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‘ABSTRACT

fEéur post-tectenisc granitic plytons occur
within afqortherly tfending’rectaﬁgle 60 & 47 km at the . .* -

*

s N . ~

northeaéﬁ corner of the Southern Hijaz quadrangle iQ”the

Precambrlan Arablan Shield, 470 km—nortﬁea t of Jeddah,

Saudl Arabla The area is éetween latltudes 23°21'N and
/

23°52 N, and 1ongltudes 40°55'E and 41°26'E.

I

Field, petrographical and geochemical studies

of these plutoné support a division of tHem into two

mald*groups - : %

1. Non—peralkallne granltes which includé calc-alkallne &
.Albarl granlte, and the peralumlnous(Alse-Halrah _ N
granlte and blotlte granlte of ‘the Hadb Aldyaheen complex.
Granltes of thls group are 600 to 650 m.y. old, are hyp1—~
diomorphid in textuné, and consist primarily of'oligdéiase,

v, .

mlcroperthlte, quartz and blotlte. Mlneraloglcally and,
.chemlcally they are comparable to nnrmalvcalc-alkallne‘
granltes and to YOung granltes throughoqt the Arqblan K
Shleld Thelr orlglnlas attrlbuted to partlal melting of

lower crust above a subductlon zone w1th some mixing of

crustal material and andesitic magma derived from-subdmcted.

. material. - . ‘

2. Peralkaline granites which include the‘gfanita
porphyry and riebeckite granite of the Hadb-gldyaheen ring

complex ahd the riebegkite'granite df Jabal Sayid.

-y iii
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‘morphic o pbrphyric in .texture; riebeckite and aegirine

A

" ’-' NS
.
'.?'y

--small--Ca,; Mg and Al'aBundances, Na.0, K.0 are-not abnormally

‘D.E. and.D.I. + ac + ns. There is a' significant enrichment ~

i
although spatlally elated, tne peralkaline granltes appear ?
to be unrelated genetically to older non—peralkallne granites ¢

- . - ¥

Qf the area, ) o 7
_ - . ;

{

i

-

/ ’ B - - - N

Graﬁites of this group-are.éoé to’ 570 m.y.'old, are hiéh-'
/
level ma%matlc 1ntru51ons, and constltute the last gran1t1c~
-
phase oflthe Pan-Afrlcan the!mal event and the development

/ . K.

of the,Arablan Shleld. There is a notable absence of any .

cohte@éoradeous mafic plutons.:’ These granites aré hypidio-

‘ .

are the prlnc1pal mafic minerals. The plagioclase is almost L
purJ albite and the K-feldspar is microcline (Or 96%) and : .

mlc:}&ocllne-perthlter .Late growth and, recrystalliZation of

mic¢rocline and‘quartz.in the riebeckite granites are

eviident. Chemically, they'QaVe large s?o and total Fe, and

2
27" 72

) ]
abundant for granitic rocks. In general major element

4
oxides do nbot vary systematically with increasing SiOZ[

\_ ‘ N %.ﬂ

ih{Nb, 2r, ¥ and Rb and depletion in Ba and Sr relative .

to crustal averages and to normal granites. Distribution
of most trace'elements exeept Ba and Snﬁﬁs erratic, and no
trends relatlve to major. -elemént dlstrlbutlon ox the “alka- .
llnlty index - (A.I.) are-eVLdent, Values of 18O are + 10%s -
to + 16 %&, thcﬁiare coﬁsiderably greater than the + 8%°

T

of the assoc1ated ol er non-peralkallne granlte.‘ However,

s
3




‘The| present data exclude axgenesis of the-
péralkaline granites by magmatié differentiétion alone.

Rather, orlgln of these granltes is attrlbuted to conta-

-

-

'mlnatlon of extremely dlfferentlated granitic’ magma derlved
oy
'by partlal meltlng of the contlnental crust and late stage

metasomatlsm by residual fluld.' Contamlnatlon was accomplished

18

by either massive influx of ~°0 rich sedimehts or hot saline

wdter, but the available information does not permit distinc-.

'tion between the -two.
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. CHAPTER 1
’ - o ‘, e )
S . _ INTRODUCTION ‘ .
5 1.1 General Statement ‘ -

:\The Kingdom of Saudi Arabia is 2,150,000 km2
in area; roughly a quarter of this is the Arabian Shield
which is part of the Arabhian-=Nubian Shield, a geological

entity of mére than 2 million km? that extends through the

Arabian Peninsula, northern Somalaia, Ethiopia, Saudan

and Eg¥Pt. The A?gb;an Shield qpnsiéts aébroximately of’

- gvdn%‘plutShic rocks which intrude basement énieéé and X

volcanic and volcano-clastic rocks.

-
-

S . :
- .~ The basemént is overlain by volcanic rocks which

.

e dominantly basaltic. These are oYerlainfby'a thick

serieq of andesitic volcanic rocks, with rhyolite appearin§'

-

N - at the top. This layered sequence>conqludes with Late

Precambrian to Early Paleqzoic units in which the proportion'

—

of sedimentary rocks increases upward and rhyolite gives way

to minor andesite and ,basalt. The regional metamorphism is -

s 2
Greenwood and others, 1976).

. green schist facies. (Brown, 1972; Schmidt and others, 1973;

f ) * Plutonic rocks, which appear in part to be the

CT intrusive equivalents of volcanic rocks*, cover an age range’

+




‘
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i

{

0f 490 to 1,100 m.y. - Mpst are 520 to 620 m.y. old (Brqwn,

+1972;- Fleck et al., 1976), or synchronous with the Pan

African orogeny (Brown, 1970, 1972; Clifford, 1967, 1968,

1970; Black and Girod, 1970).‘ THese rocks.can be grouped

' into 5 phases of plutonic activity at 960, 800, 785, 650 to

600 and 570 to 550 f.y. ago (Greenwood et al,, 1976). The
eg§lier phases are primérily dioritic rocks whizhﬁhage calcic
affinities whereas later phases are domigantly granodiorite
tolgranité iﬂ composition with célCraléalic.affipity. ﬁ;;ever,
a‘subordiggté ﬁamberlaf the late phases havé alkalic and
peralkalic modd&81l trends and mi%ggalogy (Brown et al., 1962;
Brown, 1972; Greenwood and Brown, 1973).

This thesis is concerned with the late phases of

plutonic. activity, post tectonic, and 490 to 600 m.y. old
. . ) . : .

«

_-ahd hence in the age range of the Pan—Af;}cgn orogeny. They =~

appeared from previous work to be irregular stocks to small ©

-

batholiths, circular plugs, cone sheets?and'ring structure
and tabular bodies within faults. fhéy are- éssentially

calc-alkalic, alkalic and perélkalié. ,

-
- .

1.2 Statement of the éioblém B by

The purpose of this.thé;s is threefold: .-

‘1) A documentation of the deoiogy, petrography and

chemistry of the late phase graﬁitic‘rocks in the Northeast

. . - . R ‘”&h",‘,, ) .(
corner of the Southern Hijdz ‘quadrangle. )

e

-
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2) A conclusion as to the genesis. of these late phase granitic
A d ‘ -
rocks in the Arabian Shield.
3) 2 conclusion as to the cause of peralkalic compositions

for Some plutons of this late phase ¢f granitic magmatism,

1.3 Location and Access

The four granitic plutons with thch we are concerned
'in this thesis are one unit og the 1:500,000 scale geological
map of Southern Hijaz gquadrangle (Brown et al., 1962). They.
are Qithin a northerly trending rectangle about 60 km lqng
and 47 km wide; between latitudes 23.2IN and Z%.S?ﬁ, and
longitudes 40.55E and 41.26E. The area is at an altitude
of 950—1,000 m at the northeast corner.of the Southern
Hijaz quadranglé iq the western part of the Precambrian,
Arabian Shield, Kingdom of Saudi Arabia (Fig. 1). It is
accessible throughout the year from Jed@ah by driving along
the Jeddah-At Taif highqay, téking a turn off 40 km from
At‘Taif,north 'of the At-Taif-Ar Riyad highway, onto the
U;hayrah—Mahd adh 6hahab road, a tétal distance Of about
4]0 km/ of which 230 km is paved road, and 240 km is desert
track. The north part of the area is about two hours by '

. e

" road from Al Madinah. ~Numerous trails, over which jeeps

can pass, are found .throughout the area. ’/,////’
1.4 Previous Work T C .

In 1960, Brown and Jackson summarized the results
-

~
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- guadrangle (Map I-210A) at the .scale of 1:500,000. They

~k

... othets (1973) published a report on the stratigraphy and.

-

og early geologic mapping in the Arabian Shield published
as réﬁonnaissance geologic maps at a scale df 1:500,000
during the interval 1956-1963. Brown énd others (1962)

published the first geological. map of the Southern Hijaz

listed the bad¥% stratigraphic divisions for Precambrian

-
]

units in the“quadranéle and the area studied within this.
guadrangle. 1In 1963 a compiled geologic ﬁap‘of the.Arabian
‘Peninsula was published by the U.5.G.S. and ARAMCO at a
scale of 1:2,000,000. In 1971, the Directorate General of
Mineréls Resourceg (DGMR) ih qeddah, Saﬁ@i=Arabia, oublished

twd bulletins’ (No 5 and 6). Bulletin No 5 was concerned

+

with mineral resources of the Southern Hijaz quadrangle by .

) Y .

Gol@sm}th; in which he briefly described the fluerite deposits
and fadioactive‘;iperals associated with pegmatiﬁe veins of
Jabel Séyia‘and‘the Hadb-Aldyaheen Complex. In Bulletin 6,
Goldsmith and Kouther included a 1:50,000 scale map of thé
hmm.Ad Damar and Mahd adh Dhahab greas,and tﬁe Aibari and
Hadb—Aldyahéen Plutons were described in a general way. '
Bré@g»?lQ??) published the pnly tectonic mép of the Argbian

Peniﬁsula at a scale of 1:4,000,00C (Map AP-2). Séhmidt and

tectonism of the south parg of the Arabian Shield (Bulletin
No 8):..The DGMR (1973) published a bulletin on the petrology

and chemical qnélysis of selected plutonic rocks from the

Arabian Shield by W.R. Gréenwood and G.F. Brown (Bulletin No

*

9). . N
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Part of the thesis areg,fdncluding the Albari and

Alse-Hairah Plutons, was described in two,reports published

<

. by the Bureau de Recherches Geologiques et .Minieres (BRGM)

(Dottin, 1974; Dottin et al., 1975). Greenwood et al. (1976)

described late Protozoxc cratonlzatlon in the south part of . »

the Arabian Shield. This paper was one of the first modern,

I

attempts .at a tectonic synthesis of the Shield. 1In 1976, >

_Fleck et al. publlshed the flrst paper on the K-Ar geochrono—

logy of the Arablan Shield.
All the abowve publlcatlons include “some geﬁeral - -, -

aspects of the thesis area,  However, no detalled work on’ )

any of the plutons investigated,in this thesis, had been .’

done previously. . . . - .
* 3 >,
1.5 Techniques of Present-Study - : s
. . h ey

The thesis is based o6n detailed geological mapping i
of four plutons. Field work was done durlng February‘through ‘2
May, 1976 when. 200 samples were collected mostly from the
granitic rocks. - , . , ‘ 7

4 A
-, ~ -~

Petrognaphlc studies were done on 100 samples. Whole -
rock, and some trace element anaryses were completed on 90
granitic rocks. X-ray fluorescence'and other analytlcal
techniéues nsed in laboratory investigations are outlined

in Appendix A. ‘ .
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THE ARABIAN SHIELD

L]

—
py

2.1 General Etateméﬁt ;
The Kingdom of Saudi Arabia has an area of 2,150,000

2

' km of which appzfximately a quarter is occupied by the

Arabian Shiedd. The Arabian Shield extends from the Red

= 2

Sea coast for distances ranging from 50 to 700 km eastward.

The recambrian Arabian Shield covers an area of about - e\
2

t .

I
541,060 km It con-

,. and is a pseudotrapizdidal (Fig. 2).

sists of Precambrian to early Paleozoic rocks, partly over-
lain.by younger sedimentary rocks, Tertiary to Quaternary

N basa;t’andlailuviﬁm.

0y
g . ] ™

2.2 Structure . . : - ’ fd
; s

The Arabian Shield has been divided by Brown (19690) -
into three physiographic provinces or belts:
l.. The Scarp Mountains extend from the alluv1um of the

coastal plaln to the tlp of the Hljaz Plateau and is between

Loage

40 an& 140 km w1de.
¢ _
-ggrthward

Height .and ruggedness tend to decrease

~

>

///;.i The Hijaz Plateau rs a dissected, elevated and tllted

peneplaln which slopes northeast away from a maximum height - %
. - . — ) i,
\ o Q. - . e 3
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Figure 2. Generalized geologic map of the Arabian
Shield., Kingdom of Saudi Arabia
T (scale 1:4,000,000) Greenwood et al.,
1974. U.S.G.S, Jeddah. a0
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of 3130 m near Abha to the vast desert plain of Najd.

3. The Najd Pediplain is the coalescind vediment and

desert Plain east of the Hijaz Plateau which is interrupted

&jﬂ o
only here and there by isolated inselbergs of Précambr}an

- rocks.

Paleozoic and Meséaéic sedimenhary rocks, mostly
sandstone, limestone, transgress-the ¢rystalline shield “from
the east (Fig. 3).

Major faults in the Shield- trend northwest in the
horth.and east_pgrts, whereas to the south a horth and
northeasterly trend is dominant. Tha most prominent fracture
systenLr is the left lateral Najd wrench faultesystem which

traverses the Shield in a northwest direction” (Fig. 2 and 3).

~ampaptar.

2.3 General Stratigraphy ) ‘ .
\ T o ) ';’:‘. J

£

™~
Eight Precambrian to Early Paleozoic stratigraphic

23
‘o

units have been suggested for the entire Arabian Shield, six

Qo

1n the south part of the Shield and two, the youngest units,

in the north part of the Shleld (Table 1) (Schmidt et al.,
1973) + They overlie a basement ‘gneiss compiqx called the
‘'Khamis Mushayt égniés. It consists of coarse-grained,
banded‘o:thoéneiss derived frgﬁ diorite, gquartz diorite,
granodlorlte and granite, mlgmatate and’ lesser amounts of
paragnelss, paraschlst and amphlbollte. Rocks are regionally

L -
metamorphosed to amphibolite facies and locally to granulite

.facies.

-

O -v'.“,;:_.;:,fl i
¢ - ; (SN L" v




11

000’t

'S99

0LS

. 09s

0zs

wwﬁo:mm:uuo
ATea3emTaIn {93TTRUOL

°

vmsw:mooou jou uistuoanyd

~

) butatney youaam
yinos-yjaou o3 pajerax
sdeyxsad uotsnijur ‘*oaqqed
dS3'UTPIONS *WSTURODTOA
ueqereH-yeppTL o3 pajel
-3x wstuoanid 93tTuRIbH O3
@3TI0Tp z3xenb pue ajtaotd
E

=

93Tuaks 9jeurpaoqns pue
93TIOTpouRab 03 d3TUERIH

;@3Taorpoueab o3 ajtuexs

pur3zinejyasod pue -ajer
{33TUdLs ajeurpao

-qns pue aj3TIOTIP
~-ouexb 03 aj3TuRIH

WSTUO3D3]

ITSY woxj. paystnburistp 3ou
WSTUO3D83 JuUSWSSed “SY00X TTeH
ay3 ueyy xapro Arqrssod sessiaub
.daﬁu@mmvaouloNuudsw.vbm S93T3ewb T

. (tpoxIaIUT)

Sy

wsSTUO3 D3] jJuawaseq

' ©SITORJ
» @3TTOoqTydwre Q3 AT3aTyd ‘sydo0ax
TTeH jo wstydIiowejaw pue HUTPTOJ

w

WS TUOJOI] hﬂM@

s)yo0a yeyeg
pue ysteg jo usrydiowejsu SITORY
-3sTYosusaabh ATyeasusb pue Burpiog

. Ausboxo eueyry

sawop ssyaub jo

juawasetdug

‘ putanp BurazTnes yousam Teaajef
-3397 Y3aNosS-Y3zaIou IATSUIIXF SOOI
ueqeTeH pue yepprL Jjo wustydaowejdu
S3TORJ-318TYOSUD9I6-IBMOT pue @:ﬂvaom

*BuTpPTOJ pue wsTuesyoa

ssTaUY
3keysny stleyy

| dnoig T1eH

dnoxs ysteg

dnodin nm:mw

dnoas yeppIr

dnoxs ueqeyeH

Xusboxo zelTH

HUTITNR] YDOUDIM Y3NOS

-y3aou panutiuo) *dnoay ewepany oy3
3Jo syo0x jo usTtydaowerow ybITS

pue S9xe U3nos-yjlIou 3jnoqe SUTPTOL

YSTULOTOA Ieumueys y3tmi ATsnos
: -tiexodwsjuooasuad pawio3 :surseg

Audhoxo yeysig

dnoxs ewepany

& ¢oﬂmm0ummv Iewweys

sduoz aeays
Texa3e1~-339T ¥ 3SLaYINOs-1S2MY7 ION

dnoxs. xewuweys

. . >

- buTrjTney yosuaam plLeN

dnoxs yegrleqnp

(sxeak JO SUOTITIW)

SNO0Y DINOILNTA

S3ov
OTYLIWOIAW

mmaomHmmquoaoma x :”

. SLINN
¢ TYNOILISO0d43g

PTRTYS ueTqeay

~ ’

b- e Haeew 0 . v o

. . *(EL6T ‘" Te 39 3IPTWYDS)
uxaYy3inos 3o LI03STY OTUO3D3] UETIqWERD-URTIqUWEDDIJ

T °19ed

PA A WR i e el i . s A R




12

#

™~

. WzL6T ‘sosn Is3je .mﬁswa..ﬂcm.m uRTqeIY 9Y3 JO MIoMmaweiy OTHOTO®H - ¢ 2INBTJ
g\ .

?
1 "
8 swoue :
oeuBew Wosy PeLeju ti,
y8noil 1S pey jo Asspunog

niney 10y

/

. mney

A

uRqQWIDeIy

31020804

1020489y

' {urw QO sivhinyy)
- wuodo tnosdmes) eiey (A A A

. sapes desy
*U0208110 01 § IN0SI0MI) Ny

4204 sAnNyje Ajenae)

Arswiniang pus >=,.:-._. §

1A

SUHBEE
% Z

NOILYNVY1dX3

DY)




1

" thick section of‘metasedimentary rocks, mostly, gquartz-

- 13

The chronological order of the eight units £50m

the oldest to youngest is: Hali Group, Baish Group, Bahah

Group, Jiddah Group, Ablah Group, Hakaban Group, Murdama

Group, Shammar Group and Jubaylah ‘Group (Table 1).

1. The ghli Group- is thick sections of quartz” biotite
garnet schist with_amphibolite. Metamorphism is of amphi-
bolite facies. Hali rocks have been infensively tectonized,
The relation between Kﬁamis Mushayt Gmeiss and Hali Group
is not .clear. .Greenwood et al. (1976), considers rocksﬂof
Khamis Mushayt gneiss and,HéIi Group to be Righly metamor-
phosed equivalents ofthe Biasﬁ-aﬁdQBahah Groups and plutonic

rocks which intitude them. . ' e

P.»\
S

2. .The Raish Group overlies the Hali Group énd_is greéh-
. e
stone consisting predominantly of mafic metavolcanic rocks
intercalated with agglomerates, tuffs and detrital beds. Thg

metamorphic grade is greenschist facies. Most of the Biashw§%

" rocks are intensely deformed. =The regional relationship

between Hali rocks and Baish rocks suggests an original
major unconformity.

3. The Bahah Group overlies the BiashuGroup and.is a

- chlorite-sericite schist which is metamorphosed bedded

' -

" siltstone, mudstore, siliceous shale and fine-grained’

sandstone., ‘- They are regionally metamorphosed to greenschist
. ! .

facies. -

¢




”

@

san¥stone and siltstone of largely andesitic volcanic

coﬁmonly deuterical® ahteréa flows, aggloﬁerate, breccia,

and Jackson,. 1960) The group_ls characterized’by rapid

4, The qiddah Group unconformably overlies the Biash
and Bahah Group and consists mainly of red t&igreen endesitic
agglomeraée, flow breccia, tuff and dacite as well as less
abundant bagglt flows, pillow lava and basaltic ruffﬁ They {
are regionélly metamorphosed to greenschist facies.

5. The Ablah Group (Tabie 2) is eéseﬁ;ially andesitic
and dacitic volcanic rocks. It is regarded as-; separate
unit between Ehe Jiddah Group and the overlying Halaban Group
by Greenwood, et al. (1976) (Table 2). 3

6. The Halaban Group is metavolcaric and mera—sedimentary
rocks. It is subdivided into Ehree main pares: a predomi-
nantly clastic lower part, a predominantly andesitic middle
part, and an upper part of eilicic flows and pyroclastic -0
rocks. The lower Helaban is thick green conglomerate,

e N ° . !

derivation. The middke Halaban is green, massive, and » °

tuff, and- detrltal rocké of andesitic comp051tlon as well

~ RN
A\,

as subordinate but locally" tthk basfltic rocks. The upper'

Halaban' is green to buff rhyolltlc and trachyltlc flows and
pyroclastic rocks, including ignimibritic flows: The
Halaban Group is metamorphosed to the greenschist facies.

& The Halabaanréup ie estiﬁated to be at least 10,000

m thick near Halaban in the central part of the Shield (Brown

4

lateral and vertical facies variations typical of environments

near vokcanic sources (Greenwood et al., 1975).

o

12
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7. The Murdama Group unconformably overlies the Halaban
- Group and older rocks. A thick marble is cﬁéracter%stic:of

the dpper part of the Murdama Group. The lower part is

w
e

thick massive conglomerate confaininé’fed and gray granitic ..

-

and andesitic cobbles and boulders derived from underlying

Iy

; rocks. The sandstone and siitstone middie part contains
% - ééverél thicgﬁggaesitic breccia flows and tuffaceous units.
This suggesés a continental shallow—water‘origin.fon.much of
j - "the Murdama. The Murdama Group containswéﬁ%;ydungest, and
- in general, the least deformed and least metamorphosed rocks
in the south part of Fhe Arabian Shield. . o

>

8 and 9. The Shammar and Jubaylah Groups are the youngest

groups recognized in the Arabian Shield. They are not
a_

metamorphosed. The Shammar Group is malnly rhyolite and

minor clastic rocks and the Jubaylah Group is mainly clastic

e T N S e T
.

rocks with minor volcanic rocks.'

e ' 2.4 Tectonism and Plutonism

In an ‘interpretation made b& Schmidt et al., 1973, : A
the occurrence of four major tectonic episodes was indicated -

by observed and presumed angular unconformities in the south
. - Se———, N : )

part of the Shigld. The Asir Tectonism was regarded as the

oldest tectonic episode for which there is clear évidenbe.

During the Asir Tectonism, rocks of the Hali Group and Khamis

Mushayt ‘Gneiss were intensely deformed and metamorphosed, in

- et

contrast to the greenschist facies of metamorphism in the

Biash and younger groups,

!v 5‘?~ "‘«n} f“{* '-“/«
R .f«..,{:wﬁ % “'CJ AP
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_ trendifig "shear’ zones with left lateral displacements.

- ’ PP : . 16
'The Biash and Bahah Groups and older rocks together )

are considered to have been deformed and metamorphosed

during the Tihama Orogeny. Extrusion of voluminous and

’ il
widespread basaltic lavas of the Baish Group is considered

to signify an abrupt change iﬁ the evolution of thé Shield

—

and possibly the beginning of the Tihamg Orogeny. Similarly

the change from the basaltic volcanism of the Biash Group

.

to the andesitic volcanism and dioriﬁc blutonism of'the
Jiadah and Halaban Grbup marks a significant change and
the beginning of the Hijaz 6rogény which is a series of
tectonic events character;zed by'north—trending wrench

e

faults and compressional foldél plutonism, and volcanism.

hY

‘The Najd Fault System,’ which enters the northeast

of the south part of the Shield, is prominent northwest-

More recent interpretations by Gfeenwood et al,,
(1976) of the southern part.of the Shield omit the Asir
Orogeny on the grounds that the Khamis Mushayt Gneiss and
the Hali Group are at leas? pértly metamorphosed equivalents
of younger groups and plutons., They aléo suggest that the, -
shield was affected by one tectonic cycle, the Hijazitectopic
cycle which they qivided into three main episodes (Table 2).
First Episode: This began with depbsition“of -

‘“tholeiitic basalt and basaltic andesite of the Biash and

Bahah Groﬁps,!followed or accompanied by the Jiddah Group

whose composition generally falls in the alkali-olivine-basalt
’ '?. .

i ~
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field. This episode was terminated by the Agiq orogeny.
During this orogeny rocks of the first episode were de-
formed, metamorphosed to greenschist facies and post-

tectonically intruded by gabbro to qnartz diorite batho-

o

liths at about 960 m.y. This is the first diorite series

86

with an initial Sr87/Sr ratio of about 0.7029 (Greenwood, 1976).

Second Ep sode This began w1th unconformable
deposition of clastic and volcanic rocks of the Ablah Group
This group and older rocks were deformed and metamorphosed
to greenschist .facies and intruded by batholiths of gabbrog :

to trondjhemite composition of the/§eoond diorite series' i
durdng the Ran&ah orogeny at about 8Q0.m.y.' Inltlal Sr87/ e
sr8% ratio of rocks of the second dioritic series is about '
0.7028. The Ranyah orogeny climaxed with syntectonic in-
trpsigns of‘injection-gne%ss at abogt‘785 m.y. That is,
‘after intrusion of the second diorite-series. The second

8? ratios of 0.7028°in FI

_dlorlte 1ntru51on'has lnltlal‘Sr /Sr
the. southern Shield area and 0, 7035 to the northeast. The
Ranyah orogeny appears to have been accompanled or overlapped
in time by -deposition of clastlc_and volcanlc rocks of the
Halaban Groupv Rocks of the Halaban Group were folded
"faulted, metamorphosed to gréenschlst facies and 1ntruded

by plutons from gabbro to granite in composition during the
Yafikh Orogeny, from about” 650-600 m. y ago. The@é}rw/Sr86 :

initial ‘ratios dre 0. 7035 for granodlorlte to granlte plutons

of thls orogeny (Greenwood, et al. ) 1976) . .'\

H [
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Third Episode: This began with the unconformable
deposition of the Murdama Group on hetamorphosed Halaban

Group and -older layered 'rocks.” The Bishah Orogeny terminate

this épisode and deformed and metamorphosed the Murdam
Group and oldef rocks to greéngchist facies. Granitic

plutons'wgre intruded about 550 h.y. ago.

.
Foud

The northwest trending Najd fault system is about

540-510 m.y. old and cuts across th® south part of the Shield
to truncate older north trending structures produced during

the Hijaz tectonic cycle. “There is a lack of regionally

significant volcanic and sedimentary deposits associated with
K

the(fprmation of the Najd fault system. 1In the north-céentral

Shield, the Najd fault systém'fs a 300 km wide zone of major

and many minor shear zones that ext&hd southeast across the
‘ ‘ . .

-

entire Arabian Shield. It is considered to be in part

contemparaneous with deposition of the Shammar and Jubaylah
Groups. Upper Precambrian and Cambrian granite plutons were

'int;uded along ‘the northwest trending Najd fault system at

about the time of cessation of fault movement (B.R.G.M., 1976).
In 1976, R.J. Fleck and otQFrs concluded that, the
Arabian Peninsula was affected by an orogenic event between

510 and®610 m.y. ago, ana they correlated this'event with

[N

the Pan-African orogeny in east Africa. They also concluded

that during the last part of this 510 to 610 m.y. period,
PN . ° o
left lateral strike slip faulting occurred algng a set of

north-west trending fracture zones, whose--domposite displacement

nay be as much as 240 km. ’

- )
'\’. |
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The appllcatlon of modern type-motion$ to the
P
Arablan Shleld has -been taken' lnto consideration very -
- 4

,recently by a number of workers (Greenwood and Brown, 1973;

Greenwood et al., 1976; Al-Sﬁanti snd'Mitchell, 1975;
Bakor et al., 1976; Nasseef ‘and Gass, 1977; Gass, 1977;.
Marzouki and. Fyfe, 1977; Neary et al., 1976) . .
Greenwood and*Brown (1973) related their findings
of an increase in the 'ratio K,0/K,0 + Na,O, accompanied by
. : . . ,

an increase in the proportion of granite to diorite exposure,

from the southwest to the northwest, to a possible eastward

-

dipping subduction zone. Later this hypothesis was developed

by Greenwood et al. (1976) in which the southern part of the

Shield was identified as a cratonized intraoceanic island

-~

arc and they confirmed the northwest trend and eastward

dipping subduction zone for the proposed island arc. Similar

<@

“ studies have been carried out in the northern part of the

Arabian Sshield (Bakor, 1973, 1976; Neary, 1974), the
eastern desert of Egypt (Garson and Shalaby, 1974) and NE
Sudan (Neary et al., 1976; Gass, 1977). .All these stédles
called for the cratonization of oceanic island arc systems.

Along with'these types of studies, other workers were looking
for basic- ultraba51; and possibly ophiolitic suites a55001ated
in the region (Bakor, 1973 Bakor et al., 1976; Neary, 1974;
Garson and S;alaby} 1974), On the basis of petrographic and
geochemical data, Bakor et-al. (1976) identified the basic

. R - s .
and ultrabasic complex of Jabal Al-Wask as an ophiolite'suite

A . . ‘

b




. + formed in a back-arc environment. -Furthermore, several
_ ultrabasic zones lying in NW-8E zonets across western Arabia
- - ,.\..": <~ N '
and-znortheast Africa separated by a granitic basement are
- - .

believed to be formed by cratonization of island arcs (Bakor

et al., 1976). /;bese ultrabasic zones are sutures between

o

these arcs and they represent lithosphere remnant of back

©
arc seas. P )
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CHAPTER 3

THE YQUNGER GRANITES IN THE NORTHEAST foe
v
CORNER OF THE SOUTHERN HIJAZ QUADRANGLE

<«

3.1 General Statement ' ) ' . o

Granitic plutons in the northeast corner of the
. SOutheji Hijaz qua&rangle (Fig. 4) are 535+ m.y. by
N ‘ Rb/Sr 1sotope ratlos (GeolOglcal map of Southern Hijaz
- . quadrangle [(I- 210A], scale of 1:500,000 [Brown et al.), 1962])
andaln 1972, Brown cqp51dered them as patt of the_pgst-
tectonic intrugions with ages of 490—600 m.y. Pota551um—
argon age determinations by the Geophys1cs Department at

° the Unlver51ty of Western Ontario on granitic rocks in the -

‘northeast corner of the Southern Hljaz Quadrangle, 1nd1cate

¢ ' ’ ages of 500-650 m.y. Thls-the51s d1v1des these granlth
intrusions into 4 types according to;texture, composition

and mode of emplacement:

1) Medium—graihed.calc—alkalic granite of Albari (650 m.y.) .

