, 1963) tha thegranitic rocks from the other four plutons.

Anorogenic tectonic environment isdicatedif there is intergrowth betweepairs of
ferroan andmagnesiohornblendamphibole (Yamaguchi, 1985). This is observed in
Jabal AlMassah angartially in JabaRaydan The katophorite that represetite Jabal
Thalabah and most tiie JabaRaydan amphibole commonly ocsum the laterfformed
granites, as it resulfsom the development of the primary sod&lcic amphiboles (Pe
Piper, 2007)The presence & wide range ofimphibole compositions idabal Raydan
and its calcic amphiboles(ferrohornblendeand ferreedenite) may indicatea SiO.-

oversaturated anorogenic granite (Martin, 2007).
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However, the presence afvide range ofcalcic amphiboles from edenite pargasitéo
magnesiohornblende and ferrohornblerde also be present in ancrelated granite
(Martin, 2007) The major and minor elemeadmposition of the primary amphiboles
that shows a compositional range froaicic amphiboles through soekelcic to alkali
amphiboles relate tthe stage of magmat&volution attained by the parental mantle
derived magma as fitactionates once in the cru@fitchel, 1990) and/orhte sequence
of crystallization of the Feich amphiboles that range from @ah to Narich
compositions These features biaferredby tracking the composition of the primary

amphibole (Martin, 2007) but have not bgenoved inany of the studied granitiods.

An extensive search was r&iccessful in finding zoned calcic amphibotgstals,for
the purpose of tracking any incrementdacreasén Siand Nat+ K contens with time
This could be due t@eplacement process that affectewst of the calcic amphiboles,
either with decreasing temperature from 850 to 600 °C, by mineralsubsolidus
origin and/or lower temperatumminerals like titanite and chloritgust like in the
younger granites of Nigeridjlucke, 2003). This may indicate a fornmatitemperature
of < 600 °C, buthis could also sugge#itatno progressive oxidation oarred in the
calcalkaline magmas as #othenstrongly zonedrystals of clinoamphibole should be
formed (Kawakatsu and Yamaguchi, 198All theseindicationsfor the formation
conditionsof the amphiboles are relatéal the fact that those variablassociatedvith
the bulk magma composition significantly control amphibole composition

(Hammarstrom and Zen, 1986).

Regardingthe levelof emplacement othe studied pluton, values >2 for the Al total
might not be the only reason fanferring deeper emptement. For instancehe
Barberton greenstone belt and the Manaslu tgaremetamorphosed grangevhich
commonly showFe-Mg hornblende are astrong indication ofemplacement level.
Othermetamorphosed grangelso show a@eeper emplacement levehththe studied
granitoids, likein the amphibolite facies, southern Karnatakanite India (Janardhan
et al, 1982) that shows range of5-7 kbar for its pressure of crystallizatioriThe
indicated shallow emplacement might ooty refer to the low vale (<2) of the Al total
but it can be alsbeaccounted foby the alkalinityof the amphibole. This suggestion is
also supported by the existence of other alkaline plutbosn South Greenlandhat
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suggest 1 Bar crystallization pressu®larks and Markl2001) Therefore, amphibole

composition also appears to influence the pressure estimation.

V.4.4. Geobarometry
Although the geobarometers used here do not seem to provide highly accurate results

(large range of values), the average values probably gieedindication of the depths
of emplacement. Unfortunately the method could only be applied to two of the plutons

because of the limitations in using particular varieties of amphibole.

Although this method for calculating the crystallizing pressuretemte the depth of
formation was not applicable for some of the granitoids, Hammarstrom and Zen (1986)
suggest a shallow level of emplacement is probable if the Al total of the amphibole in
granitoids is < 2 and this is seen in the Jabal Az Zuhd, JabkbEteand Jabal Raydan
plutons (their Al total averages are respectively 0.2, 1.1 and 1.3), while the Jabal Al
Massah pluton shows 2.5 Al total which indicates a deeper level of emplacement.
Similar granitoids with amphibole Al total > 2, like the calkaline batholith,
southwestern Mexico (Zenterat al, 1996),the metamorphosed granite, south of the
Barberton greenstone belt, South Africa (Dziggelal, 2001), the metamorphosed
Manaslu granite, Central Nepal, (Guillettal, 1994) and the amphibtdifacies granite

of southern Karnataka, India (Janardleaml, 1982) that all show a range 84 - 11

kbar for their pressure of crystallization and consequently a deeper level of
emplacement. It is perhaps also important that the amphibole inateseexamples of

granites is a F&lg variety as this seems also t® &n indicator of deeper levels.

Similarly the alkaline nature of the amphibole in Jabal az Zuhd might also indicate
shallower emplacement. This suggestion is supported by the existfeoiter alkaline
plutons that have low crystallization pressures, tike alkaline granites of southern
Greenland (Marks and Mark2001) @ kbar).

The lack of amphibole in Jabal Khur Dukhan hinders a calculation of the crystallizing
pressure and theéepth of emplacement. However, a low pressure of crystallization and
a shallow emplacement might be suggest&sed orthe alkaline nature of the pluton.
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To summarize, the detailed mnadéogical study has indicated law crystallization
pressure (~1 to Xbar) and shallow raplacement depth (~4 to 12 km) ahas
highlightedmore differencebetween thesmtrusive rocks.

V.4.5. Summary
The mineralogical study hasonfirmed the existence ofinerals of potentiakconomic

importarce such as monazite, fergusute, xenotime andhorite, as well asother
unknown REEbearing phases.Some important textures have pmed information
about the formation coiittbns (slow cooling rates supported liyneno-magnetite
exsolution medium to lowtemperaturef formationsupported by the presence of calcic
amphibole and titanije and processes (magmatic fractionatisnpported by the
formation of REEbearing minerals,hydrothermal alterabn supportedby the
martitization and reactionim texture$. Various types of amphile® have also been
identified (Ca, NeCa, Na, MgFe). This has further highlightede differenceshetween
the intrusivebodies. As the previous chapters indicates differences in the plutons shapes
(e.g. nestedike form of Jabal AIMassah)lithological hanogeneityand diversity(e.g.
Jabal az Zuhd is the most homogeneous platwhthe presence of the hybrid rocks in
Jabal Thalabghgranitic units relative ratiog.g. the granodiriteonstitutes larger area
than the syenogranite in Jabal Thalabah opgdsitappears in Jabal Khur Dukhgn)
amphibole (rare in Jabal Khur Dukhan and JabaMAksah and show distinct type in

Jabal az Zuhddnd plagioclase abundancy (rare in Jabal az Zuhd)

The significance of the rare earth and rare mghalseswill be discussedfurther in a

later chapter 8 assessing the economical potential of these graites.

112



VI. Geochemistry

VI.1. Introduction

The aim of this chapter is tthemicallycharacterize ah classify the studied granites
and compare them witlbther granite, bothregional and globalThis will help in
understanding the nature ofefie granites and their environment of formation.
However, trace elementghich could have economic importanedl be considered in
chapter8 (Economic potential). Therefore, this chapteail focus more on the major

elementsbutwill also usesometrace elements in certain applications.

VI1.2. Methodology

The geachemical analyses of the granitic roakere mainly obtained sing Inductively
Coupled Plasmdass Spectrometry and Atomigmission Spectrometry (IGRIS and

AES). X-ray Fluorescence (XRF) was also used to repeat some major element analyses.
ICP-AES was used for analyzing major elemerniee¢ented as oxideSiO,, Al;Os,

FeO, MgO, CaO, N®, K0, TiO,, P,Os and MnO) and some traedements (Ba, Cu,

Li, Ni, Sr, Y, Zn, Rb, Zr, Nb, Mo, Sn, Hf, Ta, Pb, Th and U) while {18 was used to
analyze for rare earth elements (REE: La, Ce, Pr, Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm,
Yb, and Lu). There were some issues with accuracy of the cheigal analyses as
some totals occurred outside the acceptable range-bdB%. Thosenalyses that do

not show good totals were atked by XRF (see appendidl) and it was found that the
major component of the error is in the silica values. Some of dhasalyses were
retained because a relatively small change in silica value would not affect any of the
classifications that have been utilis@dhe full methodology of the chemical analysis is
presented in Appendix lIMajor and trace element contentstioé studied plutasm are
shown in tables 6.2 to 6&nd 6.14 to 6.1, 7respectivelyThe chemistry of the granites

has then been plotted in a series of diagrams for classification and to aid an
understanding of their genesis and environment of formatiorsurAmary of the

diagrams used in this chapter is presemedble6.1.



Table6.1 Major and trace element geochemical diagrams used in this study

Type of diagrams

Elements used

Aims

References

Variation diagram for major elements

Si plotedagainst majr elements

Tracing differentiation

Variation diagram for trace elements

Si plotedagainst trace and rare earth elements

Tracing differentiation

Rollinson (1993)

Variation diagram for alteration affects

Major and trace elements ped against loss oignition values

To assess the affects of alteration

R1-R2 rock classification

R1= 4Si11(Na+K)}2(Fe+Ti) against R2= 6Ca+ 2Mg+Al.
calculated from millication proportions

Detailed classification for granites and other rock types

De La Rochest al (1980)

TAS

(Na,O+K,0) against Si@

To distinguish alkalic from subalkalic plutonic rocks and providg
information about magmatic series

Wilson (1989)

Subalkalic subdivision

K,0 against Si@Q

Tracing K enrichmerind to provide information about magmatic
series

Le Maitreet al. (1989)

Aluminum saturation index (ASI)

(Al,03)/ (Na,O+K,0) against (AIOs)/ (CaO+NaO+K,0). Plot
the molar ratios

Provide information about magmatic affinity

Rollinson (1993)

Graniteclassification

(Al,Os+Ca0)/(FeO*+NaD+K,0) against 100
(MgO+FeO*+TiQ)/SIO,

Characterize granitic rocks and provide information about the de
of fractionation

Sylvester (1989)

Modified alkali lime index diagram

Na,O+K,0-CaO against Si9

Fe-numker diagram

FeO/(FeO+MgO) against SiO2

Characterize/classify granitic rocks

Frostet al. (2001)

Normative composition diagram using th

haplogranite system

Bulk compositions of the granites are plotted in a quallite
orthoclaseH,O-fluorine ternary diagram

To identify the minimum melt composition, the apximate pressure
and the possible affect gblatiles on granite formation

Moghaziet al.(2011)

Ebadi and Johannes (1991)

Diagram for rare earth diagrams

Normalized rare earth elements plotted in a logarithmic diag

To use the REE pattern to explairocesses of formation

Boynton inRollinson (1993)

Tectonic discrimination diagram

Rb against (Nb+Y)

Hf-Rb/30Ta*3 ternary diagram

Fields of different tectonic envinonent are drawn on the AR2
diagram

Pearcest al.(1984)

To indicate tectonic environment

Harris et al. (1986)

Bachelor and Bowden (1985)

Rock genesis

(Na,O+K,0)/(FeO*+MgO+TiQ) against
Na,0+K,0+FeO*+MgO+TiGQ

Indicated magma source by partial melting

Douce (1999)

Nb/La against SiQ

Suggest assimilatieoombined fractionecrystallization trend

Wanget al. (2005)

Nb/Th against Nb

Indicate the composition of the magma source

Hofmann (1988), Schmidberge
and Hegner (1999)

Rb/Y against Nb/Y

Indicate the composition of the magma source and possible cru
contamination

Pearceet al.(1990), Taylor and
McLennan (1985)
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Table6.2 Major and trace element geochemistry of the Jabal Thalabah Complex

Lithology SG SG SG SG MG GD GD GD GD GD HR HR HR HR CHM GB GB GB Si Si Si Si CR
Sample Number | TH5" | TH10" | TH12 | TH12 | TH5 TH3 TH7 TH9 TH18 | TH19 | TH2" | TH11 | TH13 | TH14 | TH6 | TH1A TH8 TH17 TH7 TH10 | TH13 | TH9 | TH15
Majors (wt %)
SiOo, 75.39| 75.72 | 74.09 | 75.17| 7157 | 76.78 | 7055 | 72.71 | 70.43 71.2 | 72.85 68.36 | 71.42 | 70.7 52.77 | 62.89 52.1 75.68 | 5071 | 74.17 | 75.19| 62.3
Al,O3 13.21| 14.19 | 12.45| 1455| 16.69 | 13.68 | 1553 | 16.22 | 16.41 | 15.89 | 12.48 1291 | 1355 | 15.95 18 1547 | 17.47 | 13.77 | 16.05 | 14.3 | 13.32| 17.45
Total Fe as FeO | 1.28 0.36 272 | 0.73 1.53 1.02 1.98 1.59 1.73 1.46 3.55 4.32 3.93 1.46 10.17 8.00 11.25 1.31 13.5 1.49 1.24 5.76
MgO 0.13 0.04 0.04 | 0.07 0.79 0.18 0.82 0.73 0.74 0.64 0.3 0.44 0.38 0.09 3.16 1.14 2.84 0.06 3.63 0.1 0.17 3.25
CaO 0.83 0.19 0.86 0.5 1.56 0.84 2.51 2.3 2.43 2.07 0.91 1.22 1.13 1.04 7.56 2.8 7.33 0.21 6.57 0.48 | 0.35 1.62
Na,O 4,82 | 4.45 3.98 | 4.45 4.35 4,54 4.85 4,46 4.49 4,46 3.28 454 4.47 4.7 3.94 4,96 3.42 4.2 3.6 3.42 | 3.69 5.08
K,O 3.13 3.51 444 | 3.86 2.74 3.22 2.33 2.37 2.36 2.68 5.09 4.22 4.32 5.42 1.65 2.93 1.78 4.42 1.2 5.17 | 4.73 1.03
TiO, 0.09 0.03 0.16 | 0.04 0.21 0.09 0.22 0.19 0.2 0.17 0.21 0.43 0.39 0.15 2.95 0.88 2.34 0.05 2.93 0.1 0.08 0.65
P,O5 0.02 0.01 0.01 | 0.03 0.06 0.03 0.07 0.06 0.06 0.06 0.03 0.08 0.06 0.02 0.5 0.28 0.38 <0.01 0.8 0.01 | <0.01| 0.13
MnO 0.03 0.01 0.03 | 0.01 0.03 0.02 0.03 0.03 0.03 0.03 0.02 0.06 0.05 0.01 0.12 0.13 0.15 0.01 0.14 0.02 | 0.02 0.06
LOI 0.58 0.74 0.3 0.58 1.18 0.43 0.75 0.7 2.27 2.21 0.73 0.48 0.39 0.27 0.43 0.94 2.12 0.77 1.49 0.91 | 0.79 2.87
Total 99.51 | 99.25 | 99.08 | 99.99 | 100.71| 100.83 | 99.64 | 101.36 | 101.15| 100.87 | 9945 97.06 | 100.09| 99.81 | 101.25| 100.42| 101.18| 100.48| 100.62 | 100.17| 99.58 | 100.2
Traces (ppm)
Ba 606 551 74 636 420 525 413 491 548 570 1025 | 428 431 460 833 472 677 460 94 651 750 400 153
Cu 5 1 2 1 25 5 15 14 13 15 3 5 2 3 1 55 14 65 4 54 11 2 24
Li 12 15 4 11 38 32 40 31 32 31 11 11 14 14 5 84 16 14 14 31 28 25 25
Ni <1 11 41 <1 4 1 <1 4 3 3 5 48 22 7 <1 31 <1 10 1 21 <1 3 32
Sr 190 59 8 74 273 168 288 341 319 278 204 122 131 127 145 814 420 511 38 901 64 46 173
Y 13 20 18 5 8 4 8 8 8 6 11 47 53 50 8 26 54 41 48 32 44 28 19
Zn 11 <1 45 26 43 28 22 42 39 36 2 54 77 63 7 116 110 128 45 156 141 16 70
Rb 52 73 85 58 48 44 45 41 40 46 117 92 83 88 79 21 45 31 154 19 118 126 19
Zr 97 32 366 57 80 63 76 84 79 75 161 620 782 773 67 304 613 316 235 347 228 150 105
Nb 8 3 20 7 4 7 2 5 4 3 13 47 56 54 4 49 67 33 133 55 34 25 3
Mo <1 <1 <1 1 1 1 <1 1 1 1 <1 1 2 1 <1 2 3 2 1 3 1 1 1
Sn 1 2 3 2 1 1 <1 1 1 1 1 4 4 4 1 1 3 2 9 2 26 4 1
Hf 3 2 7 2 2 2 2 2 2 2 5 14 18 18 3 6 12 6 9 7 6 6 2
Ta 1 1 1 <1 <1 1 <1 1 <1 <1 1 4 4 4 <1 3 5 2 9 3 3 3 <1
Pb 8 4 <1 18 25 21 6 21 19 18 9 9 9 7 9 10 13 16 20 12 28 12 11
Th 6 3 4 4 3 6 2 3 3 3 15 14 10 13 3 3 8 5 22 4 15 19 2
U 2 1 1 2 1 1 1 1 1 1 3 3 3 3 1 1 2 1 7 1 4 6 1

Explanation ofabbreviationsSG, syenogranite, MG, monzogranite, GD, granodiorite, GB, gabbro, CHM, chilled margin, HR, hybrid rock, CR rookn8i, silica dyke/vein, F, felsic, M, mafic
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Table6.3 Major and trace elements geochemical analyses of the Jabal Khur Ciliamgtex

Lithology MiG AG AG MG | A-SG | A-SG | A-SG | A-SG | A-SG | A-SG | A-SG | A-SG | A-SG MG MG MG MG GD GD GD GD GD CR
Sample Number KD1 KD4 | KD41 | KD2 | KD15 | KD17 | KD21 | KD28 | KD29 | KD34 | KD36 | KD37 | KD38 | KD9 | KD11 | KD12 | KD13 | KD10A | KD10B | KD14 | KD22 | KD23 | KD19
Majors (wt %)
SiO, 76.93 | 73.11| 74.00 | 77.90| 76.75| 75.02 | 76.12 | 69.95 | 74.55| 74.80| 76.67 | 76.00| 71.51 | 75.90| 72.88 | 76.15 | 73.37 | 69.37 69.90 | 70.12 49.23
Al,O5 13.18 | 13.47| 16.18 | 12.08 | 12.13| 13,55 | 12.82 | 15.89 | 13.70| 13.24 | 12.62 | 12.78 | 1491 | 12.43| 14.27 | 12.85 | 13.25| 14.18 15.83 | 14.66 14.87
Total Fe as FeO 0.51 1.39 1.30 0.94 | 1.00 1.79 1.40 3.14 143 | 1.21 1.22 0.83 2.36 1.79 2.02 1.86 2.09 4.22 3.19 2.59 14.26
MgO 0.02 0.14 0.04 0.02 | 0.06 0.23 0.15 0.15 0.14 | 0.08 0.05 0.02 0.14 0.31 0.31 0.26 0.33 1.02 1.11 0.70 4.38
CaO 0.27 0.24 0.18 0.17 | 0.46 0.61 0.45 0.39 0.41 | 0.34 0.40 0.28 0.65 0.92 1.09 0.67 0.99 2.40 2.62 1.66 9.93
NaO 4.10 3.07 8.35 3.59 | 3.86 3.98 3.74 4.60 3.95 | 3.90 3.82 3.90 4.09 3.83 414 3.79 4.01 4.40 4.74 3.60 1.45
K,O 4.91 6.31 0.13 4.69 | 4.50 4.91 4.93 6.05 496 | 5.10 4.91 5.08 5.98 3.83 4.65 4.07 4.32 2.23 2.74 4.38 2.14
TiO; 0.13 040 0.19 0.06 | 0.10 0.17 0.11 0.25 0.11 | 0.09 0.08 0.06 0.19 0.18 0.20 0.18 0.20 0.50 0.40 0.28 3.84
P,Os <0.01 | 0.02 0.03 0.01 | 0.01 0.03 0.01 0.03 0.01 | 0.01 0.01 | <0.01| 0.01 0.04 0.05 0.04 0.05 0.19 0.12 0.08 0.51
MnO <0.01 | 0.02 | <0.01 | <0.01| <0.01| 0.02 0.01 0.02 0.01 | 0.01 0.02 0.01 0.03 0.03 0.04 0.02 0.03 0.05 0.06 0.05 0.30
LOI 0.56 0.60 0.36 0.51 | 0.50 0.51 0.49 0.40 0.46 | 0.50 0.61 0.49 0.73 0.60 0.49 0.61 0.49 1.05 0.74 0.66 0.46
Total 100.61| 98.77 | 100.% | 99.97 | 99.37 | 100.82 | 100.23 | 100.87 | 99.73 | 99.28 | 100.41| 99.45| 100.60 | 99.86 | 100.14 | 100.50 | 99.13 | 99.61 101.45| 98.78 101.37
Traces (ppm)
Ba 556 267 14 85 218 150 867 168 109 100 93 747 203 268 200 226 273 236 447 475 744 606
Cu 5 5 2 2 2 1 7 3 2 2 3 4 2 5 4 3 8 3 10 7 6 35
Li <1 4 6 2 14 5 3 1 1 <1 <1 9 36 54 29 64 110 52 82 54 44 52
Ni <1 2 <1 <1 <1 <1 <1 <1 1 <1 <1 <1 1 1 1 1 3 1 2 5 2 32
Sr 31 54 140 8 48 22 44 28 10 11 8 46 72 77 62 68 178 78 201 153 161 440
Y 18 80 37 147 64 51 62 42 71 89 43 82 75 78 78 93 49 88 33 49 57 47
Zn 7 88 14 76 95 79 65 81 113 122 59 115 69 102 84 100 166 94 68 64 75 136
Rb 58 105 3 113 105 109 55 106 104 110 123 64 90 108 94 107 91 110 55 119 102 49
Zr 313 88 239 233 210 197 475 203 204 246 175 383 135 174 184 204 223 185 146 200 253 307
Nb 67 40 36 58 35 37 39 36 38 68 43 29 30 58 32 35 19 33 16 19 26 43
Mo 3 4 1 3 1 2 3 1 2 2 2 4 2 1 1 2 1 2 1 2 2 2
Sn 2 3 5 6 6 5 3 7 6 5 6 3 15 5 6 5 1 9 2 4 4 2
Hf 11 4 8 10 7 7 11 7 7 9 7 10 5 6 7 7 5 6 4 6 6 6
Ta 6 4 2 4 3 3 3 3 2 5 3 2 2 4 3 2 1 3 2 2 4 3
Pb 10 27 19 26 18 14 26 18 14 17 10 18 34 26 18 17 15 37 16 16 17 11
Th 7 8 7 11 9 9 17 10 8 11 9 8 8 9 9 11 7 10 9 13 11 4
U 3 3 1 6 3 3 2 3 4 3 4 2 3 3 3 4 2 3 2 3 2 1

Explanation of rocksabbreviations: AG, alkali granite,-8G, alkali to syenogranite, MG, monzogranite, GD, granodiorite, MiG, microgranite, CR, country rock
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Table6.4 Major and trace element geochemical analyses of the Jaiddhssah Complex

Lithology AG AG A-MG | A-MG | A-MG | A-MG | A-MG | A-MG | PorSG | PorSG | PorSG | MG MG GD GD Xen Si(V) CR
Sample Number | JM13 M5 JM7 JM18 | JM20 | JM24 | JM27 | JM31 JM4 JM16 JM17 M2 M3 | JM33| M4 | JM21H| JM2 | JM29
Majors (wt %)
SiO, 75.76 | 76.25| 71.82 | 76.15| 73.26 | 76.17 | 75.07 | 75.15 | 72.12 74.99 73.80 | 75.28 74.85| 68.04 100.05| 70.65
Al,O3 13.19 | 12.68| 14.98 13.46 | 14.87 | 13.54 | 13.68 | 13.78 | 14.74 13.90 13.64 | 13.19 13.76| 15.87 0.07 | 14.50
Total Fe as FeO 1.29 0.75 0.77 0.47 0.61 0.39 0.54 1.00 1.10 0.85 1.27 1.40 1.25 | 2.97 0.02 3.83
MgO 0.05 0.03 0.19 0.07 0.14 0.09 0.10 0.17 0.22 0.25 0.31 0.28 0.39 | 1.05 0.01 1.13
CaO 0.21 0.23 0.86 0.18 0.47 0.47 0.48 0.75 0.79 0.76 1.07 0.85 0.90 | 257 0.02 4.25
Na,O 4.33 3.49 4.66 4.17 5.02 4.85 3.98 3.88 4.18 4.37 4.19 3.78 464 | 511 0.01 2.00
K,0 5.28 5.77 5.25 5.25 4.94 4.52 5.39 5.21 5.68 4.41 4.42 4.44 3.26 | 251 <0.01 | 2.63
TiO, 0.08 0.08 0.13 0.05 0.08 0.07 0.09 0.14 0.19 0.13 0.20 0.16 0.19 | 0.49 0.01 0.39
P,Os 0.01 0.01 0.02 0.01 0.01 <0.01 | <0.01 0.03 0.03 0.03 0.04 0.03 0.05 | 0.18 <0.01 | 0.05
MnO 0.01 0.04 0.03 0.04 0.04 0.04 0.03 0.03 0.03 0.06 0.07 0.04 0.06 | 0.05 <0.01 | 0.08
LOI 0.29 0.28 0.44 0.38 0.40 0.29 0.29 0.20 0.30 0.20 0.56 0.25 0.51 | 0.67 0.10 1.18
Total 100.50 | 99.61| 99.15 | 100.23| 99.84 | 100.43| 99.65 | 100.34| 99.38 99.95 99.57 | 99.70 99.86| 99.51 100.29] 100.69
Tracesppm)
Ba 60 46 423 123 203 73 115 801 908 430 556 580 | 869 | 850 | 1128 94 1 626
Cu 1 1 1 <1 <1 <1 <1 1 1 1 2 1 <1 1 5 123 <1 5
Li <1 15 20 5 9 3 5 15 7 51 36 19 17 23 19 <1 1 8
Ni <1 2 <1 <1 <1 <1 <1 1 1 1 1 <1 13 1 7 13 <1 3
Sr 9 689 135 21 63 19 37 185 191 169 217 159 | 1109 | 314 800 98 1 187
Y 35 4 8 7 10 4 4 13 4 12 12 6 4 9 3 18 <1 21
Zn 34 4 31 25 31 23 19 26 27 37 39 6 4 29 25 129 2 54
Rb 104 53 78 158 116 63 64 49 104 87 55 60 90 44 1 <1 44
Zr 241 173 78 38 64 50 122 114 71 128 144 97 91 278 42 3 146
Nb 27 2 4 6 9 4 5 4 11 9 3 2 7 1 1 1 3
Mo 2 <1 1 1 1 1 1 1 1 1 <1 <1 1 <1 1 1 2
Sn 7 <1 1 1 1 <1 1 <1 1 1 1 <1 <1 <1 <1 1 2
Hf 7 4 2 1 2 1 3 3 2 3 4 3 2 6 1 <1 3
Ta 2 <1 <1 <1l 1 <1 <1 <1 1 <1 <1 <1 1 <1 <1 <1 <1
Pb 21 14 24 18 21 21 22 22 23 22 14 18 24 11 8 11 14
Th 10 7 9 3 6 5 11 6 6 5 6 9 5 5 1 1 4
U 3 2 2 1 3 1 2 1 6 2 2 2 1 2 <1 <1 1

Explanation ofabbreviations: AG, alkali granite,-MG, alkali to monzogranite, PG, porphyritic syenogranite, MG, monzogranite, GD, granodiorite, Xen, xenolith, MiG, microgranite,

Si, dyke/ven, CR country rock.



Table6.5 Major and trace element geochemical analyses of the Jabal Raydan and the Jabal az Zuhd Plutons

Lithology A-SG | A-SG | A-SG | A-SG A-MG | A-MG | A-MG | MIG Si(F) | Si(F) CR AG AG AG AG AG AG AG AG PorMG | PorMG
Sample Number JR3C | JR9 | JR19 JR20 JR12 JR13 JRBE | JR3D | JR1A JR6 | JR2B JZ2 JZ4 JZ6 JZ8 JZ10 JZ12 JZ14 JZ5 JZ1A JZ1B
Majors (wt %)
SiOo, 77.64 | 71.87 78.23 72.54 71.43 | 76.58 91.18 | 48.36 | 72.33 | 72.11| 74.683 | 74.28| 73.31 | 72.85 71.25 | 73.94| 73.91
Al,O3 13.16 | 12.44 1252 13.25 13.45 13.1 4,74 16.7 | 11.47 | 10.46| 10.95| 10.27 | 11.58 | 10.15 14.86 10.7 13.49
Total Fe as FeO 0.49 3.3 0.79 2.26 3.3 0.53 0.32 9.23 6.04 591 | 3.69 | 6.48 3.59 6.04 0.82 4.61 1.62

MgO 0.05 0.32 0.03 0.28 0.4 0.04 0.06 9.73 0.37 0.23 | 0.05 | 0.11 0.09 0.06 0.19 0.09 0.55

CaO 0.58 0.73 0.5 1.1 1.48 0.79 0.18 9.7 1.05 059 | 0.22 | 0.38 0.5 0.35 0.86 0.61 1.4

Na,O 4.85 4.42 4,94 458 3.97 4.04 1.37 2.1 455 4.4 3.84 | 3.12 4.3 4.26 4.64 3.75 4.2

K,0 3.98 4.79 3.69 4.54 4.09 4.37 1.53 1.32 4.38 4.64 | 5.24 4.7 5.16 4.69 5.2 4.72 3.99

TiO, 0.03 0.35 0.04 0.25 0.42 0.05 0.04 0.84 0.5 043 | 0.12 | 0.12 0.19 0.56 0.13 0.43 0.22

P,O5 0.01 0.01 0.01 0.04 0.05 0.01 0.08 0.11 0.1 0.07 | 0.01 | <0.01| 0.03 0.02 0.02 0.04 0.05

MnO 0.01 0.02 0.01 0.4 0.04 0.01 0.01 0.15 0.13 0.14 | 0.05 | 0.03 0.06 0.11 0.04 0.09 0.07

LOI 0.50 0.28 0.48 0.43 0.41 0.37 0.39 1.94 0.21 0.11 0.4 0.3 0.11 0.3 0.45 0.22 0.69

Total 101.30| 98.53 101.24 | 99.31 99.04 | 99.89 99.90 | 100.18| 101.13| 99.09 | 99.27 | 99.79| 98.92 | 9939 98.46 | 99.20| 100.19

Traces (ppm)

Ba 17 4 211 173 260 401 352 1077 114 121 148 78 53 75 92 87 75 45 60 305 330
Cu <1 <1 3 <1 4 6 <1 1 <1 117 87 8 3 6 5 2 5 2 5 6 6
Li <1 <1 <1 <1 14 63 <1 6 <1 <1 8 73 32 54 23 6 27 13 <1 13 41
Ni <1 <1 1 <1 1 1 <1 <1 <1 <1 177 <1 <1 1 <1 <1 <1 <1 <1l 2 3
Sr 7 3 66 63 76 126 81 300 38 60 241 30 8 21 31 5 6 6 12 183 236
Y 3 16 24 5 57 72 10 18 11 21 17 72 11 160 48 63 37 77 12 41 47
Zn 19 41 94 37 75 98 20 53 12 18 70 201 147 272 155 96 181 151 76 48 83
Rb 32 41 56 57 79 121 58 70 84 33 39 97 117 138 69 81 80 97 89 107
Zr 9 22 331 130 291 354 25 193 64 203 77 99 57 345 248 470 410 1017 235 188

Nb 6 7 26 11 33 43 19 10 20 15 3 54 10 100 25 38 33 65 2 42

Mo 1 1 3 1 1 1 1 1 1 1 1 1 2 1 4 1 1 2 2 1
Sn <1 1 3 12 8 4 <1 1 1 <1 1 7 1 19 3 3 12 3 25 4
Hf <1 1 7 4 7 10 1 4 3 6 1 3 1 13 5 10 9 19 9 6

Ta <1 <1 1 1 3 4 2 1 2 1 <1l 4 <1 12 1 3 2 5 <1 4
Pb 20 11 14 13 14 19 15 17 17 11 9 14 14 10 8 14 16 16 10 21

Th 2 3 5 3 7 11 4 9 8 4 1 7 1 7 2 5 4 10 <1 14
U 1 1 2 1 2 4 2 3 3 2 1 1 1 2 1 2 1 3 1 3

Explanationof rocksabbreviations: AG, alkali granite,-8G, alkali to syenogranite,-MG, alkali to monzogranite, PG, porphyriticmonzogranite, Si, silica dykegin, CR, country rock
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VI.3. The use ofgeochemical classificationfor granitic rocks

Various geochemical classification drams were used in this chapter the purpose
of characterizing the studied plutons. $adiagrams were carefully selected, as some
commonly used gnetic and tectonic diagrantsn produce uncertain and confusing

results

Frost and Frost (2010) clarified why there isare specific geochemical classification
scheméfor granitic rocksin widespread use, because the nmaineral constitueistof
the ganitoids (quartz, feldspars and ferromagnesian minerals) caproducedby
several processes and in different tectonic regimes. Maniar and Piccoli (u&88y
highlighted the limitations of some of ébe diagrams. They said firstlthat the data
used were gathered from wetlharacterizedPhanerozoic granitoids and not from
Proterozoic rocks. Secondly, the classification diagramse hbeen established
empirically and have usedjranitic suites which are presumed to be representative for
that tectonic emironment. Thirdly, applying different classification scheame one
granitecan show different resslt A gpod exampleof a granitic classification scheme
that show uncertain resud#t is the secalled alphabetic (A1 and ARS-C-M)
classification of gramnic rocks(Frostet al. 2001) It hasresulted insomeconfusion in
the definition of granite typeand characteristsd Maniar and Piccoli, 1989), as tleeare
some overlaps between them. For instance, the anorogenrigpé@lthat relates to
hotspos or plumes can be considered asubtype of the Mype thathasa mantle
origin, while the posbrogeni¢ A2-type thatis generated from crust melting from
extendedsubduction collision cyckcanalsobe considered as subtype ofthe I-type
that has acrusta source (Eby, 1992). Furthermore, both theéype granites derived
from recycled, dehydrated continental crust and théypé granites thaare derived
from melting of subducted oceanic crust can be considered as subgrdbhps-tfpe
granites. In additon, there is an overlapetween the Al and A2 typess some of the

A2 granites can have mantle origin, as dilne Al granites.

