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- .
ABSTRACT - \

o

The Al Hadah iéneous_complex of the western Arabian
Shield is intrusions of gabbro, diorite,fgranodioéite,
monzogranite and dikes of basalt-andesite to rhyolite in
composition intruded in that order during the Pan African
orogeny (= 600 my) %pto‘a Précambriap basement of amphi- -
bolite aﬁd quartz feldspathic gneiss. Epidote replacing

. plagioclase is common in the dioritic rocks and mainly

- e PRI Al s A AU D it s b P nt e s - it sty ]l

concentrated at dike walls. Similar plutonic sequences

‘

4

occur in parallel linear features eastward across the

2 Ry st 1o f.

Arabian Shield.

-

The Al Badah igneous complex is comparable to

»
U e e~

that of Sierra Nevada of western United States and some
of the continentai subduction environments and probably

related to magma generation along a suhduction zone. The

5

pervasive epidote is indicative of infiltration of oxygenat-

ed surface water during emplacemeht and hence is a general
guide to water fléw into undersaturated magmas. Repetition

of plutonic suites similar to Al Hadah across the Argbian
Shield suggest three subduction zones with minor continental %

.collision involving closely spaced ocean basin;

iv
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CHAPTER 1 I
ST
\
“
INTRODUCTION

‘:"',
AN

1.1 Statement of the Problem ' .

'This thesis deals with two péoblems in the field
of igqeous geology and tries to cast somé light on possible
explanations. The first deals mainly ﬁith the petro-
chemistry of Al Hadah igneoué complex and thg application
of plate tectanic models to Proterozoic igneous even;? in
the studied area. Althoﬁgh the apglication of pregent

. day geological processes at plate boundaries to"ﬁ}ecam—
brian rocks is still controversial, éecent work cafried
out in the Arabian Shield and the surroundingwareas, has
provided some evidence for the applicability .of these
models during late Precambrian time. éass and Neary (1976)
found tbat the granites which congtitute more than 60% of
the crystalline basement of NE Sudan,. mostlyvcgrry an
isotopic age'gf‘g 600 my; secondly, they suggest that
these granitic rocks re;resent cratopization of an island
arc. Al-Shanti and Mitchell (1975) found that 'the thick
volcanic, vblcanoclastic and sediméntary succession of the

proterozoic Halaban group in the east of the Arabian Shield

' is intruded by syntettonic to late tectonic plutons, and

.
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fesembles Cenozoic subduction-related -magmatic areas'.

q ; ‘Greenwood et al.r(l9753 concluded that the southern pa?t
of the Araﬁian Sﬁield‘represent5cratonized intra-oceanic
island arcs. Similar studies, in theé northern part of
the Arabian Shield (Rexworthy, 1971; Bakorhﬁl973£ Neary,
1974), and in the easterh desert of Egypﬁ (Garson andr
‘Shalaby, 1974) all invoke the cratonization'of oceanien'
island arc sfstems. Nasseef andlﬁaésf1976) proposed that.
the At Taif granites suite (Wthh 1nclude ‘the granltlc
rocks of Qhe area studled) were produced during the last’r
phase of cratonization* of an island arc system wh;eh. ¥

g occupmed a period of 75 my (595 520 my) . 4

Along the llnes of these prev1ously‘ment10ned
studies, the author, by means of geachemical, mlneralogical
and petrographicai deta; has atteméted to gi;e a'possibieb
petrogenetic explanation for the magmatic 1gneogs events

which took place in the studied area in terms of a plate-

tectonic model.

ia‘ Cratonization is here taken to imply a ééries of ¢rogenic "

=*

events which involved volcanic and sedimentary depesition

accompanied by ‘tectonism, metamorphism and plutonism
during that certain period of time (1050~-550 my) which led

; . to the &tabilization of the Shield.




<

v

The second problem,lthat was examined involves
the process of epidote formation which has been found in
many rocks of the area studied. -In these altered rocks
plaéioclése is often complétely altered to epidote near

contact regions.

1.2 General Geology of Arabian Shield

The Kingdom of Saudi Arabia has an area of
2,19 000 km?

by the Arabian Shield. The Arabian Shield extends from

of which approximately a guarteér is occupied

the coast for distanies ranging from 50 to 700 km inland.
It clnsists of Precambrian to early Palaeggoic rocks, partly
overlain by younger sedimentary rocks, Tertiary to Quater-

nary basalt and alluvium. In general, the effort to maﬁ

and understand this region began only in the 1950°'s.

The Precambrian Arabian Shield covags an area of
about 541,060 kmz, and has a pseudotrapizoida17blanenhection.
There are eight major stratigraphic Precambrian units ‘
recognized in the Aribian Shiald overlying a basement gneiss”
complex called the "Khamig Musﬁ;yt Gneiss", (see Table 1).
Six of these units were ideptified and described by Schmidt
and others (1972) in the Southern part of the Arabian Shield.
The chronological order of these units from oldest to young-
est.is: "Hali Group", "Baish Group", "Bahah Group”, "Jiddah
Formation", "Halaban Group", "Murdama Group" (in the southern
part), "Shammar Group" and "Jubaylah Group” (in the northern

part). L
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The "Khamis Mushayt Gneiss" is considered to be
the b;sement of the Arabian Shield. It consists of "coarse
gyained banded ofthogneiss and migmatité that is regional-
ly metamorphosed to the amphibolite faéieéﬁ Fyfe (personal
' communication) has suggested that some of these rocks may
even be retrograde gsanulites.

-

1. The "Hali Group" consists of several thick units of

quartz-biotite-garnet schist interi;yered with amphibolite,
metamorphosed at amphibolite facies.d This group Eas been
intensively tectonized. ' -

2. The "Baish Group" overlies "Hali Group", and 1s

characteristically greenstoqg}/ég;;}stlng malnly-of maflc

metavoleanic rocks intercalated by agglomerates and tuffs

and detrital beds with concordant bodies bf quartz‘porphyry

and subvolcanic 31115. The metamorphlc grade is gteenschlst

facies, and most of the rock unlts.have beén hlghly deformed.
/

. ' 3.. The "Bahah Group" overlies "Baish Group“ and is character-

ized by a thick metasedimentary section consisting mostly

of quartz-chlorite-sericite gchists representing,wei; bedded,

commonly thinly bedded, sil;étoﬁe, mudstone, siliceous slate
" and fine grained sandstone. fﬁey are also regionally- meta-

morphoseé to the greénschist facies. |

«

4. The "Jiddah Formation" or "Jiddah Greenstbne" follows

-

the Bahah Group and consists mainly of red and green

apdesitic agglomerates, flow breccias, tuffs 'and trachytes.
{

-




-~

Tﬁéy are regionally metamorphosed to the greenschist

facies.

5. The "Ablah Group" consists essentially of andesitic

and dacitic volcanic rocks. It is regarded as a separateo
unit between the "“Jiddah Group" and the overlying "Halaban
Group".

6. The "Halaban Group" includes metavolcanic and meta-

sedimentary -rocks. It i§ subdivided into three main
groups: clastic lower part, preddminently andesgitic middle
part and an upper part.6f silicic flows and pyroclastic
rocks. The/éf:: of"Halab;n ar the lower group consists of ‘

thick green conglomerate, sandstone and silfstone of largely

andesitic volcanic derivation. The middle group consists,K of

green massive and cogponly deuterically altered flows, ag-

—

glomerates, extrusive breccias, tuffs and detrital rocks of

~ andesitic composition. ’ L.

Theuhpper Halaban group is characterized by green to buff .
rhyolitic and trachytic flows and pyroclastic rocks includ-

" ing ignimbritic flows. The Halaban group is metamorphosed

to the greenschist facies. It must represent a major

volcanic event.

Ld

The Halaban Group is estimated to be at least 10 km .
thick near Halaban in tﬁe central part of tpe Shield .

(Brown and Jackson, 1960). The Group is characterized by

rapid lateral and vertical facies variations of the types

- i

'
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that are typical of environments near volcanic sources
(Greenwood et al., 1975). Very limited chemical data

" (G.F. Brown, unpublished data) suggests that the rocks
of Halaban Group in the central and northern part of the
Shield resemble rocks of the basalt-andesite-dacite series

of Cascade Mountains in the United States (Greenwood,‘gt al.,

-

1
1975).

7. The "Murdama Group" is characterized by metasedimentary

rocks and consists of gray to greenish-gray, well bedded
to massive, thick bedded sandstone, siltstone and sub-
ordinate shale that are ‘largely derived. from underlying

andesitic and granitic rocks.

8. The "Shamma;tand Jubaylah Group" are the youngest groups
¢ recognized in the Precambrian Arabian Shield; they are
non-metamorphosed. The "Shammar Group" consists mainly of
rhyolite and minqr clastic rocks and the "Jubaylah Group"”
consists mainly of clastic rocks with minor volcanic rocks.
Deformation of the Shield:
There are four major tectonic episodes that
affected the Arabian Shield indicated by the presence of
observed angular unconformities in the{§6uthern part of
the Arabian Shield. The tectonic cycles that took place

in the Shield were the following: the "Asir Orogeny”,

: the "Tihama Orogeny", the "Hijaz Tectonic Cycle" and the

"Najd Orogeny"™ (Table 1).
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The "Asir Orogeny" is considered to be the oldest

tectonic episode. It is assumed to be the cause for the
intensive deformation and metamorphism of the "Khamis
Mushayt Gneiss" and "Hali Group". The younger Baish and-
Bahah Groups are considered by Greenwood et al. (1974)

to have been metamorphosed and deformed during the

"Tihama Orogeny." The extrusion of huge volumes of
basaltic lavas of the "Baish Group" is consigered (loc.
cit.) to signify an abrupt change in the evoldtion.of the
Arabian Shield and possibly it marks the beginning of the
"Tihama Orogeny". The,sbﬁft from basaltic volcanism,
which took place during the Baish times, to andesitic
volcanism and dioritic plutonism of Jiddah-Halaban Groups
marks a significant change in the crustal processes and

it probably indicates the beginning of the "Hijaz Tectonic
Cycle". The "Hijaz Tectonic Cycle" has been divided into
éhree episodes, (Greenwood, et al., 1975). The stratigraphy,
§rogenic events and the plutonic rocks associated with these
episodes Are’summerized in Table 2. The fourth tectonic
movemeht which affected the Shield is the "Najd Orogeny"
which is méinly a fault system censisting of prominent
northwest trending shear zones with41eft lateral movement.
This pefofmation affects rocks of upper Proterozoi¢/to

eé}ly Palaeozoic age. It cuts across the southerny part
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of the Shield and truncates the older riorth trending
structures produced by thg Hijaz-Tgctonic Cycle.
Igneous Events in the Shielﬁ(r ‘

Some of the orogenies that affected the Shield
were accompanied by plutonism. Plutonic rocks crop out
over 218,000 kmz, or 40% of the exposed part of the Arabian
Shield (Greenwood et al., 1973). There are two major
intrusive series: an older calcic Qeries ranging from
diorite to trondhjemite and a younger calc—alkalinéseries
of granodiorite and granite. The diorites are commonly
deformed. Granitic plutons, which range from large
irregular stocks to small batholiths, circular plugs,
cone sheets?niing structures, are most abundant in the
northeast part of the Shield. Dioritic plutons are con-
centrated in the southwestern part of the Shield (Fig. 1).

.The Precambrian to ea;ly Palaeczoic evolution of
the Shield has been divided in its southern part into
three phases. The early and middle phases are represented
by the rock groups of "Hali", "Baish" and "Bahah" and are
interpreted by Greenwood et al. (1975) as having been
formed in an oceanic environment. These give way to a
meta-andesitic assemblage in the "Jiddah", "Halaban" and
"Murdama” Groups which were ﬁorméd during a later ﬁ%ase of
the orogenic cycle and may a:zearto be continental. The

unmetamorphosed assemblages

the "Shammar" and "Jubaylah"
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PLUTONIC ROCK DISTRIBUTION
BLOCK GRANITIC | DIORITIC | AREA OF OUTCROP
NORTHEAST 32 7 68 7 66.612 SQ.KM.
7\ CENTRAL 38 7 62 7 29848 SQ.KM.
\  |SOUTHWEST 13 7 87 7 122,200 SQ KM.
A 28._‘
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Fig.l . The distribution of plutonic rocks in the Arabian
Shield(after Greenwood and Brown,1973).
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in the southwest and the youngest (calc-alkalic) rocks in

12 )

vGroups represent ' a late phase, formed in a post-orgenic

environment. The petrography of the igneous rocks-of the
Shield and their evolution in composition from tholeiitic
to calc-alkaline are similar to those of island arcs else-
where in the world (Mitchell and Reading, 1971). Limited
chemical data also show similarity to island-arc volcanism,
especially in the evolutionary trend from early tholeiitic,
iron-fractionated volcanic rocks to the later calc-alkaline
volcanic rocks (Gill, 1970; Jakes and Gill, 1970). In
Table 3 a comparison ‘is drawn between the chemistry of
the metavolcénié rocks of the Arabian Shield with some ‘
represéntative major, element analyses of calc-alkaline
rocks, islgnd—érc tholeiite, and continental tholeiite.
Greenwood and others (1975), on the basis of limiﬁed in-

' i
formation, suggested a northwest trend for an isy;nd-arc.
' O+K, O ratios for

2 2
granodiorites to granpites in the southern part of the Shield

This trend was based on contoured Kzo/Na

.(Greenwood and Brown, 1973). Furthermore, the suggested

northwest trend is also supported by outcrop patterns in

which‘thg oldest (tholeiitic) volcanic rocks are exposed

the northeast (USGS-ARAMCO, 1963), and by an increase in
the proportion of granitic to dioritic rocks toward the

northeast.
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In summary, the geology of the Arabian Shield

is dominated by igneous products. The old metamorphic
basement complex (> 1~Gy) is covered by successions of
basaitic, andesitic and rhyolitic rocks. The fin;1 evgnts
of the entire cratonization process involve the intrusiég
of granites. The volcanic-tectonic evolution leading to
stability, involved a time interval of some 300 my.

Almost éverything observed today, with the exception of
the basement pushed up by doming of the Red Sea rift,
exhibits ratherqiow—Qrade metamorphism. Thus) the present

exposure of the Shield must represent a rather shallow

section through this region of crustal modification.




CHAPTER 2

AL HADAH AREA

2.1 General Statement

A major part of this thesis resulted from‘the
desire to study in detail‘a section through the later
igneous activity associated with the tectonic cyclé.
Bééausg of the lack of chemical data on rocks of the

‘Arabian Shield, the Al Hadah region of conéiderablép
relief and with fresh exposure created by road construc-
tion, seemed ideal for study. Desert terrain may present

problems for collectiny fresh rocks inasmuch as chemical

’ o

E

weathering is often intensive.

2.2 Location of Thesis Area

The Jabal Al-Hadah escarpment is a well exposed
Precambrian igneous plutonic complex in the southern part
of the Arabian Shield. It lies about 20 km NW of At-Taif
city and 150 km SE of the city of Jeddah on the Red Sea.
The area- studied lies between the lat. 21°18'52"N and
21°21'15"N and long. 40°11'22"E and 40;16'15“E (location

map, Fig. 2). The area is in very rugged mountainous
: '




v3My §310NLS 3HL 20 dVA NOLLYDON
< "9l4

J1Q0) 10 koS oY




e Ty g e - — - S e T TACO—.— .

1%

country with a range of elevation of 2000 m. The escarp-
ment is cut by a zig-zag highway which runs between the
cities of Jeddah and At-Taif; otherwise accessibility is

very difficult.

2.3 Physiographic Provinces of the Arabian Shield

The Arabian Shield can be divided into four main
geomorphological provinces: The Tihama, Scarp Mountains,
Hijaz plateau and Najd pediplain (Brown, 1960); (Fig. 3).
The Tihama or the coastal plain extends from the coral
reefs along the Red Sea to the foothills of the Scarp
Mountains ranging from S5 to 25 km in width.

The Scarp Mountains are a magnificent erosional escarpment
extending from the most southern part of the Shield north-
ward subparallel to the coastline. It is characterized by
sharp peaks and deep wadies, some of which extend right
back to the scarp producing a considerable local relief
and spectacular scenery. The height and ruggedness tend
to decrease from the southern and northward sides. The
Acrest of the scarp has an average altitude of about 2000 m
aﬁsve sea level. Jabal Al Hadah is one of these scarp
mountains and has:-an average altitude of about 2500 m above
sea level. The Hijaz plateﬁu is a highly elevated and

tilted peneplain lying south of At-Taif. Its surface is

deeply dissected by wédies that drain north and northeast.
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Fig. 3. Index map of west Saudi Arabia showing
major topggraphic features. The location A

of the studied area is also shown. (After

Nasseaf, 1973).




"The Najd pediplain lies north of At-Taif and is character-
ized by an irregular upland surface which slopes gently
northeastward from the escarpment into the large desert

%lain of Naijd.

Drainage is from east to west. The main wadi channels

disappear in the sand of the coastal plain.and rarely

reach the Red Sea. Suqe wadis are vital to the local

water sum. - ‘

L]

2.4 Field Studies

The f%eld work has been carried out in the period
1974-75. During this field Qork, about 200 samples were
collected, mostly along the section of highway running .
aéroés the -escarpment. .

2.5 Previous Work

In 1962, d. F Brown, R.O. Jackson, R.G. Bogue and
W.H. Maclean of the United States Geologlcal Survey‘publlshed
the first geological map of the Southern Hljaz quadrangle
(map I-210A) at the scale of 1:500,000. The area studied
is inéluded in this reéion (see fig. 4). 1In 1963, a éeolégic
map of the Arabian peﬂinsu;a was published at a scale of
1:2,090,000 (USGS-ARAMCO, i96%). In-1971, the Directorate

General of Mineral Resources (DGMR) in Jiddah-Saudi Arébia,
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published a bulletin (Builetin No. 5), on the mineral
resources of the southérn Hijaz quadrangle b§ R. Goldsmith.
In 1972, G.F. Brown of the USGS published the first tectonic
map of the Arabian peninsula at a scale of 1':4,000,000
(Map'AP—Z). Schmidt and others (1973) published a report

on the stratigraphy and tectonism of the southern part of
the Precambrian Shield of Saudi Arabia (Bﬂiletin No. 8).

In 1973, DGMR publisheq\a bulletin on the petrology and’
chemical analysis of séiected plutonic rock from the Arabian
Shield by W.R. Greenwood and G.F. Brown (Bulletin No. 9).
This bulletin was one of the first major petrochemical
contributions. W.R. Greenwéod and others (1975), submitted
‘a report on late Protu¥muk:cratonization in southwestern -
Saudi Arabia which.represented one of the first modern
attempts at a tectonic synthesis. All these abbve mentioned

.

works cover the general region with no detail concerning

-,

the studied area investigated in this thesis.

o
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CHAPTER 3

GEOLOGIC SETTING

3.1 General Statement

The area studied is a small part of the west-
southern Hijaz'Mountains; covering an area 6f about 20 km2
of the prominent westerly-facing erosional escarpment that
separates the coastal plain of the Red Sea from the elevated
peneplain of the Hijaz Plateau. The crystalline rocks of
the Arabian Shield range in age from ¢.1100 to ¢.500 my and
belong to two major.subdivisions: (a) sequences of sedi-
mentary and volcanic rocks which were metamorphosed to the
greenschist facies and (b) éranitic rocks of variable ages
that were intruded into the metamorphosed sedimentary and
volcanic sequences. Fivé plutonic phases at 966, 800, 785,
650-600 and 570-550 my respectively have been identified
(Greenwood and others, 1975; Fleck .and others, 1975).
Earlier phases consist of c&lcic diorite, while‘the later
ones are mostly calc-alkali granites apd guartz monzonites,
There seems to be a gradual increase in alkalinity with
time.» The tectonism, metamorphism, and plutonism which
took place in this area belongs to the "Hijaz Tectonic Cycle"
which has been divided into three episodes, all of which are

' 22
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considered to be stages in late Proterozoic evolution of
an intraoceanic island arc system (Greenwood and others,

1975).

3.2 Rock Units of the Al Hadah Area

The mass of rocks mapped in the Al Hadah area

consist of a séries of granitic intrusions emplaced into
an amphibolite schist and quartzofeldspathic gneiss base-
ment. All these granitic intrusions belong to £hé younger
granites of Brown and others (1962). This complex consists
of the following rock types listed in their chronciogical
order from oldgst to youngest accoraing to their field
relationsﬁzb\{géologic Maps I and II): \
The Host FKock:
| Amphibolite schist
Th; Intrusive Rocks:
Dioritic rocks (meta-quartz bearing diorite,
monzodiorite, with hornblendic
and gabbroic patches)
Granodiorite

Biotite monzogranite

Felsic and Mafic dikes

Quaternary deposits

[ LR



~
-

(A

4 ’

- MR
(DY)

-

N

Lo s
B \
P ~ .
AT YASAIE ,‘ \ I
-—'\/‘:I’\‘I\‘AF~- [ N ‘
CO ST MEN A A IS
f =~ AN,y
~ [NEN R4 N N
~ VN 0L
\Z NI
. \\>’ll|’~
AT IC-TPRL AN '
AV _
AT AL \
e R N N
A, /‘:" 29

