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ABSTRACT 

The f i e l d r e l a t i o n s h i p s , petrography, geochemistry 

and phase chemistry of the peridotite-gabbro-basalt 

sequence of the Khawr Fakkan - Wadi Shi - Wadi Madha 

area suggest t h a t the va r i o u s corrponents are g e n e t i c a l l y 

r e l a t e d . They r e s u l t from p a r t i a l melting of the upper 

mantle, followed by f r a c t i o n a l c r y s t a l l i s a t i o n of the 

b a s i c magma generated by t h i s process. The rocks comprise 

a t y p i c a l o p h i o l i t e sequence and are s i m i l a r to assemblages 

from other Alpine-type u l t r a m a f i c conplexes. 

The area studied may be broadly subdivided i n t o two 

major zones. I n the west the rocks are p r i n c i p a l l y 

t e c t o n i s e d u l t r a m a f i c s , while to the e a s t of these a 

s e r i e s of cumulate gabbros, with d o l e r i t e dykes p a r t i c u l a r l y 

p r e v e l a n t i n the east, passes upwards i n t o b a s a l t i c l a v a s . 

The t e c t o n i s e d u l t r a m a f i c s are separated from the 

gabbroic and b a s a l t i c rocks by an easterly-dipping t h r u s t -

f a u l t zone, which s t r i k e s approximately north-south. 

The rock types exposed i n the area to the west of 

the major t h r u s t f a u l t are harzburgites, dunites and 

w e h r l i t e s . They are a l l , to some extent, s e r p e n t i n i s e d . 

The h a r z b u r g i t e s have an i n t e n s e l y t e c t o n i s e d f a b r i c , and 

c o n s i s t of an assemblage of h i g h l y r e f r a c t o r y chemistry. 

The dunites a l s o show a strong t e c t o n i c f a b r i c and t o t a l 



absence of cumulus t e x t u r e s . Textural evidence shows 

t h a t most of the w e h r l i t e s are strongly deformed. A s e t 

of c r i t e r i a to d i s t i n g u i s h the r e f r a c t o r y residua of 

p a r t i a l melting from the cumulates are developed from 

a n a l y t i c a l data and t e x t u r a l evidence. 

The rock types exposed to the east of the major 

t h r u s t f a u l t are gabbro cumulates. The cumulus types 

recognised include o l i v i n e pyroxenites, o l i v i n e gabbros, 

n o r i t e s and hypersthene gabbros, gabbros and anorthosites 

and l e u c o c r a t i c gabbros. Where transected by f a u l t s 

gabbro mylonites a r e developed. Cumulus te x t u r e s include 

heteradcumulates, adcumulates and mesocumulates. 

The b a s a l t i c rocks occur both as i n t r u s i v e d o l e r i t e 

dykes and as l a v a flows. The b a s a l t s are i n v a r i a b l y 

a l t e r e d , with ferroraagnesian minerals being represented 

by anphibole i n the most p a r t . They are a l s o s i l i c i f i e d . 

V a r i a t i o n i n major and t r a c e elements r e v e a l that 

the c r u s t a l members of the o p h i o l i t e s u i t e (gabbros and 

b a s a l t i c rocks) are t h o l e i i t i c . The parent magma being a 

low-Ti and low-K t h o l e i i t i c type. Whole-rock analyses 

and mineral chemistry are used i n an atteitpt to estimate 

the nature and composition of the p a r t i a l - m e l t magma 

from which both the cumulate gabbros and b a s a l t i c rocks 

have evolved. 



A v a r i e t y of methods have been used, and conpared, i n 

an attempt to estimate the e q u i l i b r a t i o n tenperatures and 

p r e s s u r e s of the u l t r a m a f i c rocks and cumulate gabbros. 

The a p p l i c a t i o n of s e v e r a l geothermometers gave values 

for dunite of 872 to 1075°C, for harzburgites of 1099 to 

1157°C, for a w e h r l i t e of 1104°C, and for the r a r e rock-

type p l a g i o c l a s e p e r i d o t i t e , a somewhat higher value of 

1263°C. Temperatures recorded for o l i v i n e pyroxenite 

cumulates range from 879 to 974°C, and for gabbros and 

n o r i t e s from 839 t o 999°C. Lower temperatures of 909 

to 989°C using an orthopyroxene-clinopyroxene geothermometer, 

as conpared to 1099 to 1167°C, for the harzburgites may 

r e f l e c t the l a t e , lower temperature, c r y s t a l l i s a t i o n of 

clinopyroxene from trapped l i q u i d . 

I n a l l cases p r e s s u r e s were l e s s than 7 Kb and 

correspond to a maximum depth of about 22 Km i n the 

oceanic s e t t i n g . 
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CHAPTER 1: Introduction 

1.1, Scope of Work 

The aim of the present work i s a study of the 

o p h i o l i t e s i n p a r t of the Northern Oman Range l y i n g 

w i t h i n the United Arab Emirates. The study i n v e s t i g a t e s 

the c h a r a c t e r i s t i c s of the var i o u s o p h i o l i t i c rocks, 

based on t h e i r petrography, mineralogy and geochemistry. 

Owing to the extensive s i z e of the o p h i o l i t e b e l t , which 

outcrops over an area of more than 5000 square miles, 

a sequence i n the Khawr Fakkan - Wadi Madha - wadi Shi 
2 

region (70 km ) has been chosen for a d e t a i l e d study. 

1.2. Regional Geology 

The Khawr Fakkan area forms a small p a r t of the 

Oman Mountains, and although the rocks exposed near 

Khawr Fakkan are e n t i r e l y igneous, i t i s worth considering 

the area i n the context of the general r e g i o n a l geology. 

The main features of the geology of the Oman Mountains 

are shown i n F i g . 1.1 and the s t r u c t u r a l succession shown 

i n F i g . 1.2. The following account serves to summarise 

the r e g i o n a l geology and i l l u s t r a t e s a l s o the h i s t o r i c a l " 

development of ideas r e l a t i n g to the evolution of the 

area . 
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Figure 1-2 Schematic stratigraphic and tectonic sequence characteristic of 
Oman mountains. (Welland and Mitchell , 1977 ) 



The e a r l i e s t recorded v i s i t of a geologxcai nature 

was by Blanford (1872), who c o l l e c t e d a few T r i a s s i c 

f o s s i l s from the northernmost point of the Ruus A l J i b a l . 

I n the winter of 1904-1905, P i l g r i m (1908) undertook a 

survey i n the same region and crossed the Oman Range 

from Dibba to Ras A l Khaimah. This was probably the 

e a r l i e s t reconnaissance of the geology of the Oman 

Mountains. P i l g r i m was the f i r s t to study the igneous 

rocks of Oman, i n the v i c i n i t y of Muscat i n Wadi Semail, 

and at Dibba i n the Northern Oman Range, He used the 

term "Basic igneous s e r i e s of Oman", but l a t e r renamed 

these rocks "The Semail i n t r u s i v e s e r i e s " . He considered 

t h a t the igneous rocks had a l i m i t e d d i s t r i b u t i o n compared 

with t h a t of the common limestones. He ascribed an upper 

Cretaceous age to the Semail igneous rocks. 

Lees (1928) outlined the geology and t e c t o n i c s of 

Oman, incl u d i n g the T r u c i a l S t a t e s (United Arab E m i r a t e s ) . 

This study formed an important foundation for subsequent 

work. Among the rock formations of the Oman mountain 

b e l t . Lees described the Hawasina s e r i e s and the Semail 

Igneous S e r i e s , suggesting that the former c o n s t i t u t e s a 

great t h r u s t sheet, or nappes, o v e r l a i n by the nappe of 

the Semail igneous rocks, and that the movement i s from 

the e a s t . He a l s o mentioned t h a t dykes of very coarse 

grained gabbros, 6 to 12 feet i n thickness, are common 



i n the igneous s e r i e s . 

A paper dealing with the general geology of a l i m i t e d 

area of the northern p a r t of the Oman Range was published 

by Hudson, Brown and Chatton (1954A). They described the 

h i g h l y complex J a b a l Qamar Zone, situ a t e d immediately to 

the south of the Dibba f a u l t l i n e . The authors discovered 

t h a t t h i s complex area c o n s i s t e d of three t e c t o n i c zones: 

(a) an outer (western) b e l t of v e r t i c a l Jurassic-Lower 

Cretaceous limestones with some chert, p a r t of the v e r t i c a l 

lirrib of a t h r u s t - f o l d , overridden from the east by (b) a 

th r u s t - s h e e t of P e r m i a n - T r i a s s i c limestone massifs covered 

by a Jurassic-Lower Cretaceous succession of r a d i o l a r i a n 

c h e r t s , e p i d o t e - s c h i s t s and s e r p e n t i n i t e , overridden a l s o 

from the east by (c) the western margin of the Semail 

t h r u s t - s h e e t . 

Hudson, McGugan and Morton (1954b) described the 

r e s u l t s of reconnaissance surveys i n the Jabei Haqab 

region which l i e s on the western front of the Oman 

Mountains and east of Ras a l Khaimah. The outcropping 

s t r a t a of Ja b a l Haqab c o n s i s t s of limestone and rad i o ­

l a r i a n chert of J u r a s s i c and Lower Cretaceous age, with 

a f a c i e s expressing the sedimentation i n the Arabian 

G u l f embayment of Southern Tethys and extending south­

wards between, and overlapping onto, the Arabic-Ethiopian 

and I n d i a n M a s s i f s . 



Hudson and Chatton (1959) described the st r a t i g r a p h y 

of the Musandam Limestones, which are located i n the 

extreme north of the Oman Range. These outcrops have 

a t o t a l t h i c k n e s s of about 3,400 metres and are considered 

to be the backbone of the Northern Oman Range. These 

authors divided the Musandam Limestones i n t o three main 

s t r a t i g r a p h i c a l s u c c e s s i o n s : (1) upper brown beds of 

a r g i l l a c e o u s limestones, (2) middle calcite-mudstones and 

(3) lower, grey-green or purple marls. 

Morton (1959) published a comprehensive account of 

the geology of Oman as a whole. He discussed Lees' views 

on the t e c t o n i c s of the region, and considered the 

Hawasina and Semail Formations to be autochthonous. 

Morton regarded the "chaotic s t r u c t u r e " as being due to 

t e c t o n i c s a s s o c i a t e d with l a r g e - s c a l e extrusion of an 

Upper Cretaceous igneous s e r i e s . 

Hudson (1960) published v a l u a b l e information on the 

s t r a t i g r a p h y of the deepest exposed part of the Ruus A l 

J i b a l . These rocks comprise the Hajar super-group, a 

p a r t l y f o s s i l i f e r o u s dolomite-limestone succession of 

over 200 metres t h i c k n e s s . He subdivided them into 

s e v e r a l formations which are as follows: At the base, 

a few metres of sandstones are found below the Permian 

dolomites. A t h r u s t cuts out a po s s i b l e older s e c t i o n . 