Frostet al (2001) have established the foundatioraolew geochemical classification
schemefor granitic rocks trying to avoid the misleading results delivered from many
other granie classifications. The classification is based on three variabldge Fe
number which is expressed as F&D (FeG* + MgO), the MALI, or modified alkal
lime index (NaO+K,O-CaO) and the laminum saturation index (ASI) = [(Al/Ga

11¢€



1.67+Na+K)]. The Fenumberis used to distinguish Fenriched granitoids from the
magnesiartypes and both can be further classified by using the MALI diagram into
alkali, alkaltcalcic, calciealkalic and calcic alor using the ASI into peralumingus
metaluminous or peralkalind.his schemeand someother diagrams (primarily usg
trace element compositionis derive information about the nature of the soummek
andthe melt develomenthistory, and seconddy for the tectonic environmenbave
provided consistent resultsd have beeuased in this chapter for granite classification.

To summarize, it was decided to choose those diagrams and schemes that do not show
contradictions or overlapshe indicated souecregion can be represented by more than

one magma typeand are mostly recommended and used by Frtoat. (2001) and by

Frost and Frost (2010).

VI.4. Major and Trace Elements Characteristics

The major oxidedave beerusedfor classifying the studiedocks, determiningtheir
magma series, magmatic affinity and normative composition, while the trace elements
were mainly used for identifying ¢hgeological setting. The major and trace elements
were also used in other applicatiots initially define themagmatic processes (majors
and tracess. SiO; and using normalized RE#Hiagrams)andto assesshe possibility of

any alteration and/or mineralization that ntegveaffected the granitic suites (majors

and tracess. loss on ignition values)

V1.4.1. Major and trace element variation diagrams

The major and trace element variatiptarker) diagramsarenot a very helpful tool in
distinguishing clear relationstipas manyf thediagrams do not shoanyclear trend.
Only afew examplesregiven to clarif/ the relatioship between silica and some other
major and traces elements, and to indicate the affect of alteration on Eoments
from different plutongFig 6.1)
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VI1.4.1.1 Majors and traces versus Si@
The major and trace element variationgéans indicate the following:

- Jabal Thalabah: The alkali and syenogranites disaptayncreasen Al and K
with increasing Si; the granodiorites show the opposite relationsie
granitoids in general displaydecrease iReO*and Rb/K withincreasingSi.

- Jabal Khur Dukan: The alkadiyenogranites and the monzogranite dis@ay
decrease il, Na and Fe, andn increasen K, with increasingSi.

- Jabal AlMassah: the granitoids displaygeneralincrease in Kand a general

decrease in Al, Na and FattvincreasingSi.

- Jabal Raydarthealkali-granites and monzogranite®stlydisplaya decrease in

Al, K, andRb/K, andan increase ilNa, with increasingi.

- Jabal az Zuhd: the alkali granite disiaygeneralincrease in K andre anda
generaldecrase inNa and Rb/K with increasingi.

Fractionationn granitesis normally expected to increass, K and Na and decrease Ti,
Mn, Ca and P. The other major elements (Al, Fe and Mg) do not usually show a
constant and consistent trend of fractionatiorthay can increase up to a certain point

and then start to decrease (a coneshvaped trend).

To summarize, in comparison with the other plutons, Jabal Khur Dukhan and Jabal Al
Massah seem to be more dominated by fractional crystallization trends dsaitne Pe
contents seem to follow the trend of a fractionating magma. However, the plutons of
Jabal Khur Dukhan and Jabal-KMassah do not show such clear fractionation trends
and other processes are probably also involved. They could have been affgqubstl by
magmatic fluids (subsolidus) as the behavior of the alkali elements (Na and K) do not
always show the clear increment which is expected to be present with normal

fractionation.
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Figure6.1 Selected variation diagrams for thedsad rocks to illustrate possible trends of fractionation




VI.4.1.2. The affect of alteration
Certain elements wenglotted against the loss on ignition (LGMlues (Fig. 6.2), the

latter represenhg the contentof volatiles (e.g. HO, CQ,, S) andtherefore gpossible

indicatorof the affect offluids on the chemical composition. Obviously LOI alone can

not represenjust alteration as volatile content may also increase with the fractionation

(or maybe even assimilation). Although there is no defihOl value which would

indicate an altered granite, a content of <0.5% of LOI is typical for fresh granite and

therefore in these diagrams values exceeding this limit are likely to be related to

alteration rather than other process.

Indicationfor alteration

Jabal Thalabah: As LOhcreases the granodiorites shawlight enrichment in

K (supported by the presence of muscovite) and the alkali granites show and
increase in Na (secondary albite?). The alkaline hybrid rocks show a slight
depletion in M and K. These elements are the main constituents of feldspars and
their depletion was possibly compensated by the presence ferromagnesian

minerals (e.g. amphibole, biotite and chlorite).

Jabal Khur Dukhan: As LOlincreases, the granodites show a clea
enrichment in Na. Again, this could relate to secondary albite formation
associated with hydrothermal alteration. Some of the alkalysnogranites
show a depletion in their Si content which may relate to the development of
secondary ferromagnesian rarals (e.g. chlorite) (also supported by the high Fe
content of KD28). The presence of fluorite also supports the presence-of late

stage, hydrothermal fluids.

Jabal Al-Massah: As LOincreases the granitoide@wv a slight enrichment in
Na. This could bedue to normal fractionation but the presence of some
hydrothermal minerals (e.g. chlorite and muscovite) and slightly altered perthites

suggest a slight alteration affect.

Jabal Raydan: As LOhcreases, the granites shawlight enrichment iNa and
a dight depletion in K. With normal fractionation both elements might be

expected to increase. It is possible that the Na enrichment and K depletion
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represent subsolidus alteration and feldspar replacement. The action of late
hydrothermal fluids is also supged by the presence of fluorite in the alkali to

monzogranites.

- Jabal az Zuhd: As LQOhcreases the alkali grangeshow aslight enrichment in
Al and slight depletion in the Kwhich is not compatible with normal
fractionation. This might equate to theesence of some secondary minerals like

muscovite and chlorite.

It is difficult to distinguish the LOlrelated to themagma andhat due to secondary
alteration. However, by using both the mineralogy and the geocherarstajteration

impact is indicatd. The stronger affect of hydrothermal alteration is supported by the
presence of secondary minerals and by the fact that some of the altered granites plot
away from the minimum melt compositions in the haplogranite system, either indicating
the presencef other elements (e.g. F) or the affects of alkali metasomatism (Fig. 6.5).

124



Y%Naz20

YuNa20

Figure6.2 Affect of alteration on element content in selected granitoids. Explanation: TH, Jabal Thalabah, JM-N&ssahl KD,
Jabal KhuDukhan, JR, Jabal Raydan, AG, alkali granite, SG, syenogranite, GD, granodiorite
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VI1.4.2. Comparison with Gaveragégranites

The range in major element chemistry of the different plutons is summarizebie

6.6 and comparewith someworld average grate values inTable 67. Over the las

few decades variousanges of averages from differetgctonic settingg have been
proposed This may increase the uncertainty of ideal or typical raofes/erageof
granitic rocks. Although, the studied granitesnisome cases do not match the
composition of average granitdsat does not necessarily mean that they are abnormal;
such differences can be accommodatsther by some global plutons withhéwn
tectonic setting (Table 6.8 to 6.1@) by othersplutons(Table 6.13 from the Arabian
Shield. Comparing the studied granites wtlese from sknown tectonic setting may

give anindication for the modikely tectonic environment for the studied pluton.

To summarizeyesthe studied granitaretypical granites in terms of their composition
but some elements plot outside the ra(eyg. Si in some of the alkali to syenogranites
of Jabal Khur Dukhan and Raydan, table 6.17) and this nmgédme casebe related

to alteration and redistribution of elements doiéhefluid activity.

V1.4.3. Geochemical classification, magmatic series and magmatic affinity
The TAS diagramof Wilson (1989) and the subalkalic subdivisidiragram of Le

Maitre et al. (1989) wereoriginally usedfor volcanic rocks but are now also used
display theoverall magmatic series. The first diagram was derived fithe TAS
diagram that wassedto name volcanic rocks as well as discrimaiagtween rocks of
the alkaline and sublkaline series, while the second diagram wsedto assessheK-
enrichment within the magmatic series. Basedh&TAS diagram (Fig.@a) it appears
that most of the samplesofn the Jabal AtMassah, Jabal Raydan and Jabal az Zuhd
plutonsplot in the alkaline field, below the alkaline line file Jabal Thalabah plan,

and equally in both fiellfor the Jabal Khur Dukhan pluton. In thebal az Zuhd, Jabal
Raydan and Jabal Khur Dukhaouter part) plutonsthe general trend thatthe total

alkalis slightly decreaswith increasingsilica
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Table6.6: Major oxde ranges (wt %) for the studied plutons

Name of pluton Jabal Thalabah Jabal Khur Dukhan Jabal AtMassah | Jabal Raydan Jabal az Zuho
Major elements
Sio, 68.3675.39 69.9577.90 71.8276.25 70.4380.23 71.2574.63
AlL,O; 11.4514.55 12.0816.98 12.6814.98 12.4413.45 10.1514.86
K,0 3.135.09 0.136.05 4.41:5.77 3.694.79 4.385.24
Na,0 3.284.82 3.07-8.35 3.495.02 3.974.94 3.124.64
CaO 0.061.22 0.171.15 0.180.86 0.231.48 0.221.05
FeO 0.364.32 0.51-3.14 0.391.40 0.492.30 0.826.48
MgO 0.040.44 0.020.40 0.030.28 0.020.40 0.050.37
TiO, 0.030.43 0.060.23 0.050.19 0.030.25 0.120.56
P,0s 0.01-0.08 0.000.06 0.000.03 0.02.0.05 0.000.07
MnO 0.01-0.06 0.000.04 0.01-0.06 0.01-0.04 0.030.14

Table6.7: Major oxides values (wt %) for average granites and for granites with known tectonic environments

Major oxides Krauskopf (196 Coxet al (1979) Krauskopf and Bird (1985) Pearceet al (1984) VAG Pearceet al (1984) WPG Pearceet al (1984) CCG
Sio, 69.21 71.3 72.77 68.4374.50 70.4176.02 70.6976.20
Al,O; 14.55 14.32 14.04 12-14.60 11.6813.01 13.3415.80
K,0 3.86 4.07 5.42 0.285.51 4.405.46 3.385.83
Na,O 3.78 3.68 3.32 3.565.33 2.906.14 2.524.37
CaO 2.24 1.84 1.39 0.293.06 0.061.34 0.692.76
FeO 3.47 1.21 1.80 1-4.85 1.954.48 0.264.73
MgO 0.66 0.71 0.40 0.07-1.35 0.080.17 0.11-2.40
TiO, 0.35 0.31 0.25 0.160.53 0.190.33 0.07-0.66
P,Os 0.16 0.12 0.09 0.01-0.12 0.030.06 0.01-0.23
MnO 0.06 0.05 0.03 0.01-0.13 0.020.20 0.00-0.10

Explanation: the first three columns represent world average granites, while the next three represent the range oheeamsentwdcaniarc granites, VAG, withiplate granites, WPG and continental
collision granites, CCG, respectively.
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Table6.8 Comparison of the major oxide content (wt %) of Jabal Thalabah with that of Table 6.7

Major elements

Name of pluton

Jabal Thalabah

Comment

Sio, Varies Mostly accommodated by VAG and CCG.

Al,O3 Mostly BAV Mostly accommodated by VAG and CCG).

K,O Mostly WTR Some typical VAG accommodate the full range.

Na,O Mostly AAV This range is not accommodated by specific tectonic setting.

CaO BAV This range is not accommodated by specific tectonic setting.

FeO Varies Some typical CCG accommodate the full range.

MgO Mostly BAV Mostly accommodated by VAG. Still shovieswv low values. (see table 6)13

TiO, Mostly BAV Mostly accommodated by VAG and CCG. Still shdenw low values. (see table 6)13
P,O5 BAV Some tyjcal VAG and CCG accommodate the full range.

MnO Some are BAV Some typical VAG and CCG accommodate the full range.

Table6.9 Comparison of the major oxides content (wt %) of Jabal Khur Dukhan with that of Table 6.7

Major elements

Name of pluton

Jabal Khur Dukhan

Exception

Comment

SiO, Mostly AAV Mostly accommodated by CCG. Still shows fhigh values (See table 6)13

Al,Os Varies Mostly accommodated by CCG and VAG. Still shdexw high values (See tabtel3).
K,0 Varies Mostly accommodated by CCG.

NaO Some are AAV KD41 is very high Some typical WPG accommodate most of the range.

CaOo BAV Some typical WPG accommodate the full range.

FeO Mostly WTR Some typical CCG accommodate the full range.

MgO BAV See table 6.13

TiO, BAV Some typical CCG accommodate the full range.

P,Og BAV Mostly accommodated by CCG. Still shows few lealues. (See table 6.13

MnO BAV Some typical CCG accommodate the full range.
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Table6.10 Comparison of the majoxale content (wt %) of Jabal Aassah with that of Table 6.7

Name of pluton| Jabal AlMassah Comment
Major elements
Sio, Mostly AAV Some typical CCG accommodate the full range. Most of the value can be alsavituldPG.
Al,O3 Varies Found in different (not restricted) tectonic setting.
K,0 Some are AAV Some typical CCG accommodate the full range. Most of the value can be also found with WPG.
Na,O Mostly AAV Found in different (not restricted) tectonic sudti
CaO BAV Some typical WPG accommodate the full range. However, some can be found with typical CCG ang
FeO Mostly BAV Some typical CCG accommodate the full range.
MgO BAV Mostly accommodated by VAG. Still sheview low values (See table 6)13
TiO, BAV Mostly accommodated by CCG.
P,Os BAV Mostly accommodated by VAG and CCG. Still shows few low values (8ge 6.138
MnO Mostly WTR

Table6.11 Comparison of the major oxide content (wt %) of Jabal Raydan with that of Table 6.7

Major elements

Name of pluton

Jabal Raydan Exception

Comment

Sio, Some are AAV See table 6.13

Al,Os BAV Some typical VAG accommodate the full range. However, some can be also found with some typic
K,0 Mostly are WTR JR20 is BAV Some typical VAG and CCG accommodate JR20

NaO AAV Some typical VAG and WPG accommodate the full range

CaOo Mostly are BAV JR13is WTR This range is not accommodated by specific tectonic setting

FeO Some are BAV The BAV can be found wit CCG

MgO Mostly are BAV JR13is WTR See table 6.13

TiO» Mostly are BAV JR12 is WTR See éble 6.13

P,Og BAV Some typical VAG and CCG accommodate the full range. Most of the value can be also found with
MnO BAV Some typical VAG and CCG accommodtte full range. Most of the value can be also found with WR




Table6.12 Comparison of the major oxide content (wt %) of Jabal az Zuhd with that of Table 6.7

Name of pluton Jabal az Zuhd Comment
Major elements

Sio, Mostly AAV The AAV is accommodated by some typical WPG.
Al,O4 Mostly BAV See table 6.13

K20 WTR

Na,O Mostly AAV Some typical WPG accommodate the full range.
CaO BAV Some typical WPG accommodate the full range.
FeO Mostly AAV See table 6.13

MgO Mostly BAV Some typical VAG accommodate most of the range.
TiO, Varies Some typical CCG accommodate the full range.
P,Os Mostly BAV Some are accommodated by typical WPG and others by typical VAG
MnO Some are AAV Some typical WPG accommodate thé range.

Table6.13 Examples for some out of range values from the studied plutons

Element, case and plutor, Examples from the Arabian Shield
Si, enrichment, JR and KD Hugban AFG (Du Bray, 1986) located northeastern Arabian Shield.
Al, enrichment, KD Some Sy (Ramsay, 1986), located in Midyan and Central Hijaz regions.

Al, depletion, TH and JZ Low-Ca AG (Ramsay, 1986), located in Midyan and Central Hijaz regions.

Fe, enrichment , JZ Jabal Hamra and Jabal Alad Dud AFG (Jackson and Douch, 1986¢ated in Hijaz region.

Mg, depletion, All Umm Al-Sugian MiG (Bokharet al., 1986), located in southern Najd region.

Ti, depletion, TH and JR Sitarah AFG (Du Bray, 1986) located northeastern Arabian Shield.

P, depletion, JM and KD Jabal Sa 6 ckdtt, 1086), IGcatédHneHijaz region.

Explanation of abteviations VAG, volcanic arc granite, WPG, withiplate granite, CCG, continental collision granite TH, Jabal Thalabah, KD, Jabal Khur Dukhan, JM or M,-Ddésdai, JR, Jabal
Raydan, JZ, Jab&z Zuhd, withinplate granite, CG, continental collision granite, AAV, above the average granite, WTR, within the range of the averagieBfx&hibelow the range of the average granites,

AFG, alkaltfeldspar granite, Sy, syenotoid, AG, alkali graneG, micro-granite, AMIG, alkali micregranite
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Figure 6.3 Plots for the studied granitoids using geochemical classification diagrams of (a) TAS of W8880), (b) subalkalic subdivision of Le Maitet al. (1989), (c) Alumina saturation inde
diagram Rollinson (1993) , ()00 (MgO+FeO*+TiQ)/SIO, vs. (AlLOz+Ca0)/(FeO*+NaO+K,0) of (Sylvester, 1989), (e) Ma+K,O-CaO vs. SiQof Frostet d. (2001) andfj FeO/(FeO+MgO) vs.
SiO2 of Froset al (2001). Explanation of the symbols in the diagram (c): Jabal Thalabah granitoids, grey triangle, Jabal Khur Dukhas,gehitocle, Jabal AMassah granitoids, hafilled pink
square, Jabal Raydan granisj halffilled blue circle, Jabal az Zuhd granitoids, bright green triangle. Explanation of terms for the other diagrams: THalksh, TKD, Jabal Khur Dukhan, JM, Jal
Al-Massah, JR, Jabal Raydan, JZ, Jabal az Zuhd.
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The magmatic series for the studied granitoids were identified by usingABeand the

subalkalic subdivision (Fig. 6.3b) diagrams

1- Jabal az Zuhd: alkalindjgh-K, calc-alkaline.
2- Jabal Raydan: alkalinemedium to highK, calcalkaline for alkali and

syenograniteand highK, calcalkaline for monzogranites.

3- Jabal AlMassah: alkalinehigh-K, calk-alkaline for the alkali-syeno and

monzogranitesind subalkaline, mediwi, calk-alkaline for the gnaodiorites.

4- Jabal Khur Dukhan: alkalinghigh-K, calk-alkaline for alkali granites, sub
alkaline, high-K calk-alkaline for syenogranites and salikaline, medium to

high-K calk-alkaline for monzo and granodiorites.

5- Jabal Thalabahalkaline, high-K, calcalkaline for the alkali granite and

subalkaline, mediurK, calk-alkaline for the syeno, monzo and granodiorites.

Based on the A/CNK diagram (Fig. 6.3c) of Peagtal (1984), the rocks are low
metaluminous to variable peralurous for the Jabal Thalabah pluton, low
peraluminous fothe Jabal Khur Dukhan pluton and the JabalMdssah pluton, low

metaluminous to peraluminous for the Jabal Raydliaton and finally the fresh alkaline
rocks of &bal az Zuhd pluton are variabperalkaline, while the slightly altered

porphyritic syenogranite sh@metaluminousharacteristics

Based onthe 100 (MgO+FeO*+TiQ)/SIO, vs. (AlLOz;+CaO)/(FeO*+NaO+K,0)
diagram (Fig. 6.3d) of Sylvest€r989), the porphyritic syenogranites of Jabal alzdZu
and the granodiorites of Jabal Thalabah, Jabal Khur Dukhan and Jaddak#&h are
un-fractionated and calcalkaline, while most of the other granites are highly
fractionated calcialkaline. Onlythe Jabal az Zuhd and Jabal Thalabah alkali granite
plot entirelyin the alkaline field, while the other alkali granites are distributed between

the alkaline and the highly fractionatealcic-alkaline fields.
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Based on the N®+K,0-CaO vs. Si@ and the FeO/(FeO+MgO) vs. SiQkagrams
(Fig. 6.3e and f) offFrost et al (2001), it appears that the granodiorites of Jabal
Thalabah and Jabal Aflassah are magnesighge Jabal Khur Dukhan granodiorites and
the porphyritic syenogranites of Jabal az Zuhd granodior@eddng the discrimination
line (magnesian téerroan) , while the other granitoids are ferroan. Most of the ferroan
granitoids are alkalicalcic to calciealkalic andonly a few granites of Jabal az Zuhd,
Jabal AtMassah and Jabal Raydan plot in the alkalic field.

To conclude, the studied graniteighow charactistics which are alkalic to subalkalic
andmedium tohigh K calcalkaline series; thegrre mostly highly fractionated, ferroan,
alkalic-calcic to calcic alkalic granitoidsndmagmatic affinity ranges from peralkaline

to mildly metaluminousto peraluminous. The subalkalic, magnesian, peraluminous
varieties are mostly represedtbythe granodiorites which fit into the medium K calc
alkaline series. Jabal az Zuhd appears to have the most alkaline granites, as it is the only
pluton that showa peralkaline magmatic affinity. In addition to the above applications,

the geochemical classificatisgan also be uset throw light on the alkaline nature,
source region and tectonic environment. The implications of these observations are

further dicussed in Chapté.

VI.5. Rock Classification usinghe R1-R2 diagram

The RER2 multicationic diagram (Fig. 6.4) ussome major oxides to provide more
precise names for the studied rocks. @regram is basd on the cation proportions of

the plutonicrocks toinclude all of the majocations normativemineralogy, the degree

of silica saturation and the combined changes in Fe/ (Fe+Mg) and (Ab+Or)/An ratios.
The R 1 and R 2 parameters were calculated ftbenchemical analyses (oxide

percentages conved to millications).

For theJabal Thalabah plutpmost of the samples from the outer part of the pluton plot
in the field of syenogranite anéss plot in the alkaline fieldhe samples that represent
the inner part of the pluton (the main body) pfothe granodiorite fieldwith less in the
monzogranite fieldFor theJabal Khur Dukhan plutgmost of the investigated samples
from the outer plutopwhich represents the main bggyot in the field ofalkali granite
and less plot in the syenograniield; the samples that represent the inner pluton plot in

both the monzogranite and the granodiorite fields.
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Explanation gs: Quartz syenite

ag: Allal granite gm: Quartz monzonite
g Syenogranite m: Monzonite
g Monzogranite  md: Monzodiorite
gd: Granodoirite  mgh: Monzogabbro
t: Tonalite ogh: Olivine gabbro
d: Diorite agh: Alkali gabbro
gh: Gabbro sgh: Syenogabbro
gbn: Gabbronorite zd: Syenodiorite
5 Syenite ns: Mephline syenite

Figure6.4: Plot of the studied granites in the-R2 rock classification diagram of De La Roche et al. (1980). Symbblsxies: TH, Jabal Thalabah, KD, Jabal Khur Dukhan, JM, Jabéla&kah, JR, Jabal
Raydan, JZ, Jabal az Zuhd
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For theJabal AtMassah plutonmost of the investigated samples plot in the field of
alkali granite and less plot in the syenogranite and wgnanitefields. For the Jabal
Raydan pluton most of the investigated samples plot in both the alkali and the
syenogranite fieldg-or theJabal az Zuhd pluton almost all of the investigated samples

plot in the field of alkali graniteanda fewplot in the monzogranéfield

The R1R2 rock classification diagram of De La Roa#teal (1980), haconfirmedthe
previousclassifications based aninerabgy and has also given m®precise nansto
the granitic rocks.

VI1.6. Normative composition diagrams

The bulk compositions of the studied granites are plotted in a normative -Giaitez
orthoclaseH,O-fluorine (QzAb-Or-H,O-F) haplogranite system (Fig. 6.5). These plots
show the composition of the first material to melt or the last material to crysiall&ze
granitic system. Some samples plot close to the minimum melt compositions and some
do not and one reason for the latter observation might be the presence of additional
volatiles such as fluane orsubsolidus fluidsSuchpostmagmatic affec could have
playeda maja role in displacing the plots of tteamplesawayfrom the minimum melt

by either varyingthe temperaturef crystallisation or redistributing alkalis, or it could

indicate the impact dfuctuations in volatile pressure

The granitoidsplot in various position®n these ternary diagram The granitoids of
Jabal Thalabah, Jabal Khur Dukhan, JabalMaksah and Jabal Raydan and the
porphyritic syenogranites of Jabal az Zuhd piatimilar fields ontheternary diagrams.
Only the Jabal azZuhd alkali granites plot fdrom the other granitoids)earthe quartz

orthoclase line.
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Jahal Khur Dukhan QF
Jahal Thalabah Jabal Al-Massah QZ

Jabal Raydan

Jahal az Zuhd Q7

Bkhar
10kKbar

Figure 6.5 Normative composition of the studied granites plotted in the haplogranite systéth-QzH,0+F. The blue solid ties show the locations of minimum melt compositions at saturated water
pressures ranging from 0.5 kbar to 10 kbar and 2 and 4% F (represented by crosses) (afteebMagRail), while the rhombs represent minimum melt compositions in water-satileted systems at a8
= 0.5 and 0.3 kbar after Ebadi and Johannes (1991).
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There is a possible contribution of additional volatdesome of the Jabal AWlassah,

Jalal Raydan andlabal Khur Dihan granitoids and othe Jabal Thalabah alkali
granite This suggestion is supported by the presence of fluorite (see chapter 6) although
the amounts are probably not sufficient to have a major influenceSwmree of the less
acidic granitoids (mostly granodiorites) from Jababal Khur Dukhan and Jabal Thalabah
are clustered to the left of theimmmum melt at low Or/Ab ratioand other rocks from

both Jabal Khur Dukhan and JabalM&assah granitoids plot close to the mMmom
composition at 2 kbar, &,0 ~ 0.50.3 kb and show an elongate cluster defined by
variabke quartz/orthoclase ratiog-or the Jabal Thalabah samples, the 3 clustered
samples (117, 137, 14°) are alkali graniteghich lie close tahe F trendine, while the
granodiorites and syenogranites plot clogetite minimum composition at-2 kbar
(mostly between 3 and kbar), and some of them show an elongate cluster defined by
variable albite/orthoclase ratios at almost constant quartz cofteatsyenogranites

plot close to the minimum composition at31kbar, aH20 ~ 0-8.3 and show an
elongate clugr defined by variable quartz/orthoclase ratios at roughly constant albite
content.Jabal az Zuhd granitoiddiffer from the other alkali granites in that they are
enrichedin normative quartztfiey showthe highestQz/Or and Qz/Ab ratiosjand are
depletedn albite (showng thelowestAb/Or ratio) The normative composition dabal

az Zuhd alkali graniteplot off the line joining the minimum melt compositions for
different PHO andH,O saturated conditions.yider and the subsolvus granites are both
suggsted to be present in the studied granites, as the firg amee most likely
represented by the highly fractiondtecalcalkaline granites (Fig. 6.3l) that are
depleted in TiQ and FeO relative to the second type which are dominated by the alkali
metaluminous and peralkaline graniteend catain abundantperthites. For these
plutons, the samples that plot a way from the crystallization trend or the minimum melt
composition may indicate a different formation process (e.g. assimilation, metasomatic

alteraton).

To summarize, the normative composition diagramhs not indicate simple
differentiation, as such process should staotvend towards the minima. Most of the
samples plot either close to or on the fluorine addition faoene plot at nearly constant
quartz (mostly unfractionated) and others plot far fromnti@mum meltand could be
related to subsolidus fluids. So, it can be said that the sample trends could be related to

some extent by @nges of water pressuoe fluorine or both.
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VI.6.1. Suggestd depth of emplacement

In the normative composition diagrams, tmnpositions of many of the grides which

lay close to the minimum composition, plot a? Xbar water pressure. Converting these
values to deptimas resultedh a range of 7 to 24.50.5km. This range appears to be
ratherhigh (compared to the depth estimated during the mineralogical stualyloubt
because alkali redistribution has affected the positions of the plots in the normative

diagrams.

VI.7. Rare Earth Elemen{REE) Geochemisy

The rare earth elemenbntens of rocks from the five plutonareshown in tables 6.14
to 6.17and presenteith chandrite-normalized diagrams (Figs6 and 6.7).