A
o,

R

wp



-
LIS

~
-l\

v~

A Y
+ + + o+ 4+
+ o+ o+ o+t o+
+ + + 4+ + '+ 4

+ + +
+ +
+ o+ o+ 4+
+
+ + 4+

Quaternary

E Quaternory
DIKES
PLUTONIC

Biotite gro
squigronul

Gronodiorit
and equigr

Diorite, Qtz
light to dor
with the e

METAMARP
- Amphibolit
equigronul
SYMBOLS
~~~——"  Contoct, d
T~~~ Foult, ¢

— —a—— Varticat Fr
Lineotion

Rood MOp Across t
between Mecco @

i




9%,

RARESR:
VRN

AN

EXPLANATION -

Quaternary aliuvial and geolion

Quaternory fon deposits
D

IKES

PLUTONIC ROCKS

Biotite gronite, light pinkish, coorse-groined massive ond
squigronulor, contains bands of biotite

Gronodiorite, light greyish, medium to coorse grained mossive

and equigronulor

Diorite, Qtz. diorite & meta qrz. diorite with local potches of gobbro
light to dork greyish, medium grained, mossive ond equigronuior
with the exception of some few porphyritic potches
METAMARPHIC ROCKS

- Amphibolite, slightly shistosed dark greenish grey, fine-groined
equigranular with the exception of porphyrobiastic patches

&~
SYMBOLS
~===—"  Contoct, doshed where interred
T~ Foult, doshed whers inferred
Vertical Fractures aond Joints
LIneation direction
Coffee shops ’
Highwoy between MECCA and AT-TAIF
Drainage system
ple Location
r22%0
= |
.
Jiddah ’8“°
{ - J@artat
i Studied
L Area
n
-21*00 T -
™ R 3
E | :
s —

LOCATION MAP
Scale. | : 2,000,000

Road MOp Across the escarpment

between Mecco and At Taif To Toir
4

b —— -

Port (1) )
7

GEOLOGIC MAP ACROSS
JABAL AL-HADA ESCARPMENT (PART-l)




®

M .
Biotite gronite, light plakish, coarse-groined massive ond
squigronular, contoins bonds of biotite ,

a

Granodiorite, light greyish, medium to coarse grained massive
and equigranvior .

)

Diorite, Qfz, diorite & maeto qtz diorite with local patches of gabbro
Iight to dork grayish, 'medium groinad, mossive ond equigronuior
} ) 1 with the exception of some few porphyritic patches

METAMARPHIC ROCKS ¢

9 - Amphibolite, slightly shistossd dark greenish grey, fine-grained
, by, od equigranular with the exception of porphrabiastic patches
~ ~ .
7 JSTANDERY SYMBOL S
AR
A N R ~~~——" Contoct, doshed where inferred
s AR \\‘\I/ —
N AN -~ Foult, dashed where inferred
L AT —_e—— Vartical Fraciures and Jeints

Nt

oy -——i5"  (lneation direction ¢ .
) . BE%®  opree shops
% Highwoy between MECCA ond AT-TAIF
T>-— Dramnage system »
022 S?nple Location
r22%0 -
‘4
Macco
Jiddoh
@ \
- - J®uvat
i Studied
L w ) Areq
reroo T - - -
B - ;
o 3
’ . LOCATION MAP
Scale. 1 : 2,090,000

Road Map Ai:roa the escarpment
betwsen Mecca ond At-Tait

To Mecca

!Pnrt (n

: GEOLOGIC MAP ACROSS
JABAL AL-HADA ESCARPMENT (PART-))
NORTH WEST .OF AT TAIF CITY

BY

FOUAD M. H. MARZOUKI
o 500 1000 Meters

.

]




\ -

’

LAY

A\

-
\'s s

=7
-~
-\

N,

1,3
AW

|~

”
MNiN

te -

-
IRS

-

N
-




=,

EXPLAN

[:] Quoaternary

a0 .8 Scree

DIKES
@ Acidic (mos
intermediat
PLUTONIC

Granodiori
mossive a

Diorite, Q

of gobbrp
equigranul

SYMBOL

~=~—Contoct, da

—"  Foult, dos

w ’ House ond

et 7 Escarpmen
ey Hi ghwoy

032 Sample

~22°00 '——q

Road Map Across ¢
between Mecca and

To Mecta




EXPLANATION *

) "y
[: Quaternory alluvicl and eoolian sand l 3 gé N

a .0 Scree
DIKES .
Acidic {mostly.rhyolite and microgranite) dikes (a)
Intermediate to basic dikes. (b)
PLUTONIC ROCKS

Granodiorite, light greyish, medium to coorse grained
maossive and equigranulor

Diorite, Quartz diorite and-meta qtz. diorite with local patches
of gabbro light to dark greyish, medium grained, mossive and
equigranulaor with the exception of some few porphyritic patches

SYMBOLS

~=~— Contoct, dashed where inferred
v 3

F— ="  Fault, dashed where inferred
w House and cultivated fields
e 7 Escarpment edge

m=———mme Highwoy

-
032 Sample Location
~22°00
L\
Jiddah Mecca§”
t Taif
Studied IC#
Arec
121°00" . >
| 8 $
- b§
LOCATION MAP
Scale: | + 2,000,000

Road Map Across the escorpment
between Mecca ond At-Taif

Part(2)

I3




e ¥ Escarpment edgg
b —— ] quh\'oy

032 Sample Location

o\

-22°00

Jiddah Mecca

At Taif
Studieg T@A T

Area

- o
-
o
o_
[3P00"
4CP00-
L41°CO

LOCATION MAP
Scale: 1 - 2,000,000

Road Map Across the escarpment
between Mecca ond At-Talf

[ Por(2)

To Mecca

GEOLOGIC MAP ACROSS
JABAL AL-HADA ESCARPMENT (PART-2)
NORTH WEST OF AT TAIF CITY

BY
FOUAD M. H. MARZOUK)I

o 500 000 Meters
e — |

~&é -
b




F S . < (AL e o N n v e WRBAFAGZRIRRIIMN SOQR XL N SVMODOINC TSR~ 1 oo gt % o e roomeeTe W

26

3.2.1 Amphibolite Schist )
-

The amphibolite schist and the quartifeldspathig
gneiss are the oldest rocks in the area and they act as
the host rock to all the granitic intrusions. They occur
in the most southern part of the area (Geologic Map I),
and they occupy about 1% of the mapped~area. The amphi-
bolites are intruded‘and occasionally interlayeréd by the
quartzfeldspathic gneiss (Fig. 5). Thg contact between the
amphibolite and the quartzfeldspathic gneiss is e§erywhere

sharp and clear and is concordant with the schistosity.

The schistosity'has a steep dip, trending 010°-015°..

3.2.2 Dioritic Rocks

-

The dioritic rocks represent the earliest intrusion

that was emplaced in the amphibolite schist. The diorites

- cover about 70% of the area and constitute most of the
escarpment rocks. intrusive contact with the amphibolites
are sharp. These rocks display a great variation in |
texture and compos;tian. Most of the observed variations
are.gradational. Tﬁe whole dioritic mass is cut frequently
by mafic and felsic dikes. They also contain xenoliths of
mafic rocks. These xenoliths vary in shape, size and

- texture éig. 14). The dioritic rocks can be subdivided
into two‘:]istinct groups:

3.2.2.1 Meta-quartz-bearing diorite and monzodiorite

3.2.2.2 Gabbro and monzogabbro

¢
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3.2.2.1 Meta—quartz—bea;ing diorite and monzodioxite

This group constitutes about 90% of the dioritic\\

rocks. They show a wide textural and composition variati;%.

During the course of investigation the following character-

istic features were observed in this group:

(a)‘Pedﬁatitic patches: these are composed of very coarse

Hornblende and plagioclase. .This feature is observed

throughout all dioritic rocks across the\éscarpment,

showing a very great irregularity in geometry anq size

(Fiés. 6,»7, 8). Their occurrencé may be due to late

residual magmatic pulses, or due to local recrystallization.

(b} Epidotization: the second characteristic feature is

-

"epidotization. Epidotization occurs in three forms: as

-

epidote"veinsw(Eig. 9), as fracture coatings, but mainly

v
as an extensive replacement of plagioclase. .The first two
occurrences are very common aﬁd ofPen seén in the various
localities in the eécafpment. The third form of occurrence
is restricted to fewer localities associated with felsic
dikes. In these logalitieé the diorites are extensively
epidotized, and the plagioclase is ¢ompletely replacedlby
epidofe,'giving the rock a greenish colouf (Fig. 10).
(c) A third feature which is not uncommdn, is the local .

- . p

occurrence of patches of granite. me localities //

replacement of mafic rocks by medium-graiged f ic granitic

rock is suggested by the présence of irregular embayed



©or e ygeT T T TR TR e, L,

‘(8% °3IS PIOTd) -°sayojed oyr3yivwbed eyjy jJo MOTA 980TO ¥
s V

¥

. "(v9# °3S PTOTA) °(w 0T =¥

M?TA JO PI®T3 TVIUOZTIOH) °SPFS JIay3zo oy3 uo sjeyskio mnaaooﬂwnam

puev Spys 8uo uo sTe3I8LId 9pUSTqUIOY JO UOTIVIFUSOUOD v BUTMOYS OST®

suxajjed xernbaxay butmoys 9 *HY3 uy se seyojed or3T3vwbed swes L IR

*(s# °3S

PT®Td) "9 TP OTITT0AYX ® JO 3DV3UOD 8Y3 3¢ HUTIINOOO ME3ITIOTP OY3
. . [

ur spuatquioy pue ase[d07berd @sivod O pesodwod seyojwd oF3TIVUbeq
. “(T# °3S PIOTJ) ‘ssyeub

- i .

oTyledspraz zixenb ayz XAq pexsierisjur pue vovauucﬂ 83TTOoqTYdNe eyl

- s e S

-c omﬁh

oF -Uﬁh

oo -D.ﬂh

om ouﬂh



T T

Y




30

contacts (Fig. 11). It is not impossible that some

workers might even think of liquid imn&stiﬁtlit?!

(@) The fourth and least common feature is rhythmic
banding. In a few localities, rhythmic bands of hornblende
alternating with bands of plagioclase have been observed
(Figs. 12, 13). The thickness of these banas is in the

order of a few centimeters.

3.2.2.2 Hornblende Gabbro and Monzogabbro

The occurrence of gabbro is restricFed to small

~

areas and isolated patches within the dioritic rocks at.

_various localities in the escarpment (Geologic Map I & Ii).

Some of these gabbroic patches have sharp contact with the

dioritic rocks and others have gradational contact.

3.2.3 Granodiorite

This forms the uppermost part of the escarpment
and covers most of Al-Hadah plateau. it constitutes about
20% of the mapped. area (Geologicc!ip I & II). It intrudes
the dioritic complex and has, generally, a sharp clean cut
boundary with it (Fig. 15). This boundary is almost
vertical. There is no field evidence of any chemiéal

reaction between the two types of rocks. No chilling has

. been observed. The granodiorite exhibits a slight variation

P
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in texture: near the contact with the diorite the rocks

tend to be more or less, medium-grained while those

thqﬁ outcrop on the plateau, are more coarse—gréined.

The granodiorites contain numerous xenoliths of variable

size (5-50 cm), composition (intermediate té mafic)

and texture (medium to fine-grained). These inclusions

are commonly spheroids or discoid in shape. The grano-

diorites are cut by felsic (rhyolitic and grqnitic) ;nd.~

mafic (andesitic to basaltic)dikes. Towards the top of

the escarpment, in particular, at the edge of the escarp-

ment, the mafic dikes form a.promiﬁent set, filling vertical

fractures and running 320*~330° (Fig. 16).

3.2.4 Biotite Monzogranité ‘
The biotite monzogranigé forms the youngest intrusion

in the area, and is probably late Precambrian to early Palaeo-

zoic in age by comparison to other monzogranite plutons in

the Arabian Shield (Fleck and others, 1975; Schmidt and

others, 1973). It forms a roughly circular intrusion measur-

ing 11.5 km east-west and 9.5 km north-south (Hadley and

Greenwéod, 1976). Only ; small portion ( 10%) of this

circular pluton outcrops in the studied area covering its

southern part. Contacts with the country rocks arenvery

steep (dipping 70°-80° outward), sharp, clear cut (Figs.

17, 18) and in numerous places are offset as much as )
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3 meters by small faults. The pluton is cut by a promi-
nent system of vertical joints rhnning east-west, through
the entire intrusion. ‘Mafic inclusions are verz rare;

only a ﬁslocéﬁrrences are observed in the immediate

vicinity of the conta&t‘between the dioritic rock and

the granite. These inclusions are generally sphefical,
relatively small ( 10 cm in diameter), (Fig. 19), fine-
graiﬁed and mafic. 1In one of the localities (Field station
#92) bands of mafic minerals, mainly biotite (5-10 cm thick)
running parallel to the contact are observed (Fig. 20).
Another feagure which has been commonly seen in some
localities .in the biotite monzogranite (field station
numbers 14, 17, 18) is the presence of igneous layering
consisting of disrupted layers and a zone of generally
non-deformed unifarmellybedded layers 2-7 cm in thickness.
Pegmatitic and aplitic dikes related to the pluton are of
éwo ages: pre-layering and post-layering (Figs. 21, 22).

The layering of this biotite monzogranite has been studied
and described in detail by Hadley and Greenwood (1976).
Table 4 shows a comparison of gradgd layering in the biotite

A

monzogranite of Al Hadah with other types of layering de-
scribed in the liter;ture. The main layering occurs near
the contact with the diorite and is exposed for a distance
of about 200 m. The layering consists of uniform bedded

and cross-bedded graded units. The main layéred zone ranges

’
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Drawing ®f a plane section of massive non-
structured pegmatite dike truncated by graded
layers. The pegmatite dike encloses mafic blebs.
Some of these blebs cut across the lower boundary
of one layer indicating growth of the blebs in
place. (After Hadley, and Greenwood, 1976.)
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Drawing of a plane section of a pegmatite dike
truncated by graded layers. Hornblende crystals
in the dike (shown schematidally as heavy bars)

. have grown in 3 comb-structured arrangement

similar to that described by Moore and Lockwood
(1973). (after HadleY«and Grengpod, 1976.)
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from 2.0 m to 6.7 m in thickness. The individual 1a§ers
range in ghickness from 2 to 30 ;5,.and they have a
general striké of 280° ana a dip of 34°NE. Various
layering structures are observed such as regular bedding
(Fig.,23); cross bedding (Fig. 24), and channelling and
thinging of layers (Figs. 25, 26). The origin of this
layering has beqn discussed ih;detail elsewﬁere (Hadley

N

" and Greenwdod, 1976).

3.2.5 Dikes
The Al Hadah tegion i|;1n;ensively traversed by

felsic and mafic dikes. In. many localities they pftén

- forﬁ complex patternn. These aikes‘were classified into

two main groups according to the;r conposltlonu A summary

of the main features of the different typesof .dikes is

\ .
presented in- Table 5. o

3 2, 5 1 Pelsic Dikes
~ The felsic dikes occur throughout the whole area.
Their width varies from a few ccnti-dteri up to 15 ;?
They 'vary in tcxtnre from Vety finc-grained through aplitic
to pegmatitic. On tha basis of chemical compositions,
(Appendix B, Table ) it appears that some of the felsic

dikes precede the latest granite event while some are

v
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TABLE 5. A summary of the main features of the
i , . . .
different dikes in Al Hadah igneous complex.
Trends Description Composition

MAFIC DIKES

EW Blackish, fine-grained, Basaltic
equigranular
: (310°-330°) Blackish, mostly fine- Basaltic

grained, equigranular
to porphyritic

(020°-030°) Dark greyish, fine to Andesitic
5 medium grained, equigranular
to porphyritic

qs' Dark greyish, fine-grained, Andesitic
equigranular , - N
L

FELSIC DIKES

(290°~320°) Light pinkish, aplitic Granitic
(050°-070°) Pinkish, fine-grained *. Granitic
EW N Reddish, very fine- Granitic
grained
Q
- P ¢
2
L]
<
v
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directly related to the biotite monzogranitefiﬁtrusion.

In some localities it is clearly seen that these élkes

are branching out of the parent intrusion and root‘iﬁ

the pluton (Figg. 17, 2%). Most of the feisic dikes’

appear to fill fractures in the country rocks (Figs. 16,

28) which are probabf§ created by the rising pluton (Figs.
29, 30). At a later stage different blocks or pieces of
the country rocks are completely enclosed and appear as
islands Qithin these felsic veins (Fig. 31). Matching
irregularities in éhe opposing walls of some dikes indicate
that they were emplaced by dilation of their walls (Fig.
32). Furthermore, some of these felsic dikes show narrow "
shear zones along their borders with the country rock |
(Fig. 33), and some conjugate sets (Fig. 34). In some of
these dikes zones of mafic mineral, the same as those found
in the country rock, are observed in their margins (Fig. 36)
or sometimes form a central band (Fig; 35). The cores of
some éegmatinp,Aikes are very cogrse-grained compared to

their edges (FPig. 37).

3.2.5.2 Mafic Dikes
These occur through the whole area and especially
towards the top of the escarpment, where they form a very

prominent set striking 210°-23Q°and filling vertical fractures

‘




“h

A e e TS - ST T TRV

-soTp oisTay om3 Xq

pepnIjUT oIt Y3oq pue oXTP OTjew e Aq popnIjurl ST 3IBEY OTITIOTP Syl . *0¢ °Brd

AIF RN * -
(*zT# °3S PISTd) °3o0x -3s80Y dY3 Jo sjusubexy

pursoTOou? pue @3TIOTP 9Y3l Hur3lijznd 9yTp OTS[3F ®© UT u50ﬂ>w£wn a133tag -6z °bTd
.s0ﬂsmmwmauuﬂunm:ﬂmuﬁuoﬂvwnu wcwumuumcmmczozmmﬁ, .

a3TIOTpPOURID 3yl JO 9)Ip ® ‘@3Taorpoueab Aq pepnijur ST 3ISOY S3FTIOTP SYL ‘g2 *b1a

-

‘uoTsnajuT ajtTuexbozuow a8yl woxjy buryouerq SIYTP 23T10&ya snoaaumu Hurmoys

OosTe ‘@3 TIOTpP 8yl pue a3TuRIbOZUOW mnu\:mwBuwn joejuoo daeys ayjz burmoys LT .mﬁh‘

-






\Y]

. . (*1T9#% pue

09# °3S PT®TJ u@dm3ad) °sSO)TIp OTST93F JO 3a@s a3ebnluoo e Burmoys

(*S9# °3s PI®Td) °9UO0Z UOT3ETTOJ
buox3s ® Xq pexaew st 3oe3U0D BY3 {83TIOTP 8Y3 HUTIIND BYTIP OISO ¥

. ¢

(‘w 0z M3TA jJO PIaTJ

Te3UOZTIAOH) "3IT BUT3eITP pue 3TP OTST3F © HUTIINO SYTP OTITSIpuy
L 2

(*80T# “3S PTOTJ)

"SYD0X OTITIOTP 8yl jo sqels bursofous pue Hutoerdsl Terisjzew OTSToJ

-

‘pe

‘tE

4

"TE

*b13

‘bt g

*brg

*bra



L aw

o o, -

TTEEE TR e TR



t : -~

Fig. 35. A'felsic dike cutting the diorite. The felsic

’ dike shows a band of hornblende, in the middle

of the dike. - . ;
. ‘ ‘ AR
Fig. 36. A-’felsic dike cutting the diorite. The borders :
. of the dike are enriched in hornblende indicating
- assimilation of the diorite by the felsic dike.
A ] ‘ ‘
. Fig. 37. A pegmatite dike with very coarse core. (Field
sto #17) .
- Fig. 38. Shows criss-cross relationship between the three ?

sets of dikes: andesitic dike cut by a felsic
~ dike and both are cut by a younger basaltic

. . dike. (Field st. #111).

L N ot
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(Fig. 16, 40). Compositionally, they range from andesitic
to basaltic and texturally ;hgy range from fine—érainedn
equigranular to porphyritic with plagioclase phenocrysts
up to 5 ém in diameter. They vary in width from 30:cm up
to 5 m. Many have been sL’ongly sheared para;lel to their

walls. According to their trend fdur‘subgroups could be

,identified: . R
EW trending group
310°-330° trendi g~ group (most common).
020°-030° trendin gréup
NS trending group )

Correlation between the different trending groubs and their

composition is difficult because of great similarities in

the bulk composition.
Understandiné tha age relationships between the
different trending groups of thelfelsie and mafip dikes

was a difficult task to accomplish due to the complexity

. of these dikes and their numerous occurrences with very

.few cross-cutting relationships. On the basis of the
.inform;tion‘gathered from the few localities where such
relationshipé occur, one could say that there are at least
two generations of felsic dikes and also at least two
generations of mafic dikes. Fortunately, in oﬁe locality .

(Field “station #11l1) the relation between three of these

>




.

.problem of these compfex dikes.

) 54

+
-

generations‘was'apparent trig. 38, 39) in which ene coqld
observe a felsic dike cutting a mqffc one, while both are ‘
cut by a third mgfic dike. 1In another'locality, towards
the top of the escarpment, felsic iikeé,afe observed
cutting the prominent set of mafic dikes (Fig;: 41, 42).
Furthermore, thié se£ of mafic dikés_is cut by another
younger maficydike (Fig. 43).- It is clgaf that there is

a compley’ set of dikes which may be synchronouslwith the
various members of the intrusive.sequegce.~ As there is
considerable evidence of Tertiary basaltic activity along
the western part of the Shield, it is possible tha£ the *
latest basaltic dikés could 5e ;elated to such activity.
But these pasaltic~dikes do‘not seem to‘cpt the youngeétf .

granites. Without datfng teéhniques and very detailed

field study, it is difficult to solve the. age relationship

3.2.6 ‘'Quaternary Deposits \\\\'
The Qhaternary deposits consist Sf unconsolidated

deposits including fan deposits, fluviatile terraces, and

- alluvial wadi filYings and eolian sand. The fan demosits$,

surround the mountains of the area and form unsorted
\ N, N .

accumulations, spherical to angular fragﬁenté of W11 sizes.

ranging'from pebbles up to blocks. These fragments are

%>
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Ffg. 39. Shows a felsic dike cutting and enclosing a
basaltic-andesite dike. (Horizontal field

of view 15 m). (Field st., #35).

. «

Fig. 40. Basaltic dikes filling vertical fractures
trending 320°-330°. These are most prominent { '
toward the top of the escafpment. (Horizontal

field of view 35 m). .

P

-4 -

Fig. 41. The set of basaltic dikes showd in Fig. 40 and

Fig. 16 are cut‘a younger felsic dike.

Fig. '42. A close view showing one of the set of these
basaltic dikescut by the felsic dikes. (Across

a s
the highway from Field St. $#129).

-

v «

Fig. 43. The set of,basaltic dikes are also cut by

: - ¥
anothér set of basaltic dikes. (Horizontal

’ field of view 15 m).
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ﬁderivedvmodtly from the g;initic rocks of the area.
The fluviatile terraces are exposed at the foot og the
Escarp ,Mountains and form low hills composed of poorly
stratified and poorly»sorted élastic material of frag-
ments embedaéd in a loose sandy matrix. The alluvial -~

wadi fillings consigt of sandrand gravel, transported -

mainly by occésional floods during heavy rainfall. The )

Quaternary eolian sand mainly covers the flat plains and

wadis. . ‘ . .

) . -
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CHAPTER 4

PETROGRAPHY

4.1 General Statement ‘

This chapter deals with the study of the principal
minera¥dgical composition of the iajbr rock groups oé the
Al-Hadah igneous complex. The methods of study and the
detailed peﬁr?graphic descriptiong of the different roék
units are given, and then used- to establish the crystal-

lization history of these magmas. .

4.2 Methods of Study

LS

During the course of this invest%ggtion, over
100 thin-sectiops were selected from representdtive saqples
for detaired petrégraphic study. ‘Mineral bercgntﬁges (modes)
were determined for about.30 of these sections by-counting;
an average of~600 counts,?er section wére takén» '%he ’
' plagioclase compositlon wa? determﬁned by two methods
1) by measurlng the extinction anglé of the albite tw1nn1n§
in sections of plagloclase cut perpendlcular to both’ 001 and

010 cleavages, .2) by the mlcroprobe analy31s. i “

-~ »

!




4.3 Amphibolites -

Macroscopically, the amphibélites are dark ygreen-
ish grey in colpuf, ﬁostly massive, fine to medium-g}ained,
and ogcasfznally show a porphyrobla;tic texture with
hornblende porphyroblasts of 3-5 nmligfdiameter (Fig. 45).
The mineralogy of the amphibolite is dominantly composed
of hornblende + plagioclase + quartz. Theﬂprincipal petro-
graphic features of this rock group are presented in Table
6. The major mineral phases are described in decreasing
order §f abundance. .
Hornblende: |

Hornblende (65%) is the major mineral component.
Generally,rcoarse hornblende grains form bands; between
these bands finer grained hérnblende, plagioclase and
quartz crystals-occur (Fig.“lG).' s -
Plagioclase:

o

The average composition of plagioclase is andesine
4 ' d

.(An32): albite twinning and zoning are common. Plagioclase
grains typically show partial altera;:ion, particularly in
~the cord4s; sericite and epidote are the main alteration
produgts.
Quartz:

R Quartz is a mino; mineral cqnstituent (3%); mostly

. ok
associated with plagioclase.

s ' B 4

.. .

B s R




TABLE §. A summary of the pzinpipal petrographic

60

features of the Al-Hadah amphibolites.

y

\
] Grain Size

Colour

"Remarks

Major Constituents

olive
green

Hornblende 65% 0.7 mm

Plagioclase 30% 0.1-

Minor Constituent

colour-~
less

Quartz . k1 0.1 mm

Accessory Minerals
0.1 mm
4 -

- Magnetite 2% opaque

subhedral to euhedral
prismatic crystals,
form bands, within
the bands finer
hornblende grains’
occur (0.1-0.2 mm),
polysythetically
twinned, show
poikilitic texture.

euhedral, tabular

crystals albite
twinning and normal
zoning are very
common. Partially
altered to sericite
and epidote.

anhedral, interstitial. )

subhedfal.grains,
commonly enclosed
with the hornblende.
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Accessory'Minerals:

' The principal accessory mineral is magnetite.