. 2) Coarse-grained alkalic granite of Alse-Hairah, C e 7 i ]
L ' N ° :
) - 3) Medium—grained.per—alkalic riebeckite granite of Q-

\
N

- Jabal Sayid (500 m.y.).

“
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.. " Figure.5.. Satellite photograph of the area includes

~-the four plutons which are the squect ' "

of this thesis.

1. albari Pluton =

2. Alse—Hairah ﬁluton '
. 3 3. Hadb-Aldyaheen ring complex ) )
: , 4, Soutﬁérn part of dabal Sayfd

Rieﬁeckité granité &
' .
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' granite. ' The quaftz diorite is -coarse, gray to dark gray to

-phases. Constituent minerals are oligoclase-andesine, quartz

4) Medium-grained-porphyritic peralkaline and non-
peralkaline granites of the HadﬁEAldyaheen ring
complex (557-573 m.y.). - -

-

3v2 Albari Granite

. . ] — - 4 -
This pluton is between latitude 23.20N and 23-24N
o o -
and longitude 41.9E and 41.11E. It is about 30 km southeast
of the ancient gold mine of Madh-adh-Dhahab and about 300 ki

north of the town of At-Taif:

3.2.1 Geologic Settingﬁ
N 0 . “‘Y - A
The Albari pluton crops out as an oval body, approxi-.

-
ESy

mately 4.6 km long and 3.4 km wide fFig.IG).‘_The-country

host recks'surrounding this pluton are.in order of -abundance

quartz diorite, diorite and locally, a muscovite garnet

2

: ¥
green in colour and forms hills of spheroidal weathering - ‘

-

outcrop. Mafic mineral content i$ wariable and there are

locally gabroic.and dioritic and more rarely, leucocratic

v

3

and green hornblende with chlorite and epidote common where

the rock is follated Quartz dlorlte grades to granodlorlte

Soa, b
et 7l

through the appearance of mlcrocllne perthite. Sln%larly

the quartz diorite grades 1nto gabbro by increase 1ﬁ§porn—

. ~.'_=é,‘;:€:»:=. s

v
3
o

blende content especially along local faults within the

\

e S e B

quartz diorite. There are also pegmafitic phases with large

'
A




. 27
- N FIG.6. GEOLOGIC MAP OF ALBARI GRANITE
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amphipoles near sﬁeaf zones. General trend of shearing

is N55 to 65W/70 to BONE. Similar trends are- emphasized

by nﬁmerous micro-diorite dykes.hgich form steep élongated

hills. | ‘ ‘ f o
Muscovite granite.is only found in small outcrops

on the east southeast side of the map area of Albari‘branite

(Fié. 6). It is a medium~grained rock, commonly foliated

with the foliation striking N?BW and dipping SSNE. In maﬁy

places, thisurock is alm?st pegmatitié,,@nd aplitic differ-

entiates have also been observed. The muscovite granite

consists of cataclastic quartz, microcline, perthite, oli-

;géclase, muscovite, sericite, chlorite, garnet and epidote;

in some places the rock contains a pink mica called lepi-
dolite. 1In the pegmatitic phase, many of these components
are absent, and there is oniy quar#z,émicrocline and large
flakes of muscovite, generélly with large garnet crystals:
The rock iégcut by several microdiorite dykes striking N28
to\2§E and dipping 90° and N70W dipgiﬁg_90°. Two major
sefs of joints strike N20W and dip veftical or strike N7§E
and dip 70N. .- . | :

The Albari granite pluton:

The Albari granite is exposed as spheroidal outcrops

and rubble over a flat area of about 15.6 square kilometers
(Plafé la). Most .0of the pluton sub-outcrops Beneath a skin
of sand and fine decomposed granite. én tHe weathered

surfacé, the‘rock is gray to white, gray or yellow_reddish—
gray, depending on its degree of'weathering. Fresh rock is

x
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.
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massive, crystalline medium to fine-grained- equigranular

and a remarkably homogenous mixture of feldspar, guartz and

o

biotite, except in marginal facies on the west side where it

contains a few crystals of amphiboie. Pine-gPained mafic

inclusions occur- in many places particularly in the southwest
W\Qgﬁ near the contact with thg¢ dioritic -

part of the pluton,
country rocks. Most of these inclusions are oblate, spheroid,
or discoid, ranéing from 5 to 30 cm‘in diameter (Plate ‘lb).

They coneist of f;ne—grained andesine leths, green hernblende,

biotite, minor quartg and chlorite, "and accessory magnetite

]

and epidote. Minerals in the mafic 1nclu51ons are similar

to those in the fine- gralned dlorlte of the country rocks.

~

Contact of inclusions with enclosing granite is generally

sharp, except 'in a few.instances where the inclusion is
immediately'surrouhded by a granite with abnormally large

dark mineral content. 1In general, the inclusions are

-~

structureless ‘and have no preferred orientation,
St - . The contaét %éfween the Albari granite and the
country rocks is commonly covered by alluvial sands and

] . -
gravels. Most observed contacts are sharp although no

decrease inQ%fain size was noticeable. The pluton is

discordant to the regional trend of foliation in the countryh'

~

rocks. Its western contact appears to- be rather regular with

few apophyses extending into the country rocks. A eonspi—

cuous foliation with geﬂeral trend parallel to, the contact

J

within the granlte is notlceable at few lo 11t1es along

-

the west margin of the pluton (Plate 1C). The contact is

LY

i
i
3
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" contacts between the Albari graniée and the country rocks,

T e, . - "-’
by fractures wpich give theﬁia zig-zag appearance in the
B N

e
<

mostly vertical, or dipping outward, At the soufh
and wést mérgins particularly a mi;ed rock is present.
This is'of infermediate cqlgur index and E:s a composition
between the granite and theidiorite gountr? rocks.
The contact between the Albari pluton and the
muécovite granite is not ,clear and occurs across a fine-

N

grained rock, which seems to belong to the muscovite granite

rather than the Albari granite. A notable feature along all

is the 1ac:;jffgﬁy’bbvious evidence of contact metamorphism.
"The pluton is cut by .rhyolite ‘dykes, dark micro-
-~ . . . \
diorite dykes and rare small quartz veins. Microdiorite

dykes which are the oldést, generally trend N60W which is

the same trénd as they have in surrounding -country rocks.
-

Thesé‘dykes are fine to very fine-grained in texture, black
to dark'gﬁeen\inacolbpr, jointeg‘and_very commonly fragmented
iy ‘
field. \They.have a:microgranular textur% with ﬁypiéiomorphic
saussuritized plagioclase, mainly andesine, hornblende whicﬁ

is commonly chloritic,and.ibterstitial'quartz; Rhyolite
dykes are localizgd mginiy in the s?uth.half oé the pluton,,
foxmirg niﬁiﬁ; and yellowish brown hillst‘ These dykes are
more recent thaﬂ microdiorite dykes aﬂd ha;é 4n east strike.

They consist of very fine-grained to vitreous.rock which

N

locally contains subhedral qgartz phehocrys%s. Only a few
grains of potassic feldspar appear in thé\gfoundmass. Some

of the rhyolite dykes in the middle of the pluton are sheared

\
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a)
b)

c)

.d)

e)

£)

g)

. W

PLATE 1

Albari Granite

- - R
-

&

Spheroidél'eutckops'of Albari pluton.

Mafic inelusions enclosed by/Albari granite.
Foliated granite of Albari along the contact.
ﬁhyolite dyke (in the middle) and mic;odiorite dfkes‘
cutting Albari granite. ' . o
Thin-section of Albari granite showing a string - .
microperthite, zoned plagioclasé, qua;tz and

biotite. (Cross nicols, X16) : .

Zored plagioclase. (Cross nicols, X16)

bscillatpry normal zoning of the plagioclaseﬁ

(Cross nicols, X25) { ) '
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and bounded on both .sides by unsheared microdiorite dykes

©

(pla;e 14).. Both dykes, the microdiorite an%htﬁe,rhyolite

Na-
dvkes penetrate the surrounding country rocks.

-
. N

3.2.2 Petrography : .
- 4
. _The rock'has a hypdiomorphic graqular texture in

which the predominant mineral is euhedral to subhedral

P

plagioclase. This is accompanled by irregular lnterstltlal

k4

" quartz and rarer anhedral crystals of K-feldspar. The main

mafic mineral is biotite. Hornblende was noted in some

8 <«

samples. Accessory minerals include iron ore mainly as~

-~

pyrite, apabdte, sphene, and rare zircon.
~ - .

- Modal composition of '8 r%presentative samples are
-
glven in Table 3 _and modal. class1flcatlon of thlS granite

is shown 1n Flgure 7. The plagioclase forms 36.9. to 53.6

percent of the modé. It is éubhgdral'to euhedral tabulax

-

crystais with a grain size, from 1 to 3 mm in'lenéfh and 0.2

Plagloclase crystals are generally tw1nned

RS

.accordlng to the albite law and comblned carlsbad and alblte

~ 0.8 mm w1de.

twinning and;oscillatory normal zoning is generally well

developed (Plate 1f, g). The mineral is andesine ‘An,, to

-

Lt ’ .
AnSOf and rims of Any 5 to An,g (see Appendix C,‘Table lc).
It has sericite along cracks and in the cqres of grains and |

some crystals are wholly occupied by sericite and clay min-
erals. Inclusions of pyrite, magnetite, apatite, biotite.
' ™o 5 . -

and quartz were commonly observed (Plate 1f). Myrmekite

-

R
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B Table 3. Modal composftipn of Albari granite
= S
K- Horn-
- Sample No. feldspar Plag. Quartz Biotite blende Acc
Alb 42 T 12.99 44.35 34.53 7.08 - 1.03
: 11 6A 7.05 50.51 35.2% .5.09 - 1.26-
' -~ " b
Alb 10 2.56 49.43 37,31 8.66 - "2.04
Alb 13a 5.37 45.88 40.28 - %7.03 - 144"
Alb 16 3.18 53.65 36.01 5.28 " 0.04 1.84
Alb 20 10..20 38.58 41.83 5.65 1.34 2.00
Alb 23 13.11 41.69 33.11 7.8 2.36‘ 1.73
§ .. .
Alb 30 18.86 36.93 34.15 | 7.03 - 1.03 2.00
Rangé ' 2.56- 36.93- '32.15- 5.28- 0.04- I.03-
. 18.86 53.65 41.83 8.66 2.36° 2.04
- " Average 9.42 45,18 36.31 6.80 . 0.6 1.67
©
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. ™= ALBAR!I MASSIF GRANITE.
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| b} .~ Figure'J. Modal classification of Albari granitic recks
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1N . N - -
. o (Streckeisen, 1967).
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texture alogg the margins'of some of the plagioclase and- . N

perthite grains Jas noted.
L

4
-

Quartz makes up from 42 to 32 percent of~the rock.

It occurs mainly as anhedral grains 2 to 0.5 in dlameter .

océupying interstitial positions between early formed min-

ﬂ . erals. Large grains are irregularly fractured and filled

yith sericite. Some enclose early formed phases. .Small ’

] Rl

. . grainsvof quartz with rounded outline are- enclosed in

perthite, plagioclase and biotite crystals perhaps rep;esenting

- an early formed®quartz. Moderate undulose extension is

common. . : . ¢
) - . - . .

A o o e

Krfeldspar as mi¢roperthite forms 3 to 18 percent .
oy . :

of the ﬁodel composition, occurring mostly as large anhedral '

A B . . 3 ! . N . . 3 ) '
grains with 1;re§hlar boundaries, ranging in size from 3 to

un -

0.5 mm long end 1 to 0.2 fm wide. Sericite and clay“minerals'
\‘h
occupy some sites, but in general the peéthlte is much less
k3
altered than the plagloclase (Plate le). Inclu51ons of .

v

‘plagloclase with irregular boundarles and more SOdlC rims in .

- -

some instances with myrmakite growth along the;margins,

blOtlte, and less frequently,lron ore_ and apatlte. Biotite

. is the major mafic mineral and is about 5 to 8.5 pe;cent of -
‘ the roeck occurélng as_a tabular crystal, elongated~flakes and

] i N needles: They measure 4 to 0.3 mm.in 1engtn and 1 to df2 mm

S

S " in width. It is commonly altered, either completely or

partly to green or berlin blue chlorite. Euhedral apatite

4

o }:&Wm&l’z\;&ﬁ&:’z*. Hote

\and pyrlte are common as lnclu51ons, and less frequently

. ' rounded guartz, “sphene and zircon. )
-
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Hornblende accounts for as'much as 2 percent and

OCCurs as greenisﬁ brown,uragged,prismatic crystals to 0.4
mm.in diameter. It is coﬁhonly partly altereé to biotite,
sphgney and iron ore. - )

Accessory minerals are iron ¢xides, apatite and sphene
and véry rarely, zircon. They ére 1 to 2 percent of the
mode: Pyrite is euhedral to sﬁbhedra}in grains up to'0.2nm in
diameter. - It is almost always associated with biotite,
particularly the more chloritic grains and it is commonly the
pyrite that is altered to hématiFé. , Apatite occurs as'
prisms or needles as an inclusion in biotite, and,less
~cqmm5nly,‘in feldspar. Sphene is mainly in the %grm of
/g;anuleg, and les§ commonly as wedge-shaped grdins associatedl
with biotite and hornblende. It rims biotite and the i;on
oxidé gréins in some instances.

History of Crystallization: {3

Grain relationships suggest' that the first minerals

to crystallize from the magma were iron ore, zircon and some

apatite and sphene, =rs they are included iﬁ‘all other min- .

~

eralSsespecial¥y biotite. Accessory minerals were followed

by’%hg cé&stallization of andesine and biotite. Andesine
reacted with the melt_ to give rise to reaction rims of oligo-

clase. The presence of normal zoning sdggests,thét crystal-

lization of plagioclase was not continuous. Biotite started

-~ - -

“to crystallize contemporaneously with plagioclase or hnot .

4 long thereafter. Potash feldspar as microperthife began to

,form followiné biotite and before all the plagioclasé was,

H
i .
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completely crystallized. The presenceﬁbf small inclusions -

e

of biotite and plagioclase suggests that” late crystallization

" -~ of potash feldspar occurred. Quartz-was the last mineral to ‘jﬁf

form as it is dinterstitial. It began to crystallize during
the last stage of the K-feldspar formation and, therefore,

micrographic growth of quartz and microperthité are commonly

are
e noted. The small rounded crystals of quartz forming embay-

) are
ments in the feldspar and considered to be earlier stages

.and the first generati®n of quartz. Some of the sphene and

rare epidote are most likely secondary deuteric minerals.

~

Sericitization of feldspar is probably a near surface hydro-

«

thermal event.

3.3 Alsg—ﬁéirah Granite

" "This plﬁton is between lat. 23°.25N and 23°.32N

_and long. 41°.20E and-41°.24E. It is about 15 km northeast

- of the Albari Pluton and immediately at the north édée of
Co Haréét'Al.Kishb. ~.“ v h
| . 3.3.1 _GeologﬁcQSetting:
: Alse—Hairaﬁ granite crops out in gn elliptical ' .
o+ body, with a long axis of about-15.3 km in q‘ﬁortheast - T X
. ) direction and a short éxis averaging 7.4 km long (Fig. 8),:'~ é
. "It is intrusive into guartz diorite, diorite and gagbroic '“"‘#——fy%
: : 3
! rocks simildr to those that host the Albari granite. The §
; T ’ argnité occupies a depression ahd the rock is almost always %
. a 3
- “\\ ] .
B . v : e

e . R e
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weathered. At its margins the«granite surface rises

- .

slightly above the general level of the interior of the
mass. Outcrops are rare and a large part “0f the body is
covared by white or pink sand ‘and coarse grained decomposed -
granite- from which here and there flat“alabs emerge. More
rarely, to the no;th, it ia charaqgérized by debris and
common easgﬁstrike (Plate 2a)i It "is surrounded by lcwl
hills of older quaﬁpzagiorite, diorite and gabbro.

Where the granite is exposed, it 1is piak, coarée-

grained and‘porphyritic ;gih rapakivi texture in places

‘(Plate 2b). Fresher exposures occur in the northern part

of the pluton where the rock has a slight foliation with#

a general strike of north-northeast. .In hand specimen this

foliation is difficult to recognizeﬂ Pink potash feldspar

phenocrysts have a preferred orientation parallel to the o
foliation in these outcrops. The marginal -border zone of

’/ . .
the pluton is finer-grained rock with more quartz and. less

>

biotite than rock of-the interior of the pluton.
. Where observed, the contact with diorite country

rock is sharp. The dip of the contact is difficult to
-
determine because of scanty and weathered eXposures along

the borders, but in general it is vertical or steeply dipping
outward. Man&vapophyses of fine-grained granite were observed

extendfng into the surrounding country rock (Bdate 2¢). The

2

contact, in the northeast and southwest part of the pluton are

faulted and emphasized by two main wadis.. Many mafic

. a7
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inclusions, and @ fewfelsic inclusions, were observed in

-

* . the pentral'part~of the pluton. They are subangular to

suBrounded in shape, vary in size from 5 cm’to one meter.
Mafic incigsions consist ofsmall grains of plagioclase,
hornplende, biotite, chlorite and lesser quartz. Tﬁe
smaller inclusions are somewhat oriented parélléi to the

general direction of the sli ht® foligted enclosing granite,
g ated , 1t

-

but .large inclusions are of random orientation.. Contact of
. PR
these inclusions with the granite is generalkly sharp. Large

. -
phenocrysts of potash feldspar occur near the marygins of
/' these inclusions (Plate 24d) . -
3

s

3.3.2 Petrography:

The main mass®of Alse-Hairah granite is a.very
-

‘ ’gparsQLgrained buff-reddish coloured rock, in which large

n

grains of pink.feldspar, up to 2 cm in diameter are surrounded

by smaller grains of quartz, feldspar and biotite. Réﬁgkivi

texture is very common. Samples from the ‘margins are/finer—”

grained with more quartz and less modal biotite than the

central part. All samples from the main mass have a’ porphy-.
ritic, hypidiomorphic granular texture in which large sub-
hedral to an@gdra@»crystals of perthite are surrounded by

smaller crystals of plagioclase, perthite, guartz and biotite.

“* Modal composition of nine representative samples

[

is given in Table 4, and modal classification of this granite

is shown in Fiqﬁre 9.

The main alkali feldspar is string perthite, and less

-

commonly, anti-perthite, which is the intergrowth of potash




a)

c)

9)

h)

~ . N h L - -
. — PLATE 2

Alse-Hairah Granite

3 . .-
Flat slabs outcrops of Alse-Hairah Pluton.

Handspecimen of Alse-Hairah granite with rapakivi
-] e .
tecture. .

Apophyses of fine grained granite extending into the

diorite country rocks.:

_ Mafic inclusion,'within the granite, has a potash

feldspar phenocrysts close to their cdhtact with

the granite. - _ B i

Microperthite dark gray, biotite, plagioclase with
‘( ; - =
slight alteration, quartz and apatite of Alse-

Hairah granite. (Cross nicols, X16)

.

Microperthite replaced by sodic plagioclase

rapakivi texture; euhedral sphene -crystal with

s !

magnetite and apatite. (Cross nicols,'X16)'_

Slightly altered plagioclase,‘euhedrél sphene

N ~ pRamm—

~crystal.

Sodic plagioclase replacing microcline perthiEe.

'(Cross nicols, X25) - T,

-
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Table g. Modal composition of Alse-Hairah granite

-

_ Accessory
Sample K-feldspar plagioclase quartz biotite Minerals

Als 4,  32.87 30.17 29.53 4.85 2.58
als 3 40.59 < 38.21 . 16.38 3.04 1,76
Als 7 41.50 35.33 16.54 © 3.64 2:99
Als 12 42.61 17,43 32.25  4.36 3.35
Als 13A 38.38 21.36 36.46 2L56 1.24
Als 14  36.50 ©19.07 35.35 6.5 2.58
Als 15 31.24 . 32.96 .38.03 4.16 2.61
Als 16 38.79  26.86 30.41 2.11 1.83
als 11B 43.88 29,21 20.07 3.70 3.14
Range 31.24- 17.43- 16.38~- 2.1l1- S 1.24-"

43.88 38.21  38.03 - 6.5 3.35
Average 38.48 . ', 26.84 58.34a 3.88 2.45

: B ' .
v
. ’ﬂ‘,
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Gronite O Adamellite

4 w— — - O
. - | /Z Q- Bearing Monzonite )
A | N .

. K-Feldspor . ’ Plagioclase

-

»

- Figure 9. Modal classification of Alse~Hairah granite. . :
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feldspar witﬂin a crystal of plagioclase (Plaées 2e and hl:

The plagioclase of "the antiperthite is oligoclase and the

replacing phase is orthoclase or“microcline., Both, perthite
“and antiperthite occur mostly as large subhedral and anhed;al

crygtéls of 1.5 cm to 5 mm long and 6 to 2 mm wide. They

z S
also occur as smaller grains 0.5 mm in diameter in the )

g

gfoﬁndmass~ Microcline, the. less common form of K-feldspar

-

here, is presented locally by few small, 0.2,mm, interstitial

grains. All forms of alkali feidspar make up 31 to 44 percent

.~

of the mode (Table 4). String perthite phenocrysts are com-

monly mantled by oligoélase, a Rapakivi texture (Plate 2f).

-

Inclusions of quartz, plagioclase with sodic rims and euhedral
sphene are common. Less common are biotite and magnetite

(Plate 2e and f). The perthite phenocrysts are slightly

S »

sericitic,

Plagioclase fprms'17 to 38 percent_of the~rock.

_ Most of it occurs as subhedral elongated crystals from 5 to-

&
0.7 mm long and 1.5 to 0.4 mm wide. It also occurs as smaller ,

e v

grains 0.3 mm|long and 0.15 mm wide enclosed in perthite

-

phenocrysts, large grains of quartz or as interstitial grains

N . : - . ‘ .

in the groundmass. Twinning, according to albite and carls-
~ - - ) . ' ~ i g .

bad laws, are very notable among most of the plagioclase

grains. The plagioclase has the composition of sodic -

oligoclase An12 to An'l6 (Appendix C, Table 26). Plagio-

. clase is almg;% always sericitic. Few plagioclase crystals . '
) ‘0 v . ° " e ~
are zoned. Many enclose inclusions of quartz, sphene, iron t

> - . N
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.

ore and biotite (Plate 2g). MyrméRitic intergrowths .
. - x M A 0'
are abundant, normally as small inTlusions in perthite

- 5
>

- phenocrysts or in between plagioclase and perthite crystals.

Quartz occurs mainly as large interstitial crystals
from 1 to 6 mm in diameter. Quartz forms about 16 to 38

percent of the mode. Large crystals aﬁglgommonly cracked

-

and broken (Plate 2f), and they have strong undulose < .

” s

"extinction indicating some sort of deformation after crystal-

lization. JInclusions of small grains of feldspar, sphene, —_

biotite and aéatite are commonly found within the large

P

quartz grains.

-Biotite is the major mafic cotstituent, and ocgcurs
as isolated prismatic crystals and as smalle¥ ragged flak?éf/

some of which are poikilitically ené&psed within the feldspar

LY

and quartz crystals. Biotite grains range inosize from 1.5 ’ . °©
to 0.3 mm long and 0.1 to 0.2 mm wide. It is 2 to 6.5

percent of the mode. Euhedral sphene, small prisméhof

»

apatite, quartz and iron ore. grains are commonly as inclusiong
! y : N

within the biétite. Some of the biotite is-pértly:occupied

By green chlorite and less commonly,- replaced by quartz. 9'
Accessory minerals make ub to 1.2 to 3.3 pefcent of the mode.

-~ e

Common accessories are sphene, iron ores, apatite and veéry .
‘e

. N ' €
rare zircon. These are mostly foéund inside the large

crystals of major phases, particularly the biotite (Plage
2¢, fandg). - , .- . L - ) ol o

,
\
3
T
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History ©of Crystallization:
! -~ ’ -

s Accessory minerals, iron ore, sphene and apatite,

were first to crystallize‘from‘%he melt. They were. followed

by hornblende, which occurs as rare small grains in thﬁ@
P) ) e

groundmass or poikilitically enclosed bylplagioclase. The
flrst generation of blotlte, which occurs as small crystals -
in the groundgmass or’ p01k111t1cally enclosed in the feldspars,
appears to haveé clystalllzed after hornblende ‘and some of

the plagioclase. They were followed by the flrst generatlon

of plagioclase ‘as small anhedral grains ﬁollowed by small

-~

microcline gralns and the first generatlon of quartz The

flrst stage 1n the crystalllzatlon history must have been
relatlvely short-lived as can be seen from small graln 31ze

of its crystals compared w1thlatn:phenocrysts. Durlng this -

—

stage, $bme sort of change in ‘the crystallization environment

¢
-

'has~been introduced. This change may be caused by the en- , .

richheﬁt in the hydrous'ghaseintroductioh of heat of fluids
! from below,or ayvariety of other factors.’ In this new en-

v1ronment the formatlon of mlnerals was renewed w1th the

¢

crystallization of 1arger blOtlte and plagioclase crystals.
The§ were followed'by crystallization of alkali feldspar

‘in the form of perthite phenocfysts. ‘Manynof these crystals
v ‘ . L, F :
reacted with the melt to produce the Rapakivi texture with

-

“ . *

sodié ollgoclase shells. -Some of the K-feldspar exsolved from

the plagioclase to produce the antiperthite. Quartz‘was

. &

the last mineral ‘to separate from the melt#% and it fills
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interstitiai spaces and Yeplaces some of the rock’ comsti-

Y

> A

tuents. It began to crystalllze durrng the last stages of

~

separatlon ofﬁﬁ;;thlte and,/therefore, a mlcrograph1c~

+

# growth of quartz and mlcroperthlte ég co

Formatlon of

- e

\gration of( s

n .

some of the accessories results from dlsxnt

*

hornblende‘and'the chloritization of biotite:4

The intro- .
‘duction of hydrothermal *solutions was the-main cause of%* °
Ak . : ’

¢ [

%lte?atlon}of the most minerals. This rock has had a post-

. . . @ . - .

"consolidatien deformation as evidenced by the‘presence of

R
f 3

deformed and brokenfquartz with strong undulose eXtinction_

L) . .

and;also by the abundance of fractured*piagioclaseograins.

» ’

1
.

. The absence~or impoverrshment of the marginal Zone in mafic.

.

-
%

" e -~
~

’mlnerals together w1th ;ts enrlchment in quartz, could have >

.
°
+ - ~ 1 4

resulted from dlfferentlatlon of the melt. to produce a moreé

-
- f

14

' : s : - . ! .8 :
salic<$érgin.‘,This could, have. been accomplished by assimi-
! PR .. L

“latién of stlica from the country rocks, .or by a filter-press

©
.

f e R P Y ,': . . ,- )
n°procession,which.squeezed late-stage silica-rich fluids . .
. o’ . . ‘-Q’- . . o . N ) '.
toward the margin. = . . T

B . Ly
« . T e K

Jabal Sayid Riebeckite Granite . e ‘ '
v N - Y

- M . -
“ N R

( 'Q The map area of this granlte is between lat 23°,

e ¥ ‘

44N apd 23° 58N; and long. 4D°u56E and 4l° 3E, and is about

150 km. southeast of‘the town of Al-Madlnahp and 40 km north- ‘.

o

s

rlng complex.‘

Te

6'

‘gast of the.an01ent gold mlne of Madh -adh— Dhahhb

.

)
‘

°

The south

2

part of thls granlte is about 25 km northwest of Hadb—Aldyaheen
N, . .

.

TN
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\\\\\ are common. “Occasionally a‘few,jluorlte crystals were
. \ " ., -

<

P

o~
-

PEES

3.4.1 Geologic~$etting

| \ "

<

Thls granlte (Flg 10) is within an area about 10.5 km

&

long nd’E///km w1de. It is bodles intruding granodrg}lte,

lorite, red biotite granite and ¥olcanic rocks of the

© ’ A

Halaban Group. -In the field thishgranitE\is characterized

by its high stanging ridges. and sharp erosional peaks *\\

’

(Plate 3a). It is coarse ‘to medium-tectured with evenly

. distrlbuted well-formed prisms and needles -of riébeckite
. and aeglrlde about 1-0.5 by 2 5 mm whlch are partly aligned
. and sometlmes swe%p around quartz crystals (Plate 4a{.
Some of the needles were captured within. the duartz qrystals
' ° as_inclusions. The rock lsigray to white and oontains .
_transparent to translucent blpyramldal quartz crystals 5 mm -
1n_d1ameter, 1nd1cat1ng~that they crystalllzed as high
'temperasure beta form (about 573°C). Small reddish patches
of dlssemlnated hematltlc material w1th1n thé‘feldspar

observed. This ié'fairly massive, homogeneous and well-

- . ’ \
3‘\\(301nted 1n three maln dlrectlons, N45 to 65E dipping 65 - 4%

" to 7SSE N and vertlcal and N50' to 70W dlpplng 70-80°s~ Sw.a
Flat jOlntS are Well developed partlcularly in -the hlgh
rldge of outcrops (Plate 3b) 'Thetgranlte .is cut by few, . }

sllghtly foliated reddlsh rhyollte dykes w1th a general

' east’ trend No maflc dykes were observed D Many quartz—

i Te

fluorite veins ‘have been recognlzed in dlfferent localltles

[ ' 3
cuttlng the granlte, partlcularly in the central part of the ‘//,/<

" et
. * Faeaner
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mapped area (Plate 3c). The general trend of these veins

PO

) .~ is N8OE to East. Pegmatitic granité& and pegmatitic dykes

and pocgets were recognized in many places in this granite, ~ .

espeaially along its,gorth and east borders (Plate 3e, £f)a= "’:

The granite also contains streaks and knots of pegmatite,

o a few meters long in wh;ch amphibole crystals have lengths
of 10 to 25 cm (Plate 3d). Both the quartz fluorite veins

‘ and the pegmatltes will be discussed later. The major
structure in the(area includes two maqor west-northwest, -
east-southeast faults.s The southern margin:of the granite
abuts against Al-Aqiﬁ faults; from the north it is offset

R

. northwestward along wadi Al -Hifer fault. Both faults Y

: ' paﬁallel the mgjor trend ofntﬁe Najd fault system. - .