VI.7.1. Rare Earth Diagrams

The samples plot in normalized diagrams using the chondate of Boynton (in
Rollinson, 1993). The diagrams suggest fractionation patterns in which REE profiles
display an overall increase of REE concentration towards the more felsic granites (from
granodiorite to alkali granites). There is also a slight deeraa light rare earth
elements (LREES) relative to the heavy rare earth elements (HREES), a Eu depletion

(which  may indicate feldspar fractionation) and Eu/Eu* values increase.
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Table6.14 Rare earth elemeanalyses of the Jabal Thalabdatén (ppm)

Lithology SG SG SG SG MG | GD GD GD GD GD GD | CHM HR HR HR HR GB GB GB Si Si Si Si CR
Sample Number| TH5" | TH10 | TH12" | TH12 | TH5 | TH3 | TH7 | TH8 | TH9 | TH18 | TH19 | TH6 | TH2 | TH11 | TH13 | TH14 | TH1A | TH8 | TH17 | TH7 | TH10 | TH13 | TH9 | TH15
La 23 18 24 11 14 21 10 12 13 15 15 17 36 55 57 76 34 66 34 4 47 53 40 11
Ce 49 51 79 20 25 38 22 23 24 28 28 30 66 131 125 162 71 139 71 37 102 97 79 22
Pr 5 4 6 3 3 4 2 3 3 3 3 3 6 14 15 18 9 16 9 2 13 11 8 3
Nd 21 15 25 10 12 16 10 10 12 13 13 11 24 58 63 73 40 69 40 9 58 46 33 14
Sm 4 4 6 2 2 3 2 2 2 2 2 2 4 13 14 15 8 14 10 5 12 9 7 3
Eu 1 1 <1 1 1 1 1 1 1 1 1 1 1 1 1 1 3 3 3 <1 3 1 1 1
Gd 3 3 4 2 2 2 2 1 2 2 2 2 3 9 10 11 6 10 8 5 9 7 5 2
Tb <1 1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 2 2 2 1 2 1 1 1 1 1 1
Dy 2 3 4 2 1 2 1 1 1 1 1 1 2 8 9 9 4 8 7 8 6 5 5 3
Ho <1 1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 1 2 2 1 1 1 1 1 1 1 1
Er 1 1 2 1 1 1 1 <1 1 1 1 <1 1 4 4 4 2 4 3 4 2 3 3 1
m <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 1 1 1 <1 1 1 1 <1 <1 <1 <1
Yb 1 1 2 1 1 1 1 1 1 1 <1 1 1 4 5 4 2 4 4 4 2 3 3 1
Lu <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 1 1 1 <1 1 1 1 <1 <1 <1 <1
Table6.15 Rare earth element dgses of the Jabal Khur DukhatuBn (ppm)
Lithology MiG AG AG A-SG| A-SG | A-SG | A-SG| A-SG| A-SG | A-SG | A-SG | A-SG | MG MG MG MG MG GD GD GD GD CR
Sampé Number | KD1 | KD4 | KD41 | KD15| KD17 KD21 | KD28 | KD29 | KD34 | KD36 | KD37 | KD38 | KD9 | KD11 | KD12 | KD13 | KD10B | KD10A | KD14 KD22 | KD23 | KD19
La 11 17 26 124 30 29 254 35 38 39 26 74 43 32 35 34 26 45 19 22 45 37
Ce 22 58 66 182 65 65 384 76 86 83 29 159 88 71 73 73 54 94 38 51 77 79
Pr 3 6 6 34 8 8 50 9 11 10 6 19 10 8 9 9 7 11 5 6 10 10
Nd 13 31 27 155 37 38 215 41 47 44 27 80 44 36 39 40 29 47 20 25 43 46
Sm 4 11 8 45 11 11 40 11 13 12 7 18 11 9 10 11 7 12 5 6 9 11
Eu 1 1 1 1 1 1 3 1 1 <1 <1 2 1 1 1 1 1 1 1 1 2 3
Gd 5 10 10 36 9 10 29 9 11 11 5 13 9 8 8 9 6 10 4 5 7 9
Tb 2 2 3 6 2 2 4 2 3 2 1 2 2 2 2 2 1 2 1 1 1 2
Dy 9 14 16 26 11 12 16 12 14 14 9 11 10 10 10 11 7 12 4 6 7 9
Ho 2 3 3 4 2 2 3 2 3 3 2 2 2 2 2 2 1 2 1 1 1 1
Er 5 7 8 10 6 7 6 6 7 7 6 5 5 5 5 6 3 6 2 3 4 4
m 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <1 1 1 1
Yb 7 8 7 11 7 8 6 7 8 10 7 6 6 6 7 7 4 8 2 4 4 4
Lu 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <1 1 1 1




Table6.16 Rare earth element analyseshsd Jabal AIMassah Riton (ppm)

Lithology AG AG | A-MG | A-MG | A-MG | A-MG | A-MG | MiG | PorSG | PorSG | PORSG | MG | MG GD | GD Xen Xen Si CR
Sample Number| JM13 | M5 IM7 JM18 | IM20 | JM24 | JM31 | M1 IM4 JIM16 IM17 M2 | M3 | JM33 | M4 | JM21H | JM21B | JM2 | IM29
La 37 21 46 13 18 16 115 9 36 18 19 21 18 17 24 6 7 3 12
Ce 74 36 83 23 34 30 210 23 61 34 35 41 35 31 32 12 6 2 22
Pr 9 4 9 3 4 3 20 3 6 4 4 4 4 3 3 2 1 <1 3
Nd 39 14 33 10 15 13 66 10 22 14 15 16 15 13 12 9 5 2 13
Sm 9 2 5 2 3 2 8 2 3 3 3 3 2 2 2 2 1 <1 3
Eu <1 1 1 <1 <1 <1 1 <1 1 <1 1 1 1 1 1 1 <1 <1 1
Gd 7 2 3 2 2 1 6 2 2 2 2 2 2 2 1 2 1 <1 3
Th 1 <1 <1 <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 1
Dy 8 1 1 2 2 1 2 2 1 2 2 1 1 2 <1 3 1 <1 3
Ho 1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 1 <1 <1 1
Er 4 <1 1 1 1 1 1 1 1 1 1 1 <1 1 <1 2 1 <1 2
Tm 1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Yb 5 1 1 1 1 1 1 1 <1 1 1 1 <1 1 <1 2 1 <1 2
Lu 1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Table6.17. Rare earth element analyses of the Jabal Raydan addthleaz ZuhdIBton (ppm)
Lithology A-SG A-SG A-SG A-SG MiG A-MG A-MG A-MG AG AG AG AG AG AG AG SG PorSG
Sample Number| JR3C JR9 JR19 JR20 JR3D JR3E JR12 JR13 JZ2 JZ4 JZ6 JzZ8 JZ10 Jz12 JZ14 JZ5 JZ1A
La 4 37 42 4 63 5 58 35 203 35 64 60 47 79 58 4 33
Ce 5 87 86 6 120 13 120 72 400 64 169 147 107 157 167 10 64
Pr 1 11 11 1 13 1 14 9 45 7 23 19 14 20 16 2 7
Nd 4 49 50 4 50 6 59 38 187 30 112 85 62 85 71 12 26
Sm 1 10 15 1 7 1 12 10 35 5 33 18 14 17 17 4 5
Eu <1 <1 1 <1 2 1 1 1 3 1 4 2 2 2 2 <1 1
Gd 1 6 13 1 5 1 9 8 25 3 26 12 10 12 15 3 4
Tb <1 1 2 <1 1 <1 2 2 4 1 5 2 2 2 3 1 1
Dy 1 3 10 1 3 2 8 9 14 2 27 8 9 8 20 3 5
Ho <1 1 2 <1 <1 <1 1 2 2 <1 5 1 2 2 4 1 1
Er 1 2 4 1 1 1 4 5 6 1 12 4 5 4 11 2 3
™m <1 <1 1 <1 <1 <1 1 1 1 <1 2 1 1 1 2 <1 1
Yb 1 2 4 1 1 1 5 6 8 3 15 6 6 5 11 3 4
Lu <1 <1 1 <1 <1 <1 1 1 2 1 2 1 1 1 1 1 1
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Figure6.6. Chondritenormalized rare earth element diagrams for the Jabal Thalabah (TH) and J&fzasisah (JM) granites.
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Figure6.7: Chondritenormalized rare earth elemahagrams for the Jabal Khur Dukhan (KD), Jabal Raydan (JR) and Jabal az Zuhd (JZ) granites.



Jabal Thalabalpluton (Fig 6.6) the granodiorites are characterized &ysmooth
negative slope with LREE enrichment (Lan=@&4 chondrite value), fractionateREE
patterns (La/Ybn= 1@-20.6; La/Smn= 3.:4.9),weak negative Eu anomalies (Eu/Eu*=
0.03 to 0.04) and total REE (%8B or 89ppm). The syenogranitéssplay similar
characteristicLan= 3575 chondrite value, La/Ybn= 6113.1 and La/Smn= 2-8.5) to
those of the granodiorites, but with slightly stronger negative Eu anomalies (Eu/Eu*=
0.04 to 0.06) and higher total REE {541ppm). In contrast, the alkaranites can be
easily distinguished as they show more fractionated patterns (La/YbnRtl&1
La/Smn= 2.53.2), stronger Eu anomalies (0.11) and total REE -@5%3pm).One
altered sample (TH2) shows a positive Eu anomaly.

Jabal Khur Dukan pluton (Fig. 6.7): the alkidldspar granites are characterized by
smooth negative slopewith LREE enrichmen (Lan= 34399 chondrite value),
fractionated REE patterns (La/Ybn=818 or 27.2; La/Smn=-4), weak to strong
negative Eu anomalies (Eu/Eu*= 0.09 to 0.36, on averagdh wide range of total
REE (841013ppm).Two weaknegative Ceanomaliesvere found m KD15 and KD37

The white monzogranitegranodiorites are also characterized by smooth negative
slopes but with less LREE enrichment (Lan= Q47 chondrite value), less fractionated
REE patterns (La/Ybn= 3:2.2; La/Smn= 23.1), less strong negative Emcmalies
(Eu/Eu*= 0.09 to 0.17, on average) and lower total REE-@8Bppm).

Jabal AlMassah pluton (Fig 6.6)the alkalifeldspar granites are characterized by
smooth negative slopewith LREE enrichment (Lan= 2871 chondrite value),
fractionated REE giterns (La/Ybn= 5-82; La/Smn= 2.79.3), weak to strong negative
Eu anomalies (Eu/Eu*= 0.04 to 0.01) amdide range of total REE (5897ppm). The
porphyritic syenogranites are also characterized by smooth negative mlbpéath less
LREE enrichment l(an= 5960 chondrite value), less fractionated REE patterns
(La/Ybn=9.712.7; La/Smn= 4:24.5), less strong negative Eu anomalies (Eu/Eu*= 0.03
to 0.04) and lower total REE (&3ppm).The white monzogranitegranodiorites are
also characterized by smoatkgative slopgbut with less LREE enrichment (Lan=-55
117 chondrite value), less fractionated REE patterns (La/Ybn=54113 La/Smn= 4.6
8.3), less strong negative Eu anomalies (Eu/Eu*= 0.02 to 0.04) and lower total REE
(75-134ppm).



Jabal Rydarpluton (Fig 6.7} all the alkalifeldspar granites and the syenogranites are
characterized by smooth negative skp&ith LREE enrichment (Lan= 1202
chondrite value), fractionated REE patterns (La/Ybr29B; La/Smn= 2.3%.5), weak

to strong negative Eu anaies (Eu/Eu*= 0.01 to 0.12)nd total REE (1:266ppm).A
weaknegative Canomalywastracedin JR3CandJR20 shows positive Eu anomaly.
The white monzogranites alsoosthh smooth negative slopebut with slightly less
LREE enrichment, less fractionat®EE patterns and higher total REE (Lan=18%
chondrite value, La/Ybn= 3:8.5; La/Smn= 2.3, Eu/Eu*= 0.09 to 0.1, and total REE
ranges from 34 t@95ppm). They also display osample(JR3E) that showa positive

Eu anomaly.

Jabal az Zuhd Pluton (Fi§.7). the alkalifeldspar granite of the studied plutomplus

one porphyritic syenogranite are characterized Bynooth negative slope with LREE
enrichment (Lan= 1456 chondrite value), fractionated REE patterns (La/Ybii$.Z;
La/Smn= 0.84.5), moderte negative Eu anomalies (Eu/Eu*= 0.08 to 0.65, on average)
and total REE (4®36ppm).

The REE values and profiles are typical of granites, but some (see chapter 8) show
values (e.g. MREE, HREE and Nd of the Jabal az Zuhd alkali grdmgkegr than in
average granitesThe highvalues observed in the REE diagrams do not seem to be
related to higher LOI and in most cases appear more related to higher contents of Fe.
The REE plotsndicatethat fractionation processesuld have played an important role

in the REE content othe granitoids. The development of the process has coupled with
suggested feldspar fractionation in the more alkali grantolde increasing of
fractionation showed no relation with LOI. The presence of Eu anomaly is most likely
indicates fractionationprocesswhile the Ce anomaly is pabl/ indicates other
proceses(see later). From the diagrams it seems that the more fractionated granite may
be derived from theunfractionatedgranodiorites.The absence or the positive Eu

anomaly sggests that some of the granites did not experience feldspar fractionation.
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VI.8. Comment orthe Chemical analysis

The data from the chemical analyses indicate that some plutons are enriched in Si, Al,
and Fe and depleted in Ti and Mg. This could beedl#o various factors such as later
sodium richfluid (e.g. subsolidus alteration), thigoxygen fugacity (see below),
fractionation and later hydrothermal alteration processes. The total alkali contents
(NaO+K;0) are high and nearly constant. A clearldgpn in KO was traced in all of

the alkali granites of Jabal Thalabah and some of the peraluminouslicdine
granodiorites of Jabal Khur Dukhan plutorhile the alkalimetaluminous granites of
Jabal Khur Dukhan pluton have high® values, possiblyrom K-rich fluids. The

concentrations of MgO are regularly low.

The chemical analyses of the xetlwdi are presented in Table lligf the appendix.

These demonstrate the felsic nature of the xenoliths from the Jabal Khur Dukhan pluton
suuport the agwilation of felsic material, as suggested by Drysdall (1980). The mafic
xenoliths found in the Jabal Mlassah pluton may indicate an earlier stage of
assimilation that took place before the stoping of the granites as suggested by Davies
(1983). (Mafic x@oliths were also found in the Jabal Thalabah pluton but were not
analyzed). The absence of the xenoliths in both Jabal Raydan and Jabal az Zuhd may
indicate a different developmeptocess from the other plutorfe.g. not involving

assimilation procegs specifically in the latestage of formation)

From the abowenentioned observations, it seems that fluid/rock interaction and
fractionation could both be important. The hydrothermal alteration and the large number
of dykes (felsic and mafic) that intted the Jabal Thalabah Complex could have
transported high concentrations of many elements, changing the rock composition and
possibly giving some misleading ideas about the genetic types and the tectonic setting.
Among the studied plutons, the Jabal ahdwalkali granite appears to be the most

evolved.

To conclude, various process of formation (e.g. contamination, fractionation, subsolidus
alteration) are suggested but therelsodhe possibility of more than one magma being

present in some of theyibns.
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VI.9. Tectonic Environment

Tectonic discrimination diagrams use the concentrations of various chemical
components to suggest environments for granite formation. These have been used on the
studied plutions and are presented in Figs. 6.8 and Bediscrimination boundaries

the Rb vsY+Nb tectonic diagrams dPearceet al (1984) and Harrigt al (1986) were
empirically drawn but based on petrographic, bulk chemistry and isotopic constraints.

1) Based on the tectonic discrimination diagramssse by Pearcet al (1984):

Jabal Thalabah pluton: all the granitoidstpiothe volcaniearc andwithin-plate
fields.

- Jabal Khur Dukhan plutorall the granitoids plot in the withiplate field, except
for one samplaevhich plotsin the volcaniearcfield.

- Jabal AtMassah pluton: wst of the granitoids plot in the volcaracc field and

only afew sampleglot in the withirplate field

- Jabal Raydan pluton: any of the granitoids plot in the volcaraccfield anda
few samples plot in the withiplate field.

- Jabal az Zuhd pluton: the alkaifanites plot in the withiplate field, while the
syenogranites plot in the volcaracc field.

2) Based on the tectonic discrimination diagrams devised by H¢aals(1986):

- Jabal Thalabah pluton: tigganodiorites ot in the volcaniearc granitdield, the
syenogranites lialong the postollision - volcanic arc boundaryne, while the

alkali granites plot in the withiplate field.

- Jabal Khur Dukhan pluton: almost all the granitoids plot in thénhimplate
field. Some granitoidbe along the postollision - within-plateboundaryline.

- Jabal AtMassah pluton: almost all the granitoids plot in th&caoicarc field.

One sample liesn the volcanic aresyn-collision field boundary.
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- Jabal Raydn granitoids are scattered in 4 different fields. yTpéot in the
volcanicarc, postcollision and withinplate fieds, while one sample plstin the

syncollision field.

- Jabal az Zuhd pluton: the alkali granitess plot in the wigiate fied and the
syenogranites plot in the syollision field.

3) Based on the tectonic discrimination diagrams devisdeitblger (1982):

- Jabal Thalabah pluton: the alkali granites mostly plot in the anorogenic field, the
syenogranitesand monzogranites exterfdom the late orogenic to the syn
collision fieldsand the granodiorites lies between the pede collision and the

syn-collision field, but they fitetterinto the latter field.

- Jabal Khur Dukhan pluton: the alkali granites extend froenanorogenic field
to the postorogenic field, while the other granitoids (the syeno, monzo and

granodiorites) arét into the syncollision field.

- Jabal AtMassah pluton: the alkali granites plot in the anorogenic frehde the
syenogranites and monzogranites extend ftbmn late orogenido the symn

collision fields.

- Jabal Raydan pluton: the alkali granites mostly plot in the ararodield and
partially extendto the post orogenic fieldyhile the syenogranites extend rfio
the late orogenic to the sygollision fields

- Jabal az Zuhd pluton: the alkali granites plot in the anorogenic field, while the

monzogranites plots into the sygollision field.

To summarize, it is concluded that the five plutons were emplaced in a very similar
tectonic environment, that aps tle Panafrican orogeny andplies late stage of island
arc accretion to postollision events, followed by the waning (relaxation) of the

orogeny. This suggestion is supported by the chemical characteristics of the studied



granitoids and by comparison witither chemically similar granitoids in the Arabian

Shield (see later).

Figure 6.8 Tectonic discrimination diagrams for the granites: (a) Rb vs. (Nb+Y) of
Pearceet al. (1984) and (b) HRb/30Ta*3 of Harriset al. (1986). Abbreviations
WPG, withinplate granite, PosSEOLG, postcollision granite, SyyCOLG, syn
collision granite, VAG, volcaniarc granite, ORG, orogenic granite, POG, post

orogenic granite. Symbols as in Fig. 6.12.
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EXPLANATION

MF: Mantle Fractionates
PPC: Pre-Flate Collision
PCT: Post-Collision Uplift

LO: Late Orogenic

AN: Anorogenic

SC: Syn-Collision

PO: Post Orogenic

Figure6.9 Plotsof the studed graniten a major granitic classification diagram (fields after Pitcher, 1982). Abbreviation: TH, Jabal Thalabah, KD, Jabal Kany IMkJabal AMassah, JR, Jabal Raydan,
JZ, Jabal az Zuhd.



VI.10. Economic Potential

The aim of this part it0 evaluate the potential of the studied granites as a resource for
rare elements. This will be based upon: 1) The outcome of the previous mineralogical
and geochemical studies; 2) Comparisons with average world granites and 3)
Comparisons with some othkrcal and global deposits. Therefore, this must only be
considered as a pilot study that can help in finding evidence for the possible presence of

rare metal deposit within the areas of interest.

The earlier mineralogical study indicated the presencemkseconomically important
minerals like monazite, xenotime, fergusonite, synchysitePAalloy and Ag. This was

also demonstrated during the chemical studies that determined their chemical
compositions. To see how unusual these granites are from aeg&oah view
(especially as regards REE and other selected traces: Nb, Y and Zr) samples from the
most promising granites (based on mineralogy or chemistry) were compared (Table
6.18) with the average granite from Krauskopf (19a8d Krauskopf and Bird (99).

The selected granites were also compared with other global rare metal deposits (Table
6.21) that show the percentage of the total rare earth oxides and individual values for

some rare metals.

VI1.10.1. Comparisons
For comparison with global depositee sum of the rare earths is a better indicator of

potential rather than simply looking at individual values. The enriched granites show a
total range from 197.4 (~0.02%) to 1012.7 (~0.1%) ppm REE. These are not as high as
those found in working deposilait the highest value (0.10%) almost matches that of
the Dubbo, New South Wales deposit (0.12%; Alkane Resources Ltd., 2010) although
this deposit is not currently working. Reganglithe rare metals, the enriched granites
show ranges from 47 to 160 ppnr 76, 233 to 1017 ppm for Zr and 25 to 100 ppm for
Nb. Thus the highest values are almost 0.02% for Y, 0.01% for Nb and 0.1% TdweZr.
required minimum values for Y and Nb should be almost 0.14% and 0.13% (1400 and
1300 ppm) respectively, to match theued of Dubbo deposit for Y and the value of
Bayan Obo deposits for Nlwhile Zr need to reach 0.8% to resemble the Hastings
deposit(AustralianMinesAtlaz011).
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Table 618: Content of selected elements in the enriched granites and world averages (ppm)

Elements TH11' | TH13 | TH14 | KD15 KD28 KD36 KD38 JM31 JR19 JR12 JR13 JZ2 JZ6 JZ8 JZ10 JZ12 JZ14 | World average

(AM) (AM) (AM) | (HFCA) | (APL) | (HFCA) | (APL) | (HFCA) | (HFCA) | (AM) (AM) | (APK) | (APK) | (APK) | (APK) | (APK) | (APK) granites

RMs Y 47 53.2 50 147 62 89 82 13 24 57 72 72 160 48 63 37 77 13-40
Zr 620 782 773 233 475 246 383 122 331 291 354 99 345 248 470 410 1017 180210

Nb 47 56 54 58 39 68 29 5 27 33 43 54 100 25 38 33 65 20.24

LREEs La 55 57 76 124 254 39 74 115 42 58 35 203 64 60 47 79 58 55101
Ce 131 125 162 182 384 83 159 210 86 120 72 400 169 147 107 157 167 90-170

Pr 14 15 18 34 50 10 19 20 11 14 9 45 23 19 14 20 16 10-19

Nd 58 63 73 155 215 44 80 66 51 59 38 187 112 85 62 85 72 3555

MREEs Sm 12.6 14.1 14.7 45.5 40.3 12.1 17.6 7.8 15.3 12.3 9.7 346 33.3 17.8 14.0 16.5 17.1 8.39

Eu 1.2 1.4 1.5 1.2 2.9 0.5 2.0 0.9 0.9 1.2 0.9 3.5 4.1 2.1 1.7 1.9 2.1 1-1.3

Gd 9.1 10.1 10.7 35.5 29.1 10.9 13.2 5.8 13.0 9.4 8.2 24.7 25.7 12.2 10.4 11.8 14.9 5-8

Tb 1.7 1.9 1.9 6.2 4.1 2.5 2.4 0.6 2.3 1.6 1.7 3.7 5.5 2.0 2.0 1.9 3.5 0515

Dy 7.9 9.0 8.7 255 15.9 13.5 11.2 2.2 9.9 7.7 9.3 14.3 27.3 8.3 9.3 8.5 20.1 2.46.5

Ho 1.4 1.6 1.6 4.2 2.7 2.7 2.0 0.4 1.6 1.5 1.8 2.4 4.8 1.5 1.8 1.5 4.1 0.352

HREEs Er 3.6 4.2 3.9 10.1 6.4 7.3 5.0 1.2 3.9 3.9 4.9 5.9 12.0 4.0 4.8 4.1 10.8 1.24.5
Tm 0.6 0.7 0.7 1.6 1.0 1.3 0.8 0.2 0.6 0.7 0.9 1.0 2.1 0.7 0.9 0.7 1.8 0.150.6

Yb 4.2 4.7 4.4 11.1 6.3 9.6 5.7 0.9 4.3 4.6 5.8 8.2 15.3 6.0 6.0 5.5 11.0 1.1-4

Lu 0.6 0.6 0.6 1.5 1.0 1.3 0.9 0.2 0.7 0.7 0.8 1.5 2.3 1.1 0.9 1.0 1.4 0.2-0.7

REES" total 3015 | 307.3 | 376.9 636.3 | 1012.7 | 238.1 392.9 430.9 241.9 2952 | 197.4 | 9362 | 5009 | 3659 | 2814 | 3943 | 399.8

Explanation for abbreviations: TH, Jabal Thalabah, KD, Jabal Khur Dukhan, JM, Jalklassah, JR, Jabal Raydan, JZ, JazaZuhd, AM, alkali metaluminous, APL, alkali peraluminous, APK, alkali
peralkaline, HFCA, highly fractionated cedtkaline, RMs, rare metals, LREES, light rare earths elements, MREES, middle rare earth elements snd HREES, highleanergartmlezhemical values: black:
below or mostly within the world average range; pink: above the world average; blue: twice the world average; redotinreé@és the world average granite from from Krauskopf (1979) and Krauskopf and
Bird (1995).

Table 6.19 Rare metal contemif dykes (ppm) Tahl®&r2Garth content of mafic dyke

Elements JR1C TH7 Elements TH10 (MD)

(PD) (FD) LREEs La 47

RMs v 49 48 Ce 102
Zr <210 235 Pr 13

Nd 58

Nb 69 133 MREEs Sm 12
Eu 3
Abbreviations: JR, Jml Raydan, THJabal ThalabalRD, Pegmatitic dyke, FD, Felsic dyke $s i
Dy 6
Ho 1
HREEs Er 2
Tm 0
Yb 2
Lu 0

REEstotal 256.5

Abbreviations: TH, Jabal Thalabah, MD, Mafic dyke
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Table 6.21: Characteristics of some rare earth and rare metal world class deposits

Locations of deposits

Host rock

Ore minerals

gradesof ore or resourcéveight %

element or oxides)

References

Bayan Obo in Mongoli@mined for
REE)

Carbonatite dikes in gabbro anc

alkali gabrro

Monazite, bastnasite, huanghoit

parasite, cebaite and columbitg

0.13% Nb and 6% REOs

(USGS,2010), (BGS, 2011) (Yanet
al., 2011)

Mountain Pass in California, USA
(mined for REE)

Carbonatite

Dominant bastnasite

8.9% REOs

(Castor and Nason 200@Jastor, 2008)

Jabai Tawlah in Saudi Arabia

(resource, NBI'h-Zr mineralization)

Microgranite and microsyenite

Gagarinite, fergusonite,
xenotime, yttrian fluorite,
yttrian-REE zircon, columbite

and thorite

0.34% Nb, 0.52% Y, and 0.47% Zr

(Drysdallet al, 1984, Drysdall and
Douch, 1986, and Kuster, 2009)

Ghurayyah in Saudi Arabia

(resource, NBI'h-Zr mineralization )

Porphyritic microgranite

Xenotime, monazite, samarskit
pyrochlore, columbitagantalite,

uraninite, aeschynite and zirco

1.8% Nb, 0.75% Y, 0.35% Th and 6% Z

(Drysdallet al, 1984, Kuster, 2009 an
Elliott et al, 2001).

Toongiin New South Wales, Australig
(resource, NBY-Zr and REE

mineralization )

Intrusivetrachyte

Dominant columbite

0.46% Nb, 0.14% Y, 1.93% Zr and 0.74
REOs

(Australian Mines Atlas, 2011) and
(Alkane Resources Ltd2012.

Dubbo, New South Wales, Australial
(resource, T&Y-Zr and REE

mineralization)

Trachyte plug

Calcium and REFEich
zircorosilicates (similar to
eudialyite or armstrongite)

natroniobite and calcian

bastnasite

0.14% Y, 1.9% Zr and 0.12% REOs

(Alkane Resources Ltd2010Q.

Thor Lake, Canada
(resource, TaNb-Y-Zr and REE

mineralization)

Peralkalinesyenites, granites and

gabbre

Eudialyite,fergusonite and
zircon, bastnaesite, synchysit¢

allanite and monazite.

1.64% REOs

(BGS, 2011)nd (Avalon rare metals,
2012)

Thus the rare metals in these granites are much lower than those of economic deposits. The ratio efahere@sence sometimes considered during the deposit assessment, and this of course reflects the
chemical content of the constituting elements of such mineral. To summarize, it is possible to say that not all of édegesmités show both rare eaattd rare metal contents of significance. For instance,
JM31 shows only REE enrichment and other samples like KD36 are more enriched in HREE. The chemical analysis of fefsiagkesni@iables 8.3 and 8.4) show that the pegmatitic dyke in Jabal Raydan
and the felsic dyke in Jabal Thalabah may have potential for somenesabearing minerals, while the mafic dyke in the latter pluton could have potential for elevateshdNdome MREE



VI1.10.2. Industrial applications
The studied alkali granites, egply those of Jabal az Zuhd and Jabal Khur Dukhan,

have relatively high values of LREE (specifically La, Ce, Pr, Nd), which are either
hosted in minerals like titanite, apatite, allanite, rutile and ilmenite, or form their own
minerals, such as monaziteergusonite xenotime and synchysite. The form of the
minerals is important as it relates to ease of processing and REE extraction. These
elements are of increasing importance for metallurgy, magnets, electronics and the
optics. However, for their commeatiuse, it is crucial that either the other REEs should
not cause any detrimental affects or all of the REEs should show a similar behaviour in
their applications. In modern day applications the MREE and HREE are the most

desirable elements and thus thesingaluable.

VI.10.3. Cause of enrichment

The enrichment in the elements Nb, Zr, Y and the rare earths in the studied granites is
the focus of this study. This enrichment is associated with the formation of some
economically important minerals (e.g. faspnite, monazite, xenotime and possibly
synchesite) and other minerals which can concentrate these rarer elements (e.g. zircon,

titanite, apatite, allanite, rutile).

Several variation diagrams (Fig..J® to 6.12 have been plotted to find out possible
elemental relationships. From these diagrams it is suggested that the cause of
enrichment is related to more than one process, as the increase in the enriched element
contents are not consistent and no clear pattern is apparent. Overall, the increase in REE
contents is mostly associated with increasing Zr, Nb, Y, K, Na and Fe. This possibly
means that the concentrations of REE, Zr, Nb and Y were increased together in the melt
by fractionation and are most concentrated in theaRd alkalirich granites (setables

6.2 to 6.5 and 6.14 to 6.17). However, an increase of the REE with alkalis does not
necessarily mean that enrichment is only related to the most evolved alkaline varieties,
as it has been found that Si (the fractionation index) has not showrr grdpartional
correlation with the REE. This could indicate that the enrichment is more likely related

to latestage, alkaline, subsolidus fluidéowever, it appears that most commercial REE
deposits are mainly associated with magmatic processsed¢o alkaline igneous
rocks(BGS2011).
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Figure 610: Relationships between certain elements Explanation: TH, Jabal Thalabah, KD, Jabal Khur Dukhan, IMMiadsdAIJR, Jabal Raydan, JZ, Jabal az Zuhd.
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Figure 6.11 Relationships between certain elements. Explanation: TH, Jabal Thalabah, KD, Jabal Khur Dukhan.
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Figure 6.12 Relationships between certain elements. Explanation: JM, Jaddgdah,JR, Jabal Raydan, JZ, Jabal az Zuhd.
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To summarize, it is possible to say that not all of the enriched granites show both rare
earth and rare metal contents of significance. For instance, JM31 shows only REE
enrichment and other samples like KD36 are nerached in HREE. The chemical
analysis of felsic and mafic dykes (Tables 8.3 and 8.4) show that the pegmatitic dyke in
Jabal Raydan and the felsic dyke in Jabal Thalabah may have potential for seme rare
metatbearing minerals, while the mafic dyke in tlaéter pluton could have potential

for elevated Nd and some MREE.