Interpretation of Mineral Data:
jwiThe occurrence of plagioclase and hqrnblenﬁe,
both in major amounts is characterist%c‘of the amphibolite
facies (Hyndman, 1972). Furthermore, the calcic composition
of plagioclase An>15 (An32) is also a characteristic of
the amphibolite facies (Hyndman, 1972; Winkler, 1967) in
contrast to the greenschist facies in wkich the composi-

tion of the plagioclase is An Zoning and twinning,

<
0-7"

both albite and carlsbad, are indicative of igneous origin,

3

rather than a sedimentary origin. The parent rock of

equivalent chemical composition is most 1i§éiy to be
/

3

basaltic andesite which. has been subjected to medium to -~

high grade regional metamorphism. o o -

3
N

4.4 Meta-Quartz-Bearing Diorite and Monzodiorite

The dioritic rocks vary in colour from light to

[}

dark greyish. These rocks are mostly massive, fine to

medium grained and mainly equigranular, but excgpt;onally
ﬁbrphﬁritip, in some #oca}ities (Fig. 48). ' Mineralogically,
the major components are plagioclase and hornblende with
biotite and quartz as minor constituents. The principal

petrographic features of this rock type ame presented in

Table 7. The modal analyse’éare pregsented in Table 8,

- .
¢

e ' ‘ - . ’
K4 . o/ : .

E
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TABLE 7. A summary qf the principal petrographic
i ,

features of the Al-Hadah diorites

v

¢ . 8 Grain Size Colour Remarks
Major Constituents - )
) Plagioclase 54¢ 1.5 mm colourless  Subhedral to euhe-
V4 . ‘length dral tabular and
0.7 mm columnar grains,
widgh . twinned and zoned,
} . ¢ Slightly altered
to sericite and
epidote.
) Hornblende  26% 0.5~ olive subhedral to euhe-
: - 2 mm green dral prismatic
- crystals, polysy-

’ nthetically twinned,
show ophitic to
T subophitic texture.

N

L)

; Minor Constituent , .
Biotite g 0.8 mm brown subhedral to euhe-
} dral columnar and
) ’ flaky grains.
Quartz +~ 7% 0.5 mm colourless  anhedral and intersti- “
‘ N tial, show undu-
' ) .tj latory extinction - -

Accessory Minerals

Magnetite 0.25 mm opaque subhedral to euhe-
dral grains, some
reach up to 1 mm
v ) in diameter,

L. dpatite . 0.1 mm colourless p:é:matic and aci- A
. ’ % . cular grains often o
{ show six-sided
cross section.

Sphene <0.3 mm . subhedral to euhe-
- dral prismatic

/ L4 : - crystals

Zircon | 0.1 om - euhedral prismatic -
N . ' crystals . .
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[}

The major mineral phases are described in decreasing

order of abgndance. . &

Ny

"

Plagioélase: »

.‘Plagioclase (54%) crystals oftén4shqw albite, ¢
ca}lsbad and occasional pericline twinning.. Most crystals
show normal zoning. The average composition is andesine

(An Partial to complete alteration, particularly the

36)'
core of the grains, is-characteristic. The alteration
prdducts are ﬁainl? sericite, epidote and sometimes biotite
or chlorite (Fig. 49). Inclusions of hornblende, biotite
and some of ghe accessory minerals are common in the
plagioclase.grains.
Hornblende:

Most of the hornblende (26%) grains aré poly-
gynthetically twinned ﬂFig. 50), and often show§ophitic
to subdphitic texture where plagioclase crystals are
partially to completely enclosed within the hornblende
crystals (Figs. 51, 52). -Alteration to biotite and chlorite
(Figs. 53, 54, 55), and sometimes to epidote (Fig. 56) is

a common feature in some.of. the hornblende grains. Further-

more, 8 hornbéende grains contain remnants of clino-
pyroxene (Figs. 51, 57). = ’ - .
Biotite: ’ " R

Biotite (8%) occurs both as a primary mineral and

also as -an alteration product of hornblende (Figs. 53, 54).

~

/
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Biotité grains generally contain various amounts of in-
clusions of plagioclase (Fig. 58), gquartz and accessory
minerals.
Quartz: v

The quartz (7%) érains are interstitial and contain

inclusions of apatitqﬂand zircon.

Y

£ ’

Accessory Min;rals:
. The principal accessory miner§ls in &ecrgasing
ordér of asundance are magnetite, apatite, sphene and
zircon. Sphene exhibits extensive fracturing. Zircon is
commonly present as inclusions in biotite.

Interpretation of Mineral Data:

The order of crystallization, determined by the
conventional method involving r;lative crystallization and
enclosure of one mineral by andtper{ seems to be in the
following order: pyroxene, hornblende, and plagioclase,
with some degree of overlap. Biotite crystallized over
a wideyrange extending to the terminatidn of plagioclase
formaflon. Quartz was the latest phase to crystallize.
The abundance of amphibole replacing pyroxene and érystal-
lizing over a greatly extended rangé of temperature is
almost certainly due to crystallization of a water rich

magma at a high vapor pressure (Pitcher ‘and Berger, 1972).

¥
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4.4.1 Epidotized Diorite

The epidotézed diorites a;e chésacterized by
extensive alteratio;j involving the complete ;:Llacement
of plagioclase by epidote. These ;ltered rocks were
recognized in several localities within the Al Hadah
‘igneous complex, generally covering ah'area up to a few
hundred square meters. Macroscopically, these rocks are
gfeenish in colour, equigranular, medium to fine-grained
and mainly composed of epidote and amphiboles. The g
principal petrographic features of these rocks are presented
in Table é. The majbr mineral phases are described in |
decreasing order of abundanpe.
Epidote: |

Epidotes (60%) occur 33 fine-grained aggreéates
and Also as prismatic grains (Fig. 59). Patchy twinning

and zoning are characteristic features. Most of the

epidotes occur as pseudomorphs after the plagioclase

60). Inclusions of ilmenite intergrowing with
sphene, magnetité‘and apatite are common (Fig. 61).
Hornblende: '
Horpglende (iSt) grains are partially to completely
altered to tremolite-actinolite (Figs. 63-64) and occasional-
S ly to epidote (Figs. i?, 66). Some grains contain~inclusions

of sphene, ilmenite, magnetite (FPig. 66), apatite and epidote.

»

L.

4

4
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\

'TABLE 9. A summary of the principal petrographic
features of the Al Hadah epidotized diorite.

L

% grainhsize colour Remarks

&

Major conﬁyituents

Epidote 60% 0.1-0.5 mm 1light yellow= anhedral to
. ish-green subhedral pris-
matic grains,
v sometimes
t form veins

(0.1-0.3 mm).

Hornblende 158 1.5-3 mm dark green * subhedral to
in length euhedral pris-
0.5-1 mm matic grains
in width
Tremolite- 15¢ 1.5 mm colourless subhedral to
actinolite to light euhedral,
. green fibrous

Minor €onstituents

Quartz . 7¢ 0.2 mm colourless anhedral,
( : interstitial
Accessory Minifals ,
[ ]
Ilmenite 0.1-0.5 mm opaque: subhedral to
o ’ euhedral
Sphene £> 0.1-0.3 mm colourless subhedral to
: euhedral
Magnetite O.Aiﬂj3 mm opaque © subhedral to
! euhedral
Apatite 0.1 mm colourless euhedral, some

grain reach up
0 ' to ;.7 mm.,
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Tremolite-Actinolite: \ =

Tremolite-actinolite (15%) grains are well
developed as a major alteration product of hornblende
and mostly pseudomorphously réplacing them (Fig. 64).
Furthermore, the tremolite-actinolite grains sometimes
occur as a rim, or form an intergrowth with hornblende
(Figs. 63, 64). ° |
Minor Constituents:

Quartz:

Quartz (7%) commonly contains inclusions of
epidote (Fig. 62). | ‘
Accessory Minerals: _ - .

The principai accessory minerals in decreasiqg
order of abundance are ilmenite, .sphene, magnetite and

apatite. Ilmenite exhibitspartial alteration to sphene -

(Fig. 61). Sphene bccurs as inclugiohs within ilmenite,

.or forms a rim around ilmenite grains.

4.4.2 Hornblende Gabbros

The hornblende gabbros occur as patches within
the diorites. They are dark green rocks, generally medifam
to coarse-grained ana equigranular. Plagioclase and
hornblende are the major mineral boﬂstithents. Thg}r

principal petrographic featuresiare presented in Table 10.
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TABLE 10.

4

A summary of the principal petrographic

features of the Al Hadah hornblende gabbros.

% Grain size

Colour

Remarks

Major Constituent

Plagioclase 60% 1-2.5 mm
(An, -An.,) in length
46 52 0.3 mm
in width
Hornblende 30% 0.5-3.5 mm
in length
0.4 mm
in width
Minor Constituent
Clinopyroxené Ss 0.5-1.5 mm
Aécessory Minerals
Magnetite 0.1-0.4 mm

Colour- © Subhedral to

less

‘green

cdlour—~
less

opaque

guhedrhl
columnar and
tabular
crystals,
mostly alter-
ed to sericite.

subhedral to
euhedral pris-
matic crystals,
mostly altered
to tremolite-
actinolite.

subhedral to
euhedral pris- N
matic crystals,

subhedral to
euhedral, mostly
occur as in-
clusions in

the hornblende, -
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Plagioclase:

Plagioclage (606%), displays albite, éarlsbad
and occasional pericline twinning. Their average
'énorthite content is hn46-
Partial to complete alteration to sericite is characteri- |

e |
. , 1
An52 (?ﬁae51ne Labrad@rlte). ‘

stic, and sometimes epidote. Inclusions of some major - |
and accessory minerals are common in some of the plagioclase
grains.
Horhbiende{
¢ Hornblende (30%) is the second major mineral phasé.
Mést of the hormblende grains show ophitic to subophitic
texture. Clinopyroxene remnants are observed in a number
of hornblend? ﬁrystals indicéting that some of the Horn—
blendes are ;ot primary. Hornblende is commonly altered
to fibrous cf;stals of tremolite-actinolite (Fiés. 67, 68),
biotite and sometimes chlorite. Inclusions of plagioclase,
magnetite and apatite are common. \
Minor constituents:’
Clinopyroxene:

Clinoéyroxene (5%) occurs mostly as remnants or
relicts enclosed within the hornblende grains (Fig. 69)
or tremolite-actinolite. Inclusions of magnetite are
common in the clinopyroxene ﬁfains. .
Accessory Minerals:

The main accessory mineral is magnetite which

~
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occurs mostly as inclusions in the hornblende.

4.5 Granodiorite:

,ﬁacro;copically?thic rock is light,greyish in
;glour, medium to coarse grained and equigranular (Pig.
70) . Plagioclase, potash feldspar and quartz are‘the:
major mineral pha-en,cvith biotigp and hornblende as - -
minor constituents. The principal pqpfpgxaphic features
for this rock type.are presented in Table 11." The modal
analyses are given in Table 12. . \
Plagioclase: ‘ )

Plagioclase. (47%) is the most abundant nineral in -
’ these rocks: the average .composition is oligoclale (Anls).
The characteristic features of the plagioclase grains are
albite, carlsbad and pericline twiﬁning, along with normal
.zoning. The core of the plaqioclaae crystals dr; cxtensivaly
altered, uhile frulh albite rims are formed (Pig. 71). The
main alteration prod&ct 1: scricite and -occasional epidote.
Sone of the plagioclalo qrains seem to be replaced by
potash feldspar e”g 72, 73) Inclusions of biotite,
zircon, apatite and vermicular quartz (-yrnkeitclJ
are observed. S ‘ ’
anad ' c
Potash feldlpar:
Porthitic licnoclin. (208) is charactarized by .
cross hatched twinning with thin strings of plagioclase

A

v Vs
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TABLE 11. A swmmary of the principal petrographic
! features of the Al Badah granodiorite. . :

$ Grain size Colour Remarks
I nlhjor Constituents *
. Plagioclase _47%. 0.5-2 mm  colour- subhedral to
(An, ) in length less euhedral colu-
0.5 snar and tabu-
in wideh - lar crystals,
twinned and
. ¢ soned.
. P;tnlft feldspar " 20% 1-3 = colour- anhedral and
S . {microcline : less’ interstial
R - perthite) £filling areas
between rela-
tive euhedral
, plagioclase, -
occasionally
twinned and
, _ sonad.
Y Quarts £ 238, 2 mm colour- anhedral and
. : less interstitial
‘ oox - -ahow undula-
‘ : ) ‘ . tory extinction.
! Minor Comstituent
”  plotite 7% 0. mm  dark . subhedral to -
. . - R brown euhedral flaky
- crystals
Bornblende 3% 0.l1-1 mm green subhedral to
S . euhedral pris-
matic cxystals
, " Accessory Minerals
’ Sphene ’ -y 02 B colour- mﬂl to
ot - ’ (" less euvhedral
Apatite 0.1 mm colour- euhedral, pris-
. é}‘l matic
iiroon < 0.1 mm colour~ euhedral, pris-
- leas matic ’
Magnetite 0.1- 0.2 opaque subhedral to
: - - oubsdral

84
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intergrowths (Fig. 75). 06€asionally they show zoﬂing -
and polysynthetic twinning (Fig. 74). Typically, biotite
and %93!@2 are present as inclusions. ’
Quartz: ’
Quartz (23%) grains are inter;titial between
the plagioclase and the éotaéh feldspar. Inclusions of
biotite, apatite and zircon are common.
Minor Constituents: ' ~
Biotite:
Biotite (78) is the most abundant mafic mineral in
these granodiorite rackgf) Inclusions of zircon surrounded .
by éleochroic haloeg, and magnetite are typical in the
biotite grains. - N

Hornblende:

The hornblende (3%) grains contain inclusiong of
.biotite, quartz, plagioclase, zircon and magnetite.
Accessory Miﬁerals: 3

) The main accessory minerals in this rock are:
sphene, apatite, zircon and magnetite.
Interpretation of Mine;al Data: - !

From the description of the minefal constituents

¢

and the textural relationships it is possible to draw up
the :
a modelof paragenetic sequence of crystallization. Some

of the textures could be interpreted as the result of

crystallization from magma; examples are zoning in the




Fig. 74.

Fig. 75.

-

Microcline perthite (MP) appears to be
replacing plagioclase; plagioclﬁse (P)
grains are also altered to biotite (B).

(FM 441).

4

v
Microcline perthite (MP) has .'poly-.

synthetic fwinning. Plagioclase (P)
grains with extensively altered cores
and albitized rims are observed too.
The (MP) show very slight altera£ion

to biotite (B). (FM 134).

Zoned plagioclase (P) Having extensively
altered cores are observed along with

anhedral microcline perthite (MP) and

quartz (Q). (FM 133).
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plagioclase and simple)twihning observed in both plagio-

v

clase and potash feldspar On the other hand, some of

the features described earller, such as the replacement

-~

of plagioclaseé by K-feldspar'could be 1nterpreted as ' -

late stage replacement. " A s1mp11f1e§\model of crystal-

lization shows that the plagloclase crystallized early N

from the liquid magma and it seems that there was con-

tinued érowth of plagloclase'at’the expense of the mafic

minerals hornblende and -biotite. The bulk of quartz and ~

‘ pqtash feldspar seems to have crystallized last, fllllng
the\snterstltial spaces between the relatively euhedral

— o i
_plagioélaEEB. A late stage replacement process is in-

dicated by the replacement bf the early formed plagioclase

'by potash feldspar. - Y :

4.6 Biotite Monzogranite:

The biotite monzogranite is llghtvpinkish in
colour, coanse érained and slightly porphyritig-with
relatively large crystalg of pinkish potash feldspar
which are often rimmed by whitish plagioclase (Pig. 76).
The major mineral censtituents“are plagipelase,‘potash
feldspar and quartz, with biotite as‘a minor constituent.

Al

The principal petrographic features of t?is rock type are

presented in Table 13; and theipddal analyses are given

in Tables 14 and 15. -
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TABLE 13. A summary of the principal petrographic

features of the Al Hadah biotite monzogranite.

L grain\si;e colour remarks
Major Constituents )
Plagioclase s 1-2.5 mm colour- subhedral to euhe-
A in length less dral tabular and
0.3 m columnar grains, .
in width twinned and zoned.
Potash feldspar 29% 2-4 mm colour- anhedral grains
T less filling inter-

: stitial areas
between enhedral
plagioclase,

Quartz "25¢ 1-3 mm colour-~ anhedral, inter-
less, stitial, show
strong undulatory
extinction.
Minor Constituent
Biotite 5% 0.5-1 mm brown ‘subhedral to euhe-
‘ dral flaky crystals.
Accessory Minerals
Sphene , ' 0.2-1 mm ¢olour~ subhedral to euhe-
. less dral prismatic
crystals
Apatite <0.1 mm col®ur- euhedral acicular
less or six-sided
prismatic crystals.
Zircon <0.1 mm colour- euhedral prismatic
less crystals
Magnetite 0.1 mm opaque subhedral to euhe-

‘dral crystals,

.

P

-
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TABLE 15. Thin section modal analysis (in percent) of

samples from non-layered parts of the Al Hadah

. pluton. (After Hadley and Greenwood, 1976).
y
Samples 1 2 3. 4 5
Quartz 30.3 20.5 20.1 24.9 26.7
Potassium feldspar 34.1 14.3 36.2 37.5 34.5
agioclase . 30.6 45.2 ' 33.5 37.1 29.4
Myrmekite - - 1.1 0.6 Tr*
Hornblende \ - 5.4 0.6 Tr - 1.9
Biotite ‘ 5.0 14.6 6.6 . 4.1 6.7
Chlorite . - - 0.8 0.4 0.2
A Sericite C- - 0.2 Tr e Tr
Opthe minerals - Tr . Tr Tr 0.4
Hematite - - - - 0.2
Sphene Tr - Tr 8 0.6 Tr
Allanite - - 0.2 Tr Tr
Zircon Tr Tr Tr Tr Tr
Epidote » - r T Tr Tr Tr
Calcite - - Tr 0.6 Tr -
¥ Apatite Tr Tr Tr - -
Total percent 4 100.0 100.0 100.0 99.8 100.0
<% .
No. point counts 600 . 600" 636 469 565
Sample number TFT-6 TFP-7 81573 81574 81575
Rock ‘type : Qtw. Gfanodio. Qtz. Qtz. Qtz,
monz.

monz. monz. monz.

- 7 Tr* = Trace
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Plagioclase:

Plagioclase (40%) has an .average composition in
the olidoclase range (Anll). Albite, carlsbad and peri-
cline twinning together with normal zoning are common
features in the plagioclase grains (Fig. 77). Various
degrees of alteration are observed: the cores of the
- plagioclase grains, in particular, are extensively alte}ed
(Fig. 78) yhile aibite rims are developed. The alteration
product is mainly seridbte and sometimes. epidote. Further-
more, plagioclase grains are partially feplaced by biotite
. and in\some cases by potash feldspar (Figs. 78 and 82). A
Myrmeketic quarti inclusions are often observed on the
rims of the élagioclase bordering the potash feldspar
(Fig. 79). .

Potash feldspar:

e

{
Microcline perthite grains (29%) are often seen

rimmed by plagioclase (Fig. 81). Zoning and polysyﬁthetic
twinning are common (Fig. 80). Patches and stringers of
well twinned exsolved plagioclase, together wiﬁh inclusions
of biotite, sphene and zircon are commoply observed in the
potash feldspar grains.

Quartz:

Quartz is the third major mineral constituent:

inclusions of biotite, apatite and sphene are common.




Fig.

76.

A . - -

A handspecimen of the monzogranite. It has
light pinkish color and it is composed of .
coarse-grained K-feldspar, plagioclase,

quartz and biotite. The K—feldspa;faqé 3

*

rimmed by plagioclase.

- ‘////’\\\

Albite and pericline twin;épg are observea
in plagioclase (P). Plagioclase grains

also have zoning and partial alteration to

~

. . .. (
Bericite. Anhedral qugrtz (Q), chlorite
_/ .
.’ -5
(CH) and accessory sphene (S) are observed

Ve
too. (FM 13). . f

qicrocline perthite (MP) ehclosing laths

of ‘plagioclase (P).\ (FM 18).
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Minor Constituents:
Biotite:
" Biotite is the only minor constituent and the
most abundant mafic mineral in this rock type. Some

grains show partial to complete alteration to chlorite

(Fig. 77) and sometimes form an intergrowth w;;h one

another. Inclusions of magnetite and zircon surrounded
by pleochroic haloes are common.
Accessory Minerals:

* The principal accessory minerals in decreasing
order of abundance are sphene, apatite, zircon and mag-
netite. A
Interpretation of Mineral Data:

A simplified model of crystaliization, based on

the occurrence 6f the previously mentioned main mineral
constituents and their textural relationship, may be drawn
up to trace the paragenétic sequence of crystallization.
It seems that plagioclase and biotite were the early
crystals fbrmed. The crystallization of the
plagioclase continued over a wide range of temperatures
" and most probably at the expense of mafic minerals. The
formation of the plagioclase could have been under \onditions
either of fractional crystallization or of equilibrium crystal-
lization. Those formed under conditions of fractional crystal-

lization would be zoned over a wide range, while those

that were formed under equilibrium crystallization
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conditions have reacted continuously with the magma to
4
become more and more sodic and thus will not be zoned.

The cores of the plagioclases which are highly serici-

tized, aranot zoned at all,lf;dicaﬁing equilibrium
crystallization. Later plagioclase grains which were
not formed by equilibrium crystallization are not
sericitized. The quartz and potash feldspars were the
last minerals to crystallize filling the interstitial

areas between the relatively euhedral plagioclase crystals.

Myrmekite Origin in tﬁé Granodiorite and Monzogranite:

A short discussion on the presence of myrmekites
which have been observed in the granodiorites and biotite
nonzogranite, occurring in the form of rims Between plagio-
clases and the microcline perthite is presented here., It
has been found that there is, usually, some correlation

. between Ca content of the {ock and the amount of myrmekite
present (Hubbard, 1966; Phillips, 1964). Beck (1908) con-
cluded from.his studies on myrmekites that the more calcic
the plagioclase in myrmekite, the higher the gquartz content.
In fact, an accurate estimate of the abundance of quartz
in myrmekite is difficult to obtain because of the fine-

grained nature of the intergrowth.

Recentiy Ashworth (1972), Barker (1970), and @

Phillips and Ransom (1968) have concluded that they have ;

. found some evidence which suggests that a proportionality
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relationship does exist. The situation however, is not
yet clear, for myrmekites may have been formed in mére
than one way. Concerning the genesis of these myrme-
kites, Ashworth (1972) found that myrmekiteé, genetically,
fall into two groups: the first group are those which are
generated by metasomatic processes involving the replace-
ment of potaéh feldspar by plagioclase, or visa versa.ﬂ
‘The second éroup_are those thCh are formed by exsolution
from potash feldspar. Phillips (19%?) discussed the
genesis of myrmekites under six broad.headings:'
1. Simultaneous or direct crystallization.
2. Replacement of potash feldspar by plagioclase.
3. Replacement of plagioclase by potash feldspar.
4. Solid state exsolution.
5. Recrystallizing quartz involved with basaltic
plagioclase.
6. Miscellaneous hypothesis including combinations:
of some of the hypothesis listed under 1 to 5
above.
According to Phillips (1974), solid state exsolution
is the most aéceptaﬁle explanationwof the genesis/of
myrmekites, and this hypothesis has been supported by

experimental foundation.

N I s



4.7 .QEEEE
The dikes have been divided according to their
coﬁposition into two groups: felsic dikes andrnafic
diRes. (For Chemical composition see Apéendix B, Tables

- 5B, 6B.)

4.7.1 Felsic Dikes:

The felsic dikes can be subdivided according to
their texture into two main subgroups: (1) aplitic to
microgranitic, and (2), rhyolitic dikes. The aplitic
and microgranitic subgroups are generally whitish in .
colous, fine toﬂmeéium grained; and mostly equigranular.
The rhyolitid subgroup are pinkish in colour, very fine A
grained, and mostly quartz porphyritic.
The microgranitic dikegAare mainly composed of plagioclase,
frequently showing’albiée and carlsbad twinning. Graphic
and poikilitic texture are common feaﬁures in some
d?f the plagioclase grains. :‘Their average size is 0.6 mm.
in length and about'Q.S mm in width. The average anorthite
con;eﬁt is about Anlz(oligoclase). Plagioclase grains are
partially to completely altered to sericite with minor
epidote. The second major mineral present is potaéh ' .

feldspar which occurs both as microcline and microcline

perthite.- These feldspars form anhedrai grains, with a

size ranging from‘b.5—2 me in diameter. Some polysynthetic
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twinning and graphic texture are also observed in the