Southwest of the u n i t , however, are more than 100 metres 

of thick-bedded limestones containing a l g a l s t r o m a t o l i t e s . 

These are thought to underly the b a s a l part exposed i n 

the above s e c t i o n . The sandstones are succeeded by the 

main mass of the Permo-Triassic sediments which are 

ch a r a c t e r i z e d by dolomites and limestones. Above l i e s 

a T r i a s s i c s e c t i o n c h a r a c t e r i z e d by sandstone, marl, 

and shale laminae (the Muti Formation). 

Tschopp (1967) attempted to synthesise a l l the 

ge o l o g i c a l data obtained from exploration w e l l s , and 

from g e o l o g i c a l and geophysical fieldwork. His conclusions 

were as follows: During the Cambrian, c l a s t i c and carbon­

ates were deposited i n two sedimentary c y c l e s i n the Oman 

Mountains region. Simultaneously, a thick sequence of 

s a l t and other evaporites was being formed to the west 

i n the area now occupied by the dessert p l a i n s . Continental 

sedimentation occurred i n the Cambro-Ordovician, changing 

upwards to shallow marine deposition. During the 

Campanian, a geosyncline was formed i n the area and 

flys c h - t y p e sediments were deposited. U l t r a b a s i c rocks 

(the o p h i o l i t e s ) were extruded, probably along tension 

f a u l t s i n the Gulf of Oman, and were accumulated i n 

the geosyncline. As a r e s u l t of the f i l l i n g of the geo­

s y n c l i n e , a compressional t e c t o n i c phase elevated the 

region of the Oman Mountains. Thereafter, a succession 



of T e r t i a r y marine t r a n s g r e s s i o n s followed i n the 

Palaeocene, Oligocene and Miocene. 

Greenwood and Loney (1968) considered the geology 

and mineral resources of the Northern Oman Range, between 

l a t i t u d e s 24°45' and 25°37' N. Although t h e i r work i s 

mainly concerned with the p o t e n t i a l i t y of the region for 

mineral resources, they presented a geologic map (1:250,000), 

based on a e r i a l photographs, showing the p r i n c i p a l l i t h o -

l i g i c u n i t s . These authors regarded the Semail igneous 

rocks of the Northern Oman Range as a s u i t e produced by 

s e v e r a l s u c c e s s i v e phases of o p h i o l i t i c raagraatism. These 

included rocks of p l u t o n i c aspects and r e l a t e d serpentin-

i t e s together with hypabyssal and e x t r u s i v e r e p r e s e n t a t i v e s . 

The l a t t e r occur i n t e r l a y e r e d with the Hawasina s e r i e s . 

The same authors considered the Semail, and a t l e a s t a 

p a r t of the Hawasina S e r i e s , as allochthonous. Their 

development h i s t o r y i s thought to have involved the 

i n t r u s i o n of Semail rocks i n t o a core of ge o s y n c l i n a l 

sediments (Hawasina) and subsequent t e c t o n i c t r a n s l a t i o n 

of the whole assemblage south-westwards with a concomitant 

t h r u s t i n g of Hawasina rocks and metamorphism of geosyn­

c l i n a l f l y s c h . Their account i s the f i r s t to consider 

the igneous s u i t e i n terms of the o p h i o l i t e assemblage. 

Reinhardt (1969) considered the genesis and emplace­

ment of o p h i o l i t e s i n the Oman mountains geosyncline. He 



presented p e t r o l o g i c a l s t u d i e s on the i.gneous rocks based 

on an E-W t r a v e r s e crossing the c e n t r a l Oman Range. 

Reinhardt discussed a new model for the emplacement of 

the o p h i o l i t e s i n which he incorporated concepts developed 

by c o n s i d e r a t i o n of modern oceanic ridges. He considered 

the u l t r a b a s i c rocks and r e l a t e d s e r p e n t i n i t e s as par t of 

the upper mantle which has been t h r u s t over the Hawasina 

s e r i e s . He arranged the igneous formations found i n Wadi 

Semail i n Muscat, from top to base i n the following manner: 

(1) Volcanic, e x t r u s i v e rocks, (2) subvolcanic feeder 

dykes, (3) hypabyss'al gabbroic rocks, (4) gabbros, (5) 

t r a n s i t i o n zone between gabbros and p e r i d o t i t e s , and 

(6) u l t r a m a f i c r o c k s . 

Wilson (1969) published a d e t a i l e d study on the 

Eugeosynclinal sedimentation, g r a v i t y t e c t o n i c s and 

o p h i o l i t e eitplacement of the Oman Range. This study was 

based on the data obtained from the surveys c a r r i e d out 

by the S h e l l O i l Company ge o l o g i s t s i n 1962-1966. From 

s t r u c t u r a l evidence and the ext r a p o l a t i o n of the e s t a b l i s h e d 

sequence of events i n the Oman Mountains, Wilson concluded 

that a t e n s i o n a l s t r u c t u r a l environment governed the 

evolution of the Late Cretaceous orogeny. He considered 

that r e g i o n a l t e n s i o n a l r e l i e f was accompanied by c r u s t a l 

separation and flood e x t r u s i o n of an u l t r a b a s i c magma 

which cooled slowly under great h y d r o s t a t i c pressure 



along the a x i s of the trough i n which the Hawasina 

sediments were deposited. Wilson considered the nappe 

to be autochthonous, formed by sm a l l - s c a l e g r a v i t y 

slumping from the NE-lying landmass. His i n t e r p r e t a t i o n 

i s v e r y s i m i l a r to that of Tschopp (1967). 

Allemann and Peters (1972) presented new data on 

the Mesozoic sediments of the Ruus a l J i b a l area, and 

attempted a r e c o n s t r u c t i o n of the s t r u c t u r a l h i s t o r y of 

the Oman Mountains, based on s t r a t i g r a p h i c and petro-

graphic data. These authors a r r i v e d at the following 

conclusions based on t h e i r s t r u c t u r a l s t u d i e s : 

1. The o l d e s t rocks of the Ruus a l J i b a l area (the 

Hajar Super-Group and Muti Formation) represent 

a para-autochthonous sedimentary sheet l y i n g on 

the e a s t e r n margin of the Arabian platform. 

2. The Hawasina Complex i s conposed of strongly 

imbricated sheets of a deep-water, r a d i o l a r i t e -

s h a l e - t u r b i d i t e - v o l c a n i c s e r i e s embodying numerous 

shallow-water o l i s t h o l i t e s . 

3. The Hawasina s h e e t - p i l e was generated c h i e f l y by 

g r a v i t y g l i d i n g i n t o a westward migrating depression, 

T h i s depression moved s u c c e s s i v e l y i n front of the 

advancing Oman trench. 

4. The metamorphic S e r i e s are i n th r u s t contact with 

the non-metamorphic Hawasina rocks, as w e l l as 

with the Semail O p h i o l i t e s . 
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Glennie et a l . (1973) concluded t h a t overthrusting 

of the Hawasina and Semail nappes onto the Arabian 

c o n t i n e n t a l margin during Late Cretaceous probably 

r e s u l t e d from c o n t i n e n t a l d r i f t of Arabia i n the opposite 

d i r e c t i o n t o the spreading movement of contemporaneous 

oceanic p l a t e s . Therefore the presence of o p h i o l i t e s , 

r a d i o l a r i a n cherts, t u r b i d i t e s , exotic blocks, etc. i n 

erogenic b e l t s i s i n d i c a t i v e of the p r o x i m i t y of the 

former edge of a continent and i t s t r a n s i t i o n t o adjacent 

oceanic c r u s t . 

Reinhardt (1974) studied the primary s p i l i t i c rocks 

of the Oman Mountains o p h i o l i t e s u i t e t h a t occur i n the 

v o l c a n i c and subvolcanic p a r t s of the s u i t e . He compared 

these rocks w i t h fresh, subvolcanic rocks and from 

pet r o g r a p h i c a l and f i e l d evidence concluded t h a t the 

s p i l i t i c rocks have c r y s t a l l i z e d from a hydrous re s i d u a l 

melt t h a t approached a b a s a l t i c composition, Reinhardt 

showed also t h a t , by considering the associated sedi­

ments, the s p i l i t i c lavas of the Oman Mountains Geo-

syncline were extruded over a long period, ranging from 

Late Permian t o Late Cretaceous. 

Glennie et a l . (1974) contributed new ideas,^, 

r e l e v a n t to the oceanic o r i g i n of the Hawasina and 

Semail nappes. These nappes had been considered by both 

Morton (1959) and Wilson (1969) as autochthonous and 



derived by small-scale g r a v i t a t i o n a l s l i d i n g or slutrping 

from a landmass NE of Oman. However, Glennie et a l . 

convincingly show t h a t the Hajar Super-Group, the Semeini 

Group and the Hawasina Series were a l l deposited i n the 

same time-span of Permian t o mid-Cretaceous, although 

they are now found one above the other. Because they are 

coeval, the most l o g i c a l way t o reconstruct t h e i r r e l a t i v e 

p o s i t i o n s p r i o r t o nappe emplacement i s t o place them 

side-by-side. From t h e i r known, or i n f e r r e d , environments 

of d e p o s i t i o n , t h i s would give a l a t e r a l sequence from 

west t o east of: Continental s h e l f (Hajar) - Shelf-edge 

and slope (Sumaini) - Ocean basin (Hawasina). The Semail 

o p h i o l i t e s are i n t u r n considered as r e l i c t s of ocean 

crust.preserved i n the Semail t h r u s t sheets which o v e r l i e 

the Hawasina Series. Glennie e t a l . introduced the 

concept of the Hawasina ocean basin which had been 

created by sea-floor spreading operative since mid-Permian 

times t o the N and E of the Oman Mountains. I n Late 

Cretaceous times the Hawasina ocean basin was apparently 

reduced i n s i z e . Since there are no proper i n d i c a t i o n s 

of a subduction zone, most of the sedimentary series 

(Sumaini, Hawasina) and p a r t of the oceanic substratum 

(Semail o p h i o l i t e s ) were ov e r t h r u s t or obducted onto 

the SE Arabian c o n t i n e n t a l s h e l f . The order of t e c t o n i c 

superposition of the rock u n i t s i n the Oman Mountains i s 
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d i r e c t l y r e l a t e d t o t h e i r o r i g i n a l d e p o s i t i o n a l geography 

i n such a way t h a t the higher the t e c t o n i c u n i t , the 

f u r t h e r out i n the Hawasina ocean basin was i t s p o i n t of 

o r i g i n . 