VI.11. Discussion and conclusions

Based orthe geochemical analysesrofjor and trace elements, significant information
has been obtainetb explain the magmatic affinity, the granitigpes, the tectonic
environmet, the major and trace elemdrghaviaur, the nature of theparental magma
and the processesvolved in yielding the finalgrantoids. The studied granites show
similar geochemical characteristics to world average granitgésotrers granites that

from similar tectonic regimes

VI.11.1. Comment on the normative study

Many of the granites are compositionally close to anateuelts A general constant
orthoclase content for most of tkamples in th@lots may be attributetb a decrease of
pressure in watemndersaturated melts (Joimes and Holtz, 1990), whileariable
albite/orthoclase ratios at almost constant quartz content may indicate undifferentiated
rocks. The affect of late stage fluids on the normative diagram beagiue to the
devdopment of fluoride complexes to element mobility in peralkaline magmas (Harris,
1981). This can be exemplified kiye alkali granites of Jabal Thalabah that be the F
trend line The low Or/Ab ratios of the less acidic granitoidsatfabal Khur Dukhan
and Jabal Thalabah may directly rel&aelower water activities (Ebadi and Johannes,
1991). Thepresence operthite that distinguishes the hypersolvus granites from the
subsolvus may reflect insufficient,8 contens or low water presge that isrequired

for the formation oftwo-feldspar graite (Charoy and Raimbault, 1994phannes and
Holtz, 1996). This can be exemplified by the normative compositiataloél az Zuhd
alkali granites thaplot off the minimum melt compositionat high water conterss the

melt shove a notableincreasein the Ab/Or ratio whichis the reverseof what is
expected (Clemens and Bea, 20@ynrad et al., 1988)it is unlikely that granitic

magmas, specifically those melted froancrustal sourcestarted as water under
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saturated melbut even the wateundersaturated meltwould evolvetowards water
saturation in the late crystallizatiorages (Clemens and Bea, 200RBaloe and Wyllie,
19795. This may ex[ain the variation in the Ab/Oratio (see Fig. 6.5jor the studied
granitoids in the triangular haplogranite system. The water undersaturatie@ of
some of the magmas #&so suppded by the rare presence whterbearing minerals

(eg. amphibole and biotite)

VI.11.2. Comment on granite classification

The studied granites are mostly metaluminous to mildly peraluminous a3oapmatic
affinity is likely to be derived from eithex metaluminous or moderatgbgraluminous
metaigneous soce (Clemens and Bea, 2012onradet al, 1988), whilea strongly
peraluminous metasedimentary protolith can be a source rock for peraluminous
granitoids (e.g. the Jabal Thalabah granodiori(€smens and Bea, 201€onradet

al., 1988) The peralkalinenature of the Jabal az Zuhd granitoidslicatesA-type
(anorogenitanhydrous) granitoidéhat were generateadong rift zonesnd within stable
continental blocks.

The ferroan nature afost of the studied granitoids reflects crystallization of relatively
anhydrous silicategthat drives a melt tdigher Fe/(Fe+Mg) ratbs) from reduced
magmas and source regions. Such conditions are common in extensional environments
(Frost et al., 2001). In contrast the magnesian nature that characterizes the un
fractionated granodides reflects a close affinity to relatively hydroussidizing
magmas and source regions which is consistent with origins that are broadly subduction
related (Frost and Lindsly, 199The hgh Fenumber of ferroan granites is apparent

the Jabal az Zuhd alkali granites asdme othealkali granites fromJabal Rgdan and

Jabal Khur Dukhan. Theseorrrich melts probably reflectlerivation from reduced
basaltic rocks (either tholeiitic or mildly alkalic), by either partial melting or fractional
crystallization, as the magmas are likely to undergo extefrsiggonation toward iron

rich, alkalic compositions (Frost arfetost, 1997).The TAS diagram shows that the
studiedgranitoids are mildly alkalin@and this may indicate higher melt fractions and
consequentlya high degree of meltingdowever, high melt faictions need to have high
MgO and SiQ contentsSuch characteristicwere mostly noticeth the Jakal az Zuhd

alkali granitewhich is also considered as the most alkaline pluton with the lowest

contentsof Si. This may indicateeeper melts for Jabak Zihd than the other plutons
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and this is not unexpected as there has been always a link between melt fraction and

melting depth.

To conclude, a relatively anhydrous, reduced silicate melt that evolved to higher Fe/Mg
ratios, is suggested to account for tfmmation of most of the granitoids. A slight
change in the tectonic environment (from subduetelated to intrecratonic) is also

proposed.

VI.11.3. Comment onREE patterns andtectonic setting

The REE pattern®f the granodiorite odabal Thalabahnd Jabal AIMassah (Fig. ®)

(which areclassified as volcariarc granitesmay imply a source magma that separated
from a residue containing hornblende (e.g. Gromet and Silver, 1983; Rollinson, 1993).
Such granitoids are most likely in lat®r postacaetion emplacement that is
characterized by flatter REEs pattern than the other more alkaline anorogenic granites
(Rogers and Greenberg, 1990). The absenedcofanomaly in thesgranodiorites may

also indicatethat significant amounts of plagioclase amphibole remained in the
residue, as the effects of Eu fractionation in amphibole and plagioclase counterbalance
each other and produce a rock with no significant Eu anomaly. A positive Eu anomaly
in some of the Jabal Raydan pluton may indicate cumudaigsinfractionated material.

The negative Ce anomaly seen in a few samples may indicate the interaction with
aqueousiluids duringthe evolution process (Joneisal, 1996).

Plots of the studied granites on the Rb vs Y+Nb discrimination diagrams ckleeat

(1984) and Pearce (1996) reveal the possibility for some granites to be tectonically
mistaken. However, the Rb/348f-Ta*3 diagram of Harriet al (1986) and that of
Pitcher (1982) have permitted additional separation and can clarify the mgleadi
tectonic proposals. Therefore, some explanation for the observed shifts in position is

necessary.

The Jabal Thalabah and the Jabal Raydan plutons may suggest formation in a changing
tectonic environment from first anhydrous and subsequently hydmusesregions.

The anorogenic, within plate, alkali granite are considered as earlier granitesO(®50

Ma) in the AS which are characterized by alkali and HFS element (Nb, Ta, Zr, Hf, Y,
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HREE) enrichment and a Rb and LREE depleted source region for tireasaand is
consistent with a source from crustal rocks which had an age of less than 800 Ma
(Harris, 1984). Such anorogenic alkaline complexes can also be exemplified by
anorogenic complexes in Egypt, NE and central Sudan, Niger, Nigeria, Cameroon,
Malawi, Mozambique, Zimbabwe, Namibia and Angola that have an age range of 550
to 500 Ma (Vail, 1989). The presence of xenoliths in the Jabal Thalabah and Jabal Al
Massah granodiorites support the suggestion of crustal contamination which is also
supported bytte nestedike nature (stoping) of the Jabal-Massah pluton. Asimilation

and mixing may have displaced the positions of these rocks on the classification
diagrams (e.g. mixing with more mafic rocks would deplete the magma in Rb, Y and Nb
and move the pls from the synand/or the postollision field and put them in the
volcanicarc setting. Later igneous activity and fluid alteration may also have caused
mobility of many incompatible trace elements, again displacing some of the granites

from the postcadlisional field.

The slight variation in the composition of the suggested-galsional granitoids may
directly relate to the fact that the chemical composition of these types of granites is due
to the relative proportions of mantle and crustatived magmas and on the enrichment
history of the mantle concerned (Peagtal, 1984). Typical postollision granites that

plot in the volcaniearc granites and (partially) the sgollision fields (the Adamello

and Querigut pluton from Pearetal, 1989 show a similar general trend to that of the
Jabal Raydan and JabalMlassah plutons. This means these plutons do not necessarily

represent volcaniarc granites.

To conclude, itis suggested that the less examl granitoids were emplaced in a
hydrous,subductiorrelated environment while the more evolved granites were most
likely emplaced in an anhydrous stable continental setting. Certain processes like fluid
alteration and assimilation could possibly have affected the plots of the samples on the
tectanic setting diagrams, as they could affect the Nb and Rb content and therefore

cause displacement of the plotted samples (see Fig 6.10 d and 6.11).
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VI.11.4. Comparisons

According to Drysdalkt al (1986) some of tplutons studied herand othersn the
Arabian Shield(e.g. the alkali and monzogranites of Jabal Ulub, Jabal Subh, Jabal
Hamrah, Jabal Dabbagh and Jabal Said alkali) also display similar normalized REE
profiles. Similar normative values (especially to the JabaMAassah, Jabal Khur
Dukhanand Jabal Raydan plutons) can be seen in the Jabal Silsilah complex (Du Bray,
1986),the Sidarah monzogranite (Jackson, 1986¢Jabalat alkalfeldspar granite (Al
Tayyaret al, 1986), andhe Jabal Umm Al Sugian albitized apogranite (Bokledral,

1986). Some of thee and others (e.g. the pasbgenic metaluminous Akash granite;
Kellogg and Smith, 1986also indicate asimilar tectonic emplacememnvironment

This may indicate that these granites represent a regional event of granite formation
acrass the Arabian Shield.

Based orthe mineralog andmajor, trace and RElements, the alkafeldspar granites

of Jabal az Zuhd showhe typical chemical charactetics of postorogenic evolved
magmatism. However, the mineralogy and some element raiidd¢( K/Ba, Rb/Sr) in
addition to comparison with other chemically similar granitordshe Arabian Shield

and elsewhere suggest that the pluton developed in attenuatedwringtthe waning
(relaxation) stage of the Pan African Orogen a global sale, the Jabal az Zuhd
alkali-granites show similar geochemical characteristics (variable peralkaline granites
emplaced in the withhplate field) to other plutons such as the northern Daolinshan
granites from China (Wangt al, 2010),the Homrit Mukbid pgnk granite from the
central eastern desert of Egypt (Hassanen and Harraz, 1995), the Late Neoproterozoic
granites of Jabal Kamil, NW Sudan (Kuster and Harb898) andhe late Precambrian
Hasan Robat hypersolvus granite form Iran (Esfakaail, 2010).Although the latter

was assumed to be lithologically and mineralogically similarthi® Jabal Raydan
pluton, it shows a slightly different tectonic environment but a similar magmatic affinity
for the subsolvus granites. The geochemical characteristitseedbingo granite from
Uganda (Nagudet al, 2003) are confirmed as similar to the Jabal Raydan plutan
slight difference was noticed which may refer tahothe emplacement spahthe Jabal
Raydan pluton and the evolution (more evolved) of their gganiln additionto the
lithological and mineralogical similarities thbeen mentioned in thehapter4 between
Homrit Waggat Complex (Hassanen, 1997) from Egypt and Jabal Khur Dukhan plutons,

the two plutons have also shown similarities in their geoatsnctharacteristics
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(tectonic environment and geochemical affinity). However, the Homrit Waggat
Complex show adissimilar tectonic environment that of the Jabal AMassah pluton
(they were assumed to be identical in thapter4). Several late orogé) subsolvus,
calcalkaline granitoids (e.g. the 88040 Ma granites in the Yangtze Block south China
that was studied by Wargg al, 2010andthe Madagascar granites that was studied by
Kuster ad Harms (1998%howsimilar geochemical characteristicsttat of the Jabal
Thalabah and Jabal Allassah plutons.

To summarize, various Arabian Shield and global examples of igneous plutons are
similar in character and/or tectonic setting to the studied plutons. Such comparisons
help in understanding the gegloal history of the studied plutons. The nature and
tectonic setting of these plutons, coupled with further geochronological data (from
chapter 7), will be integrated to see how and when the studied plutons fit into the
tectonic history of the Arabian SHd. This will be done by producing a model that
takes into account some previously generated Arabian Shield evolution models (see
chapter 9).

VI1.11.5. Suggestion forrock genesis

Several bivariatediagrams (Fig. 6.18to d)have beerusedas an aid in dermining
magma source compositi@nd thepossibletectonic environment. The diagramsed

are

- (NaO+K,0)/(FeO*+MgO+TiQ) vs NaoO+K,0+FeO*+MgO+TiQ diagram of
Patino Douce (1999), who delineated fields of differemlt compositions

producedoy experimatal, dehydration melting of metasedimentary rocks.

- Nb/La vsSiO, diagramof Wanget al (2005), who observed some geochemical
signaturesthat indicatedcrustal contaminatiorduring magma ascent ithe

Dabie Orogen, Central China.

- Nb/Th vs Nb diagram fron Hofmann (1988) who normalized the average
chemical compositions of the continental crust and the oceanic crust

(represented by MORB) to primitive mantle values. Tampositionafields of
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continentalcrust, midocean ridge basalts, oceiagfand basaltand arc volcanics

were derived from Schmidberger and Hegner (1999).

- Rb/Y vsNb/Y plot of Pearceet al (1990) who plaked the composition of the
continental crus(from Taylor and McLennan, 1985) and suggested the possible
composition for the totaland lover crust and the trends that represent

enrichment of withirplateandsubduction zone, crustal contamination

The studied granitoid compositiorteave beencompared withthose produced by
experimental dehydration melting ohetasedimentary rocks (Fig.18, a) These
comparisonsndicate thathe studied granitoidfiave asimilar magma source and they
could have been produced by partial melting of metagreywackes. Some samples also
plot just inside the amphibolite field. However, this would contradict eéhdier
suggstion of a mafic magmatsce for the granitesSome samples from Jabal az Zuhd

plot away from the rest of the samgulmdicatinga different source of magma and some
samples from the other plutons extend furtherthg diagram, away fronthe felsic

pelite partial melting fieldThesehavemost likely been subjected to other proesss
formation, such as fractional crystallization and/or crustal contamination and/or

subsolidus alterationThe magma source is discussed further later.

The NbTh vs Nb diagram shows a generally similar trend and composition for all of the
studied granitoids. However, exceptionally Jabal az Zhud seems to have a different
magma source that is close to that of primitive mantle. Jabal Thalabah shows
discontinuoudrend as it seem® thave two groups, possibisom two dfferent sources
(possible magma mixingr assimilation®. The granites mostly fit into the arc volcanics
composition field, especiallfhe Jabal Thalabah, Jabal -Massah andlabal Raydan
granitoids Theseparially extend ino the oceaisland basalt field (equal to within
plate) that is mostly occupied bliye Jabal Khur Dukhan and Jabal az Zuhd granitoids.
The general plot of the samples also indisat&ransitional period of emplacement from
arcarc collision to intrgplate rifting (possibly from subductierelated to islangrc
collision to withinplate) of the latter two granitoids and indicatingore evolved
magma emplaced iastable craton.



The Rb/Y vs Nb/Y plot suggestsatthe Jabal KhurDukhan granitoids were genézd

from the lower crust and weiless contaminated by crust than thier plutos. A
within-plate enrichment trenappears to be presehktowever, the other plutons se¢m

be evolved from the bulk crustpme follow the witm-plateenrichment trend (Jabat a

Zuhd and Jabal Raydphut are partially contaminated by crust, while JabaMaksah

and Jabal Thalabah follow the subduction zone enrichment trend and indicate magma
mixing processes for the lattefhe suggested cragtcontamination process highly
noticeablein the No/La vs SiO, diagram where some parts each pluton seem to

follow the assimilatiorcombined fractional crystallization trend.

Genetically,Harris (1985) has classified the alkaline complexes ofAifadian Shield
into two types, peralkaline to ngreralkaline anorogenic (e.g. Jabal Agaustal derived
material in the peralkaline magmas. The compémows chemical heterogeneityth
abundances of Zr, Y and Nb and geneticaltgurred in a relaxatioavent that fdowed

a progressive collisiorRadainetal. 1981) and noiperalkaline subductierelated (e.g.
Jabal Sayid complexsource region in the mantle wedge overlying a subductioa)zon
Based on the geochemical study it was suggested thaalideaz Zuhd and Jabal Khur
Dukan pluton may belong to the first typdile the rest of the plutons may belongs to
the second type of the alkaline complexes of Harris classification.

VI.11.6. Processes of formation

Several processegppear to have been resgible forthe formation of the studied
granitoids and these are partial melting, fractional crystallization, rock assimilation and
postsolidification alteration. Earlier, it was difficult to demonstrate fractional
crystallization using the variation djeams, possibly because of the affectk
assimilationand subsolidus processes. A discrimination between vapimcesses of
formation (Fig.6.1% has indicated that the undifferentiated (mostly granodiorite) and
the least evolved rocks are not arrangeddinear trend, while the highfyactionated
rocks (mostly alkali granite) ararranged o a linear trend. The affect ahe
assimilation process was noticeg the dislocatiorof the less evolved or the more
evolved rocks from their expected position @ normal fractionation trend line. This
process was alssuggested basexh the earlier modaomposition diagram (Fig. 6.15

as some of the plotted samplkeave Rb contents which daot showa consistent
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relationship of increasin®b values towards theore evolved granitogland indicate

other processes might be ogerg.

VI.11.7. Comment on the economic study

The geochemical analyses have shown that some high rare metal concentrations occur
in some of the alkali granites, indicating some potentialtfe presence of these
elements in higher concentrations. The analyses of JZ2 and KD28 are particularly
interesting as they display high total rare earth oxide contents and more detailed work in

these areas is recommended.

Obviously, this study is not tiled enough to conclude if a rare metal deposit exists in
the region as a variety of factors, including size andougrade (COG) would be
important. With rare metal deposits the COG always varies, because its determination is
based on variable fac®but especially the hydrometallurgical recovery, which is itself
based on mineralogy (Avalon Rare Metals Inc., 2011). For example, the company that
runs the Bull Hill deposit in the US has suggested 1 to 2.5% rare earth oxides (REOSs) as
a cutoff grade ad considered values above 0.5% as-prade material (Rare Element
Resources Ltd., 2012). The Taseko Mines Limited Company shows ranges (0.10 to 0.30
wt%) of COG which varies with the Nb20O5 grade (Taseko Mines Ltd., 2011).
Furthermore the exact elementseg®nt can be important; for instance a combined
La+Ce+Y value in the Tawlah and Ghurayyah deposits is given as 0.15 to 0.50%
(Kuster, 2009) and the Foxtrot Project (Minerals Announces Resource Estimates, 2011)
shows 0.21% for the HREO+Y and 0.89% for tHRED+Y. It was not unexpected that
these granites showed polymetallic Zr, Nb, Y and REE enrichment, as this was found to
be a common feature of the specialized alkali granites in the northern part of the
Arabian Shield, especially in th&lidyan terrain (Jakson, 1986).This type of
specialization is known as Odagpaiticd a
Arabian shield (e.g. Ghurayyah, Umm al Birak, Jabal Sa’'id and Jabal Hadb ad Dayahin)
by Ramsay (1986) and Drysdall et al. (1984). However, agpeiitks also show
enrichment in Th and U which was not found in these granites. This means that these
rocks have not quite reached the optimum level of enrichment to be called agpaitic.
These characteristics are (ppm): F>1000, Be>7, La>70, Li>40, Nb>Z20RbY>60,

Ba<200, Sr<80, Rb/Sr>18, Y/Ba>4, Rb/Ba>6, Ba/Be>10 or K/Rb<200 (Ramsay; 1986).
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It has been discovered that these enriched granites are possible economic targets,
although there are slight differences in mineralogy between each pluton. gkittios
economic potential of these granites is not yet definite, because economic rare metal
deposits associated with alkali granites commonly have agtade (e.g. 1.16wt%
REOs for Strange Lake, 0.51wt% REOSs for Zues in Canada and 1.07 REOs for Uvane
in Greenland; British Geological Survey, 2011) the potential is clearly present. In
addition, the extraction of REE is highly dependant on mineralogy. From a review of
large numbers of NiY-Zr-REE deposits in the world it seems that the most common
rare metad-bearing minerals found are fergusonite, xenotime, monazite, synchysite,
columbite, pyrochlore and samarskite. The presence of some of the above mentioned
rare earth and rare metadaring minerals in this study indicates that these Midyan
granites are wmsual. More detailed sampling from the areas of the enriched rocks is
justified. Very few samples were gathered from the pegmatitic and felsic veins of Jabal
Thalabah and Jabal Raydan; these show high Nb and Y contents and would be worth
further study. Thestudied granites seem to be better targets for REE than the rare
metals, but new REE targets will probably also lead to the occurrence of enrichments of

rare metals.

VI1.11.8. Conclusion

To conclude the geochemical study $asupported the earlier petra@ghic and
minerlogical studies, as it has confirmed the rock classification for each pluton,
confirmed the differences between the studied plutons, proved the suggested REE
enrichment in some plutons and the proposed similarity for the tectonic enviroimmen

the studied intrusives, clarified the strong affectlatb-stage subsolidus alteration,
demonstrated the affects of fractionation processes and strengthened the initial views
about the rock genesis and depth of emplacement. The suggestion farkilyemesis

has taken into account the proposal from Frost et al. (2001) during the classification of
the studied rocks. This has indicated that the granites were most likely derived-by low
pressure (shallower melting for Jabal az Zuhd) partial meltingalafadkalic crustal

rocks with possible crustal contamination, followed by fractional crystallization and
later subsolidus alteration. Crustal assimilation is indicated from the chemical
composition of the granitoids and confirms observations from theralogical studies.

It is proposed that most of the studied granites extend frpwsecollision to within

plate settingThe economic study has suggested the following:
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Figure6.15 Modal composition diagram with Rb values (from the plagioclase apex to

the alkali feldspar apex) for some of the granitic rocks

1- The fractionation process (most fractionated and spelyfineost ferroan) and
alkaline nature (late subsolidus fluids) are the main controlling factors for the

enrichment. The hydrothermal alteration show minor enrichment impact.

2- Further work is recommended on the very alkaline varieties of granite attabal
Zuhd, Jabal Khur Dukahn and JabalM&ssah, the pegmatitc and porphyritic felsic
dykes of Jabal Raydan and the mafic dykes of Jabal Thalabah, as these are considered to
be the best targets in the study ar@dee presence of ARt alloy and free Ag inthe

Jabal Khur Dukhan pluton requires more detailed mineralogical work.

3- Although the hybrid rocks of Jabal Thalabah displayed high rare metal contents,
this is not necessarily justification to do further work as the mineral hosts are silicates
which casequently would make any extraction process both complicated and
uneconomic. Recently, the Saudi government has signed an agreement to exploit the
worl dés | argest tantalum deposit of Ghui

annual demand (Tertiary Manals plc. 2006).
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VIl. Geochronology

VII.1. Introduction

This chapter is mainly concernedth defining ages andssessing the evolution and

source materidbr the graitic rocks in the study areaThiswasachieved by
1) Rb-Sr radiogenic isotopianalysis of whole rocksand

2) U-Pb isotopic analysis dircors.

VIl.2. Methodology

Using themineralogical and geochemical rock classificatigasd in particular the
zircon abundance and Rb/Sr ratjaspeteen wholeock samplesrepresenng different
granitic units from each of the studied plutowere selected to be analyzed for-8b
isotopic compositiongand 5 samples were selected for zircon datifigee samples
were used for both daij methods and also includedie hybrid sample from Jabal
Thalabah to date the local hybridization event. The samtee appendix IVvere
deliberatelycollectedaway from sites of knen hydrothermal alteration. Heir field
locations are shown on the constructed geological maps in chapter three.

For the Rb-Sr work, the selected samples were analyZed Sr isotopic ratiosby
Thermal lonic Mass Spectrometer (TIMS), usistgndard methods and usitige Sr
analysesalready presented in chapter sbhe workwas carried out in the Department

of Earth Sciences at Raydolloway, University of Londor{see appendix V).

For the UPb zircon analysjszircors were hanepicked using a binocular microscope
from the heavy mineral concentrggeduced bynagnetic and heavy liquid separations.
Zircons were separated from afl the plutons except Jabal-Massah which appeared
to be very poor in zircon. The zircons weneunted, polished and thelated using LA
ICP-MS (Laser Ablation Inductively Coupled Plasma Mass Spectromatriniversity
College of London.Concordia plotswere generated usinthe software program
Al sopl ot 6. Fandlytical chethods iand siccuvatine ptedestd in appendix
V.
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The LA-ICP-MS zirconmethodis not agpreciseasthat ofthe Shrimpand the latter has
much better spatial resolutioVhile the methodused here analyseslatively large

areas,the Shrimp can analysedividual zones witm a single grain of zircon and
consequently it has been used many zircon dating studiesh@.@addy Lake granites
in Canada, Haldent al, 2007; he Neoproterozoic granitoids in south China, Wahg

al., 2006; the Atype granites in southern India, Satal, 2010).

Because of its lorgy half life, the PB°YU*® ratio was believed to be the most
appropiate one for Proterozoic roclsnd therefee it was chosen to represent the ages.
However, ages derived from the other isotopic rati®°(/U?> PEPLK

PE 1P can also be used but their accuracy is probably lower.

VII.3. Sr results

The Sr isotopicresultsare shown in Table 7.1sochrons were generated usiting
sof t war e soplobasingtle Brisdtdpic analyses from TIMS and the Rb &rd
concentrationgrom the ICP analysis.The RBSr wholerock isochron plots and derived

agesare given irFigs. 7.1and 7.2.

Based on thésochron plots, the ages of the plutons span almost 200 Ma as they range
from 518 to 720 Ma. Jabal Alassah shows the youngest age whereas Jabal Thalabah
shows the oldest. The plutons show a modest age uncertainty (~ 50 to 70 Ma) except for
Jabal az Zuhdhat has an uncertainty of 140a. The isochron fodabal Raydan gives

an age of 776 210 Ma which may be because it is only based on 3 points while the
other plutons used 4 points. Based on the later comparison with-Bieeddalyses and
some previousl published dating, the R®r age for Jabal Raydan is considered
unreliable and excluded. In terms of initial ratios, similar velwere observed for Jabal
Thalebah (0.700) and Jabal Raydan (0.698) and also between Jabal Khur Dukhan
(0.7052) and Jabal AWlassah (0.7054), while Jabal az Zuhd exceptionally shows a
much higher value (0.718).
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Table7.1 Strontium isotopic data of representative samples from the studied granites

Sample| Rb (ppm) | Sr (ppm)| *'RbFeSr 5'SrPosr (’srf°sr)i | Absolute errors| MSWD
AM TH12 85 8 31.69484 | 1.025949 31
11.7
TH12 58 74 2.27101 | 0.724225+14 | 0.7000 * 0.0027 0.0035
HFCA | TH10' 73 59 358855 | 0.73370%12
TH5® 52 190 0.78718 | 0.709644 + 11
APL KD28 55 44 3.37926 | 0.737314+17
KD41 3 140 0.05380 | 0.704766 + 11
35
HFCA [ KD37 123 8 45.77892 | 1.093870 43 | 0.7052 + (0034 0.0021
KD13 107 68 457494 | 0.744445 + 10
JM31 64 185 1.00665 | 0.711789 +11
IM27 63 37 4.96577 | 0.740275 13
57
HFCA [ V18 158 21 21.78070 | 0.866312+38 | 0.7054 % 0.0062 0.0041
IM16 104 169 1.78170 | 0.720749 + 14
AM JR12 79 76 3.00384 | 0.729580 + 11
JR9 41 3 41.92572 | 1.161624+19 | 0.698 + 0.0027 0.0053 23
HFCA | JR3E 58 81 2.07092 | 0.723070 14
3710 81 5 44.05872 | 1.06400 + 20
JzZ8 69 31 6.48073 0.764212
14
APK JZ6 138 21 19.57569 | 0.890878+10 | 0.718+0.047 0.026
372 79 30 9.31333 0.78805 + 3

* Errors or uncertainties were reported as two standardsgi2ae) fosamples witl95% confidence limit.

* Calculated initial ratios using ages and uncertainties in Fig. 7.1.

* Source parameters for model ages are 0.9R28*°Sr and 0.7039Srf°sr

Explanation for abbreviations: TH, Jabal Thalabd€h, Jabal Khur Dukhan, JMlabal AIMassah, JR, Jabal Raydan, JZ, Jabal az Zuhd,
AM, alkali metaluminous, APL, alkali peraluminous, APK, alkali peralkaline, HFCA, highly fractionatedl&aline
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Figure7.1 Rb-Sr wholerock isochron plots for the stuatl granites. Abbreviations:
TH, Jabal Thalabah, KD, Jabal Khur Dukhan



Age =518 £ 59 Ma
Initial *"Sr/®Sr =0.7054 + 0.0062
MSWD = 57
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Figure7.2 Rb-Sr wholerock isochron plots for the studied granites. Abbreviations: JM,

Jabal AtMassah, JZ, Jabal az Zuhd.
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The observed similarity in the initidSr/ 8Sr ratios may indicate a similar magma
source. Jabal az Zuhd, withqaite different initial®’Sr/ ®Sr ratiq presumably has
different magma sourdeom the other plutonggneous source material ssiggested for
the studied plutons, except for Jabal az Zuhdttlvis suggested to have a sedimentary

source.

VII.4. Results of the UPb analysis

The full results of the Wb analyses are given in appendix [Vhe resultsfrom
different isotopic systems are summarised in Table 7.2 and Figs 7.3 and 7.4. The LA
ICP-MS °PbF*%U agesfor thesezirconsyield consisent ages of 554 to 634 MAges

based ori®’Pb/**U are very similar.

Most of the data appear to be concordant and relatively few points plot away from the
concordia. Although a mixing line has been pldtie the figures and intercept ages

calculated, their significance is doubtful.

Table7.2 Ages (Ma) from the LPb zircon analyses (error: 1s)

From Concordia plot Averageage
Upper intercept Lower intercept 2pp Y pp Ay
TH 4681+310 576+17 581 608
KD 2311+790 474+£100 590 609
JR 3269+£1700 597142 634 637
Jz 24174780 533+44 554 554
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Figure7.3 Zircon U-Pb Concordia plots for the studied plutons (error: 1s). Dashed line
is the best fit line. Abbreviations: TH, Jabal Thalah&D, Jabal Khur Dukhan.
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Figure7.4: Zircon U-Pb Concordia plots for the studied plutons (error: 1s). Dashed line

is thebest fit line. Abbreviations: JR, Jabal Raydan, JZ, Jabaluhd.
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According to Koksakt al (2012), ifpoints do plot off the concordia, the older intercept
ages on the concordia may reflect mixing with old material, whaégounger intercept
agescould markthe age of granite crystallizatioor thetiming of a younger event (e.g.
metasomatic alteratign(e.g. Wu et al, 2007; Harley and Kelly, 2007)However,
because there is littievidence for zircon inheritanci is probablethat the discordance

is likely due to Pb loss (Wargf al, 2006; Wuet al, 2007). This could be natural, but it

is also possile that the laser sometimes partially ablated fractures within the zircons or

the epoxy mounting material.

VII.5. Comparison ofRb-Sr and UPb ages

Ages derived from the two methods, together with some previous determinations, are
presented in Table 7.3
- Jabal Thalabah: ThReb-Sr rock age (726869 Ma) is much older than the-Bb
zircon age (581 Ma). A veryikely reason for this difference is that the zircon
age represents the time of magma crystallization, whereas the appaf&nt Rb
isochron represents mixing line between magma source material and older

crust with higher Rb/Sr ratios.

- Jabal Khur Dukhan: The ages from both dating methods (590 ard 58%)
are very similaandprobably represerthe emplacement age.

- Jabal AtMassah: The Ri$r age (51859 Ma) is less than the previously
determined R5r age of 630 Ma.

- Jabal RaydanThe zircon age (634Ma) is much less than the F8r age
(although the latter has a large error, 210 M&)ixing may also be invoked

here.

- Jabal az ZuhdThe age from theircon analysis (554 Ma) is very simiar to the
Rb-Sr age (564140 Ma) and is considered as the crystallisation age of this
pluton.
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VII.6. Discussion

The results fothe initial 2’Srf°Sr ratios athetime of crystallization of théive plutons
provide irformation about processes of formation and magma soilitee ages can be
used to shovhow the intrusives were emplaced during the Arabian Shield evolution

history and clarify the sequence of events for each pluton (see chapter 9).

VII.6 .1 Comment on initial 8’Sr/ 8éSr ratios

Theinitial 2’Sr/®Sr ratios for he studied rocks are mostly lowx(ept Jabal az Zuhd).
Suchlow ratiosare common in the Arabiarhild felsic plutons. These are exemplified
by theJabal Tays and Jabal Sayid granitoids (0.703)ateguggestedo havean origin
by partial melting of mafianaterialin an islandarc tectonic sting over a subduction
zone (AlShantiet al., 1984)andwith insignificant contribution from the crust (Harris
et al, 1986).