. -
-
- . -

L THe contact,between the granite of Jabal Sayid

- ',.: , . . -
. and the country rocks is sharp, and no pronounced decrease
. in the graln 31ze was noticeable. Pegmatitic modification

of the granlte, and pegmatlte dykes and pockets were

;~a': developed along the north and east contacts. A few locallzed

.

reglons of contact metamorphlsm, llmlted t6 a few meters, .
N

have been recognlzed along the north contact where the

SR o . granlte is in contact w1th the volcanosedlmentary rocks of

aenl P -

- 4
Halaban group; The contact is everywhere vertlcal or . : ' 3'§

i

.- . . e steeply dlpplng~outward "The - contact zone. and the granlte ]
T - itself are almost free of any 1nclusrons of country rock.

. - .$ -
n Pegmatltlc dykes to 50 30 meters.long and 30 cm - i

. . . . CE
: . ,to L5 neter thick’ and‘lenses up to 3 meters long and 6-

. R . ~

i Ca - . . ' - " %‘

:‘ b o R ' -~ d
. . . .

-
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a)

b)

c)

d)

e)

‘f)" Pegmatitic vein cutting the riebeckite granite of

PLATE 3
. g F'S
Jabal Sayid Riebeckite Granite

]

-¢

‘A view, looking northwest of Jabal Sayid riebeckite

granite. -

High standing ridges and sharp erosional peaks
of Jabal Sayid riebéckite granite intruding thé'
dioritic country rocks (dark gray}.

Quartz fluorite vein of Jabal Savid.

Pegmatite knots along the border of the granite
in which'amphibole crystals have lengths of 10°
to 25 cm. : . -

-

Pegmatitic.dyke witheradioactive minerals along

-~ s

the north edge of Jabal Sayid riebeckite granite.

"jabal,Sayid. .

"\
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météis thick, occur mainly along the east and north borders
of the Jabal Sayid.granite. They ape-quartz, microcline,
hematite, zixcon and radiéaétive minerals. Bouladon (1968)
has described one of them as a zone of quértz feldspér and
hematite surrounding-a core of quartz with_peckets of pihk,
feldspar. All pegmatitic dykes and lenses have a distincti%e

reddish brown to dark brown colour. Some of the‘pegmatitic

dykes are foliated and cbmposed of guartz withH few grains

1

of feldspar and hematite with radioactiye minerals.

v . Quartz-fluorite veins oOccur outside and within

the granite of Jabal Sayid.. The veins 6utside the main

mass are not as well developed. as those in the interior
part. They are mostly quarﬁi,ﬁith f;yorite‘and cryéto—

crystalline quartz filling fractures in the.vein. - The

largest vein, which forms a pronounced ridge along the
souéhern edge of the granite is about 60 meters long and

about 1 meter wide, trends N70W and dips steeply to the

.

northeast. he fluorite is not mere than 5% by volume of
: ~ )

the vein. Seven well developed veins occur at the central'

" part of. the granite. Most of these veins have banded stru-

’

cture where quartz bands alternate with those of fluorite.

The veins each are Zbﬁﬁo cm wide, withjZO—SO meters strike
. ~ f

length. The general strike is East to N70°E and dip is

Ader,

vertical. The fluorite is moderately haxd, glassy, trans-

a

parent to transluscent, occurring commonly as crystalline

- .

~masses. Colour varies between colourless, green, violet,

£
L3
.
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commonly fractured and sometimes fragmenteéd with strong

and purple, with pale green most prevalent. Veins are
mainly in fissures that cut the granite or the country

rock along the contact zone.

< _

3.4.2 Petrography N .

*

il

The granite of Jabal Sayidyis practically identical
with the Hadb-Aldyaheen,riebeckite Jdranite which will be

described later. Both rocks have .the same @ppearance in

hand specimens, the same mineralogy and the same texture.

In detail they have minor differences as the’following:
1) The relative proportions of the main constitugg;s
2) The intensity of g&ainé'déformétién apd.iiteration.

These differences will be @mphasized during the following,

e

brief petrographic description of Jabal Sayid granite. i
The common texture is hypidiSMO;phic porphyritic;
with large grains of'qﬁartz, K-feldspar, pccasional pheno- =
crysts of Eigpeqkite and éggirine in a grioundmass ?f albite
laths andxguérté graiﬂs. Quartz forms 40| to 56 percent of.
the mode. Parge gfaigg have ragged bound r%es and are
undulatéry extinction (Plgte 4e, £). Potash feldspar occurs
as‘hicrociiné and ﬁicrocline éxsolutioﬂ perthite (Plate 4b,
c, d). ﬁoth occur in 22 to 34 percent. The perthite form
here is more doﬁinqpt than microcline. The ratio of

microcline to albiEe\ghasq by volumq'in,the perthite form

is about 3:1.
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- ] Plagiéclase, which is 10 to 16 pegcent of ihe mode,
. is present as élbite Anszno.lz (Appendix C, Table 10c).
Electron microprobe analyses 6f 35 plagioclase éra;ps from g
3 samples, inclﬁdiﬁg grains £ oﬁ the Qrounamass and gfaans
- which are enclosed by microcline and quartz grains (Plate
44, g), indicate that all have fhe composit%on of albite

- ' - with minor differences in the amount of KZP and Fe203 con-

tent. The analytical results are listed in Appendix C.

;
i
!
i

Aegirine is from 2.5 to 5~pefcent and is mainly long or

P——

short.euhédralfsubhedral prismatic'shapés (Platé 44, e).

Some crystals are bent or fractured; many of the fractures

N \ v .

S

are filled with quartz veins, indicating some sort of

a2

- — . 3
late defotrmation. .

Rigbeq&éte makes up 1 to 3 percent of the mode.

-

It is very commonly altered either partly or completely to
iron ore or to dark brown~da£y green alteration products
. 1qute'4e, f).  In many instances allanite and few sphené

érgins were found in the vicinjity of the altered riebeckite-

1 7 " grains. Riebeckite and aegirine ‘have the same general ~

characteristics as thOSe/of the riebeckite granite of Hadb-

kg

- ) Aldyaheen, that is spongy texture, poikilitically enclosing

albite laths,. microcling, gquartz and fluéorite. .

;n terms -of aé;essofies, iron oxidéé; mainly
Hematité, are the most commén accessories, addompani?q by
fluprite;_éliénite anpd lqéally,'zircon are more abundant -

- A
than in Hadb-Aldyaheen riebeckite gPanite. Hematite occurs
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Table 5. Modal composition of Jabal Sayid riebeqﬁitei
.- granite
g ) #
! Sample K- Plagio- Rie-
? No. Quartz feldspar clase Aegirinel beckite Access.*
E J5.13 49.1 28.88 11.88 5.2 3.12 1.82
5 J5.6 54.64 26.464 11.48 2.86 2_.'68 1.88
\ J5.20 54.70 22.66 ¥ '13*54 3.65 2.30 3.74
. J5.40 -56.10 27.30 £10.20 2.80 1.00 2.60 . &
- ' .
J5.43A 45.56 30.81 14.93 2.00 2.18 4.52
J5.26 40.82 34.14 16.39 2.58 1.97 4.1
L iR ' '
. ! ~J5.28 ©.49.46 28.79 13.05 3.17 1.88 3.65
I =
Range 40.82- 22.66- -10.2- 2.00- j
, s 56.1 34.14 16.39 5.2
Average  49.46 28.79 13.05.
X F) . - \ »
*Accessories include hematite, fluorite, allanite and
;‘, ,zlrcon. e .
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Figure 11. Modal classification of the riebeckite

granite of Jabal Sayid. . )
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‘5 PLATE 4 . °

Jabal Sayid Riebeckite Granite

Thin Sections .

_—

a) Handspecimens ‘of Jabal Sayid riebeckite granite.

2

b) Twinned riebeckite, laths of albite and microcline

crysta%g. (Cross nicols, X16)
c) Riebeckite, crystal (black) with spongy texture, .
poikilitically enqQlosing aibite latﬁs, microcline,,
quartz and fluorlte, with mlcroqldne crystal (left)
partly’ replaced by albite. (Cross nlcols, Xls)
; _d5 Microcline crystal with alblte patches and well
twinned albite laths; with fractured aegirine crystal
) (dark gray) enclosing albite laths .and quarté grainsﬁ

\\ ) (cross nicols, X25) . ‘ .

e) Albite laths surrounding the large gquartz grains

s
’
/

{white); euhedral aegirine crystal (dark gray) and ' o T

* Fiebeckite crystal (black) enclosing albite laths.

A . . . ~
& | R

\ (Cross Bicols, X16)

v

1 £) . Albite laths enclosed by altered riebeckike crysdal
I ' (black) and along the ;3;; of quartz grains (dark
. gray) and by microcline. (Cross nicols, X25) ’
.9) Microcline{ gggirine adﬁaélbite*laths are‘enclosed by )

§ v
3 : . “rquartz grains.(Cross nicols, X16)

. .

h) -Himatite associated with the albite laths in the © Y
t N ~ A . ) N g N -'.
§ grqundmass. (Plane polarized light, X25) NP -

“
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either as an alteration productlof .riebeckite or as a

well=crystallized grain associated with albite in the

éroundmass (élate 4h). The seven modal analyses of Table

_ 5 are plotted on the ternary dlagram of Fig. 11. Most
X B - o

fall within the upper part of the granite field.

L2 .

3.5 Hadb-Aldyaheen Ring Complex -
R . I o ’

This complex is between lat. 23°.30'N and .

2

. 23°37'N-and-long. 41°7'E _and 41°15'E, and is about 20
“‘ . < -

km gorth of the Alberi Grenlte and about 30 km northeast

of the ancient gold mine of Mahd-Adh-Dahab.

b}
3

3.5.1 Geologic Sétting (Fig. 12) .
The HadbﬁAldyaheen ring complex occupies an )
- ~ - : .
area of about 117 square kllometers. It is oval in outline

- -~ . ')

with longer and shorter axes measuring 11.5 and 10.2

' v

kilometers. It is predominaétly éianitic rocks, rich in

alkali feldspar and’ distinguished by the presence of .

.

riebeckite and aeéiriqe as the main mafic minerals. It

may therefore ’be'termed peralkaline.

%

’ Becaise of the superlor resistance of these .

granites to er051on, t@e’rlng complex df Hadb-Aldyaheen
1 .

_appears‘as a prominent massif rising well above the level

plains (Plate 5a).. The ring complex is of a simple general:

Fattern. The separate granitic intrusions’ are arranged
N [N

concentrlcally and clearly deflned topographltally The

© .
° N . .
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quartz diorite, granodlorlte andlﬁmorlte. Quar7Z:dlor1te

center of the complex is an oval-shaped biotite-granite
‘whieh forms low-lying, marshy ground (Plate 5c). Micro-
éranite occurs mainly at.the east side Qéjthe compiex in
the form of.relatively\small discontinuous pendants,enelbseq :

. by granite porphyry. G{enite porphyry is a ring dyke

sqrroundiﬁg'the west, east and south®*margins of the central

»

biotite granite. The ring dyke consists of high hills on

the east and west sides and relatively low hiﬁjsat the équth.
fad ’

The fourth unit is riebeckite granite which intrudes the
- )

* granite porphyry and forms High standing ridges and sharp

.erosional peaks ‘(Plate 8a). Outcrops of this granite, . C .
- 5 . :
determines the outline of the complexrinithat they‘occur

along the outer margln of the granlte porphyry in the form

ofacﬁscontlnuous ring dyke (Fig. 12). 'The rocks of the

’

complex are well jointed" in a roughly<cub1c pattern. Radial

faults are also emphasized by«qégtiqal cliffs and steep-

walled wadis. The relatlve ages of the members of’

.

Hadb-Aldyaheen complex are,malnly based upon mapplng

A preliminary age of 500 m.y. was determlned
by R. Reesman, 1964, for ggleﬁa inasmall pegmatite within

the compléx o (R. Goldsmith et al., 1971). RKAE‘\~*~_~_ .
* & , . = ¢ <

age determination of the granite porphyry and rieheckite
-

o farinste v~

-
N

granite 1nd1cate ages of 573 and 557 m. Y. ¢espect1vely

&J\a‘

(Geophys;cs Department,,Un1versmty‘of Westerd @htarlo) o i
: \ ’ 2
‘Rocks. of the complex drscordantly cross-cut Precambrian . ¥
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) . ] N
, -seems to be the main,country rock which has least resistance
. P . N v i J * .

to’ergsion and forms isdlated groups of liow hills and rarely e

A

.« - \\
‘continuous ranges (Plate 5b).- They are dérk—gray to greenish- ~

gray in colour, mostly medium-grained; fine and coarse

varieties are presént. Mafjg mineral content varies from

LI 24 . -
.

- )

pblace to place but typical cotistituents are pladioclase =

of andesine and labradorite.compqsr%ron{-éreen hornblende

- «

w1th or w1thout quartz and K- feldspar. They also contain

K . .

chlorlte and epldote where they are cleaved .and sheared
- \ ‘ hiad
} Dlormte country rock west, of the complex is

|

A Y ’ o
1ntruded‘by the ~red blOtlte granlte as small 1solated bodies.

This granlte adaolns the southern margln of the complex in

v . W

theurorm of a seml—rlng shaped mass.' It lS a medium to
"~ coarse graiqed, orange to reddlsh rock with scattered quartz
s
‘and white plagioclase crpstals set 1n a groundmass of finer-
grained red potash feldspar and smallﬂzlustErs of. blotlte.
The country rogk also 1ncludes metamorphosed volcanlcérocks‘r
in the mapped ar;a‘ exposed at the east margin- of the

-

‘ complex aS{small outcrops ‘of lowrelief. ~The rocks surround-
ing the complex are con51dered to be reglonally metamorphosed

to green schlst facies.’ The northeast side of the complex,

~- - - cQ

sllghtly out51de of the mapped area (Flg 12) ,¢ abuts agalnstw
L o

the major northWest striking Aqlq fault whlch ig part of

'y =

Brown's (l960) Najd‘wrench fault system..




oy 1 -
\ , - 66
-
Ve
] , 3.5%2 Biotite granite ) ‘ ‘
This granite occupies a central position in the. .
) complex, and.forms an elliptical body in plan with lohg -

2,

. axis trendlng northeast.ﬁmThe Tock is weathered, and”.
W, -

topographlcally dlstlngulshed from other members of the «

complex (Plate 5c). The granitgﬁfommonly occupies low-1lying

2 - T

.areas covered by | gravels and blown sands. 'Where

e T
‘

| ——

' the rbck is exposed, 1t is rubbly and weathered although small
:E. ‘ leSS—WeatHQEdexposures occur in the south and northwest ’
- pars-of the body. It'is typically a medium:grained"piotixe >
gradite;'inward the rock becomes variably porphyritic in
texture with light pink potagh feldsoar phenocrysts up to
i Qmuin-lenoth and 1/2 cm in width. It is cut by two e
rhyolite dykes w1th aggeneral trend of N60W (Plate 5a).
» - . These dykes cut the country rock but thelr contlnuatlon

——

into the surrounding granite porphyry is not’ certaln. They

“ e o

are very similar to rhyolite dykes recognized in the Albari

granite, south the complex. No basaltic dykes were

observed.' The contact with the surroundang granlte porphyry
£

is poorily exposed“*and no rellable estlmatlon of - the attltudes o
\ ' can be made. . e C : 4
. ﬁ” e L s -
. 3.5.231 Petrography . ~ e
: _— C : - 5 . v 2
i € This granite is gray to pinkish-gray din colour. L 3
! 4 P

It is ma551ve, crystalllne//medlum-gralned and .locally hasa p

. : oorphyrltlc texture w1th‘\\phenocrystsof plnklsh feldspar. . » 3t

‘ ‘ . ’ . 4 .
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It has fairly uniform composition. The main constituents
are white and pinkish feldspar., quartz and biotite, Under .

the microscope the texture is hypidiomorphic granular in

-

which the predominant mineral is quartz ancompanied by

euhedral to subhedral plagioclase and anhegial microperthite.

The main mafic mineral is botite. Accessory minerals include

pyrite, sphene and apatite. - o
Plagioclase is the dominant feldspar, and 1is 32 8

to 36.5 percent of the mode (Table 6) as subhedral tw1nned f

graims of 0. 3©to 3 mm long by. 0s 2 to 0. 9 mm wide. It gs

~
.

oligoclase An to An and oscillatory zoning is well

14 24 ;

developed among‘many grains With rims of An and cores

l4 -20
of An16 24 (Appendix C, Table 3c) Plagioclase crystals

are commonly occupied by ser1c1te, kaolinite and muscov1te

.

particularly in their cores. There are also inclusions of

pyrite, biotite, apatite and quartz. Myrmekite intergrowths

5 " : : NG

have been *occasionally noted between plagioclase and perthite

crystals. ‘ L © Co B g
. . » \ -

Quartz is 34 to 40 percent of the mode. It occurs

-

‘chiefly as interstitial grains up to 1.5 mm in diameter and -
'as small grains 0.2 mm in diameter either in an interstitial

- - e
.. -

position or poikilitically enclosed in large crystals of

feldspar. Alkali feldspar is 20 to 23‘percent of th&Lmode. L
\ -

It is anhedral grains of microperthite 1nterstitial betWeen

pﬂagioclase grains. It is almost always of an exsolution

- ” -
E .

# type. Grain size is-from~2 mm to.0.3 mm in diameter. ' Large

. .
¢, , . o e

\
-




) -~ -
R Table 6. Modal Composition of .Hudb-Aldyaheen biotite

N : granite. o ) s
“Sample . Plagio-. K-Feld- Chlor-" B
=i ' ‘ No. ,- Quartz clase spar Biotite ite Access.
: Wp.22  34.77 - 36.5 _  20.31  6.04 _1.27 1.1l \
o . HD.27 - 36.11 34.00  23.44  4.56  0.78 1.10 -
‘ ! . \ " ‘. . ’
HD.28  40.11 . 32.85  21.56 3.31  0.53 1.64
i N .
o et ’ )
! -
3 ' -
4 : Range  34.77- - 32.85-  20.31-  3.31- . 0.53- '1.1-
’ 40.11 36.5  23.49  6.04  1.27 1.64
. :‘4 . - ) *
Avérage  36.99 34.45 21.77 4.64 0.86 1.28 . - _-

L
T T —
T e akind e S

- g
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1

‘microperthite ¢rystals commonly enclose inclusions of
“ .

.

pherocrysts to l.g'cm'Long and 4 mm wide occur loéallyf

. e - -
Tézﬁper%hite grains are almost unaltéred. The large

d ’

plagioclase, biotite, quartz and opaque minerals.

3

Biotite makes up 3 to 6 percent of the mode. It

occurs as & tabular crystal and larger flakes, forming

lamellar aggregates. Grain size ranges from 0.2 mm to 1.5
mm 1oﬁg’and 0.2 to 0.7 mm wide.~ Chlorite and sphene are
common alteration prqéucts. Prisms of apatite, oxidized
pyrite are the ustal inclusions and less commonly, plagio-

clase and small quartz grains. The most abundant accessory
0

minérals-are pyrite, sphene and apatite. - Pyrite and sphene

are always associated with the biotite and some sphene

e

grains form a reaction™rim around oxidized pyrite grains.

3.5.3 Microgranite . -

I3

v <

The mlcrogranlte oceurs malnly as pendants en—

»

closed ln the granlte porphyry on the east side of the

-

complex., In most instances this graniteﬁ with its reddish

- b 5

"brown colour on weathered surface, is véry difficult to

recognlze in the fleld because of its 51ﬁ31ar1ty ta the
k] .

.

neddlsh varlety of the granite porphyry In outcrops where

.mlcrogran;te is mlxed‘ylth granlte porphyry, thgwentire'

outcrop was mapped a§‘micrbgranfte'whefg¥it is the dominant

v - . N 4

" rock‘type in that pgfticg;afvoutcrop. The, contact zone

betweén microgranite and granite porphyry is so confused

-
+




,
‘

P

- L
-

%

that there is no reliable determination of attitude. It
appears that these two granites are close to each other

in timg. Age relationship between the microgranite and

e

the biotite granite is uncertain.

K : 3.5.3.1 Petrography

® ] " .The micrégran;te has a remarkable uniformity
of texture and composition. . "It is reddish to reddieh—~ .

o vt Wy ok o A e yp n

o - brown, with a-finer grained 0.02 to 0.2 mm homogeneous

o b .

- por

groundmass and very few phenocrysts of pink~feldspar to

"I

s

3 mm in diameter plus Clots of fine-grained dark green

e ,

. Minerals up to 2 mm in diameter. Occasional rounded quartz

. phenocrys®s are also present and 2 to 3 mm in diameter.
- : ) Co .
Most of the micrdgranite is very fine-grained and in this

o

¢

. respect-can resemble rhyolite., In thin section, phenoerysts

4r

of pe;thite, hornblznde and clots of biotite and chlorite .

can be 1dent1f1ed within (Plate 6a) quartz, plagloclase,

*a

S TN £ T
\

. K- feldspar as mlcroperthlte, biotite and hornblende. The -
g
. ., = plagjoclase is clearly twinned and it‘iswalbite, An, to

Ang (Appendix C,, Table 46). The perthite phenocr&sé% are °

malnly of a replacement type 0.5 to 3 mm in diameter. ' They
s

are slightly altered to ser1c1te. Occasional hornblende

and biotite phenocrysts (1—2 mm in dia?eter) were found . =
- (Plate 6a), and they are as the rest of. the hornblende and

biotite in the rock are commonly altered to chlorlte and
- iron ore. The .common accessoryrmlnerals are sphene, mag- -

‘netite, hematite and occasional apatite. Calcité occurs as
, =,
, »
a secondary mineral associated with the altered hornblende
. A T . > . ' - . \

crystals, . = ‘ ¢




- the ring complex -

l PLATE 5

Hf¥b-Aldyaheen Ring Complex

a) Riebéckite granite forming the eastern margin- of

.
¢ -

b) A view, looking east of the low hills of the .

dioritic “Yountry rocks. )

+

‘é) Sheared rhyolite dyke cutting'ﬁhe biotite granite
¢in the centeral part of the complex.
- -A)...Apophyses of medihh grained riebeckite granite s
cutting the gran{te porpbyry. -
e) Sharp contact between tth;iebéckite granité (gray)
‘ - and the granigé porphyry (dark gray) .

f) Pegmatitic dyke with rédioactive minerals cutting

-

the granite porphyry®along the eastern contact with

théwrie§e¢kite granite. ) ' o »
N . X

. g) Flattened inclusions of granite porphyry within the

- riebeckite granite along the contact between the two.

‘'h) Rounded and subrounded ingiusions,of granife poréhyryf

°
3

within.the riebeckite granite.
5




H
AR
&,
h

PLATE.?5,

«

.
=5
N

i

1

Atk

i ."si,, .

: ¥y v
AW ™o e - K




. Hadb—Aldyaheen ring complex. It occurs as a large ringe

‘ang of the country rocksz The rock has variations of -

more pronounced at the marglns. - A\

2

o

plaglocase. Heterogenlty of texture and colour becaonies

»

*

~ E
dyke, extendlng for 8 km with maxlmum thlckness of 2 km, .

Dy

and almost completely surroundlng the biotlte granite qf. the

> > .

lnner part of the cdmplex‘(PlatefSc)“ .Inzplan, the.outcrop

is crescentlc and thlns out to-the north It\\SQW1dest

» . «

at the south end of the complex (Plg.‘l2) The re51stance

.

of the granlte porphyry to er051on is_ less than that of

the rlebecklte'granlte and very much greater than that of’
. a

colour, ranging from vafiogs shades of gray to browp and -

reddish-brown. It has a porphyritic texture, and rarely
has "more thano25“percent phenbcrysts of.corroded crystalsSag,

v

of bipyramidal qhartz, plnk feldspar andgscca51onally
Ty

> » !E

The cdqtact of the granite porphyry w1th the blotlte

i 2

yranite is not exposed, although both’ rocks crop out Vithin
- ) 3 ¢ i
a féw meters of egch other. The contact between ‘granite
- 7 " . e
porphygy and rlebecklte granlte ls exposed (Plate Se) and
o3 ’\\*1‘ I

‘.
in many pla(es ltils sharp, and 1rregular. It is generally

e

avertlcaB or, dlps eeply outward Irregular apophyses

of. r1ebeck1te gran ite " penetrate~the;grani A porphyry (Plate
Sd)u The r;ebecklme granlte along someﬂof the soqth—

west contact is crowdéﬁ w1th lnchSLOns&from the .

. < . x

"‘9 :

-~
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. hasfz\\bk Nowhere do they penetrate
o older, rocks and. most are near the outer contact zone of
N K

b} ,\\ . .
~ \ . B
\\§raQiEf\ff0phyry¢ These 1nclusrons are from 30 to 5 cm . - .;
a ' .
- . in diamésff\iii cOmmonly subrounded Ao subangular 1n shape . ©o .
\ . )

(Plate 5h). Some\are\progre551vely more flattehed toward P NG i
~ the contact, and the elongation is paraliel to the contadt

R _ (Plate 5g). 'The contact of this-granite with thé older
. X_dioritic country rocks isuﬁsuaily'marﬁed by a break in

slope; ‘The actual contact -is sharp, 'and where measurabié

¢ is observed to dip outward. Inclusions-of gountry rocks,

«’/

are not found in ‘this granite." Narrow ‘elongate.bodies and: ) ’
¥ . : ’

screens of older diorite are in many places enclosed between L

© granlte porphyry and rlebecklte granite outcrops. The -

-

contact attltude of these bodles is not clear, but in general

(3
I3

appear to be dlpprng outwards.
Many pegmatltes bearlng radioactive materlals A N
occur in the complex,rand most of them are assoc1ated with o

“the granite pdrphyry outcrop (Plate 5f). Most are not

true dykes, but rather are knpts and lenticles in the ‘ R )

\\{\\\\\\\iranlte POrphyry, no’ more than 10 meters long w1th max1mq@ f
. ‘ ess of about 15 meter. .

\u the"grahite\p;rphyry They con51st of quartz, "potash
~

P 2N .-
\( feldspar crystals up to bm in diameter with finer grained
N\

aggregates, about\‘\\ELZ -mm, of quartz, K- feldspar, and dark\\\\ .

mlnerals including zxra\\\and permeategxz\th‘earthy hgmatlte.

/

1
/
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Most of them have been brecciated d filled with veins and

‘hags of quartzf
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- - ~ oL i - ) - L.
o \‘ - ] . .... \\‘ R 3 . . .. e ) 75
L _ ) ) Joints ;:e?;ETI\dgzeleped%ln the granite -
‘\ _ " - e o e ‘ I . . .
. porphyry ; Be31de the flat joints,~four main sets of"

B ~ N— . *
~C . Joinés have, been recognlzed w1th atltudes\bﬁ\striie\\\

- N5E dip vertical, strlke N20 to 30E, vertical dip,

I ~_

strike N60 to 70W dip 80°W and strike N55 to 65E . dip -~ ..
. . L
. 60° to 7Q°SE. ’
L ~ .
t T .. 7 .3:5.4.1 Petrography _ . ,@ g
- ‘\\ * N . ’ ) = v
- This granite is hard, resistant rock, gray to
pinkish—gray in colour although some of the datker
. granlte\porphyry contalns an abundanceé of iron 6x1de whlch
. - 1nparts a reddlsh colour to the weathered rock.. Phenocrysts

[

of pink gray feldspar and quartz are, set in a dense ground—
mass peppered w1th dark mlnerals. Mafic mlnerals as pheno—

-

crysts are very rare. Phenocrysts, generally accounts for
. .
RN

-15 to 40 percent of the rock rarely exceed 35 percent. S~ L.
\ij,;- ) Potash feldspar phenocrysts 2 to 6 mm 1n.d1ameter' \
_ére most abundant® in phenoerysts. They are subhedral or
.rounded in shape and are mlcrocllne!mlcroperthlte The
. S proportlon of albite lamellae is 15 to 45 pErcent Sdme
}'““"' o perthite ppenocrysts have rims of albite about 0.5 to 1
mm thick (Plate 6f). " Some are euhedral to. subhedral but
most are smdethly rounded (Plate 6c9, Myrmeklte is cqmmon
.~ only in ‘four samples and occurs mainly along the margins
{ | ) of perthlte phenocrysts. A‘few perthites are Slightly
altered to sericite but in general, they are fresh (Plate

~ 6¢c, £f). In some samples pexrthite phenocrysts p01k111tlcally

.
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- «*$~_~;;G;anitej20r§hyry df'Hadb—Aldyaheen . .

. ) . Ring Complex (Thin Sections)' . \<\\\\\\\\\;

; ' a) Hornblende phenociysts'in the ﬁicrogranite,‘with_~
fine grained g}ounéhass of quartz,_plédioclase, o -

: biotite. (CrJ;s nicols, Xl&f : . .
: ) / -’ ) h . - .
-b) Handspecimen of the granite porphyry with K-spar - .

and quartz phenocrysts.’ ' e

N
\\\N\el Rounded quaft? afid microperthite phenocry§§5vwithin

i
; ’ « . © ~ '
} ~a groundmass of fine grained gquartz, albite miqrocline
; and riebéckite. (Crzgé\nicols, X16) . .
: i : B ' B
d) Corroded quartz phénocrysts (dark gray),  albité and

microcline appears in the groundmassi: (Cross nicols,

4 [N

X16) ~ . Y
/(//2; Rounded quartz and rectangular microperthite pheﬁéx— s K

':_crystSu.(Croqs nicols, X16) ; T

s I) Microperthite ph&nocrysts rimmed with albite.

(Cross nicols, X16) e . i .
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v

enclose laths of albite 4nd grains of quartz,ojluorite

.and magnetite (Plate 7¢). "In one sample out of 35, small
g;éins of brown biotite were formed as an inclﬁsqapiin a

.
o

4 -

perthite phenocryst. N
, Quartz phenocrysts are 2 to 5 mm in diameter,
stubby, rounded bipyramidal ‘crystals of beta-or high

temperature form. They are 5 to 15 percent of the rock.

Many of them are cracked and in a few of them the fractures

©
-~

are occupied by fine 'grained groundmass minerals:(Plate 6d).