Carney and Welland (1974), and We 11and and M i t c h e l l 

(1977) have described the geology and mineral resources 

of the Oman Mountains, and the enplacement of the Oman 

o p h i o l i t e , r e s p e c t i v e l y . These authors have o u t l i n e d the 

r e g i o n a l geology of Oman based on f i e l d and petrographic 

studies, summarising t h e i r f i n d i n g s i n the schematic 

diagram shown i n Fig .1.2. On the basis of the diagram, 

the authors considered u n i t s A, B and C, which are 

approximately 2000 metres t h i c k , t o be e s s e n t i a l l y 

autochthonous. Un i t A consists of a basement of low-grade 

metamorphic rocks, the base of which i s not seen. These 

are o v e r l a i n unconformably by a sedimentary sequence 

(Unit B) consisting of t h i c k , g enerally featureless 

carbonates w i t h minor v o l c a n i c and c l a s t i c i n t e r c a l a t i o n s 

(Hajar Super Group). Unit C i s a much thinner sequence 

of shales and other c l a s t i c sediments, termed the Muti 

formation. The top of C i s marked by a major t e c t o n i c 

contact, above which i s the lowest allochthonous u n i t D, 

This consists of a t h i c k sequence of re-deposited carb­

onates and i s termed the Sumaini Formation. Unit E 

consists of a t h i n sequence of shales and cherty 
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limestones of Upper Cretaceous age. These two u n i t s , D 

and E, have a t o t a l thickness of approximately 700 metres. 

They are i n t u r n o v e r l a i n by the allochthonous u n i t F, 

which has a t o t a l thickness of 2000 metres. This consists 

of a sequence of cherts, cherty limestones, s i l t s t o n e s , 

shales and calcareous sediments w i t h some i n t e r c a l a t e d 

volcanics of v a r i a b l e cottposition. The overlying 

allochthonous u n i t G, consists of an igneous assemblage 

showing a c h a r a c t e r i s t i c o p h i o l i t e s t r a t i g r a p h y of u l t r a -

mafic rocks o v e r l a i n by d i f f e r e n t i a t e d gabbros, a sheeted 

d o l e r i t e complex, and volcanics which include p i l l o w lavas. 

The o p h i o l i t e i s o v e r l a i n by a t h i n sequence of cherts 

and cherty limestones which forms u n i t H. The two u n i t s 

(G and H) are approximately 2000 metres i n thickness. 

The major sequence may t h e r e f o r e be treated as an 

autochthon, o v e r l a i n by a series of allochthonous u n i t s , 

the boundaries of which are major t e c t o n i c d i s c o n t i n u i t i e s 

or t h r u s t surfaces dipping northeast. 

1.3. Summarv 

The r e l a t i o n s h i p s between the Semail O p h i o l i t e 

complex and underlying u n i t s are most simply explained 

by the progressive t e c t o n i c stacking of a series of 

more or less contemporaneous s t r a t i g r a p h i c sequences 

derived from o r i g i n a l l y d i f f e r i n g environments (Glennie 
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et a l . , 1973; Dewey, 1974, 1976). The assunptions t h a t 

p r o g r e s s i v e l y higher t h r u s t u n i t s represent pro g r e s s i v e l y 

f u r t h e r - t r a v l l e d allochthonous sequences leads t o a 

r e c o n s t r u c t i o n of a c o n t i n e n t a l margin regime established 

on the north-eastern side of the Arabian s h i e l d by e a r l y 

Mesozoic time ( F i g . 1 . 3 ) . The basic i n t r u s i v e rocks and 

v o l c a n i c s u i t e s of the autochthonous u n i t s (A and B) may 

represent igneous a c t i v i t y associated wi t h e a r l y r i f t i n g 

i n Late Permian times. E a r l y volcanic associations 

w i t h i n u n i t F may, i n t u r n , represent a t r a n s i t i o n a l 

igneous phase i n d i c a t i v e of a c t i v e continental r i f t i n g 

but p r i o r t o f u l l - f l e d g e d , sea-floor spreading and the 

generation of the o p h i o l i t e s u i t e . The l o c a l association 

of g r a v i t y emplaced, e x o t i c carbonate blocks w i t h 

scattered mafic volca n i c rocks does not demonstrate t h a t 

the l a t t e r represent oceanic basement predating the 

oldest (Permian) carbonate age. By l a t e T r i a s s i c time, 

a complete c o n t i n e n t a l margin and ocean basin regime 

had been established (Carney and Welland, 1974; Glennie 

et a l . , 1973). Part of the autochthon ( u n i t B) occupied 

a pre-ertplacement palaeographical p o s i t i o n t y p i c a l of 

the c o n t i n e n t a l s h e l f or p l a t f o r m and provided carbonate 

debris f o r the t u r b i d i t e and breccia sequence of u n i t D, 

developing on the slope and upper r i s e . Lower continental-

r i s e sediment i s represented i n the lower s l i c e s of u n i t F 
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the upper s l i c e s c o n s t i t u t i n g progressively more abyssal 

facies (Glennie e t a l . , 1973). The igneous s t r a t i g r a p h y 

of the o p h i o l i t e complex i s t y p i c a l of t h a t which 

represents oceanic crust and upper mantle at an a c t i v e l y 

spreading r i d g e . The co n t i n e n t a l margin, now forming 

the autochthon of Oman and Zagros, remained stable u n t i l 

Late Cretaceous time, when the p l a t f o r m subsidence was 

acconpanied by c l a s t i c d eposition (unit C) and g r a v i t y 

emplacement of the e x o t i c carbonate blocks. There i s 

no evidence f o r subduction beneath the margin. 

Glennie e t a l . concluded t h a t the t e c t o n i c sequence 

c h a r a c t e r i s t i c of Oman and the Zagros can be most s i i t p l y 

explained by s l i c i n g and accr e t i o n of oceanic basement 

i n and above a subduction zone. 
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CHAPTER 2: The Khawr Fakkan Area 

2.1. Location 

The Khawr Fakkan region i s located about 120 

kilo m e t e r s east of the Emirate of Dubai. The area can 

be reached by an unpaved road up t o Masafi, From the 

v i l l a g e of Masafi, a four-wheel d r i v e v e h i c l e i s necessary 

t o reach the coastal region of Khawr Fakkan, through the 

v i l l a g e s of Kalba and F u j a i r a h . The area l i e s immediately 

south o f the Dibba l i n e , a t e c t o n i c b e l t of NE-SW 

o r i e n t a t i o n , which thus cuts o b l i q u e l y across the Oman 

mountain range (Fig. 1.1). The Khawr Fakkan area 

includes two major wadi systems, Wadi Shi i n the north 

and Wadi Madha t o the South (see sample l o c a t i o n map 

Pig. 2.1). 

2.2. Physiography and geomorphology 

2.2.1. Topography and drainage 

Topographically, a primary and siqple d i v i s i o n of 

the r e g i on may be made i n t o the elevated mountain zone 

and the f l a n k i n g p l a i n s . 

Rocks of the N-S aligned mountainous zone are 

p r a c t i c a l l y devoid of s o i l and vegetation, except f o r 

s t r i p s of c u l t i v a t e d land on terraces bordering Wadis, 
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The zone as a whole i s one of bold (sub-mature) topo­

graphy, i n t e n s e l y dissected by a c t i v e l y eroding drainage 

channels. Major peaks reach elevations of some 587 metres, 

e.g. Jabal Uwayyin 587 metres, and unnamed peaks west of 

Aqabat a l Khawr and west of Jabal Katalina, of 500 and 

550 metres r e s p e c t i v e l y . Intermediate elevations are 

recorded, e.g. Jabal Riyadir 342 metres, Jabal Katalina 

300 metres, and Jabal Qidfa 210 metres (see sample 

l o c a t i o n map Fig.2.1). 

V a r i a t i o n s i n underlying l i t h o l o g y are c l e a r l y 

expressed, both i n morphology o f the t e r r a i n and i n the 

character of the scree c l o t h i n g many of the h i l l slopes. 

The dark-toned gabbro h i l l s commonly show rounded 

t o subrounded p r o f i l e s , w i t h r i d g e crests f l a t t e n e d over 

widths of three t o seven metres. Scree tends t o be of 

coarse grade, ranging from blocks t o boulders, Serpent-

i n i t e i s characterized by sharp ridges and peaks,and by 

numerous, closely-spaced, erosional facets of inverted 

chevron shape, c o n t r o l l e d by shear and f r a c t u r e planes. 

The scree i s conposed of small- t o cobble-sized,angular 

and cuboidal fragments. 

On the west side o f the mountain range the inner 

zone of strong r e l i e f passes outwards t o f l a n k i n g , 

gravel-covered p l a i n s through a generally well-developed 
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zone of more subdued f o o t h i l l s . The passage from s o l i d 

rock t o a l l u v i a l p l a i n s i s marked, along much of the 

range, by conglomeratic boulder beds. These tongue 

westwards, i n places f o r several kilometres. I n contrast, 

the eastern coastal p l a i n i s ge n e r a l l y of more r e s t r i c t e d 

width, and gabbro h i l l s e s s e n t i a l l y reach t o the sea. 

Only at the debouchement of major wadis, such as Wadi 

Madha and Wadi Shi, are more extensive spreads of rock 

debris and g r a v e l found. 

The mountain range i s dissected i n t o a number of 

blocks by major wadi systems, which provide the only 

means of access t o much of the region. On the western 

side of the roughly c e n t r a l l y - a l i g n e d main watershed 

the general d i r e c t i o n o f drainage i s WNW t o NW,while 

t o the east of the d i v i d e the drainage d i r e c t i o n v a r i e s 

between NE and SE. 

Most of the wadis appear t o be f a u l t c o n t r o l l e d . 

Along most of t h e i r length the watercourses are dry, 

except during sporadic short periods o f spate flow, 

and on the western side of the range a l l of the channels 

stream out i n the gr a v e l p l a i n s . Short stretches of 

flowing water are seen i n the mountains, where bedrock 

i s a t , or near, the surface of the wadi f l o o r . 

Morphological features i n d i c a t i v e of u p l i f t i n 
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r e l a t i v e l y recent times include wadi terraces, raised 

beaches, and entrenched meanders. The l a s t are w e l l 

developed i n wadis c u t t i n g s e r p e n t i n i t e and drai n i n g 

eastwards i n the r e g i o n t o the northwest of Khawr Pakkan. 

Quaternary , f l u v i a t i l e , t e r r a c e deposits are cut by 

major present-day wadis t o depths varying from a few 

t o several tens of metres. They are a common feature of 

the mountain zone (Plate 2.1). These terraces consist 

of m a t e r i a l common t o the present day wadis, ranging 

i n s i z e from boulders t o gravels, w i t h a s i l t matrix. 

The assemiblage i s g e n e r a l l y chaotic, but i n places the 

deposits d i s p l a y rough s t r a t i f i c a t i o n w i t h a tendency 

towards rhythmic grading. Cross bedding i s sometimes 

w e l l developed i n the f i n e g rain-sige m a t e r i a l . 

Remnants of ra i s e d beaches or marine terraces occur 

along t h e coast l i n e o f the Gulf of Oman t o the south of 

Khawr Fakkan. They probably represent an o r i g i n a l l y 

continuous t e r r a c e a t about 10 t o 12 metres e l e v a t i o n . 