potash feldépar grains. The third major mineral is
guartz present.;s anhedral grains rdngiqg-in size from
0.5~1 mm in diaﬁeter. The minor constituents are méidly
‘muscoviée and/or biotite (0.5-1 mm){ The volume per-
centage of these mafic constituent; is 5-7 . The main
pcpessoryfmineralg are magnetite and apatité.

The’rhyélitic dikes are very fine-grained to
glassy, éomposed mainly ok plagioclase, microcline and
microcline pefthite plus quartz. The dikes have a graphic
or vitric—tektdrey
4.7.2 Mafic Dikes:

The mafic dikes are compositionally similar to
one another. These dikes are generally very dark greehnish
to blackish, fine to medium'grainedl and equigranular to
porphyritic with plagioclase phenocrysts:up to 1 cm in
diameter. ‘Microscopically,'their major constituents are
plagioclase and hornblende. The plagioclage occurs as
finé—grained éfystals,(<0.5 mm) and as phenocrysts (1-4 mm),
Plagioclase is strongly zoned and shows albite and garlsbad‘
twinning. -The composition of the plaéioclqse crystals
varies between An., to An

' 36 4 60 -
(FM 4 db). Plagioclase is partially to completely altered —

8’ and in some dikes it is An

-

~

L
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to sericite, andAoccasionally to epidote. The volume
percent of plagioclase is about 50 . The second major
constituent is hoxrnblende occurring as,prismatih crystals
"(0.5-1 mm in diameter). Some grains are polygynthetically
twinned, and some show ophitic to subophitic texture.
They are partially to completely altered to tremolité—
actinolite, chlorite and magnetite. In some cases the
hornblende bseudomorphously replace augite or may form a
riqha?ound it. The volume percent is 40 . There are
two main miqpr cqnstituents; biotite in some caées and
augite in others. Biotite is mainly an aiteration
product frgm the hernblende and ‘it is in turn partially
@ltered tp chlorite. The augite occurs as prismatic
cryst;ls. Their size is about 0.7 mm in diametei._ They
show ophitic to subéphitic texture. Most of the augite
crystals are completelylgepiéced by hornblende.

~ The main accessory minerals in mafic dikes are

I

magnetite, sphene, and quartz.

I Y
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CHAPTER 5

S i aatanst

2ot o R

PETROCHEMISTRY

VPO

5.1 Introduction:

. The purpoee of analysing rocks of the Al Hadah+*

igneous complex is: 1) tofclaseify the#rocks using their

normative and modal’veiu;e, 2) to compare the abundances

of major and minor- elements and determine comagmetic

reiationships and if possible differentia;ion trends, and-

3) ;o,compare}the chemical composition of Al Had;g'éiutonic
. ‘ rocks to those volcanic and plutonic rocks formed in

subduction zones. The reason for this_ comparison is to

evaluate recent hypotheses applying island arc models

i
4
|
{
3
§

for the southern part of the Arablan Shield, which includes
the area studied (Greenwood, et :{., 1975; Nasseef and
Gass, 1976).
xocks of the Al Hadah complex’ have been classified after
Streckelsen (1967) and Irvine and Baragar (1971) A number
of variation diagrams hnve been constructed to portray .
fractionation processes that took place 'in the evoiution'

. of the pluton. Finpally, absolute abundances of major,element

oxides and trace elements in both Al<Hadah pluton and

A
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Cascades, S.W. Pacific island arcs, Andes and Sierra ' .
Nevada have been compared. Sampling and analytical

methods used are presenﬁed in Appendix A.

5.2 Classification:

Representative samples of the different rock
types were cheﬁically analysed and recalculated for CIPW
norms (Appendix B, Tables, lB; 2B, 3B and 4B). Normative
values for éhartz (Qz), Ab + An (Pl) and orthoclase (Or)
were used to classify the plutonic rocks of Al ﬁadah :
complex. The Al Hadah plutonic rocks are mainly within
tﬁree fields: 1) Field 10 (= diorite and gabbro), 2)
Field 4 (= granodiorite), and 3) Field 3B (= Monzogranite)
(Fig. 83{. This chemical classification is in accord;nce~
with the modal classification of Fig. 84.
On the basis of plagioclase compositioa‘and alumina content -
the dioritic rocks of Al Hadah pluton fall within the
calc-alkaline field (Fig. 85).

-\

5.3 Comagmatic Relationships:

- . - The Al Hadah plutonic rocks are,.oh the basis of
élement abundances, of two major rock groups: 1) the
dioritic group, including both éhe diorites ;nd the gabbroic
enclaves énclosed within Fhem,.and 2) the gr;nitic group

including both the granodiorite and the monzogranite.

. - \ | >




2 ALKALI GRANITE
3A sYENOGRANITE
3B MONZOGRANITE
_ GRANODIORITE
QUARTZ DIORITE
ALKALI SYENITE
SYENITE
MON ZONITE
MONZODIORITE
MONZOGABBRO
10 D'ORITE
GABBRO
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{1 QUARTZ RICH ROCKS
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Fig. 83. Normative classification of rocks of

Al Hadah Pluton (after Streckeisen, 1967).
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Fig. 84. Modal classification of rocks of Al Hadah

Pluton (after Streckeisen, 1967).

o dioritic group (diorite and gabbro)
+ granodiorite ot

e monzogranite
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Fig. 85. The division between Tholeiitic and
a Calc-alkaline fields (After Irvine and
' - Bargar, 1971).
. < Note = The dioritic rocks of Al Hadah
- : * Pluton fall within the calc-
‘alkaline field. :
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5.3.1 Major Element Abundances:
(1) The Dioritic Group:

' The major element oxide components of the dioritic
group are presented in Aﬁpendi; B, Tables 1B and 2B. Thgir
averages are shown in Table 16. The variation in some’
major elements of the dioritjc group is illustrated

;:QQative~to: (1) silica content (Harker, 1909), k2) Mafic
inAex, M, (Wager and Deer, 1939), and (3) Differentiation..

index, DI, (Thorton and Tuttle, 1960).

L 4

The averages of MgO and_?ezo3t?are about 6.5% and 9.5%

respectively. The dioritic group is characterised by
relatively large magnesium and total iron. The plots of

MgO and Fe,O.t aga14:; the silica content’ (Fig. 86) have

> 2°3 :
a distinct pattern, where Mg0O and Fezo;t decrease with

‘an_increase in silica. Furthermore, the Mg content was

ES_."_&.O_E) (Fig. 87b).
Fe + Mg

This diagram has a distinct trend in which Mg decreaus

\./‘plotted against the Mafic Index (M =

~" rogressively from the gahbroic to the dioritic rocks with

' respect to an increase in the Mafic Indem In addition,
the Fe 20 t/ugo was plotted &gai.nat '!horton and mq. s
(1960) Differentiation Index (DI}, (Pig. 88c). This diagram
has ‘a weak trend in which g'c;o3t/lqo ratio increase with
an increuqin the DI, )
The Al Hadah dioritic qrm:p is chu:actorj.:od by Iarqc A1,0,
‘ (lsura't‘Alx§\0t} coritent nhich is typical of calc-alkaline
"z 0, tw -/f;o + Pe,0, I ) g




TABLE 16. The average and range of major elemént oxldés
of the gabbroic patches and the diorites of
Al Hadah Pluton.

_GABBRO | DIORITE

Av.* Range Av, ** Range
sio, 48.59 45.8-50.2 55.53 50.9-64.5
Ti0, 1.22 0.4~ 2.0 1.04 . 0.3- 1.9
Al,0,  16.28 14.7-17.6 17.56 14.5-20.6
Fe,0, 3.76 - 2.2- 5.1 3.35 | 1.6- 6.7
FeO 6.56 . 5.0~ 9.7 5.52 3.4- 8.6
MnO 0.16 0.1~ 0.2 0.15 0.1- 0.2 ,
" Mgo 8.17 - 6.0~11.9 °  4.28 1.6- 8.0
cao 9.13 7.5-10.5  7.12 - 3.5-10.4
Naj0 ~  2.57 - 1.6~ 3.2 3.69 2.3- 4.9
K,0 0.73 0.3- 1.7 1.09 - .0.5- 2.2
P50 0.28 0.1+ 0.8 0.25 0.1- 0.5
Total 97.45 - R 99.58
- ‘Q 0.9  0.0- 4,0 8.2 0.0-20.8
or 4.6 1.8-10.3 6.5 2:9-13.1 -
ab 22.1 13.8-28.6 . 31.8  19.7-42.4
an -31.4 25.4-40.8 25.5 15.3-37.3
.. ai 10.5 3.5-19.5 . 7.1 1.2-13.6
hy 18.2 - 9.7-26.3 13.0 .6.2-19.5
. o1 3.7 - 0.0-10.8 0.3 0.0- 5.7
mt 7 5.6 3.4- 7.5 4.9 2.4-10.0
11 2.3 0.9- 3.8 2.0 0.6- 3.7
. ap 0.7 0.2- 1.9 0.6 0.2- 1.9
, . ’ ﬁ
, * Average of 12 analyses ‘ TN

** Average of 19 analyses

- -
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Pig. 86. Harker variatiowr dijjram fo‘r
the dioritic group
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suites (Irvine and Baragar, 1971). A1203 plotted versus,
silica (Fig. 86) does not hav® a defined trend; although
it seems that A1203 contgnt decreases slightly with an
increase of silica.

The dioritic group are characteristically low in K20
(average = 0.9%) but relatively high in Na,0 (Average = 3.1%).
The plots of K,0 and Nazo against silica (Fig. 86) have
fairly defined trends in which both elements increase
gradually as a function of increasing silica content.
According to Bateman et al. (1970){ Na,0 seems to be
independent of silica and does not vary systematically
with diffg!entiation because of high normative quartz.
Furthermore, total alkalies (ﬁazo + K20) versus DI (Fig.
88a) has a defined trend in which total alkalies are
increased relative to an increase in the differentiation
index.

The average CaO content in the dioritic group is about
8.1%. Variation in Ca0 content has been illustrated by
three different plots: against (1) silica (Fig. 86), (2)
Différentiation Index (Fig. 88b), and.(3) Mafic Index
(Fig. 87a). In the first two plots defined trends are
observed in which Ca0 decreases with the increase in

gsilica and DI, while in the third plot, scattered points

lacking a defined trend are observed.
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The average silica content in the dioritic rocks is about

52.0%. This silica content is relatively low when com-

pared to . average diorites (Hyndman, 1972, p. 12). The
variation in Sio2 content versus the DI has a well marked
trend- in which silica content inc;eases gradually with
the increase in DI (Fig. 89). The dioritic rock§ show one
continuous differentiation trend.
(2) The Granitic Group:

The major element oxides of the granitic group
are presented in Appendix B, Tables 3B and 4B and the
averages and ranges are given in Table 17, The v#riation
in some of the‘major elements are illustrated relative‘toi

1) silica content, and 2) Felsic Index (Simpson, 1954).

Al_O., (Av. 13.3%), Fe,O.t (Av. 2.1%), MgO (Av. 0.6%), and

273 273
Ca0 (Av. 1.6%) plots versus silica content (Fig._QOg} f, e

and d4) have simikar trends in which these elements decrease

with the increase in silica. Furthermore, Ca and Mg vere
Na + K

. also plotted against the Felsic Indeéx (F = ¥a T+ K i caX 100).

Both plots (Fig. 9lc, d) have also defined trends in which
these two eleménts decrease with’the increase in Felsic
Index. Tbe a?ergge contents of Nazo and K20 in the
granitic group are 4.5% and 4.0%, respectively. The plots'

of Na,O and K,O against silica (Fig. 90 band c) and the

2 2
Felsic Index (Fig. 91 a and b) have weak txends in which

they increase with the increase in silica and Felsic Index.

-
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TABLE 17. The average and range of major element oxides
of the granodlorlte and the monzogranite of
the Al Hadah Pluton. '

-
' Monzogranite Granodiorite
Av* Range Avh* Range
sio, 71.8  71.3-73.0 71.8  69.0-73.4
Ti0, 0.25 0.2- 0.3 0.27 0:2- 0.37
A1,0, Y 13.3 13.1-13.6 13.4 12.9-14.4
Fe,0, 0.9 0.8- 1.0 0.8 0.1- 1.2
FeO .14 0.9- 1.4 1.5 1.2~ 2.1
MnO 0.0  0.0- 0.1 0.1 0.0- 0.1
Mgo 0.6 0.6~ 0.7 . 0.6 0.2- 0.8
cao " 1.5 1.3- 1.7 1.7 . 1.2- 2.2
Na,0 4.4 4.3- 4.7 4.9 3.7- 5.7
| K,0 | 4.4 4.1- 4.8 3.5 2.7- 4.1
P,Og - 0.0- 0.1 0.0- 0.1
. = .
N ‘ Total 98.29 . : 98.57
: / Q 25.8 23.3-26.6 24.5 22,0-26.2
or 26.7  24.5-29.0 21.2  16.5-24.5
ab . 38.1  36.5-39.7 43.5 37.9-49.0
an ' 3.4 . 2.5~ 5.1, 3.3 1:2- 8.8
ai . 3.2 1.8~ 4.1 . 4.2 1.8- 5.9
hy < 1.0  0.4- 1.6 - 1.5  0.4- 3.3
ol ' - ’ .- ‘
nt 1.3 1,1- 1.4 1.1 0.6~ 1.8
il 0.5 0.4~ 0.6 0.5 0.4~ 0.7
ap / 0.1 0.0~ 0.2 0.1 0.1- 0.2
* Average of 6 analyses
** Aver £ 12 analyses

e
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\ In both figures two distinct groups, at different levels,
are observed. The granodiorite is enriched in sodium

than potassium while the monzogranite is more potassic

than the granodiorite for almost equal values of silica
\3£d Felsic Index.

The PZOS plot versus silica (Fig. 90a) has a moderate

trend in which it decreases with the increase in silica.

5.3.2 Trace-Element Abundances:
The trace-element analyses were determined on the
same samples from which the major oxides were obtained.

Eight elements were anal§sed: Cr, Ba, Ni, Pb, 2r, Y,-

: Sr and Rb. The resuit of these analyses are presented

in Appendix B, Tables 1B, 2B, 3B and 4B, The average

and range of these traces in the dioritic and graq}}ic -
groups are given in Tables 18 and 19 respectively. A
comparison betwéen the trace—elemen£ abundances. in the

Al Hadah complex and other simiiar igneous rocks is N~

presented in Table 20. The variations in these traces |,

are treated and illustrated in the same manner as those

-

discussed for the major oxides.»
(1) The Dioritic Group (= Gabbro + Diorite):
- H L
The average and range of the trace-element abundances.

for this group are presented in Table 18. These averages

are compared to‘similar abundances: in the crusg, basalt,

r
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‘ TABLE 18. The average and range of trace element abun&ﬁhces
in the gabbroi¢ patches and in the diorites of
the Al Hadah Pluton.’ -

;F" GABBRO ) DIORITE
, " oo fAv.* . ‘Range . Ave.** Range
oo er T 115 - 14-210 PN 11-7177
. Ba - - 287 155-809 . 501  198-1620
Ni - 104 - 13-304 © 36 ‘5e 127
_oPb -~ 10 . s-11 . 8 8= 11
2r - 80 - 47-116 . - 134 . H4- 570
Ty 2% 11-24 . a1 21- 64
b 8 . 408 306-477 - 486 " 303- 7728
Rb ’ . 14 5-'.'1;;“.'-' : ) 19/, " 5- 46
. , | f
“K/RE - 456 340-593 555. .°° 321~ 996
Ba/Rb . 23  9=77 28~ . .11- 114
Rb/ST . 0.026  0.02-,04 - " - 0.036 '0.02-0.15
Ba/Sr . 0.7 0.37-1.26 1.05 . 0.50-4.46
» T H o o N /
v ) * ' Average of 12 analyses - " L 5
g **»Averagg'of 19 analyses ' . ;5'1 o '

. R . ' .
- .- - . L
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'rhg trace-elemnt (in ppm) Rb(a), Ni (b),» ’
Ba(c) and Cr(d) are. plotted agalnst the -
silica ‘content (wt %“)
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calc-alkaline basalt associated with island arcs, Andean

andesite and averagesandesite (see Table 20).
The plogs of Cr and Ni against silica content (Fig. 92b

and d) and the Mafic Index (Fig. 93b and c) have similar

s

trends, in whick the values of these two traces drop

sharp;y relative to the increase in silica content'on the

&
Mafic Index. '

‘ .
‘. The plot.of Ba versus silica content (Fig. 92c) BNy

has a well defined trend in which ﬁh content incréases

gradually from the gabbros to the dio;ites. gugincreaée
in. Ba content with silica confirms the fact that Ba, 4//
which occﬁrs in plagioclaée, is often enriched towards

the end of a differentiation séquence and it is not depfééed
in‘the_magma unfil very late in the differentiat:;h p;bcess
(Nockolds and Allen, i9-53) . |

The Ba/Sr and Ba/Rb (see Table 18) have been found to
provide a useful index of fractlonation (Taylor, 1966).
Both ratlos have been plotted against the leferentlatlon
. Index (DI).' The Ba/Sr plot (Pig. 94a)‘pas a fairly narked
‘trend in which ‘this ratio increases with an increase in DI,
while the Ba/Rb plot.(!jq; '95) . has scattered points, which
seem to indicate a-w!ak trend ip which the Ba/Rb gﬁtibs

seem to dacreala vith ai’ increase in DI.

The Sr plot-(rig 96a) has adle lcattered points, but a
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Fig. 94. Ba/Sr and K/Rb are plotted agiﬁt
: - the differentiation Jindex (DI).
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weak trend in which it decreases with the increase in

silica, is still detected. 'Sr content seems to decrease

with the increase in differentiation and this is due to the
fact that the Sr ion is being admitted to calcium minerals
and this admittance is the dominant process of removal of
Sr from the magma (Mason, 1966).
The Rb plot versus silica content (Fig. 92a) has a marked
trend in which Rb content increases with the increase in’
silica.
The K/Rb is considered by many petrologists as an important
fractionation index. It has been shown by Jakes and White
(1970) that fra&tionat;on or différentiation usually leads
to a decreasg'in K/Rb and this fact is illustraéed by
Fig. 945,‘where K/Rb seems to decrease with relative increase
in the Differentiation Index. The dioritic group has a

~ large K/Rb, ~500; it is also xenolithic. Hence, the large
K/Rb may not be entirely the product of magmatic fractiona-.
tion at a high level of emplacement but also a product of
contamination as suggested by Erlank and Hofqéyr’(IQGG), ’

: Gunn (1965, 1966), Compston (1968), Lambert and Heler (1969).
The Zr plot against silica content (Fig. 96b) has some. -
/ ' scattered points but still a well defined trgnd can be
observed in which Zr content increases sharply yith ﬁhe

relative increase in silica.

1
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The Pb plot versus silica (Fig. 96c) exhibits a weak
smooth trend where the Pb content increases gradually

‘with the increase in silica.

(2) The Granitic Group (= Granodiorite + Monzogranite):

The average and range of the trace-element abundances
for this group is presented in Table 19. These averages
are compared to similar abundances in other granitic
rocks (see Table 20). The variatiomsin the trace-element
composition are plotted on the same diagrams with those of
éhe dioritic group in order to examine if these two groups
of rocks are genetically related.

The Ba plot (Fig. 92c) has two concentrations close
to one another. ;;ither concentration shows a
defined trend. The monzogranite cluster is depleted in
-Ba relative to the granodiorite. The depletion of Ba in
the monzogranite indicates a very late stage in differen-
tiation process (Taylor, 1966). Furthermore, in this
diagram the granitic group fermsa distinct @ifferentiation
trend different from that of the dioritic group.

The Ba/Sr'has been plotted against both the Differentiation
Index (Fig. 94a) and tﬁé\tglsic I?dex (Fig, 9¥B). IXA.

both diaqtaqs, the granodiorite and the monzogranité form
two separate clusters having similér trends in which Ba/Sr

increase relative to the increase in DI and P. Fﬁrthernofe,

Fig. 94a shows, too, that the granitic gfoup hag a different

.
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TABLE 19. The average and range of trace element
abundances in the monzogranite and in the
granodiorite of the Al Hadah Pluton.

Monzogranite Granodiorite

Av* Range Av** . Range
Cr ] 4 2= 8 14 1- 35 )
Ba 585 503-639 989 806-1535
Ni 8 6—- 13 10 5- 25
Pb 20 17- 26 16 9- 20
Zr 199 171-224 164 138~ 202
Y 29 - 22~ 39 40 30- 45
Sr 210 190-242 238 144- 307
Rb - 168 147-185 69 46-. 90
Nb 25 21- 28 9 . 6- 11
K/Rb 220 214-231 436 340- 740
Ba/Rb 3.5 3.1-3.9 le6 10.8-32.4
Rb/Sr - 0.8 © 0.6-0.9 0.28 0.15-0.37
Ba/Sr 2.8 2.6-3.2 ‘ 4.3 3.2-6.5

* Avefage of 6 analyses

** Average of 12 analyses o

!
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Zr (ppm) (a) and Ba/Sr (b) and K/Rb in
the granitic group are plotted against
the felsic index (F).
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differentiation trend from that of the dioﬁitic group.

. The ér content is plotted versus silica .(Fig. 96a)
and potash content (Fig. 98). The Sr plot against silica
has two éistinct concentrations. The granodiorite is
relatively richer in Sr than the monzogranite and shows
a marked trend in which Sr decreases with the increase.in
silica, while the monzogranite lacks any trend. The Sg
.plot versus K20 SFig. 98) has a single discontfﬂuous trend
where the Sr content decreases éoing from the dioritic
rocks which are relatively rich in plagioclase,‘towards
the granitic group, which are relatively rich in K-feldspar.
The Rb- plot against silica (Fig. 92a) has two concent;at—
ions, occupied by the granodiorite and monzogranite. The
granodiorite cluster has a marked trend in which Rb contents
incrgaée with tﬂe increase of silica, while the monzogranite
group lacks any definite trend. The monzogranite is rela-
_tivély enriched in Rb and.K. The close relationship (in
ionic size and chemical behavior) between Rb and K is
illustrated in Fig. 99. This diagram shows Rb is enriched
in rock§ haviﬂg a'lgrge proportion of Kzo (e.g. monzogranite)
carried in K-feldspars. The K/Rb plot versus the Differentia-
tion Index is shown in Fig. 94b. Two cdbncentrations are also
- observed. The granodiorites have, relatively large K/Rb,

.
while the monzogranite have small K/Rb ratios. The

graﬁodiorite exhibits a marked trend in which K/Rb decreases’




Monzogranite
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Fi§.198.' Sr(in ppm) in the different rock typesﬁof' )
, Al Hadah Pluton is plotted against the,Kzo_ o
content (in wt.$). '’ . Sl
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;with the increase in' DI. The éranitie gyoup, in genefalh
lieson a dis;inct and differént differentiation trend
from that of the dioritic group.:
Zr is plotted against &ilica (Fig. 96b) and the
Feisic Index (Fig. 97a). Zr.seed§ fo increase with the
‘relativeriﬁErease in silica (Fig “96b), while decreasing
with an igcrease in the Fe131c Index (Fig. 97a). Further-.
more,’Ln Fig. 96b. the lerltlc group has a dlstlnct and
different trend from the granltlc group. It has been
’shown by Taylor (1966) that' Zr 1ncreases with fractionation..
The Pb plot versus silica (Flg. 960) exhlblts two clusters: -
those of the granodlorlteiend those of the mOpzqgganlte.
Be?h ccnceptratiops laek any éeﬁined trendf? TPe'@pdibgrenite
is relatively rich in Pbl. compared to the granodiorite

because the monzogranite is reletively'riéherg{n K-feldspar

in which Pb occurs substituting for potassium.

.‘V

5.4 A Comparison of the Element ‘Abundances in*the Al

Hadah Plutonlc Rocks and Other Qrogenic Suites:

The absolpté abundancen of the ma;or oxides and

trace eiements of the Al Hadah dxorltes and ande91tes anm

different subductlon env1ronments are comparéd to one
. ‘another (Tables 21, 22& Slmllarly the composition of the
Al Hadah granitlc rocks 1; compared to various granitic

. )
© g ¥ocks located' above lubduction zones (Table 24). The




in order to /find out whether Al Hadah p&ntonic rocks were
formed "n s#milar-tgctonic envifonnents. An AFM diagram ﬁ
glofted for both ‘the dioritic and granttic rocks shows

t 't'both Lock types"ﬁrénd'nbre directly'across the centre

field of tme diagxan with gridual enrichment in iron (Pig.

10Q); " this behavior 1- a charactefi-tic feature of .calc~
alkaline suites which are -oct prc-inegt in the cf:fjj;///
Pacific' reqion (Irvina and’ Baragar, 1971).' - .

In Table 21 th. najor oxidei of the Al Hadah

diorites #rg very much sinilar to baialt;c andesite of the
S.W. Pacitic illand arcs, and anscadz ande-ite, but dif-

\\¥erent frop Andean andesites and continental margin an4elite,‘
mainty in Sioz, Fe,0,t, Mgo and xze. Pro- innpection of
the trace—&lc-.nt ahnndancas pre-ented in Table 22 nost of

) the traces in both Al-Hadah diorites and.continental cale-'

_,aikaline seriel are realcnably li.ilar with the excoption

. of Rb. Purt*.hercnoro, ‘the K/Rb and Rb/Sr in Al Hadah diorite .
are lcrger than those of continental calc-alkziine seéries.
This -ay be dnn to the large ditference in- crustal thicid"
nosn.. qnq.rul diftcm.ne‘: hotu-en thefoalc-alkalincga
volcanic rock- of island arcs. ‘and those of continental

ized by Jlkii and lhitc (1972)

itic tocka.ot Al ladah plutaa (!iblo

nepection of thiy table it is possible to

nargin- are s

;Fo-parod to the
- 23). . . Prom -

B , P A
- - .. -t -
T R B - «? '
P e 2 ~ . - ,
- - Ste -
- - v e .
P PP R - -
i P ot . .




~
N e

* (S78O4L STYI) UOINTA YPPWH TV WO 83903 OFITIOTP 3O sesATeuv 0Z jo sbeisay =

i .
. “{PL6T '°T® .38 *XOTPPON) WIQUNTOD USTATIE ‘YITIOQNING I8RO woxj seIyiorp €1 jO sbezeay = 9
. s 1 *(zest .:qﬂw_;m. S80UBIINTOO SPTA PIIOA WOIZ POTTANOC SESATIUG $iLT JO SBRIGAY e § N
* (6967 ‘ASUlTAOW) ®3ITSSPUT BUTTEXTIE-OTED JO -cnhagv«mh,.uﬂol%ﬁ -9 .