Undulose extinction is common. . .
The few phenocrysts of riebeckite average about ©
1.5 mm in length and 0.4 mm in width and have prismatic
ehape. Some are-subrodqged or compact clots ef 0.2 mm .
igreine. The& are notably spongy and poikilitically enclosiﬁg

numerous rounded-subrounded inclusions of quartz, albite,

fluorite, sphene and a few small prisms of needles of

apatite (Plate 7d, e, f) Few of the riebeckite phefgcrysts
. ! -

are partly altered to lron oxide. . In many imstances, a
Lt

dlsorlented O 1 mm crystal of brown biotite was found ln

the middle of &‘rlebecklte phenocryst (Plate 74, e).
Groundmass accounts for-~60 to 85 percent of the

rock, is remarkably uniform and composed of perthite, quartz,

riebeckite, aegirine,«albite laths and a few g@dtiﬁe grains.
Gréin size is from 0.5 to 0.1 mm. Approximgtei§*ﬂelf of the
groundmass is ﬁicroperthite with the same characteristié as
the K;spar'phenocrysts (Pigte‘ée), There are a few mic;o;

cline grains in the groundmass (Plate 6d). Quartz grains

7 ~<,e~rw ARV N TN




a) Euhedrél quariz phenocryst aﬁd albite laths of the
granite porphyry. (Cross nicols,-X25) -
b) Myrmekite developed along -border of the perthite

phenocrysts. (Cross nicols, X2%)

cf Microperihite phenocrysts, with épatitexand fluorite
'. inclusions, small twinﬁed riebeckite crisEal.
(Cross ﬁiébls?'X255 |
d) Riebeckite phenocrysts, with_épongy texture enclosing

. . -
, -inclusions of albite, quartz and. fluorite. (Plane

polafized light, X25)
e) Euhedral spongy crystai of riebeckite 'has bictite

(dark gray) in the centér and inclusions of ‘dlbite

. - = i .

and quartz.(white). (Plane polarized light, X25) !

£) Spongy texture of riebeckite crystal with inclusions

>

- v “"""" B .
of euhedral apatite and fluorité" grains. (Plare

. polarized light., Xé4)',

.
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‘e "N’L‘" . . > ’ \ .
" Table 7. =Modal analyse$§ of the granite porphyry of

dyaheen ring cbmp;exv

€

K- ... _ plagio- éaé///A/;ie— - T :
feldspar clase rtz beckite aegirine Access,

34.22 3.69 2.65 =~ 0.34

4

33.29  3.64  3.58 2.21
27.04° 3.88  .7.75 1.08
_ 393 - 0.2 0.7 0.8
44.12 1i.09 34.85 4.1~ 3. 2.72

-

_Range ' 44.12- . 2.22-  '27.04- 0.2-
&5 57.36  11.09 39.3 . 4.11

Average . 50.216 .7.40 33.74  3.10

IS . i
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e
~

are of varled shapes from rounded to angular. They are

interstitial to feldspar gralns.' ’ ’ *

. o

Riebeckite ln the groundmaseﬂ}s small 1nterst1t1al
gralns with an aveJage size not moreq&han 0 2 mm, or as

aggregates of 0.1 mm grains associated w1th gralns of

aegi;ine and bioctite. Elongate or needle-like crystals of

o

riebeckite were also observed. The riebeckite is always

very pleochroic, with dark, blue to greenish blue to yellowish—

green. Aegirine accounts for 3 percenp.- It is dsually

« " i oy [ 3 :
intergrown or ‘associated with riebeckite as individual.

~

small grains, or as aggregates of needles. Both riebeckite

-
»

and aegifine‘have an interstitial position to felaspar

indicating a late magmatic derivation., A‘few subhedral

grains of plagioclase with a compositien of albite Ano 14 fo »
O 35 (Appendix C, Table 5c) occur in the groundmass.

B
e £

Biotite grains, 0 1 mm in diameter occurs mostly

. ®
. . Aej/
) as compact -&lots up to 1.5 mm long, consisting of dlsorlented

) ) grains occupying the core of riebeckite phenocrysts or
& in_the vic;hity of the relatively large grains of riebeckite
. ana aegirine.\:gphene, fluorite and apatite are the most
. common aecessories. _ They usually are ineide large crystals
pf the major phases, particularl& riebeckite (Platet7f).
‘Zifcbn} magnetite, ilmenite and hematite are'}nva;iably
present. Allanite is rare.
: ‘ | The modal analyses’ of Table.7, plotted ofi the
,triangulazwd?agram ef Figure 13, are mesﬁTy Qithiﬁ the area

of granite and alkali granite. ' _Y

’

»
i
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3 Figure 13. Modal classifications of the rocks forming
E the Hadb-Aldyaheen ring complex.
1 (5 g .
. . BN
g
B . ~ 2
e/ . . R
& —_— S SR
" » , -~ . ’:“ t_":
{ < X o ; N
2 8
3 . R
3 s
3 > o
g il
§ ' 4
) ié

i R R I T T AT e




3.5.5 Riébéckige Granite _ a .
Riebeckiﬁe;granite of the complex is less ex-

tensive than the granite porphyry and forms most of the

complex's outer area (Plate 8a). It is a lenticular

and arcute intr&sioﬁ with the genéral pattern of a"dis-

connected ring dyke which follows the outer edge of the

.granite porphyry into yhich\i¥ is.intrusivé. The riebeckite

granite is generaily more g§§ensive in the west half of

‘Ehe complex than the east.haI}. ‘Around thelwest edge of

éhe comélex, the riebeckite granite forms two narrow Semi-~

ring dykes, 15 to 25 meters wide, which extend-for a d%étance

of about 7 to 8 km, convex toward the west. These dykes ’

are very resistan@ to erosion, relative to the surgounding

diorite country rock and appear as an arc of-steep ragged

. hills separated from the ﬁain body oﬁ;thé complei by a wide

séreen'df diorite country rocks. Contact between the )

riebeckigg:granite and country rock can be seén in several

~. .

places and has an outward dip of 65 to 75 degrees. ,

- »

The riebeckite granite is gray-white in calour
with: transparent to translucent bibyfamidal quaztz crystals,
some d% which enclos mall needles of riebeckite #hd - |
aegirine (Plate 10b). Quartz grains are from-4-2 mm in
diameter. -The texture is medium grained porphyritic witﬂ

eveﬂly distributed well formed prisms~and needles of rie-

beckite (2-6 x 0.5-2 mm) in a white groundmass of plagio-

clase, miéfocline and quartz (Plate 1l0a,b). Quartz

-
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PLATE 8

L,

Riebeckite Granite of Hadb-Aldyaheen Ring

- . Complex .

\ .
a) Sharp erosional pe@&s of the riebeckite granite,

-

looking ‘northeast «_

N

'b) Moderately dipping outwards, sharp contaét between

the rigbeckite granite (dark gray) and the diprite

) of the dountry rocks (black), looking nor

c)\:;:Eﬁpg outwards sharp contact between the

_granite (gray) of the countrymock, and

granite (dark gray).

.~ ~

d) Foliated riebeckite granite along the eastern contact
. s N LY N

M

with the diorite. .. ‘ ¥

e) Foliation direction of the riebeckite granite along
- . . - . >
#the eastern contact.

[y

f) Narrow pegmatitic dykés developed within the granite

along the southern contact with country rock duartz -

diorite. . -
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o /\/’ ,.f ' ‘ A N - &R .
phenocryst%,are‘%;ﬁm-in'diameter. Coarse and fine textufes
are also ooger#ed and-heterogeneity of texture becomes more

pronounced“in the vicinity of the contact with a coars%

_texture malnly near the” outer margin of the 1ntru510n and

¢ - .
flne~gra1ned rock neax the 1nner contact w1th the granlte
porphyry. Contact with the granlte porphyry 1s sharp w1th .-

riebeckite granlte locally, chilled against granite porphyrj.

The exact.attltude of the contact is not certain, but

generally it is moderate to steeply dipping outwards. Many

granite porphyry inclusions occur within the riebeckite g .-
‘< e (Y - ’%
granite. The contact between riebeckite granite and
dioritecconntry'rock is not well exposed, but ,covered with

" boulders from the adjacent_rlebeckite granite but where it

w ~ . -

can be seen, it is nearly always knife-edge sharp and
dipping moderately to steeply outward (Plate 8b). At a

few localitieé?.along'the east edge, the granite has a
,ﬁollatlon proched by orlentatlon of riebeckite and feldspar
crystals para}lel to the contact. Thls'may<have resulted
from flowage of melt before consolidation (Plate 8e).

:There is also a conspiczous foliation yithin‘the riebeckite

grani€e at two localities along south-east contact (Plate 8a) .
" The contact with the older red biotitefgraniEeNat .

the south margin of the complex is shatp'and dipé moderately

- o,

outward!(Plate 8c). Pegmatlte fa01es .of the rlebecklte
. Lo T
granlte occur along some of the contact zones, both as _
- . Kl » . . [ L
. small dykes and knots (Plate 8f) - B

1

<

Y




e

Knots and streaks of pegmatlte, 2-5 meters long

with a max1mum w1dth of.1 meter, in which the riebeckite

and aegirine crystals attain lengths of 2 to 5 cm occur in

2’ . ) T -

- ‘many’places away from the .contacts (Plate 9a, b). Some of
these streaks and knots have radioactive materials. 1In |
general, the radioactivity of the pegﬁatitic'rocks here,

-is'less then the pegmatites of Jabal Sayid. Unlike the

simi%éi’riebeckite granite of Jabal Sayid, this grandite

rarely has a 9arginal pegmatite along its contact with‘the

-
-

country rocks.

‘Fine to medium-grained green narrow dykes and
. f <
sills of aegirine, riebeckite.granite'are abundant at the

contacts, particularly along the sonthwest'margin. They
\ %ill,fracturesgin"both the diorite and the riebeckite gfanite
jPlate 9¢, d), but do not extend.ﬁer into the didrite country

rock. Constituent mineralstof dykes and sills are very

- ° hd

similar to thoge of riebeckite graniteﬁbut with more aegirine

‘needles and more modal ‘quartz, microcline and accessory ;

Asphene.- Similar dykes we{e,observed associated with the

-~

fiebeckiteléfaniteaof Jabal Sayid. e . ' -

%
! ‘ Inclu81ons of undoubtedly older. dlorlte country

rocks are very‘rare, except xenoliths of mappable dlmen51ons

(Plate 12). They mainly ogcur at the .south half of the
A
complex and their contacts w1th the granlte are-lnvarlably

»

knlfe sharp, stéeply dlpplng outward (Plate 9e) There is

a narxow zone, not more than a few meters Wlde between xeno- -

[ A

liths and enclosing granite in which diorite ofithe xenolith




.a)

b)

c)

d)

e)

£)
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PLATE 9

v

Riebeckite Granite of Hadb-Aldyaheen Ring Complex

-
- . . - ~

. © /i .
Pdgmatitic streaks, in which the riebeckite and -

aegirine crystals attain.lengths of 2 to 5 cm. :

Pegmatitic knots in the riebeckite granite.

'y )
Medium grained green narrow dykes cutting the

-

riebeckite granite,
-t .

~

Fine-grained éEEEn dyke filling the fractures of the

riebeckiﬁegd}aﬁite.along the southwest contact with

.

the ‘quartz digrite.

" Outward dipping sharp contact between the dioritesx

xenolith (gray) and the-riebeckite granite (dark gray).
Jointed riebeckite granite along the'éastern margin \

of tﬁe complex.
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diameter in random orientations in the groundmass (Plate -

is sheared, fine-grained, and chloritic. Riebeckite .

granite next to the xenolith has more model sphene than

the average.
. Joints are well developed in the riebeckite
grénite in a roughly cubic pattefn (Piate 9f), and are
more widely spaced than in the other granites of the complex.

They make ~ many vertical cliffs and steep-walled wadis.

&

The general trends of the main sets of joints are strike

N5Q-€o 70E dip 70-80°NW, N20 to 40W dip vertical N60 to

7pW dip vertical.and EW dip vertical. .

3.5.5.1 Petrography

The riebeckite is hypidiomorpﬁic porphyritic
(Plate,log, b, ¢). Essgential minérals are quaréz; microcline
éndamicrocline-perthite, albite, riebeckite and aegirine.
Accessories in%lude sphene,'fluorite, apatite, magnetite,
hematite, zirc%n and al%anite. Potash.feldépar;is 33 to

23 percent of the mode (Table 8) and ocgurs as microql%ne

and micrgpline perthite in two main forms: (1) as large
rectangular grains with irregular rims or as subrounded
grains up to 0.9 to'2 mm in df%mgter (Plate 10c, 4, £)

and (2) as smaller anhedral grains, 0.1 mm to 0.3 mm in

~

et e T
atiile e e -

115,'b). Microcline perthite is mainly of exsolution type

-

-~

and it is less abundant than thé microcline. It consists

»

of midrocliqe with clear polysynthetic twinning, penetréted




- ¢ — 1] ~d R
P - . . . 92
& ) . .
Cam R . e
) . “‘!{L bl
i( N * ¢
Table 8. .Mo®al analyses of the riebeckite granite of
. Hadb-Aldeyaheen ring complex.
N -
"Sample - K-~ Plagio- Riebeck- . ,
- No. feldspar.- clase Quartz ite Aegirine Access. ‘
. _ HD 4A  , 28.29 16.31 49.34 0.14 0.70 5.23%

HD 6 33.02 25.08 = 33.05 '6.49 2.02 0.34
) -HD 10 2696 22,17 42.61 5.33 2.06 0.87
% HD 14 - 28.12 10.12  45.41 0.02 .7.18 /‘9.15*
' HD 17B 13.45  26.54 46.59°  5.25, 5,73 27
, :
' HD 18A 23.52 1_7.?6 50.56 7.61 - 0'.85|
% ) . N ¢ 2
; HD 26 22.99 26.02  43.42 5.29 1.71 0.57
HD 150 22.83 24.29 42.65 6.67 2.19 1.37
! ~ :
i
4 - :
;' Range 13.45- 10,12 33.05- "0.02- 0.00 0.34- . .
P “— 33.02 « 26.02  50.56 7.51 7.18 . 2.44
é ' . T

Avérage. 24.91 ' 20.99 44,20 4.60 2.36 o 1.07 T

i * Mainly iron qfes e ) |
. r's L - K M
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c)
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PLATE 10

Riebeckite Granife_of Hadb-Aldyaheen

Ring Complex Thin Sections

Handspecimen of.riebeckite granite showing the
euhedral grains of riebeckite.
Handspecimen of coarse-grained rigbeckite granite

with pipyramidal quartz phenocrysts.

. Subhedral rectangular.microcline crystal surrounded

by laths of albite. Euhedral aegirife crystals (black) .
o s . bd Pl
(Cross nicols, X16) S )

Albite laths enclosed and oriented along the margin Jf

the large quartz grain. (Cross nicols, X16) ' :

Microcline phorphyrite phenocrysts. (Cross nicols, X25)
Cd

Practured quartz grain (dark gray) enclosing albite

laths. (Cross niaols, X25) ' T

o —
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- by stringers or irregular patches of untwinned albite.

The ratio of ‘microcline. to abllte by VOlume is about 5:1, -

most of the tlme.(Plate 1la). Both the microcline perthite

L ' .

and the microcline are enclosing many disoriented well

twinned albite laths (Plate 10e, f) which have the - character

4 ~

" and composition of discrete~albite laths in the- groundmass

-

(Appendik A, Table ). Rounded quartz inclusions also

occur. The K-feldspar minerals are clear and free of

-

< . -
secondary minerals.

~

Quartz is 33 to 50 percént of this granite and
it is the most -abundant modal mlneral It is chlefly as
rounded to subrounded igterstitial phenocrysts up to 6 mm

in diameter, and less commonly as small anhedral grains in
’ . e .

the groundmass 0.1 to 0.04 mm in diameter. Some of it is

'p01k111t1cally enclosed by rlebecklte, aeglrlne and K—

Sy
feldspar. Few of the large gralns are fractured and partly

r

fragmented, some enclose grains of microcline, albite, aegi— .

rine and riebeckite. Myrmekitic texture is not present,

‘a point of distinction from the older’granite porphyry.

Plagioclase isill'to 26 percent of the mode and

is Fubite with An0 1. to Ano 15 (Appendix C,.Table 6c). It

is typically ‘euhedral-subhedral, iath shaped, from O.l to

. 0.6 long by 0.05 to 0.2 mm wide. It occurs malnly in the

groundmass and most of the laths in the near v1c1n1ty of

the phenocrysts of K-feldspar or quartz are oriented parallel

I

]




,riebeckite, but the majority contain both.'and riebeckite is

with general prlsmatlc shape, 1-5 long by 0.3-1 mm wide.
_ “l“‘

-altered to.iron ore (Plate 10f). ) L /

to the phenocryst's borders (Plate 10c, d). Someé of these

laths\are enclosed w1th1n the outer part of the quartz

phenocrysts parallel to outllnes of the enelosing crystal

(Plate 104 and 1llb). Also, many albite-laths were.found
poikilitlcally enclosed by riebeckite and aegirine crystals .\\\\‘\
(Plate 11b). The albite.invariably has..albite twinning \
although carlsbad twinning was occa51onally noted zoned’
crystals are ab&éent. . 8mooth and ragged rims occur and"host
grains are typically.fresh and free of_inclusions. Some
albite in the groundmass is assoc1ated‘or surrounded by

well crystallized grains of hematite.

Some samples contain only aégirine, some only

dominant. Riebeckite and aegirine crystals are'always
interstitial to feldspar and quarté. They ane commonly
spongy with poikilitic 1nclus10ns of rounded quartz, alblte )
laths, microcline, fluorlte and apatrte {Plate 1llb and c).

. - . S L, . y
Average amount of riebeckite” is abdut 5 percent and occurs

two ways: (1) mostly as large 1nterst1t1al sieve crystals

In detail theirx edges are" ragged and appear to be molded
on feldspar and quartz (Pl&E 1la). (2) Less commonly as
small gralns in the groundmass 0. 2 - 0 2 mm in dlameter

Riebeckite is aliways stronglytpleochr01c, many a;s-twrnned

and some have a perfect amphibole cleavagef',Fewrare partly //f

.
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Aegirine amounts to about 2.5 percent oh~qyerage, -

~_

and has four modes of occ¢urrence:
1) It is intergrown with riebeckite. There is no

regular pattern to these intergrowths and ;ﬁlis difficult

to establish the ordgr of crystallization. Aegirine is

in the cores and around riebeckite borders (Plate I1b, e).™

In a few instancessit is intergrown in parallel orientation

. 4
with riebeckite (Plate llc). This may be caused by fluctua-

ting chemical conditions in the magma #esulting in~partig}
transformation of one mineral ‘into theé other. (2) Aegirigé\
occurs as long subhedral, spongy prismatic érystals to 1 mm

long'and 0.2 mm wide. These crystals as the riebeckite,

have inclusions of albite, quaftz, fluorite, apatite and

rarely zircon. (3) It also occurs as smaller euhedral short «

prismatic crystals not more than 0.2 mm<én diameter, commonly

with typical fLur or eight sided sections of pyroxenes; /

‘ N
cleavage is prominent (Plate 11d). (4) Aegirine where more

abundant relative to riebeckite, particularly in the rocks
» B
associated with contact zone, appears as fibrous aggregates

®
to 0.2 mm long, or as dispersed wisps in the groundmass

(Plate 11f£f). . .
Common accessory minerals are sphene, fluorite,
apatite, maghetite, hematite, ilmerite and zirconserratically

. ¢

distributed. Allanite is rare.. In two samples, secondary

sericite was identified as veins filling the fractures in

some qiartz phenocrysts. None of the accessories which have

-

%

.
oy
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PLATE 11

Riebeckite Granite of Hadb-Aldyaheen ' -

Vo . Ring Complex Thin Sections

a) ~™Pwinned riebeckite crystal with ampifibole cleavage;

i‘ albite laths oriented along thg mafgin of large

.

- _guar}z grain. (Cross nicols, X16) ) ’ . .

eckite crystal enclosing albite laths, which

/’*”&*’/izg\é{iented along the margin, and_microcline

crystal. (Cross n%gols, X25)

s

S

c) Parallel growth of aegirine (gray) and riebeckite

(black). <Cross nicols, X25) : .

-

d) Euhedral aegirine crystals ‘(dark gray). (Cross
nicols, X16)
e) Association of riebeckite with amphibole clehvage

and aegirine. (Plane'polariéedllight, X25)

[N S
7

£) Aeéirine as fibrous aggregates and dispersed wisps
+ in. the groundmass of the riebeck%te granjgte from v
the contact zones. (Plane polafized light, X16)
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been reportéa by'Jaéobsen et al. (1958) 1ncthe rlebecklte

granite of Nigeria, such as pyrochlore, astrophylllte,

thomsenolite, cryokéyg, Were. recognlzed in this granlte
Elght mpd;a analyses of Table 8 plotted on the -

trlangular‘Flagram of: Figure 13 are ‘mostly within the

o

adamellite fléid. - ;

“

.
-
& -
. ] .
B
Y -
-
. . .
- - °
.
' 3
- L
. * A
~ e . <
3
-
N -
- >, o
.
-
y “ﬁ-‘ . 3
N .
- R
- DR . P
c .
s
.
2 . '
N
-~ .
-
A o ,
. -
\ - ¢
-
7’ - -
.
(]
- .
~
]
k3
. .

N
Y

wif

o ———
SIS AT gv,vr(q»w PR A

s s

L




2% . . o j
- . b . -
~ + -
) ) i )
CHAPTER 4
) _ PETROCHEMISTRY .
. : SO 5 ’ < -
r @ \ ) H ‘ ’ . ‘
. 4.1 ~General Statement ‘ . ’ .

Ghemical composition of 95 representative hand .

specimens of sthe four younger granitic_ plutons from the

NOnEh East corner of Southern Hijaz quadran%le were deter-

<
2 -~ —

N - .
mined by’ X-ray fluorescence. FeO was determined separately

by wet chemical techniques. Complete analytical results
%4 -

are given in Appendix B, Tables 1, 2, 3, 4 and 5, and 53511:

~

~

‘-

tical procédufes and fegults are summarized in Appendix A. \\\\\\;\

. Electronlc computlng technlques were employed using a

Tt T T T AR ' v
total of 11 major element analyses, to dev1se~1) CIPW

~
} Py

e moleculdr norms for all*samples and ii) a differentiation

index D.I., based on the total of normative minerals of Vo

3

gquartz + orthoclase + albite -+ leucite + nepheline +
kaIlophilite (Thoftop and Tuttle, 1960) and 111) a calculation
of aIkalinity index, A.I. based on the molecular proportlon

‘of Na,O0 + K,0/Al,0, (Shand, 1944). . . »

2

- 11 M
* ‘The purpose of analy51ng rocks of these four - . ’

granitic plutons le fourfﬁolq: 1) classrflcatlon,pf each )

-

. pluton by their nogzmative ﬁineralégy.and alkalinity. index,

- 2}’qomparisbn of the abundances of major and trace elements

] ° , - {E" g

~




to publisheéd analyses of similar rock types in order to
‘?valuate theo;ies of‘petrogenesis previdhsly_propoéed for
similar graénites, 3) constructioﬁ of appropriate variation
diagrams to determine cqlrelationships ané possible
generation of rock types by fractioﬂai crystal}ization, énd

3

4) evaluation of recent H&potheses, applying subduction

-

models to the western paft of the Arabian Shield which in-.
cludés the area studied.
4.2 Chemical Classification
Rocks of the four plutons have been classified
after Streckeisen 11967) and O'Connor (1966) (Fig. 1, 2). ‘r

"The zocks have been classified also according to .the degree

~

of alumina,saturation, using ‘the molecular proportion ratio
9 . . .

of Na20 + R O/Al

as the alkalinity index +«(Shand, 1949, 1952).

273
R
4.2,1 Albari granite

-
.

The ‘Albari granite:is w1th1ﬂ .the, granodlorlte field

¢ .

'of ngrmatlve cla551f1catlon<;F1gs. 4, 15), Thls ‘iswcon-

sistent w1th the modal clas51flcatlon. Thé.ho;bgepeods

o

nature of this pluton is evident'for‘médes (Fig. 7) and norms.
M!‘eéular propoitions of alkalies relativé to alumina (A.I.)

varies between 0.60 to 0.78 (Appendix B, Table 1lb) and there

is corundum in ;he norm. The Albari;Pluton is peraluminous.

Cao and Na20 + K2

9 . e

0 are ased to calculate the alkalicline
index of PeacocR (1931). Thé alkali-lime index of th{s’

granite is about 573 Sip2 (Fig. 16) indicating‘a cale~

alkalic affinity. ' .

s ST
S ErraTS
3 R *’,fv“‘":;‘éﬁ*‘&m“ A SRR N
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4.2.2 Alse-Hairah granite

v ¥

Norms of the Alse~Hairah granite plot within the

&

quartz-bearlng monzonlte and adamellite fields with 5 out

of 8 samples in the adamelllte field (Eig. 13). In general,

. Y .
this normative classification is consistant with the modal
classification (Fig. 8) except for one sample. In the
second ternary diagram (Fig. 15) this granite has a close
< - °

cluster in the granite field& The alkalinity index (A.I.)

varies between 0.82 to 0.88 (Appendix B;,Table Zb), and
corundum appears in the norm of most of the analysed samples.
According to’ Shand (1948, 1952) the "Alse-Hairah granite is

peralumlnous,and more alkaline than?the Albari granite.

‘

4.2.3 J.Jabal Sayid Riebeckite granite

Norms of Jabal Sayid granite cluster in the

" ,adamellite field of Streckeisen's termary diagram (Fig. 14).

.

If the albite content of the plagioclase is added to the

orthoclase content in the same dlagram, samples plot along the

quartz-orthoclase llne of~the alkali granite field. In all
\ . : ‘ N N

analysed samples the molecular proportion of total alkalies ®©
exceeds that of alumina. The alkalinity index (A.I.) of
’ ) ¢

these rocks is between 1.02 to 1,17 (Appendix B,'Taole 3b),

*

and the -appearane of normative acmite in all the analysed

samples- is characteristic. Therefore,,ghe_riebeckite granite

of Jabal Sayld is actually ‘a soda rich peralkaline rock

(Shand, 1949, 1952; Goldschmidt, 1954).

e
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. N
f i " 4,2.4 Hadb Aldyaheen ring complex .
P - ’ . )

1 ; The rocks of the Hadb-Aldyaheen ring complex

] ~

were classified in the field as biotite granite, micro- .
. N t

s

granite, granite porphyry and riebeckite granite. Norms

¥ . of analysed sampleé of the bigtite granite are within the

-

granodiorite field of Figure 14, The micrograﬁite {s within

the adamellite and quartz-bearing monzonite fields. The

majority of granite porphyry samples are within the adame-

B A R

1lite field and only four samp%gs are ar:granodiorite. The
riebeckite granite 1is scattered between different f&elds

. with the majority within the adamellite field. Two are
o

o -

U SR

s

. .granodiorite and one is grfnite. Two samples which are
e
from the outer contact zone between riebeckite granite and

the country rocks are within the field of quartz-rich rocks.

/’v

3 ' - By O' Conner s cla551ficat\9n {Fig. lS)i%he bloxrfe
.. AN -
granite and microgr&nite are grenites.\\Because normative

anorthite is absent in all of Eﬁe riebeckite granites of
o both Hadb-Aldyaheen and Jabal Sayid and most of the granite
porphyry, they plot along the orthoclase albite llne at the

Py
o

side of the granite field. The alkalinity index (A.I.) of

3 o the biotite granite is between 0.79 to 0.83, gomparable

e b

; to the Alse-Hairah granlte. _This gragite is charac¢teristi- . '%_
; cally peraluminous with coruﬁdum as a normative mineral. ’ J%
; 'i,hégé microgranite alkalinity index ie 6.96 to 0.99, with no * E ﬁ;:
‘ corundum £h the norm and the rocks are metaiuminous. Fdf :%~§

the granite porphyry and the riebeckite granite, the alka-—

—
1]
.

e .
LA ASINE O
TS T
LAvioa .t

liﬁity index is greater than one, from.1.02 to 1.14 and

i ‘.’ﬁ’r‘"’, a’ (;,
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Hodb —
Aldyoheen
Complex

A
©
+
x
L

[o)d

-3

8i91ite Granit
Microgranite .
Gronite porphyry Normaotive
Riebeckite Gronitfe ) quaortz,
Jabal Sayid-Riebeckite Granite
Albari Granite

Alse -Hairoh Biotite
Granite

orthoclase,
plogioclase

X

§§° . -
* Qfé( Granodiorite
™ %080
Adémellite xa’é’ gb%o
03 0" *

A +
a

*

Q-Bearing Monzonite Q -~ Monzonite
a

, -

Figure 14. Normative classification of the granite rocks

=

of the four plutons (modified -after Streckeisen,

1967) . \
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K20 # No, 0

) . i L4 1

50 lAlkoli— Colc—so'
Colcic |Alkalic

45 Calcic 70
Atkaolic

5i02 wl, %

-

.

Alkali~lime index diagfam for Albari granite

©

¢, =~ . Figure 15,

. (Peacock, 1931).
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. and calculated CIPW norms .are given in Appeﬂdix B; Table 1b.

108 . -
1.98 to 1.22 iespectively.‘ The presence of acmite gnd '

the abseﬁce of ghortﬁite moleéule in the norm of all

samples of the grénite éorphyry and the riebeckite granite,
is characteristic. ‘Sodium metasiliéa#e appéars as.a norma- -
tive mineral in some of the granite porphyry and in all the

riébeckite granite samples (see Appendix B, Tables 5, 6b).

Both types of.granite are characteristically peralkalihe. \

4.3 Major element abundances ) . -

4,3.1 Albari granite

_Complete'analySES of major and trace elements

g

The~averag/ and ranges of these analyses are shown in

»

total (Av. 3.07%), MgoO

Table 9.

" Al (Av. 15.57%), 'Fe
£

293 203
(Av. 0.092%) and CaO (Av. 2.88%) plots versus silica content
(Fig. 17) have similar trends in whiph these elements de-

crease with the increase in silica. -Average contents of =

Na,0 and K,0 are 3.95% and QXQS%.respectively. .Plots of

k . . (3 “- * .
both elements against .silica haye a trend in which the K

\
E

~ind Na20‘sligh€1y decreases with increase™in

20

increases
silica content.. The plots of Na20/+ KZO versuéxlsio2 (Fig.
21) have a trend in which the total alkalies increase as

a function of increasing silfca content. Fe ﬁotal, Mg éné

Ca weXe also p;ottegﬂggainst the felsic index

_ Na + K

(F = Na + K + Ca

x, 100) (Simpson, 1954), the plots define

‘"

T

O
& 2 AN e I .
'.‘ﬁ;‘ wﬁ% A .