These terraces l o c a l l y reach i n l a n d for distances of 

up t o a k i l o m e t r e . Coral limestone blocks can be 

found i n the t e r r a c e deposits i n the coastal region of 

Khawr Fakkan, To the south o f Khawr Fakkan, marine 

s h e l l fragments of Recent or l a t e Pleistocene species 

occur on the t e r r a c e surface. This suggests u p l i f t i n 
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P l a t e 2 . 1 . Quaternary ^ f l u v i a t i l e ,terrace deposits 
c o n s i s t i n g of m a t e r i a l common t o the 
present day wadis, ranging i n size from 
boulders t o gravels, w i t h a s i l t matrix. 
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Pleistocene and sub-Recent times, perhaps i n the form 

of gentle arching. 

2.3. Geology 

The region can be di v i d e d i n t o g e o l o g i c a l l y 

d i s t i n c t u n i t s . These may be arranged i n the f o l l o w i n g 

s t r a t i g r a p h i c order: 

Extrusives 

D o l e r i t e dykes 

Gabbro cumulates 

Sheared s e r p e n t i n i t e s 

U l t r a m a f i c complex 

2.3.1. The u l t r a m a f i c complex 

The p e r i d o t i t e s i n the Wadi Shi - Wadi Madha area 

are dissected by a number of ramifying t r i b u t a r i e s which 

form the only access t o them. To the west and southwest 

of Khawr Fakkan i n the Wadi Shi - Wadi Madha area (Fig. 

2.2), the u l t r a m a f i c facies of the Semail o p h i o l i t e 

forms l o w - l y i n g outcrops. The outcrops are gene r a l l y 

discontinuous, forvoiing detached blocks of v a r i a b l e 

dimensions, but of the order of 100 by 200 metres. The 

d i s t r i b u t i o n of the p e r i d o t i t e s has been c o n t r o l l e d by 

the f a u l t system, the u l t r a m a f i c complex being i n t e r ­

sected by numerous N-S f a u l t s . These f a u l t s dip t o 

the east. N-S f a u l t i n g i s also evident at the contact 
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between the p e r i d o t i t e s and gabbros, which i s also of 

t e c t o n i c type. 

F i e l d observations revealed t h a t the p e r i d o t i t e s 

of the Wadi Shi - Wadi Madha area occur as blocky 

massive types, f r e q u e n t l y dissected by numerous 

f r a c t u r e s f i l l e d w i t h veins of asbestiform m a t e r i a l , 

mainly c h r y s o t i l e . The veins f i l l i n g the f r a c t u r e s 

range i n width from 2 centimetres t o more than 10 

centimetres. The p e r i d o t i t e s generally do not e x h i b i t 

noticeable v a r i a t i o n s i n t h e i r general appearance and 

i n d i v i d u a l rock types are d i f f i c u l t to determine i n the 

f i e l d . The o r i g i n a l t e x t u r e s are not d i s c e r n i b l e i n the 

f i e l d as a l l the u l t r a m a f i c s have a t e c t o n i c f a b r i c . 

Their colour g e n e r a l l y v a r i e s from dark green t o greenish 

brown, although pale coloured v a r i e t i e s and mottled types 

also occur. The mottled v a r i e t y i s u sually harzburgite, 

the mottled e f f e c t r e f l e c t i n g the presence of ortho-

pyroxene. Such inhomogeneity i n appearance may be 

accentuated l o c a l l y by weathering, r e f l e c t i n g coirpositional 

v a r i a t i o n . 

I t should, however, be mentioned t h a t u l t r a m a f i c 

rock types are g e n e r a l l y not sharply separable i n the 

f i e l d , and one type may grade imperceptibly i n t o the 

other. An i n t e r e s t i n g f eature observed i n the Wadi Shi 
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sector i s t h a t p a r t of the p e r i d o t i t e complex belonging 

t o t h a t sector has been s h i f t e d towards the gabbro 

complex east of Wadi Shi (Fig. 2.2), which i s probably 

due t o shearing and f a u l t i n g , 

2.3.2. The sheared s e r p e n t i n i t e s 

Along the contact, between the main u l t r a m a f i c 

cortplex of the Wadi Shi and Wadi Madha areas and the 

gabbro complex, the c h a r a c t e r i s t i c s of the p e r i d o t i t e 

change. They become brownish, and l o c a l l y earthy, w i t h 

frequent pockets of the carbonate magnesite. They are 

h i g h l y impregnated w i t h s i l i c a and are traversed by 

magnesite veins. The veins have an average width of a 

few centimetres but i n a few cases they may a t t a i n h a l f 

a metre i n w i d t h . At the contact of some magnesite 

veins, the s e r p e n t i n i t e s are a l t e r e d t o t a l c carbonates. 

A secondary bre c c i a t e d s t r u c t u r e i s frequently observed 

which owes i t s form t o a network of s i l i c a enclosing 

extremely weathered p e r i d o t i t e . I n general appearance 

the s e r p e n t i n i t e s are f r i a b l e and they are h i g h l y 

sheared because of t h e i r close r e l a t i o n s h i p t o the 

f a u l t s . 

The most s t r i k i n g feature characterizing the sheared 

s e r p e n t i n i t e s i n the Wadi Shi and Wadi Madha areas i s the 
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h i g h l y cavernous s t r u c t u r e r e s u l t i n g from sur f a c e 

weathering of the carbonate minerals. 

The shear zones encountered i n the Wadi Shi and 

Wadi Madha areas mostly possess a N-S trend. 

2.3.3. Gabbro cumulates 

The outcropping gabbros are f a r more homogeneous 

and massive, i n c o n t r a s t to the p e r i d o t i t e s . They 

c o n s t i t u t e r a t h e r sharp massifs superirnposed on the 

p e r i d o t i t e s . 

The gabbros are e x c e l l e n t l y exposed i n the eas t e r n 

J a b a l Qidfa, J a b a l R i y a d i r , J a b a l Katalina, and the 

J a b a l Khawr Fakkan areas ( F i g s . 2.1 and 2.2). They 

a l s o occur i n the eas t e r n sector of Wadi Shi and south­

e a s t e r n p a r t of Wadi Madha, g e n e r a l l y becoming coarser 

towards these two regions, and f i n e r towards the c o a s t a l 

region of iChawr Fakkan. 

On the whole, there i s a gradual upwards decrease 

i n g r a i n s i z e throughout the gabbro complex. 

Layering i s a marked and widespread feature i n 

the gabbros. I t i s the expression of compositional 

v a r i a t i o n s , rendered the more obvious by weathering 

and colour d i f f e r e n c e s , and i s g e n e r a l l y a r e s u l t of the 

a l t e r n a t i o n of f e l d s p a t h i c and ferroitiagnesian-rich 
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l a y e r s . I n general, l a y e r s are impersistent and many 

of them pinch out over r e l a t i v e l y short d i s t a n c e s . 

Layering t h a t i s continuous over long d i s t a n c e s , 

such as occur i n s t r a t i f o r m conplexes, has not been 

observed. Also, no rhythmic or c y c l i c r e p e t i t i o n of l a y e r s 

has been noticed i n the gabbro complex. 

The a t t i t u d e of the l a y e r s i s f a i r l y constant with 

dips ranging from 4 5° to 65° i n a south-easterly 

d i r e c t i o n . 

2.3.4. D o l e r i t e dykes 

The d o l e r i t e dykes are w e l l exposed i n the extreme 

c o a s t a l region of Khawr Fakkan ( F i g . 2.2), where they 

occur as s u b v e r t i c a l dykes c u t t i n g each other at low 

angles and varying i n t h i c k n e s s between two or three 

metres. The dykes s t r i k e between 35 and 40° and dip 

s t e e p l y south-eastwards. They sometimes show faulted 

contacts with the overlying b a s a l t i c flows and these 

a l s o occur between the dykes themselves. They become 

l e s s frequent south of the v i l l a g e of Qidfa and 

immediately west of Aqabat Al-Khawr (Pig.2.2) where 

they cut through the gabbros. The dykes, i n p a r t at 

l e a s t , form the feeders to the overlying b a s a l t i c flows. 
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2.3.5. E x t r u s i v e s 

The e x t r u s i v e rocks occur as massive flows, 

g e n e r a l l y fine-grained and greenish to black i n 

colour; some d i s p l a y crude columnar j o i n t i n g . They 

form low-lying h i l l s . 

The b a s a l t i c flows are best exposed on the small 

i s l a n d of s i r a t Al-Khawr, north of Khawr Fakkan and 

separated from the l a t t e r by the Gulf of Oman (Fi g . 

2.2). 

Other occurrences are seen at the extreme north 

of Khawr Fakkan ( F i g . 2.2). 
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CHAPTER 3: Petrography 

3.1. Petrography of the Ultramafic Rocks 

3.1.1. Occurrence 

The u l t r a m a f i c rocks are exposed over wide areas 

of the Northern Oman Range, and occur as la r g e sheet­

l i k e masses at l e a s t 900 metres t h i c k . The colour of 

the rock types v a r i e s from dark green, almost black, to 

brown. They are commonly d i s s e c t e d by i n t e r s e c t i n g 

f r a c t u r e planes, and appear to be sheared. Veins of 

asbestiform m a t e r i a l , composed mainly of c h r y s o t i l e 

and varying i n t h i c k n e s s from 5 to 10 cm, i n t e r s e c t 

the u l t r a m a f i c s e r p e n t i n i t e s (Plate 3.1). 

The rock types are mainly dunites, harzburgites 

and w e h r l i t e s , with v e r y l i m i t e d f e l d s p a t h i c p e r i d o t i t e 

and I h e r z o l i t e ( P l a t e 3.2). They are a l l serpentinized 

to a greater or l e s s e r degree. 

The u l t r a m a f i c s are best exposed i n the south of 

the area, i n Wadi Madha and Wadi Sahnah although a 

l i m i t e d development may be seen i n Wadi Shi i n the 

north ( F i g . 2.2). 

3.1.2. Dunites ( P l a t e 3.3) 

Dunites occur i n both the south, i n the area of 

Wadi Madha and i n the north, around Wadi S h i . They 
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P l a t e S . l . D u n i t e outcrop of Wadi Madha showing 
d i s t r i b u t i o n of a s b e s t i f o r m mate;cial 
composed mainly of c h r y s o t i l e . 

n i l 11(1 n i l n i l n n in i n n n n in i in i 
0 10 2 0 3 0 4 0 50 

P l a t e 3.2. Hand specimen of sample 315: 
P l a g i o c l a s e p e r i d o t i t e conposed of 
s e r i c i t i s e d p l a g i o c l a s e (white), o l i v i n e 
top r i g h t hand corner, and a l t e r e d c l i n o -
pyroxene, lower l e f t hand corner. 
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are b e s t seen, and most prevalent, around Wadi Madha. 