On the scale of the Arabiddubian Shieldthe Nakfa intrusive rocks, northern Eritrea,
the Wallagga area artthe Ganjii granitoids, western Ethiopialso showlow initial
873y 883y ratios (.702 to 0.7040.703 and < 0.703, respectivelghd they were all
proposed to bgranitoidsderived from a mantle and/or juvenile crustal source with no,
or only very little, contribution from the pifearrAfrican crust or an older continental
component (Teklayet al 2001; Kebede and Koeberl, 2003). Globally, very similar
procesesof formation fave been alsproposedor the Bulguksa granite in Koreand
the Balkan Granite intrusion, western Turkkgthcharacterized by loW¥/Sr/®Sr ratios
(0.705, 0.703 to 0.704, respectivelkim and Kim, 1997;Aydoganet al, 2008). A
mantlederived magma as also suggesteébr other granitoids from Scotlanghich
show low®'SrFeSr initial ratios(Faure and Powell1972). Many graniteplutors that
show a ange of initial®’Sr/ 2°Sr ratios from0.705 to 0.709e.g. the Damaran -fype
granites, Namibia, the UNveibi albite granite, the felsic rocks from the Sulu orogenic
belt, eastern Chinaand the Pampean rangggsanites,Argentina) arederived by a
variety of processesincluding partial melting of lower crusior upper enriched
lithospheric mantle (Livet al, 2008) coupled with minimal involvement of LREE
enriched continental crust and limitedystal fractionation (Junet al, 1998;Hassanen
and Harraz,1996Rapelaet al.,1982. Other plutons with higher initidl’Sr/ %°Sr ratios
(above 0.709) like the Yda granitesfrom the Bitlis Massif, southeastern Turkelye
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granitoids of the Urucum suite, south eastern Brazil, the Jalama batholith granites from
Spain,the Paresis ring complex, Namibitne Carboniferous granitoids from Argentina
andthe Gabalat age westcentral Arabian Shielthdicatemajor anatexis(Helvaci and
Griffin, 1984),partial melting of preexisting crustal material (Ruit al, 2008),and/or
possibly upper (Junet al, 1998,Rapelaet al.,1982)or lower crustal material (Radain

et al, 1987). Itbasically meanghat themagmaformation processes is dominated &y
large contribution o€rustal material (Nalingt al.,2000, Jonest al, 1996). Initial®’Sr/

83r ratios of some plutons (0.705 to 0.709 from Jeingl, 1998 and 0.717%dm Zaw,

1990) are similar to those of some of the studied granites. This suggests that a
metatonalite source is possible for Jabal Khur Dukhan and Jabdbgdah and a
possible derivation by melting of mediurto high-grade, regionally metamorphosed
courtry rocks for Jabal az Zuhd. A metamorphic source rock for the studied rocks is
possible based on other examples of metasedimentry rocks which show similar initial
87Sr/8%Sr ratios (e.g. 0.709 to 0.730 frdBuller Terrain in New Zealand, 0.651 to 0.728
from the Lachlan fold belt in southeastern Australia and 0.705 to 0.719 from southern
Chile, Adamset al, 2005). Some Neoproterozoic granitoids in northeastern Africa
which are characterised by low initial strontium ratios (0iD0807) are suggested to be
derived from juvenile, Neoproterozoic crust (Kuster and Harms, 1998). The initial
strontium ratios of Jabal AWassah and Jabal Khur Dukhan fit within this range,

possibly indicating a similar source.

According to Mohamed and Hayed (2008) a major d#rence betweerthe
hypersolvus Gabal Gharib grandaadthe subsolvus Homer Akaregranitefrom Egypt
is theinitial strontium ratios (0.711 for tfermerand 0.706 for théatter). In the study
area, thelabal az Zuhd alkali granites are only hyperseland have &igh initial

strontium ratio > 0.71lwhile the other granites are both hypand subsolvus nature
with and havdower initial strontium ratis < 0.706) The much highemitial #’Sr/®°Sr
ratios of Jabal az Zuhd in comparison with theeotBtuded plutons indicates a
significant crustal contribution in the peralkaline magma Radain et al. (1981)

suggested for peralkaline graniedsewhere in the Arabian shield.

Genetically, he mantletype igneous plutorhas®’SrFP®Sr isotopic ratio< 0.706, while
that of the crustatype is > 0.710 (Fitton and Upton, 1987). This means that the Jabal az
Zuhd granitoids could be of crustgipe while the other plutons are of maritjpe.
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Generally speaking, intermediate to high ratios may indicatereltigbridization of
magmas with contrasting composition and source (Hallielawl., 1980) or crustal
contamination(Mackenzie, 1988]Joneset al, 1999. The isotopic studies show that
upper mantleelated sources contaminated by crustal material represgossible
source material for the studied granites. Exceptionally, Jabal az Zuhd could represent
anatectic melts of mostly lower crustal rocks which were contaminated with upper
mantlederived material and this may have led to an assimilation fractional
crystallization process,as in theNeoproterozoic postrogenic granites ofAgudos
Grandes in southeastern Brgtikite et al.,2007)

VIl.6.2 Comment onages
The ages from both RISr and UPb zircon methods are compared with previously

published values Table 7.3.

Table7.3. Ages of granites derived from different methods and previous studies
(Stoeser, 1986).

Rb-Sr (Ma) U-Pb zircon (Ma) Previous RESr (Ma)
TH 72069 581
KD 599+47 590
JM 518t59 630
JR 776£210 634 629
JZ 564+140 554

The ages for thestudied intrusivesndicate a broad duration of magmadictivities (~

170 Mg which fits into the Arabian Shield evolution models of both Geanal
(2002) and Duyverman (1982) atite age range (517 to720 Ma) of the Arakinubian
Shield rirg complexes that were given by Vail (198During the formation of the
Arabian Shield the magmatarc stage was terminated by two collisions (6380 Ma)
resultingin a shift from arc magmatism dominated by intermediate plutonic rocks to
collisionrelatal graniticmagmatism (66&10 Ma). The final phase of plutonism within
the Shield (61610 Ma) was the formation of widespread postorogenicacratonic
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evolved peraluminous to peralkalinalkali-feldspar granite¢Stoeser, 1986) All the

plutons appar to be Ediacaran in aglabal AtMassah and Jabal Raydan are Ediacaran
postcollision plutonsbut represent transitional stage of events. Jabal Khur Dukhan and
Jabal azZuhd represent the pestogenicintracratonicshift sege. Jabal az Zuhd more
spedfically correlates with the final suturing event of the Gondwana supercontinent that
occurred between 48660 Ma (Satoet al, 2010)and is contemporary witthe final
posttectonic magmatic event in northern Ethiopladesseet al, 2000) On a global

scale, the studied granites show contemporary emplacement with several other alkaline

intrusives (Table 7.4).

VII.7. Conclusions

The earlier chapters have shown that each pluton is characterized by a certain lithology,
mineralogy and geochemistry. This dyuhas added more geochemical differences
between the plutons. Jabal az Zuhd has already been distinguished from the other
plutons by: having a different magma source, its hypersolvus and peralkaline nature,
considered as the most evolvplliton, hosting kaline amphibole, being the richest
pluton in Fe and REE and rare metal content. This study has added significant

information about the source material, age and evolution of the granites:

1- Source material: Jabal az Zuhd may have been derived from lavstalcsource
material (possibly metasedimentary) and contaminated with either a crustal
component or upper manttkerived magmas. Annvolvement of Archaean
crustal components in the petrogenesis of these grandouds also be possible
(particularly forthose of Jabal Thalabah and Jabal Raydan. The other plutons
were possibly derived from an upper mantle, possibly metaigneous source and

were also subjected to contamination.

2- Age: the granitesrange from earlyJabal Raydan and Jabal-Massah)}to late
(Jabal Khur Dukhan]abal Thalabah and Jabal az ZuBdjacaran

3- Evolution: thegranitesrange frompostcollision (Jabal Raydan and Jabal Al
Massah) to early intrplate (Jabal Khur Dukhan, Jabal Thalabah and Jabal az
Zuhd).
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Table7.4 Examples of granitids with similar ages to the studied plutons

Name of Pluton

Plutons with contemporaneous emplaceme

References

Jabal Raydan and
Jabal AlMassah

Nakfa intrusive rocks, northern Eritrea, 62
640 Ma

(Teklayet al,, 2002)

Jabal Thalabatand

Jabal Khur mkhan

The Neoproterozic metaluminous Galiléia 4
peraluminous Urucum suites 8E Brazil,594
+ 6 Ma and 582 + 2 Ma.

(Leite et al., 2007)

The postcollisional metaluminous granitoid
in the Late Neoproterozoic East Africa
Orogen,in northern Africa, 58-590 Maand

granites from Madagascar with 585 Ma old.

(Kuster and Harms,
1998)

Jabal Az Zuhd

Neoproterozoic  granitoids in  northe
Ethiopia, 550 Ma.

(Tadesset al, 2000)

Postcollisional granitoids north central (
Sudan, 549+12 Ma.

(Kuster and Hans,
1998)




VIl . Summary and conclusios

VIII .1. Introduction

This chaptefocusse®n the issues that are directly related to the aims of the project:

- Characterisinghe five studied intrusiveis the study areas,

- Determiningwhen they formed howv they formed anchow theyfit into the
tectonicevolution of the Arabian Shield,

- Finding outif they could have anyeconomic potentiain terms of metal

resources

These aspectsill be covered in three parts:

1) List thecharacteristicef the rocks andssess their similarities and differences.

2) Constructa model for the evolutiary history of the area and the sequence of
events, usingnformation aboutthe tectonic setting, agesjagma source and

depth of emplacemenf the plutons.

3) Based on the aboveformation, suggesivhy these plutons were emplaced in
certain tectonic reginseand why they show such characteristics

VIl .2. Characterization

The main characteristics of the studied plutone aummarized in table .R
Furthermore, geological maps difiese granitoids have been produce (Chapter 3).
Overall the plutas are similar as they are alagnesian to ferroan, unfractionated €alc
alkaline to highly fractionated alkaline and exhilmitedium to high K characteristics.
However, subtle differencesTéble 82) have beerobservedmostly between Jabal az

Zuhd and the other plutons. Such differences may relate to a different magma source
and different degrees of contamination and fractionatdnch consequently have led

to ther different chemical chacteristics.
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Table 8.1 Characterization of the studied plutons

Pluton

Geology

Lithology

Mineralogy and textures

Geochemistry

Resources

Age and setting

Process of formation
and magma source

Jabal Thalabah

Ring-complex structure an

affected by sheazones.

MG to GD > AG to SG Coarse
mediumgrained, whitish grey
GD & MG and buff pinkish SG

& AG

Am (katophorite), bi, ms, chl,

ap, zr, tit, hm & mag

Dominated by perthitic & less

myrmekitic textures

Dominantlysubsolvus,
ferroan to magnesian,
alkaline b calcalkaline,
medium to high K, low
metaluminous to variable

peraluminous

Low potential: poorest
pluton in rare metals;
found associated with

ap, zr & tit.

Rb-Sr: 720 Ma fixing?) U-Pb
zircon: 581 Ma ¢rystallization
age).

Postorogenic to withiaplate
magmatism

Partial melting,
fractionation, local
hybridization (late) and
subsoldus alteration

Fromanupper mantle
source

Jabal Khur Dukhan

Heterogeneous. Comprises
two plutons that show no
clear, relative age
relationships.

AG to SG > MG to GD Coarse

medium grained, porphyritic,

light grey GD & MG and

pinkish to reddish SG & AFG

Am (rare, not characterisgti,
chl, ap, zr, alla, fl, hm, mag,
ilm, xe, ferg, syn (?), Adrt
alloy & free Ag.

Shows well-developed
perthitic & less myrmekitic

textures.

Dominantly subsolvus and
ferroan, alkaline to caic
alkaline, medium to very
high K, mildly
metaluminous to

peraluminous.

Potential: the second
richest pluton in rare
metals and their

minerals

Age of emplacement from 599
(Rb-Sr) to 590 (UPb zircon) Ma

Postorogenic to withiaplate

magmatism

Partial melting,
assimilationfractional
crystallization, fractionation

and subsoldus alteration

Fromanupper mantle
source

Jabal AtMassah

Shows clear nested structu

with unclear boundaries.

AG to MG > GD

Coarsegrained whitish MG,

light grey GD and reddish AFG
and porphyritic pinkistreddish

SG

Am (gedrite), bi , ms, chl, ap,

zr, hm, mag & mo

Shows well-developed
perthitic & less myrmekitic

textures

Dominantly subsolvus and
ferroan to magnesian,
alkaline to cat-alkaline,
medium to high Kmildly
metaluminous to

peraluminous

Low potential: &rgest
amount of monazite
Rare metals are
associated with zr,

apatite & mo

Rb-Sr: 518 Ma (metasomatic e®e

Previous RESr: 629 Ma

(emplacement ag®

Syn to Postorogenc magmatism

Partial melting,
assimilationfractional
crystallization and
subsoidus alteration. From

anupper mantle source

Jabal Raydan

Shows incomplete doubl

ring-complex structure

AG to MG > AG to SG

Coarse & mediungrained white

MG and reddish AF@nd less
porphyritic pinkish SG

Am (katophorite, low
ferrogedrite and very low
ferrchornblende/ferroactinolite
and Erroedenite) bi, ms, chl,
ap, zr, alla, tit, th. Shosssome
perthitic andcommon

myrmekitic textures

Dominantly subsolvus and
ferroan, alkéine to cale
alkaline, medium to high K
metaluminous to

peraluminous

Low potential:
presence of fl and th.
Rare metals are mostl

restricted to alla

Age of emplacement from 634 {U
Pb zircon) to 630 (Previous R#r)

Ma.

Syn to Postorogenic magmatism

Patial melting,
assimilationfractional
crystallization (weak),
fractionation and subsalus
alteration. Fromanupper

mantle source

Jabal az Zuhd

Large and massive; the mg

homogeneous pluton.

Dominated by AG with much
less SG. Carsegrained, gray
andpink AFG and some

porphyritic and mediurgrained

SG

Am (arfvedsonite), bi, ms, chl,
ap, zr, tithm, mag, ilm, rumo,
xe & ferg. Dominated by

perthitc textures

Dominantly hypersolvus anc
ferroan, alkaline, HigiK,
variable peralkaline to low

metalumimous

Good potential: riches
pluton in rare metals

and their minerals

Age of emplacement from 564
(Rb-Sr) to 554 (UPb zircon) Ma

Postorogenicto within-plate

magmatism

Partial melting,
assimilationfractional
crystallization, fractionation

and subsoldsialteration

Fromalower crustal source

Explanation of terms: aramphibole, biiotite, msmuscovite, chichlorite, apapatite, zszircon, tittitanite, allaallanite, fHluorite, th-thorite, hmhematite, mgmagnetite, ilmilmenite, rurutile, mo

monazite, xexenotime, feregfergusonite, sysynchysite, AGalkali granite, S&yenogranite, M@nonzogranite, GEyranodiorite
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Table 82: Differences between the studied plutons

Differences

Jabal az Zuhd pluton

The other studied

plutons

Between the other

studied plutons

More homogeneous anigas

Heterogeneous with

JR is less heterogenol

. no xenoliths abundant xenolith and much less xenolith
Liththology TH displays hybrid
rocks and chilled
margirs.
Richest juton in FeTi | The oxides are lesy JM and KD are poor if
oxides (magnet#, hematite,| abundant and are| amphibole. JR is thg
Mineralogy ilmenite & rutile) and theg dominated by magnetit| only pluton that show
poorest in plg and hematite. more than one type ¢
amphibole
Peralkalineto metaluminous| Meta to mildy TH shows variable
peraluminous peraluminais

Geochemistry

Showsthe highest Fe conten

The most alkaline (evolved)

Only the enriched phase
showa high Fe content

granodiorites

The richest pluton in rar

eartts and rare meta

Less enriched in rar

eartls and rare metals by

JR presents th. JM i
richest in monazite. KO

Resources N, . . .
show variality in their | containssynchysite ang
content of metals o fluorite, Au and Ag
significane.

The most contamated| Less contaminated an JM and KD show

pluton and the only one thq all suggest a mantle| almost the same intial
Formation .

suggedt acrustal source source Sr ratio, therefore,
process and

magma source

suggeshg a similar
magma sourceTH and
JR are less affected &

contamination

Abbreviations:

TH, Jabal Thalabah, KD, Jabal Khur Dukhan, JM, Jabdbatah,
JR, Jabal Raydan, JZ, Jabal az Zuhd.
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VIII .3. Geological evolution

The previous models of Genret al (2002) andDuyverman (1982 did not give

detailed information about ¢hevolutionary history of the Arabian Shield. This study

has provided more detail. New dtgraphic relationships (Table ® are presented to
suggest the sequences of events that occurred during the Arabian Shield formation and
to clarify in which stagéhe studied granites were emplaced. Furthermore, the suggested
ages and the source of magma have assi st

tectonic regime of the plutons.

In terms of stratigraphic relationships, the Arabian Shield formatemimitiated during

the beginning of the NeoProterozoic (Upper Proterozoic) Era, a period that was
dominated by islandrc collision and was accompanied with several depositional and
tectonic cycles (Najd and the Hijaz). Thetteic and depositional cydelastedfor
almost 400 Ma. Between 950 and 670 Mlgposition was dominated by the Baish,
Baha, Jeddah, Halaban and Hulaysah groups (older to youmdjee, south and central
parts of the Shield), by the Za'am, Zaytah and younger Bayda groups (in the
northwestern part of the Shield) and associated with metapyroxenites, metagabbro,
sheeted dykes, massive and pillow basalt, marine sediments, vskdintentary
association, metagabbdiorite complexes, calllkaline granitoids rock unit§he last

stage ofthese events was marked by the depositomhefThalabah group and the
initiation of the posamalgamation perth From 670 to 550 Ma continualepositions

was dominated by the Ablah, Shammer and Mardama groups and the Minaweh
formation (older to younger) These consisted of molasse sediments, dykes,
intermediate to acidic volcanics, layered intrusive gabbros and alkaline and peralkaline
granites together with synchronous, pastalgamation tectonism. The early to middle
stages were marked by the initiatiof the Najd Fault System and by the emplacement
of both the Jabal Raydan and JabalMessah plutons. The middle to late stages were
marked by the end of the pemthalgamtion events and the beginning of the iplade
(Gondwana brealap) tectonism in wich the Jabal Khur Dukhan, Jabal Thalabah and

Jabal az Zuhd granites respectively were emplaced.



Table 83: Proposed sttigraphy for the Arabian shieldpmbiningdifferent classification schemes for tectonieets

Geological tines Chrogenic events Depostional cycles Groups and Formmations Rockunits Fluton
=
=
-
- JEA
=W
2432
= | 440 4 g 4 IZ D
g | TTUE T4
g i & Alkaline & Peralkaline granit ARA
5] — e er aune Srariiie
:E UPPER. PAN-AFRICAN : E i i o - BTH
K - A o 2 Layered intrasive gabbro ED TR 1A% g
aon ! & = - ; . _ - .
! i Eq'fme g v & Minaweh = MeddanTarra ah formations | Intermediate to acidic voleanics T JRL I3 1h9H
I
. - | : g Mardama, Shammer and Ablah groups Molasse sediments & dykes E
u I | _E
E = Island arcs and Ophiolites 1 | E Peralaminons gramte H
I .
B % P b Thalab ah group (Sulaysivah/Saluwah
= a + s Calk-alkaline granitoids
? s T and Amlas, Hinshan)= Eahabah formations o
e | © &0 1..2_ Iietagabbro-dionte complexes
B 2 Hulaytah, Halaban, Jeddah, Baha and Baish _ o
Sefuetice = Voleato-sedimentary association
MIDDLE FAMN-AFRICATN o Sroup s
530 E IMatitie sediments
= ol —
i} = Bavda group (Hasha'Amud formation) = W assive & Pillow basalt
. Ehawr formation
E aheeted dykes
Seruetce 0 :
Za am group (silasial Ghawiah or Metagabhbro
1000
. -2 LOWER PAN-AFRICAN Al-Marr formation) = Zaytah group Metapyroxenites
H
E E (SilasiaHegaf formation)
=
=¥

Explanation of terms: JZ, Jabked Zuhd, KD, Jabal Khur Dukhan, JM, JabalMédssah, JR, Jabal Raydan, TH, Jabal Thalabah (black colored = studied pluton), S, Sadr, |
JS, Jabal Shar (blue colored = previous dated plutons from Midyan terrain) JRA, Jabal Radwa, JD, JabalIdabtadghal Tukhfah, JA, Jabal Aja , AAA, Aban Al Ahme
JARR, Jabal Ar Rumman, JHAS, Jabal Hadb Ash ShBrd8adan JB, Jabal Bidayah, JAW, Jabal Awaj, ANN, An Nimar, JASH, Jabal Ashirah, K, Kwar, H, Hamra (red cc
previous dated alkapluton from the Arabian Shield), singbminted blue arrow, postmalgamation event, doubb®inted blue arrow, amalgamation events. Orogenic events
Gass (1981)Gennaet al (2002 andJohnson (2006)depositional cycles from Jackson and Ramsay(Q)L88d AtShanti (2003), groups and formations from Davies@rainger
(1985), Clark (1986), Rowaihy (198&rainger andHanif (1989 andGennaet al (2002, rock units fromGennaet al (2003, additional pluton ages from Stoeser (1986).
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In terms of regional pta tectonics, two phases (FiglBof collision (representing three

tectonic environments) are proposed:

1- Syn to postollision: this environment is exemplified ke circular,
nested complex oflabal AtMassahand by the incompletecircular
pluton of Jabal RaydarBoth were derivedby partial melting ofan
undersaturatedo saturatedcalcalkaling metaigneousupper mantle
sourcefollowed by assimilatioffractionation.Around 630Ma the Jabal
Al-Massah and Jabal Raydptutons were emplaced. Jabal-lMbhssah
intruded t he ¢ o u,nBaydayand Thalakah graep t h e
and was later intruded by felsand basic dykes, and possibly affected by
a much younger (fluidelated?) evenaround 520Ma. Jabal Raydan
intrudedt he country rocks o fandtwhselateZ a 6 ar
intruded by felsic dykesThe apices of the alkali granite intrusiwesre

partially affected by a latdoliation event.

2- Postcollision to riftrelated: this environment is exemplified liye
elliptical-shapedcomplex of Jabakhur Dukhan the small ring structure
complex ofJabal Thalabahndthe subcircular pluton of Jabal az Zuhd
These plutons show different magma sources and processes of formation.
Jabal Khur Dukhan were derivéy partid melting of undersaturatetb
saturatedcalc-alkaline metaigneousipper mantlematerialfollowed by
assimilationfractionation at around 600 Ma. This plutomtrudedthe
country rocks of t bsesepafase®ud possible t a v o
contemporaneousalkali-syenogranite and monzograngeanodiorite.

The pluton was later intruded by felsic dykes aifibcted by fluids,
leading to the development of pegmatiteins During thefinal stages of
development the plutonwere affected byslight metamorphis. Jabal
Thalabah waslerived by partial melting afindersaturated to saturated
calcalkaline metaigneoysupper mantle sourcenaterial followed by
assimilationfractionation and soméocal hybridization at the contact
zones of the complex shorthefore solidification. At around 58Ma

the complex intrudedthe Za 6 am met ay cdparaten but s

contemporaneous syenogranite and monzogrgnieodiorite melts
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followed by felsic and basidike swarms anthte-satge, subsolidus fluid
processes. Finally theluton anddykeswere partially affected by NE-

SW ragional shear zondabal az Zuhd was derived pgrtial meltingof
reduced, relatively anhydrous metasedimentary lower crustal source
which was to some extent contaminated likiezi upper crustal maiat

or rising upper mantlelerived melt At around 550 Ma the pluton
intrudedthe metavolcanics dhe Zaytah group and the metasedimeuits

the Minaewh formdéon. Hnally it was affected by late post

solidificatioin fluidswhich produceghegmatite and quiz veins.

The granites rangdrom late subductiomelated Cryogenian to earlyntra-plate
EdiacaranAll of the plutons With the excepion of Jabal az Zuhdare suggested to be
bell-jar shaped and passively emplaget the less ductile country rocky a cauldron
stoping mechanisn{Jabal az Zuhd was probably emplabgdnore constanipwelling

of magma) Depths of emfacement were in the rangel2 km. Aimost all of the
plutons which are considered as alkaline (whether from Midyan terrain or elggwher
were mainly emplaced in pestogenic to riftrelated enviromerts. The most evolved
granites appear to be emplaced at the shallowest level but at the highest temperature,

and in the most advanced tectonic setting.

This work suggestghat the formation of the Arabian Shield was marked hbine
occurrence ofNeoproterozic igneous plutons thaere associated witbomplexand
evolving tectonic eventsThe study haslso assisted irconstructing a new map (Fig.

8.2) containing the plutons dhe Midyan terain ard their ags. The geochemical study

has raised the possibility of the various types of source material, but the Sr isotopic
study appears to be the most definitive and has suggested metasedimentary source
material for the Jabal az Zuhd granite andaigmeous source materitdr the other
granites (Table &). In addition, the tectonic setting diagrams were found to be not
particularly definitive in suggesting a precise tectonic environment, possibly because of
the affect of other processes (elemesdistribution from hydrothermal fluids and/or
assimilation); this is particularly the case with the diagrams using the Rb, Nb and Y

values.
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Panafrican Orogene o Gondwana cottinental collizion (750-580) represents continental crast with woleardsm composition range from tholeditic to cale-alkaline to alkaline

Lithosphere

Island-ates hawve commected with each other & with the continental plate. Habitab-belt formation, the composition of the magma produced
represents the type of the intsive igheous plutons

S Post-collision to rift-related Syn- to post-collision  Post-collision to rift-related N
=S\ 11111 G
Lithosphere M T —=
~———{50 ki
Jabal Jabal T Astheno sphere
Thalabah Khur Dukhan  Jabal Raydan Jabal Al-Massah Jabal az Zuhd

Fig.8.1: Proposed evolutiary model for the studied igneous intrusiveshaeMidyan terrain (Location of Mid/an terrain highlighted in

upper diagram frorbuyverman,1982.
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Referring to the Arabian Shield, this project has ddsteme valuable information:

1-

2-

Based on fieldwork andletailed mineralogical and geochemical studiés,

granites from the five areas havesn mappedind characterized.

For the first time, the ages of the five granites have been determined uBing U
zircon dating. This has generated more precise information about the time of
formation and, coupled with the geochemistldies;it has helped to provide a
model for the evolution of the Midyan terrain. There is clear evidence (Table
9.4) indicating the rolesf several processes in magma development: fractional

crystallization, subsolidus fluid activignd assimilation.

The eonomic study has indicated the potential of these granites for certain rare
elements, but particulary the granites of Jalzakahd, JabalKhur Dukan and
Jabal Al MassahFurther work is recommendgfbcussingon the very alkaline
varieties ofthese granites, together withe pegmatitc and porphyritic felsic
dykes of Jabal Raydan and the mafic dyaedabal ThalabaiThe presence of
Au-Pt alloy and free Ag in the Jabal Khur Dukhan pluton requires oetegled

mineralogical work.

It is suggested that the enrichment in rare elements is most t¢iaetyolled by
fractionation and subsequent fluid processes. The rare elements seaweto h
been concentrated in the Na andried grantes by fractionation, but theyere
then probably redistributed by las¢age, alkaline, subsolidus fluids.



Table: 84.Evidence for magma sources and process of formation

Magma source

Fractional crystallization

Mixing or assimilation

Subsolidus alteraiton

1)

2)

3)

4)

Modal diagram suggests
parentakonalitic
composition.

Ferich melts probably
reflect derivation from
reduced basaltic rocks
(Frost and Frost, 1997).
Theexperimental
dehydration melting of
metasedimentary rocks
(Fig. 6.10, a) suggest
metagreywacksource
for some of the rocks
The isotopic work
suggests metaigneous
source for all the plutong
except Jabal az Zuhd
(metsedimentary source

1)

2)

3)

4)

5)

The presence of granitoids with
various composition (GD to AG)
The REEbearing minerals are
formed from highly fractionate
magmatic systems (Bortnikaat
al., 2007)

The development of the negative
Eu anomaly from the less to the
more felsic rocks.

The diagram 6.d of Sylvester
(1989) shows that most of the
rocks plot in the field of highly
fractionated calclalkaline
granites

Diagram 6.11 display that the
highly-fractionated rocks are
arranged on a linear trend
specifically on the Sr vs Ba

diagram

1) The presence of
xenoliths

2) The presence of
rapakivi texture (re
crystallization
involving magma
mixing)

3) Assimilation
combined frattonal
crystallization trend
(Fig. 6.10, a)

4) Mixing line on
modal composition
diagram (Fig.6.12)

5) The isotopic study
indicates variable
degree of
contamination.

1) Altered rocks

2) Mineral
replacement o
the presence
of secondary
minerals

3) The
proportional
relaionship
between the
L.O.land K
coupled with
the presence
of muscovite.

194



Appendices

19¢



|. Sampling

One hundred and sixgevensamples(Table 1.1), covering differentock varieties,

were collected during major trip which wasarried out fromlate April until late June

2009 The tripcoverd 5 different igneous plutonis the Midyan terrainand from the

south to the north thesare Jabal Thalabah (41 samples), Jakaur Dukhan (42
samples), Jabal AWlassah (40 samples), Jabal Raydan (30 samples) and Jabal az Zuhd
(14 samples).

In terms of climate, the trip bagin warm, sunny and humid weathéuyt in late May

and June, the weather lamee harsherand te workinghours in the fieldhad to be
redu@d. Another important issugas that theareashave a fairlymountainous nate

with steep slopes and this caused some difficulties in reaching their upper parts.
Furthermore, dring the summer times the heat increasesriouswild animals leave
thevalleysand seekhe higher partto find more relief. So, climbing thmountains was

bothdifficult and potentially quite dangerous.

The felsic complexebaveto some extenbeen affectedby deformation alteration and

weathering, so collectinfgesh samples wasmetimedlifficult.
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THL'
TH2'
TH3'
TH4'
TH5'
TH6E'
TH7'
THS'
THY'
TH10°
TH1L'
TH12'
TH13'
TH14'
TH15'
THL-A
TH1-B
TH2
TH3
TH4
TH5
TH6
TH7
TH8
THY
TH10
TH11
TH12
TH13
TH14
TH15
TH16
TH17
TH18
TH19
TH20
TH21
TH22
TH23
TH24
TH25

N 26° 42' 50", E 36° 15' 30"
N 26° 43' 21", E 36° 15' 22"
N 26° 44' 04", E 36° 14' 45"
N 26° 44' 02", E 36° 14' 43"
N 26° 42' 53", E 36° 15' 54"
N 26° 44' 04", E 36° 14' 45"
N 26° 43' 46", E 36° 15' 50"
N 26° 43' 49", E36° 15' 16"
N 26° 43' 49", E36° 14' 46"
N 26° 43'13", E 36° 15' 22"
N 26° 43' 15", E 36° 15' 30"
N 26° 43' 57", E 36° 14' 45"
N 26° 44' 02", E 36° 14' 44
N 26° 44' 04", E 36° 14' 44"
N 26°42' 44", E 36° 15' 24"
N 26° 42' 49", E 36° 15' 01"
N 26° 42" 49", E 36° 15' 02"
N 26° 42' 56", E 36° 15' 38"
N 26° 43' 34", E 36° 15' 23"
N 26° 43' 31", E 36° 15' 16"
N 26° 43' 22", E 36° 15' 20"
N 26° 43' 33", E 36° 15' 38"
N 26° 43' 56", E 36° 15' 40"
N 26° 44' 01", E 36° 16' 03"
N 26° 43' 58", E 36° 16' 21"
N 26° 43' 32", E 36° 15' 31"
N 26° 44' 38", E 36° 15' 38"
N 26° 43' 20", E 3615' 14"
N 26° 43' 51", E 36° 14' 49"
N 26° 44' 02", E 36° 14' 43"
N 26° 44' 19", E 36° 14' 17"
N 26° 44' 15", E 36° 14' 46"
N 26° 44' 47", E 36° 14' 33"
N 26° 44' 54", E 36° 16' 30"
N 26° 44' 47", E 36° 16' 45"
N 26° 44' 33", E 36° 16' 55"
N 26° 44' 31", E 36° 16' 42"
N 26° 44' 09", E 36° 16' 38"
N 26° 44' 37", E 36° 16' 04"
N 26° 43' 10", E 36° 16' 19"
N 26° 42' 20", E 36° 14' 32"

KD1
KD2
KD3
KD4
KD5
KD6
KD7
KD8
KD9
KD10
KD11
KD12
KD13-A
KD13-B
KD14
KD15
KD16
KD17
KD18
KD19
KD20
KD21
KD22
KD23
KD24
KD25
KD26
KD27
KD28
KD29
KD30
KD31
KD32
KD33
KD34
KD35
KD36
KD37
KD38
KD39
KD40
KD41

Table I.1. Sample numbers and locations.