Table 9. Average and range of chemical compositions and

CIPW norms of Albari granite (12 analyses) and

the average biotite granodiorite of Nockolds

- | . (1954) .
Albari granite Av. Biotite granodiorite
) -Average - Range .(Nockolds, 1954) ;
S0, 69.58 68.12 - 72.1 " 68.97
Tio, < 0.27 0.18 - 0.36 "~ 0.45
AL,0,, 15.57 © .14.27 - 16.43 15.47
Fe,0, - 1.37 0.85 - 1.85 . 1.12
. ¥ Feo T 1.70 1.11 - 2.45 .- 2.05
e ¥ Mno 0.08 0.06 - 0.11 0.06
MgO "0.92 ° 0.55 = 1.23 1.15
ca0 - 2.88 1.92 - 3.36 2.99
” Na,0 3.95 3.50 - 4.42 @iﬁb 3.69
. K,0 3.05 2.51 - 3.69, : 3.16
P,0¢ 0.13 0.09 - 0.16 0.19 :
L.0.I. 0.33 | 0.20 - 0.72
Total - 99.83 _ .
. . e T Lo
Q - 27.07 24.30 - 31.43 26.2
or 18710 14.87 - 22.13 18.9 -~
Ab 33.57 29,88 — 37.49 314
An - 13.54 9.08 - 16.17 14,2
. co 0.83 0.35 - 1.13 007
Hy ©3.99 . - 2.08 -~ 6.08 '5.10
Mt 2.00° 1.24 - 2.69 1.6
il 0.55 0.33 - 0.70 © 0.8
AP 0,32 0.22 - 0.38 , 0.4
Total
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a trend in which these elements decrease with the increase
in felsic index (Fig. 18). 1In Figures 22 and 23 the majox

oxides, SiO., Cao, Fe,0, total, Na,O, 'K.0 and Al.O. were

2! 3 2 2 273
plotted aginst the differentiation index (D.I.) of Thorton—

ot i e A RIS AR, AT e e, £ po

0

Tuttle (1960). 1In tﬁése diagrams 8102 (Av. 69, 58%) and K

2

both have positive correlation with the D.I., Na20 remalns

approximately constant. CaO, Fe total and Al 3 plots have

a negative correlation with the D.I.
%

The averages of major oxides of Albari granite

aré'simiiat to the average biotite granodiorite of Nockold
(1954). The variat?on covers a range of SiO2 values from’
Gé to '72 percent, and defines no;mal trends for incf%asing
SiOz, felsic index and differentiatien %pdex wene_observed.
4.3.2 " Alse-Hairah granite
uComplete analyses of major elements and calculated
CIPW norms are given in Appendix B, Table 2b. The averages
and the ranges of these analyses are presented in Table 10.
Similar to the Albari’ granlte, the v?rlatlons in
some of the, majon,ox1des are illustrated relatlve to silica

content, felsic index (F).and the differentiation index (D.I.).

In Figure 19 MgO (Av. 0.63%), Ee total (Av. 2.13%), K50 (Av.

4,.89%) and A120 (Av. 14. 95%) plots have a 51mllar ill de-

3

fined trend except for Alzo in which these elements decrease

3.

with the ing¢rease. in SiO2 content. The plots of_Caf YAv.

1.34%) and N4.0 (Av. 4.43%) do dot define a trend, and they

2

remain approx1mately constant for 1ncrea51ng 5111ca content.
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. _ . .
) ‘Table 10. Average and range of chemical compositions and
i: ~~ 'CIPW norms of AlseZHalrah granite (8 analyses)
. - |
f ‘ and the average adamellite of Nockolds (1954).
‘ .
f Alse-Hairah granite :;Average Adamellite
1 . Average Range (Nockolds, -1954)
; . sio, 70.63  68.22 - 73.16 °  71.03
; Tio, .0.36 0.30 - 0.43 0.39
. y A1,0, 14.95 13.92 - 15.91 14.31
{ ' Fe,0, ©1.78 . 1.40 - 2.32 0.95
; FeO 0.35 0.06 - 0.76 ©1.96
§ MnO - 0.05 0.05 - 0.97 = 0.06
| Mgo 0.63 = 0.34 -~ 1.24 ©0.75 -~
§ e cao 1.34 1,02 - 1.59 1.89
%9 3 Na 0 4.43 4.06 - 4.71 . 3.33 )
! K,0 4.89 4.32 -+ 5.56 4.66
; P,0; S 0.14 0.10 - 0.16 0.17
E . L.0,I. 0.33
e T T crotall 99.88 . Lot
H
s 0 22.92 17.96 - 28.39 T 27,7
or 29.07 25.21 - 33.11 £ 27.8
. Ab + 37.61  _34.27 - 40.03 - 28.3
An 5.48 4014 - 6.44 8.6
Co - 0.33 0.23 - 0.89 . 0.5 ,
Di . 0.19 '0.35 - 1.24 - - a
hy . 1.51 0.28 -~ 3.34 4.1 B
Mt "0.48 0.34 - 1.76 :
- il . 0.55 '0.21 - 0.82 . 0.8 : .
;T Hu - . 1.46 .. .0.21 - 2.34 - -
; - Rut . 0.07 - % 0.11 - 0.29 -
; : AP 0.33 0.24 - 0.38 0.3
3 , _'Total  -100.00 '

LAY
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However, a. total alkalies versus siiiéa plot has a trend
in thch:total alkalies decrease with the increase in SiOE
-~ content. In the *second diagram (Fig. 18) where Fe total,

Mg and Ca are plotted against the felsic index, the three

o

elements have a ne ive correlation with the felsic index.
. ’ . ~

"In the tiird diagram (Fig. 22, 23) the major oxides are

Lplotted’against.the D.I. Irf this diagram Sioé

P .
and KZO have a positive correlation with the differen;iapion

index. CaO ‘Fe total, Nazo and Al,0, all have negative -

-correlatlon w1th D. I. : ,

Averages of major oxides of this granite are similar

(Av. 70.63%)

&

-
-

& 4 ~ . . 3
to the average .adamellite of NocKold's (1954), except for.
, the Na,O content. which is greater in Alse-Hairah granite and

Ca0O which, is ldwer. As.witﬁ ﬁhe*Albari graﬁite; the varia-
tions in the major ox1des versus 5111ca, felsic index‘and
.

alfferentlatlonflndex, have normal trends con51stant w1th

‘ éenera; trends of a dlffe;entlatlng granétlc magma. However;
.the AlseLHairah granite has a greate} D.I.:indicating a later
stage of;gifferentiation than Albari graﬁise. -

4.305' Jabal Sayld rlebeck;te granlte . i :

- -

Thé’major element ox1de contents of 16 representatlve
samples from Jabal Sayld’granlte are included in Appeﬁdlx B,

"Table 3b. Their averages and ranges are in Table ll These
-rocks are characterlzed by. a con51s£;ntly low--Ccao (AV. 0. 18%) .

and Mgo (Av. Q;OOG%) content. Plots of the %agor ox1des

- x
.
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?ablé 11. 'Average and raﬁge of chemical compositions and
‘ CIPW norms of Jabal Sayid riebeckite granlte
and averages of 51mllar granltes from dlfferent
. sources.

(2) Riébeckite (3) Av.

granite from Riebeckite
Northern ° granite of

) Nigeria . Kaffe, Nigeria .
" Average Range ~Jacobsen(1958) Borely (1975)

Jabal Sayid‘ 0

75.51
0.08
10.99
2.92
0.69
0.04
* 0.006
0.18
"4.81
"3.98
0.02

~)
1N

.6 76.47 74.35 73.65 o
.04 0.15 0.11 0.12
.55 - 11.43 11.69 12.21
.60 .89 1.54 _ 1.42
.03 .76  1.05 ©1.09
o1 - 007, 0.04 0.05
= 0.04  _0.23 , <0.1
.28 ©  0.52 0.09
5,15 5.12. - 5.87
" 4.81 4.45 4,01
0.03 0.02 <0.05

-~

L
o O

1
0
0
0.
0.
4.
3.
0

33.63 g 39.45  29.57 o \27.25
. 23.68 . 21. 28.45  '26.43 23,72

34.70  29.62 - 35.93  35.26 40\48
0.11 .00~ 0.78 0.81  ~ . 1.23\
0.29 . 113 - 0.35 - 0.39 \\\
0.70 . O0: 3.09 1.82 157
0.19  0.00 ~ 0.50 - -
5.13 . 7.1 3.59 - 3,34
0.71 0.00 =+ 1.83 0.42 . 0.39
0.15 . 0.29 0.13

. 0.68 0. 1.83. -
0.04 . 0.07 -

N
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Figure 20. Harker 5111ca varlatlon diagram of Jabalg

Saylé'rlebecklte granite.
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Figure 23. Variations in weight percentages of Na20 and
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.
¢

. . .

versus 'silica (Fig. 20)-dqfihe no trends and the points

cluster between 74.6 and 76.5% SiQ2 content. Na

29 (Av.

4.81%) is generally large. KZO (Av. 3.98%) is not parti-

cularly large for_ grarfdite and there is a general excessiof

s .

Na,O0 over'K20 values. The plot of total alkalies against
~silica has a slight trend in which alkalies decrease with
increase in silica. Relative to the differentiation index,

$i0, (Av. 75.51%) and Al,0, (Av. 10.99%) have a slight

2 3
trend in which they increase slightly with the increase in
Fe203 total (Av. 3.61%), Na20 and

K,O plots (Figs. 22, 23) have similar trends_ in which there

D.I. CaO0O has no trend.

.

is a negative correlation with D.I. The major oxides are
also plotted versus the Thornton-Tuttle differentiation

index plus normative acmite (ac) and sodium metasilicate

(ns) (Macdonald, 1969). 1In this diagram (Figs. 59,730) -
none of the major oxides has a dgfin trend, although it
L[des has a ¢ )

seems that SiO2 content increases slightly with an increase
B ‘ o

~— .
(4

of DI + ac +'ns.

Summary

Alkali apuﬁdances in these. rocks are not abnormally

great and the peralkaline naturesis mainly because of the

deficiency of alumina relative to alkalis. The rocks have-
-2 ) -

characte;isticaliy minor Ca and Mg which. would be only

expected for pegmatitic rocks rather than igenous ones.

UL )

‘However, the low content of CaO,is réflected in the plagio-

X




)

.clase composition which rarely has more than 0.2% of
the anorthite molecule. The minor MgO content is reflected

in mafic minerals, soda-iron amphibole and pyroxene. In
) e :

general, as a function of increasing SiO D.I. and D.I.

2[
+ ac + ns,)and major oxides do not'vary systematically or

have defined trends as would be expected if this rock formed
by a fractional crysﬁalliéation of granite magma.
Compared to thehNigerian peralkaliee granite, the

Jabal Sayid granite has greater Si02, Cao,

lggser A1203,

Na.,0, K,0 and MgO (Table 11).

v

2 2

4,3.4 Hadb-Aldyaheen ring complex . )

The,major!element abundances for the four members

of the complex are illustrated relative to: silica content,

differentiatioﬁ index (D.I.), and D.I. + ndrmative acmite

tac) * sodium’meﬁasilicate (ns)..
- o5 .
i) Biotite granite

- - 1

The'averages and the ranges of "the four analyses

of this rock are in Table 12. ' -

In the first diagram (Fig. 24), MgO (Av. 0.52%),

Fe total (Av. 2.04%), CaO (Av. 1.59%) and 21,0, (av. 14.71%)

plots versus SiO,. All have a similar slight trend in

which they decrease with an increase of silica content.

" The average content of Na.,O and-K,0 are 4.44 and 4.13%,

2
£

respectively. KZO slightly decreases while Na20 remains

approximately constant with an increase in silica content.

]

N
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Table 12. Average and range of chemical cbmpositions and

CIPW norms of the biotite granite and thefﬁicro-_

§ /" granite of Hadb-Aldyaheen ring complex. <
E .
¢ Biotite granite N Micro-granite ‘
. (4 analyses) (6 analyses)

‘. ) . ' Average Raiée Average Range
: sio, 71.70 70.49 - 72.37 70.85 69.55 - 72.49
: Ti0, * 0.26 0.23 - 0.30 0.28  0.24 - 0.32
; 21,0, 14.71 14.10 ~15.20 13.63 13.13 - 14.00

Fe,0, 2.:04 2.53 2.40 1.61 - 2.88
¢ ‘ MnO . 0.06 0.12. 0.06 0504 - 0.10
§ . Mgo £ 0.52° 0.59 0.33 0.08 - 0.52
Z cao 1.59 1.80 1.72 0.96 - 2.47
i Na,0 | 4.44 4.54 5.26  5.06 - 5.63

K50 4.13 4.24 4,27 4.04 = 4.56 &

ons 0.08 011 . 0.07 0.04 - 0.10

) Total 99.53 | ) B L,
' . / i -
T .Q° . 26.22 24.38 - 27.63 21.64 M117.87 < 25.46
‘0r ° 24.57 23.75 - 25.25 25.57 24,24 - 2747

AB 37.74 - 37.28 - 38.41 - 45.08 43.46 - 46.42

An 7.38  6.38 - 8.28  0.82 " 0.16 - 1.74
& co 0.27 0.00 - 0.56 - =~ -
: - pi + 0,10 06.00 - 0.35" 2.07_ 0.44 - 3.45
P Hy 1:26 - 1.04 - 1.47. N '
% wo \ - - s 1.99 0.163—9 4.14
; Mt 0.48° 0.00 - -0.26 1.47 0.00 - 2.6 4
z i1 0.42 0.15 - 0.57 £ 0.47 0.22 = 0.62 &
Lo Hm . 1.44 0.66 - 1.75 ~ .0.76 . 0.00"-~ 1.18 .. _%}
} . 'SP 0.06 0.00 -. 0.15  ~ 0.07  0.00 ~ 0.44 Y
i AP 0.19  0.12 - 0.26 0.17 0.10 - 0.19 g%

PPN -("'44‘
” .»\.(“wg« 4 4‘ < A

t‘

*".,
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’

Total alkalies versus silica have -no well-defined trends.
Figures 27, 28 are the variations of major oxides against

D.I. 1In this diagram, Ca0O, Fe total and Alzo all have

3
' negative-correlation with D.I. 'Na,0 and K,0 have no
H .
) defined correlation and SiO2 (av. 71.7%) is the only oxide
: with a positive correlation with D.I. T

- -
Summary

Ehe lack of clearly-defined trends for the major
oxides relative to SiO2 and D.I. is probably because of
the limited number of chemical ana}yses of these rocks.
~The dverages of major ogides of -the graﬁite is similar to
the averages—of Alseé-Hairah granite. Also, compared to the
average biotite granite éssociated with the peralkaline

&,
granites of Northern Nigeria (Jacobson, et al., 1958),

=1

o~
this granite is different in every way. It contains more ¢

Ti0,, Al,0,, Ca0), Fe total, MO and less SiO, and K,0 and

no tin mineralization associated with thi% granite.

ii) -Microgranite : \

—cF

Averages and ranges of the analysed samples are

!

given in Table 12.
The variations in major oxides relative to
‘:silica content (Fig. 24) indicate that MgO (Av. 0.33%),

Ca0 (av. 1.72%), A1203 (Av. 13.63%) Na.,O (Av. 4.44%) and

2
K20 (Av. 4.13%), all have a negative correlation with Sioz.

Fe total (Av. 2.04%) is the only oxide with a rather weak
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Figure 25. Harker silica-variation diagram of thé
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granite porphyry of Hadb-Aldyaheen ring

coﬁplex.‘
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Table 13. Average and range of chemical comp051tlons and 6
CIPW norms of the granite porphyry of Hadb-
Aldy;heen ring complex:

g

Average*

71.'82
0.23
12.79
.91
.06
.34
.17
.81~
.17
.05

Q
Or
Ab
NS
Di
Hy
Ac
)Mt
il
AP,

A AN

* Avéfégé of 13 analyses

** Average of. 11 analyses




o

positive correlation with an incféase in silica scontent.

" A negative correlatlon has been observed for the total-
A

lkalles with SlO %In Figure 27,728 qge major ox1des

were plotﬁed against D.I.; SiO (Av. 10.85%) and Fe total

2
both hgve a similar positive correlation with D.I. CaO,

Na,0, K,0 and Al1,0, all have a similar weak negative cor-

relation with D.I. : :

N

.The variations of major oxides of this granite

r -

relative to silica content and D.I. are slight, and cover

a range pf Sioz‘contents from 6955 to 72.49% Sioz. In-
generad, they have:r a differentiation trend exéected for a
late stage granitic gpck._'

iii) Granite porphyry

The analytical results of major element oxides

are given in Appendix B, Table 5b.. The-averagd® and the

\

‘ranges are in Table 13.

.

. a2 . R .
In Figure 25 the major oxides are plotted versus

I,

éilica, Mg0. (Av. 0.34%), Ca0 (Av. 1. 17%) and Al, (Av.

3
12.79%) all have a weak negative correlétion with Si0

(av. 71.82%). Fe total (av. 2.91%), K

o

2
50 (Av. 4.17%) and
Nazo (Av. 5.81%) have ‘ho defined trends with increasing
silica content; In F?%ure 21 the to;al'alkalies are plotted
agalnst 3102 There is a ‘weak negative cg;relation. “.In

the second diagram (Flg. 27, 28) the Qéiiations in major
'ox1dgs:§re illustrated relative to D.I. A}l‘the oxides
have,eifher cl stefed 6; scaéfergd“data poihts without a

A

¥
J

f&*ﬁ&r‘?ﬁh@q' o0, .)" "”" Vaf«‘ Tl
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Nﬁ&able 14. " Average and,range of chemical comp&sitions
) - and éIPW'norﬁs of the riebeckite granite of

hed

R

- LT -

Hadb-Aldyaheen ring complex.

<

* - .

- Average*
g ’

Range

. P

© sio, . © . 75.06 /,,/)zg;os
.. . Tiog . ~0.07 0.04
11.32 9.64
Ee.0 : 3.70 - 2.35
MnoO .. T - el04 - 0.02
~Mg6T 0.01 p.0
. .ca0 < - - 0.16 .  0.03

- 76.80
- 0.14
- 12.31

- 5.11,

- 0.06
- 0.07
- 0.32

Na,0 ' 5.37 4.73 - -6.25- :
K,0 - 3.96 ''3.76 7.~ 4.39
. ] . . - ,' <
] P05 e 0.02 0.00 0.04
. Total s 99.71 X
- ﬁ X . . - .
- Q .o #°30.09 - . 25.33 - 36.68 .
20z G T 23.7 - 22.32 - 25.89 -
. _ , - \ o
Ab C ‘ 36.26 25.09 - 41.34
.Ns . T 1.04 0.047= -1,57 -
. ‘A'-Di" . - ! 0.52 0.06 - 1.31 )
. HY . .Y 3,52 - 1.19 - 6.01
. TAc - e - 4.56 4.41 — 4.82.
Ldi1 . e Te . c 0014 - 0..06. - 0.27
" AP - 0.03- ©0.00 - 0.09 d
P = QO::'.. © | B ) - ) ) ) 0 ’
*Agg;gée of %? analyses . - .
. : * “_’3‘ {:\‘. = a
R -.~ . \. i . - N N
t L} Lo : , . N & [
- RN ot . |
“ : -",::,.'_ i » ' - - - - o i
- - ; . ,
: D et R L e
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defined trend. Data points for Na20 and.KZO are moré

scattered than other-major oxides. Fe total is the only

oxide with a weak negative correlation with D.I. In the

-

third diagram- (Fig. 29, 30), Sio Fe total, A1203 and

2I

Na,O plots against D.I. + ‘ac + ns have a weak trend in

2
gpich they slightly increase with an increase .in D.I. +

. ac #+ ns. K20 has no correélation. CaO is the only oxide
showing a negative correlation with D.I. + ac + ns.

In general, the variations of major oxides is
relatively more defined relative to D.I.. + & + ns, where
scattered and clustered data pgints are observed relative’

~* to the differentiation index and silica content. In this
J—

granite the.variations of major oxides become less systematic

v

than the variations observed for the non-peralkaline granites.
iv) Riebeckite granite ' . .

".The complete analysis of 25 sSamples are listed in

¥

Appendix B, Tables 6, 7b.* The averages and ranges of 15
anafysis, which are the most representative samples for
this granite are in Table IT. The analyse€s which are

excluded from~the averages and the ranges have extreme

-

) :”c‘.-(. Y o 3
differences in their majér trace elements (Appendix B,

Table 7b). These differences are mainly the result of
abnormal modal abundances’ of quartz, aegirine relative to

\

(‘ . ) . 3 ‘

riebeckite, iron oxides and accessory minerals such -as zircon
' *

. N

o, -
and allanite. These samples are mainly from the contact zone

betwe®n riebeckite granite and diorite country rocks or from
i - . . .
the narrow dykes outside the western edge of the main ring.

complex.




PN . ridnin
- 5&,»1..‘. ({u«.ﬁ&v tixs

*("I°d) XopuT UOTIBTIUSISIITP BIIINL-UO3juIoyy] aY3z

3sutebe pojzjoTd ‘sopTx0 FJO sabejusoasd IYBTSM UT SUOTIBTIBA L7 2Inbtg
XIPUT VOIIDIIUDIBJIP —=
0L S 08.

% 1M °0IS

YT,

3wt
& o gpn

% 1M 0PD
TR

AL

a4
»*
Ry

911uDJY 941%d9qe1Y )
" N Xxe|duwo
Kikydiod 9jjuoJt9 coo:._;u_“
djuosbosap -qpoyH

4

’%CM( €0

AR

-

911u039 N0l g
ejluosg 1loqiy

4




<
) - 133
e - B
— . —
A Biotite Granite
Hodb-Aldyaheen| & Microgranite
- ring Complex + Granite porphyry
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Figure 28. Variation in weight percentage of NaZO and K

plotted against Thornto’n and Tuttle differen-

. tiation index.
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Major oxide content of all analysed samples of
this granite:are plotted versus @iiica content  (Fig. 26).
Thornton-Tuttle differentiation index (D.I.) and differ-

entiation index plus normative acmite (ac) and sodium

mejaéi;icate (ns).. Rélative to silica content, Fe total

(Av. 3.70%), ca0 (Av. 0.16%) and K,0 .(Av. 3;?6%) doe§ not
havg a defined correlation with sioz; gnly scéttered_point; -
are observed. Na,0 (Av. 5.37%) and A1203 TAX: 11.32%)

have fairly well defined trends in which these two e}emeﬁgs

decreaseé sliﬁhtly as a function of increasing silica content.

In the second variation diagram the major oxides are plotted
against the D.I. (Figs. 27, 28). As a function of increasing

D.I., none of the oxides has a defined trend, only s$cattered

or clustered data points. Fe total is the only oxide with
a deﬁined neéative correlation in-which this oxide decréases
sharply as a function of.incfeasipg,D.I. In the £hird‘ ‘
diagram tﬁe major oxides are plotteé»versus-D*&? + ac + ns,

Na20 is the only Qxihe with a positive correlation, ,and

Fe total A1203 with a negative correlation as a function

of'increaqing D.I. + ac.+ ns. The rest of the oxides do

- ~

not have a defined tremnd. .

a

Summary

4

T e s e e A S\ T

A
EA

As in Jabal Sayid riebeckite granife, this rock .
is characterized by a deficiency of alumina content rela-
tive to the alkalies and minor abundances of Ca and Mg.

P

As a function of increasing,sio2 contentt, D.I. and D.I. +




‘

ac + ns the major oxides do not vary systematicallf;
The plots of data points are more scattered than-any of
the prgviously descdribed gré;ites, indicating- a more

erratic distribution of major elements:

~

o~

4.4 Trace Element Abundances

.

4.4,1 General statement . -

o - " Tracé -element analz;g@ for Cr, Ba, Ni, Nb, 2r, Y,

Sr and Rb were done on thHe sdme. samples as were analysed for
major ?xides, using X-£ay fluogescence (Appendix A)s= Ratios
of Rb/Sr, K/Rb, K/Sr, Ba/ér, Ba/Rb and 2r/Nb were calculated
and complete results afe in Appendix B. Averagés apd ranges
of trace element abundances in eaqh,pluton are within the

text as Tables 15, 16, 17, 18, 19 and 20.

- The granitic rocks of the Albari and Alse-~Hairah

m

plutons have average or near average concentrations of these

‘eleméﬁts for granodiorite and granite. Whereas the Jabal

. . ) ‘o
Sayid and Hadb-Aldyaheen plytons except for the biotite

3

granite ofwthe latter, have trace element abundances quite

different from an average‘granite (see Table 21).
- * N . ﬁ;
4.4,2 Rubidium

a»

The least Rb occurs in Albari granite which has

an averége of 92 'ppm ahd in the Alse-Hairah granite'which

-

W

4 .
R T e A FE
St 2] T AW
Pk

hés an averége of 198 ppm; it is most abundant in the pera-

.;#

A
‘fg"r g

lkaline granite of Hadb-Aldyaheen ring complex and at Jabal

«
2
2

+f

PN

&
ek gitacs?

Sayid 316 to 449 ppm respectively. The biotite énanite
> ' ’

Faiiy




A .

ﬁverage-andxfange of atomic abundances (ppm)

-

of trace elements of Albari granite and the

average abundances of granodiorite (Taylor,

1966).

Albari granite Granodiorite
Average* Range (Taylor, 1966).

. Nb

Zr
Y
sr -

Rb

Rﬁ/Sr -

K/Rb

- K/sr

Ba/Sx

Ba/Rb

zr/Nb_

ot

T

54 _ 102 ' 20
524 - 642
9 ' 25

12 13

12

318

63’
0.1
207

35

0.7 -

v

3.76 - 7.08

- B8.23'=-19.75

-

*Average of 12 analysss.

-




Table 16. Av8rage and range of atomic abuadarce anm

" =

of trace elements ofAtsE-Hairah granite and

AT TR A ICFTFRITY TV TRRTALHO PR T TR S W h Ay Ve tore
” .

the' average abundances of granite (Taylor,

1966) . - .

Alse~-Hairah granite . * Granite
Average* Range R (Taylor, 1966)

cr 38 _ - 145 4
. Ba ' : 904

Ni ‘ 2 - 73

b 16 - 24

Zr . {53
y ’ 6 - 14

Sr . ' 388 - 540

Rb ) ' 108 167

Rb/Sr . 0.22 - 0.42
K/Rb 230 - 414

. , -

K/St 93 83 - 104

Ba/Sr . 1.39 1.05 - 1.67
Ba/Rb 4,53 2.67 - 7.66

zr/Nb 10.5 7.65 ~ 16.56

22

*Average of 8 analyses.

L

]

R
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Table 17. Average and raﬁge of atomic abundances (ppm)
&g of trace elements of the biotite granite and
} ‘ microgggnite of Hadg-Aldyaheen fing complex.
Biotite granit Microgragiﬁe
Average* R;;ge- * Average** Range
Cr 12.50 7 -* 25 16 7 - 37
Ba 703 590 - 867 536 412 - 653
Ni 7 2 ~ 13 15 7 - 24
Nb is 15 - 22 72 30 - 161
Zr 194 169 = 245 843 280 - 2530
Ty 20 16 - 23 94 32 - 271
Sr 441 376 - 511 294 205_- 407
" m 198 192 - 206 279 237 = ..306-
> -
Rb/Sr 0.45 0.40 - 0.50 1.03  0.60 - 1.50°"
_ K/Rb 173 . 167 —.183 128 112 - 145
K/$r 79 69 - 89, 128 84 - 147
Ba/Sr 1558\-¢ 1.46 - 1.69 1.89 1.43 --2.45"
Ba/Rb 3.56 2.90 - 4.52 1.95 1.35 - 2.44
Zr/Nb '10.77  9.56 - 11.27 10.88  7:85 - 15.71

L4

14

*Avetage of 4 analyses

**Average of 6 analyses -
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:
; Table 18. Average and range‘of atomic abundances” (ppm)
- of trace elements of:the granite pdrphyry of ’f B
Hadb-Aldyaheen ring éomplex. . S )
A
* £
Average¥* Rangé ;y\\ .
cr . 6 2 - 46 /
Ba 265 82 - 383
. Ni 18 . ™, 2 - 40
Nb 103 - 54 - 150
zZr 1336 o ., 337 - 2157
oy 169 ' ~ 45 - 302 .
sr '138 o 78 -+178 ' -
Rb 316 224 - 397
Rb/Sr 2.42 . J.‘.é‘,j -53 7
K/Rb 113 o é3 - 158 ’ v
K/Sr 263 . 184 - 382
Ba/Sr 2,08 _  .1.05 - 2.27 . K SN
Ba/Rb 0.86 0.28 ~ 1.35 s
zr/Nb 13,05 U 6.24 - 21.84 ¢

b

" *Average of 11 analyses..
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; Table 19. Average and range 9? afgmic abundances. (ppm) . .
‘ | o of'tra?e elements Of the riebeckite granite .4§
° of Hadb-Aldyaheen ring complex. . ) ,
N ) .
Average*. B Rangé .ot /
. o 1 1- 35 - = i
Ba 16 0.00 - 46 - )
N .1 ., 0.00 - 55 L
: Nb ) 67 . 15 - 160 « P .

S S , 1673 | 80 - 5080

Yy - : 193  T20- 817 . o
s » -~ 22 3= 101 T
R . 458 . 251 = 725 .
Ro/Sr -~ . . . 45 CoT 10 - 121
. 4 ) T ’ )
K/Rb 78 T e 50 - 131

K/s’rzg IR 3585 . " 886 - 11233 .

. Ba/Sr S w0.87 - 0.00 =" 2.56 , .

. . Ba/Rb, ‘ 0.04 . ~ 0.00 - 0.13 L
ze/Nb . 24.64 T 3.8 - 79 : B
5
, Lo :*Avérage of 13 énalysgs.
"
&;";




I3

o

Average and range :of atomic abundances ' (ppm) .

of trace elements of Jabal $é§idﬁRiebec&%;ek,.“
- i ) . - i é .
granite.

i .

A

Average* . Rahge

44 2 - 220

-

5 7 . 1 - 45
- 32 : .1 - 116

L

. 63 - 193"

745 - 2683"

. &

64 - 708 -
6 - 20-
Y, 267 = 2391:

§b4Sr_ o < 19 - 57

" : . oo, PR .
KX/Rb . ’ 9i£ - -74 - 129

. . .. - L :\' L
K/Sr’ © ¢ ‘3426 . 1665 = 5700

- - ‘

Ba/Sr - " ‘ 9.52. . . 0.00 - 3°

. -

Ba/Rb.. . _ © 0.01. y .. 000 - 0.07

- r " Zr/Nb. .. .. 14.28° . %', ,5.55-% 21.64
‘ . . 4.2 >

N (¥
TR .

z e _ et T
*Avéfage of 14 3nalyses? .
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- . ) -
- . and the microgranite of Hadb-Aldyaheen have average Rb

T l contents of 198 and 279 ppm respectlvely which is an

intermediate abundnace. . ' ' s

an

-~ o ; .

~

Taylor (1966) has indicated:the close association

,of Rb with K and their general positive correlation. “THhis

Ta

observation holds for.Albari granite (Fig. 31). "For Alse-
Hairah granite and the biotite granite of Hadb-Aldyaheen
ring complek, the correlation betwéen:K and Rb is negative.
+*The preferential entry of vainto blotite co—existing_with
feldspar, secondary. enrichment of samples with K or varled s

© - fractionation’ W1th1n one type of melt, are among the factors

~ which prevent a rigid relation between Rb and K in each
samble. The relative enrichment of some of these granites | T
compared to the others is probdbly cauégg by fractional

cfystallization and residual solutions, processes ih_which

- Rb is thought to be concéntrated‘(faylof; 1966).