They are found i n bands of g r e a t l y varying 

t h i c k n e s s , from 100-200 metres t h i c k , pinching out 

l a t e r a l l y . They o c c a s i o n a l l y pass i n t o harzburgites 

but more commonly i n t o w e h r l i t e s . 

The d u n i t e s have a simple chemistry and mineralogy. 

Primary minerals i n c l u d e dominant o l i v i n e , together 

with chrome-spinel and d i o p s i d i c clinopyroxene. 

S e r p e n t i n i z a t i o n and a l t e r a t i o n have added serpentine, 

t a l c and carbonate (magnesite) t o the assemblage. 

Average modal proportions of the c o n s t i t u e n t s are 

o l i v i n e 70%, clinppyroxene 5%, chrome-spinel 3%, 

serpentine 20%, carbonates and t a l c 2%. There i s , 

however, considerable v a r i a t i o n depending on the degree 

of s e r p e n t i n i z a t i o n . 

The o l i v i n e has an average g r a i n s i z e of 4 by 2.5 mm. 

I n s e r p e n t i n i z e d dunite i t occurs as r e l i c t angular 

g r a i n s , of average diameter 3 mm, s e t i n a mesh-textured 

se r p e n t i n e matrix. Most of the dunites are s t r o n g l y 

deformed, and the o l i v i n e s show evidence of s t r a i n i n 

the form of kink-banding, undulose and zone e x t i n c t i o n 

( P l a t e 3.4). A c a t a c l a s t i c t e x t u r e develops at the 

expense of an e a r l y generation of elongate, o l i v i n e 

megacrysts, which have a darker appearance than the l a t e r . 
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P l a t e 3.3.Photomicrograph: Mosaic textured dunite, 
moderately s e r p e n t i n i z e d by a network of 
c h r y s o t i l e v e i n s . Red s p i n e l s are sub-
h e d r a l equant (Sanple 314. XP. F i e l d 
width = 4 mm). 

s 

P l a t e 3 .4.Photomicrograph: S t r o n g l y deformed dunite, 
showing c r y s t a l l i z a t i o n of l a r g e , s t r a i n e d , 
p r i s m a t i c o l i v i n e s i n t o a mosaic of sm a l l 
o l i v i n e s , cut by c h r y s o t i l e v e i n i n g (Sanple 
318. XP. F i e l d width = 4 mm). 
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r e c r y s t a l l i z e d , mosaic-textured o l i v i n e . The elongate 

o l i v i n e s tend to have strong d i r e c t i o n s of serpent­

i n i z a t i o n normal t o the elongation, while mosaic o l i v i n e 

i s s e r p e n t i n i z e d by a network of c h r y s o t i l e v e i n l e t s 

( P l a t e 3 . 5 ). 

Clinopyroxenes occur as small, i n t e r s t i t i a l g r a i n s 

between the o l i v i n e ; they have an average g r a i n s i z e of 

1-1.5 mm diameter. 

The chrome s p i n e l s occur as large, red, subhedral 

g r a i n s with s e m i - c i r c u l a r , embayed margins, t h e i r g r a i n 

s i z e v a r y i n g between 1 and 0.5 mm diameter. Some of the 

s p i n e l s from s t r o n g l y deformed dunites show " p u l l - a p a r t " 

t e x t u r e ( P l a t e 3.6), the crack s i n the s p i n e l being 

f i l l e d by serpentine. 

Within the giroundmass, i r r e g u l a r lobate areas are 

sometimes present. These areas are of low b i r e f r i n g e n c e 

and may be c h l o r i t e or c l a y minerals ( P l a t e 3.7). 

3.1.3. Harzburgites ( P l a t e 3.8) 

The h a r z b u r g i t e s occur mainly i n the north of the 

Wadi S h i area (although a l i m i t e d development may be seen 

i n Wadi Madha and Wadi Sahnah to the south of Wadi S h i ) . 

They are interbanded with dunites although the l a t t e r are 

subordinate i n amount. 
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P l a t e 3 .5. Photomicrograph: equigranular,anhedral, 
medium g r a i n - s i z e o l i v i n e s , s e r p e n t i n i z e d 
w i t h strong d i r e c t i o n of s e r p e n t i n i z a t i o n 
normal t o elongation of o l i v i n e s (Sanple 
528. XP. F i e l d width = 8 mm). 
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P l a t e 3.6- Photomicrograph: S p i n e l g r a i n i n a 
s e r p e n t i n i z e d dunite, s e r p e n t i n i z a t i o n 
of o l i v i n e s i s r e f l e c t e d i n the chrome 
s p i n e l which shows " p u l l - a p a r t " t e x t u r e . 
The c r a c k s i n the s p i n e l being f i l l e d 
w i t h serpentine (Sample 531. XP. F i e l d 
width = 4mm). 

P l a t e 3.7. Photomicrograph: I r r e g u l a r , i n t e r s t i t i a l , 
l o b a t e a r e a s of c h l o r i t e and c l a y minerals 
i n a groundmass of mosaic-textured o l i v i n e s , 
s u b s t a n t i a l l y s e r p e n t i n i z e d by a network of 
c h r y s o t i l e v e i n s , i n a s e r p e n t i n i z e d dunite 
(Sanple 515, PPL. F i e l d width = 4mm). 
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P l a t e 3 .8. Photomicrograph: E n s t a t i t e g r a i n i n a 
s e r p e n t i n i z e d h a r z b u r g i t e . The o l i v i n e s 
appear to be elongated and s h a t t e r e d . 
Both the e n s t a t i t e and o l i v i n e s show a 
domain and s t r a i n e x t i n c t i o n . Note the 
c h r y s o t i l e v e i n i n g strong i n one d i r e c t i o n 
(Sample 328. XP. F i e l d width = 2 mm). 
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Primary minerals of the harzburgites include 

dominant o l i v i n e and orthopyroxene, together with minor 

chrome s p i n e l and d i o p s i d i c clinopyroxene. S e r p e n t i n i z a t i o n 

and a l t e r a t i o n have added serpentine, t a l c and c h l o r i t e . 

Average modal proportions of the constituents are 

o l i v i n e 85%, orthopyroxene 12%, clinopyroxene 2%, chrome 

s p i n e l 2%. These modal va l u e s are u s u a l l y modified by 

serpentine, t a l c and c h l o r i t e which are present i n 

v a r i a b l e amounts and depend on the extent of s e r p e n t i n ­

i z a t i o n . The h a r z b u r g i t e s a r e g e n e r a l l y l e s s s erpentinized 

than the d u n i t e s . The o l i v i n e s are subhedral and have an 

elongate appearance; there i s a tendency towards p r e f e r r e d 

o r i e n t a t i o n . The elongate o l i v i n e s often show evidence 

of c a t a c l a s t i c deformation; they are shattered and show 

domain e x t i n c t i o n . The o l i v i n e s are p a r t l y a l t e r e d to 

serpentine, and are cut by v e i n l e t s of c h r y s o t i l e , while 

others a r e t r a v e r s e d by i r r e g u l a r v e i n s of t a l c . Small 

o l i v i n e s are sometimes included w i t h i n chrome s p i n e l and 

pyroxene. 

Orthopyroxenes occur as subhedral to euhedral 

c r y s t a l s with an average g r a i n s i z e between 2x0.5 mm and 

3x2 ram. The orthopyroxenes include f i n e clinopyroxene 

e x s o l u t i o n lamellae which are mainly p a r a l l e l to the 

loo cleavage t r a c e . They o c c a s i o n a l l y enclose minute. 



37 

rounded o l i v i n e s , and chrome s p i n e l . I n some areas 

the orthopyroxenes are replaced by f i b r o u s c h l o r i t e , 

but more u s u a l l y they are pseudomorphed by b a s t i t e and 

t a l c although f r e s h cores of the orthopyroxene u s u a l l y 

remain. 

Glinopyrpxenes are v e r y minor i n amount,and i n some 

specimens they are c o n p l e t e l y absent. 

The chrome s p i n e l s are deep red i n colour, with an 

average g r a i n s i z e of 2.5x1 mm and have an anhedral t o 

subhedral texturis. The chrome s p i n e l s are often fractured, 

w i t h t h i n c h r y s b t i l e v e i n s running through the f r a c t u r e s . 

O c c a s i o n a l l y the s p i n e l s occur w i t h i n the b a s t i t e - t a l c 

groundmass. They tend t o be more i r r e g u l a r i n o u t l i n e 

than the s p i n e l s present i n the dunite. 

3.1.4. Wehrlites ( P l a t e 3.9) 

The w e h r l i t e s are seen i n the southern part of the 

area i n the v i c i n i t y of Wadi Madha and Wadi Sahnah. 

They are found i n bands commonly asso c i a t e d with 

the dunites and often i n d i r e c t contact with them. 

Primary minerals of the w e h r l i t e s include dominant 

o l i v i n e and clinopyroxene, together with minor chrome 

s p i n e l and orthopyroxene; s e r p e n t i n i z a t i o n and 

a l t e r a t i o n have added serpentine, c h l o r i t e and carbonate. 
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P l a t e 3 .9. Photomicrograph: O l i v i n e and clinopyroxene 
w i t h f i n e - s c a l e ort^opyroxene e x s o l u t i o n i n 
a w e h r l i t e . The o l i v i n e s show strong, e l o n ­
gate p r e f e r r e d o r i e n t a t i o n with a tendency 
for c h r y s o t i l e v e i n i n g to be normal to the 
e l o n g a t i o n (Sample 312. XP. F i e l d width = 4mm). 

P l a t e 3 .10.Photomicrograph: I n t e n s e l y sheared 
w e h r l i t e . Note l a t e carbonate v e i n i n g 
c u t t i n g o b l i q u e l y a c r o s s the clinopyroxenes 
and invading the adjacent o l i v i n e s . (Sanple 
317. XP. F i e l d width = 8 mm). 
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Average modal proportions of the c o n s t i t u e n t s are 

o l i v i n e 70%, clinopyroxene 15%, chrome s p i n e l 5%, 

serpentine ICP/o. There i s , however, considerable 

v a r i a t i o n depending on the degree of s e r p e n t i n i z a t i o n . 

The o l i v i n e has an average g r a i n s i z e of 2x1.5mm. 

I n s e r p e n t i n i z e d w e h r l i t e s the o l i v i n e s are mosaic 

textured with a shattered appearance, and net veined by 

ser p e n t i n e . A c a t a c l a s t i c t e x t u r e develops at the expense 

of an e a r l y generation of s t r o n g l y elongate o l i v i n e . The 

elongate o l i v i n e tends to have a s t r o n g l y preferred 

o r i e n t a t i o n and the tendency i s for c h r y s o t i l e veining 

t o be normal t o this elongation. Most of the w e h r l i t e s 

are s t r o n g l y deformed and the o l i v i n e s show evidence of 

s t r a i n i n the form of undulose and zone e x t i n c t i o n . 