N 26° 44' 39", E 36° 13' 20"
N 26° 45' 09", E 36° 13' 38"
N 26° 45'42", E 36° 13' 28"
N 26° 46' 26", E 36° 13' 29"
N 26° 46' 28", E 36° 13' 31"
N 26° 46' 53", E 36° 13' 24"
N 26° 46' 57", E 36° 13' 16"
N 26° 47' 08", E 36° 13' 08"
N 26° 47' 19", E 36° 12' 60"
N 26° 47' 19", E 36° 12' 60"
N 26° 47' 57 E 36° 13' 12"
N 26° 47' 57", E 36° 13' 23"
N 26° 47' 57", E 36° 13' 23"
N 26° 47' 57", E 36° 13' 23"
N 26° 47' 60", E 36° 13' 20"
N 26° 48' 01", E 36° 13' 42"
N 26° 48' 18", E 36° 13' 44"
N 26° 48' 26", E 36° 13' 50"
N 26° 48' 44", E 36° 13' 45"
N 26° 48' 54", E 36° 14' 04"
N 26° 49' 08", E 36° 14' 01"
N 26° 49' 24", E 36° 14' 08"
N 26° 49' 40", E 36° 13' 24"
N 26° 49' 36", E 36°3 05"

N 26° 49' 07", E 36° 12' 60"
N 26°50' 57", E 36° 12' 38"
N 26° 50' 39", E 36° 11' 08"
N 26° 49' 44" E 36° 10' 44"
N 26° 49' 44", E 36° 10' 48"
N 26° 52' 48", E 36° 10' 57"
N 26° 53' 14", E 36° 10' 39"
N 26° 53' 26", E 36° 10' 20"
N 26° 53" 47", E 36° 10' 19"
N 26° 54' 14", E 36° 10' 25"
N 26° 54' 26", E 36° 10' 08"
N 26° 54' 28", E 36° 10' 06"
N 26° 55' 03", E 36° 10' 16"
N 26° 55' 00", E 36° 11' 00"
N 26° 50' 00", E 36° 11' 00"
N 26° 47' 12", E 36° 10' 60"
N 26° 47' 02", E36° 11' 00"

N 26° 46' 60", E 36° 11' 26"

JM1
JM2
JM3
JM4
JM5S
JM6
JM7
JM8
JM9
JM10A
JM10 B
JM11
JM12
JM13
JM14
JM15
JM16
JM17
JM18
JM19
JM20
JM21
JM22
JM23
JM24
JM25
JM26
JM27
JM28
JM29
JM30
JM31
JM32
JM33
JM34
M1
M2
M3
M4
M5
M6

N 27°17' 00", E 36° 04' 24"
N 27°17' 28", E 36° 04' 11'
N 27°18' 15", E 36° 04' 05'
N 27°18' 08", E 36° 05' 22'
N 27°18' 15", E 36° 05' 56
N 27°18'10", E 36° 05' 39'
N 27°18' 29", B36° 05' 39"

N 27° 18' 50", E 36° 05' 47"
N 27° 18' 60", E 36° 05' 18"
N 27° 18' 60", E 36° 05' 00'
N 27° 18' 60", E 36° 05' 00’
N 27°19' 00", E 36° 05' 00'
N 27°19'17", E 36° 08' 41"
N 27° 21' 60", E 36° 08' 27'
N 27° 22' 00", E 36° 07" 37"
N 27°19' 33", E 36° 05' 56'
N 27° 20' 23", E 36° 04' 32'
N 27° 18' 54", E 36° 02' 46'
N 27°18'57", E 36° 07' 26
N 27°19' 36", E 36° 028"

N 27° 20' 48", E 36° 02' 53'
N 27 20' 30", E 35° 57' 25"
N 27° 21' 23", E 35° 57" 46'
N 27° 21' 29", E 35° 58' 52'
N 27° 21' 06", E 35° 57" 17"
N 27° 20' 26", E 35° 58' 07"
N 27° 20'13", E 35° 57' 06'
N 27° 20' 40", E 35° 56' 48'
N 27°18' 39", E 35° 59' 38
N 27°17' 30", E 36° 02' 21"
N 27°19'11" E 36° 01' 15
N 27°19'46", E 36° 00' 16'
N 27° 20'32", E 36° 01' 14"
N 27°19' 28", E 36° 03' 12'
N 27°18'57", E 36°D 43"

N 27° 20' 28", E 36° 02' 14"
N 27° 17'47", E 36° 05' 36"

N 27° 16' 51", E 36° 05' 33"
N 27°17' 05", E 36° 03' 52"
N 27° 16' 48", E 36° 03' 43"
N 27°17' 01", E 36° 03' 06"

JRIA
JR1B
JRIC
JR2A
JR2B
JR3A
JR3B
JR3C
JR3D
JR3E
JR4
JRS5
JR6
JR7
JR8
JR9
JR10
JR11
JR12
JR13A
JR13B
JR14
JR15
JR16
JR17
JR18
JR19
JR20
JR21
JR22
JZ1
JZ2
JZ3
JZ4
JZ5
JZ6
JZ7
JZ8
JZ9
JZ10
JZ11
JZ12
JZ13
JZ14

N 27°15'28", E 36° 13' 01"
N 27°15'28", E 36° 13' 01"
N 27°15'28"E 36° 13' 01"

N 27° 15' 25", E 36° 13' 30"
N 27° 15' 25", E 36° 13' 30"
N 27°16' 01", E 36° 13' 35"
N 27°16'01", E 36° 13' 35"
N 27°16'01", E 36° 13' 35"
N 27°16'01", E 36° 13' 35"
N 27°16'01", E 36° 13' 35"
N 27° 15'46", E 36° 14' 01"
N 27°15' 03", E 36° 14' 20"
N 27° 15'06", E 36° 14' 57"
N 27° 14' 44", E 36° 15' 31"
N 27° 14' 02", E 36° 16' 16"
N 27° 13'48", E 36° 1515"

N 27°13'27", E 36° 15' 24"
N 27°13' 35", E 36° 16' 59"
N 27° 14' 28", E 36° 17' 21"
N 27° 15' 05", E 36° 16' 37"
N 27° 15'05", E 36 16" 37"

N 27° 15' 26", E 36° 16' 00"
N 27° 15' 34", E 36° 14' 55"
N 27°15'53", E 36° 12' 52"
N 27° 16' 08", E 36° 12' 54"
N 27° 16' 23", E 36° 12' 52"
N 27° 17" 25", E 36° 12' 59"
N 27°16'57", E 36° 13' 28"
N 27° 16'48", E 36° 14' 08"
N 27° 16' 49", E 36° 14' 08"
N 28° 18' 59", E 3510' 26"

N 28° 18'48", E 35° 11' 37"
N 28°18' 04", E 35° 10' 39"
N 28°18'17", E 35° 12' 18"
N 28°17'11", E 35° 10' 58"
N 28° 17' 34", E 35° 12' 54"
N 28° 16' 25", E 35° 11" 13"
N 28° 16' 49", E 35° 12' 26"
N 28° 16' 45", E 35° 13' 23"
N 28° 15' 22", E 35° 13' 31"
N 28° 15'13", E 35° 14' 55"
N 28° 14' 47", E 35° 15' 45"
N 28° 13'43", E 35° 18' 51"
N 28° 13'42", E 35° 20' 54"

Explanation: TH, Jabd halabah, KD, Jabal Khur Dukhan, M and JM, JabaMalssah, JR, Jabal Raydan, JZ, Jabal az puitdns



lI. Mineralogy

Seventyfour standardhin section®f the rocks were prepared foetrograpic study.

Point-counting for determiningmodal composibn
A point counter was used to calculate thedal compositios (Table 1.1 and II.2) of

selected thin sections that were representative of the granites from the different plutons
andthe results are given in volume percentage. An average of almost @503 evas

taken on each section. The presence of pierttektures in most of the thgections

made the estimate of %-#ldspar difficult, but an attempt was made to count the
plagioclase lamellae (etc.) that are hosted in the largetdSpars. Thenesented tables

show recalculated values and the rock names are based on the classification of

Streckeisen for plutonic rocks.

Heavy mineral separation
Eight samples(TH14, KD15, KD28, JM31, JR8, JR12, JZ2 & JZ&) granite were

crushed and sieveaif mineral separationA rock splitter was used to split the hand
specimens into small fragmertb ease the crushingsingthe fly press The samples
were then sieved and the 268um fraction was subjected to magnetic separation using
a hand magnet to remove&yamagnetic minerals. The remaining material was then
subjected to heavy liquid separation ussiegium polytungstate (SPT) to separate any

mineral witha density lesshan approximately 3g/chfquartz, feldspar, mica).

Mineral identification using sanning electron microscoypand electron
microprobeanalysis
Preliminary identification and semguantitative analysis of the separated minerals were

carried out using a Hitachi-8000 scanning electron microscope coupled with a Link
Systems energy dispevsi X-ray analyzer in the Department of Earth Science, Royal
Holloway. For quantitative analysis, polished thin sections were prepared from 6
samples (TH13, JM31, JR8, JR12, KD28 and JZ6) and these were analyzed (Table 11.3
to 11.9) using a JEOL SuperprohBXA-8100 in the Department of Earth Sciences,
University College, London. Calibration was achieved using synthetic standards and

accuracy  was checked using the BCRinternational standards.
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Table 1l.1. Modal analyses of tdabal AtMassah, the Jabal Raydan and the Jabal az Zuhd granitc Table 11.2.Modal analyses of th#gabal Thalabah and the Jabal Khur Dukhan granitoids

Sample Number| K-feldspar | Plagioclase| Quartz Amphibole Biotite Rock Name
Sample Number | K-feldspar | Plagioclase Quartz Amphibole Biotite Rock Name
M4 25.3 48 19.6 11 6
Granodiorite TH3 17 38.7 41 0.3 3
JM33 25.6 48.4 25.3 0.0 0.7
TH4 16.7 34.8 43.5 0.0 5
JM7 31 26.5 39.4 0.0 3.1
Monzogranite TH9 11 53.3 31 0.0 4.7
JM24 39.8 28.3 30.5 0.0 14
TH11 20.7 49.7 25.4 0.0 4.2 o
JM16 43 26 28.5 0.0 25 Granodiorite
Syenogranite TH14 16.4 434 38.3 0.5 14
JM18 43.3 30.5 26 0.0 0.2
TH18 15 57.3 27.2 0.0 0.5
JM13 53.3 2 44.5 0.2 0.0 Alkali granite
TH19 15 59.9 24.8 0.0 0.3
JR3E 38.9 36 24 0.0 1.1
TH7" 14.8 59.7 23 0.0 25
JR12 33.5 28.5 31.9 24 2.2 _
Monzogranite .
TH5 39.2 26.7 32.9 0.2 1 Monzogranite
JR13B 31.3 335 28.5 3.5 3.2
TH5® 43.3 9.2 46.7 0.0 0.8
JR3C 38 18.5 43 0.3 0.2
TH10® 51 20.5 28.4 0.1 0.0
Syenogranite
JR9 44.2 20.6 33.1 0.4 1.7 Syenogranite THIZ 605 1 575 00 00
JR20 42.8 14.5 42.2 0.3 0.2 TH13® 60.7 35 325 15 1.8
JR19 61.5 7.4 30.6 0.2 0.3 Alkali granite TH14 61.5 7.5 27 2 2 Alkali granite
IZ1A 516 552 198 01 03 KD23 7.3 59 255 3.2 5.5 Granodiorite
; KD11 33.4 27.4 33.2 1.8 4.2
JZ5 39 155 443 1 0.2 Syenogranite Monzogranite
KD12 35.5 35.6 24.5 0.8 3.6
Jz2 56.5 5 325 2 4
KD28 59 14.7 25.6 0.2 0.5
Syenagranite
JZ6 54.2 2.4 31.8 3.5 6.1 KD37 o1 2 35 00 00
JZz8 57.6 22 33.7 2.9 3.6 Alkali granite KD1 63 2.5 34.5 0.0 0.0
J710 54.7 6 315 45 3.3 KD4 67 6.5 26.2 0.3 0.0 Alkali granite
3713 528 6 345 35 32 KD41 62 0.8 37.2 0.0 0.0

Abbreviations: TH, Jabal Thalabah, KD, Jabal Khur Dukhan, JM and M, Jaiddhgshh, JR, Jabal Raydan, JZ, Jabal az Zuhd.



Tablell.3: Electron microproberalysis of nonaziteCe from Jabal AMassahComplex (vt %)

Mg Si P S Ca Fe Ag La Ce Nd Gd
1 33 1 1 19 33 8
1 31 1 1 14 31 11
1 29 1 1 15 29 10
0.5 2 30 1 2 15 32 9
2 30 1 16 30 10
1 31 1 1 2 14 31 9 2
1 31 1 0.5 17 33 10
1 30 1 1 14 30 10
1 29 1 1 13 29 10
1 31 1 1 15 32 9
Table I1.4:Electron microprobe analysts Mn-rich lImenite from Jabal AMassah Complex
Al Si Ca Ti Mn Fe Total
49 14 27 90
3 3 49 18 21 94
8 6 47 15 17 93
0.5 1 1 48 10 30 91
50 14 27 91
Table I1.5:Electron microprobe analysig dlanite from Jabal Rayda@omplex
Al Si P Ca Ti Fe Ag Ba La Ce Nd
3 8 1 5 31 10 24 9
2 6 1 4 3 1 2 13 26 9
4 10 1 6 4 1 2 11 22 8
8 27 8 1 16 11 5
9 28 10 1 18 10 4
Table 11.6:Electron microprobe analysid thorite from Jabal Raydabomplex
Al Si Ca \% Fe Y Ce Th U Total
1 16 1 4 1 4 10 52 6 95
1 15 1 2 8 3 3 57 5 95

Table I1.7:Electron microprobe analysig Mn-rich limenite from Jabal az Zuhd Pluton
Ca Ti Mn Fe Total

0.4 48 13 33 94
0.4 49 13 34 96
0.4 50 13 34 97
Table 11.8: Electron microprobe analysi$ fergusoniteY from Jabal az Zuhd Pluton
Ti Fe Rb Y Nb Ce Nd Sm Gd Dy Total
1 3 28 49 3 2 3 4 90
1 4 2 29 51 4 2 3 92
1 2 2 29 50 2 3 5 4 98
Table 11.9: Electron microprobe analys& xenotime from Jabal az Zuhd Pluton
P Ca Y La Pr Nd Sm Gd Total
33 2 11 15 4 18 4 3 90

20C

Th

N BN

Total
91
67
69
76
80

Total
96
93
90
92
93
92
96
91
88
92



Amphibole
The amphiboleand other mineral analyseare presented in Tabld&10 to .15

Analytical totals less than 95% veerejected from further consideration. Amphibole
formulaewere calculated based on 23 oxygens from Deer et al. (2001). The analysis
was calibrated using geochemical reference standardssIB@GTR2, BCR3 and
BCR-4 for both the WED and EDS amphibole anas/s

The analyses are presented in the following tables. Results for analyses of amphibole
from Jabal Al Massah were not good and totals were less than 94% (perhaps due to
alteration). These have therefore not been presented but their overall chareszdrirs

the thesis.

201



Table 11.10:Sample TH 13 Amphiboleanalysis from WDS (analyses and cations)

Elements SiO, TiO» Al,O3 FeO MnO MgO CaO Na,O K,0 F Cl,0 Total
1 42.11 0.94 5.43 27.19 0.62 5.21 10.42 1.97 0.89 0.54 0.23 95.55
2 45.16 0.81 4.49 26.72 0.59 5.44 10.43 1.85 0.84 0.54 0.13 97
3 44.25 1.09 5.63 27.06 0.6 5.01 10.41 2.13 0.99 0.58 0.21 97.96
4 42.43 1.14 5.83 26.84 0.58 5.12 10.36 211 0.99 0.55 0.2 96.15
Analyses 5 67.99 0 19.89 0.16 0 0 0 0.25 12.44 0 0.03 100.76
6 43.75 1.19 5.64 27.08 0.62 5.13 10.27 2.16 0.94 0.6 0.19 97.57
7 44.01 1.11 5.63 26.94 0.59 5.29 10.19 2.17 0.94 0.58 0.2 97.65
8 42.86 1.07 6.58 27.26 0.6 4.93 10.38 2.08 1.08 0.45 0.13 97.42
1 7.17 0.12 1.09 3.87 0.09 1.32 1.9 0.65 0.19 0.15 0.05
2 7.48 0.1 0.88 3.7 0.08 1.34 1.85 0.59 0.18 0.14 0.03
3 7.29 0.14 1.09 3.73 0.08 1.23 1.84 0.68 0.21 0.15 0.05
4 7.16 0.14 1.16 3.79 0.08 1.29 1.87 0.69 0.21 0.15 0.05
Cations 5 9.09 0 3.13 0.02 0 0 0 0.07 2.12 0 0.01
6 7.25 0.15 11 3.75 0.09 1.27 1.82 0.69 0.2 0.16 0.04
7 7.27 0.14 1.1 3.72 0.08 1.3 1.8 0.69 0.2 0.15 0.05
8 7.13 0.13 1.29 3.79 0.08 1.22 1.85 0.67 0.23 0.12 0.03




Table I1.11:Sample TH 13 Amphiboleanalysis from EDS (analyses and cations)

Elements SO, TiO, Al,O; FeO MnO MgO CaO Na,O K,0 Cl,0 Total
1 42.32 0.99 5.52 28.32 0.6 4.99 9.65 2.32 0.92 0.15 95.78
2 42.43 1.52 4.93 28.28 0.6 4.66 9.49 2.45 0.77 0.22 95.35
3 42.13 1.03 5.5 28.32 0.62 4.57 9.71 2.3 1.03 0.19 95.4
4 41.88 1.19 5.2 28.9 0.65 4.73 9.05 2.42 0.92 0.18 95.12
5 42.59 1.22 5.59 28.09 0.38 4.51 9.3 2.4 0.93 0.35 95.36
6 43.23 1.02 5.45 27.88 0.61 5.31 9.82 2.46 0.84 0.16 96.78
7 42.18 1.24 5.29 27.75 0.55 4.58 9.52 2.34 0.83 0.26 94.54
8 44.22 0.75 4.9 28.92 0.61 4.65 9.79 1.67 0.69 0.1 96.3
9 42.85 1.01 5.85 29.62 0.52 4.2 9.86 2.25 1.05 0.1 97.31
10 42.46 1.41 5.28 28.4 0.77 4.79 9.67 2.32 0.92 0.26 96.28
11 44.15 1.21 5.12 28.81 0.64 4.7 9.89 2.15 0.81 0.29 97.77
12 41.59 1.55 6.38 29.62 0.54 3.9 9.73 2.49 1.04 0.35 97.19

Analyses 13 40.76 1.26 6.49 27.93 0.48 4.52 9.67 2.18 1.09 0.35 94.73
14 43.01 0.97 6.55 27.8 0.42 4.78 7.56 2.25 2.03 0.21 95.58
15 42.41 1.26 5.65 29.19 0.59 4.27 9.98 2.35 0.95 0.32 96.97
16 41.54 1.22 6.12 29.53 0.56 4.08 9.7 2.29 0.87 0.28 96.19
17 41.56 1.45 6.21 28.76 0.33 4.45 9.63 2.51 1.01 0.29 96.2
18 41.64 1.21 6.33 28.4 0.44 4.3 9.91 2.31 1.1 0.24 95.88
19 40.7 1.21 6.18 28.37 0.43 4.42 9.67 2.61 0.95 0.25 94.79
20 40.72 1.56 6.46 27.85 0.43 4.35 9.63 2.68 1.03 0.35 95.06
21 45.35 0.56 3.63 27.25 0.81 5.5 9.8 1.95 0.7 0.16 95.71
22 41.17 1.18 6.55 28.6 0.36 4.6 9.82 2.42 1.08 0.21 95.99
23 42.63 1.16 5.51 28.4 0.56 4.88 9.76 2.25 0.79 0.19 96.13
24 42.23 1.56 6.75 28.84 0.58 4.11 9.99 241 1.05 0.26 97.78
25 42.74 1.24 5.72 29.03 0.77 4.43 9.91 2.31 1.09 0.25 97.49
1 7.22 0.13 1.11 4.04 0.09 1.27 1.76 0.77 0.2 0.04
2 7.25 0.2 0.99 4.04 0.09 1.19 1.74 0.81 0.17 0.05
3 7.23 0.13 1.11 4.06 0.09 1.17 1.78 0.77 0.23 0.04
4 7.21 0.15 1.06 4.16 0.09 1.21 1.67 0.81 0.2 0.04
5 7.27 0.16 1.13 4.01 0.06 1.15 1.7 0.8 0.2 0.08
6 7.26 0.13 1.08 3.91 0.09 1.33 1.77 0.8 0.18 0.04
7 7.27 0.16 1.07 4 0.08 1.18 1.76 0.78 0.18 0.06
8 7.45 0.1 0.97 4.07 0.09 1.17 1.77 0.54 0.15 0.02
9 7.21 0.13 1.16 4.17 0.07 1.05 1.78 0.73 0.23 0.02
10 7.22 0.18 1.06 4.04 0.11 1.21 1.76 0.77 0.2 0.06
11 7.35 0.15 1 4.01 0.09 1.16 1.76 0.69 0.17 0.07
12 7.04 0.2 1.27 4.19 0.08 0.99 1.77 0.82 0.22 0.08
13 7.05 0.16 1.32 4.04 0.07 1.17 1.79 0.73 0.24 0.08
14 7.29 0.12 1.31 3.94 0.06 1.21 1.37 0.74 0.44 0.05

Cations 15 7.18 0.16 1.13 4.13 0.09 1.08 1.81 0.77 0.21 0.08
16 7.11 0.16 1.23 4.22 0.08 1.04 1.78 0.76 0.19 0.07
17 7.09 0.19 1.25 4.1 0.05 1.13 1.76 0.83 0.22 0.07
18 7.11 0.16 1.27 4.05 0.06 1.09 1.81 0.76 0.24 0.06
19 7.05 0.16 1.26 4.11 0.06 1.14 1.79 0.88 0.21 0.06
20 7.03 0.2 1.32 4.02 0.06 1.12 1.78 0.9 0.23 0.08
21 7.63 0.07 0.72 3.83 0.12 1.38 1.77 0.64 0.15 0.04
22 7.04 0.15 1.32 4.09 0.05 1.17 1.8 0.8 0.24 0.05
23 7.24 0.15 1.1 4.03 0.08 1.24 1.78 0.74 0.17 0.04
24 7.07 0.2 1.33 4.04 0.08 1.02 1.79 0.78 0.22 0.06
25 7.19 0.16 1.13 4.08 0.11 1.11 1.79 0.75 0.23 0.06
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Table I1.12:Sample JR 12 Amphiboleanalysis from WDS (analyses and cations)

Elements SiO, TiO, Al,O3 FeO MnO MgO CaO Na,O K,0 F Cl,0 Total
1 42.43 0.42 7.69 28.21 0.85 3.83 10.94 1.43 1.33 0.27 0.02 97.42
2 41.08 1.74 7.18 26.57 0.93 4.42 9.95 2.22 0.9 0.22 0.12 95.33
3 43.05 1.55 6.96 25.97 0.81 4.76 9.94 2.29 0.9 0.23 0.12 96.58
4 41.86 1.82 8.9 23.76 0.74 5.97 10.65 2.57 0.78 0.35 0.02 97.42
5 42.43 1.8 8.64 23.61 0.79 6.03 10.34 2.68 0.68 0.45 0.04 97.49
6 40.86 1.76 8.18 25.12 0.81 5.35 10.68 2.18 0.7 0.26 0.03 95.93
7 44.25 1.5 6.16 25.82 0.87 5.24 9.99 2.13 0.81 0.29 0.11 97.17
8 44.23 1.49 6.47 26.65 0.93 4.6 10 1.89 0.84 0.17 0.07 97.34
9 43.35 1.47 6.32 25.7 0.91 4.89 10.05 2.06 0.84 0.21 0.09 95.89
Analyses 10 43.67 1.6 6.8 27.39 1.01 4.37 10.31 2.08 0.88 0.22 0.08 98.41
11 43.71 1.48 6.93 26.88 0.99 4.7 10.55 2.03 0.99 0.23 0.08 98.57
12 34.93 2.41 14.1 29.41 0.59 5.77 0.08 0.22 7.57 0.12 0.06 95.26
1 7.1 0.05 1.52 3.94 0.12 0.96 1.96 0.46 0.28 0.07 0
2 7 0.22 1.44 3.78 0.13 1.12 1.82 0.73 0.2 0.06 0.03
3 7.17 0.19 1.37 3.62 0.11 1.18 1.77 0.74 0.19 0.06 0.03
4 6.86 0.22 1.72 3.25 0.1 1.46 1.87 0.81 0.16 0.09 0
5 6.92 0.22 1.66 3.22 0.11 1.47 1.81 0.85 0.14 0.12 0.01
6 6.86 0.22 1.62 3.53 0.11 1.34 1.92 0.71 0.15 0.07 0.01
7 7.29 0.19 1.2 3.56 0.12 1.29 1.76 0.68 0.17 0.07 0.03
8 7.3 0.19 1.26 3.68 0.13 1.13 1.77 0.6 0.18 0.04 0.02
Cations 9 7.26 0.19 1.25 3.6 0.13 1.22 1.8 0.67 0.18 0.06 0.02
10 7.17 0.2 1.32 3.76 0.14 1.07 1.81 0.66 0.18 0.06 0.02
11 7.16 0.18 1.34 3.68 0.14 1.15 1.85 0.65 0.21 0.06 0.02
12 6.1 0.32 2.9 4.29 0.09 15 0.01 0.08 1.69 0.03 0.01
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Table 11.13:Sample JR 12 Amphiboleanalysis from EDS (analyses and cations)

Elements| SiO, TiO, AlL,O3 FeO MnO MgO CaO Na,O K0 Cl,0 Total
1 41.49 1.69 6.74 27.62 1.12 4.5 9.22 2.08 0.83 0.08 95.37
2 41.3 1.31 6.81 28.47 1.13 3.92 10.03 1.76 0.84 0 95.57
3 41.76 1.77 6.48 26.69 0.96 4.82 9.52 1.98 0.91 0.2 95.09
4 42.09 0.93 6.9 28.31 1.08 3.99 9.86 1.98 1.04 0 96.18
5 41.61 1.31 6.37 28.96 0.88 3.65 9.9 2.05 0.84 0 95.57
6 4245 0.82 6.66 28.65 1.09 4.08 10.3 1.54 0.84 0.13 96.56
7 34.67 3.46 13 29.44 0.42 4.62 0.12 0.36 9.06 0.03 95.18
8 34.29 3.52 12.97 29.1 0.83 5.03 0.02 0.14 9.18 0 95.08
9 34.76 3.72 12.74 29.71 0.61 4.81 0.05 0.27 8.82 0.04 95.53
10 41.12 0.95 6.84 28.78 1.23 3.81 9.92 2.18 1.14 0 95.97
11 41.72 0.61 6.91 29.07 1.17 3.83 10.26 1.6 1.14 0.06 96.37
12 35.26 2.62 13.33 28.44 0.61 5.32 0.22 0.44 8.34 0.1 94.68
13 34.85 3.28 13.46 28.81 0.48 4.47 0.06 0.26 9.13 0 94.8
14 40.39 1.82 8.91 26.39 1.03 5.17 10 2.92 0.77 0.08 97.48
15 41.54 1.88 7.69 25.59 0.72 5.18 9.92 2.72 0.78 0.03 96.05
16 41.5 1.39 8.31 26.14 0.71 5.07 10.19 2.16 0.78 0.03 96.28
17 41.83 1.14 6.61 29.82 1.14 3.93 9.67 1.58 1.03 0.04 96.79

Analyses 18 34.38 1.7 13.76 29.59 0.6 4.82 0.08 0.39 8.98 0.01 94.31
19 42.06 0.96 6.55 29.61 1.12 3.85 9.77 1.67 1.15 0 96.74
20 41.58 1.58 7.07 28.86 0.74 3.77 9.81 1.51 1.01 0.03 95.96
21 41.62 1.1 6.69 28.75 0.92 3.9 9.87 1.7 1.14 0 95.69
22 41.69 1.44 6.56 28.11 0.91 4.12 9.47 2.24 0.87 0.1 95.51
23 42.37 1.57 6.68 26.98 0.97 4.81 9.2 1.99 0.87 0.05 95.49
24 43.36 0.97 5.38 29.08 1.14 4.15 10.22 1.38 0.71 0 96.39
25 42.05 1.76 6.69 27.32 0.84 4.6 9.8 2.36 0.82 0.07 96.31
26 40.77 0.16 9.02 29.49 0.9 3.09 10.19 1.22 1.16 0.01 96.01
1 7.14 0.22 1.37 3.98 0.16 1.01 1.7 0.59 0.18 0.02
2 7.03 0.17 1.37 4.05 0.16 1.11 1.83 0.62 0.18 0
3 7.17 0.23 1.31 3.83 0.14 1.02 1.75 0.66 0.2 0.05
4 7.03 0.12 1.36 3.96 0.15 1.58 1.77 0.17 0.22 0
5 7.53 0.18 1.36 4.38 0.14 0 1.92 0.04 0.19 0
6 7.11 0.1 1.31 4.01 0.15 1.4 1.85 0.12 0.18 0.03
7 6.13 0.46 2.71 4.35 0.06 1.22 0.02 0.12 2.04 0.01
8 6.09 0.47 2.71 4.32 0.13 1.33 0 0.05 2.08 0
9 6.13 0.49 2.65 4.38 0.09 1.26 0.01 0.09 1.98 0.01
10 7.05 0.12 1.38 4.13 0.18 0.97 1.82 0.73 0.25 0
11 7.1 0.08 1.39 4.14 0.17 0.97 1.87 0.53 0.25 0.01
12 6.22 0.35 2.77 4.19 0.09 1.4 0.04 0.15 1.88 0.02
13 6.17 0.44 2.81 4.26 0.07 1.18 0.01 0.09 2.06 0
14 6.73 0.23 1.75 3.68 0.14 1.29 1.79 0.94 0.16 0.02
15 6.97 0.24 1.52 3.59 0.1 1.3 1.78 0.88 0.17 0.01
16 6.95 0.17 1.64 3.66 0.1 1.27 1.83 0.7 0.17 0.01
17 7.1 0.15 1.32 4.23 0.16 0.99 1.76 0.52 0.22 0.01