’ . ‘The ﬁlé% Gf K versus Rb fof Jabal Sayid riebeckite
‘ * ; : /o -

granite has no &efinedhgrend (Fig. 31). In the same figure,
- . K has a weak positive correlatién with Rb fof the microzr
granite and the riebeckite granite of the®Hadb-Aldyaheen . ' -

ring complex, but no defined- trend was observed for the

> ! - . -
i

data points:of the g}apite porphyry. ® .

‘

-~ ' In general, there is a decrease,in~the'average

K/Rb from the oldest granite of Albari Av. 285 to the youngest

v

peralkallne granites of Hadb—Aldyaheen rlng complex and

-

’ Jabal Sayid Av. 113 to 80, but this relation is by no means

linear. This suggésts‘that.there has been no parental

. .
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relationship’ between the non-peralkaline granites of

¢

~ Albari, Alse-Hairah, biotite granite of Hadb-Aldyaheen

and the peralkaline dgranites of-Hadb—Ald?aheen and Jabal

SRV (oS SR TR

Sayid. However the K/Rb of -the non-peralkaline granites

. R
are comparable to those for normal granitic rocks. "
For rocks of Hadb-Aldyaheen ring complex the K/Rb

d

is 128 ppm in the microgranite to 113 ppm in the-granite

- porphyry to 80 bpm in the riebeckite granite. Thi§ reduction

o . v W ——ca— s 2
’

of K/Rb could be taken to’indicaée‘the sequence ¢ formation
of the focks forming the complex, which is in accordance
with the field relationship.
The K/Rb of Jabal-Sayid riebeckite granite Av. 95
- ppm is fairly‘sim%laf to avérage K/Rb of the riebeckite
granite of Hadb—Aidyahéen'%ing cbmplex sdggesting a similar
or common origin and history df-crystallization.-

. .
The significant enrichment. of Rb- and the corres-

ponding decrease of the’#/Rb in the peralkaline granites
. ' '

of both Hadb-Aldyaheén and Jabal Sayid could be taken as

indicative.qf crystallization froh a ﬁagma_which had under-

géne diffgrentiation to the pegmatitic‘phase rather ™~ than
the less extreme differenéia@ion common in normal fe}s%g -
igngoﬁs rocfsm Similar p;opésals have been made by Taylor
et.al. (1956) for the Mourne and.St._Aﬁstei} granites.

This interpretation should be used with cautién asftherg
<o .

is:not enough evidence of enrichment of Rb by igneous

differentiation as Rb has no clear correlation with either

%
-~
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- - -
$i0, or K contents. K/Rb versus the 2.I. (Fig. 32) has
ﬁjQ/ a weak trend in which the ratio gfcféases with increasing
\:;“ alkalinity index. This relation is “in agréement with B 3
2 suggestion of Aleksyev (1970) for the Nigerian granite, .

The K/Rb versus the-D.I. (Fig. 33) has two distinoct general
trends in which the X/Rb of the non—peralkaliﬁé‘granites
has aspegative correlation with D.I., whereas in the ﬁera-

¢

lkaline granites the ratio has positive correlation.

“4.4.3 Niobium . - ‘ B
Nb is least abundant in the Albari granite .
averaéing 12 ppm, which is less than average abundance in -

the crust and similar rock type quoted by Taylor (1966)

(Table 21). The average content of.tbe Nb in the Alse-

Hairah granite and the biotite graﬁiﬁe of Hadb-Aldyaheen
L .
ring complex is 21 and 18 ppm respectively and these abun-

dances are wiﬁﬁin the range of published averages for

younger granites from Afrigg and the Arabian Shield (Nasseefl

-~ -

and Gass, 1977; Gass, 1977; Neary et al., 1976; Rooke, 1970).
: 0
For the rocks forming Hadb-Aldyaheen ring complex, Nb

content increases from an average of 72 ppm for the micro-
granite to an average of 103 ppm for the granite porphyry

- and decreases .to 67 ppm for  the piebeckite,granite.i‘Nb
' -

has its greatéét average abundance .of 126 ppm in Jabal Sayid

5 riebeckite granite. Lo , >

- £

1 ; The variation, in Nb abundances within a ‘suite
- . . i ] « . N
from a single type of non-peralkaline granites is: relatively
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small, -in épntrast with the large variations within the

peralkaline granites,, particularly the riebeckite gran%&e

- 4

of Hadb-Aldyaheen.

¢

L4

. Pearce and Gale (1977) indicated that Nb content ~

in granitic rocks that overly active subduction zoﬁgg is

commonly less than 15 ppm wﬁereas continental granites are

markedly enriched with 50 to .400 ppm niopium. Hence thé

minor content of Nb of £hé non-peralkaline granites of -

Albari, Alse-Hairah and'the biotite granite Qf Hadb-

Aldyaheen ring.cgmplex, sugéests a magma type generated

above a subduction zone YggréasLthe_peﬁalkglife g;anite

of Hadb-Aldyaheen and Jabal Séyid'éfe'é.magmatic product --

of continental plate collision subsequent to the subdﬁction:
J%cobson et él._(l958) con¢clude that there is |

a _direct corrélaéﬁon between sodium and niobium content

~ -

in the Younger Nigerian granites. This relation is not i
RN

observed for the_répks of Hédb-Aldyaheen or the riebegkite - ’
granite ofwgabal/Sayid (Fig. 34). Aleksiyev (1970) concludes

that for. the Younger grénites.of stthern Nigeria, there is

a direct\COrrelation between t@9/§Z:ree of alkaliﬁity‘

(Na + f;Al) or‘albitiéationﬂand'the trace elgment and rare

earth abundances including Nb. Nb versus tﬂé«alkalinity . ‘%,
index (A.Ii) (Fig. 35), for the rocks of Hadb-Aldyaheen ' v%fe

_ . . X
ring complex and Jabal Sayid riebeckite granite, has no %;

defined trend. However, theré is a general increase in Nb . i

- 2 3

content as a function of increasing A.I. from biotite -
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»

’g;anite to micrograniteito granite porphyry to the rie- . B
beckite granite of Jabal Sayid. The'riebeckite granite
of:Hadb—Aldyaheen has an alkalinity index greater than an§
_of.other types of granites .in the area but the distribution
of Nb in this¢rock‘is %gry erratic ranéing from 15 to 400

. » .
ppm. Most of the lesser abundances are from samples collected
. - ) s

-

either from the contact zbnes or‘€fbm small bodiesgof rie~.‘

beckite granite which intrude graﬁite porphyry. ;

Nb content of the non-peralkaline granites of

~ ® o

> Albarl, AlserHalrah and biotite granite of Hadb-Aldyaheen,’ -

have no corresponding change with incredse of TiO2 content
¢ ¢ ' .

(Fig. 36). Whereas for peralkaline rocks-there are scattered L. ﬂ_;

bl

e data points. However, Nb contenf‘of‘the microgranite and . o

the granite porphyry has a weak negative cérrelation with
’)

2 The scattered data p01nt observed for the rlebecklte ' ) T
. o T T
granlte of ‘Jabal Sayld and Hadb Aldyaheen may suggest that, - )

-

"the Nb content of these rocks is not concentrated only in

o

10

o

T Ti m1nerals as it is- suggested by Gerasimovskii. et al. .. .- oL
(1959) for the Lovozero alkalic massif,, but also present - + 6,
ot A
in some other-forms as complexes or in flne-gralned mlnerals 3
I 8 ‘éﬁ

»
° -

A Sy ot
o .i'?‘,m
ey
Ki
, _

which could not be 1dent1f1ed bﬁghlcroscoprc work.

- «

1 «
. v ¢

4.4.4 Zirconium

°

<
e
2]

22

o
LI ANy
i _f.?ii 3‘?4:,;’

2r is present in the non-peralkaline gganites of ®

®

Albari, Alse~Hairah‘and‘tﬁe biotite granite of Hadb-

Snp et hp ah e
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Aldxagsen, within the range of dbundances of cértain
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publis%%dvanalyses.of granités and.graﬁbdiorite iTable 21).
!

I

Among these rocks, Zr has 1t,s greatest conceﬁtratlon J.n
C %

the Alse;Halrah'granlte w1th an average of 214 ppm. whlch

v .

has modal 21rcon4' The Zxr content of'the mlcrogranlte of

I' ] \
/'.

HadbeAliyaheen complex has an average of 843. ppm, , but thlS

~ -~

rlses abruptly to‘a max1mum of 2000~ppm and an average of

- \

1336 ppm 1n'the-gran1te porphyry and to a maximum of 5000

[ LTy

ppm in the rlebecklte)granlte w1th/an average of 1548 ppm. A

rl

The average content of Zr of Jabal Sayld rlebecklte granlte

«

Tis l653wppm whlch is very 51m11ar to the average of rle-

-
o Ea

becklte granlte of.Hadb—Aldyaheen. Desorte "the relatlvely
- - « "

large Zr contents,of the peralkallne granlte, 21rcon crystals

N - ws % -
vas

are rarely V151ble. ,Slmllar observ%tlon has been reported

by Sledner (l3 Sr“for the Paresls fe151c rocks, he suggested

« ~.

that because of theﬁsolublllty of 21rconlum rn al#allne‘

.

.t B ~
ST

e :"magmas, 21rcon dld not crystalllze to any,marked extent

&

. - ey o
i 4' -~ \1~ et - .

It«ls also 1ntere§t§ng to note that rocks collected from ‘

.u"-\ . 4:-'5, . ‘

the coﬁtact zones@of the rlebeckmte granlte of the(Hadb—‘

T =wm,$ - . o ’
Aldyaheen ring complex, whlch usually contagh’*more modal

a~p . . S
g

aeglrlne than %ocks wrthlnwthe complex, have a greater 2r *&

e I vu oo ,H - - e

contenx. Gera51movsk;1%et‘arﬂii1962ywnote that 21rcon1um
Lot " Q-‘-: '%‘" L ""‘ l’. . " L ‘,,.-\__ W'. .

could gorm arsolld*solutlon“serles wlth?rron 1n7aég1rfnel
un », P T “nes .. ”,‘ ,,,.« \
Y 'Butlermand.Thompson (1965) note«that alkail amphlboles .

-»k“ < N ,.ﬂ.q"

At 2}
"u e KR B “

and,aikal ~perXeneSaare consplcuous carrlers of Zrﬂand PR
- R ‘ Q N

Fae SIS

> wmv

uded that underaalﬁallne COnﬁltlons,"
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B 2
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-
be-maihly“iqco;oorated in the,kattice of mafic minerals.
Zt ve;sué'siez'(Fig.°3%) has a general “trend éﬁn
whHich -2r iﬁcreases,with'ihcrease_of.siqé content. But the
relation in 2r abundance'withﬁn,a éﬁite ofésamples from .

~t

a s;ngle pluton or from one pluton to another is hy “no
.-

means linear. Some samples of the peralkallne rlebecklte
. : k3

"v-.

granite haye élminor %r contert similar to the non-peralkaline .

granites of Albarl and Alse-Halrah plutons. Rocks of the

-

Hadb- Aldyaheen ring complex, have a general increase in Zr

following the trend of mlcrogranxtefgranlte porphyry-rie-

~

'heéki}e granite._.If'Zr ieﬁmostlj accohhlated by magmatic .
differentiation in these rocks, this trend ie in accordance_
with Goldschmidts hypothesis'ﬁ1954),that Zr is ekriched in
alkaline residual ﬁagmasl Bowden (1965) and Alek;iyev
(1970) have sﬁégested that the Zr content of Nfgerian
Youh;er'granites~haa positive correlatlon with the cor-

. . , L P2
K .

respondiggﬂgggaitic coefficient expressed,as the atomic

ratio [ﬁa+K/AlJ;'or,de§ree of alkalinity;‘ There aré similar

relatlonshlps in the rocks formlng the Hadb- Aldyaheen ring

complex and the rlebecklte granite of Jabal Sayid (Fig. 38)

.
‘Albarl and Alse airah granites data p01nts_were'plotted

for comparlso

4.4, 5 Yttrlum

Y is -present in Albari granlte and the biotite

t
'/

':granlte of Hadb-Aldyaheen w1th1n the average abundances »
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' Jabal Sayld rlebecklte granlte.

LY

‘X
s, .

in=similar3rock typés (Taylor,

162

L4

1966) . Its lesser'céncen—

3

tration is?in the Alse-Hairah granite, averaging ) ppm.

Rocks of Hadb-Aldyaheen ring complex and Jabal Sayid
: L : FT o,

riebeckite granité have donsistently greater Y tnan.bOth:

crustal average and the'gganitfcégécks quoted_by Taylor

(op..cit.)‘(Yable 21). The abundange ingreases from ‘an

L

average of 94 Ppm for‘the microgranite to?an average of
169 ppm for the granlte porphyry to ah average of 193 ppm

for the rlebecklte granlte and an. average of 210 ppm for

N ;

The increase in Y content

“from the non—peralkal;ne to peralkallne granltes ‘is by ﬁqf‘f‘

means:gradual.! However, dlstrlbutlon of “this element in

the peralkaline granites is clearly erratlc and does not,

[ L

haVe a correlatfon with other trace elements such as Nb,

. Yeflmov (1970) for the Ural alkall granlte, 1n which they

‘ content of the alkallc granlt

or the alkallnlty index (Flg 39) The plot~.of Y4versus‘

A.L. ‘has scattered data p01nts. In general 1t has a weak

~
*rend in which ¥ increases . sharply w1th a small increase in

4a

¥
. 5\
«

Such correlatlon is in aGreement w1th,Alek51yev
e

A.I.,

“

(1970) for the ngerlan Younger grapnite and Yes Kova and

. ’

indicate a relatlon between.alkallfmetasomatlsm or albi-

4

* A S - .

- . —"
tization, and the,great content of Y and some other trace

Y

elements. Kovaf@ko-et al (1969) suggested that the Y

o -0 -

of Slberla is mainly

-

accommodated by . alka11 amphlboles, aeglrlne and zlrcon.

. u

The plots of Zr versus, Y for rocks of the Hadb-Aldyaheen

R
t

‘rlng complex and Jabal SaY1d rlebecklte gran:Ltel has a




E

defined trend in which 2r increases with increase of Y.
However, overlapping between 2r contents from different:

rock types is apparent (Fig. 40) .
. , AT

- > ,

4.4.6 pBarium and Strontium

- e

The average concentratio%ﬁpf Ba and Sr- is greatest

'in samples of tﬁélﬁge;peralkaline granites of Albari,

Alse-Hairah and Hadb—Aldyaheen ring complex and extremely
depleted in per%lkallne granltes of Hadb-Aldyaheen and
Jabal Sayld (Table 21). . Sr commonly enters p051tlons in

plagiociase and its concentration is generally proportional‘

%
to the amount of Ca. This relation is well shown in Figure

41, particularly for .the nbnfperalkéline granites of Albari,
. ' ) . . ;w , -
Alse-Hairah and the biGtite granite of _Hadb-Aldyaheen.
“Variation in.the abundance of- Sr Es very slight in the

-,

" riebeckite granite of both'Hadb—Aldyaheen and, Jabal Sayfdu

This could be attributed to the minor Ca.content of these
’rocks. The non-peralkaline granites and the-grgnité porphiry

of ﬁadb—Aldyaheen have a;nornai negative correlation .between
. » - - . SR '
*Sr and Rb (Fig. 42) iﬁﬁcontrast‘with vertical correlation
of the riebeckite granite of Hadb-Aldyaheen -and ‘Jabal- Sayid
T ) N )

3

. . .. . . v ~“ b . N o
in whiéh Rb increases withd® any corresponding decrease in
. ~

—

‘Sr content. ) .

¥

‘ f' . The behav10ur of Ba is- sxmllar to iat of*Sr. Ba

0
versus Sr for Albarl granlte ‘has a well déflﬁed trend (Fig.

43) in whlch Ba decreases s a functlon of increasing Sr:
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It has a positive correlation with' Sr for Alse-Hairah

granite. The same plot' for the rocks of Hadb-Aldyaheen e .

-

se

ring cbmple% (Fig; 44)ﬂpas a well defined trepd in which .
R ) 3a increases wfth the increase of Sr from riebeckite graﬁite

' to granite poréhyry to ;’ : microgranite. "fhe plots of
Ba/Sr versus A.I. (Fig. 45) has no deriﬁed trend, only 3
.scattered data points whereas in ghe Nigerian Youhger. ;

granite, Aleksiyev (1970) suggested a ﬁosit&ve correlation

¢ ve - ° !
x° )
A

between Ba/Sr and the degree of alkalinity,

. Ba has a p031t1ve correlation with Slo2 (Fié. 46)

E' E for Albari granite amd‘scattered data points for-Alse-

E $ﬂ”h ) ' . Hairaﬁ and Ha&P-AldYaheen biotite granites.~ Sr has a

E megative corrélation with Sioszr'&e m:r{eralkaline%gramites
. of Alﬁarl, Alse- ~Hairah and the biotite gtanite of Hadb-

'Aldyaheen. For thé.rocks of Hadb—Aldyaheen,

. a‘81mllar‘correlation withesio2 (Fig. 47) inl|which they
L\ " ~ k] -

e: ' _ degrease from the, mlcrogranlte to granlte porphyry to N
B riebecklte granlte with lncrea51ng sio,. - . . & L n
ol <) N . Ba and “8x; are only' trace elements in the peralkallne f
- granites mmlch have.aynorma; correlation relative to their )
’T}-’ E ' ‘ commom pair major element. (Ca) ? AJsoytgey ‘have a well defined ’

trend relative to’ each other. Thls may 1nd1cate that

. Tel - " the process which causes erratlc dlstrlbution of other
trace elements dld not effect the dastrlbutlon of"Ba’ and
y S .- §, - -~ . ”,
Sr in the orlginal‘magma. Thelr extreme depletron may be

sl.

A attributed to the extreme d@fferentlatlon of the orlglnal

e ol magma (c f Marsh 1975 Ndble, lazg Taylor et al., 1956)
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: *\\‘\\\ﬁummary ' o ‘ .
. ~ ’ . e
: ) L. .%bunaaﬂggf\iii;variations°of trace elements in the' . Tl
. non-peralkaline g teés are normal and consistant with ’ :

“ 'a\differentiating granitic \gﬂi;\\\\. ‘ . i '

5% e
2. Peralkaline granites are significamtly enriched in Nb, S \ ’55
. Zr, Y and Rb and depleted in Ba and.Sr. Digtribution of’ ~ _ :>
-, j\Nb, Zr, Y and Rb is erratic and does not have signifiCant

’ - trends relavtive to paired major eg'eme_nts such as Rb agaf‘mst

K Nb against Ti ot the alkallnljy 1ndex. . Ba and Sx are ~

the‘only trace elements in thse s whlch have . a normal ’ L.

_correlation relative.to thei
\ and §10,. - .. : : ' -

bonmon pair major element (Ca)

) Yes" Kova and Yeflmove (1970) suggested that large

- contents of Nb, %r, Y, Rb and RE are always assoc1ated w1th

.

.alkali metasomatism. Depletlon in Ba,-Sr and Ca, and the

‘) enrichment in Rb have ‘Been con51dered by many workers (c. f
1:\ . - - e o
Marsh 1975; Noble, l972 Taylor, et al. 1956), as 1nd1— .- e

; ’ .catl@é of extreme fractlonatlon 1n fe151c rocks. Hence,

it is posslble that the peralkallne rocks of Hadb—Aldyahee;\\“gﬂ.

e

' and Jabal Sayid are first ap}oducts of extreme _fractlonat_lon -
| ( and,subsequently modified hyfelther dontamination or alkali ;
R metasomatism.or Both. " | b
) 3. There‘is no overlapping_between.the differentiation . 3 :}
: ) ’ indices of the peralkaline granites«of Hadh;Aldyaheen and ' %fﬁ

Jabal Sayld and the non—peralkallne granltes of Albarl and

Alse-Hairah, Also, there 1s a large dlfference'lnltrace

’



o element abundances between these. two groupsﬁthCh can not

~ _in formation of pure albife and almost pure microclipe and’

IR - o _.~‘.‘. o .Eﬁ73

'C. .~ .

- [ -

be explalned only ‘as a result of magmatlc dlfferentlatlon._

- -4

ThlS suggests that nelther the Hadb-Aldyaheen nor Jabal

‘Sayad peralkallne granltes need be re ded as partlcularly

.

1ate stage dlfferentlates amongst the. Younger granltes of

4 . ‘{i

" the northeast corner of the Southern ngaZ'quadrangle.

4. The distribution of_tface elements in the peralkaline
granites is'gpssibly,'as\previously stated, caused by a
. ~

metasomatic processes which was hot onlﬁiﬁnstrumental

~ . '

soda-rich amphibole and.pyroxene, but it also was able to

eféect the’bulk bf_the rocks by enriohing'it in‘Nb,3¥,‘Zr,,‘

ahd Rb-

. .
. .
~ . -
~
Ny - [
- N . i -
.
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CHAPTER 5
¥ * . % OXYGEN ISOTOPE AND'FLUID INCLUSION STUDIES

-~ N . ~

5.1 Oxygen Isotope Relations

Analyses of oxygen isotopes of the whole rocks

were done for fiftéen,samplés, including granites of pera-

)

lkaline composition from Hadb—Aldthéen and Jabal Sayid

together with granites of norhal composition from the Hadb-

Aldyahéen 6ompléx. The normal graniﬁes have an average

- 4 v

1

§ 8O of. 8.1%9 whereas thHe peralkaline granites have a 6180

»
~ ‘

range from 10% to 16%a g )

<

Taylor (1968) suggested that primary granite

plutons generally ﬁaye a narrow range of Glgo,vdlues,of
Y A'~8%Q Departures froﬁ primary values may occur by melting
. 18 .

or assimilation of &

hith a fluid reservoir. Taylor‘and Turi (3976) report
8 et

O-enriched material, or by exchange

61 0 values of up to 16.4%0fog;Primary volcanic rocgs where
there is' independent eyidence for generation of magmas by

’meltipg or assimilation of sedimentary rocks, that would be

61804en:iched. : ' ‘ . ' ‘o~
Ign'eous rocks may- have departures /from primary
6180 values of ~8% by interaction with heated fluid reser-

- 3

voirs set into convective motion by the igneous heat source

¥ .t




TN

175
s : ) / 18 - ‘ .
‘ . Table 22. §7°0 whole rock in permille ¥SMOW)
, N .
k4
v .18 L .
, 87 0% Essential Mineralogy
{ e ==
t JS 24,27 10.74% Microcline, albite, quartz,
: riebeckite, aegirine. ~
) & . o ’
i = gs.29 . 12.17 " " " :
. . -
JS 46 14.62 " t "
_ . . ) .
HD 29 - 14.67 Microcline perthite, albite, quartz,
. | aegirine, riebeckite, biotite
"HD 37 . 14.79 o o
a . . . ! N ,
. . . " HD 88 16.92 ¢ " ' " "
' HD. 87 . 13181 Microcline, albite, quartz,.
. T . riebeckite and aegirine - | : :
HD 41A 8.74 ) Micrqcline,'albife, quartz,
riebeckite and aegiripe .(contact
zone)
HD 48 17.69 Microcline, albite, quartz, )
' ‘ riebeckite and aegirine .
HD 145B . 6.19 Microcline, albiteé, quartz and ' : %

.

aegirine (contact zone)

HD 22 g 8.26 . Perthite,oligoclase, quartz
- and biotite

HD 27- 7.94 ] T me h ]

HD 28 8.49 L "o "

"
o g oot e
SR R et s T, L

HD 52 7.86 " " g

*70 = + 0.18%

e

A M o A B R e N Yy A e




'attempt to place guantitative limits on the physical and

' chemical_propefties of the hydrothermal sdlﬁtiphe, from

~ -

(Taylor, 1968; Taylor, 1974 Wenner and Taxlor, 1976
Muehlenbachs and Clayton, 1972) The magnitude of the

degletlon or enrichment from prlmary values:of 8% depends

&

z el
18O of the fluid reserv01r, the temperature of

~

exchange and ‘the lntegrated water to rock ratio. - -

onfthe S

' o The anomaléusly heavy § 8O values for the pera-

I3

lkaline’granites may be accounted for by the afofementioned
processés, i.en meltlng or assimilation of high 6180 pre- ’

cursors, and isotopic exchdnge with a fluid reservoir.

Without data on mineral pair fractionations it is not

p0551b1e to distinguish between these p0351b111t1es. The

'only other oxygen 1sotope study of peralkal;ne plutons is .

that by'Borley et al. (1976) who reportsnormalvé -O values

of 8.1 % 0.2%0for the Keffo albite-riebeckite peralkaline

g .

g{enlte of’NLgerla.
- c_]'f ¢

L . . .- o

. . { . .
§.2 ‘Fluid inclus10ns

'Quartg;gjubrittheins are present in the peralka- m

line igneous r&sks. The veins have a width in the centimetre.

to metre rahge, and lateral extent of tens of metres. . Fluid

e

’

inclusion studies were conducted on the minerals in an

which the veins were precipitated (Methods, see Appendix A).

Results " S ,"'

‘A
1

Aﬁﬁddemt érimary and _secondary flﬁid»inclusione . “'.

L
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" fluid had leaked from\the larger cavities. Secondary -

” ; / . ' :
~fluid inclusions are present in planar arrays along healed

microfractures. Measurements were made exclus1vely on |
prlmary fluid ;nclu31ons 1dent1f1ed accordlng to the

. crlterla listed by ‘Roedder (1967) These wére all-Ermakov
“type 4 1nclu510ns, in which the liquid phase occupies greater
than 50% of. the total volume# inclusions homogenised in the .

+

liquid state. No inclusions were observed with two gaseous

phases or with daughter minerals: ) -

Fllllnq temperatures for the quartz-fluorite velns
are in the range of 3Qp°C - 340°C and fluld den51t1es of
the order of 0.8. These data may be 1nterpreted w1th refer—
ence to the'thermodynamlc propertles of aqueous systems, ‘

[ 4
and aqueous alkali ‘halide solutions, wh}ch are presented by

[, <

Lemmlein and Klevstobe'él961)._'For a pure aqueous system_-'

ES

. of density ~0.8 the boiling temperatyre is fixed at 250°C

~and 40 Bars. The recorded data therefore imbly that -

- -

species are present in the solution which raise the. boiling
. curve above that.of pure water:“'hgio wt. é ﬁacl‘aqueous
solution has a}hoiling poiht\fixed at.300°c ahd 80. bars,
“which may 1mpllcate a 31m11ar concentratlon of dlssolved
species in hydrothermal solutlons from which the véins’
formed Chemlcal analyses of many. f}uld 1nc1u510ns have

. .

1dent1f1ed alkali. halldes as the most abundant dissolved




’

The filling temperatures';eprésent'the minimum

;emperature'of'vg;g formation. [This'is because-a T

.increment is required to correct for fluid” pressure. If

the fluid pressure is assumed to be lithostatic rather than

¢,

~ N

hydroétatic or some intermediate value, then the temperature

correction for pressure would be +40°C at 2 km crustal

5 .
depth, 500b; +100°C at 4 km, 1000b; and +150°C at 6 km,

1,500b (assuming a.filling temperature of 306°C,'and a 10

wt % NaCl aqueous solution).

t .
o
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CHAPTER 6 - )

Y

PETROGENES% TECTONICS,"AND CONCLUSIONS ) .

o

6.1  General Statement

Field, petrographic and chemical studies of ) .
é ' younger granites in the northeast corner of the Sowthern
: N Hijaz Quadrangle support their division into two main groups: .
( ~ l);fﬁqn—peralkaline granites which include the Albari .
3 granite, Alse-Hairah granite and the bjotite granite
g, Hadb-Aldyaheen. .
E ) 2) Peralkaline g;anites which include the granite
3 porphyry and the riebeckite‘gfanite of the Hadb—Aldyaﬁeen E
? ) ring complex and the riebeckite granite of Jabal Sayid. .
i; The nén-peralkaline granites are 600-650 my old.
3 These granites are hypidiomorphic in texture, plagioclase
B . . s . ]
? ’ (An)o-Anyg), mMicroperthite, quartz and biotite are the :
% essential minefais. However, they are comparable to normal P
? . ’ calc-alkaline granités {Nockolds, l9545~as to chemical\\;
§ _ composition and mineralogy. ] ~ "
7 The peralkaline granites are 500.to 550 my old §§
and are high-level magmatic ihtrus@ons, the last graniﬁic ,.3
. 5 -
. phase of the Pan-African thermal event (Brown, 1972) and &2
- . E 3
the development of the Arabian Shield. Associated intrusions e
B are pegmgtite dykgé containiﬁg radioactive minerals and a f
7 © -, ’.’ . 3
B “ o o Co : ,
: s -
_ » ] - 3
i il A\
= = = — S




r

Table, 23, Averages of chemical compositions and CIPW
norms of rocks formjng Hadb-Aldyaheen ring
complex and the riebeckité granite of Jabal
Sayid. '

Biotite Micro- Granite { Riebeckite Riqpeckite
‘granite granite Porphyry granite grahite of
’ Jabal Sayid

71.70  70.85  71.82 75.06 . 75.51
0.26 0.28 0.23  0.07 0.08
14,71 13.63  12.79 11.32 10.99
2,047 2.40 2.91 .70 3.61
0.06 .06 0.06 ~ 0.04 0.04
0.52 .33 7 0.34 .01 0.006
1.59 72 1.17 .16 0.18

4.44 .26 5.81 .37 . 4.81
4.13 .27 : .96 3.98
0.08 .07 £ 0.02 0.02

26.22 , 21. . : . 33.63
24.57  25. . : . 23.68
37.74 o 34.70,
7.28 . . Lo
- - o 0.11
0.27 . _ -
0.10. . . 0.29
1.26 ' ‘ 0,70
- . 0.19
. ' '4.56 © 5.13
0.71
0,15
"0.68

0.04




§

fluorite-bearing quartz veins. There is a notable absence

" *~
of any contemporaneous more mafic plutons. The peralkaline

[y

rocks are hypidiomorphic to porphyritic. Riebeckitelaﬁd
aegirine are the principal mafic minerals which have crystal-
lized late. Various workers (Kovalenko, et al., 1969;

S

’ Bailex, 1969) rééafd the lower temperature paragenesis of

riebeckite and aegirine with metamict zircon as indicating

a hydrothermal or metasomatic origin. The plagioclase is
N .
almost pure albite and the K-spar is microcline (Or 96%) and

microcline-perthite. Late growths and fecrystallization

of microcline and large quartz grains arelevident.
These rocks have relatlvely large SlO and total

Fe, and/relatlvely small Ca, Mg and Al-abundances. Alkalis

are not abnormally abundant for granitic rocks (Table 23)

@ in general major element oxides do not vary systemati-

cally with 1ncrea51ng Sio D. I.,'and D. I. + ae + ns. There

2[
is a 51gn1chant enrlchment in Nb, 2r, Y and Rb and depletlon

in Ba and Sr relative to crustal averages and to normal

-

granites (Table 24). Distribution of most trace elements
excep% Ba and Sr is erratic and has no trend relative to "

major element distriﬁution. Aisq, there is no direct

-
t.J?;c;;;é!ﬁt\:i'.on between the contents of the trace ‘'elements and

the alkalimity index (A.I.). Valu®s of 6018 are + 10%

to + 16%, which is considerabiy greater than the + 8% of

the associated older non-peralkaline granites:

~ . .
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. to the ngerlan peralkallne,granltes ‘of the once- contlguous

‘ *fusion products with-peralkaline granites of the Southern

The, peralkaline granites'therefore appear to be
unrelated genetically to spatially rebated but older non- -

peralkallne granites of the northeast corner ‘of the, Southern

~ < - .
.