Minor i n t e r s t i t i a l o l i v i n e s are a l t e r e d to t a l c . 

O c c a s i o n a l l y the o l i v i n e s occur as i n c l u s i o n s i n the 

clinopyroxenes. 

The clinopyroxenes occur as subhedral grai n s , with 

g r a i n s i z e ranging between 5x0.2mm and 3x1.5mm. They 

in c l u d e f i n e orthopyroxene e x s o l u t i o n lamellae p a r a l l e l 

t o the 100 cleavage t r a c e s . The clinopyroxenes i n the 

s e r p e n t i n i z e d w e h r l i t e s are s e t i n a serpentine matrix, 

and these pyroxenes are s t r a i n e d and show undulose 

e x t i n c t i o n . The r e l a t i v e l y f r e s h clinopyroxehes are 
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o c c a s i o n a l l y a l t e r e d and dusted with Fe oxides (magnetite) 

which suggests t h a t the o r i g i n a l clinopyroxene contained 

a p p r e c i a b l e Fe. Some clinopyroxenes are a l t e r e d to t a l c , 

m a r g i n a l l y and along cleavages; o c c a s i o n a l l y a clinopyroxene 

w i l l be completely r e p l a c e d . 

The chrome s p i n e l i s deep t o pale red i n coloxur and 

occurs as subhedral, equant, and i n some cases rounded 

g r a i n s with an average g r a i n s i z e of 1x0.5mm. The 

s p i n e l s o c c a s i o n a l l y occur as i n c l u s i o n s i n the pyroxene, 

sometimes contain minute i n c l u s i o n s of o l i v i n e , and aire 

embayed. 

Within the groundmass, some pale-green c h l o r i t e i s 

o c c a s i o n a l l y present. I n one sample, a zone of intense 

c h l o r i t e development i s probably r e l a t e d to shearing. I n 

general, however, the w e h r l i t e s are s u b s t a n t i a l l y fresh 

although l a t e carbonate v e i n i n g sometimes cuts o b l i q u e l y 

a c r o s s the clinopyroxenes and invades the adjacent 

o l i v i n e s ( P l a t e 3.10). 

3.1.5. Rodingites 

Rodingite was f i r s t defined by B e l l et a l . (1911) 

as a coarse grained, gabbro-like rock a s s o c i a t e d with 

dunite and containing d i a l l a g e , g r o s s u l a r i t e , prehnite 

and/or serpentine. B e l l e t a l . o r i g i n a l l y described t h i s 
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rock type i n dykes c u t t i n g through s e r p e n t i n i t e s 

outcropping i n the region of the r i v e r Roding i n New 

Zealand. These dykes were coirposed e s s e n t i a l l y of 

garnet (hydrogrossular), d i a l l a g e and prehn i t e , 

Glennie e t a l . (1974) recognised t h i s rock type 

i n the southern p a r t of the Oman Mountains, and described 

the following f e a t u r e s as being c h a r a c t e r i s t i c of 

r o d i n g i t e s i n g e n e r a l : 

1. They are c a l c i u m - r i c h rocks conposed of (mostly 

hydrous) c a l c - s i l i c a t e s . 

2. They occur as i n c l u s i o n s w i t h i n serpentinized 

u l t r a m a f i c host-rocks. 

3. They a r e often separated from the host rock by 

a rim of c h l o r i t e . 

4. They are len s e shaped, roundish or more t y p i c a l l y 

dyke-shaped. 

5. They a r e found more commonly w i t h i n assemblages 

t h a t have not been a f f e c t e d by a r e g i o n a l metamorphism. 

I t i s g e n e r a l l y agreed t h a t the o r i g i n of these 

rocks i s low-temperature a l t e r a t i o n of mostly gabbroic 

to b a s a l t i c igneous i n c l u s i o n s ( l a y e r s or dykes) or some­

times of calcareous sedimentary m a t e r i a l w i t h i n the u l t r a -

mafic host rock. An e s s e n t i a l factor for the a l t e r a t i o n s 

to take p l a c e seems to be.the s e r p e n t i n i z a t i o n of the host 
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rock, s i n c e t h i s i s found to take p l a c e simultaneously 

with the r o d i n g i t e r e a c t i o n s . Another fac t o r favouring 

the process i n many cases i s conteitporaneous deformation. 

The r e a c t i o n i s supposed to involve an exchange of matter 

between the host rock and the i n c l u s i o n . 

The r o d i n g i t e s form dykes and boudins w i t h i n the 

sheared u l t r a m a f i c rocks and dunites, and commonly occur 

along the contact zone between the u l t r a m a f i c rhass and the 

sheared s e r p e n t i n i t e s i n Wadi Madha. The most common host 

rock of the r o d i n g i t e i s a s e r p e n t i n i t e conposed of 

c h r y s o t i l e , chrome s p i n e l , secondary magnetite and 

hematite. 

The main c o n s t i t u e n t s of the r o d i n g i t e s are pyroxenes 

and g a r n e t s . The garnets are most probably hydrogrossular 

with evidence of r e c r y s t a l l i z a t i o n and p a r t i a l melting of 

the garnets. The garnets a l s o occupy i n t e r s t i t i a l spaces 

w i t h i n the pyroxenes and occur as coarse exsolution blebs 

i n the pyroxenes (Pla t e 3.11). Crush zones are evident 

where pyroxenes have r e c r y s t a l l i z e d to f i n e mosaic texture. 

The pyroxenes present are mainly monoclinic with v a r i a t i o n s 

i n g r a i n s i z e ranging from medium to coarse grained. 

Remnants of orthopyroxene are present but with a cloudy 

appearance due to minute Fe oxides. P a r t i a l r e s o r b t i o n 

and r e c r y s t a l l i z a t i o n of the rock i s evident. 
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P l a t e 3 .11 Photomicrograph: R e c r y s t a l l i z a t i o n and 
p a r t i a l melting of garnets i n a r o d i n g i t e . 
Garnets occupy i n t e r s t i t i a l spaces and a l s o 
appear as exsolved b l e b s i n clinopyroxene. 
Crush zones are evident, where the c l i n o -
pyroxenes have r e c r y s t a l l i z e d t o f i n e mosaic 
t e x t u r e s (Sample 535. XP. F i e l d width = 4mm), 

P l a t e 3.12 Sheared,talcose s e r p e n t i n i t e a t Wadi Madha, 
showing cavernous s t r u c t u r e which i s due 
t o s o l u t i o n of carbonates during weathering 



3.1.6. The sheared s e r p e n t i n i t e s 

Along the contact zone between the ultrama-fics and 

the gabbro-cumulates, the s e r p e n t i n i t e s are h i g h l y sheared 

and are u s u a l l y a l t e r e d to talc-ca r b o n a t e s (Pl a t e 3.12). 

These rocks are b e s t seen i n the south around Wadi Madha 

and Wadi Sahnah although a l i m i t e d development may be 

seen i n Wadi Shi to the north ( F i g . 2.2). They show a 

cavernous s t r u c t u r e which i s due to s o l u t i o n of carbonates 

during weathering. Magnesite i s f a i r l y common and appears 

i n v a r i o u s forms. I t occurs as small c r o s s - c u t t i n g 

v e i n l e t s , which give the rock a mesh-like appearance, 

and more often as bands running through the s e r p e n t i n i t e 

( P l a t e 3.13). The magnesite v e i n s disappear e n t i r e l y 

as one approaches the u l t r a m a f i c zone.. C h r y s o t i l e 

v e i n s a r e a l s o common, both i n the contact zone and i n 

the u l t r a m a f i c zone. 

I n t h i n s e c t i o n the most common rock-type from t h i s 

zone c o n s i s t s of serpentine containing r e s i d u a l o l i v i n e 

granules; r e l i c t ortho- and clinopyroxenes are a l s o 

p resent. Some areas are tr a v e r s e d by t h i c k c h r y s o t i l e 

v e i n s and by l a t e r carbonate v e i n s . T a l c i s present i n 

the form of rims to the r e s i d u a l o l i v i n e granules. Ore 

minerals, probably magnetite, occur i n a shattered s k e l e t a l 

form and as a f i n e dust i n the serpentine. 

Other examples from t h i s sheared zone include meta-
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P l a t e 3.13 . Sheared s e r p e n t i n i t e a t Wadi Madha. 
Note the white c r o s s - c u t t i n g v e i n l e t s of 
magnesite, which g i v e s the sheared 
s e r p e n t i n i t e s a mesh-like appearance. 
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somatic t a l c - a n p h i b p l e r o c k s . I n t h i n s e c t i o n these 

rocks are a mixture of t a l c , p a l e green to brown anphibole 

and p o s s i b l y b r u c i t e . Radiating aggregates of t r e m b l i t e -

a c t i n o l i t e ( P l a t e 3.14) sometimes occur; these must have 

grown a f t e r the shearing movements ceased to be e f f e c t i v e . 

Sheared t a l c o s e s e r p e n t i n i t e a l s o occurs i n t h i s 

zone. These rocks are extremely r i c h i n subhedral to 

euhedral chromite showing hexagonal and cubic o u t l i n e s 

( P l a t e 3.15). Analyses of these chrome-spinels are 

given i n Table 5.33. 

3.2. Petrography of the Cumulate Rocks 

3.2.1. Nomenclature and te x t u r e s 

The c l a s s i f i c a t i o n of igneous cumulates by Wager, 

Brown and Wadsworth (1960) i s used i n diescribing the 

cumulate r o c k s . Much of t h e o r e t i c a l inportance can be 

incorporated, and a ia^ t t e r understanding of cumulate 

problems gained, by adopting t h i s c l a s s i f i c a t i o n . The 

v a r i o u s terms used a r e : 

An igneous cumulate; A rock formed by g r a v i t y accumulation 

of c r y s t a l s from magma. 

Cumulus minerals; Those which have s e t t l e d (or, l e s s 

commonly, floated) as primocrysts from the contemporary 

magma. 
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Plate 3.14 Photomicrograph: Metasomatic t a l c -
anphibolite showing radiating aggregates 
of tre m o l i t e - a c t i n o l i t e , associated with 
fin e r grained t a l c and artphibole (Sanple 
516. XP. F i e l d width = 4mm). 

'A 

Plate 3.15 Photomicrograph: Sheared, talcose serpent-
i n i t e r i c h i n subhedral to euhedral chrome-
sp i n e l s . Note the crudely hexagonal and 
cubic spinels (Sample 537, XP. F i e l d 
width - 4 mm). 
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Intercumulus l i q u i d s ; Contemporary magmas occupying the 

pore spaces between the cumulus phases. 

An orthocumulate; A cumulate c o n s i s t i n g of one or more 

cumulus minerals together with the products of c r y s t a l ­

l i z a t i o n of the "trapped" intercumulus l i q u i d , which 

n e c e s s a r i l y has the composition of the conteitporary magma, 

The cumulus phases and t h e i r o r i g i n a l intercumulus l i q u i d 

c o n s t i t u t e a closed system. 