Cations 18 6.14 0.23 2.89 4.42 0.09 1.28 0.01 0.14 2.04 0
19 7.14 0.12 1.31 4.2 0.16 0.97 1.78 0.55 0.25 0
20 7.07 0.2 1.42 4.1 0.11 0.96 1.79 0.5 0.22 0.01
21 7.12 0.14 1.35 4.11 0.13 0.99 1.81 0.56 0.25 0
22 7.12 0.18 1.32 4.02 0.13 1.05 1.73 0.74 0.19 0.02
23 7.17 0.2 1.33 3.82 0.14 1.21 1.67 0.65 0.19 0.01
24 7.34 0.12 1.07 4.12 0.16 1.05 1.85 0.45 0.15 0
25 7.09 0.22 1.33 3.85 0.12 1.16 1.77 0.77 0.18 0.02
26 6.97 0.02 1.82 4.22 0.13 0.79 1.87 0.4 0.25 0
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Table I1.14:Sample JZ 6 Amphiboleanalysis from WDS (analyses and cations)

Elements SiO, TiO, Al,O5 FeO MnO MgO CaO Na,O K,0 F Cl,0 Total
1 51.09 0.2 0.91 33.11 0.51 2.17 0.57 6.33 0.78 0.09 0.01 95.77
2 50.2 0.29 1.1 32.5 0.53 2.3 0.84 6.62 0.86 0.25 0.01 95.5
3 46.66 0.24 1.97 31.94 0.55 1.95 0.9 5.63 0.93 0.17 0.01 90.95
4 50.45 0.19 1.13 32.24 0.54 2.51 1.02 6.67 0.98 0.32 0.01 96.06
5 51.81 0.39 0.25 28.46 0.33 0.38 3.83 11.15 0.01 0 0 96.61
6 51.48 0.41 0.27 28.82 0.3 0.37 3.74 11.29 0 0 0 96.68
Analyses 7 52.64 0.21 0.29 29.38 0.2 0.33 2.59 12.22 0 0 0.01 97.87
8 51.58 0.24 0.34 29.55 0.26 0.39 3.27 11.61 0.03 0 0.01 97.28
9 51.24 2.16 0.21 28.8 0.6 0.35 4.96 10.47 0.01 0 0 98.8
10 52.37 0.43 0.26 28.72 0.41 0.42 5.95 10.24 0 0 0 98.8
11 51.16 0.79 0.23 27.77 0.37 0.38 5.66 9.96 0.02 0 0.02 96.36
1 6.05 0.02 0.13 3.28 0.05 0.38 0.07 1.45 0.12 1 0
2 8.5 0.04 0.22 4.6 0.08 0.58 0.15 2.17 0.19 0 0
3 8.34 0.03 0.42 4.77 0.08 0.52 0.17 1.95 0.21 0 0
4 8.49 0.02 0.22 4.54 0.08 0.63 0.18 2.18 0.21 0 0
5 8.62 0.05 0.05 3.96 0.05 0.09 0.68 3.6 0 0 0
6 858 0.05 0.05 4.02 0.04 0.09 0.67 3.65 0 0 0
Cations 7 8.65 0.03 0.06 4.04 0.03 0.08 0.46 3.89 0 0 0
8 8.57 0.03 0.07 4.11 0.04 0.1 0.58 3.74 0.01 0 0
9 8.38 0.27 0.04 3.94 0.08 0.08 0.87 3.32 0 0 0
10 8.54 0.05 0.05 3.92 0.06 0.1 1.04 3.24 0 0 0
11 8.54 0.1 0.05 3.88 0.05 0.09 1.01 3.22 0 0 0.01
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Table 11.15:Sample JZ 8 Amphibole analysis from BS (analyses and cations)

Elements| SiO, TiO, Al,O5 FeO MnO MgO CaO Na,O K,0 Cl,0 Total
1 49.9 0.48 1.16 34.42 0.63 2.15 1.13 6.88 1.19 0.06 98
2 49.3 0.11 1.1 34.49 0.55 1.86 0.87 6.79 0.91 0.12 96.1
3 495 0.25 1.27 34.1 0.6 2.15 1.2 6.78 1.01 0 96.86
4 48.37 0.73 1.11 33.51 0.74 2.09 1.16 7.06 1.12 0.06 95.95
5 49.36 0.16 1.09 33.56 0.8 2.09 1.13 6.87 1.2 0.04 96.3
6 48.15 0.32 1.22 33.5 0.54 2.04 1.18 6.81 1.24 0.07 95.07
7 46.92 1.08 1.05 34.07 0.93 1.99 1.28 6.48 1.36 0 95.16
8 48.67 0.38 1.17 32.55 0.8 2.03 1.56 6.44 1.51 0.03 95.14
9 48.34 1.04 1.12 33.45 0.88 2.1 1.37 6.8 1.43 0 96.53
10 48.02 0.5 0.92 32.94 0.91 2.24 1.43 6.49 1.45 0.01 94.91
11 48.81 0.19 1.32 34.05 0.47 2.04 1.04 7.01 0.83 0.03 95.79
12 50.85 0.44 0.34 29.85 0.19 0.32 4.01 11.15 0.09 0 97.24
13 50.99 0.49 0.42 31.42 0.14 0.41 1.49 13.16 0 0.06 98.58
14 51.39 0.01 0.36 32.46 0.14 0.1 0.48 13.58 0.04 0.06 98.62
15 48.13 0.22 0.37 29.48 0.43 0.44 4.24 10.57 0.04 0.13 94.05
16 50.81 0.71 0.25 29.71 0.26 0.41 5.45 10.75 0 0.06 98.41
17 50.11 0.67 0.57 28.74 0.4 0.42 5.09 10.72 0.01 0.06 96.79
18 47.21 1.85 0.97 33.41 0.96 2.41 1.29 6.72 0.97 0.03 95.82

Analyses 19 50.45 0.08 0.36 30.75 0.25 0.42 2.79 12.58 0 0 97.68
20 51.69 -0.01 0.5 30.19 0.1 0.27 3.84 12.25 0.07 0 98.9
21 51.9 0.28 0.47 29.51 0.37 0.34 2.54 12.79 0 0.05 98.25
22 50.37 0.92 0.3 29.43 0.42 0.3 4.94 10.87 0.01 0 97.56
23 48.11 0.95 1.07 33.24 0.81 2.21 1.25 6.61 1.05 0 95.3
24 47.74 0.31 1.27 33.33 0.63 2.06 1.18 6.79 1.16 0.05 94.52
25 47.24 1.55 0.92 33.09 0.99 2.22 1.4 6.38 1.27 0.07 95.13
26 49.62 0.31 0.94 33.65 0.89 2.27 1.05 6.97 097 0 96.67
27 49.4 0.22 0.95 30.05 0.33 0.41 1.97 12.49 0.01 0.04 95.87
28 50.26 0.3 0.38 30.52 0.12 0.32 2.6 12.7 0.03 0 97.23
29 49.59 0.34 0.34 29.96 0.29 0.32 5.02 10.73 0.01 0 96.6
1 8.32 0.06 0.23 4.8 0.09 0.53 0.2 2.22 0.25 0.01
2 8.39 0.01 0.22 4.91 0.08 0.47 0.16 2.24 0.2 0.03
3 8.36 0.03 0.25 4.82 0.09 0.54 0.22 2.22 0.22 0
4 8.26 0.09 0.22 4.79 0.11 0.53 0.21 2.34 0.24 0.01
5 8.38 0.02 0.22 4.77 0.12 0.53 0.2 2.26 0.26 0.01
6 8.3 0.04 0.25 4.83 0.08 0.52 0.22 2.28 0.27 0.02
7 8.14 0.14 0.21 4.94 0.14 0.52 0.24 2.18 0.3 0
8 8.34 0.05 0.24 4.67 0.12 0.52 0.29 2.14 0.33 0.01
9 8.24 0.13 0.23 4.77 0.13 0.53 0.25 2.25 0.31 0
10 8.3 0.06 0.19 4.76 0.13 0.58 0.26 2.16 0.32 0
11 8.33 0.02 0.26 4.86 0.07 0.52 0.19 2.34 0.18 0.01
12 8.48 0.06 0.07 4.16 0.03 0.08 0.72 3.72 0.02 0
13 8.45 0.06 0.08 4.35 0.02 0.1 0.26 4.39 0 0.01
14 8.53 0 0.07 45 0.02 0.02 0.09 4,53 0.01 0.01
15 8.37 0.03 0.07 4.29 0.06 0.12 0.79 3.52 0.01 0.03
16 8.42 0.09 0.05 4.12 0.04 0.1 0.97 3.45 0 0.01

Cations 17 8.38 0.08 0.11 4.02 0.06 0.11 0.91 3.48 0 0.01
18 8.11 0.24 0.2 4.8 0.14 0.62 0.24 2.24 0.21 0.01
19 8.45 0.01 0.07 4.31 0.04 0.1 0.5 4.08 0 0
20 8.49 0 0.1 4.15 0.01 0.07 0.68 3.9 0.01 0
21 8.56 0.04 0.09 407 0.05 0.08 0.45 4.09 0 0.01
22 8.4 0.12 0.06 4.11 0.06 0.07 0.88 3.52 0 0
23 8.26 0.12 0.22 4.77 0.12 0.57 0.23 2.2 0.23 0
24 8.3 0.01 0.26 4.84 0.09 0.54 0.22 2.29 0.26 0.01
25 8.28 0.05 0.19 4.85 0.15 0.58 0.26 2.17 0.28 0.02
26 8.39 0.01 0.19 4.76 0.13 0.57 0.19 2.29 0.21 0
27 8.43 0.01 0.19 4.29 0.05 0.1 0.36 413 0 0.01
28 8.46 0.01 0.08 4.3 0.02 0.08 0.47 4.14 0.01 0
29 8.4 0.01 0.07 4.25 0.04 0.08 0.91 3.53 0 0




lll. Geochemistry

Normative Study
The normative compositia{Table Ill.1) were determined from the chemical analyses

using the O6Minpetd software programme.

Sample Preparation for ICP Analyses
Eighty-one samples were crushed and ground for the ICP analyses. A rock splitter was

used to split the hand specimens istoaller rock pieces to ease the crushing and to
precisely choose a part of each sample for analysis. The samples were then further
broken using a fly press and/or a hammer and ampproximately 15g ofdis-
aggregated materiatere placed in aikiratorydisc mill (Temajusingangate6 pot 6 a't
speed of 700 rpm

During the analysiby ICPsome international andternal standards (Table IIl.2 anyl 3
were also analysed The international standardsere NIM-G (granite), NIML
(lujavrite), SCO1 (shale)and RGM1, while the internal standds were KC10, KC11
and KC12 The standards used for tbieecks werehoserbased ortheir concentrations
in order to cover all ranges of the analyses. Due to tesilple occurrence D

interferences, some elementsremeasured diter with the AES or with the MS

For most of the trace elements the powder was dissolved in HF and perchloric acid,
evaporated to dryness and then made up with a solution of HCI. The solution was then
run on an ICPAES modelOptima 3300RLor ICP-MS 7500cx SeriesFor the major
elements and some other trace elements in resistant phasesgtahorate fusion was

carried outand the glass beads were dissolved in BINO
The chemical analyses of the local and international standards (Table ndl.3)a

indicate that the relative difference from the accepted values mostly does not exceed

10%, which means that the accuracy is acceptable for most elements.
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Table Ill.1 The normative values of the studied granitoids

Sample Quartz Orthoclase Albite Sample Quartz Orthoclase Albite
Number (%) (%) (%) Number (%) (%) (%)
TH2® 31.9 31.13 28.66 JM13 28.83 31.17 36.52
TH5® 32.82 18.71 41.18 JM16 30.13 26.16 37.04
TH7 25.81 13.94 41.45 JM17 29.27 26.41 35.68
TH8® 27.62 16.27 40.75 JM18 31.02 311 35.3
TH10 33.91 22.2 40.22 JM20 23.71 29.32 42.67
TH11® 22.81 25.59 39.3 JM24 29.4 26.7 40.85
TH12 32.62 27.08 34.69 JmM27 29.96 32.09 33.86
TH13® 21.27 25.14 39.78 JM31 30.12 30.77 32.74
TH14 23.37 25.63 37.89 JM33 26.82 26.94 38.24
TH3 35.15 18.97 38.23 JM4 23.61 33.85 35.66
TH9 30.46 13.93 37.45 JM7 19.75 32.22 41.66
TH18 28.2 14.06 38.38 M2 33.26 26.41 32.12
TH19 29.04 16.07 38.21 M3 18.92 21.67 42.02
KD1 33.43 29.03 34.55 M5 33.07 34.31 29.71
KD2 38.17 27.89 30.51 JR12 25.15 27.17 39.07
KD4 30.01 38.14 26.51 JR13B 27.32 25.09 34.8
KD9 35.56 22.77 32.61 JR17 41.36 5.82 40.48
KD10A 26.3 13.38 37.73 JR19 26.36 28.92 36.21
KD10B  26.38 26.22 36.6 JR20 35 21.24 40.63
KD11 26.9 27.61 35.12 JR3C 33.07 23.13 40.27
KD12 35.46 24.1 32.07 JR3D 20.86 27.18 41.23
KD13 29.88 25.91 34.28 JR3E 34.41 25.97 34.31
KD14 22.36 16.1 39.79 JR9 29.63 29.81 36.72
KD15 35.8 26.93 32.92 JZ1A 29.55 23.72 35.68
KD17 30.17 28.9 33.46 JZ1B 23.14 22.36 37.76
KD21 33.35 29.24 31.69 JZ5 3203 28.03 25.78
KD22 26.61 26.35 31.02 JZ2 44.48 25.62 8.87
KD23 26.84 23.24 33.29 Jz4 47.05 31.9 7.54
KD28 16.57 35.62 38.7 JZ6 41.29 29.6 9.06
KD29 30.69 29.56 33.63 JZ8 41.98 29.76 8.52
KD34 31.23 30.54 33.37 JZ10 47.07 30.28 8.22
KD36 33.94 29.11 32.27 Jz12 47.1 26.49 8.39
KD37 33.06 30.31 33.23 JZ14 50.34 30.3 7.03

KD38 21.46 35.42 34.62
KD41 23.81 0.47 69.55

Abbreviatiors. TH, Jabal Thalabah, KD, Jabal Khur Duhan, JM and M, Jab®lassah, JR, Jabal Raydan, JZ, Jabal addZuh



Table II.2. The local standards for the IQIES and MS analyses

KC 10 KC 11 KC 12
During the run Accepted Absolute difference Relative difference During the run Accepted Absolute difference Relative difference During the run  Accepted  Absolute difference Relative difference
Sio, 48.44 48.00 0.44 0.009 55.99 55.55 044 0.008 69.44 69.00 0.44 0.006
Al,O3 18.41 17.40 1.01 0.058 16.48 16.51 -0.03 -0.002 15.60 15.20 0.40 0.026
FeO(t) 10.47 9.90 0.57 0.058 9.03 8.71 0.32 0.037 3.18 2.80 0.38 0.136
MgO 8.18 7.70 0.48 0.062 4.08 3.99 0.09 0.022 1.28 1.20 0.08 0.070
CaO 12.09 11.90 0.19 0.016 7.19 6.86 0.33 0.049 1.96 1.80 0.16 0.088
Na,O 2.46 2.40 0.06 0.026 3.34 3.30 0.04 0.013 4.16 4.20 -0.04 -0.009
K50 0.24 0.22 0.02 0.101 2.19 2.15 0.04 0.017 4.20 4.30 -0.10 -0.023
TiO, 0.82 0.84 -0.02 -0.025 1.10 1.10 0.00 -0.001 0.36 0.35 0.01 0.026
P,Os 0.13 0.11 0.02 0.207 0.34 0.32 0.02 0.060 0.12 0.12 0.00 -0.038
MnO 0.13 0.13 0.00 0.029 0.14 0.14 0.00 0.008 0.04 0.05 -0.01 -0.126
Ba 140 126 14.40 0.114 505 491 13.92 0.028 1651 1600 50.75 0.032
Cu 168 170 -1.77 -0.010 107 108 -1.04 -0.010 23 27 -4.04 -0.149
Li 1 6 -5.35 -0.891 0.00 5 8 -3.45 -0.432
Ni 101 104 -3.35 -0.032 281 280 0.80 0.003 11 15 -3.60 -0.240
Sr 354 360 -5.71 -0.016 371 370 1.18 0.003 462 460 1.77 0.004
Y 12 13 -0.84 -0.065 28 28 -0.10 -0.004 5 6 -0.65 -0.108
Zn 73 60 13.32 0.222 117 119 -1.60 -0.013 42 42 0.07 0.002
Rb 4 4 -0.35 -0.088 274 270 4.30 0.016 59 61 -2.14 -0.035
Zr 39 38 1.40 0.037 150 145 4.88 0.034 146 160 -14.24 -0.089
Nb 2 2 -0.14 -0.067 11 12 -0.74 -0.062 3 4 -0.34 -0.097
Mo 1 1 1
Sn 0 0.20 9 1
Hf 1 1 -0.65 -0.461 3 3 -0.10 -0.030 3 4 -0.31 -0.089
Ta <0.1 6 5 0.94 0.188 0 <0.1
Pb 9 8 0.54 0.067 14 14.33 16 10 6.32 0.632
Th 3 2 0.59 0.244 15 14 0.92 0.066
U 0 0 0.14 0.657 2 2 0.23 0.128 0 0 0.17 0.509
La 6 4 1.95 0.454 25 23 1.54 0.067 38 37 0.73 0.020
Ce 10 9 0.99 0.108 48 49 -1.26 -0.026 65 70 -5.29 -0.076
Pr 1 2 -0.15 -0.091 6 6 -0.14 -0.023 7 7 -0.47 -0.065
Nd 7 7 0.41 0.061 25 27 -1.14 -0.043 26 27 -1.41 -0.052
Sm 2 2 -0.02 -0.010 5 5 0.06 0.011 4 3 0.29 0.086
Eu 1 1 -0.01 -0.011 2 1 0.11 0.079 1 1 0.29 0.261
Gd 2 2 -0.32 -0.171 4 5 -0.63 -0.125 3 2 0.50 0.236
Tb 1 0 0.31
Dy 2 2 -0.08 -0.041 4 4 -0.32 -0.071 1 1 -0.03 -0.026
Ho 0 0 -0.03 -0.077 1 1 -0.18 -0.183 0 0 -0.02 -0.075
Er 1 1 -0.13 -0.101 2 3 -0.49 -0.182 1 1 -0.13 -0.156
Tm 0 0.36 0
Yb 1 1 0.01 0.014 2 2 0.11 0.048 0 1 -0.09 -0.187
Lu 0 0 0.02 0.129 0 0 0.03 0.080 0 0 0.04 0.720
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Table I1.3. The internationatandards for the IGRES and MS analyses

MIN-G NIM-L RGM-1
During the Absdute Relative During the Absolute Relative Absolute
run Accepted difference difference run Accepted difference difference During the run  Accepted difference Relative difference
Sio, 75.98 75.7 0.28 0.004 53.05 524 0.65 0.01 73.76 73.5 0.26 0.003
Al,03 12.35 12.1 0.25 0.02 13.27 13.6 -0.33 -0.02 13.78 13.7 0.08 0.006
FeO(t) 2.01 2 0.01 0.007 10.1 9.9 0.2 0.02 1.88 1.8 0.08 0.044
MgO 0.06 0.1 -0.04 -0.418 0.26 0.3 -0.04 -0.14 0.29 0.3 -0.01 -0.043
CaO 0.8 0.8 0 -0.002 3.17 3.2 -0.03 -0.01 1.19 1.2 -0.01 -0.009
Na,O 3.45 34 0.05 0.016 7.5 8.4 -0.9 -0.11 4.05 4.1 -0.05 -0.012
K;0 512 5 0.12 0.025 5.45 55 -0.05 -0.01 3.9 4.3 -0.4 -0.093
TiO, 0.09 0.44 0.5 -0.06 -0.13 0.26 0.3 -0.04 -0.137
P,Os 0.04 0.1 -0.06 -0.63 0.05 0.05 0 -0.079
MnO 0.02 0.02 -0.1®8 0.66 0.8 -0.14 -0.18 0.04 0.04 0 -0.101
SCO1
Ba 417 450 -32.88 -0.07 582 570 12.36 0.02
Cu 30 13 17.39 1.34 28 29 -0.31 -0.01
Li 53 48 4.63 0.1 56 45 11.18 0.25
Ni 0 2 -2.2 -1 26 27 -0.92 -0.03
Sr 4837 4600 237.18 0.05 167 174 -6.65 -0.04
Y 22 26 -3.98 -0.15 22 22 0.29 0.01
Zn 336 93 103 -10.02 -0.1
Rb 313.1 325 -11.9 -0.037 185 190 -4.7 -0.02 106 112 -6.4 -0.06
Zr 299.4 300 -0.6 -0.002 163 160 3.49 0.02
Nb 52.17 53 -0.83 -0.016 973 960 12.9 0.01 13 12 0.64 0.05
Mo 3.012 2.84 0.17 0.061 2 1 0.75 0.62 2 1 0.27 0.2
Sn 5.0458 3.3 1.75 0.529 8 7 0.21 0.03 3 4 -0.71 -0.19
Hf 11.58 12.4 -0.82 -0.066 205 231 -26.3 -0.11 4 5 -0.7 -0.15
Ta 4.397 4.9 -0.5 -0.103 22 25 -2.92 -0.12 1 1 -0.22 -0.24
Pb 42.79 40 2.79 0.07 60 43 17.26 0.4 35 31 3.56 0.11
Th 45.05 51 -5.95 -0.117 58 66 -7.76 -0.12 9 10 -0.32 -0.03
U 13.89 15 -1.11 -0.074 14 14 -0.09 -0.01 3 3 -0.33 -0.11
La 104.2 109 -4.8 -0.044 216 250 -33.6 -0.13 29 30 -0.47 -0.02
Ce 186.8 195 -8.2 -0.042 268 240 27.9 0.12 51 62 -10.99 -0.18
Pr 18.43 19.5 -1.07 -0.055 18 16 1.88 0.11 6 7 -0.55 -0.08
Nd 67.77 72 -4.23 -0.059 47 48 -0.78 -0.02 25 26 -0.86 -0.03
Sm 14.81 15.8 -0.99 -0.063 5 5 -0.43 -0.09 5 5 -0.39 -0.07
Eu 0.3566 0.35 0.01 0.019 1 1 -0.08 -0.06 1 1 -0.02 -0.02
Gd 13.2 14 -0.8 -0.057 5 4 1.77 0.49 4 5 -0.62 -0.14
Th 2.821 3.1 -0.28 -0.09 1 1 -0.07 -0.1 1 1 0.02 0.03
Dy 15.86 17 -1.14 -0.067 3 3 -0.31 -0.1 4 4 -0.69 -0.16
Ho 3.386 3.6 -0.21 -0.059 1 1 -0.29 -0.32 1 1 -0.27 -0.28
Er 9.827 10.5 -0.67 -0.064 2 3 -0.62 -0.24 2 3 -0.53 -0.21
Tm 1.858 2 -0.14 -0.071 0 0 -0.07 -0.18
Yb 13.02 14.2 -1.18 -0.083 3 3 -0.39 -0.13 2 2 -0.24 -0.1
Lu 1.871 2 -0.13 -0.065 0 0 0.06 0.14 0 0 0.01 0.02
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Sampe Preparation for XRF Analysis
Some samp@s (mostly from the Jabal Raydan and Jabal az Zutwitgids) did not

show good totals from the ICP anabsiTherefore, Xay fluorescence was used to
check these valueB) addition some trace element values were also confirmed by XRF.
For thisa PANaltical Axios sequential Xay fluorescence spectrometer was used.
Calibration was achieved using international rock standards and accuracy was
determined using additional rock standards.

For the trace element8;8 drops of the binding agent (Mowiol)are added to 7g + .29

of the sample powdeand the resulting mixture compressed into a pellet using a
tungsten carbidglaten (10 tons for one minuje Major elements were analysed on
fused Limetaborate discaDuring the analyss some iternal standards werused to
check the accuracy.

Chemical analyses of some xenoliths are given below.

Table IIl.4. Chemical analysis of xenoliths from JabaMdssah (JM and M) and Jabal
Khur Dukhan (KD) in wt %

Sample Number JM21H M6 KD10B
SiO, 50.82 56.96 72.96
Al,O, 14.52 15.64 13.53

Total Fe as FeO 16.03 6.76 2.31
MgO 4.64 4.25 0.39
CaO 10.94 4.34 1.15
Na,O 0.85 3.07 4.22
K,0O 0.16 6.26 4.30
TiO, 0.86 1.29 0.23
P,Os 0.25 0.88 0.06
MnO 0.22 0.11 0.03
LOI 0.52 0.40 0.40
Total 99.81 99.96 99.60
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IV. Isotopic analysis

Methodologyfor U-Pb Zircon dating
Five samples (TH14", KD28, JM31, JR13 & JZ6) were used for this analysis. After

crushing, the samples were subjected to heavy mineral separation using Na
polytungstate. The heavy fraction was then subjetted Frantz magnetic separator

which removed the magnetic fraction. The fimoagnetic fraction consisted of zircon
together with some allanite, apatite, fluorite and xenotbieodomethane heavy liquid

was alsoused to separate any mineral withilensityless than 3.3g/cnZircons were

then identified and selected using a binocular microscope and separated by hand using
tweezers. The separated grains were then mounted in a resin block and the top surface

polished.

Zircons were analysed by laser ablati@PMS in the Department of Earth Sciences,
University College, London. The equipment used wa®\gient Technologies 7700
series ICPMS coupled witha 213 nanometeNewWave laser ablationsystem and
helium carrier gas. Laser spot size was 40 microns. Wtesaircon and NIST SRM
612 glass were used as a reference material (Sdaala 2008).Results werg@rocessed
and refined first using the 6GlIlittero

programe. 0l sopl ot o

Some noreircon minerals were also dpsed in error because of the difficulty of
distinguishing zircon from other mire@s such as allanite and titanit€hese were
detected by their different trace element characteristics or anomalously high ages (e.g. >
3000 Ma).
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Methodologyfor Rb-Sr Agedating
Twenty samples representative of the five plutons were selected f&r Rbalysis

(TH10, TH12", TH13", TH14", KD13, KD28, KD37, KD41, JZ10, JZ8, JZ6, JZ2, JR9,
JR12, JR3C, JR3E, JM31, JM27, JM18, JM16). Selection was based on sample type

and a range of Rb/Sr ratios.

Powders were dissolved in a HHNO3; mixture and the Sr was separated using a
standard iorexchange procedure (Thirlwall, 1982; 2002). The separated Sr was loaded
on to Ta filaments. Thimternational standard SRM98Vas also aalysed as a check on

the analyses. Samples were then analysed using a VG354 Thermal lonisation Mass
Spectrometer (TIMS) in the Department of Earth Sciences, Royal Holloway.
Multidynamic analysis was used to eliminate transmission differences between
collectors to achieve 2sd reproducibility of +0.000014 f&YSrf°Sr. The Rb and Sr
contents and Rb/Sr ratios wepeeviouslydetermined by Inductive Coupled Plasma
Atomic Emission Spectrometer (IE&ES). During the course of this study, the ratio of
87S1/%8Sr for the SRM987 international standards wa&l0256+ 11 for the first sets.

For the second setshet average of SRM 987 and standard values W&e°sSr =
0.710264 + 12 and 0.710266 + These results are acceptable as the accepted value is
0.71034+0.00026.1 sochrons were plotted and cal cul
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Table IV.1. Isobpic ratio of TH14™ and standavdlues
Analysis Pb207/Pb20€ Pb206/U238 Pb207/U235 Pb208/Th232 Pb208/Pb20€ Th232/U238 U238/Si29

STDCZ1 0.05324 0.05404 0.39711 0.01794 0.03323 0.10072 0.01181
STDCZ2 0.0518 0.05477 0.39622 0.01575 0.02878 0.1007 0.01156
STDCZ3 0.05325 0.05315 0.38945 0.01585 0.03042 0.10264 0.01195
TH14-1 0.0605 0.09219 0.78296 0.02872 0.15506 0.5006 0.0018

TH14-2 0.28178 0.13728 5.26353 0.24095 0.7495 0.42938 0.00291
TH14-3 0.06798 0.09706 0.90963 0.03079 0.19425 0.61564 0.00124
TH14-4 0.05989 0.09611 0.7961 0.0288 0.1652 0.55401 0.0056

TH14-5 0.06069 0.08677 0.72478 0.02677 0.19639 0.63972 0.00543
TH14-6 0.06006 0.09515 0.77747 0.03196 0.21059 0.62994 0.00229
TH14-7 0.06306 0.08748 0.77728 0.02887 0.17454 0.53116 0.00347
TH14-8 0.06624 0.09879 0.92539 0.03011 0.19365 0.63819 0.00193
TH14-9 0.05994 0.09293 0.76955 0.02856 0.1966 0.64229 0.00343
TH14-10 0.05946 0.09034 0.74563 0.02936 0.19821 0.61235 0.00429
TH14-11 0.08641 0.09873 1.18102 0.04673 0.22562 0.47857 0.00136
TH14-12 0.06084 0.09947 0.86883 0.02893 0.14789 0.51032 0.00172
TH14-13 0.06492 0.08636 0.74946 0.0324 0.16095 0.4306 0.00304
TH14-14 0.06734 0.08915 0.81057 0.03113 0.13084 0.37599 0.00329
TH14-15 0.06155 0.09935 0.84939 0.0301 0.15636 0.51776 0.00245
TH14-16 0.22808 0.11699 3.5893 0.10782 0.52326 0.56967 0.00212
TH14-17 0.06378 0.10464 0.91822 0.03107 0.14253 0.48148 0.00347
TH14-18 0.06801 0.0986 0.91002 0.03252 0.19708 0.59937 0.00299
STDCzZ4 0.05326 0.05407 0.39783 0.01679 0.02973 0.09603 0.01075
STDCZ5 0.05332 0.05222 0.38315 0.01722 0.03341 0.10161 0.0125

STDCZ6 0.05318 0.05515 0.40353 0.01724 0.03293 0.10564 0.01245
GLASS1 0.88501 0.26603 102.16848 0.58784 2.13467 0.96893 0.00024
GLASS2 0.88878 0.2643 110.69237 0.58796 2.13917 0.96444 0.00024

Table IV.2. Isotopic ratio of one sigma uncertainty of TH14" and standards values
Analysis Pb207/Pb206 Pb206/U238 Pb207/U235 Pb208/Th232 Pb208/PR06 Th232/U238 U238/Si29

STDCZ1 0.00154 0.00044 0.01903 0.00059 0.00112 0.00121 0.00004
STDCZ2 0.00142 0.00043 0.01863 0.0005 0.00095 0.00119 0.00003
STDCZ3 0.00174 0.00047 0.01962 0.00062 0.00122 0.00127 0.00004
TH14-1 0.00292 0.00099 0.04911 0.00086 0.00489 0.00618 0.00001
TH14-2 0.00711 0.00144 0.25102 0.00577 0.01918 0.0055 0.00001
TH14-3 0.00396 0.00124 0.06515 0.001 0.00671 0.00796 0.00001
TH14-4 0.00152 0.00075 0.03645 0.00069 0.00417 0.00628 0.00002
TH14-5 0.00179 0.00074 0.03507 0.00067 0.00522 0.00734 0.00002
TH14-6 0.00329 0.00115 0.05306 0.001 0.00698 0.00794 0.00001
TH14-7 0.00327 0.00111 0.05117 0.00099 0.00625 0.00684 0.00002
TH14-8 0.00322 0.00108 0.05841 0.00093 0.00626 0.00781 0.00001
TH14-9 0.00244 0.00091 0.04342 0.00083 0.003:5 0.00758 0.00001
TH14-10 0.00237 0.0009 0.04157 0.00087 0.00611 0.00726 0.00002
TH14-11 0.00346 0.00107 0.06671 0.00146 0.00732 0.00593 0.00001
TH14-12 0.00406 0.00135 0.06868 0.00117 0.00616 0.00685 0.00001
TH14-13 0.00391 0.00117 0.0545 0.00128 0.00657 0.00578 0.00002
TH14-14 0.00294 0.00099 0.04757 0.00113 0.00485 0.00473 0.00002
TH14-15 0.00388 0.00139 0.06437 0.00125 0.00669 0.00706 0.00002
TH14-16 0.01221 0.00255 0.26855 0.00446 0.02315 0.01016 0.00002
TH14-17 0.00283 0.00119 0.05464 0.00117 0.00548 0.0061 0.00002
TH14-18 0.00246 0.00098 0.04802 0.00113 0.00693 0.00717 0.00001
STDCZ4 0.00181 0.00049 0.02014 0.0007 0.00124 0.00116 0.00004
STDCZ5 0.0018 0.00047 0.01932 0.0007 0.00136 0.00122 0.00005
STDCZ6 0.00185 0.00051 0.02063 0.00073 0.00138 0.00128 0.00005
GLASS1 0.03028 0.00426 13.38469 0.02222 0.08197 0.01532