‘ . . *{gS6T ‘8X03WN) SESATEUY ([ JO oDelsAY = ~ N
“(ZLET ‘°"T® 3 ISTYDTL) SSPUY UWSTTUD UY ,UOTIWMIOI, SITSOPUY JO SeSATEuUv g JO QSeISAY = I
*(0L6T ‘TTITO !{0LET ‘TITHO puw seyer (8561 ‘20uyelg (0161 °1e "3 BaANQI0aW {5961 ‘°T¢. I8 wUOJUEIg -
, R IDL6T ‘ALD 19967 ‘UvBIOW (EL6T '°TIR IS IIGAF) S82INOS JUSISYI TP wWOl] Pe1Tdm00 shexsay = 1
| T v o
| - T3 - - - 0°1 1 ofn L ;
,“ s2°0 ST'0 z'0 o - €0 to  -Sofd - ¥
1884 1 e 9°T o°T R A ¢ . : . 60 o%s . ‘
L' Ly i 8¢ 1€ Y R ofw ", Lo
TL 8°8 6°9 €29 t'e N A8 °0 Qe
£y sv's .. . T¢ €c T 9°¢ ey . obu .
s1°0 €E°0 - 10 AN 210 t°o om. o
$°S Z9°s Ty S$°t . L€ [ W ] osg >
] . N » ﬂ
€€ 16°¢ 1'c te o°¢ . 8o ofes
s'L1 oLt zLt vLt 0Lt et o't Sty :
v0°1 90°1 8'0 80 1 2 4 L8°0 - 80 . ors ¢
5°ss SL*6Y s L 8s TR e tors : :
2 3 3 v 3 T - X : . oo
se3Tx0Td (*0'd se3ysepuv BEITSOPUY  SSITSOPUV SO0 . . : o :
YepwH 1V y3irtoyaer ebeaeay utbaen opuIE ) ueepuy oxY. puwTsl. ) . :
) 3swoD) e3yioig TeIUBUTIUOD T oT¥TONd N LT
N prd .
*8%001 DTITIOTP YepeH TV Puw se3yns oyusbord uy ) . , - 1
8)J0X OT3TNOPUY SNOTIEA JO UOTITEOAWOD S|} USBAINY vosTIedwod ¥ 1T TWVL -
. A N ﬂ - 2
. ) El o -
, q ; \I’ZI.I\
) x ¢
PR [




TABLE 22. "Trace element a ances in the dioritic rocks

of Al Hadah Fluton and in other orogenic sﬁ\ites.

S.W. Calc-alk. Continental
Al Badah  Andean Pacific 1Island Calc*alk.

Diorites Andesite 1Island Arc Series 1
Arc {Andean)
' 1 2 1 . 5
. .
Cr 63 85 - 36 56 -
Ba 501 720 141 270 $00-700
Ri 36 30 ) 19 . 18 30
Pb 8 - 3 5 -
3r 134 180 - 60  .110 180
Y 0 - 25 - -
st . 486 420 266 380 600 v
/V\Rb 19 138 14 . - 30 45-100 | .
I
K/Rb ' 555 ° To- _ 870 450 1/00-200
Ba/Rb . 28 8.5 - 21 S -
Rb/Sr 0‘.036% 0.11 i " 0.024 0.05-0.1 '0.07:-0.2‘
Ba/Sr , 1.05 0.97 - - -
3 1= This theA-il
’ . 2 ;‘sugcr(ct al. (1969), found i:ihkes‘and white (1971) .

3 = Average compiled .froy various sourcgs
4 = Jakes and Gill (1970) ’
5= Bicéer: et al. (1969). )
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Fig. 100. An AFM diagram for the two major groups of
: > Al Hadah Pluton. N .
e © gabbro

o diorite

e granodiorite + monzogranite .

x granites taken from Greenwood (1974)

°

"Aey”
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TABLE 23. Generalized differences betweéen calc-
alkaline volcanic rocks of island . arcs
and those continental margins (aftef
Jakes and White, 1972) compared to Fﬁé;
dioritic rocks of Al Hadah Pluton.
+
Continental Dioritic Rocks
Marg4in Island of Al Hadah
' . (Andean) Arcs , Pluton
sange of 56-75% 50-66% 50.9-65%
102
Feo + Fe 05 5.0 <2.0 2.07
MgO ) ‘,
KZO ,
0.6-1.1 <0.8 0.29
Nazo :
R
Trace Righer Rb, Lower Rb,  Lower Rb, Z2r,
elements Ba, Sr and Ba, Sr and intermediate
ir, . 2r. ‘Ba, Sr. -
~ Lower K/Rb Higher K/Rb Higher K/Rb
4 (=230) ¢=400)

(=555)




144

see some general similarities between the diorites of

Al Hadah and those ofLAnéean Continental margin. However,
the range in silica content is greater in the Andean than
those of the Al Hadah diorites, probably because the

former are emplaced in thicker continental crust than the
latter, The smaller K,0/Nay0 in the\Al Hadah diorites than
in those of the Andean may be attributed .to the fact that
the fermer have been slightly metamorphosed and the mobile

oalkaligs and related gface elements redistributed, whereas

the Andean rock$ are tamorphosed.
the Al Hadah dioritic rocks, which
are situated on a continental basement, have general simi-

larities in major and minor element abundances to calc-

alkaline continental margin andesites. It shotild be noted,
&

. however, that all the dioritic rocks of Al Hadah have been
. subjected to some degree of metamorphism, and furthermore,
. e
- this comparison is between exﬁﬂysivé and intrusive rocks.

)

In the same manner, the composition of the granitic
group of the Al Hadah pluton is compared to various plutonlc
. rockh of suhduction gone areas.‘ The normatlve plot of
Al Hadah granitic rocks is similar to ‘the plots of granitlc.
”rock: in the United States and Canada ‘(Fig..101). Further-
. more, a cnlpariaon bctveen the major oxides Gf the Al Hadah

qranit;e qronp and. tholc of other granitic rocks in orogenlc

laitel i- given in ?ablo 24 ~This table shows that the
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FIgi 101.

3

Composite plots of norms for areas of granitic

rocks in the United States and Canada compared

to those of Al Hadah Pluton. (After Bateman, 1963).
1 = SW British Columbia, 2 = NW Oregon, 3 = Southern
Calif. batholith, 4 = Idaho batholith, 5 = Vancouver
Island, 6 = Sierra Nevada batholith, 7 = Boulder
batholith, 8 = Stocks of Colorado and New Mexico,

9 = Alaska, 10 = Al Hadah granitic rocks.
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»

average composition of the granitic group of Al Hadah
pluton is closely comparable to the granltlc rocks of

Sierra Nevada bgihollth

5.5 Summdry and Piscussion:

This chapter of rock classification, variation
14
diagrams and comparisops to other rock suites leads to

the following conclusions: )

(1) The plutonic rocks of Al Hadah area belong to t;b
major rock, groups: (a)ldioritic (diorite ; gabbro) ,
and (b) granitic (granodiorite + moﬁzogranite).

(2) The dioritic group férms one continuous differen-
tiation series (gabbro+diorite+quar£z diorite)
separate gnd different from th5£ of the gra;itic

¥ . group. Thus, magmatic differentiations were Y
effective during the evolution of both rock groups.

(3) The presencé of scatter values of some maj&r and

—~ minor elements resulting in irreguylar variations,
together with large K/Rb ratios might indicate
‘ that contamination was largely involved in éhe
"evolution of the dioritic magma.

(4) The chemical composition of the various rock types
of the Al Hadah plutonic complex a;d.the chemical
variations indic;tevthat the plutonic rocks of this

fg;ion belong to at least two different magma sources.

The first and older one is represented by the

L
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dioritic group. The second and younger series
is represented by the granitic group. This con-
cluéion is similar to the conclusion reached by

Greenwood and Brown (1973) that the dioritic and

granitic rocks of the Arabian Shield belong to

different magma series and they are not differen-

'iates of the same magma. The monzogranite might

belong to a third magma source but most probably

it fepresents a final differentiate of the gramno--

Y

diorite giving a potassium rich monzogranite.

v

L\

On the basis-of the various similarities in major

and minor element abundances between Al Hadah

‘plutonlc rocks and those of the Cascades, contlnen-

tal calc alkaline serles and Sierra Nevada, formed

above subduction zones, it seems possible that the

plutoniC‘robks‘of Al Hadah were formed in a similar

tectonic environment. Furthermore, besides similari-

-ties in composition, other genaral features are also

»

comparable, such as: the predominance of basic to

intermediate rocké over acidic' rocks: the areal
distribution of these rocks in the Arabian Shield
are 72.3% diorite + quartz dlorlte + granodiorite,
27.68 guartz monzonite + granlte (Greenwood et al.,

1973), while this distribution in the Coastal batho-

,'lith'bf“Central Peru is as follows: 15.9% gabbro-

5 -
s

.

v,
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diorite, 57.9% tOnalite, 25.6% adamellite and
0.6% granite (Myers, 1975; Cobbing and Pitcher,
1972); similarly the distribution in Southern
California Batholith is as follows: 15.9% gabbro, .
50% tondlite, 34% granodiorite and 2.5% granite
(Batéman et al., 1963). Other features such as
the order of emplaéement from basic to'acidic
(gabbro;diorite+granodiorite+moﬁzogranite) are

also similar.
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' to the epidotized

CBAPTER 6 ) o

THE EPIDOTIZATION PROCESS = -~ -

6.1 General Statement

Special attention has been directed in‘thié thegis

s el . .- 4. .
orites in terms of their océurrence,

extent, chemistry ang mode of formation.. Thsh:occ?rrence
and extent h;ve been described in deta%} in Chaptefij,

and the petrography reported in Chapter 4. It is worth-
while to present here a brief shmmary'of the occurrence

and mineralogical composition of these epidotized rocks
prior to discussing the chemistry and alteration processes.
The ocgurrence of these rocks is restricted to a few -
localities within the diorﬁns'aésociated principally with
felsic di}es. Their extent is variable, the largest out-
crop is about 100 mz. The characgéristic feature of these
rqcks,is thg complete repl@céhent of plagioclase by epidote.
Mineéalogically they are compbsed painly of ééidote,
amphiboloi (hornblende % tremolite-actinolite) and quartz
In this chaptef the’whole fock ehemistry is reported and ’

discussed; together with whole rock oxygen isotope'anglyles.

»’

!




" oxides

while Tioz,’Fe2 3 and Ca0O are enriohed 'The‘Ped/Fe

‘1ron in rocks. The background Fe /EFe in most prihary

. ) .. - . .
6.2 Whole Rock Chemistry .o .o .

4

~Representative ﬁamples‘ofqunepidotized, partially-

: epidqtized:and‘completely epidotized5rock9‘wefe selected

and analysed in order to determlgg the chemlcal change
which took place dyring the alteratlon process.‘ The
results of the chem1ca1 analyses are presented in Table 23,

From inspection of Table 25 ‘the changés in major element

75

between the unaltered and altered;focks may be
. ! "

0 and K,O are depletedf,’

summarised as follows: Sioz, MgO,'Nazk, 2

2° 3
ratios are low in the completely altered rocks relatlve

to the unaltered rocks (Table 262, .t

-

+* Similarly, the change in trace—element abundancies

are as follows.: Ba and Rb are depleted while Sr is enriched

in the completely epidotizeéd diorites (Table 25).

Discussion: . = ¢

The general conditions of oxldatlon—reductlons and

S

helr controls 1n rocks have been dlscussed by Eugster (1959)

~

and Eugster and Wones (1962) The ratio Fe /EFe is a. _\

-’

geochemlcal parameter whach describes the oxldation state of
a o 7 =Y

-

igneous rocks is about 0.7 CHYndman, 1972, p. %i?. Ooxada~

_ tion may occur in response to the infxltration b£~oxtdizinq

surﬁace watérs into the crust. Converselypqviter.in- :
equilibrium with rocks at high ‘temperature (QFM system)

. ‘.
* . -
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Table 25. Che.mlcal Analysis of Unepidotized, Partially .
Epjidotized, and Epidot.ized Rocks Respectively.
o - ) Unepidotized Partially Epidotized Epidgtized
o ’ Sample # 57 . 69 62 s6c - 1 7 S8A
. . Co 510, 45.42 51,18 47.99  45.20 © 48.09 4 Y& 4o0.80
‘! ' ' ~ . fio, 1.41 1.85 1.50 1.35 1.3 2,38 2.10
. iy WA 15.22  15.84  15.47  14.94 13.94 14.12 15.60
) ‘ “r’ezo3 . s.06 3.6 4.88 7.29 10.22 .06 10.75
) " reo 5.09 8.3 5.12 3.48 2.16 5.23 2.1
" Mno . 0.22 0.2 Jn,m, . 0.18 ~0.16 0.19  0.20
Mgo 7.53  4.20 7.21 5.87 291 als 453
1 cao 9064  7.62  10.69  14.61 - 16.59 16.55 19,74 ..
Na,0 " 3.16  4.74 2.99 -+ 2.22 0.27 '0.15 0.15
X,0 " 0.83  0.84 0.91 0.26 “ 0.03 0.03 0.0%
. e Py0q 0.39  0.44 0.37 0.62 0.38  0.30 1,03
. ¢ L.o.1" 379 120 2,17 2.60 1.95. 1.85 2.44
' 4 Total 99.76  99.9 99.48  98.62 98.02 97.75 99.55
_ ) - - - 1.32 . 17.57 11.57  4.38
i or ‘ s.of, 8.1 : ‘s.sz 1.60  0.18 0.8 0.30 -
Ab 27.28  28.3 25.99  19.56 2.48 /1.32 1.3y K
An g 25.40  29.1 26.81 31.27 38.23 39.37 42.96
ai 16.50 1 19.98  31.15 16.27 23.24 25.04 ° )
ny " 14.65  17.8° 6.35 0.78, - - -
o B ' ol - 0.6  4.25 s - -'_ - _ y
wo - - - - 10.01 . s.99  7.85
: mt _7.49 3.8 7.27 -8.21 - 3.81 11.03 1.57 *
AR 2 . Y s - ‘. ¢
) . 11 2.73 1.3 2.93 2.67 2.61 471 4.10 .
‘ ap 0.94 - . 0.90 _ 1.53 ,0.94  0.74 2.51 .
- nt - - - .- - T 1,92 2,01 9.84  9.98
. © . - . )
) cr 108 § ss | 18s 35 9 o2 ‘
’ S Ba “s 129 s, 2 - s - .
' . P - 'Y ‘e 1 s ‘12 11 ’
F ’ S i 1037 e 166 194 184  ‘as
. oy A 1 T Y I 1 29 "n. R
: - e - 466 108% 2721 . 2173 ays 3224 |
. " B 15 a2 20 -° 5 - ) 2 o
, : ” L.O.'i = .weight perasn® l;ll o‘q“ign_ition -g‘:l.mo'c. . ' . .
) " . - .‘v , " . -
* ' ¥ . ) . ’ ‘ ! )
’ ! , o x> . . ¢
’ » ! N . »

ooy 7
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TABLE 26. Determinations of ‘toi‘:'al ‘primary' iron,

!- IPe, PeO and P fz/zre in j:her unepidotized,
partially anﬂ-,;o-pld'teiy e[":idot"ized ‘rocks.

.
’
F . T —
, Y - h\
> b
- £l

S le description Sample No. I:eo IPe ,roz"/tré )

epidotized . . - 56 g.s > 12.0  "0.71
Diorite . ' . ) ,
' J Y 69 © ..5.3 11.9° 0.70

© . 84 - &6 Noa 40
v, - 89 . 6.2 8.7, . 0.71

+ &
Partially . 62 5
. _Epldotized S
L Diorite - 58C - S

0:_,"..\ ' - - ) S e A 5
. Completely 68 . 7.2 12.4 . 0.17
_Epidotized _ . . ‘o :
Diorite . .67 - 5.2 ., 14.3 0.36

.1 - 10.0 0.51
5 10.8  0.32

. . " sBa - 2.2. 13.0  0.17
’ ’ r . v L
N 4 5°‘A 2.3 11~..3 .' ) °Q2° '
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. fracture- systems as has been observed in the field by the -

':might haVe generated permsability and tapped latge, near-

" have provided Qoth ghe energy .nourcé and conditdons of

154

i
2

becomes reduced Qy dissociation into 0, and H and may

act as a re%ﬁchg agent during expulsion up ‘through the
crust. ™ 1n qoneﬁal, rocks are -resistant to such changes,
Unless massive fluf& volunc- or "exotic reactants” (02,

'S ) are involved, siqnificant chapgés in Fe /Zre are
unlikely (xerrich et al., 1977). As arqgued above, in a
convectinq system, one predicti oxidation in respoﬂ\b—ec*
descending (heating» fluids and teduction in response to
ascending. (coolinq) fluidl (loc. cit.) and these relations
have been confirmed in studies of suhnarine convectors, ’
and meteo;ic geotherlll syatems, which form in response to
shallow, cooling igneous intrulionsollnspection of Table.
26 shows that significant oxidation of iron has occurred
in the épidgtizéh rocks (Pe2+/zre = 0,22 140;09 one J
standard deviation) relative to the unepidotized rocks

which hLave Fe2+/ZEel 0.7 equivalent to the background of

. >
Fe2+/£Fe for most unaltered igneous rocks. The shillow

intrusions surrounding the epidotized diorites created

presence of numerous fractures and fqui%s some of which

]

are filled by granitic dikes. These fracture systems

bnrface, sources of wlter. These high level.plutons may -

hiéh par@eibillty;to create tpé.;eqhired-cqnditioip gor -

Lo : ' . - PR
.
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the generation of fluid convective cells. Hence, tﬁe N
observed oxidized state of iron in the epidotized diorites

may- be accounted for, most readily, by the interaction of

Fd

oxidizing near-surface fluids. sét into convective motion

by the plutons.

, Theiweter/rock ratio involved must heve been large

in order to oxidize the rocks becauee, as described above,

U .
rocks are generally resistant to changes of Fe2+/£Fe.

The shift in oxidation state of iron from background is

a function of the integrated watexr/rock ratio gassing
through the sfgtem, ‘inasmuch as it records the total
mass of oxldising or reducing agent introduced into the
system (Spooner, 1976) . Therefore, the obeerved ‘shift to

3+

high Fe™ in ebidotizéd rocks ‘probably required high
»

ipteg;etnd~ water/rock ratiql.f The depletion in alkalies

‘and the addition of Ca in the epidogt:ee rocks confirms

the fact that fluids have been circulating through these
rocks. o C
. | . o ]

e .
6.3 Mineral Chemistry <t

T TﬁE”najor mineral components in the unepidotized,

-

' partially epidotined, and comp;eteay epldotized diorltes.

are plagioclpse + hornblende, plagioclase + hornblende +.

tremolite-actinolite, and epidote + hornblende + tremolite—

actinolite respeotively. The chemical composition of «the ,
.c ’ " L ~

L)

,
.
oy~
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principal mlneral phases (plagloelase, -amphiboles and
epidote) were determined by the electron mlcroprobe.

The results of the microprobe analyses of these minerals

are presented.id Appendix C, Tahles le¢, 2c and 3c.} The
everage';omposition of these minerals are glven in Tables
27,28 and 29 regspectively. A charaEteristip feature of
the plagioclase in the partiall& epidotized diorite is its
albitic composition (Ab 98.76) while its composition in

the unepidotized diorites is andesine ]Ab 66.6). The
variations observed by comparing the structural formulas

of plgaioclase in both unepidotizediand'partially epidotized
dgbrites, are the'followingz (a) Si and .Na are increased
with Al and Ca are decreaeed in the partially epidotized .
ones, Tﬁe amphiboles show characterlstlc varlatlons
between those occurring in unaltered to completely altered
diorites (see Table 28). The most important feature
observed in this sequence of rocks is the occurrence of
one amphipole (= hornblende) ih the unepidotized racks
wpile there are two amphiboles (=‘hornblende + tremolite-

actinolite)‘in bothsthe partially and completely’épidotized )

diori\ee." B - *

"Epidote is the principal mineral phase in these

altered rocks. Its average composition and structural

formnlaoare presented ‘in Table 29 The composition of

-epldote in both partially and completely altered rocks does
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Table 27 , 'Average Plagioclase Composition in Partially Epidotized

‘ Diorite and in Unepidotized Diorite.

2

- 1 2 -

68.59 60.13

510,
b
Ti0, (\ - -
AL,0, 19.54 25,37 o
' . ’ FeO 0.02 " 0.15
‘ Mno ' - * - B
= Mgo T \ 0.01 . 0.03 -
cao 6.23 : 6.78 ' )
Na,0 - ' 11.08 7.63 o
o X,0 0.02 0.11 - .
. Bao 0.04 0.11 C
| ‘ H,0 | ) . '
SUM : 99.88 100.20
Number of Ions on the Basis of 32(0)
' : si 11.963 , 10.688 ) .
R : 4.099  s.34
Fe .003 0.022
Mg .002 0.008

Na - 3.745 %, 2.628
Ca-. .043 1.292
K 004 . 0.026
ab ‘ .- 98.76 66,60

An 1.24 33.40 .
- ——

—_— : :
1 - Plagioclase, average of 9 analyses (from partially epidotized Diorite).

2 - Flagioclase, average of 21 analysés (from unepidotized Diorite).

Y’/ : Analyst: R.L., Barnett.- Vo . . Ca/

\ . .
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¢

s
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Table 28 . Average Amphibole Compositions in Unepidotized, Partially
Epidotized and Completely Epidotized Dioritic Rocks.

L)

1l 2. k) 4 . 5 .
si0, 48.52 49.14  54.61 48503  55.50
) Ti0, 0.92 0.74 0.20 1.62 0.12
A1203 6.58 5.68 .28 7.20 0.85
& FeQ 15.98 15.20 14.19 . 13(90 I1.14
N ‘ MnO 0.41 0.37 0.32 0.42 0.31
f Mgo 12.82 13.86  15.16  13.72  17.25
Cao 11.50 11.42 12.46 11.53 12,48
. NIZO 0.93 0.81 0.24 1,11 0.24
ikO 0.32 0.27 0.01 0.54 0.07
H0 2,04 2.04 2,09 2.05 2. 11 -
suM 100.01°  99.52 100.56 100.12  100.06- )
‘ - Number of Ions on the Basis of 24(0, OH, F, Cl)
51 7.139 7.2 7.845 7.017 7.838
8.900 8.000 8.000 8.000 8.000
Al 0.861 0,769 - 0.155 0.983 © 0,102
al 0.280 0,215  0.062 '0.256 0.041 -
: Ti 0.101 0.082 ‘0.022 0.178 0.012
e 1.967 1.871 5 1.704 1.658 1.326 :
’ - ‘ 5.213 5.253 5.072 5.172 . 5,076, - ‘
Mg 2.813 3.039 3.246 T 2.987 3.65 ’
Mn 0.051 0.046 . 0.038 0.052 0.037
. Na 0.266 0.231 0.067 0.315 0.067 °
- ’- 4 T Ca - 1.l132.1351,500 2.035.218 1.98"90“2.2211'9021.982 -
: X " o.089 0.051 0.002 0.101 0.012 *
. ’ . 1. Hornblende, average of 19 analyses (from unepidotized Di rfle)
. 2. Bornblende, average of 6 analyses from-partially epidot zed Diorite. . ,
3. Actinolite-tremolite, average.of 4 anslyses from gartilily epidotifed Diorite.
4. Jprndlende, average of 7 analyses from wholly epidotized Diorite.
S5.*Actinolite-tremolite, sverage of 7 analyses from wholly ‘epidotized Disrite, |,
Analyst R.L. Barfiett. 7
v
v ’
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Table 29. Average Compdiition of Epidotes Occurring in Partially
Epidotized and in Completely Epidotized Dioritic, Rocks.
1 2 : ®
Sio2 38.04 38.04
’ Tio, .04 0.69
A1203 23.61 22.45
. o Fe 0, 12.00 13.55 .
MnoO 0.08 _0.15
Mgo 0,04 0.05
Cao 23.25 22.7
' Na,0 0.18 0.08 .
K.0 , - -
» . 2 .
820 .1.87 ‘1,88
‘SUHA 98.93 99.56
) Number of Ions on the Basis of 13 (0,0H)
- ) si 3.039 3.035
' 3.039 3.035
Al - . -
. Al . 2.222 . 2.110
. s 2.944 ) 2.924
Fe 0.722 0.814
Mn . 0.00S5 0.010
Mg . 0.005 0.006
Ti .002 2.002 0.042 2.002
ca 1.990 © 1.945 '

1 Epidotes, average of 15 an‘iyses (from partially epidotizedDioritic Rodks)

2, rEpidotes, average of 18 analyses (from whollx epidotized Dioritic Rocks)

Anslyst R.L. Barnett ' )
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not show remarkable differences with the exception of

Fet3 which seems to be enriched in the epidotes of the

completely altered rocks. Furthermore, these epidotes

- show two types of zohing:"l) in the first type, the

3

core is enriched in Fe'® and depleted in Al, while the

rims are ﬁepletéd in Fe+3 and enriched in Al. (2) The

second type of zoning is the converse of the first case.

6.4 Composition-Volume Changes

\ The égtual gains and losses that‘take placé in
metaéématic alterations cannot be obtained without the
-y knowledge of the relationship between the coméosition
changeb and the volume changeé ﬁhat accompany such
processes (Gresens, 1967). A series .of equations have
been, derived by Gresens &égﬂJ allowiné the‘calculatigns
of gains and losses in terms‘of-the chemical analyses. and )
the séecific gravities -of the unaltered and'éltered rocks.
The general mass balance equation deriwed by Gresens (1967},
. o t6 calculate ﬁhe actual gain or loss is: .

100tev (I cp - A1 =x

The value of: 100 is selected-bedause chemica% analyses

add to 100 percent by weight; fv, is defined :s\tha volume

factor which is équal to the amount by@which the véltme of

. {\

' 4




161

solids on the left hand side of the equatlon is multi-

plied in order to obtain the volume occupled by the

solids On the’ right 31de, when fv = 1, replacement is .
volume forrvolume, Yhere fv >1, replacement takes place

with a volume gain, when.fv <1 replacement takes place

with a‘volume loss; gB is the snecific gravlty of the ‘
altered rock, gA is the specifié gravity of the dnaitered
féck; Cﬁ is the weight percent of the different components

in the altered rocks; d: js the neight percent of the
different-eomponents in the unaltered rocks{ xn is the

actual gain or'loss‘(ing:ams) of the different componente.
When comparirg two rocks, it is necessary to know or assume
a value fot either tne‘volume ghange or the geochemical
benavior of one component in order to solve the equation
(Gresens, 1967). Three exéhples’of unaltered (= unepido-
tized rock) and altered (conpletely epidotized rock) were”"
analysed in!order to calculate the actual gains or losses

in every set of these'exemples. Two sets of these examples
(FM57+FM58A and FM69+EM68) were collected from the thesis -
area while the third set of examples f2535¢7534) was
collected by br W.S. Fyfe from the eastern part of the
Arabian shield. The chemical analyses and specific

[}

gravities of these sets of exanplee are given in Taﬁle 30a

Using the chemical analyses and assuming different values

for fv in the above equation, a set of data points are
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30. Major oxides-of unepidotized (A) and

epidotized (B) rock qalchlated to 1b0%‘

. _anhydrous.
A B A B. A B

; K ‘5715 58A. 69 68 7535 7534 .,
sio, 50.44 42.01  51.78 50.06  60.65 61.39
Tio, 1.44 2.6  1.87 1.37  0.54 ° 0.46
Al,0, . 15.54 16.06 16.03 14.51 17.14 ‘15.42
Fe,0,t 10.35 13.29 °12.06 12.89  6.48 7,48
Mno 0.22 Cjo.zi’zﬂ 0.21 0,17 0.1 0.9
MgO 7.69. 4.67  4.25 3.03  3.22 10.60
Ca0 9.84 20,33 .7.71 17.27  6.19 14.45
Na,0 3.23".d,16; 4,80 0.28 3.71 -
K0’ 0.85  0.05  0i85,0.03  1.84 0.04
POy . 0.40 1.06 , 0.44 0.39° 0.12 , 0.07
L.O.I.* 1.79  2.44 -1.20- 1.95 1.50 "1.80
S.G.** 2.90 3,03 -2.983.21 2.83 3,09

. <

-,

-

L.0.I.* = weight percent loss on igni{gon at 1100°C.

S.G.** = gpecific’ gravity.
1

Al



obtained. From these data points composition-volume
diégrams were constructed (Figs. 102, 103, 104) by <
plotting gains and losses as a function of the volume“
factor. From the composition-volume diagréﬁs it is !
possible to choose a value for fv where thé curveé for
several components simultaneouély intersect the -iso-