An adcumulate; A term used to desc r i b e the extension of 

the cumuluis c r y s t a l s a t constant composition to give un-

zoned c r y s t a l s , thus reducing the intercumulus l i q u i d by 

mechanical expulsion. 

Mesocumulates; Those rocks intermediate between ortho-

cumulates and adcumulates and showing small amounts of 

pore m a t e r i a l . 

Postcumulus m a t e r i a l ; Primary, noncumulus material that 

formed (Jackson, 1961) i n the spaces between the cumulus 

minerals. May be adcumulus or orthocumulus m a t e r i a l . 

A heteradcumulate; Contains unzoned minerals that have 

nucleated from intercumulus l i q u i d but have grown by 

the adcumulus process. 

3.2.2. Occurrence 

The cumulate rocks are mainly concentrated i n 
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the J a b a l Khawr Fakkari and a l s o south-east of Wadi 

Madha ( F i g . 2.2). A l i m i t e d development maybe seen 

around Wadi Madha to the south and Wadi Shi t o the 

north. 

3.2.3. Rock types 

The rock types are divided i n t o ; 

1. O l i v i n e pyroxenites 

2. O l i v i n e gabbros 

3. Norites and hypersthene gabbros 

4. Gabbros 

5. Anorthosites and l e u c o c r a t i c gabbros 

6. Gabbro mylonites 

The above rock types are sub-divided i n order of the 

abundance of the cumulus phases, with the r a r e phases i n 

b r a c k e t s , i n the following manner; 

1. O l i v i n e pyroxenites 

A. Clinopyroxene - o l i v i n e heteradcumulate 

B. Clinopyroxene - o l i v i n e adcumulate 

2. O l i v i n e gabbros 

A. P l a g i d c l a s e - o l i v i n e - c l i n o p y r o x e n e 

adcumulate 

B. C l i n o p y r o x e n e - p l a g i o c l a s e - o l i v i n e 

mesocumulate 

C. O l i v i n e - p l a g i o c l a s e heteradcumulate 
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3. N o r i t e s and hypersthene gabbros 

A. Orthopyr oxene-cl i nopyroxene-p 1 ag i o c l a s e 

adcumulate 

B. Plagioclase-orthopyroxene (clinopyroxene) 

heteradcumulate 

4. Gabbros 

• A. Clindpyrdxene-plagioclase adcumulate 

B. Plagioclase-clinopyroxene mesocumulate 

C. P l a g i o c l a s e heteradcumulate 

5. A n o r t h o s i t e s and l e u c o c r a t i c gabbros 

A. P l a g i o c l a s e adcumulate 

6. Gabbro mylonites 

The o l i v i n e - b e a r i h g cumulates are more prevalent 

than the other types and they are b e s t developed in, the 

north of the area around Wadi Shi and south of the area 

around Wadi Madha. The o l i v i n e - f r e e cumulates are more 

common i n Ja b a l Khawr Fakkan, and a l s o south-east of 

wadi Madha ( F i g . 2.2). 

3.2.3.1. O l i v i n e pyroxenites 

A. Clinopyroxene-olivine-heteradcumulate (Plate 3.16) 

The following specimen i s r e p r e s e n t a t i v e of t h i s 

group: 103OB. 
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P l a t e 3 .16 Photomicrograph: C l i n o p y r o x e n e - o l i v i n e 
heteradcumulate, showing both cumulus 
clinopyroxene and cumulus o l i v i n e . The 

. o l i v i n e s are i n v a r i a b l y t r a v e r s e d by a 
network of i r r e g u l a r s e r p e n t i n e v e i n s 
o u t l i n e d w i t h magnetite (Sample 1030B. 
XP. F i e l d width = 2 mm). 

4 
Plate 3.18Photomicrograph; Cl i n o p y r o x e n e - o l i v i n e 

adcumulate, showing both cumulus c l i n o ­
pyroxene and cumulus o l i v i n e . The cumulus 
clinopyroxene and o l i v i n e have been extended 
by adcumulus growth (Sample 553. XP. 
F i e l d width = 4 mm). 
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The main cumulus phases are d i o p s i d i c clinopyroxene 

and o l i v i n e . P l a g i o c l a s e i s r a r e and i s an intercumulus 

phase.. Average modal proportions are clinopyroxene 70%, 

o l i v i n e 19%, p l a g i o c l a s e 10% and s p i n e l 1%. 

D i p p s i d i c clinopyroxenes occur as large, coarse, 

anhedral to subhedral c r y s t a l s with an average g r a i n s i z e 

between 4x2.05mm and 10x5mm. F i n e - s c a l e exsolution 

l a m e l l a e of orthopyroxene p a r a l l e l to (100) are common i n 

the clinopyrbxenes. Fe oxide i s o c c a s i o n a l l y concentrated 

along the exsolved l a m e l l a e . A l s o present are l a r g e 

cumulus c r y s t a l s of in v e r t e d pigeonite with clinopyroxene 

blebs ( P l a t e 3.17). 

O l i v i n e i s present i n r e l a t i v e l y minor amounts and 

occurs as l a r g e embayed c r y s t a l s t h a t appear i n d i s e q u i l ­

ibrium with the intercumulus l i q u i d . The o l i v i n e c r y s t a l s 

are h i g h l y s e r p e n t i n i z e d . 

P l a g i o c l a s e i s r a r e , occurs i n t e r s t i t i a l l y to the 

ciinopyroxenes and i s intercumulus. The anorthite content 

i s An^,^. . Green to brown A l - s p i n e l i s present i n minor 

amounts. 

B. Clinopyroxene - o l i v i n e adcumulates (Pla t e 3.18) 

The following specimens are r e p r e s e n t a t i v e of t h i s 

group: 553, 554, 1027 and 1028. 
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The main cumulus phases are d i o p s i d i c clinopyroxene 

and o l i v i n e . Average modal proportions are clinopyroxene 

75%, o l i v i n e 24% and s p i n e l 1%. 

D i o p s i d i c clinopyroxenes occur as large, coarse, 

anhedral to subhedral c r y s t a l s with an average g r a i n s i z e 

between 4x2.1mm and I0x5mm. F i n e - s c a l e exsolution lamellae 

of orthopyroxene p a r a l l e l to (100) are common. Also 

present a r e l a r g e c r y s t a l s of inverted pigeonite with 

clinopyroxene b l e b s . I n some sartples the exsolution i n 

the p i g e o n i t e i s evident i n two d i r e c t i o n s , one as broad 

l a m e l l a e p a r a l l e l t o (001) before i n v e r s i o n to hypersthene, 

and the other as broad lamellae p a r a l l e l to (100) a f t e r 

i n v e r s i o n t o hypersthene ( P l a t e 3.19, Sanple 553). 

O l i v i n e i s present i n r e l a t i v e l y minor amounts, and 

occurs e i t h e r as small, subhedral g r a i n s w i t h i n the 

pyroxenes or as l a r g e g r a i n s which are i n v a r i a b l y traversed 

by a network of i r r e g u l a r serpentine v e i n s outlined by 

magnetite. 

Minor brown Cr s p i n e l i s present i n some samples 

( r e f e r to a n a l y s i s Table 5.42). 

3.2.3.2. O l i v i n e gabbros 

A. P l a g i o c l a s e - o l i v i n e - c l i n o p y r o x e n e adcumulates 

The following specimens are r e p r e s e n t a t i v e of t h i s 

group: 500, 501, 505, 523. ' 



54 

Plate 3 .17Photomicrograph: A large c r y s t a l of 
inverted pigeonite showing clinopyroxene 
blebs i n a clinopyroxene-olivine hetera­
dcumulate (Sartple 103OB. XP. F i e l d width = 
2 mm) . 

Plate 3 .igPhotomicrograph: Clinopyroxene showing (001) 
and (100) exsolution lamellae of orthopyroxene 
i n a clinopyroxene-olivine adcumulate (Saitple 
553. XP. F i e l d width = 2 mm). 
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The main c o n s t i t u e n t s are p l a g i o c l a s e , o l i v i n e , 

and d i o p s i d i c clinopyroxene and they form the cumulus 

phases. Average modal proportions are p l a g i o c l a s e 45%. 

o l i v i n e 33%, d i o p s i d i c - a u g i t e 15%, serpentine 3%, 

magnetite 2% and brown hornblende 2%. 

P l a g i o c l a s e occurs as medium-sized, anhedral to 

subhedral g r a i n s of average dimensions 3mm x 1.5mm. They 

have an a n o r t h i t e content of An „ • they are 
74.o—7o.7 

consequently bytownite. 

The o l i v i n e s form rounded, corroded g r a i n s , 2x1.5mm 

and Ixlmm i n diameter which are i n v a r i a b l y t r a v e r s e d by 

a network of i r r e g u l a r serpentine v e i n s outlined by 

magnetite. The t e x t u r e shows evidence that s e r p e n t i n i z a t i o n 

was accompanied by expansion, the e f f e c t s of which are 

evident i n strong r a d i a t e cracking of the adjacent 

p l a g i o c l a s e s ( P l a t e 3.20). 

D i o p s i d i c clinopyroxene occurs as 1.5xlmm i n diameter, 

subhedral t o anhedral c r y s t a l s . 

A l t e r a t i o n products include minor brown artphibole 

a f t e r pyroxene, and minor magnetite s t r i n g s produced 

during s e r p e n t i n i z a t i o n of o l i v i n e . 

B. C l i n o p y r o x e n e - p l a g i o c l a s e - o l i v i n e 

mesocumulates ( P l a t e 3.21). 

The following specimens are r e p r e s e n t a t i v e of t h i s 
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Plate 3.20Photomicrograph: Plagioclase-olivine-
clinopyroxene adcumulate. The o l i v i n e s are 
p a r t i a l l y serpentinized, and well-defined 
expansion fractures radiate from the o l i v i n e 
into adjacent plagioclase c r y s t a l s (Sanple 
523. XP. F i e l d width = 2 mm). 

Plate 3 .21 Photomicrograph: Clinopyroxene-plagioclase-
o l i v i n e mesocumulate. Olivine i s i n reaction 
with hypersthene (Sample 119. XP. F i e l d 
width = 4 mm) . 



57 

group: 119, 555, 556, 557, 560, 562, 563, 564, 565, 

1029(1), 109, 104A, 851, 871, 112, 106, 237, 846> 200, 

539, 542, 567 and 568. 

The main c o n s t i t u e n t s are the three dominant 

cumulus phases - d i o p s i d i c clinopyroxene, p l a g i o c l a s e , 

and o l i v i n e . Orthopyroxene occurs as an exsolved phase 

or as a product of r e a c t i o n between o l i v i n e and the 

intercumulus l i q u i d . Average modal proportions are 

clinopyroxene 50%, p l a g i o c l a s e 30%, o l i v i n e 15%, 

orthopyroxene 4%, and magnetite 1%. 