GLASS2 0.03039 0.00401 14.92524 0.02266 0.08319 0.01472
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Table IV.3. Agedeterminations (Ma) of TH14" and standaedues
Analysis Pb207/Pb206 Pb206/U238 Pb207/U235 Pb208/Th232

STDCZ1 339.2 339.3 339.5 359.5
STDCZ2 276.6 343.8 338.9 315.9
STDCZ3 339.5 333.9 334 317.8
TH14-1 621.5 568.5 587.2 572.3
TH14-2 3372.8 829.3 1863 4363.4
TH14-3 867.8 597.1 656.9 612.9
TH14-4 599.5 591.5 594.6 574

TH14-5 628.2 536.4 553.5 533.9
TH14-6 605.9 586 584 635.8
TH14-7 710.4 540.6 583.9 575.4
TH14-8 814 607.3 665.2 599.5
TH14-9 601.4 572.8 579.5 569.2
TH14-10 583.8 557.6 565.7 584.9
TH14-11 1347.3 607 791.8 923

TH14-12 633.4 611.3 634.9 576.5
TH14-13 771.8 534 567.9 644.4
TH14-14 848.3 550.5 602.8 619.6
TH14-15 658.3 610.6 624.3 599.5
TH14-16 3038.6 713.2 1547.2 2069.5
TH14-17 734.2 641.5 661.4 618.5
TH14-18 868.9 606.2 657.1 646.9
STDCzZ4 339.7 339.5 340.1 336.5
STDCZ5 342.2 328.1 329.4 345.1
STDCZ6 336.2 346.1 344.2 345.6
GLASS1 5065.1 1520.6 4707.7 9345.6
GLASS2 5071.1 1511.8 4788.3 9347.1

Table IV.4. Isotoft ratio of one sigma uncertaynof age estimate (Ma) of TH14" and standards values
Analysis Pb207/Pb206 Pb206/U238 Pb207/U235 Pb208/Th232

STDCZ1 64.13 2.7 13.83 11.68
STDCZ2 61.58 2.65 13.55 9.99

STDCZ3 72.5 2.89 14.34 12.39
TH14-1 100.88 5.85 27.97 16.85
TH14-2 38.79 8.15 40.69 94.04
TH14-3 116.24 7.28 34.64 19.7

TH14-4 53.86 4.41 20.61 13.57
TH14-5 62.31 4.38 20.65 13.29
TH14-6 114.29 6.76 30.31 19.64
TH14-7 106.42 6.58 29.23 19.35
TH14-8 98.37 6.35 30.8 18.23
TH14-9 85.91 5.35 24.92 16.29
TH14-10 84.39 5.3 24.18 17.09
TH14-11 75.39 6.29 31.06 28.21
TH14-12 137.55 7.89 37.31 22.92
TH14-13 121.78 6.93 31.63 25.06
TH14-14 88.15 5.86 26.68 22.12
TH14-15 129.71 8.17 35.34 24.55
TH14-16 83.25 14.72 59.42 81.43
TH14-17 91.26 6.97 28.92 23.03
TH14-18 73.25 5.75 25.53 22.13
STDCZzZ4 75.14 2.99 14.63 13.89
STDCZ5 74.59 2.88 14.18 13.93
STDCZ6 77.01 3.11 14.93 14.43
GLASS1 47.56 21.68 131.73 282.82
GLASS2 47.53 20.44 135.68 288.47
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Table IV.5 Isotopic ratie of KD28 and standanhlues
Analysis Pb207/Pb20€ Pb206/U238 Pb207/U235 Pb208/Th232 Pbh208/Pb20€ Th232/U238 U238/Si29

STDCZ1 0.05317 0.05302 0.38653 0.01656 0.02936 0.09425 0.01027
STDCZ2 0.05342 0.05426 0.39937 0.01775 0.03463 0.10619 0.01284
STDCZ3 0.05306 0.05333 0.39169 0.01651 0.03082 0.09989 0.01226
KD28-1 0.10351 0.10467 1.46308 0.04893 0.18305 0.39289 0.00088
KD28-2 0.06317 0.09747 0.85134 0.02775 0.07731 0.27249 0.00367
KD28-3 0.06241 0.08263 0.71328 0.01558 0.10276 0.5471 0.01622
KD28-4 0.08646 0.03084 0.36799 0.00803 0.24029 0.92675 0.06039
KD28-5 0.06163 0.10417 0.88631 0.02539 0.09571 0.39424 0.00449
KD28-6 0.14853 0.12772 2.40535 0.09256 0.2576 0.35694 0.00361
KD28-7 0.06012 0.1007 0.83626 0.02644 0.07794 0.29816 0.0804
KD28-8 0.06016 0.09765 0.81418 0.02599 0.09048 0.34132 0.00392
KD28-9 0.06233 0.08054 0.69213 0.02498 0.07527 0.24377 0.00605
KD28-10 0.06927 0.04927 0.46936 0.00388 0.08721 1.11305 0.07038
KD28-11 0.08737 0.04338 0.52133 0.0125 0.14628 0.50989 0.01312
KD28-12 0.07918 0.10473 1.00007 0.00756 0.16765 2.33218 0.00574
KD28-13 0.05968 0.08543 0.70153 0.02029 0.21164 0.89475 0.0289
KD28-14 0.0622 0.10834 0.91384 0.02401 0.06413 0.29043 0.00392
KD28-15 0.07508 0.09392 0.97383 0.03177 0.12278 0.36425 0.00671
KD28-16 0.06799 0.09451 0.87214 0.02758 0.12438 0.42767 0.00142
KD28-17 0.07204 0.10069 1.00627 0.0321 0.11525 0.36252 0.00264
KD28-18 0.06099 0.09905 0.82563 0.02622 0.08966 0.33957 0.00368
KD28-19 0.05916 0.0955 0.7791 0.02466 0.04418 0.17148 0.01954
STDCZ4 0.05331 0.05277 0.38839 0.01684 0.03049 0.09573 0.01143
STDCZ5 0.05308 0.05586 0.40859 0.0172 0.03097 0.10072 0.01188
STDCZ6 0.05342 0.05223 0.38344 0.01729 0.03664 0.11081 0.01222
GLASS1 0.90036 0.30202 110.95963 0.65471 1.76767 0.8156 0.00019
GLASS2 0.88958 0.30228 110.11222 0.66716 1.78325 0.80762 0.00019

Table IV.6. Isotopic ratiofoone sigma uncertainty of KD2&hd standards values
Analysis Pb207/Pb206 Pb206/U238 Pb207/U235 Pb208/Th232 Pb208/Pb206 Th232/U238 U238/Si29

STDCZ1 0.0006 0.00037 0.01649 0.00014 0.00028 0.0009 0.00001
STDCZzZ2 0.00057 0.00037 0.01693 0.00012 0.00029 0.00101 0.00001
STDCZ3 0.00058 0.00037 0.01662 0.00012 0.00027 0.00095 0.00001
KD28-1 0.00129 0.00076 0.06281 0.00036 0.00165 0.00381
KD28-2 0.00084 0.0007 0.03671 0.00024 0.00079 0.00266
KD28-3 0.00065 0.00056 0.03007 0.00009 0.00081 0.00529 0.00001
KD28-4 0.00088 0.00021 0.01548 0.00005 0.00186 0.00899 0.00004
KD28-5 0.00067 0.00072 0.03742 0.00017 0.0008 0.00385
KD28-6 0.00566 0.00198 0.14494 0.00219 0.00662 0.00526 0.00005
KD28-7 0.00069 0.00069 0.03537 0.00019 0.0007 0.00295
KD28-8 0.00068 0.00067 0.03436 0.00018 0.0008 0.00339
KD28-9 0.0008 0.00057 0.02948 0.00021 0.00077 0.00245 0.00001
KD28-10 0.00075 0.00033 0.01967 0.00003 0.00076 0.01113 0.00009
KD28-11 0.00095 0.00029 0.02184 0.00008 0.00128 0.00513 0.00001
KD28-12 0.00169 0.0009 0.04627 0.00009 0.00244 0.0242 0.00002
KD28-13 0.00063 0.00057 0.02927 0.00013 0.00184 0.00908 0.00002
KD28-14 0.00091 0.00078 0.03933 0.00028 0.00085 0.00303 0.00001
KD28-15 0.00084 0.00063 0.04069 0.00022 0.00114 0.00374 0.00001
KD28-16 0.00116 0.00072 0.03831 0.0003 0.00159 0.00452
KD28-17 0.00093 0.0007 0.04256 0.00027 0.00123 0.00379
KD28-18 0.00074 0.00067 0.03461 0.00021 0.00092 0.003%5
KD28-19 0.00065 0.00064 0.03236 0.00018 0.00043 0.0018 0.00002
STDCz4 0.00062 0.00035 0.01618 0.00015 0.00033 0.00101 0.00001
STDCZ5 0.00063 0.00037 0.01702 0.00015 0.00035 0.00107 0.00001
STDCZ6 0.00066 0.00035 0.01601 0.00016 0.00043 0.00119 0.0001
GLASS1 0.01062 0.00225 4.94547 0.00522 0.01906 0.00905
GLASS2 0.0105 0.00222 4.84823 0.00537 0.01946 0.00898



Table IV.7.AgedeterminationgMa) of KD28and standargalues

Analysis Pb207/Pb206 Pb206/238 Pb207/U235 Pb208/Th232
STDCZ1 335.8 333.1 331.8 331.9
STDCZ2 346.8 340.6 341.2 355.5
STDCZ3 331.3 334.9 335.6 330.9
KD28-1 1688 641.7 915.3 965.6
KD28-2 714 599.6 625.4 553.3
KD28-3 688.3 511.8 546.7 312.4
KD28-4 13484 195.8 318.2 161.6
KD28-5 661.5 638.8 644.4 506.8
KD28-6 2329 774.9 1244.2 1789.3
KD28-7 608 618.5 617.1 527.4
KD28-8 609.2 600.6 604.8 518.7
KD28-9 685.4 499.3 534.1 498.6
KD28-10 906.8 310.1 390.7 78.2
KD28-11 1368.7 273.7 426 251
KD28-12 1176.6 642.1 703.8 152.2
KD28-13 592.7 528.4 539.7 405.9
KD28-14 681 663.1 659.1 479.5
KD28-15 1070.7 578.7 690.4 632.1
KD28-16 868.2 582.2 636.7 549.8
KD28-17 987.3 618.4 707 638.7
KD28-18 638.9 60838 611.2 523.1
KD28-19 573.1 588 585 492.4
STDCzZ4 341.8 331.5 333.2 337.5
STDCZ5 332.3 350.4 347.9 344.7
STDCZ6 346.6 328.2 329.6 346.4
GLASS1 5089.4 1701.3 4790.7

GLASS2 5072.4 1702.6 4783

Table IV.8. Isotopic réo of one sigma uncertainty of age estimate (Ma) of KD28 and standards val

Analysis Pb207/Pb206 Pb206/U238 Pb207/U235 Pb208/Th232
STDCZ1 25.48 2.27 12.07 2.76
STDCZ2 23.73 2.29 12.29 241
STDCZ3 24.41 2.26 12.12 2.44
KD28-1 22.78 4.43 25.89 6.94
KD28-2 28 412 20.13 4.8
KD28-3 22.02 3.36 17.82 1.87
KD28-4 19.61 1.31 11.49 0.94
KD28-5 23.28 4.18 20.14 3.26
KD28-6 63.89 11.3 43.22 40.53
KD28-7 24.73 4.07 19.56 3.76
KD28-8 24.41 3.94 19.23 3.57
KD289 27.17 3.38 17.69 4.22
KD28-10 22.1 2.05 13.6 0.52
KD28-11 20.79 1.82 14.58 1.65
KD28-12 41.76 5.27 23.49 1.89
KD28-13 22.23 3.4 17.47 2.58
KD28-14 30.86 4.53 20.86 5.61
KD28-15 22.21 3.74 20.93 4.36
KD28-16 34.96 421 20.78 5.91
KD28-17 25.88 411 21.54 5.34
KD28-18 25.71 3.95 19.25 4.11
KD28-19 23.68 3.74 18.47 3.54
STDCZzZ4 26.06 2.17 11.84 29
STDCZ5 26.42 2.28 12.27 3.03
STDCZ6 27.44 2.16 11.75 3.23
GLASS1 16.57 11.13 44.85 63.81
GLASS2 16.59 10.99 443 65.09
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Table 1V.9. Isotopic ratio of JR1&8ndstandardralues
Analysis Pb207/Pb20€ Pb206/U238 Pb207/U235 Pb208/Th232 Pb208/Pb206 Th232/U238 U238/Si29

GLASS1 0.88957 0.3248 125.36349 0.7463 1.90221 0.83133 0.00009
GLASS2 0.89475 0.31485 116.63236 0.76696 1.90083 0.78359 0.00009
JR131 0.05907 0.10571 0.85678 0.02917 0.12577 0.45763 0.01218
JR132 0.06102 0.10801 0.90443 0.03067 0.14405 0.50946 0.0141
JR133 0.06629 0.1078 0.95588 0.03344 0.12189 0.39458 0.00058
JR13-4 0.086 0.09576 1.09642 0.04831 0.16261 0.32365 0.00078
JR135 0.07298 0.09949 0.98736 0.03914 0.10341 0.26393 0.00075
JR136 0.05909 0.10628 0.86391 0.02935 0.14015 0.50958 0.01346
JR137 0.06203 0.10302 0.88141 0.03053 0.12028 0.40755 0.01005
JR138 0.05859 0.10746 0.8754 0.03213 0.1272 0.42727 0.01746
JR139 0.06022 0.10532 0.87503 0.0331 0.10325 0.32988 0.00738
JR1310 0.0608 0.10457 0.87942 0.03355 0.10407 0.32573 0.01079
JR1311 0.06437 0.10001 0.88461 0.03097 0.11804 0.38273 0.00995
JR1312 0.06705 0.10091 0.9311 0.03167 0.14919 0.4774 0.00472
JR1313 0.06097 0.10087 0.84651 0.02583 0.11152 0.43727 0.0142
JR1314 0.05923 0.10162 0.82942 0.02642 0.10863 0.41957 0.01355
JR1315 0.06335 0.08931 0.77819 0.02639 0.18349 0.62353 0.02239
JR1316 0.0643 0.08724 0.77305 0.02444 0.15802 0.56654 0.01896
JR1317 0.06135 0.10371 0.87445 0.02987 0.15359 0.53551 0.00443
JR1318 0.0588 0.11043 0.89291 0.03072 0.08625 0.31138 0.01328
JR1319 0.06233 0.11047 0.91363 0.0345 0.09916 0.31884 0.00049
JR1320 0.07531 0.09798 1.01376 0.1085 0.06443 0.05843 0.03359
JR1321 0.0891 0.06979 0.85984 0.02376 0.19988 0.58946 0.0211
JR1322 0.06027 0.10526 0.87555 0.0295 0.11868 0.42527 0.00771
JR1323 0.08163 0.10014 1.12923 0.0276 0.1674 0.60998 0.00408
JR1324 0.07357 0.06361 0.64922 0.01602 0.25392 1.01257 0.02413
JR1325 0.05936 0.10745 0.88301 0.02949 0.20245 0.7408 0.02169
JR1326 0.1139 0.10914 1.68293 0.09452 0.20347 0.23594 0.00096
STDCZ1 0.05349 0.05383 0.39712 0.01727 0.03402 0.10647 0.01192
STDCZ2 0.05323 0.05352 0.39359 0.01685 0.0314 0.10019 0.01193
STDCZ3 0.05327 0.05385 0.39443 0.01734 0.03273 0.10207 0.01167

Table V.10 Isotopic ratio bone sigma uncertainty of JRaBd standards values
Analysis Pb207/Pb20€ Pb206/U238 Pb207/U235 Pb208Th232 Pb208/Pb206 Th232/U238 U238/Si29

GLASS1 0.00975 0.00244 5.76227 0.00533 0.01884 0.00906

GLASS2 0.00979 0.00235 5.26953 0.00547 0.01878 0.00852

JR131 0.00062 0.00072 0.03665 0.0002 0.00119 0.00483 0.00001
JR132 0.00064 0.00074 0.03869 0.00021 0.00136 0.00537 0.00001
JR133 0.00095 0.00079 0.04209 0.00032 0.00143 0.00423

JR134 0.0011 0.00069 0.04767 0.0004 0.00176 0.00345

JR135 0.00129 0.00079 0.04485 0.00051 0.00154 0.00291

JR136 0.00062 0.00072 0.03695 0.0002 0.00133 0.00537 0.00001
JR137 0.00065 0.0007 0.03771 0.00021 0.00114 0.0043 0.00001
JR138 0.00061 0.00073 0.03743 0.00022 0.0012 0.00451 0.00001
JR139 0.00064 0.00072 0.03745 0.00023 0.00099 0.00348 0.00001
JR1310 0.00064 0.00071 0.03762 0.00023 0.00099 0.00344 0.00001
JR1311 0.00068 0.00068 0.03784 0.00021 0.00112 0.00404 0.00001
JR1312 0.00092 0.00073 0.04081 0.00028 0.00166 0.00509 0.00001
JR1313 0.00064 0.00069 0.03621 0.00017 0.00106 0.00461 0.00001
JR1314 0.00062 0.00069 0.03548 0.00018 0.00103 0.00443 0.000a
JR1315 0.00066 0.00061 0.03327 0.00018 0.00173 0.00658 0.00002
JR1316 0.00067 0.00059 0.03306 0.00016 0.00149 0.00598 0.00001
JR1317 0.00066 0.00071 0.03749 0.00021 0.00148 0.00565

JR1318 0.00062 0.00075 0.0382 0.00021 0.00082 0.00329 0.00001
JR1319 0.00104 0.00084 0.04106 0.0004 0.00135 0.00346

JR1320 0.00078 0.00067 0.04334 0.00074 0.00061 0.00062 0.00003
JR1321 0.001 0.00048 0.03697 0.00017 0.00197 0.00623 0.00004
JR1322 0.00064 0.00072 0.03749 0.0002 0.00114 0.00449 0.00001
JR1323 0.00088 0.00069 0.0484 0.00019 0.00161 0.00644

JR1324 0.00079 0.00044 0.0278 0.00011 0.00242 0.01068 0.00003
JR1325 0.00062 0.00073 0.03775 0.0002 0.00191 0.00781 0.00002
JR1326 0.00132 0.00077 0.0726 0.00072 0.00207 0.00252

STDCZz1 0.00058 0.00037 0.01703 0.00014 0.00035 0.00113 0.00001
STDCZ2 0.00059 0.00037 0.0169 0.00014 0.00033 0.00106 0.00001
STDCZ3 0.00059 0.00037 0.01694 0.00014 0.00035 0.00108 0.00001



Table IV.11 AgedeterminationgMa) of JR13 and standawlues
Analysis  Pb207/®206 Pb206/U238  Pb207/U235  Pb208/Th232

GLASS1 5072.4 1813.1 4913.6

GLASS2 5080.6 1764.5 4840.9

JR131 569.7 647.8 628.4 581.2
JR132 640 661.2 654.1 610.5
JR133 815.7 659.9 681.2 664.8
JR134 1338.1 589.5 751.6 953.7
JR135 1013.5 611.4 697.4 776.1
JR136 570.4 651.1 632.3 584.7
JR137 675.1 632.1 641.7 607.8
JR138 552 658 638.5 639.1
JR139 611.5 645.5 638.3 658.2
JR1310 632.3 641.1 640.7 667
JR1311 753.8 614.5 643.5 616.6
JR1312 839.5 619.8 668.2 630.2
JR1313 638.2 619.5 622.7 5155
JR1314 575.5 623.9 613.3 527.1
JR1315 719.9 551.4 584.5 526.5
JR1316 751.4 539.2 581.5 488
JR1317 651.5 636.1 638 594.9
JR1318 559.6 675.2 647.9 611.5
JR1319 685.3 675.5 659 685.6
JR1320 1076.7 602.5 710.8 2082
JR1321 1406.3 434.9 630 474.7
JR1322 613.3 645.2 638.6 587.6
JR1323 1236.5 615.2 767.4 550.2
JR1324 1029.6 397.5 508 321.2
JR1325 580.3 657.9 642.6 587.4
JR1326 1862.6 667.8 1002.1 1825.4
STDCZ1 349.7 338 339.6 346.1
STDCZ2 338.6 336.1 337 337.7
STDCZ3 340.3 338.1 337.6 347.4

Table IV.12 Isotopic ratio of one sigma uncertgiof age estimate (Ma) of JREBd $andards values
Analysis ~ Pb207/Pb206  Pb206/U238  Pb207/U235  Pb208/Th232

GLASS1 15.42 11.86 46.3 61.71
GLASS2 15.38 11.51 45.49 62.58
JR131 23.17 4.2 20.04 3.86
JR132 22.37 4.28 20.63 4.05
JR133 29.65 4.58 21.85 6.22
JR134 24.46 4.03 23.09 7.78
JR135 35.49 4.6 22.91 9.97
JR136 22.91 4.22 20.13 3.87
JR137 22.3 4.1 20.35 4.05
JR138 22.6 4.26 20.27 4.22
JR139 22.68 4.19 20.28 4.43
JR1310 22.4 4.16 20.32 4.44
JR1311 21.99 3.99 20.39 411
JR1312 28.41 4.27 21.46 5.43
JR1313 22.39 4.03 19.91 3.44
JR1314 22.66 4.05 19.69 3.52
JR1315 21.91 3.6 19 3.47
JR1316 21.87 3.52 18.93 3.23
JR1317 23.09 4.15 20.31 4.06
JR1318 22.7 4.37 20.49 4.1

JR1319 35.09 4.87 21.78 7.87
JR1320 20.76 3.92 21.86 13.5
JR1321 21.36 2.92 20.18 3.37
JR1322 22.79 4.19 20.29 3.97
JR1323 20.95 4.02 23.08 3.76
JR1324 21.46 2.64 17.12 2.16
JR1325 22.44 4.26 20.36 3.86
JR1326 20.8 4.47 27.48 13.36
STDCZ1 24.46 2.26 12.38 271
STDCZ2 24.84 2.25 12.31 2.77
STDCZ3 24.9 2.26 12.33 2.85
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Table IV.13. Isotopic ratio of JZ@ndstandardralues
Analysis Pb207/Pb20€ Pb206/U238 Pb207/U235 Pb208/TI232 Pb208/Pb206 Th232/U238 U238/Si29

GLASS1 0.82987 0.29728 105.40056 0.59151 1.40199 0.68549 0.00009
GLASS2 0.82208 0.29381 96.58147 0.57299 1.39583 0.69632 0.00009
JZ61 0.05694 0.08372 0.65829 0.02036 0.11326 0.45317 0.01417
JZ6-2 0.08084 0.102® 1.12998 0.02731 2.36633 8.67277 0.00029
JZ6-3 0.09175 0.09906 1.23043 0.01806 3.07525 16.41532 0.0007
JZ6-4 0.7264 1.14861 109.73186 0.47166 1.28366 3.04123 0.00002
JZ6:5 0.0558 0.09611 0.74016 0.02394 0.08757 0.34205 0.01158
JZ66 0.05765 0.097® 0.78258 0.02384 0.63321 2.52194 0.00433
JZ6-7 0.05812 0.09962 0.80318 0.01899 0.67812 3.46119 0.00399
JZ6-8 0.05618 0.08983 0.69772 0.02211 0.09181 0.36288 0.01265
JZ6:9 0.06331 0.09945 0.85601 0.02291 5.87471 24.81453 0.00048
JZ6-10 0.05799 0.09289 0.74595 0.02085 0.1228 0.5323 0.00883
JZ611 0.16829 0.09857 2.22918 0.07941 0.28881 0.34877 5.40109
JZ26-12 0.05508 0.07505 0.57093 0.01302 0.01235 0.06926 0.0168
JZ6-13 0.06873 0.06431 0.61334 0.01615 0.12158 0.47093 0.01828
JZ26-14 0.0956 0.1®@59 1.36649 0.02855 0.392 1.3702 0.00116
JZ6-15 0.05536 0.09194 0.7025 0.02418 0.02703 0.09996 0.01052
JZ26-16 0.05574 0.07049 0.54261 0.0151 0.02112 0.09594 0.01516
JZ6-17 0.06855 0.09393 0.87925 0.01616 0.64104 3.62544 0.00252
JZ76-18 0.05652 0.0842 0.68522 0.01968 0.14029 0.60625 0.00547
JZ6-19 0.05517 0.09437 0.71934 0.0225 0.09772 0.39873 0.00918
JZ26-20 0.0667 0.09593 0.88287 0.02586 0.12353 0.44578 0.00593
JZ26-21 0.07254 0.10223 1.02963 0.03078 0.12554 0.40567 0.0012
STDCZ1 0.04872 0.0%269 0.35675 0.01365 0.02396 0.08998 0.01107
STDCZ2 0.06036 0.05525 0.46023 0.02376 0.04882 0.11046 0.01238
STDCZ3 0.053 0.05328 0.38876 0.01674 0.03853 0.11933 0.01366

Table IV.14 Isotopic ratio one sigma uncertainty of JZéd standards valge
Analysis Pb207/Pb20€ Pb206/U238 Pb207/U235 Pb208/Th232 Pb208/Pb206 Th232/U28 U238/Si29

GLASS1 0.00842 0.00217 4.37309 0.00346 0.01065 0.00637
GLASS2 0.00842 0.00217 3.99463 0.00339 0.01071 0.0065
JZ6-1 0.00055 0.00055 0.02524 0.00011 0.00079 0.00403 0.00001
JZ6-2 0.00163 0.00087 0.04853 0.00016 0.0211 0.07919
JZ6-3 0.00139 0.00075 0.04977 0.0001 0.02438 0.14774
JZ64 0.00781 0.01007 4.8767 0.00298 0.0104 0.03158
JZ65 0.00053 0.00063 0.02837 0.00013 0.00061 0.00304 0.00001
JZ6-6 0.00059 0.00065 0.03013 0.00013 0.00444 0.02243
JZ6-7 0.00058 0.00066 0.03089 0.0001 0.00473 0.03078
JZ6-8 0.00054 0.00059 0.02675 0.00012 0.00064 0.00323 0.00001
JZ69 0.00117 0.00078 0.03587 0.00012 0.04745 0.22402
JZ6-10 0.00056 0.00061 0.02861 0.00011 0.00086 0.00473 0.00001
JZ611 0.00158 0.00064 0.08533 0.00041 0.0019® 0.0031 0.02704
JZ26-12 0.00053 0.00049 0.0219 0.00009 0.0001 0.00062 0.00001
JZ6-13 0.00066 0.00042 0.0235 0.00009 0.00085 0.00419 0.00001
JZ6-14 0.00118 0.00072 0.0537 0.00017 0.00312 0.01229
JZ6-15 0.00053 0.0006 0.02694 0.00014 0.0002 0.00089 0.00001
JZ6-16 0.00054 0.00046 0.0208 0.00009 0.00016 0.00085 0.00001
JZ6-17 0.00077 0.00064 0.03416 0.00009 0.00465 0.03231
JZ6-18 0.00056 0.00058 0.02633 0.00011 0.001 0.00539
JZ6-19 0.00054 0.00062 0.02762 0.00012 0.0007 0.00355 0.00001
JZ6-20 0.00066 0.00063 0.03392 0.00014 0.00089 0.00397 0.00001
JZ621 0.00082 0.00069 0.04003 0.0002 0.00101 0.00364
STDCZ1 0.00049 0.00035 0.01371 0.00009 0.00019 0.0008 0.00001
STDCZ2 0.0006 0.00036 0.01769 0.00015 0.00037 0.00099 0.00001
STDCZ3 0.00057 0.00036 0.01503 0.00012 0.00033 0.00107 0.00002
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Table IV.15 AgedeterminationgMa) of JZ6and standards values
Analysis  Pb207/Pb206  Pb206/U238  Pb207/U235 Pb208/Th232

GLASS1 4973.9 1677.8 4739 9392.3
GLASS2 4960.5 1660.5 4651.2 9155.7
JZ61 488.4 518.3 513.6 407.3
JZ6-2 1217.5 631.3 767.7 544.6
JZ6-3 1462 608.9 814.5 361.7
JZ6-4 4783.9 4930.3 4779.5 7809.8
JZ6:5 444.1 591.6 562.5 478.1
JZ66 516.3 600.3 587 476.2
JZ6-7 533.8 612.2 5986 380.2
JZ6-8 458.8 554.6 537.4 442.1
JZ6:9 718.7 611.2 627.9 457.8
JZ6-10 529.1 572.6 565.9 417

JZ611 2540.8 606 1190.3 1544.5
JZ26-12 415.5 466.5 458.6 261.5
JZ6-13 890.6 401.8 485.7 323.9
JZ26-14 1539.9 629.6 874.7 569.1
JZ6-15 426.4 567 540.3 483

JZ26-16 441.5 439.1 440.1 302.9
JZ6-17 885.1 578.8 640.6 324

JZ76-18 472.1 540.2 529.9 393.9
JZ6-19 419 581.3 550.3 449.7
JZ26-20 828.3 590.5 642.5 516.1
JZ6-21 1001.1 627.4 718.7 612.7
STDCZ1 134.4 331 309.8 274

STDCZ2 616.6 346.6 384.4 474.6
STDCZ3 328.8 334.6 333.5 335.5

Table IV.16 Isotopic ratio of one sigma uncertigynof age estimate (Ma) of JZ&nd standards values
Analysis  Pb207/Pb206  Pb206/U28 Pb207/U235 Pb208/Th232

GLASS1 14.34 10.78 41.73 43.92
GLASS2 14.48 10.79 41.57 43.51
JZ6-1 21.37 3.27 15.46 2.15
JZ6-2 39.16 5.11 23.13 3.13
JZ6-3 28.69 4.41 22.66 1.95
JZ64 15.32 30.21 44.72 40.9
JZ65 20.73 3.71 16.56 2.52
JZ6-6 21.81 3.79 17.16 2.47
JZ6-7 22.25 3.86 17.39 1.97
JZ6-8 21.21 3.49 16 2.33
JZ69 38.8 4.57 19.62 2.42
JZ6-10 21.43 3.6 16.64 2.2

JZ6-11 15.66 3.78 26.83 7.69
JZ2612 21.27 2.96 14.15 1.77
JZ6-13 19.56 2.55 14.79 1.69
JZ6-14 23.03 4.23 23.04 3.43
JZ6-15 21.29 3.56 16.07 2.78
JZ6-16 20.78 2.79 13.69 1.77
JZ26-17 23.08 3.75 18.45 1.75
JZ6-18 21.92 3.42 15.86 2.12
JZ6-19 21.57 3.66 16.31 2.43
JZ6-20 20.51 3.72 18.29 281
JZ2621 22.76 4.06 20.03 3.93
STDCZ1 23.37 2.13 10.26 18

STDCZ2 21.48 2.23 12.3 2.86
STDCZ3 24.21 2.17 10.99 2.43
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