chemical axis (Gresens, 1967).

| In the three examples of the composition-volume
diagramsrshown‘}n Figs. 102, 103 and 104, it is noticed
that’Alzo3 intersects the isochemical axis at consistant
values of fv (0.925, 1.03 .and 1.025 respectively). Thus y
" the valués:of Al,0, fv, in the three individual examples;

- 273

are assumed to be the most plausible estimate of the volume
- LY . !

Vfaétor<invoIVed in this alteration process. In the first
example (57+58A) 'shown in Fig. 102, the intersection of Al,0,

. 4
with the isochemical axis at fv value of 0.925 is assumed to

be the volume factor. As a result of this assumption there
would be little gain or lo§§ in_Alzo3 and Ti0, and thus

" considered to be relativelyﬂimmobi}e. Furthermore, th%ﬁ
fé.would'requ;{i the ;héiéion:of CaO and Fe203t.and Fhé
removal of Si0,, Mg0O, Na,0 apd K.O. “The actual gains and

losses calgulated for this example are présented in Table 31.
In the second example (69+68) shown in Fig. 103,
the intersection of Alzo3 with the isochemical éxié at

fv = 1.03, is also assumed to be the volume factor involved.

N
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t
" TABLE 31 The gain and loss in grams per 100 grams of

o . _parent rock in the three examples and their

_ average. . : . e

A 2 3 "%" p
. N ‘
SiOi,?;n -9.83  +3.78 +7.94 +0.63
Ti0, - . +0.65 . -0.35 -0.03  +0.09
A1,0, ~0.02  +0.07 +0.09  +0.04
Fe, 0.t 42,49 +2.25 +1.88  +2.21 o
Mno . - - - -
Mgo -3.18 -0.89 -2.55 -2.21
R cao +9.81 +11.46°  +9.95 +10.41
. Na,0 -3.%8  -4.49. ¢ -3.71. =-3.76
K,0 -0.80 -0.82 -1.80  -1.14
l= Th; gains and losses in the first example (FM57+58A)
2 = The gains and lossés in thp‘second example (FM69+68)
| 3 = The gains and losses in the third example (7535+7534)
- 4 = Average qa&%p and loases of the three previous e*amples.




As é;fésult\of this assumption of fv, A1,0, and

TiO2

added while MgO, Nazo and Kzo are removed. The actual

will be immobile; ca0, Sio, and Fezojt' will be
gains and lossés are given in Table 31. 1In the third
example (7535+7534) shown in Fig. 104, the Al,0, fv = 1.025°
.is also assumed. As a result, A1203 and Tio2 will be
immobile; CaO[jSiOz and Fe,0.§. are adigd,_while Mgo,
Na20 and xzo are removed, The actual gains and losses .
in this example are presented in Table 31’3
To summarise the disgussion on these compos?tion—
volume diagrams,- the following conclusions are drawn:
(1) qghe average volume factof (fv) is about 1, thﬁs
the alteration was approximately volume for volume,

-

(2) ca0 and Fezojtwere the principal components added.
Mg0 was partial{y removed while NaZO and Kzo were
significantty d!ﬁleted.

| (3) 51203'and Tiﬁz were relatively immobile.

'; 6.5 Oxygen Isotope Refations: < .

Oxygen isoioé; anglyses.were performed og a suite

of saﬁples covering the range from ﬁrimary\igneous ma;erial,
through partia;ly epidotizeq, éo the completely epidotized
\end product. Analyses werevconducted on whole rock pow-
ders. The purpose of this stable isotope study was to

test the hypothesis that the epidotization process and

associated geochemical transport is the result of fluid-
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rock‘interaction, and then to identify the fluid sourég.
Oxygen isotope analysis is particularly suited-to re-
soiving this type df.proplem inasmuch as primary igneous
rocks have a narrow and precisely established range Wf
6180 values (+ 6 é/oo to + 8,°/oo SMOW, Taylor 1968,
1974) and any fluctuation from this value by isotopic
exchange with an external oxygeh_reservoir, such as
hydrothermal fluids may be»regdily detected.

(a) Results:

18

Whole rock § 0 values are presented in Table 32.

Inspection of the results reveals that the granites with

primary ignecus mineralogjcal and textural character-

1

istics exhibit primary igneous § 8 values (8.17 ®/00 to

8.47 °/00). However, the partially altered and epido-

1%& by up to 4 ©/00 with

4

tized rocks are depleted. in §
reépect to primary granitic rocks.
(b) Discussion:

During fluid-rock interactioﬁ, isotopic shifts
from primary igneous GIQD value are controlled essentially

by the 618

D of the external fluid reservoir; and by the
temperature of oxygen isotope exchange. It is therefore
pertinent to consider variations in the isotopic compo-~
"sition of naturai.;;ters in interpretation of the Al Hadah

data. This suﬁject has been efﬁensively studied by Taylor

and co-workers (1974). Natura# waters fall into five
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Table 32 Oxygen isotope analyses (in /oo SMOW) of ,
' whole rock powders from primary and altered -
rocks of the Al Hadah igneous complex.
A Y
Sample. description _) Sample number 6130 o/oo
. Primary * 7535 . . 8.47
57 8.17
¢ . 26 ) 8.26
Partially epidotized . - 62 4.78

Highly epidotized ' 7534 ~ 8.36
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[ -
distinct .categories on the basis of oxygen and hydrogen

isotope systematics; oceanic, meteoric, magmatic, meta-

»

morphic and evolved connate.
Ocean waters have a small range of isotopic

Iao, §D. During

composition, being defined as 0‘9700, )
evaporation of sea water and subsequent precipitation as
meteoric watef the light stable isotopes are progressively
enriched by kinetic isotope e;fects, following the Ray-
. 1eiqp distribution equation. Such precipitated waters

fall on a linear plot of &D against & °0,.where the

v

depletion;of heavy isotopes with.respect to seawater is
controlled essentially by climate.
Primary magmatic water exhibits a narrow range

by 6;8

0 and 6§D values (6180 = 6 ?{oo-é /00 SMOW) .
Metamorphic watersYhave a broad'iange of oxygen isotope
values from 5 o/oo to 25 o/oo (Taylor, 1974). Connate
or formation'waterslare'generally sgawatet trapped in
the éores of sedimegts, which may underéo enrichment of
the heavy isotope by oxygen exchange with sedimentary
minerais. However, Clayton et al.,(1966) obtained evidence
that many formation waters contain a significant component
of .isotopically light meteoric water.

" The oxygen isotope results for the Al Hadah
granitic rocks may be evaluated in the light of the fore-

going discussion. It is first hecessary to assume a

. \
3
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temperature for the metasomatic process. Thé epi&ote,
albite mineralogy is typical of a greenschist facies
metamoréhic assemblage, to which a reasonable tempera-
ture of 300°C-may be aséigned. If this value is assumed,
then the obse;ved Gletbdepletion in the epidotized rocks
is consistent with transport of isotopically light met-
eoric waters through the system, or exchange with for-
mation waters having a significant componen£ of meteoric

water. The recorded 618

0 values in epidotized granitic
rocks are not compatible with exchange with magmatic or
metamorphic fluids, which would yield'isotopic en;ich-
ment il the alteration zone, at 306°C.

Oxygen isotope exchange with seawater at 506°C
would yield depleted values relative to the primary
igneous oxygen, but this temperature is considered to
be,too high in relation to the alteration mineralogy. 
In addition, field evidence implies that the Al Hadah
piutons were not emplaced in a submarine environment.

" Recent studies by Taylor and co-workers (1974)
have emphasised the importance of the interaction of

meteoric water with epizonal intrusions emplaced in »

proximity to the terrestrimid suriggé;u The igneous

bodies act as energy sources to drive convective circu-

18

lation of meteoric groundwatér resulting in 8§70 de-~

‘pletion of the igneous rocks.




¢
Oxygen isotope data for altered rocks of Al

.Hadah are most consisteg} with this model. Further
evidence to support this interpretation is provided bn
data on the oxidation state of iron, which implies
transport of oxidising su&face waters tﬁfough the system

*

at elevated temperatﬁre.
Without a precdse knowledge of the primary 6180

value of the meteoric fluids, and the temperature of

ép;dotization it iqfno; poﬁsible to compute a water/rock

ratio for the alteration process.

6.6 Conclusion on the Process:

As discussed above, Ehe oxygen isotope data
'stronglf suggests that meteoric water is involved in the
epidotization process; magmatic water is virtually ruled
out as a possibie fluid source.

'Ingpeétion of the raw chemical data (Table 30), .

and the results of Gresens analysis of these data,

’
-

cléarly“indicates:
(a) that there is large calcium 'enrichment.
(b) sodium ana potassium are heavily leached. ¥
(c) iron is oxidized.
(d)vmagnesium is leached

(e) that silica suffers either considerable loss or

-smaller gaina. /

i

Returning to'the question of the alteration fluid

source, it should be noted:
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1 ; fluids coming from an igneous source must be
reducing and contain significant paqtial/pressq;es'
of h¥orogen (Carmichael et al., 1974).' |

2 = fluids from the granitic rocks must be saturated

with quartz - alkali feldspar (of pegmatitites)

and must precipitate these components along a

path of falllng temperature.
Thus such a fluid could not lead to Na-K or 8iog
leaching. Again, magmatic fluids appear to be excluded.
What is required appears to be a source of fluids with
oxidizing components (SO% ' 02) ani.; high ratio of ‘

2+ +

Ca /Na + k. Marine flu;ds are known to qxidize and
'albitize rocks (spilit&zation)7 Inspection of typical
ground and rivef water analyses, clearly show that, in these
" systems C§+ is the dominant cation and Soi_ exceeds
chlorine. Much of the data could thus be rationalized by'
massive flowtof high calcium ground waters along paths of
increasing temperature; ﬁhat is motion towards the granite
as has been well documented by Taylor (1974). The only
data found here which is ambiguous is that related to
5111ca content.v Water moving up temperature should leach
Si%; and alkali elements. Sample 58A clearly shows this
effect but the oeher pairs appear to show enrichment on -
the composition-volume didgrams whichnis'less obvious in

3

the raw data. fhrther work is needed to clarify this -

-
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aspect of the problem. The bulk of chemical data pre-

sented and the oxygen isotopes indicate that epidotiza-

tion may be related to fluid migration from near the

2

surface into the dry high-level intrusives. Concentra-
*

I
.

¢ tion-of Ehe process near late rhyolite dike walls may
indicate that such sites ac;ed as good channels for
such motion. This éoul& be related to extension frac-
tures filled by the dikes followed by volume contractions
as the maéma crystalli:es} If this ig sound, then ex-’

": tensive zones of epidotization around plutons may serve
as an indicaéion of the direction and extent of flui&'
flow into high-level granitic plutons. Fyfe (personal
9ommunication) has frequently noted extensive epidotiza-‘—

. ) tion*of’andesites around thé/granites of thé Sierra ’
- Nevada bathoiith. ’Some worﬁers have attribpﬁed epidote

Y .
concentrations to local calcareous patches in the contact

» rocks. At Al Hadah, the distribution of epidote rich

rocké is not in accord with such a model.

\
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CHAPTER 7

PETROGENESIS AND TECTONICS

¢

7.1 General Statement

The two major groups of raocks that composge the
Al Hadah Pluton are the dioritic group (aiorite + gabﬁro)
and the granitic group (granodiorite and monzogranite):
In Chapter 5 the geochemlstry of these two groups has been
discussed in detail. The dioritic group exh1b1t§ sone
similarities of chemistry to the Cascade andesites and
also to the basaltic andesite of S.W. Pacific island arcs.
The granitic group shows some similarities of chemistry to
the Sierra Nevada batholith. It has been concluded that
the djoritic group is equivalent in composition to the
Cascade andesite and also to S.W. Pacific island arc
basalfic andesite, and it thus seéms'possible that the
petroaenesiﬁ of the dioritic group is quite similar to the
petrogenesis of these rock suites. Slmllarly, the petro-
genesxs of the. granitic group m;y be equivalent to the
petrogenesis of bhe Sierra Nevada batholith. _In this
chapter the origin of \andesites ( -diorite) and granites
are reviewed, and the recont applications of plate tectonic

'modela,to the ‘Arabjian shield is dilcuased in light of the

176
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Al Hadah petrochemistry. ' .

.
-

7.2 Origin of Calc-Alkaline Andesites (=Diorite)

It ig difficult ¥o give a general model for £he
origin of calc-alkaline andesites, for there, is no universal-
ly accepted model which satisfies all oﬁ//he restrlctlons
of comp031t10n which have been determlned to date. The
principal‘hypofheses for the origin of andesites are as
follows: '

(a) Fractional Crystallization of Basaltic Magma

Bowen (}92§) suggested that andesites were derived
by fractional crystallization of basaltic magma, but
this expiénatio‘/requires tremendous volumes of parent
.basalts to yield the huge volumes of derived andesites

exposed on the surface Osborn (1959, 1962, 1969%a) also

r
suggested, on the basis of experimental studies, that
ande51te could be produced by fractional crystalllzatlon
of basaltic magma under conditions of constant oxygen
fugacity. An objection fo this hypothesis was raised by
Carmichael (1967), who concluded from expegiméntél work
that oxygen fugacity does not remain constant during
fractional crystalli;ation. Kuno (1966, 1968, 1969) also
proposed that andesitic magm;\may form by fractionation of

basaltic magma on the basis of field associations and the,

frequency of eruption of basaltic aigesite associated with

»
.



basalt and.andesite. The hypothesia of crystal fract-

N P

ionation has fallen to disfavor, and yet it is the only

rmdel which can be treated with any rigor at this time.

Perhaps the eruption of ?ndesite magmas, which are often
eccompanied by large volumes of'pyroclastic material,

requires a substantial amount of water, whereaslthe

relatively anhydrous more basic magma beneath it lacks

the propellant to achieve eruption; if it.can be shown

in future that the failure tq erupt largelvolumee of - A,

-

basaltic magma. in these andes t&c arcs is due to some

¢

property of the magma,s then pfuch of the current criticism

of the crystal fract:lmmm hypotheses (in low prgssure environ- -
ment) will be void (Carmlchael et al., 1974, p. 560).

(?) Contamination of Baealtlc Magma by Sialic )

Material
Daly (1933) advanced a hypothesis to account for -

the predominancerf audesite, saying that andesites
represent basaltic maéma with the addition of sialic,
crustal materiel This suggestion'has been‘subsequently :
developed, and 1s supported by a number of petrologlc ..
studles conducted by Tillty (1950), Kuno (1950, 1968),
Waters (1955a), Dickinson (1962), Hamilton and Myers
(1967), Ewart and Stlpp (1968), and Peterman et al. (1970).
However, this hypothesls has been refuted for the following

reasons: i) Andesites are fouhd in volcanio island arcs




1

wﬁich are built on Qceanic crust, and geophysical and

chemical dat3 imply that there is no undérlying crustal’
‘material (Gorshkov, }965) ii) The trace element conte;t
of andesites are not compatiple with assimilation of
la{ge quantities of crustal materials (Tayloxr, 1969;
Hegge, 1969;. Hedge anduPeterman,.l969) and iii) Thet‘
strontium isotope ratios are lower thah they should be if

]

basaltic magma were contaminated by crustal material. -

86 ratios are not much different

Moreevér, the Sr87/Sr
from ratios for tholeiites of Hawaiian Islands‘wherb
sialic‘crust is generally believed to be absent.’ Further-
more, a desailed study carried out by Brooﬁs, et al.

86

(1976), to find “the cause of ‘the high srd /Sr ratios in

~ . ik'CenozoiG'andesites and dacites of southern Peru, led them

- . to rejeeﬁ crustal contamination-as a plaﬁsible me:ﬁanism
fof the iarge'recorded value.

) (c) Partial Meltlng of Mantif Materlal
Kushlro, et al. (1968) and Kusplro (1969), showcd

that andesitic llqulds could be obtained dlrectly by
partlal melting of the .upper mantle in the presence of ,
sufficient amounts of water. Green and Rlngwood (1968) .
suggested on the basis of their hlgh-pressure experimental’ .
*studies that calc¢c-alkaline andesites were formed at depths of
.80 to 150 km by partial melting of quartz~eclogitejfor, at

- ot - .
depths of 30 to 40 kmr by partial melting of amphibolite .
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. and gabbro. On the other hand, on the besfs‘of experi-
mental work, Yoder (1968) pointed out that calc-alkaline
andesite magma can be derived diréctly from the mantle
peridotite under hydrous conditions; and he emphasised.
the specific characterisitce of andesitic rocks such as
over-all high alumina content, the common presence of'
hydrous phenoc¢rysts aof hornblende which indicate the
meortance of high water content at high pressuree. ”
McBirney (1969b) haa suggeeted that abundant water might
enter the mntle deep beneath eruptive arcs. The water
might readily flux the ‘hot mantle which is already near
its liquidus temperature. If these speculations are
correct, according to McBirney (1969b), basaltic parentage
for andesitic magma is not required Recently, Brooks
et al. (1976) concluded from their study on ieotopic
pseudoieodncn of various magma products that the source
for these magmas night have been an ancient Iub-continental
lithosphere which is isotopically enriched and grossly
heterogeneonl. If this anciént lithosphere participates
in younger uhqnatis-;‘{hea the volcanic products will
contain isotopic evidence of the "prehistory” of the
source regipn.» \ ‘ |
(@) Melting of the Descending Oceanic Lithosphere
The intimate alnczietion of calc-alkaline andésites
with dencending oceanic plates (i.e. luhduction zones) is
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gso well established (Isack et al., 1969; Barazangi et al.,
197@5 Dickinsoﬁ and Hatherton, 1967; Dickinson, 1970),

>

that Eherg is a tendenéy to assume the pFesenCe, or
recent occurrence of a subduction zone under andesitic
volcanic chains that are not associated with deep seismic
activity (Carmichael et al., 1974, p. 530). The oceanic
plate§ are,believed to begih'their descent where they
ﬁeet‘either a continental plaée-(e.g. the Andes of South
Americ;) or another ocegnic plate (e.g. Marianas arc).
This close association between the forqation of calc-
alkaline andesites and subduction zones 'led to a number
of recent hypo;heses for the origin of these magmas above
'subduction zones. Some of these hypotheses are supported
by experimental evidence. .The idea of the genesis of
P andesite mgqma from_the partial melting of the downgoing
oceanic plate has been developé€d in' recent years and has
seéome accepted by many vorke:; (Sykes, 1969; Gilluly,
1969, 1971; Press, 1969; Hamilton, i969; Green and Ringwood,
1969; Souther, 1970; Dickinson, 1969, '1970a; FPyfe and
. McBirney, 1975). ‘Ringwood (1974), on fhe basis of recent‘
-studies in experimental pet‘?logy has suggested three
.mechanisms for the genesis of orogenic volcanic series:
i) partial melting ,of anpﬁibolite. ii) partial melting of
quartz eclogite. iii) Direct partial’uelting of unfract-

ionated primary mantle (pyrolite) under. conditions of high
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load pressure and high water pressure. According to
Riogwood j1974) all these three processes are important
and piay complementary roles. The common feature for all
three processes is the neccessity of( high load pressures
and high water vapour pressure. Moreover, he euggested
that the generation of high water pressure in the mantle
source regions was caused by the introduction of water
into the mantle by the subducted lithosphere. Ringwood
(1974), proposed two idealized models to explain the two
s

phases (tholeiitic and calc~alkaline) in reI;Z}Qn to the

location of volcances with respect to the Beniofg\bone.
In the first model (Fig. 105a)the'subducté; lithospgere
‘descends and‘starts’to heat up, at the stage where'tes
crust ieached a depth of 100 km, A large amount of the
water produced by the dehydration of amphibolite in the
slab rises into the mantle above causing a drastic decrease
io the visoosity and initiating tde uprise of pyrolite
from the Benioff zone. Partial melting occurs in the

, rising magma diapirs in the presence of high water vapour
pressure, leading to the separation of hydrous tholeiitic
magmas and this represents the early tholeiltlc stage of
island arc development. The second model (Flg. 105), at
greater depths most of the oceanic crust will have been

converted into quartz eelogite. The dehydration of serp-

entinite and its high pressure derivatives maintains a
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high P throughout the crust in the depth range 100-
Ho0 +

300 km, As the temperature in the crust rises above ~—

750°C, partial melting 6f quartz eclogite occurs, leading
to the development of rhyodacite-rhyolite magmas, par-
ticularly in the 100-150 km depth interval. These liquids
will rarely reach the surface, but will more likely react
with overlying mantle pyrolite, converting it into a |
garnet pyroxenite. The pyroxenite bodies will possess a’
slightly lower density than surrounding pyrolite. Moreover,
the addition of water makes these pyroxenite bodies highly
mobile. As a result, diapirs of hydrous pyroxenite are
detached from the Benioff zone and undergo partial mélting
as they rise. During their ascent; these magmas will
fractionate giving a wide range of orogenic-type magmaé
possessing calc-alkaline character{Qtics. Thus according
to this model, calc-alkaline magmas-:are derived from two
distinct sources -~ by partial melting of the sﬁbducted
oceanic crust and by partial melting of the pyrolite wedge
overlying the Beniéff zone. A
Another possibility is generation of andesitic magma‘byu
fusion of ocganic crust and some of its veneer of pelaq%c
sediment in a subduction zone (Carmichael, et al., 1974,
p. 562). '1f chemically unaltered abyssal tholeiite re-
tainiﬁg its typica1’8r87/5r86 ratio of 0.7026 is the main

component of the crust, the' value of 0.704 typical of island'




arc andesites could be achieved by incorporation of

the overlying sediment 1Sr87/Sr86 = 0.709 [Armstrong,
1968])). There are no unequivocal data to support or

refute the sibility that pelagic sediments are in-:
volved 1;’:i:Bprocess of magma generation (as suggested

by Coates, 1962). Church (1973) concluded from experi-~-
mental studies that very mincr amounts (less than 2
percent) of pelagic sediment are involved in the genesis

of andesitic magma of the High Cascade. A similar con-;
clusion, concerning the minor contribution of pelagic
sediment to the generation of megma in the Tonga Arc, .
was reached by Oversby and Ewarc (1972). A quite different
point of view has been éiatedrby Sibley and Vogel (1976):
"Pelagic sediments in contrast to other sediments, are not
usually recycled;.most are subducted and'thefefore act as

a geochemical sink." -

Fyfe and McBirney (1955) argued that the amount of water
carried to greater depths is largely a function of the
amount of potassium in the rocke, and the dehydration
process ocgurs in two main/zones: a shallow one where
amphibole, muscovite, talc and serpentine become unstable
and a deeper one where phlogopite breaks down and the
proportion of water released in the two zones is largely
related to the potassium content of the system. Futrther-

more, the dehydration process is strongly endothermic and
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wlll tend to prolong the stability interval of hydrous
phaées to‘greater depths. They also concluded that the
rate OE.Magma generation must be a direct function of the
amount ;f phlogopite andsin turn the amount of potaesium