"Hijaz Quadrangle. ' . s -

Peralkaline granites of the Arabiam Shield and-
. . e

. of .the Southern Hijaz'Quadrangle in particuiar,'were compared»
» ! &

Afrlcan Shleld which have ‘been well studled (Greenwood

“ 195]1; Jacobson etfal.; 1958; Turner, 1963; Butler et al”,
' 1962; Black, 1969; Bowden, éox}}d_en et.'ali.‘,'1970‘; Freéth,
_1976; Brown:and Bowdenﬁ 1973; Borely et.al., 1976). They" x.
have the following diffe;ences summarized from Table 25.

1) Conventional differentiation.trends with respect

to major and trace elements are apparent for the ngerlan

gﬁt .
*‘“ granltes but not for the peralkallne granltes of. Socuthern )
~ > :
ngaz Quadrangle L 4 ’ . a0 . -~
f// el ’ 2) "ngerl%n granltes have a complete ‘and contempo—
" (‘ e

raneolis sequence from mantle fusion products to crustal
~ e .
meltlng products (Jacobson et al., 1958‘“But1er 1962;

v
.

Blck, 1969; Bowden, 1970). There appear to be no‘mantle

Hijaz Quadrangle. .
- 3) 180/166 is + 10%ato + 16% for the peralkallne

granltes of the Southern Hljaz Quadrangle but aroéund

- e

+ 8.1%, or similar tE?normal granltes for the ‘Nigerian. -
&

.o peralkallne granites (Borley et al., 1976)
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‘Table 25'~.= Comparisons«of the characteristic featureés
N . Peralkaline -granites of ~< T
: the North-east corner : -~
Y. ' - of the . Southern Hijaz « Peralkaline
* . ‘Quadrangle of- the . granites,of - | . .
_.Arabian Shield: ' . Northern Nigeria
. ) . . 0 :
1. Age Cambrian (500-570 my) - Mid-Jurassic .
‘ ’ ' ) (167-170-my)
“2. Host Diorite and meta- . Gneiséic—granitic
. rocks volcano-sedimentary basement complex

3. Igneous
Sequence

-

4., Level of
Emplace-
‘ment

5. _Minéralogy:
&

rocks of Precambrian
age. Subduction zone
rocks. .

Biotite granite, micro-
granite, granite.
porphyry, riebeckite-
“aegirine granite form-
ing a ring complex, or
small intrusions of
riebeckite—aegirine -
.granite. s -

High level

joey

a) Essential Quartz, Albite’ (Ab 99%),

minerals
.

b) Acces-
sories

—lv

Microcline (Or 94%),
"Microcline perthite,
Riebeckite Aegirine and
minor -Biotite.
Fluorite, Apatite,
' Sphehe, -Hematite, -
Magnetite, Ilmenite,
'Zdircon and rare'allanite.

N

<

\ ..

bi‘.‘

* and Astrqphyllitet

of Precambrian
age. ’

Ca-<@uphibole-
fayalite granite, ,
granite porphyry,
biotite albite
granite (with tin
mineralization) and
riebeckite granite
forming ring complexes
and with gabbros.

High level intrusives
associated with vol-
canic rocks (Rhyolite):

. .

similar (Ab 95%).

Fliorite, Magnetite,
Ilmenite, Monazite,
Xenotine, . Zircon,
Thorite, Pyrochlore,
Cryolite, Allanite

~.

contys. .

&
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Table123~(cont....J

6.

‘a)

'Chéﬁisfry

‘Major

elements

Trace
elements

- Ba and Sr.
. correlation with the
‘degree of alkalinity.

Alkalinity
index

0%8/016

Tectonic
Feature -

Theories

..of origin

-

Al203

extremely low, Cao
generally less than

one percent, Naz0 and

K5O are not particularly
high for granites,
slight excess of soda
over potash. Acmite,

is low,”MgO is

-sodlum metasilicate

‘appears in the norm," -

and no normative anorthite.

High\ content of Nb, er b4
and Rb, Low content of
They have no

From 0.96 to 1.25.

High values (10-16%).

Post-tectonic, dis-
cordant to pre—ex1st1ng
structures, formlng ring
complexes ot lacollths.

-

No previous hypothesis. .

~

?

. Post~tectonic,

" by high=

'§imilar 3

ke

Same

They have, positive
correlation with
the alkalinity.

From 0:9 to 1.15.

B

Similar .to normal
granites (8.1%).
dis-
cordant to pre-,

‘existing structures,,

forming individual
or overlapping rlng
complexes.

s -«

Produced by progres-

sive melting of -
fayalite quartz -
monzonite under the
inf}luence of .a linear
zone of high heat
flow from the mantle

.(Black{ 1969; Bowden,

1970). Upper crustal
melting (Bowden et
al, 1970) followed
evel frac-
tional,crystalliza-
tlon (Fraeth 1970)

+ - {."‘-&ﬁ
CONteeeennes
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)

) Brown and Bowden,
.o . ’ ~ 1973, conclude
’ that, simple
partial melting of

, ) + basement cannot give
o . peralkaline magmas., .
I - - and addition of . =
T alkali rich vapors . :
- to such a-melt in
) ‘order to furnish
- C peralkaline magmas.
- / Albitization is )
' . considered to have
- Q‘takeq place close
- ~ . & to the period of
T consolidation of <
i ’ the granite (Borley,
: : et al., 1976).
11. Differ- Not well defined Well: defined. - :
entiation They appear to be Ca-amphibole-+biotite L
Trend genetically unrelated albite granite. ) ' -
. ‘ to the associated non- ' Ca-amphibole 'granite-— ﬁ
peralkaline younger . aegirine riebeckite SR
granites. - . \ , graniteralbite rie-
C - beckite granite.,
(Butler et al., 1962).
- ] « ) -
1
. — ' ” B .o <
. ' . én
. - %r‘
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" on abundances in the Arabian Shield: of granites, of mafic

6.2‘ Tectonic Model
Plate tecténic models for the evolution of the
Arabian Shield have been proposed (Greenwood and Brown,
1953; Al-Shanti and Mitchell, 1975; Gréepw;od, et'al.,
1976; Békbr; et al.,llgsG; Neary, et al., 1976; Na§seef
and Gass, 1977; Gass, 1977; Marzouki and Fyfe, 1977?~*
Marzouki, 1977; Frisch and Al-Shaﬁti, 1977; Brown, 1978)
énd during a symposium on the evolution of the Arabian '
Nﬁbian Shield held in.Jeddah‘ February l97é at the Institute
of Applied Geology, Riqé Abdulaziz University, almost all
workers companaitbe:éevelopment of the Arabian Shield to
Phanerozoic plate iﬂtefaq;ién. They especially commented
and ultramafic complexe$ as a possible ophiolitic éuiFes.-
(Bakor,-i973; Neary, 1974; Gar;on and Shalaby, 1974; Bakor
et al., 1976), mafic vélcanic rocks and cl;stic sedimentary
rocks deemed ﬁypical of accretionary and destructive plate
mérgins. Most wbrkgrs also agreed that magmas responéible
for granites in the Arabién Shieid were prob%bly produced
through partial’melting<ﬁ?a.stducted slab plus parﬁialN
rielting of the loﬁen parté.of cOnéinental crust. =

The non-peralkaline granites of the ‘Southern
Hijaz Quadrangle are similar to youn;er calc-alkaline

granites thfgughout the Arabian sShield@-{as described by

‘Nasseef, 1971; Greenwood and Brown, 1973;dNasseefsénd Gass,

~
e

1977; Gass, 1927 and Marzouki and Fyfe, 1§7IL and are *

¢t )
{

’ —— e

v
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attributed to'éartial melting of lower crust above a
subduction zone with some mfxing of crustal material- and
andesitic magma derived from subaucted material. By
-analogy the non-peralkaline granites of the Southern Hijaz

Quadrangle are believed to have a sfmilar origin. The

chémistry of the two main types of this grpup, Albari and
Alse-Hairah,suggests that the latter might belong to a

different magma source, but most probably it represents a

final differentiate of the former.

’

In .spite of this consenses on the origin of the

granitic rocks in the Arabian Shield, the current study

suggests younger granitic rocks of peralkaline aspect,
which afe not associated with contemporaneous andesitic

magmatism, require a variation on this origin and the

" following sequence of events is probable for peralkaline

I

granltes of the Southern Hijaz Quadrangle. -~

1) Subductlon of oceanlc crust beneath continental
crust produces gpe volumlnous apdes;tes of the Arabian'.
Shield (Fig. 48a).

2) Magmas of intermediate composition-continue to

intrude and extrude upon continental crust and to thicken

"it by underpldting, adding plutons, and building large

areas of voléahic accumulation (cf. Fyfe, 1978; Brown;

1977) (Fig. 48b). ot

Crustal fugion at_the base- of thickened crust begins

-
and its products mix with partial melts of subducted plate
. A o \

. ' - 188 "
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Continental
Crust

a) Andes1t1c magma ‘started to form from the descending
ocean slab. :

Marine Sediments

Conti-
nental

b) Crustal loading and thickening. Marine sediments
-start to accumulate at the ocean crust.

e

Because of heavy loading and high heat flow, the
lower crust starts to melt to give “the nop-peralkaline
granitic rocks;’ startlng with the more basic and later
will differentiate to give the more acidic.

£ e g
ﬂq;;':ﬁthﬁst“ B &%‘j\%\{ﬂyﬁ\ 'y R
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3

d)

e).

'When the subducted layer is consumed, the continents .
will collide; some of the former ocean f%or sediments

will be trapped between the continents at the
collision site.

Overtbickening of the partly subducted continental
mass in the collision zone, leads to partlal
melting .and the development ‘of acidic granitic
magma. Contamlnatlon by the trapped heavy sedlments
during the rise of the magma yields melt com9051tlon
which is peralkallne.

Figure 48. A schematic model illustratingitheﬁiectonica

- ’

environmnent -and the generation ofAdifferent

granitic magmas..

[ ’ -
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CE , . . , .
to produce dgranitic magmaay These granitic 'magmas accu-

-

mulate and rise to form plutons (Fyfe, 1970) (Fig. 48c).
87 ‘ '

LI g W Eeta ~p et A T P

The

2R3 Tl 2w A 0%

S}/Bssr eystematicslof these granites as presented

by Greenwood et al. (1976) -and Fléck (1978), indicate a

A

heavy mantle imprint in their origin (cf. Armstrong, et al.,

—_—1

32 A oy

1977; Fyfe, 1978).

* ©+3) Subduction continues until all oceanic crust is

i

underthrusted and cgnsumed and the continents collide'(Fig.

i

48d). 1In this model we suggest that ocean sediments may be
dragged under the stationary continental block ana the total
.crustal thicknes§ is approximately doubled. This is a

Himalayan-type collision of continents which can produce

87

granite magmas with large Sr/BGSr from the thickened

ornét (Hamet and Allegre, 1976; Deweyéand Burke, 1973).

Also, Brown and Hennessy (1978) .have suggested that normal

crust 3b-40 km will not be sufficiently hot'at‘its base

ks

to melt, and doubling the thlcknesé of the crust will cause
LN 4 -

melting (Flg. 48e) .

N
-

In essence, the thickened-crust ean produce a

Lt st
late granitic fraction which~mightsbe.contaminated by

trapped marlne sediments such as chert, red marine clays

Wthh have a large Fe content and heavy oxygen content,

3
or evaporltes which 51m11arly have a large heavy oxygen

content as well as a dlstlnct salinity (Flg 48e). , The

-

considerable saline water content heavy oxygen, large

1‘"‘ -

Fe203 content and probably anomalous radloact1v1ty could .

' contamlnate a granltlc magma to the p01nt of peralkallnlty.
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b

There is no evidence of fractionation leading

.to .peralkaline rock products in the thesis area, and it

L e~

is unréasonable to resort to some peralkaline magma of

unknown sourcé as a final explanation. On the othef¥ hand;

in support of the contention of contamination by Fe203

" rich rocks producing peralkalinity, there is the work of

Fyféhand Brown (1972) indicating.that if a magma is derived.

from, or contaminated by, rocks_rich in Fezoé,'a peralkaline

liquid may result. The following tablé lists microprobe

analyses of glasses obtained in melting F¢203 rich crustal

rocks. They have q}peralkaline trend. N
% : . :

4

.

T 710°C . 740°C 780°C
5 kilobars 5 kilobars- 5 kilobars

CON e

=74%§s 73.62 . "93.05 |
505 13.78 13.53 12.84
103 2.85 . 3.42 3.86
MgO . 0.01 ~ .04 | 0.06
©0.40 . . 0.54 0.77
Na,0 T390 .29 5.18
K,0 _ | 4.24 . 4. _ .14
MnoO 0.01 = 01

TiO “0.04 . ' .09

2

2

(Fyfe and Brown, 1972)
‘\‘ 3

A possible reaction might be'as follows:




~

v

;i‘

-

2NaA131308 + KAlSl3Q§ + Fezo3 + H20,+ 2NaFe81206 + KAl2

(AlSl3OlO)(OH)2 + 8102

Similarly contamination could be affected by
contact of a granitic‘melt wi#h hot saline solutions derived
from trapped evaporites. Evaﬁorites might well have been

involved in the closing of the ocean basin a ‘axggg\eventual

-continental collision postulated in thé* preseﬁt model..

A.possible_ reaction might be as follows:
~ 2NaCl- + H,0 + %A?Z > Na28103 + 2HCL
(Fyfe, Turne¥ and Verhoogen, 1958).

This latter process is now apparently,operétive at White

Island, New Zealand (Giggenbach et al., 1977).

o)

Unfortunately,.the av&ilable information-does

not permit distinction between' contamination by seddiments

-

or, contaminatipn‘by hot sa¥he solution. However, work

in progress on the 180/160 of individual minerals will

hopefully resolve this problem.

-
.

At the present time there is no adéquaté'explana-'ﬂ

tion for the distribution of Nb, Zr, Y .and Rb in the pera-

lkallne rocks.. of the Southern HljaZ*Quﬁg;angle although
accumulatlon by 1gneous fractionation seems 1mprobable on
the .basis of the data. Concentration, or - impoverishment
of Ba aﬁd Srk,céuld be aséoci&ted-&ith partial mglting

e T -

of crustal rocks and subsequent;gbﬁtamination,\or it might
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i*
be related to metasomatlém by re51dual fluids during flnal

crystallization or even shortly after crystallization.

:\.\;\- "\

This late metasomatlsm lS sugggrted by fluld inclusion

~

data as well as mlneralogy;and texture of the rocks which

point to a low temperature recrystalllzatlon after prlmary
\ 0

crystallization of the congaminated‘granitic magma.

AR e
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APPENDIX A

N
ANALYTICAL METHODS

-

-

1. ZX-ray Flﬁorescence‘Analysis° .- . L

Unweathered bulk saﬁples were grdshed in,a jaw

crusher- and then ‘pulverized for 15 to.25 seconds in a

- Bleuler Mill. Powder and fuséd pellets were made from the -

powder of each samplé—accordiné‘to the method of Norrish

-

and Chappell (1967) and Norrish.and Hutton (1969), reségcpi—

Covely. . \\\1 - ’ - ;;,~\\\
‘ ATr}:-analysés were carried out-with a Philips - .

PW1450 automated X-ray fluoresdence spectrometer. ‘Ana%gtical
condiﬁiégg.for all eiements‘aré presented in Table\Aiij\The
ical compositions wére-obﬁained using‘the programme
veloped by Norrish and Hu%ton (1969) run on a Cyber 73

ompﬁier. The analyse& are:accurate to within 1% of the

£

amount present for major elements except Na and to within

10% of the amount present for trace Slements and Na.

2 -
BN
[ :

IS

2. <biectron Microprqpe Analysis,
All analyses were carrfed'oup using M.A.C. (model
400) electron microprobe. The exéitation voltage for all -

elements was 15 Kv. Initially the. chemical bompositiods

were obtained from Ruékiidge's Probe Data Reduction
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‘ -» .Table-Al: Analytical-<Conditiops-for X-ray

D .
.o Y . . "’ ’ . " ‘ -
. ‘ Fluorescence Analysis 9 - - :

T . Line. Crystal ‘Standard
Element Pellet Radjiation Kv Ma Measured Used - Used
4 si ’ 60. 40 PET .
Y Ti | | 40 30 LiF =200, . ;
BEEES ‘AL’ .S er B . PET ‘
- Fe . ' | LiF 200 -
T Mn fused lw . FS 72
) . Mg _ ADP i
Ta ‘ - . . Ko GE . -
K cr |eo 40 _ S
' s ' e ~"pET ‘
L i - vooE o
i« Na , > TIAP GA :
o “'Ba’ . ' ‘Lo L 3 . AGV SR
: Sr T powder s N ‘AG‘_\g ) _
) -Rb . W ) LiF 200 GSP .
' Y. ' o " ke - VSN \
Nb A P . VSN
. . e v ,.‘
. / 2r — < o CAGV T
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- . a ot

; - 'ruh on-a Cyber 73 compute;. However, Lhe mdﬁorihy of
o ° .

the analyses were obtained from the Magic programme- y

N (Celby, 1968) run on a PDP 11 computer. The analysés ere -

accurate to within 5% of the amount'present for the major

.

elements and with a detectioh level of 0.05% of the total

. e, <
: sample for minor elements. < : 1

. 3. Determination of FeO . ’ o

. : .
All chemically analyzed whole rock samples of

2
Q;hari, Alse-Hairah and Jabal Sayidfgranitesiwere analyzed
for FeO using: the method of Wilson (1955). In" this methea.' -
i;QSg“Qf'Sample plus 0.05¢g eframmoniumAmetavanadéte cAﬁV)

re dissolved ih 40% HF, The;AMV quantitatively oxidizes

the Feo in the sample. This solution is tifrateé against - -
_ standardlzed ferrous ammonlum sulfate solutlon (FAS). The
} excess AMV in the.solution reacts quantitatively with the
yau - FAS. Therefore theaghount of FeO' in the semple is equal o
¢ " to the ameunt of 1n1t1al AMV minus the amgunt of AMV titrated.

The ag:}¥§§s.are accurate to 3J.-_thJ.n 5% of the amount of FeO ‘

" present. Feo vaipes for HédB—Aldyaheen,granftic rocks ,
.were calculated eécefaing to Irvine and, Baragar (f§71f' h ' i

calculation. -. : ’ . X
. Ve < . ~ {;a
LI R . .

. 4. Determination of Volatiles : . " b
. ' X
< . L The total volatlles -for most of the chemlcally

analgsed samples were, determlned uslng the method of loss’ L i

b. , v

. T <« * A
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P .

'3 " -

2 - 200
,gz . ~ ,

§ on’ ignition (LOI). “About 2g of sample was.weighed,

ignited at about 1100°C in a porcelain cru?ible, cooled

PSP

- in a dissicater and reweighed. The weight\loss was

AR,

assumed to be due to volatile loss (= LOIJ.* The analyses

puza

are accurate to within 10% of the amount present.

I
. (e

W S R T S

.

. 5. Oxygen Isotope Methods’ .

‘»

{ . . e

€ Fluorination s

: ‘ - -Introduction- ., e .
ey ¢. Oxygen isotope abundance is derived from high

—precision mass spectrometric determination of isotopic
composition O6f carbon dioxide (C02), which is a convenient

‘ gas to handle and Iies in a clean part of the mass spectrum.

s Whole rock powder, s}licate and metal oxide minerals are
reacted with a fluorinating agent to éxtract oxygen, which-
is then.cenverted to COZ, It is important that the extrac-—

e

: tion- and conversion are reproduc’ible and quantitative in
°

~
¢ .~

- order- that Einetic'isotope e?%ect'(KIE) do not s@amp the
'small'equilibxium fractionations which are to be measured.
R A mass of mineral sémple which.ié*@qfficient to.

_yield about:>100 micromoles of oxygen (0,) is weighed into’

a s?eel contdiner, and, togethgr‘with a nickel reaction & 5
° bomb, placéd:in a dry box for 24 hours. The precise mass A

. -, N

uséd dép?nds Qﬁ_thg mine;g;;ﬁxpe, but is generally about °
10 gm.

- .. ; i

.

. - : . . .

. » . ~ <
.
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The sample is loaded into the bomb in a dry

" box, because fluorinating agents react with atmospheric
._ ‘ - \ .

water to“&ielﬁ contaminant oxygeén, gné atmospheric water

may be absorbed into nickel fluoride atmor. The bombs
S . are then sealed onto the vacuum extraction line, which is
. _ .of conventional design, essentially as described by Taylor

and Epstein. (1962), but of all stainless steel constfﬁction,

and with a vacuum capacity of 10'-5 Torr.

Alingts of purified bromine pentafluoride (BrFS)

are frozen<§own in vaguo into.each of the four bombs, and

reacted witﬁ\the mineral at 550°C for 12 hours. Oxygen is

o . .

separated from excess Ban and other reaction products such .

~

as Br, BrF3, SiF4, etc. in_a ég;1é$ of liguid nitrogen cold

traps.

-~ " i
. .

Oxygen\;s converted to gg by reactlon over a hot
< " céﬁbon rod w1th_plat£ngm catalyst. This pébcedure is done
in a series ofnaliq;otg\in order to avoid KIE, because, as
-fe?ﬁphe oxygen extraction of fluorination, conversion of 02' . "3
..to CO2 follows the Rayleigh distillation equatlon, and

large klnetlc fractionations may occur unless the reaction
- - .
goes to completion. C o - . —_—

- ) The;CO2 yield is measured in a mercury mggpmeter
: ¢ ' S
~ . .
and compared with the theoretical yield calculated from the

S om mineral chemical formula. Isotopic results Bn any -sample

%,  from which the yield was not 100% I 1%, are treated with

> N S

‘caution, and repeat runs conducted. The CO2 is dried in

-
.

\ L4 . -
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with errors of less than 0.01%.

- \ 202

et
a 2-butoxyethanol ‘solid carbon dioxide cold trap, and. .
stored in stainless steel gas sanple 5ylinders prior to ’ &

N
'
- - -
.

mass spectrometry..

3

Mass Spectrometry t

-~ )’A.‘ Paig,, »
*

"The instrument“at UWO which is used for high

precision isotopic analysis of CO2 is a Micromass boze;

~

Neir type 12 cm radius,

90° sector, double collecting.mass

spectrometer. : - ,

—

The abuhdance of carbon and oxygen'isotopes are

such that iﬂ‘coz‘prepared from natural materials the relative .

proportions of the molecular species m/e = 44, 457.aﬁd'46

-

arg_approximately 93.42%, ¥.17%, and 0.40% respectively.

The requirement ‘of the mass spectrometer, therefore, is to

measure gatios of about 1:100 (45/44) and 1:250 (46/44 + 45)

-
(Beckinsale and others,

1973b). _ -

Coz‘pressure in the.sample and standard. reservoirs
are equalisEd to >1% using hollows and the CO2 introduced

1nto the spectrometer through two separate viscous leaks.

- -

The sample and standard are alternatlvely admitted to the ..
ion source using magnetic changeover valves. m/e Ratlos
are calculated from 100 second countlng perlods, using a

capacitor 1ntegrat1ng system. (Becklnsale and others, 1973a).

-~
s

The mass spectrometer is tuned firstly for the

B

. T 18,16 - . D k>

46 ratio, from which the'O /0 result is calculated. The £55
45 ratio is occasionally measured, primarily as a sensitive P

.
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check on the presence of Water, and, algso~for computing a
small correction to the 46 ratio (Craig, 1957).
To convert results to the Standard MeaniOcean-

Water (SMOW) sacle working standards CMV (18.54%) and

" Callech Rose Quartz (8.24%), are used. A working standard

is run approximately every 12 samples. Isopope ratios
expressed relative. to one standard (X) may be expressed

relative to another standard (Y) using the expreséion

§(Sa-Y) = &(Sa-X) + §(X-Y) + 10 > &(5a-X) (X-Y)

-

where § (Sa-Y) is the isotopic'composition of gbe sample
(sa) , relative to the standard (Y) etc., and all the values

are in permil (Craig,“1961).

Errors which are attributable to fluorination and

ot T . j

conversion amount to ¥ 0.09%: the mass spectrometer is
accurate tq i’d.02%L giving a total error in the results
of £ 0.1%. (Analyst, Dr. R. Kerrich).

4 W @

6. Fluid Inclusion Studies

Analytlcal Methods ) -

Double~pollshed plates of 50 to 1000 ym in thickness

were prepared for mlcroscopy on fluid 1nc;u . Fllllng

- temperature measurements were made using a Reichdrt Kofler
* g -

microscope heating stage. . Temperatures were recorded on a

mercury thermometer calibrated agalnst the fusion p01nt of

high purity substances located adjacent to the sample. A

. heating rate of 2°C/minute was used throughout the homo-

©
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RN

genisation studies. Replicate measurements on individual

-

inclusions were generally reproducible to t. 1°C. The’ L

P AT TN A ST AT

overall accuracy of filling temperature data is about t 5oc.- N

& Determinations of'fluid~densi£y were made from -

”2o . \
phptomicgggraphs of geometrically regular inclusions using

o

the méthod of Roedder (1967, p. 565). 1If the relative

T TR T FAETT ~ N YRR MY

T Ty o~ v 4 =W T agoe!
»

volumes of the gaseous and liguid phagga are measured at
room temperature, then the density offthé originally home-

- L
geneous fluid may be calculated. (Analyst Dr. R. Kerrich).
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Table 18.