gxiginally in the sedfﬁents and alkali-rich basalt of the

descending slab.

7.3 Origin of Granite

This discussion on the origin of granites is not
intended to be a’%omprehensive review because the subject
has been dealt with ig.detai} (Gilluly, 1948; Read, 1957; -
Mehnert, 1959, 1968; Winkler, 1967). 1Its purpose is to
present a short review of fecent hypotheses on the possible
sources for granitic magma. At the present time, there is
little support for the once popular genetic model which
derived great volumes of granitic magma by fractionation
of parental basaltic magma (Bowen, 1928), nor for the

alternative hypothesis that postulated metasomatic grani-

tization on a large scale without the participation of

~granite melts (Perrin and Roubault, 1949; Perrin, 1954,

1956; Read, 1957; Barth, 1948;.Raguin, 1965). Recent
hypotheses for the origin of granitic magmas are:
(a) Partial Melting of Sialic Crust (including Geo-
synclinal Sediments):

" This model argues that granitic magmas are derived

’
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* from partial fusion of the lower part of thé crust

including the thick.gccumulations of geosynclinéf sedi-

ments ana volcani¢ rocks. During buniak,zthese rocks

become metamorphoséh and partiall§~dehydrétéd, and will

be subsequently heated and start ﬁo yield liquid ‘fractions

of granitic composition. This model is widely accepted

by many workers (Batgman ané Wahrhaftig; 1966; Hydnman,

1969; Bateman and Dodge, 1970; Wollenberg and Smith), 1970).

Pitcher and Berger (1972) concluded from studies of

the Donegal’Granités, that thése granites were produced

by remelting of the sial, andldurihg ascent the composi-

fion was diversified by processes pof contamination.

. The processes involved iﬁ generation 6f granitic
magmas as envisaged by Fyfe (%370) and Brown and Fyfe
(1970) are\;s\folloﬁs: before melting starts the sedimen-
tary rocks must be depressed into domains of ﬁigh grade
métamorphism and these rocks must.reach the amphibolite
or granulite facies. Water in these rocks‘i; present in
hydrous minerals such as bioti;é, hornblende Q£ muscovite.
"As these metamorphic récks become progressively buried.
and héated,,an initial liauid fractiqn would be produced
depénding on the amount Sf muscovite present followed by

a biotite fraction and finally a hornblende fraction.,"

The shaded area in Fig. 106 shows the major production

area of large masses of granitic liquids. If these
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liquids formed are sufficient they will start to invade

the crust; if not, they ﬁill‘accﬁﬁulate until they are .
able to overcome ;he forces resigtang to upwafd mqtion
(Brown aﬂd Fyfe, 1970). It is importént tovnote that the
melting of hydrates occurs oﬁ purées having a positive
slape (g%).

Pitcher (1974) conclu&ed that the yesozoic and
Cenozoic batholiths of Peru were produced B;Lrggglting of
the crustal material by the héat‘and volatile input of
rising magmas generated ig ﬁhe Benioff zone, .and such 5
process can lead to the production of a normal calc-
;lkalin?_sequence, in the order of diorite + quartz
diorite *apgnalite + granodiorite. This model is also
accepted by Cﬁbbihg a;a Pitcher (i972a) for the generation
of the Coastal Batholith. A

o Chapell and White (19f4) have distinguighed two
types of batholiths that they interpreted as being derived
by partial melting of either sedimentary.(s—type) material
or mantle-derived igneous (I-type) material. Green (1976)
’tested the broposal that specific S-type granites weEé
derived by partial melting of pelitic rocks. He confirmed
that the fusion of pelitic rocks with 2 and 5% H20 at |
pressures of 4, 7 and 10 Kb, produces granitié ;iguids.

Wyllie (1977) reviewed the \experimental studies

in the synthetic systems An-Ab-Or-Qz-H

-~ -
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2 2O and concluded that these studies showed the

Sio,-H

dominance of feldspar and quartz assemblages in crustal

anatectic processes, and the role of hydrous materials

such as muscovite. The normal product of regional meta-

morphism is Hzo—undersatdrated grauitic liquid. Liquids
':" of granite comp051tlon trend towards a granodlorlte

composition with increasing temperature or pressure

(loc. cit.). Liquids of tonalitic and dlorltlc comp051t10n

cannot be generated by crustal anatex1s under condltlons

of normal regional metamorphism (contrast to Fyfe, 1973)'

and thesexqﬁmws must represent c;ystal mushes, unless

there has been 31gn1f1cant contributign of heat and materral

*a

y from less silicious magmas generated in subducted oceaa "
crust and mantle peridotite (Wyllle et a%., 1976; Wylrle,"
1977). More basic magmas rising from the mantle could c
differentiate into tonalite by the time they enter the
crust or within the crust. . b
t (b) Partial Melting of the Oceanic Crust:

Partial meltiné of ocean basaltic crust or upuer
mantle—lower crust uas been suggested by Hamilten and . »
ﬂ‘(yers (1967) as another possible source for*granltlc

.magma. Partial melting of the upper mantle occurs above

a subduction zone where the oceanic plate descends below ; ,

a continental margin (Hamilton, 1969; Gilluly, 1967;
1

Dickinson, 1970). Hietenen (1973) concluded that the
p .
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granitic mégmas of the Sierra Nevada, California, were

4 ’ . generated by mixing magmas formed by anatexis of lower
crpst and magmas formed by partial melting of the mantle
and the subducted oceanic crust below. This hypothesis
of partidl melting of the mantle is favoured by a number
of workers, and wvery recently Brown (1977) suggested a
mantle origin for the~Cordilleran granites, based-on
strontium isotope data. Sr isotopes have been utilized
by many workers as a helpful guide to solve the problem
of qavmas. However it may be misleading to rely completgly
on Sr isotope data in éhe interpretation of the source
rocks for granite, ai argued by Carmichael et al. (1974)
"The*isotoplc composition of lead and strontlum in granltlc

rocks cannot be used alone to identify source rocks nor

-~

to locate these at specific’levels within the mantle or?
deep crust.‘ Armstrong (1977) confirmed this fact by
~saying that the Sr ratioélof many rocks are better }ndi—
cators of the nature of the encloéing crus:’than of the
magma source at depth, and this restriction may also apply
to all isotopic and trace-element characteristics. Fyfe
(L977)’argued against Broyﬁ!s ﬁypothesis,'saying that

the Cordilleran granites are possibly best described as

"the product of mixing of the fusion products of con-
¢ .

tam;nated mantle and crust."
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Collection and Ascent of Granitic Liquids:
The problem of collection and ascent of these

granitic liquids are considered by Elsasser, 1963;

Ramberg, 1967, 1970; Fyfe, 1970; Brown and Fyfe, 1972;
and Fyfe, 1973. If small volumes of material are to
collect and move, either the viscosity of the lower crust
must decrease or generation of a permeable system is
necessary (Fyfe and Brown, 1972). The melting process
itself will lead to the neces;ary lowering of viscosity.
The 1owering“o§,the wiscosity will lead to the separation
of. molten lower crust from ghe soiid and lesé-dense
liquid and as a result a clean melt layer bounded by high
viscosity upper crust will be formed. The fluid dynamic
theory discussed and illustrated by -Ramberg (1967) showed £
that such a gravifationally unstable layer will spbntaneously
develop perturbations. These pér?urbations amplif& to the
" point where they detach off and move upwards. Small masses

e t
would move slowly and cool rapidly and their chances of

high level intrusion would be small (Fyfe and Brown, 1972).
In the lower crust a liquid drop rises by plastic deforma-
tion of the surroundings, while near the surface, brittle

processes become dominant accompanied by stoping and

-

fracture (Fig. 107).
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7.4 Al-Hadah Granite in the Light of Granite Hypotheses:

To conclude this short discussion on the possible
origin of granites it seems that the granitic rocks of
Al Hadah Pluton possibly fit within the model which
invokes anatexis of the lower crust (Pyfe, 1970; Brown
and Fyfe, 1970; Fyfe and Brown, 1972; Fyfe, 1973). A
simil;r conclusion was reached by Nagseef (1971), and

‘Nasseef and Gass (1976) from their studies on At Taif

) Granites in which they concluded that these granites

were ‘produced by partial fusion (anatexis) of the lower
crust. PFurthermore, enplicement of Al Hadah and At Taif
granites in an ardi of high regional metamorphism support -

the conceét of anatexis.

8] \

v

~7.5 Some Quantitative xipoctﬂ’pf Granitic Magmas:

The granitic rocks Of Al-Hadah region have been
affectid by assimilation. Secondly, igﬁeous layering |
has been observed in the monzogranite. These features
are discussed and explained in the following éuantitative
examples: ' '

(a) Assinilation:

It has been concluded in'Chapter S that contamina-
tion has played an important role in the ewolution of the
dioritic and granodiorite rocks of Al Hadah Pluton, thus o

it is .sslewant to discuss the ability of granitic magma
. - - - £
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(in general) to assimilate a country rock. The assimila-
tion process involves heating the country rock from its
initial temperature Ti to the temperature where it melts
Tm. For most country rocks the melting temperature will

be near the melting temperature of the granite itself.

To heat the country rock the energy required is equal to
the heat capacity, Cp, times the difference in temperature
between the initial and melting temperatures of the country
rock (Tm-Ti). Ve mqgt also take into consideration the
latent heat of fusion which to a first approximation could
be ignored, for it could be compensé;;d for by an equal
amount of latent heat of crystallization of the initial
granite-melt. Thé ability of a granite magma to assimilate
depends primarily on its supe}heat which is equal to the
difference between'the freezihg temperature and the
temperature of ascent (Tm-TA), (Fig. 108). The superheat .
is dependent on the ascent velocity; if the ascent was
fast, the mé}t formed at the melting region (X) will hardly
cool down and it will arrive at the surface c}ose to its
maximum temperature Tma; or to the same temperature where
it ‘'starts to melt, Tx' The slope of the melting curve for
granites, g%, is positive (Fyfe, 1973)\:nd is.about 100°C
for 10 Xb or 30 km (See Pig. 106). Thus, if a melt rises
from l&& 40 km having a temperature T> 800°C and rises

rapidly towards the surface .( 10 km) its freezing

)
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temperature will be about 700°C. It then has a maximum
superheat of 100°C or 3 heating ability of Cp x 100.
Assuming that Cp (liquid) is similar to Cp (solid)
(Carmichael, et al., 1974, p. 126), then we can write

»

the assimilation equation:

-

Q (quantity assimilated)a Cp x100 --- Therefore a

Mcr (mass of country rock)x (Tm - Ti) = Mliq. (mass of

granitic iiquid) x 100. Let us assume that the melting

%

temperature of the country rock T _ = 800°C and its initial

e
temperature Ti = 400°C (at a depth of 12 km), then:

M _ x (800-400) = M

cr lig. x 100 ---'‘or

M _=1/4 M,, --- that is 25% assimilation
cr liqg.

or contamination.
Under these conditions the granitic liquid could assimilate
25% of the counfry rock by the time 25% of the granite
liquid is frozen, to compensate for the latent heat of'
fusion. Let us take another example where the initial
te;perature is Ti = 200°C (at a dépth o§ 7 , then

Me

r

= 1/6 Mliq or 17% contamination.

It is noteworthy that because rising granites must be
rather dry (Fyfe, 1973), most country rocks will contribute

water to the melt and this will lower the real freezing
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temperature. Therefore, the assumption of very rapid
rise leads to overestimation, but the additid% of HZO
leads to underestimation. The maximum figure could be
conservative. // : ‘

Thus, we have seen from the quantitative examples
given above that a granite liquid could readily assimilate
the country rock to various degrees, depending on the
superheat and the depth at which assimilation occurs.

(b) 'Settling Rates of Xenoliths in Granitic Liquids:

Since numerous xenoliths were observed in ﬁhe
granitic rocks of Al Hadah éluton, it is worthwhile here,
to discuss the rate of sinking'bf xenoliths in granitic
~ magmas in general.

N,
This rate could be obtained by applying Stoke's law:

2.g.r2.(Ao)
9.n

vV =

where V

N
by

isthe rate of sinking; g, accele;ation of gravity ( = 103

cm sec_z); r, the radius of the object or inclusion (let
us assume a value of 10 cm); Ap, the difference in densities

between that of the inclusion (= 2.8 g cm™?) and that of

3

the granitic melt (= 2.4 g cm ~); n, the viscosity of

granitic liquid which varies between 106 (for wet melt)

4]
10 1

to 100 poises (=g s™! em™l) (for dry melt) (Carmichael,

et al., 1974, p. 144).
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fn the -first case where the viscosity of the
granite is l&ﬂ poises (8yy granite) the velocity of
sinking (V) will be 300 cm year-l; while in the other
ca;e where the viscosity is 106 poises f{(wWat granite)
the rate of sinking (V) will be faster (3 km year-l).
These calculated examples show that xenoliths sink very
fast in granitic melt and it is very possible that large
blocks of the country réck'could'bé assimilated during
sinking through the granitic magma.

(c) Convection of Granitic Liquids: s

The chemical and mineralogical data for the grano-
diorite and’monzogranite of Al Hadah Pluton, show that
these rocks were relatively homogenous in compasition,
secondly the monzogranite showed some local graded layering.
(The origin and description of these layering have been
studied in full detail by Hadley and Greenhood,‘1976.)’
These features could be explained in terms of the ability
of granitic magma to convect and mix. Could a granite
magma-convect? The ability of any fluid to convect de-
pends on its Rayleigh number* (Elder, 1976), a dimension-
less parameter which is defined by by the following gormuia:

t
™

-

* Rayleigh number: is a measure of the effectiveness of the

buoyancy forces acting against the combined resistance to
. .

motion of viscosity and the diffusion of temperature

variations by thermal conductivity (Elder, 1976 p.53).
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~ 3
Ra = Y.g9.AT.h
K.n

where vy
is the coefficient of expansion (= lO-S/C?); g,/the,

acceleration of gravity (= 103 cm sec-z

Y; AT, the
temperature difference across the body (let us say 10°);
h, the dimension of.- the body; K, the thegyal diffusivity

3. 2 6

(=10 om sec-B; n, the kinematic viscosity (= 10 10

-10
stokes). If we take an example of a granitic mass 1 km in
diameter (105 cm) , substituting the assumed values in

11_107.

this formula will-give a Rayleigh number (Ra) of 10
This value for Ra coincides with Elder's.(1976) third
category which is defined by Rayleigh number (Ra)> 105 .
in which-case we get "vigorous non;steady convection

dominated by‘an'apparently chaotic eddying motion with

eddies of a wide range of sizes." Thus, Ehis calculation
shows that granitic magma gan vigrously convect under the
assumed conditions. Therefore, it is no wonder that

granitic plutons are contaminated and show evidence of

flow structures (e.g. the layering in the monzogranite).

7.6 Tectonics of the Arabian Shield

One of the dominant pfoblems of modern earth
science involves the search for evidence concerning the

time span of moderdutype plate motions. All major

tectonism is closely associated with thermal structures

L
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and pattérng in the upber mantle and hence with igneous
. <
activity. Hargraves (1976) has put forward a convincing

case for different tectonic styles in the Archean’(;ee
also Kroner, 1976); tectonics as discuased. by Ramberg
involving vertical and horizontal motiéng of com-
parable scale and wavelength. The modern étyle is one of
large scale;horizontal motions resulting from vertical
mbtions (at ocean ridges and_;ubduction zones) at restricted
reqiéné. At éﬁe present time a great deal of information is
accumulating from regions influenced by Pan-~African struct-
ures. Thege structures formed at a time which straddles
the Broterozoie-ﬁhaperozoic time periods, apéear to
represent a period when modern styles were initijiated.
Part o£ the disqussion is well summerised by Shackleton
(1976) : "A large proportion of the African crust yields
Pan-African radiometric a§es (650-450 Ma). The Pan-African
domains (Fig. 109) form a network of mobile belts surroundiﬁg
cratons which remained relatively stable’, cool and undeformed.
The crust in the Pan-African domains had a similar previous
" history to that in the cratons. There is no process of
cratonization and no progressive increase in crdatonic
dimensions, only a ptogreésive reduction in the area un-
affected by Quccessive déformations. No tectonic,
sﬁructural, stratigraphic or pqleomagnetie data'sugéest

~ - L
large~scale plate motions. No cqpvincing ophiolites or

-
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sutures haye been recognised within Pan-African domains.
. A} D .

"In situ' deformation rather than collision orogeny seems
probable.”

The application of moderﬁ-type motions to the
Arabian Shiek? has been taken into consideration very
recently, and in fact, the interpretation of ﬁhe tectonics
of the Arabian Shield in terms of the modern theories
developed during the last four years by a number of workers
(Greenwood and Brown, 1973; Greenwood et al., 1975; Al-
Sh;pti and Mitchell, 1975; Bakor and Gass, 1976; Nasseef
and Gass, 1976}4Marzouki and'Fyfe, 1977).

The Arabian Shield and NE Africa are characterised
by ; marked abundance of granitic rocks (Nasseef and Gass,
1976). As one of the primary locations of acid magm¥ism
in the present day tectonic eﬁvironments is above sub-
duction zones, thué speculations and hypothesis of a
possible island arc model were envisaged for parts of the
Arabian Shield (Greenwood and others, 1975; Baker and
others, 1976; Nasseef and Gass, 1976’Marzouki and Fyfe,
1977).

Greenwood and Brown (1973) related their findings
of -an increase in the ratio K20/R20.+ Nazo, accompanied
by an increase in the proportion of granite to diorite -

exposure, from the southwest to the northﬁeqt, to a possible

eastward dipping subduction zone. Though the rock types of
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the Arabian Shield are similar to those found in areas

of subduction zones, still, this hypothesis needs a lot
more chemical and structural data (loc. cit.). Later, '
this hypothesis was developed by further studies carried
oug by. Greenwood and others.(1975) in which the southern
part of the Arabian Shield was identified as a cratonized
intraoceanic island arc (loc. cit.). This represents a
different éoint of view of the situation as seen by
Shackleton (1976). This cratonizqtion process was
episodic and evolved, as envisaged by Greenwood and
others (loc.‘cit;) through "extensive volcanism and
cannibalistic sedimentation accompanied and interrupted
by the intrusion of large volumes of plutonic rocks and
associated tectonism and metamorphism”". They (Greenwood
and. others, 1oc.)cit.) confirmed the northwest trend

and eastward.dipping Benibff'zone for the proposed island
arc suggested by Greenwood and Brown (1973). The episodic
character in the Arabian Shield orogeny sqggests that
subduction of the oceanic plate was also episodic aﬁd b
such episodic activity is common in subduction zones
associated with modern isiand arcs. Similar conclusions
have been reached by further studies carried out in the

northern part of the Arabian Shield (Rexworthy, 1971;

Bakor, 1973; Neary, 1974), the eastern desert of Egypt
! ;
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(Garson and Shalaby, 1974) and in the NE Sudan (Gass and
Neary, 1976). All these studies called for the cratoni-
zation of oceanic island arc systems. Recent work on
outer arcs and collision belts provided possible models
for the evolution of parts of the Arabian Shigld. This
type of model led Al Shanti and Mitchell (1975) to propose
that "the thick volcanic, volcaniclastic and sedimentary
succession of the Proterozoic Halaban Group in the east of
the Shield is intruded by syn- to late-tectonic plutons

and resembles Cenozoic subduction-related magmatic areas".

On the other hand, and along with this type of investigation,
other workers were looking for basic-ultrabasic and possibly
ophiolitic suites, if present, associations in the region
(Bakor, 1973; Neary, 1974; Bakor and others, 1976; Garson
and Shalaby, 1974). Bakor and others (1976), on the basis

of petrographic and geochemical data identified the mafic
and ultramafic complex of Jabal Al-Wask (NE of the Arabian
Shield) as an ophiolite formed in a back-arc environment.
Furthermore, several ultramafic zones lying in a NW-SE

' zone across Western Arabia and northeast Africa separated

by a granite,basement (Pig. 110) believed to be formed by
cratonization of island arcs (Bakor and others, 1976).

Thege ultramafic zones are sutures between these arcs and
- - they. represent lithosphere remnant of back-

arc seas (loc. cit.). A possible model explaining the
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mafic zones.
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Fig. 110 . Distribution of mafic-ultafmafic complexes

and zones in western Arabia and northeast
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+ Africa. (After Bakor, et al., 1976).




presence of’ these suture zones is glven in Figqg. lll

The lack of any paleomagnetlc data which suggest
lerge scale plate motions (Shackleton, 1976) suggests
that a paleogeogeographic situations similar to that of

present day south-west Pacific might have existed (Bakor

and others, 1976; Marzouki and Fyfe, 1977).
[ ] . B

7.7 Discussion:

On the basis of similarities 'in composition,
rock distr*‘u&ion and orair‘of emplacement between the
plutonic rocks of Al Hadah region and rockt—emplaced in
subduction zones, it appears that the Al H:;ah plutonic
rocks are typical of a’subduction environment under a
continental crust. The source‘fon the magmas that pro-
duced these rocks involved both partial melting of the
subducted materlal and partlgl\meltlng of the contlnental
crust. The sequence of the fﬁéks present in Al Hadah
pluton could be explained by the model given in Fig. 112.
In the first stage,'when the ocean crust descends with
its.pelagic sedimenﬁs‘to deeper levels it starts to melt
producing andesitic liquids which rise to the sﬁfface.
Parts of these endeéites were trapped in the crust and

‘formed the dioritic rocks. In the ‘second stage, as a

- -

consequence of the huge deposition of andesltes, the con-

tlnental crust will be loaded and gets thlcker. In the
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(1) Andesitic magma startsto form from the
descending ocean slab. The traped andesite
(cross-hatched area) produced the dioritic
rocks.

2% 2 \
l-'-"\“/\"\
iy ‘I,..\" - "‘-.
CONTINENTAL CRUST

- - .

/ .
(3) Due to heavy loading and high heat flow,

the base of the crust starts to melt to

give granodiorite and later on the grano-

diorite will differentiate to give monzogranite,

Figld12, A schematic model illustrating the .tectonic
environment and the generation of the  different
Ragmas,
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third stage, as a result of crustal loading and the

high heat flow produced below, the pase of the crust will
partially melt producing the grahodiorite and finally its
differentiate, the'monzograpite. These magmas will collect
and stért to ascend according to the model p;esented in
Fig. 107. During their ascent these magmas were partially
contaminated. Similar conclusions have been reached by
Nasseef and Gass (1976) for the origin of At Taif granites.
Tbe repetition of similar sequences across the entire
Arabian Shield and the presence of three parallel N-§S
suture zones established by Bakor and Gass (1976) suggest

a process involving minor continental collisions involving

closely spaced ocean basins.




CHAPTER 8

@

CONCLUSIONS

Al Hadah igneous complex was formed during the

Pan Africdan. orogenic events ( 600 my) and consist
of a series of andesitic to rhyolitic dikes and
intrusive rocks, which are emplaced in an ambhibo-
lite and quartz feldspathic gneiss country rock.

The intrusive rocks appear in the following sequence

(from oldest to youngest) : gabﬁro + diorite + grano-

diorité~s biotite monzogranite.

Chemically, these plutonic rocks were divided into
two groups: the dioritic group (diorite + gabbro)
and the granitic group (granodiorite + biotite
monzogranite)., These two groups showed different
differentiation trends thus indicating separate

magma sources.

The al Hadah plutonic rocks are compara-
ble to shosg of Sierra Nevada and some of the coh-

tinental subduction environments.

v




(4)

(5)

The study of the metasematic alterations, which

involved the replacement of plagioclase by epidotes,

indicates that large amounts of oxidizing surface
watérs set into convective motion by the cooling
plutons below were involved. The alteration process
was approximately volume for volume. Ca and Fe were
the main elements added whereas Na and K were depleted

from the system.

The plutonic rocks of Al Hadah séem to fit to a
modern subduction model with the exception that the
scale of both plates and motion were smaller than
that of present time. The magma source involves
both partial melting of' the subducted material and

partial mel¥ing of thehcontinental crust.
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(1) SAMPLING:

Fresh samples were collected mainly along the
highway cutting across the different rock units of Al
‘ipdah area. Samples were collected at an interval of

about 100 m. »

(2) . ANALYTICAL METHODS:
(a) X-Ray Fluorescence Analyses:

Fresh representative sgmples (about 500 g) from
the different rock types were selected, crushed and
grounded in a Bleuler Mill to about 200 mesh. Powder
and fused pellets were made from the powder of each sample
according to the method of Norrish and Chappell (1967)
and Norrish and Hutton (1969), respectively.

All analyses were doné on a Philips PW1450 AHP
automated X-ray fluorescence spectrométer. The standards
used were: FS572 (for all major elements except Na), GA
(for Na), AGV-1l (for Ba, Sr and Zr), GSP (for Rb) and
VSN (for Y). The chemical composition (in wts &xides) was
determined from the absorption values gsing a computer
program obtained from Dr H. Hunter, University of ﬁéstern
Ontario. The analysas are accurate to within 1% of the
amount present for major elements except Na and to within

108 of the amount present for trace elements and Na.

3
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(b) Determination of FeO:

FeO was volumetrically determined by the method
of Wilson (1955).' The analysés are accurate within 5%
of the amount of Fe0O present.

(c) Determination of Volatiles:

The total volatiles for all the chemically analysed
samples were determined using the method of loss on
ignition (LOI). About 2 g of sample was weighed, igpited
at about 1100°C in a porceh:’ crucible, cooled in a ,

dessicater -and reweighed. The weight loss was assumed to

be due to volatile loss (= LOI).

R BART, e Kk
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Y , Gabbroic Rocks

Sample #

Sio
TiO
Al
Fe%83
Feo
MnoO
Mgo
Cao
Na20
K20
P205
L.0.I
Tptal
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0.1 5.0
0.2 0.2
8.1 6.3
9.6 9.5.
2.8 2.6
0.4 0.8
0.2 0.2
1.22 1.79
8.88 99.19
3.57
- 4,85
22.56
33.74
10.56
14.77
.14
.34
.50
TRACE-E
195 203
236 311
91 16
11 -
109 78
nd 24
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TABLE 1B (cont.)
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TABLE 2B
DIORITES
Sample ¢ 77 69 a0 87 80 65 -
.
5102 50.9 51.2 51.6 52.6 53.2 53.5
Tioz 0.7 1.85 1.4 1.7 1.2 0.85
Al203 17.5 15.8 19.4 l16.4 16.4 20.6
Fe,03 3.1 3.6 4.3 3.5 4.4 3.3
Fe0 4.6 8.3 6.5 8.6 6.5 4.9
MnoO 0.2 0.2 0.1 0.2 0.2 0.1
MgO 8.2 4.2 2.5 4.3 4.7 4.6
Cao 10.4 7.6 5.5 7.8 7.4 8.7
Na,0 2.3 4.7 4.5 2.8 3.5 3.3
K70 0.8 0.8 l.2 0.5 0.5 1.2
P05 0.2 0.4 0.5 0.4 0.2 0.3
. L.O.IX 1,67 1.2 1.88 0.77 0.5 -
Total 100,37 99.9 99.38 99557 98.7 101.3
NORMS (CIPW)
Q 1.80 - 4.00 8.90 7.40 3.00
or 4.80 5.0 7.27 - 3.00 3.01 7.00
ab 19.71 40.6 39.0 24.00 30.15 27.71
an 35.52 19.7 24 .66 31.07. 28.06 37.30
di . 12.31 13.0 - 4.53 6.51 2.69
hy 19.50 6.2 12.8 19.18 15.57 15.27
ol - 5.7 - = - -
nmt 4.55 5.3 6.39 5.13 6.50 4.70
il 1.35 3.6 2,73 3.27 2.32 1.60
ap 0.48 1.1 1,21 0.96 0.48 0.77
cor - - 1.93 - - - - -
¥
TRACE ELEMENTS (PPM)
+ Cr 464 11 " 6l 30 N 61 99
. ‘ Ba 429 737 604 252 535 389
. Ni 81 21 14 -5 39 , 28
Pb nd © 10 nd nd nd nd
Ir 54 - 860 " 61 230 74 .
Y . 20 nd 46 34 60 . 21 ~
Sr 709 - 1094 436 345 778
Rb 10 17 24 .7 3 31

Aa]
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TABLE 2B (cont.)

Sample #
SiO2
TiOz‘
Al1203
Fe203
FeO
MnoO
Mgo
Cao
Nay0
K70
P205 .
L.0.I
Total
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Cr
Ni
Pb
Zr

Sr

89 84
54.1  54.9
1.1 1.28
15.7  15.6
2.5 2.8
6.2 6.6
0.2 0.2
5.6 5.2
8.9 7.3
3.2 4.6
0.5 0.6
0.2 0.2
0.72  .0.42
98,92 99.72
£
NORMS
6.5 2.4
3.3 3.4
27.8  39.5
27.2  20.3
13,6  12.4
15.5  15.1
3.7 4.1
2.1 2.5
0.4 0.4
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1.53
0.95

-TRACE ELEMENTS (PPM)
[ 3

33 65
358 570
21 72
8~ , - 8
100 203
nd nd
432 340
8 5

-

30
611
9
nd
178
48
495
17

.33 103 115 26
51,4 51.7 52.7 56.3
1.91 1.06 0.7 0.7
14.6 18.9 17.4 16.5
6.7 5.1 2.6 3.2
6.0 6.0 5.1 3.4
0.2 0.2 0.1 0.2
4.5 6.8 7.0 4.3
7.9 9.2 8.5 7.3
3.3 2.9 3.3 4.2
0.9 0.5 1.4 1.1
0.3 0.2 - 0.1
0.66 1.3 1.9 1.45
98.36 100.8 100.7 - 98.75
7.9 3.84 - 7.7
5.7 2.94 8.1 6.7
28.8 24.41 8.3 36.3
22.5 31.45  29.1 23.8
12.5 10.15 10.9 9.9
8.2 17.50 17.8 9.1
- N - 0.6 -
10.0 7.36 3.8 4.8
3.7 1.90 1.3 1.3
0.7 0.47 - 0.1-
- 127 95 14
. 369 198 465 511
11 41 127 6
8 nd 8 8
116 62 69 191
nd 23 nd nd
478 377 466 482
17 8 22 19
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TABLE 2B (cont.) -
Sample 3 _116 _48 7 322 107 _114
? .
sio, 57.9  °58.5 61.3  61.5 - 62.3 64.5
Tio 1.0 0.31 - 0.74  1.06 - 0.6 0.72
1,83 16.7  17.5 14.8  15.1  15.3 15.7
Fe50; 3.5 1.9 1.6 2.1 2.7 1.9
F 5.1 3.6 4.5 4.6 3.9 3.6
Mno 0.1 0.1 0.1 0.1 0.1 0.1
Mgo 2.4 4.5 3.3 2.2 ' 4.2 1.6
cao 5.6 7.6 5.2 4.9 5.8 3.5
Na0 3.8 3.6 3.8 - 4.5 3.2 4.9
K50 1.6 1.1 2.2 2.0 1.6 1.1
P05 0.4 0.1 0.1 0.4 0.1 0.1
Lo01 0.34  0.77 0.57 0.46 0.3 1.44
Total 98.44 99.57  96.17 98.96 100.1 99.14
. NORMS (CIPW)
Q 13.50 10.50  14.7  14.1 18.50  20.80
or 9.64 6.58 13.1 11.8 . 9.47  6.65
ab 32.77 30.83  32.6  39.0 27.13  42.44
an 24.24 °28.68 17.4  15.3 22.70 17.11
ai < 1s 7012 6.9 6.0 1.4 Z
hy 10.61 12.70  11.2 7.9 12.50  8.24
ol z e z - :
mt " 5.17  2.79 2.4 3.1 3.92  2.82
11 1.9¢  0.58 1.4 2.1 1.14  1.36
ap 0.97 - 0.24 0.3 . 0.9 0.24  0.24
TRACE ELEMENTS (PPM) -
cr 38 123 54 11 177 a1 -
Ba @ 708 483 555 853 395 1620
Ni 21 31 a - 57 25
Pb nd nd 8 9 nd na ‘
2r 219 153 115 212 112 570
Y 52 19 nd nd 29 64
8r 505 a8 303 - 238 363
Rb 26 15 46 32 7. 10




.
M ~00

*NnNoODOMm wrN
* * .
*OnN®~

OMNANMHAVNON~AN
.
NOTONOOMETNO N~

.

<

MNOrdNMm N~

(-]
DMAOWed O @ NN
.

v ~

* e o e o o
COAONIN~ ~OO

¢« o s

. L4 , L] L]
- OMOMOO~NMO®

o0

[ 4]
CNHOee~MORNAOO
v

~ ~

NN NN AWy~
.
WMOMw~ (=N ~ X =]

s & o @ » e & o o
NOMOAMOOMTYMOOR

4

o

&

o
.
-t

. .

~rONOw HNONT
.
el PN ~OoOo

. e o o

.
COMOHOONYMO®
~ o~

TMNDAADODO~NN
.

-]

.

WHnodN~Am oin
.
Nt~ 00O

CMOADVTOVMN~rD
.
NOMNMNOMNDO~NeeO®

~ o~

3

[}

TN M ~ANNPDAN
.
TOMN M OCOHMMMO®

- ©
NNCELPAOVONMN
.

™~

..-:o«-su»:.« ‘DT3ITIOTPQUEIS ejvxwdes TTWS

» e

.
no oo

OO~ ONIN e
R
o0 o

v e e .
™~
o~

.
MOMOHOO~INMO®

™~ e

H

o

-4

['A "
8L8

L4
TL
TitT
1
091
0z
S

6
99
1324
oy
191
8l
L

900T SS8

([ ¢

SLNIWA'II

o e

nomonw Ohw~
.
ONetw O [-N - X~

LI I Y

.

WNOWMNSANM N TN
.
MOMOHOO~ANM

~ o~

14
T

[
o@NVwOT~NMFDe ™
.
HOMOHMOO~N

nNMme~ ~00.

-

@M~ O N~

L'61
8°sT 8°'¢t¢
(RdID) SHION
‘66

10
‘€

.

.

€

TOVHL.

M VWBO®m wOY
. e o} o
noOeMN+4 OO

. »

OMUWOR-OONM~M
.
COMHFHNOOMNNMMO®

3
s

o N~

-

NGO O W
.

~ o~
[

C T 9

09

Lt

4 4

42
ST

]

€58

N MOON OO0
e o e o o f e 0 o
MNMOMINMe ~HOO

COMA~MOAONNMO®

~ -

¥

114
9¢
951
(}¢
9

SEST

~rNeYMO® s (LR &}
s o
MMM AMO OO0

N

T T°CY
LT°0” TL'0 (Lt°0
€°ZL 0°tL 9°TL

LEX X A T

o1
19
15t
14
§sT
"
.
30}
o't

e
LI e o} »
WMot ~O O

€€

TT  vot




TABLE 4B

BIOTITE-MONZOGRANITE .

Sample ¢

sio
TiO
31283
Fe 03
FeO

MnoO

MgO

Cao ‘
NasZ0

K, 0
P50g
L.0.I
Total

or

'dj,

ol
mt
il

ap

Cr
Ni
Pb
Zrxr

Sr

9 |H
w

VOO~ ODO0O0OO0OWO M
L] * [ ] » L[] [ ] L] L] [ ] [ ] L] L] .
COOANAWWANROWVWODHFNW

(=N =]

14

~J
w
.

ONNOANANAHMFOMMWO

| o

O MHOOHMHWO

0.33
100.03

- |H
"
o

COLLMHOOOOWOKH
L[] L] . L] 2 . L] L] . . . [ 3

AQOOUUNNOVOANANL

~N

99.12

NORMS (CIPW)

26.4

=
[

- |
VOORRMMOOOKHWON

WaMHJwornnhaawouowwNn

wWw

- Iw
w
[9Y ]

VOO HOOOOWO -
NOFWWOARNNROWVOONNWU

W W

¢« e & & s & 8 e e v e s

160.0
22.0

- Im
rF S
[

WWHFOMNNHBONWON

o .
OO HOOHOWOM

o O

224




TABLE 5B

FELSIC DIKES

Sample § 26 64 - 129 50 84
sio, 76.12  75.95  74.31  75.44 74.8
Ti0, .08 .04 .05 .05 B}
AL 0, ° 12.79  12.55  12.24  12.06  13.7
Fe,0, (T) 0.62 .46 .46 .75 1.1
MnoO .02 .02 .03 .01 .02
MgO .41 - .33 i, .27 .2
cao .31 61" .66 1.07 4.9
Na,O 4.75 5.37 5.75 7.77 5.7 )
K,0 4.28 4.39 3.70 1.73 1
P,0, - .01 - - .02
J} Total 99.38  99.73  97.56  99.15  98.62

TRACE ELEMENTS (PPM)/
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TABLE 6 B
MAPIC DIKES
Sample § 123 101 103 58 114
si0, 45.88 46.05 52,36 50.77 47.70
Ti0, 1.43 1.76 2.53 1.16 1.50
Al,0, 16.38 15.23 13.13 14.48 15.93
re203
12.12 12.06 13.82 9.26 13.60 -
FeO
MnO 0.27 0.21 0.26 0.16 0.25
MgO 7.60 7.77 3.52 7.80 6.46
Cao 8.39 10.58 7.24 8.32 8.38
Na,0 2.86 2,52 3.59 4.54 3.06
K,0 0.36 . 0.49 "0.96 0.33 0.86
P,0, 0.11 0.22 0.75 0.27 0.34
Total 95.40 96.89 98.16 97.09 98,08
TRACE ELEMENTS (PPM)
Cr 49 125 21 586 57
Ba 181 222 474 264 403
Ni 91 75 - 175 5 10
Pb 18 16 - 16 ' -

r 77 97 152 92 54
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TABLE 1C

PLAGIOCLASES

(Unepidotized diorite)

3 4

10.708
5.288
.033
.008
2.594
1,293
.037
32.000

66.11
33.89

.12
.12

99.97

60.21

25.90
.70
.02

7.26
7.46
.21
.10

101.76

61.53
24.65
.14
.04
6.43
7.47
.17
.16

100.43

Number of Ions on the

16.668
5.355
.016
.005
2.645
1.271
.027
32.000

67.08
32.92

-

10.588
5.367
.103
.005
2.543
1.368
.047
32.000

64.25
35.75

10.875
5.134
.021
.011
2.560
1.218
.038
32.000

67.08
32.92

.15
.14

100.98

10.771
5.234
.016
.005
2.585
1.274
.034
32.000

66.41
33.59

.13
.14

101.09

Basis of 32 (0)

10.689
5.267
.025
.013
2,655
1.339
.029
32.000

66.00
34.00

10.607
5.436
.018
.019
2.390
1.384
.027
32.000

62.88
37.12

R.L.

Barnett
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TABLE 1C (cont.)

Sample #54 (Unepidotized)
1 2 3 4 5

sio, 61.80 58.24 58.49 S56.74 60.24
Al,0, 22.46 27.34 26,37 27.16 25.09 v
FeO .08 .10 .14 .09 134 §
Mgo .04 - .04 .07 .02
Cao 4.88 8.42 7.14 ~ 9.05 5.95 .
Na,0 8.66 6.81 7.61 6.34 8.36 .
K,0 .19 .04 .08 .03 .06
Bao .05 .13 .16 .16 .09
Total . 98,11 100.95 99.87 99.48 99.85 .

Number of Ions on the Basis of 32 (0) g'
si 11.161- 10.322 10.464 10.227 10.739
Al 4.780 5.710 5.559 5.768 5.271 |
Fe .012 .015 .021 .014 .091 H
Mg .011 - .011 .019 .005 i
Na 3.032 2.340 2.640 2.215 2.890 g
Ca .944 1.599 1.369 1.748 1.136 R
X .044 . 009 .018 .007 .014 _ i
o) 32,000 32,000 32,000 32.000 32.000 2

Ab 75.42 59.27 65.56 55.81 71.53
An 24.58 40.73 34.44 44.19 28.47

Analyst R.L. Barnett



TABLE 1C (cont.)

N

Sample $#62 (Partially epidotized diorite)

3

67.30
20.15

.02
.10
11.54
.03
.09

99.14

4 5

69.20 69.67
19.87 20.02

.01 -
.10 .07
10.66 10.81
.03 .03
.07 .05

99.87 100.60

Number of Ions on the Basis of 32 (0)

1 2
SiO2 68.39 68.53
Alzo3 20.03 20.04
FeO .02 .01
Mgo .01 -
Cao .04 .13
Nazo ~ 9.72 11.73
K,0 .01 «04
BaO .07 .04
Total 98.22 100,48
si 12,044 11.916
Al 4,157 4,106
Fe " .003 .001
Mg .003 -
Na 3.319 3.954
Ca .008 .024
K .002 .009

32,000 32.000
Ab 99.71 99.17
An .29 .83

11.811
4.185
.005
3.943
.019
.007
32.000

99,35
.65

12.034 12.031
4.072 4.074

.003 -
3.594 3.619

.019 .013

.007 .007

32.000 32.000

99.30 99.46
.70 .54

Analyst R.L. Barnett

R R S e

LIRSV




TABLE 1C (cont.)

Sample #56

1 2 3
5102 67.58 69.17 68.87
A1203 19.53 20.11 19.79
FeO .03 .02 .10
MgO - - .01
Cao .50 . .57 .34
Na20 11.23 11.39 11.52
K20 - - -
Ba0O .02 - -
Total 98.87 101.26 100.63
si 11.939 11.928 11.954
Al 4.066 4.086 4.048
Fe .004 .003 .015
Mg - - .003
Na 3.846 3.808 3.877
Ca .095 .105 .063
X _ _ R
(o] 32.000 32.000 32.000
Ab 97.60 97.31 98.40
An 2.40 2.69 1.60

Analyst R.L. Barnett




TABLE 2C

AMPHIBOLES

Sample $26 (Unepidotized diorite)’

1
Sio2 52.43
'rio2 .20
A1203 2.44
FeO 15.36
MnO .56
MgO’ 14.86
Ca0 12.02
Nazo .48
xzo .07
azo 2.06

Total 100.48

Number of

si 7.616
Al .384
Al .034
Ti 022
Fe 1.866
Mg 3.217
Mn .069
Na .135
Ca 1.871
X .031
H 2.000
0 24.Q00

2

L G,

49.29
1.41
5.86

15.41

.45

13.11

11.12
1.23

.32
2.05

100.25

)

—

47.72
1.51
6.99

16.40

.?0
12.02
©11.42
1.33
.43
2.03

100.35

4

—

47.67
1.22
6.72

16.26

.50

12.09

11.77
1.16

.46
2.02

99.97

Ions on the Basis of 24 (0, OH)

7.212
8'000.788

.223
.155
3886
2.859
. 056

5.20

v .349
;.7(3
.060

2.01

2.000
24.000

7.039

8.000 .961

«254
.167
2.023
2.643
.062

5.179

. 380
1.805
.081

2.152

2.000
24.000

7.061

8.000 .939

.234
.136
2.014
2.691
.036

5.150

+333
1.868
.087

2.266

2.000
24.000

8.000

5.138

2.288

Analyst R.L. Barnett
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TABLE 2C (cont.)

Sample #54

Sio2
T102

A1203

FeO
MnO

7

(Unepidotized diorite)

2

45,13
2.36
8.20

. 17.76
.43

11.11

10.88
1.23

.51
2.00

99.03 99.61

Center

45.26
.34

10,36

18.27

.41

10.48

11.70

1.34
~

.29

100.46

Edge

43.61
.19
11,52
18.81
.37
9.74

- 10.83

1.50

.39
1.98

98.94

2
e 0.

3

47.75
.59
7.62
17.65
.43
84
77
.93
.23
2702

99.83

Number of Ions on the Basis of é4 (0, OH)

7.108 6.773

.8928:009 55,8.000 ,.,8.000 ;4,8.000

.205
.148
2.060
2,791
.047

.223
.266

2.229
5.251 -

.223 .358
1.797 .749
2.09}

. )

2.000
24.000

. 2,000 -
24.060

©6.733

<549
.038
2:273

.052

.358
1.865

2.205
098 - .055

2.000
24.000

6.610

.668
.022
384

5.25 5. .322
2.485 3 324 233 200°" 3223 615
.055

.048

441
1.759

306 2.275

.075

2.000
24.000

7.075
'9258f000

.406
.066

5 328

.054

“a67 ‘\*\\\,

01,710

.0432.020

2.000
24.000

R.L. Barnett




TABLE 2C (cont.)

Sample $65 (Unepidotized diorite)

2

———

50.63"

.53
6.34
12.54
.27
15.55
11.91
.62
.29
2.09

100.77

3

49.55
1.35
6.80

13.77

.39
14.48
11.71

.93

.40

2.09

101.47

Number of Ions on the Basis of 24 (O, OH)

1
Sio2 50.32
Tio2 .74
A1203 5.96
FeO 13.02
MnO . .38
MgO 14.99
cao 11.74
Na20 .74
xzo . .21
H20 2,07
Total 100.17
Si 7.266
Al .734
Al .281
Ti .080
Fe -7 1,572
Mg o 3.226
Mn .046
Na .207
Ca 1.816
K .039
‘H . 72,000
(o] + 24.000

8.000

5.206

2.062

7.246
" .754

.315
.057

1.5015-223

3.317
.033

.172
1.826
" .053
2.000
24.000

8.000

2.051

-

7.110
,8.000

;890
.260
-146
1.652
3.097
. 047

5.202

’

.259
1.800
.073

2.132

\

2.000
24.000

Analyst R.L. Barnett

A

LY
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o TABLE 2C (_cont.)
Sample '$#62 (Partially epidotized diorite)
’ P 2_ 2 ., 4 c .
. sio, 49.89 49.66 54.78 54.92
. Tio, 1.12 .85 .61 > .08
' A1,0, 6.19 6.36 1.3¢  , .57
FeO 12.73 11.37 13.84 13.55 '
Mno = .45 .34 .58 - .32 .
Mgo 15.02 15.70 15.11 15.86 '
Cao 11.48 11.66 12.93 . 12.79 '
Na,®© .9 .86 .31 .11
X,0 .33 .25 .02 ~ .02
‘ H,0 2.07 2.06 ~  2.10 2.08
Total 100.19 99.11 -101.62  100.30
i ’ Number of Ions orn the .Basis of 24 (0, OH)
- a‘ N » . i
si 7.207g 0007-2055 007-797g (0 7.893, (oo
Al .793 .795 .203 .097
: \ J
Al . - .261 .292 .021 - 7 ca
L} B' - "
Ti . 122 .093 .065 §  .009 . -
Fe 1.538°°209) 3g95:2017 ,45.009; (,45.074
Mg 3.234 '3.395 3.205 ©3.397.
4 Mn .055° .042 ..070 .039
' Na - .255° .242 .086 .031
. ca 1.7772:992) §132:101) 972.061) ¢gq2-004
. K -061 .046 - .004 . ' .004 ;
' ) - c e N ) 4&_‘\)‘
H 2.000 - 2.000 ‘- 2.000 2.000
: ‘ o 24.000  24.000 . 24.000  24.000 B

Q

Analyst R.L. Barnett . ) .
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©»

\‘:y

oM

"ppF FEIFERE

)

£ 3
54.72 54.02
- 012
1.64 1.57
1.‘00" 15‘30 -
- .36
16.9¢ . 14.73
12.49 ° 11.64
.21 .33
- .01
2.08 2.07
Wimber of Ions on the Basis of 24 (O, OH) _ .
. - / i
7-500, g9 7-929 g0 7-925g 9007 %%%s.0007-%225. 000
RT 971 ' 975 .132 178
- L1464 381, .146 ..089
.012 Thre .052 - .013
2.2165-308 2 3285-362 5 3445.242) 9)5-039; ¢535-178
3.061° . 2.666 2.379 - 3.202  3.179
.040 .051 .046 - .048
a2 a1 .280° .09 .093
1.8762-915 1. ¢ue?:961 ) 93321731 9241-2%3) 4y} - 990
013  .098 060" - - .. .002
. 2.000. 2.000 2.000 - 2.000 2.000
24.000 " 24.000 24.000 24.000 24.000

Analyst ‘R.L. Barnett

o~

»

»> . ,
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TABLE 2C (cont.)

[
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| :
Sasiple #58A (Epidotized Diorite) Sample #68 (Epidotized Diorite)
‘r .

1 2 1 2 3 4
810,  47.42  55.89 47.13  48.10 54.91 SS5.54
Ti0, | 1.14 .01 1.73 1.26 .07 .08
Al,0,  7.14 .52 7.42 6.71  1.11 .55
13,13 9.17 14.30 15.07 14.24  14.86
MnO .46 .27 .54 .48 .25 .26
g0  13.64  18.65 12.97  12.61 13.74 14.26
Ca0 | 11.91  12.86 °  11.37  11.86 12.57 12.26
®a,0 / 1.39 .07 1.19 1.05 .28 .07
X0 | .36 .01 .57 .52 .06 -
K,0 / 2,02 2.11 2.02 2.03 2.06 2.07
Total  98.61  99.56 99.24  99.69 99.29 99.95
Number of Ions on the Basis of 24 (Q, ON)
si 7.027 7.922 6.974¢  7.100  7.980  8§.020
AL _g738-000 .o7.°-°°°1.ozs‘-°°“.9oo"9Q°.ozo°°°°?- . 8,020
\ .
A 27 .009 .268 .267 .170 .094
£ 31 | .27 .001 .193 '.140 .008 .009
re ' 1.627 1.087 1.770  1.860  1.731  1.79%
Mg 3.013%:0983 9405:0707 4615159 7945-10} g768-915 ggq4-998
Mn .058 .032 .068 .060 .031 .032
a .399 .019 .34 .300 .079 .020
ca 1.0912-3%8 g3 -974) 4032-257 g962.27¢ o452.04] 4g;1-916
X .068 .002 .108 - .098 .011 -
H 2.000 2.000 2.000  2.000 . 2.000: 2.000
O * ~ 24.000  24.000  24.000 24.000 24.000  24.000

[4

L

Analyst R.L. Barnett ,‘

“
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TABLE 2C (cont.)
Sample §5 (Epidotized Diorite)
1 2 3 ¢ s " s
sio, 48.30 48.60 48.85 47.80 55.98 54.70
Ti0, 1.59 1.89 1.69 2.06 .14 .13
A1,0, 6.87 7.5} 6.76, 7.98 .88 1.41
FeO 14.20 13.32 13.54 13,73 8.99 10.32
MnO .36 .36 .32 .41 .31 .36
Mgo 14.23 14.24 14.74 13.58 9.07 17.23
Ca0 11.21 11.74 11.39 11.20 12.52 ¢ 12.76
Na 0 1.05 .91 ‘1.07 1.13 .18 .26
X0 .51 .64 .60 .61 .01 .04
B,0 2.06 2.08 2.08 2.06 2.13 2.09
Total 100.38 101.29 101.04 100.56 100.21 99.30
Number of lIons ‘on the Basis of 24 (0, OH)
"84 7.036, .. 6.992 7.049  6.942  7.874 7.831
8.000 8.000 8.p00 .000 8.000 8.000
Al % .964 > 1.008 .951 pg.osa8 .126 .169
al .216 .266 .199 .308 .019 .069
i .174 ' .204 .183 .225 .015 .014
Fe 1.730 1.603 1.634 668 .057 1.236
- 5.254 5.170 1835 534558 101°%%75 126 5.039
ng 3.090 3.054 3.170°  2.940 3.998 3.677
Mn .044 .044 .039 .050 .037° .044
, ‘
Ma .300 .297 .254  .299 .049 .072
Ca 1.876 1.750 1.810 1,761 1.887 1.957
2.247 2.141 e 2t .
X .098 .095 ° 1172718142171 40,1-938 g92-037
B 2.000 2.000 2.000 2.00p 2.000 .2.000
o 24.000 24.000 .24.000 23.000 24.000 24.000

1$1

Analyst R.L. Barnett
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Sample #62 (From partially epidotized diogitel

A

ore Rim Core
sio, 37.47 37.26 38.60
Tio, .04 .06 .08
A1,0, 21.79 22.11 24.20
Fe,0, 14.79 14.25 11.54
MnO .07 .08 .06
MgO .04 .05 .05
cao 23.20 22.65 22.88
Na,0 .01 .07 -
H,0 1.86. 1.85 1.89
Total 99.26 98,31 99,30
Number of Ions on thﬁ Basis
si 3.018 3.020 . 3.058
AL 3.018 3.020 _  3.058
Al 2.068 2.112 2.259
ret3 896 2-964 gg92-981 (o02.947
Mn .005 .005 .004
Mg +005; 014 -006; og; -006; 45,
i .002 .004 . 005
Ca 2.002 1.967 1.942
B 1.000 1.000 1.000
0 13.000 13.000 13.000

Rim

37.45
.05
21.31
15.28
.05
.09
23.50
.07
1.86

99.59

of 13 (0, OH)

3.015

-

3.015

2.022

.9262.947

.003
.011
-.003
2.027

1.000
13.000

2.044

5

Analyst R.L. Barnett
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TABLE 3C (cont.)
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¢

le §5 (From partially epidotized diorite) .
- .

Rim Core Rim Intermed. Core
sio, 38.36 88.64 37.61 37.06 38.61 ?
Ti0, " .05 .02 .06 .03 .01
Al,0, 21.47 25.30 %~  23.67 26.17 25.54
Fe,0, 13.46 ‘ 6.50 12.17 11.01 5.63
MnO - w11 .10 .06 .17
Mgo .02 .03 .02 .02 -
Cao 23.33 23.59 23.73 23.44 23.94
Ka,0 2.44 - - - -
H,0 1.86 1.85 1.87 1.89 1.85
Total 98,55 96.04 99.23 99.68 95,74

Number of Ions on the Basis of ;3 (o, OH)

si 3.094 3.120 3,005 2.931 3.123
Al 3.094 _  3.120 _  3.005 .,3.000 3.123
Al 2.041 2.407 2.229 2.370 2.434
ret3 8172858 3952.802 .7322.960 6553-025 3432777
Mn - .008 .007 .004 .012
Mg . 002 .004 .002 .002 - '
i .0032'°?2 0012°053  042-044  gq1-994 _6o3-086
Ca 2.o1q' 2.041 2.032 1.986 2.074
H 1.000 1.000 1.000 1.000 1.000
0  13.000 13.000 13.000 13.000 13.000- °

Analyst R.L. Barnett




TABLE 3C(cont.)

‘%

Sample $68 (From wholly epidotized diorite)
/\
Core Rim Core Interm.
sio, 37.39 37.97 38.07 38.08
TiO0, .11 .07 .18 .13
21,0, 21.20 21.51 22.52 20,65
Fe,0, 16.17 15.67 14.23 16.83
MnO .32 .09 .13 .23
Mgo .04 .05 .05 .06
o Cao 22.15 23.15 - 22.73 22.53
Na20 - .11 - .09
H,0 1.85 1.88 1.88 1.87
/ 1
ﬁgtal 100.23 100.39 99.79 100.38
er/of Ions on the Basis of 13 (0, OH)
| si 3.020 3.028 3.034 3.046
= Al 3.020 _ 3,028 _ - 3.034 3.046
. al 2.018 2.022 2.115 1.946
pet3 9833001 4,42.962 .853?;?69 1.0132:959
[\ : ‘7’ '
.., Mn .022 ..006 .009/ .016
Mg .005 .006 .006 .007
- 0071950 0041-995 111:967  gqgl-961
Ca. 1.917 1,978 l.941 - 1.931
r ’ “
: 8 1.000 1.000 1.000 1.000
o 13.000. 13.000 . 13.000

Rim

37.37
10.35
16.56
11.91
.07
.04
22.42°
.01
1.88

100.60

©2,972 ’//

2.972

1.524

.7132.237

. 005
.005
.619
1.910

2.539

* 1.000
13.000

241

v Analyst R.L. Barnett
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TABLE 3C (cont.)

Sample $§58A (From wholly epidotized diorite)
A

1 2 Core Rim
S§i0 37.54 37.95 37.52 36.89 '

2
T10, .02 .03 .13 .08 -
Al,0, 21.54 21.92 22.85 20.89
- Fe,0, 15.58 15.03 13.69 17.27 .
Mno © .07 .06 .05 .14
MgoO .01 .04 - -
ca0 23.01 22.63 23.19 22.09
Na,0 .16 - - -
i H,0 1.86 1.87 . 1.87 1.85
Total 99.63 99,53 99.30 99.85
Number of Ions onai:l\‘é ﬁésis of 13 (0, OH)
si 3.017 3.040 3.007/&4 = 2.992
Al 3.017 _  3.040 _ ?.007 _00g3-000
Al . 2.040 h 2.069 2.158 . 1.989
pet3 9422983 _9062.975 8262-983 | 543-043 .
Mn .005 .004 ..003 .010
Mg .001 .005 - .- V
i 0011989 0051-953 0g2:002  4,.1.934
Ca 1.982 1.942 ., 1.991 1.920
R 1.000 1.000 1.000 1.000
0 13.000  13.000 13.000 13.000 -

Analyst R.L. Barnett
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TABLE 3C(cont.)

Sample #5 (From wholly epidotized diorite)

1 2 Core Rim
sio, 37.80 38.34 38.46 ' 37.98
Tioz- .22 .23 .21 .09
A1,0, 25.61 25.73 23.08 22.15
Fe 0, 9.88 9.11 12.55 14.96
. Mno .53 .21 .05 .09
Mgo .05 .07 .04 .02
cao 22.86 23.55 23.78 23.48
Naéo .04 .13 .04 .08
H,0 1.89 1.90 1.89 1.89
Total 98.84 " 99,14 100.06 100.66
., Number of Ions on the Basis of 13 (0, OH)
. si 3.002 .3.027 3.047 - 3.016
N Al 3.002 _  3.027 3.047 3.016
. , : - -
- . . & ’
Al*3 2,397, g552.394, 432,154, g0q 2.073, oo
Fe .590 .541 .748 .894
Mn -, 036 .014 .003 .006
Mg - 006, 500 <008, 28 -005; 39  -002, 5,
T4 .013 .014 .013 .005 °
ca.’ \k 1.945 1.992 2.018 1.998
H " 1.000 1.000 1.000 1.000
‘0 13.000 13.000 13,000 13.000

“, Analyst R.L. Barnett
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