Albari granite

- « - N
. ' ~ . . .
Sample . )
. # Alb aAld Alb Alb Alb Alb Ald Alb Ald Ald Alb Ald Alb Alb *
. ’ 1 132 2% s4 52 13 17 'Y 18 ~ 398 37 34 S8 .
ss0, 64.36 68,22 71.68 70.33 §9.23 62.12 685.69 69.95 68.78 69.99 67.96 72.10 74.87 65.67 ’
T;Oz . 0.27 0.31 022 0.25 0.31 9.32 0.3 0.27 0.4 0.2¢ 0.3¢ 0.18 0.17 0.00S
A1,0;  15.63 15.91 15.02 15.75 15.83 16.43 15.96 15.55 15.92 15.02 15.07 14.72 12.36 14.50
Te0y  1M13 095 142 1.26 1.45 La5 146 131, 156 152 133 oass 100 37
. reO 1.83 2.45 1.12 21.53 1.99 1.54 1.94 1._ll. 1.9¢ .37 1.¢7 1.11 1,03 M s
. ) MO 0.06 ©0.10 0.06 ©0.07 _0.09 0.10 0.10 ©.07 0.11 TOUds,, ©0.07 ©0.06 0.05 0.05
. Hgo 0.94 1.06 ©0.61 0.66 1.00 0.93 ©0.95 1.0 1.10 0.95 1:23 0.55 0.52 0.03
Cal 2.91 2.92 2,45 2.65 2.99 3.32 3.1 2.96 3.00 2.88 3.3¢ 1.92 1.62 1.06 o
¥a,0 £.00  4.25 3.91 4.15¢ 3.92 4.42 4.06 3.68 .28 3,50 3.51 375 159 5.19
. x,0 3.337 2,64 3.36 3.31 2.54 2.51 2,63 3,12 .71 341 2.3 363 3.8% 2.58 -
ons 011 0.14 T0.14 0.12 0,135 0.1¢ 0.15 0.12 0.16 0.13 0.15 0,09 0.03 0.02
L.0.I. ©0.23 0.62 0.21 0.31 0.20 0.26 0.26 0.24 0,20 0.49 ©0.72 .0.22 0.21 , 0.5
. Total 100.35 99.58 100.20 100.50 100.07 $9.99 - 99.79 100.17 100,23 95.5% 98.79 98.37 99.76 100.01
0 25.75 24.81 29.85. 26.66 26.7) 24.3 26,42 %28.12 24.71 29.17 26.35 31.43 34.94 . - .
or 19159 15.69 19.75 19.45 17.39 14.87 15.63 38,45 15.52 20.33 12.02 22.13 22.79
» R § - 33.59 36.31 32.82 35.00 33.21 37.49 34.55 31.1S 36.00 29.88 30.59 32.2 30.61 .
"an 13.73, 13.65 11.16 12.35 14.01 15.47 14.89 13.91 1454 13.57 1627  9.08 7.6 -
cor 0.47 1.13 1.01 ©0.80 1.07 0.7% 1.01 1.02 0.8 0.65 0.35 O.84 - o
‘ D4 - - - - - - - - - - - - 0.22 ‘ T
a hy 4,44 6.08  2.€1 3.17. 2.08 9.61°F3.41 4.42 4.65 4.68 3.37 4.36  2.59 ~
Ht 1.64 1.3% 2.04 1.82 2.1  2.69 2.13°_1.%0 2.2 2.22 2.58 1.2¢4 1.46
1 0.55 .58 0.43 0.47° 0.5% ¥ 0.61 0.59 0.51 0.6 O0.,5. 0.7 0.33 0,32 -
p.0Y ' . e
Rut ‘ : . . R . .
] . AP 0.2¢ 0.36 - ©.33 0.28 ©.31 0.38 0.3 0.28 0.40 0.31 0.37 0.22 0,07 .
- cr 102 62 st 6 s _on 51 61 s 10 25 ’ 40 -
Ba $73 440 564 567 - 492 % 355 601 453 616 642 856 374
" 2% .9 ¢ 11 18. T s b} 4 2 13 1 2
™ - 12 12 12 12 by QT 12 11 10 10 -8 13 1
R T3 137 129 136 140 - 128 133 126 12¢ 123 110 158 lo7 - 108 -
b4 22 27 27 27 22 22 29 27 28 A2 4 .13 14 37, S
- . sr €28 €31 419 a6 94 340 501 4 528 407 - 385 s 223 s !
. » % 63 104 101 80 70 75 s 6t 104 308 148 ” . . : .
Rb/Sr  6.23 0,10 ©0.25 ©0.24 0,16 0.13 0.15 0.18 0.2 ©0.26 0.28 0.47 0.43 :
X/Rb 289 348 269 272 305 297 291 . 2%¢ 352 272 228 207 329 . . “
x/Sr 45 3s €7 3 o 33 44 54 4 s % 18

S Ba/Sr 1.35 0,70 1035 1,36 0.99  0.81 0.7  1.24  0.86 1051 1.67 _1.75  1.67
. Ba/Rb  5.97  6.98 5.42 5.61 6x15—-6.26 4.73 6.8  7.08 -5.92 S.90 376 1.36
. . e 11.4 20075 11.33 11.67 11.64 11.08 10.5 11.27 12.30 11.00 19.35 3.23  9.92 ) .
q.l. 78.9) 76.31 32.42 81.11 ?77.31 76 66 786, S’ 77.72 26.63 79,38 75.45 85.76 98,24 -

A.d.°  0.65 0.61 0.66 0.73 0.61 0.61 -0.60 0.61 0.61 0.6 .0.60 0.71 0,66
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: Table 2B. Alse~Hairah Granite
; . 207
' Sample ‘ . -
# ~als Als Als Als Als Als Als  Als  Als
4 7 118 12 14 15 29 . 37 46 . . -
. 'si0,-  -69.58 68.22 69.07 71,50 69.67 71799 71.81 77.80 73.16 L {
Tio, 0.33 0.42 0.3 0.30 0.43 0.30 0.40- 0.10 0.32 ’
Al,04 15.50 15.90 15.9 14.70 15.09 14.00 14.56 12.27 13.92
Fe,03 1.69 2.32 1.96 1,44 2,09 1.40 1.65 0.71 1.72 ] . .
FeO 0.34 ‘0.06 0.18 0.76 0.47 0.37 0.45 0.13 0.11 - , .
Mno 0.05 0.04 0.03 0.06 0.07 , 0.05 0.05 0.02 0.05
Mgo 0.47 0.64 0.49 1.24 0.7§ 0.34 0.70 0.05 0,35
Cao 1.55 1.42 1.02 1.30 1.59 1.38 1.48 0.50 1.12 .
" Nay0 4.40  4.51° 4.66 4.47 v 4,71 4.38 4.06 2.82 4.24
K,0 5.22  5.41 5.56 4.32 -4.63 4.59 4.84 5.84 4.61 .
P,0g 0.13  0.14 0.14 0.15 0.16 v0.10 0.14 0.04 0.13

L.0.I. 0.37 0.38 0.41 0.30 0.32 0.32 0.30 0.11 0.26
Total 99.47 99.46 99.78 100.45 ¥00.01 99.22 100.44 100.39 99.99

Q 21.05 17.96 18.92 24.45 20.55 26.45 25.6£‘ 37.92 28.39

. or 21.12 32.26 33.11 25.21 27.48 27.47 28.58 34.42 27.32 -
ab 37.55 38.58 38.88 38.09 40.03 37.47 ‘34.27 23.76 35.98 w ?? . .
An 6.07 6.11 4.14 5.38 " 6.39 4.63 N 6.44 2.21 4.58 )
_ Cor 0.34 0.33 0.89 0.59 - - 0.23 0.49 0.25.
i . bi - - - - 0.35 1.24 - - - .
) ny 1.16 1,59 1.2 3.34 -°1.77 o0.28 1.83 0.2 0,87 i
Mt 0.34 - - 1.76 0.47 0.49 0,78 0.23 -
‘ { il 0.61 0.21 0.45 0,60 0.82 0.S8 0.77 0.19 0.32
r-HI . L.46 2,34 1.97 0,20 1.77 1.08 1.13 * 0.56 1.72
) Rut - 0.29 0.1l - - - - - 0.15 =
| © AP 0.31 0.34 0.33 0.37 0.38 0.24* 0.35 0.09 0.31 - ’
’ . . . s
Cr 7 6 7 145 60 7 69 9 7
| - ) Ba 795 717 904 416  s23 581 544 278 523 )
[ Ni 5 2 4 73 24 4 34 3 7 R
B Nb 19 20 ‘16 22 22 24 zo‘ 6 24
zr . 193 295 265 196 236 182 153 91 196
! Y 7 12 6 9 14 13 6 - 11
| . sr 514 447 540 395 460 405 390 201 388
' Rb 138 108 118 156 167 . 160 155 138" 163, )
. *  Rb/Sr 0.27 0.24 0.22 0.39 0.36 0,40 0.40 0.70 0.40 . .
| - K/Rb ° 314 414 392 , 230 230 238 261 352 234 :
| K/5r 84 100 86 91 83 94 104 242 98 . y
Ba/St 1.55 1.6 1.67 1,05 1,14 1.43 1.39 1.38 1.35

Ba/Rb 5.76 6.64 7.66 2.67: 3.13 3,63 3.51 2.01 3.,2°
| . Zr/fb 10,15 14,75 16,56 8.91 10.73 7.58 7.65 15.17 8.17
| D.I. 89.791 88.8 90.9 87.75 88.07 91.46 88.46 96.1 91.69
B a.l. 0.83 0.84 (0.85 ~0.82 0.85 0,88. 0.82 0.89 0.86
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Table 4B. Biotite Granite and Microgranite of Hadb-

3 - ~ '
Aldyaheen Ring Complex ' .
~ -
Sample Biotite granite ‘ Micro-granite .
- i D22 HD27 _ HD28 __ HpS2 EDS3A _HDBO HD128  HMDI35 HKD1S7  HDI74__ 132B
si0, }z.n 72,16 72,37 70.49 71,12 69.55 69,74 69,88 72.49 72,32 71,97
Tio, .30 0.23  0.24  0.28 0.2¢ 0.31  0.30 0.32 o0.28 0.2  0.17
a0, e e uan 15.20 13.42  13.90  13.99 14,00 1313 13.36 13.16
Fe 0, 2.53 1.76 1.8 2.07 2.88 2.31 1.61 2,38 -2.83 2.37 2,09
 Mno 0.05  0.04  0.12  0.0¢ 0.07  0.07  0.10  0.05 ‘0.04 0.05  0.05
Mgo 0.59  0.43  0.48  0.58 0.48  0.08  0.27  0.52  0.36 0.25 0.23
cao 1.40  1.66 1,51 1.8 | 1.32  2.30 2.47 1.90  0.96 1.35 1.06
Na,0 KIS TR PE TR %+ A N 5.06 9.39  5.13 5.63  5.13 5.22 5.56 N
X,0 4.02 4,15 4.4 4.24 4,00 493 456 4.33 4.4 413 5,09
-P,0, 0.09  0.07 0.05  0.11 0.08 ° 0308  0.07 0.10  o0.04 0.06  "0.04 :
. L.O.I. 0.23 0.2 0.36 0.52 ° 0.50 0.83 1,30 0.80  ©0.60  0.5¢  0.53
Total 100.25 99.93  99.55  99.74. 99.21  99.24 99.54  99.91 100.00 99.90  99.95
Q 26,36 26.51 27,63  24.38 24.06 18,8  19.33 17.87 25.46 24.3¢ 2.1 .
or 23:75  24.59  24.67  25.25 24,24 26,64 27.47  25.85 24.58  24.62  30.25
- Ab 33,41 37.66 37,28 37.61 43,46 46.42  44.26  48.14  43.64  43.64  44.57
An . 6.36  7.80  6.69  8.28 _ 1.45 " 0.63  1.74 0.16  0.38 0.64 -
sM - - - - - - - - - - 0.52
co 0.56  0.16 - 0.35 - - - - - - -
Di - - 0.35 - 3.45  0.44¢  1.48 2,83 2.88 1.36 2,35
Ry 1,47 1.07  1.04 1.46
o - - - - 0.16  "4.14  3.25 213 0.63 1.67 0.92
Mt 1.65 - - 0.26 2.55  0.96 - 1.05 2.6 1.64 4.86
« 11 0.57  0.15 0.4  0.54 044 0.6 0.22  0.62  0.54. 0.42 .32
Hn 0.66 1.73  1.75 1.62 e .18 1.64 1.12 - > 0.61 -
sp - 0.15  0.07 - - - 0.44 - - - -
AP 0.21  0.17  0.12 0.25 0.19  0.19 0.17 0.24 0.10 0.14 0.1
. er 9 7, 25’ 9 ? 10 - 10 10 36 23 5
Ba 590 758 597 7 867 458 Sto 505 653 580 412 229
. Ni 13 9 2" ‘ 24 ? 10 8 23 17 H
M 22 15 18 ‘17 161 64 29 30 37 109 4 -
Ir 245 169 172 189 2530 669 280 + 334 87 856 369
Y 23 16 22 18 m 68 32 43 I3 103 79
Sr 376 469 408 511 242 249 276 38s 407 205 1n -
Rb 196 199 206 192 272 - 297 295 268 237 306 558
Rb/Sr 0.5 0.4 0.5 0.4 1.1 1.2 107 0.7 0.6 1.5 3.26
K/Rb 170 17 7 183 123 12¢ 128 134 us 112 75.81
x/Sx 89 73 64 69 138 17 137 93 7] 167 247 ‘
Ba/Sr .57  1.62 1,46 1.69 .89 2.45  1.83 1,70 143 2,01 1.34
Ba/Rb 301 3.81  2.% 4.52 1.68 2,05 1.71 2.4¢  2.44 1.35 - .
tr/8b 11,14 11027 9.56 11,12 15.71, 10.45 . 29.66  11.13  10.46 7.85 7.69 o
D.I. 88.52 88.76 89.58 87.24 91.76 %oifBe | 91.06 91.86 93.08 93.52 90.93 4
AL . 0.30  0.79  0.83 0.78 8.96  0.98  0.96 C<OUyogE 0.99 0.9 1.1 %
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Table 5B. Granite Porphyry of Hadb—A\ldyaheen Ring.

» > - ;
% Complex &
Sample . (

# HD8 HD9 HDLIIA HD29 HD30 D37 HD66 HDB8 HD}OOV HD129 HD150 HD170A 11D147 HKD120B
510, T72.51 71.99 70.75 72.32 71.8% 70.91 71.86 73.48 72,98 70.98 71.96 71.18  69.87 71.46
720, 0.26 0.22 0.29 0.19 06.18, 0.25 0.25 0.20 0.2 0,25 0.22 0.20  0.19 0.2
AL,0, 12,30 12.70 13.76 12.27 12.68 12.98912.38 12.48 1269 13.02 13.26 12.88  14.03 13.22
Fe0,  3.59  2.97 253 3.03 2,74 2.75.03.40  3.09 . 2/01 - 2.58 L 2.62 3.0 2,23 2.4
Mn0 0.06 0.05 0.05 0.05 0,06 0.06 0.05 0.05 «0.05 0.11 0.06 0.06 0.0 0.05
Mgo 0.34 0.42 ©0.40 0.28 0.35 0.40 0.34 0.17 0,14 0.44 0.49 0.37 0.6 0.2,
[o2.10] 0.94 1,22 1.46 0.93 1.37 1.21 1.02 0.73 1,08 1.98 0.98 1.17 1.98 1.16°
Na,0 .24 5.97 6.1 5.51 5.35  6.81 5.6 6,25 5.20 6,82 5.50 5.65 5.91 6.3
xzo , 4.12 4.36 4.39 3.98 4.09 4.79 3.88 3.59 4.27 Fo02 4.20 4.15 3.95% 4.19
P,0, 0.0§ ©0.06 0.07 0.0z 0.04 0.06 0.07 0.05 0.03° 0.08 0.06 0.07  0.05 0.05
L.O.I. 0.32 0.13 0.18 0.17 0.26 0.5 0.2% 0.10 0.63 " 0.13 0.24 0.27 0.33 0.4%
Toral  99.73 100.09 99.99 99.15 99.01 99.77 99.10 100.19 99.78 98.92° 99.59 599,09 99.02 99.69
) 18.45 19.43 23.82 23.29 19.64 23.18 24.3% 25.53 22,55 21.07 20.02
or 23.08 25.62 23.76 24.67 28.52 23.19- 21.19 25745 24.98 24.81 25.95
Ab 38.22 43.84 41.37 42.98 40.41 42.56 44.16 39.77 45.11 43.65 45.01
An
Ns - 0.18 0.8 - 0.78wm = 0.72 - - - 0.36
Di 3.85  4.78 3.91  4.36 4.77  4.02 2.88  4.05_ 343 4.62 3.52
By 1.83  1.61 1.54 1,19 1.6 1,57 1.27 - z 0.73
ac 3.35 4.95 4.94¢ 2,81 5.1 4.8 4.91  4.05 1.52 4.15 .09
Me 0.74 - yo- 1,06 - 0.16 0.38 0.46 1.75 0.4 -
31 0.47 0.42 T 0.36  0.35 0.48 0.48. 0.3 0.38 042 0.38 .. T .
Ap 0.11 0,14 0.05 0.1 0.14 0.17 0.17 0.07 0.14 0.17 0.12
- )

SPh_
133 83 46 M 25 6 7 2 3 7 € . 73 5
Ba 247 260 283 290 308 390‘ B2 185 3183 298 283 186
Ni 40 27 27 24 5. 18 14 2 4 21 39 n
Nb 110 92 94 150 56 106 119 67 96 106 125 138
zr 2157 1028 1457 1261 337 1982 1180 1463 810 1723 1353 1296
Y 191 148 * 206 187 $6 225 . 154  1%0 101 3062 162 168
st 125 178 150 “ s 151 175 78 Y - 169 144 126 113 .
Y 296 256 397 359 302 289 291 224 _ 284 380 357 358
RO/SE 2.4 1.5 - 2.6 2.5 . 2.0 1.7 3.7 2.4 1.9 -2.6 2.8 3.8
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A X. l1.06 1,09 1.08 1.14 1.04 1.13 1.08 1.13 1.07 1.10 1.02 1.07 0.97 1.11
"~ - -~ \ -~
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APPENDIX C
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MICROPROBE ANALYSES
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TABLE 1C
PLAGIOGCLASES ,
Samples Alb.' 10, 26 (Albari granite) .
: 1 1 2 2 2 2 2 .
. . Intexr- *
Core Rim Core Rim 1 Core mediate Rim
SiO2 56.79 61.02 60,14 63.93 S59.17 55.11 57.05 . 60.86
QVA1203 26.98 24.07 24.54 22.29 25.20 27.72 26.50 ¢ _24.00
. Feb03=~ .08 0.05 9.1 0.04 0.13 0.12 031 0.0¢
Cao 9.70 6.00 6.61 3.81 7.30 10.32 8.68 ) 5.78
Ha,0 | 5.36 8.47 8.10 9.6l 7.53 5.48 6.53 8.17
K,0 0.20 0.22 0.26 .0.27 0.31 0.20 0.24 0.1%5 )
Ba0 0.79 0.13 0.08 0.05 0.13 0.05 0.12 0.04

- Total 92,20 99,97 99.82 99.99 99,73 99.02 99.22 99.10

F -

Ab 49.43 70.91 67.79 80.73 63.95 48.49. 58.87 71.35 .
Oor ~ 1.14 1.30 1.56 1.56 1.84 1.09 1.35 0.81
An 49,43 27.79 30,65 17.71 34.21 50.42 41.78 27.584 )
& (& . ’ ~
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TABLE 2C : ,
“ PLAGIOCLASES ™
Samples Als 4 (Alse-Hairah granite)
1 2 2 3 3 4 4 -4 5
Core Rim Core Rim Rim Int I Int II Center . -
sio, 64.89 66.24 65.41  68.12 64.45 64.52 64.58 64.71 64.58
Al;0, 21.08 20.88 20.65 19,64 21.67 21,72 21.32 21,38 21.50
Fe,0, 0:16 0.19 0.21 0.13 0.23 0.27 0.32 0.39 0.30
cao 2.69 2,14 2.24 0.29 3.37 3.42 3.14 3,05 3.47 o
Na,0 10.00 10.57 10.45 11.62 9.18 9,50 9,77 9.05 8.87 &
K,0 0,43 0.41 0.30 0.20 O0.54 0.75 1.05 1.36 1.23
BaO 0.08 - 0.05 0.21 0.07 °'0.10 0.07 0.11 0.09 0.09
Total '99.32 100.48 99.33 100.07 99.54 100.25 100.29 100.02 100,04
Ab 85.90 87.88 88.22 97.66 80.65 79.89 80.15 77.87. 76.47
or 1.33  2.33  1.57 1.04 2.99 4.18 ’5.59 7.73 6.95 i
An 12.77  9.79 .10.21 1.30 16.36 15.93 14.26 14.40 16.58
s J )
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TABLE 4C

PLAGIOCLASES ~

HD171 (Microgranite Hadb-Aldyaheen)
1 3 3 4 5
Rim Core -

. - rd '
68.88 68. 67,16 68.L3 67.55 67.97 69.93

R

19,38 19. 19.53 19.1¢ 19.57 19.95 _19.95
' 0.14 0.13 0.00 o0.08 o. 0.08 0.07 0.11
0.03 0.11 _ 0.16 0.03 T ~0+34-~=0.61 0,34
11.39 .96, 11,93 11.71 11,91 11.27  9.13
0.16 .16 .07 0.14 0.1 0.14 0.48

0.05 . .10 . .0.09 " 0.01 [ 0.04

100.04 8. 99.75 100.02 99.98

97.86 96.34
0.59  0.79
1.55 2.86

A
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, o TABLE 5C .
e P , -
PLAGIOCLASES

Sample HD9 "(Granite Porphyry of Hadb-Aldyaheen)

-
\

4
b
[
t
{ 1 2 3. 4 5 6
} ) '
P sio, 68.62 69.20 69.01 68.98 69.56 68.98
b N A
i R N
_ © Al,0, . 18.33 16.97 18.96 18.80 18.92 18.86
Fe,0, 0.77 0.82 0.90 0.89 0,59 0.84
~ cao 0.55 0.03 0.05 0.04 0.03 0.03
A Na,O 11.65 11.21 11.49 11.13 _11.27 11.31
E . K,0 0.20 0.16 - 0.13 0.21 0.23 0.20
& - BaO 0.07 0,09 0.13 0.09 0.10 0.05
£ Total  99.10 100.48 .100.67 100.15 100.69 100.26
. Ab -  98.54 98.93 "98.96 98.71 98.51 98.78a
{ or _ 1.11 -0.93 o0.80 1.186 1.35 1.08
. . An 0.35 0.14 - 0.24 0.19 0.4 0.14
i : .
2;2
. .
‘ % =
e ) ; ﬂ
— E:
4
.r
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A ; _ ‘ TABLE 6C i
? ~ , - T
. "
PLAGIOCLASES
Sample HD10 (Riebeckite granite of Hadb-Aldyaheen)-
' . - . *
: . 1 2 3 4 5 6 7
: .
¢ sio, 68.54 68.29 68.58 67.55 68.97 68.26 68.29
Al,0,  18.56 18.51 18.56 18.67 18.29 18.63 18.19
Fe,0, 0.94 1.11 _ 1.10 ©0.96 1.15 1,21 1,29
ca0 0,02 0.02 0.02 0.03 0.02 0.03 0,04
Nézo - 10,93, 10.62 11,05 10.74 11.17 10.98 10.68 ' *
K,0 ' 0217 0.16 0.6 0,22 - 0.11° 0.13 : 0,14
) BaO 0.11 0.09 0.05° 0.05 0.I0 0,11 0.14
g ‘ﬂﬁmotal 99.26 98.80 99.52 98.22 99.82 99.35 98.76
i ) ) i _— ”
: . Ab - 98,88 98.90 98,95 98.52 99.26 99.08 98,97
B ’ Or 1.01 0.98 0.94 1,34 0,63 0,78 0.83
< . ’ . ) \
3 An - 0,11 0,22 0,11 0,14- 0,11 0.14 0.20
/ s * .
3 e - ::g
g . : -
: i V-
g‘
3 .
|
z ¢
+
| g
!
: _ a————
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g T ) TABLE 7C
- PLAGIOCLASES’ .
Sample HD 26 (Riebeckite Granite of Hadb-Aldyaheen)
1 2 3 4 .5 6
sio, 68.02 68.45 67.98 68.61 68.98 68.41
A1,0, 18.30 '18.82 18.89 18,71 18.71 18,71 °
Fe,0, 1.12 1.02 0.97 1.01 0.98 1.04
cao 0.03 0.02 0.02 0,02 0.02 0.02- .
; Na,0 12,11 11.75 12.19 11.99 12.14 11,91
K,0 6.14 0.24 0.18 0.14 0.28 0.19
o Bao 0.03 0.05 0.05 0.07 0.03 0.09. . -
Total. 99.72 100.35 100.29 100.54 101.16 100,38""
ab 99.11%i98.57 -98.94 99.13 98.42 98.87
or & 0,76 1.33 0.96 0.77 1.48 1,03
An 0.13 0.10 -0.11 0.0 0.10 0,10
W
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TABLE 8C

" MICROCLINE

Sample HD1lO (Riebeckite granite of Hadb-Aldyaheen)-

-

1 2 34 . 5_~_6

“sio, 64.34 64.29 65,96< 64,81 65.73 65,22,
A1,0, 17.93 18.15 17.63 17.76 18.00 17,93
Fe,0, 0.74 0.38 0.71 0.85 0. 0.73 . 0.76
MgO 0.03 0.01 - 0.02 - 0.07

Ca0 - - - - - -
A | -

Na,O 0.46 0.7F 0,57 0.48 1.04

K,0- 16.39 15.64
. N .

2

N
w5:98 16,35 _15.35

£
99.89 99.18 10.:)3.85 106.26 100.85

,'9\6.13 93.79 94.94 -95.61

.3.87 6.21 5.06 4.39
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TABLE 9C

- - MICROCLINE
-
- Sample HD26 (Riebeckite granite of Hadb-Aldyaheen)
-~ )
1 2. 3 4 5 6

, sio, 65.62 65.55 64.77 65.33 566.45 65.44

—_— ) Al;0, 17.76 17.49 17.19 17.79 17.38 17.56

Fe,0, -0.75 A.b.64 0.70 0.67 0,71 0.81

Mgo 0.03 0.07 0.04 0.03 0.04  0.04

Cao - - - - - -
- Na,0 0.71 0.72 0:55° 0.67 0.72 0.76 -
K,0 15.56 15.59 16.10 15.58 15,14 15.24 '

Total 100.43 100.06 99.34 100.07 100.43 99.85

Or 93.75 93.23 95.00 93.75 93.06"53.i1

Ab “ 6.25 6.77 5.00 6.25 - 6.94  6.89

AR,
o,

SRR R R N




TABLE 10C™~

*

Plagioclases enclosed by Quartz, Microcline and Plaqigclase

with Hematite

Sample JS-.13 (Riebeckite granite of Jabal Sayid) -

I’

Plag ' ' Plag
in S in . . Plag with Hematite
Qtz Micro _

i 2 3 1 2 .3 1 2 3

SiO2 69.21 68.68 69.07 68.96 ‘68,90 69.33 69.24 69.34 68.44.

=

AL,0, 19.22 18.85 18.98 18.68 15,61 19.33 19.38 18.93 18.49

Fe203 0.83 0.96 0.92 0.85  0.37 0.10 0.87 0.89

. . (
MgO - 0.02 "~ 0.02 0.03 0,02 0.03° 0.03 0.03 0,02

1

Cao: 0.00 6.00 '0.62 0.00 0.00 0.00 0.00 0.00 0.02

Naj0 11.09 11.27 11.46 10.72 11.34 11.54 11.35 11,06 11.12

S~ K,0 0.15 0:15 0.14 0.16 °0.19 0.16 0,04 0.12 . 0.09

T Total 100.52 99+94,.100.63 99.38 100.39 100.76 100.14 100.35 99.06

99.11 99.12 99.09 99.03 98.92 99.09 99.70 99.30 99.3%
0.89 *-0.87 0.79 0.97 1.08 0.9L 0.30 0.69 0,53

0.00. 0,00 0.11 0.00 0.00 0.00 0.00 0.00 0.}1
£ '

.
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TABLE 11C \
4 ’ k ) o
Plagioclase Laths in-Quartz arfid in Microcline ~ =\ .
. ' N ”
Sample JS.40 - " (Riebeckite granite of Jabal Sayid)
. Plag in Qtz Plag.in lMicrocline
1 2 3 1 2 3 4 s ' s
Si02 68.84 69.30 69.61 68.57 68,32 68.26.\;58.36/6;9? 3 68,87
-Al,0, 18.71 19.05- 18.73 19.06 18.89 19.39 19.21 19.42\19.05
) “Fe,0, 1.00 0.97 0.95 0.93 0,79 0.01 0.09 0.05 82
°o - MgO 0.4 0.02 0.02 0,00 0.00 0.05 0,06 " 0.03 "’0.03\\\
. ~ \
N 0.00 0.00 0.01 0.00 0.00 0.00 003 0.00v 0.00
! ’ : . - 2 .
- -11.13 10.76 10.60 11.25 11.22 11.27 11,90 11.28 11,00
2 ~ P .
¥ KZO 0.190 0.18 0.14 014 0.18 Q.06 0.05 0.09 0.17
- » Total 99.81 100.29. 99.46 99.95 99,40 99.63 99,70 100,30 99.91
' v \\\ .. ) w* N
. . . \\ -. . \'. , %"‘
o N PR N
e Ab 99.45 98.86 99.07 99.18 98.90 99.73 99.61 99.45 98.88
Or 0.55 1.14 0.87 °0.82 1.10 0.27 ‘0.26° 0.55 1.12 ~
. ' . 0.00 0.00 0.06 0.00 0.00 0.00 0.13, ’ 0.00 0%00
¢ - -1 ) ~
| .
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[ , ‘ -
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% L 24 .
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TABLE 12C
SN

‘Plagioclase Laths in Quartz

. .
. -
°

Sample JS.41 (Riebeckite granite of Jabal Sayid)

+

<
[

1l 2 3. S ._6

sio, 69.54 68.07 68.79 68.28 68,75
Al,0, 18.86 18.81 19.03 18.73 18.89

7T 7 P T e
e Y N T R e T e ey i e S B E R T

Fe,0  0.90 0.98  0.47 0.95 - 0.89
- MgO 0.02  0.00 0.02 0.04 0.01
., €ao * 0.02 0.02 0.02 0.00  0.01
Na,0  10.27 10.86 12.16 11.40 10.61

K,0 . 0:10 0,10 0.16° T0.127 0.11

Total 99.70, 98.86 100.66 99.52 ,99.27

99.25 99.29 :99.04 99.32
> 0.63 0.59 0.86 0.67

.

0.12~ 0.11 0,10 . 0-.00
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TABLE 13C -

Plagioclase Laths in Microcline

o .

2

(Riebeckite granite of Jabal Sayid)

N

.

1 ~2 . 3

- 68.84 69.14 €8,07 69.11 68.82

P

19.08 19.20 18.38 19.53 18.80
Fe,0p - 0.39 0.26 - 0.03 0.01 ° 0.80
Mgo " 0.047 001 0.01 0.03 fof&b '
cao 0.0, 0.0 - 0.00 *0.00 0.02 -,

. o

' 19971 1i.12 11,00 11.07: 11.06
o] - * N
3o e
0.18 - 0.15 0.05 .  0.06. 0.14°
’ - LY ow .-

s

. Y

99.25 99.88 - 98.55 99.80, 99,65

"y
. € - v

\ N «

P .

v oo . ) ) © o
- 98.86 "99.12 '99.69 99.64 99.06°

il .
“ 1,008 0.88  0.31" 0:36 0.82

-

\A,Mi’i‘m?rgl-’ W

0.06 o~ .0, . 0 .0.11
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TABLE 14C (’\ v
5 (U
Plagioclases in Groundmass Associated-with Hematite
b
Sample JS.41C (Riebeckite granite of Jabal Sayid)
rAN]
g ) N
1 2 3 4 5 6
sio, 67.80 68.73 67.79 69.73° 68.67 69.30
al,0, 19.18 18.42 18.54 18.74 -18.83 19,33
Fe,0, . 0.26 . 0.81 1'.16 1.02 Q.83  0.40
Mgo - 0.04 0,02 0.02 ~0.04 0,02 .0.04
cao, 0.01 0.01 0.0 0.00° 0.01 0,00
'-Na2o -~ 11.17 10.56 10.75 11.05 10.52 11.36. g
K,0 Q ' 0.37 0.16 0.14 0.11 0.14 0.14
Total 98.82, 9§.7_2' 98.41 100.69 99.02 100,46
. ! LS . g
ab 97.83 98.95 99.08° 99.36 .99.07 '99.70 _
or 2.12 0.99 0,85° 0.64 0.87 0.30
N o . 4 , [.
“An 0.05 0.06 0.06 -0.00 " 0.06- 0,00
- ’ - L4
L3 ‘ w
’ ' ) -
b Y s .
. "4
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TABLE 15C

MICROCLINE

. 3

Sample JS.13

(Riebeckite granite of Jabal Sayidl.

»
1 2 3 . 4 5 6
sio, 65.03° 64.96 64.60 65.08 64.96 64.57
A1,0, 17.80 18.02 18.16 17.43 17.54 17.40 -
‘e . —— . ™~ ?
Fe,03 . 6.46 0.707 0.53 0.93 0.85 0.86
Mgo - - - 0.03 0.23 0.04
cao - - - - - -
Na,O 0.35 0.26 0.40 0.41- 0.84 0.48
xéo ‘ 16.28 16.25 15.88 16.43 16.25 16.43
Total 99.92 100.19 99.57 100.33 100.68 99.79
or _.96.92 97.73 96.29 96.51L 92.74 95.88
ab . 3.08 2727 3.71 3.59 7.26 4.12
2
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< T TABLE 16C

" MICROCLINE -

Sample J5.41

(Riebeckite granite of Jabal Sayid)

65.14
18.34

0.05
15.66
0.25

99.44

97.65

2.35

1’ .2 3
sio, ‘ 64.58 65.11 64.67
Alée‘ﬁ‘ 17.96 18.03 18.17
/
1203 . T - -
MgOo ' 0.04 0.03 0.02
K,0 16.76 ° 17.04 16.02°
Na,O- 0.18~ 0.20 0.35
Total 99.52 100.42 99.23
LY ) (1‘

- or . 98.34 98.37 ''96.87

Ab ' 1.660 1.63 3,13
‘ .
-~ . i .
- -
e

64.09
18.39
0.08
0.02
15.98
0.32

98.82

97.14

2.86
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