D i o p s i d i c clinopyroxene occurs as anhedral c r y s t a l s 

with an average g r a i n - s i z e of 3x1.5mm i n diameter. The 

clinbpyroxene contains e x s o l u t i o n lamellae of orthopyroxene 

p a r a l l e l t o (100). 

The p l a g i o c l a s e i s euhedral with an average g r a i n 

s i z e of 3x1.5mm i n diameter and with an anor t h i t e content 

of An- o Qc 0' Occasional r o s e t t e s of ore i n the 

;^lagioclase are observed by graphic t e x t u r e (Plate 3.22). 

O l i v i n e i s seen as anhedral, often rounded or oval 

c r y s t a l s of average diameter 1.5mm x 1mm. Most of the 

o l i v i n e s are t r a v e r s e d by a network of i r r e g u l a r serpentine 

v e i n s o u t l i n e d by magnetite. 

C. P l a g i o c l a s e - o l i v i n e heteradcumulates 

The following specimens are r e p r e s e n t a t i v e of t h i s 
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P l a t e 3 .22 Photomicrograph: Clinopyroxene-plagioclase-
o l i v i n e mesocumulate, showing o c c a s i o n a l 
g r a p h i c t e x t u r e of ore i n the p l a g i o c l a s e . 
O l i v i n e i s i n r e a c t i o n v/ith hypersthene. 
(Sanple 560. XP. F i e l d width = 4 mm). 
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group: 232, 238, 23 9, 23 4, 100, 102, and 103. 

The main cumulus phases are p l a g i o c l a s e and 

o l i v i n e , the intercumulus mineral being clinopyroxene. 

Average modal proportions are p l a g i o c l a s e 60%, c l i n o ­

pyroxene 23%, and o l i v i n e 17%. 

P l a g i o c l a s e occurs as subhedral to euhedral, 

p r i s m a t i c c r y s t a l s of 3.5xlmm average dimensions. I t 

has a tendency t o a pla n a r texture, i n d i c a t i v e of 

igneous lamination. The p l a g i o c l a s e has an anorthite 

content of An and hence i s c a l c i c bytowhite. 89.5 

The cumulus o l i v i n e i s seen as anhedral, often 

rounded and oval c r y s t a l s of 1.5x1mm average diameter. 

I t i s i n v a r i a b l y t r a v e r s e d by a network of i r r e g u l a r 

s e r p e n t i n e v e i n s o u t l i n e d by magnetite. Some o l i v i n e s 

have developed coronas separating them from p l a g i o c l a s e 

(sample 232, P l a t e 3.23). The coronas are formed from 

orthopyroxene and magnetite. 

Clinopyroxene occurs as l a r g e o p h i t i c c r y s t a l s 

w i th an average g r a i n s i z e of 2.5x1.5mm i n diameter, 

i n patches surrounding the p l a g i o c l a s e c r y s t a l s (Plate 

3.24f. : 
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P l a t e 3 .23 Photomicrograph: P l a g i o c l a s e - o l i v i n e 
heteradcumulate. Coronas c o n s i s t i n g of 
c e n t r a l o l i v i n e cores surrounded by 
orthopyroxene s h e l l s rimmed by magnetite 
gr a n u l e s (Sanple 232. XP. F i e l d width = 2 mm) 

P l a t e 3 .24 Photomicrograph: P l a g i o c l a s e - o l i v i n e 
heteradcumulate. A l a r g e o p h i t i c c l i n o -
pyroxene e n c l o s i n g p l a g i o c l a s e and o l i v i n e 
(Sartple 232. XP. F i e l d width = 4 mm) . 
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3.2.3.3. Norites and hypersthene gabbros 

Hypersthene gabbros 

A. Orthopyroxene-clinopyroxene-plagioclase 

adcumulates. 

The following specimens are r e p r e s e n t a t i v e of t h i s 

group: 180, 183 and 138. 

Orthopyroxene, clinopyroxene, and p l a g i o c l a s e are 

the three main cumulus phases with average modal 

proportions of orthopyroxene 75%, clinopyroxene 25% and 

p l a g i o c l a s e 5%. 

Orthopyroxene, which i s represented by hypersthene, 

i s extremely coarse, occurring as lar g e subhedral 

c r y s t a l s with e x s o l u t i o n blebs of clinopyroxene^ They 

have a g r a i n - s i z e of 4x2.5mm on average. I n some sannples 

the e x s o l u t i o n lamellae seem to have undergone patchy 

a l t e r a t i o n to pale-green amphibole. 

Clinopyroxene occurs as coarse, anhedral c r y s t a l s 

with an average g r a i n s i z e of 3x2mm. The clinopyroxene 

contains e x s o l u t i o n blebs of orthopyroxene. Some of the 

clinopyroxenes are a l t e r e d to green amphibole. 

P l a g i o c l a s e occurs as coarse, subhedral to anhedral 

c r y s t a l s , varying i n s i z e between 3x2mm and 4x2.5mm i n 

diameter, with a s l i g h t a l t e r a t i o n to s e r i c i t e . 
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N o r i t e s 

B. Plagioclase-orthopyroxene (clinopyroxene) 

adcumulates ( P l a t e 3.25). 

The following specimens are r e p r e s e n t a t i v e of t h i s 

#roup: 139, 852, 150, 138, 221, 223^ 157, 201, 222, 158, 

217 and 152. 

P l a g i b c i a s e arid orthopyroxene are the main cumulus 

phases together with r a r e clinopyrokene. Average modal 

proportions are p l a g i o c l a s e 50%, orthopyroxene 40%, 

magnetite 3%, clinopyroxene 4%, arid t r e m o l i t e - a c t i n o l i t e 

3%. 

P l a g i o c l a s e occurs as coarse, i n t e r l o c k i n g , subhedral 

to anhedrai c r y s t a l s of average g r a i n s i z e 3x2.02mm. I t 

has an a n o r t h i t e content of An _. 

Orthopyroxene i s represented by hypersthene which 

bccurs as coarse, subhedral c r y s t a l s of average g r a i n 

s i z e 3x2mm; they show a f a i n t reddish^pink pleochroism. 

Exsolved blebs of cliriqpyroxene, and f i n e e x s olution 

lam e l l a e p a r a l l e l to (100), are present. The orthopyroxene 

shows varyirig degrees bf a l t e r a t i o r i . i n the l e a s t 

a l t e r e d , t r e m o l i t e i s seen r e p l a c i n g the edges of the 

c r y s t a l s . I n the more advanced stages, the orthopyroxene 

i s often coit p l e t e l y converted to c o l o u r l e s s t r e m o l i t e 

and a c t i n o l i t i c attphibole. 
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P l a t e 3 .25 Photomicrograph: Plagioclase-orthopyroxene 
-(clinopyroxene) adcumulate, showing 
hypersthene, p l a g i o c l a s e and clinopyroxene, 
Tremolite r e p l a c e s the edges of the 
hypersthene c r y s t a l s . (Sarrple 139. XP. 
F i e l d width = 4 mm). 
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D i o p s i d i c clinopyroxene occurs as small, anhedral 

c r y s t a l s with an averiage g r a i n s i z e of 2x1.5mm and 

1.5xlmm i n diameter which are subordinate to the two 

major phases. Most of the clinopyroxenes are a l t e r e d 

t o pale-green anphibole. 

Granular magnetite i s often concentrated i n the 

fi b r o u s t r e m o l i t e - a c t i n o l i t e . 

3.2.3.4. Gabbros 

A. Clinopyroxene-plagioclase adcumulate. 

T h i s type i s considered v e r y r a r e and only one sanple 

was noticed (209). D i o p s i d i c clinopyroxene and p l a g i o c l a s e 

are the main cumulus phases with average modal proportions 

of d i o p s i d i c clinopyroxene 70%, p l a g i o c l a s e 29%, and chrome 

s p i n e l 1%. 

The d i o p s i d i c clinopyroxenes occur as coarse, 

subhedral to anhedral c r y s t a l s of average g r a i n - s i z e 7x6mm ' 

i n diameter. They contain exsolved blebs of orthopyroxene, 

and f i n e e x s o l u t i o n l a m e l l a e p a r a l l e l to (100). 

The cumulus p l a g i o c l a s e c r y s t a l s occur as coarse, 

euhedral c r y s t a l s of average dimensions 5x3mm. 

Chrome s p i n e l i s v e r y minor and occurs as small 

c r y s t a l s i n the clinopyroxenes. 
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B. P l a g i o c l a s e - c l i n o p y r o x e n e mesocumulates (Plate 3.26) 

The following specimens are r e p r e s e n t a t i v e of t h i s 

group: 859, 853, 104B, 1018, 544 and 541. 

P l a g i o c l a s e and clinopyroxene are the main cumulus 

phases with average modal proportions of p l a g i o c l a s e 

50%, d i o p s i d i c clinopyroxene 40%, magnetite 5%, and 

fib r o u s amphibole 5%.-

P l a g i b c l a s e bccur^ as coarse, euhedral c r y s t a l s 

w i th average g r a i n s i z e 3x2mm i n diameter. I n some 

saitples such as 859, the p l a g i o c l a s e c r y s t a l s are 

s l i g h t l y berit or s t r a i n e d as shown by the twin lamellae. 

The a n o r t h i t e content of the plagiocl^ase c r y s t a l s i s 

Arig^ 6 '̂̂ ^ hence i t i s , a bytownitel 

Clinopyroxene odcurs as f a i r l y l arge, subhedral 

c r y s t a l s of averag^ diameter varying iietween 3x2mm and 

2.5x1.5mm, with ocbasional r e a c t i o n rims of brown 

b a s a l t i c hornblende (sample 859, P l a t e 3.27). I t i s 

a l s o o f t e n replaced by p a l e green, fibrous anphibole 

(sarnple 541) . 

Magnetite occurs as pods and i s a s s o c i a t e d with 

the development of the brown b a s a l t i c hornblende 

(san5>le 859, P l a t e 3.27). 

C. P l a g i o c l a s e heteradcumulate 

Only sanple 231 can be considered to represent this; 
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P l a t e 3 .26 Photomicrograph: P l a g i o c l a s e - c l i n o p y r o x e n e 
mesocumulate, showing l a r g e c r y s t a l s of 
clinopyroxene e n c l o s i n g small p l a g i o c l a s e 
c r y s t a l s (Sample 859. XP. F i e l d width = 
4 mm) . 

P l a t e 3.2 7 Photomicrograph: Clinopyroxene rimmed by 
brown b a s a l t i c hornblende. B u i l d up of H^O 
i n the i n t e r s t i t i a l l i q u i d permitted the 
p r e c i p i t a t i o n of brown b a s a l t i c hornblende. 
Note magnetite a s s o c i a t e d w i t h the development 
of the brown b a s a l t i c hornblende (Saitple 859. 
PPL. F i e l d width = 4 mm). 
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category. P l a g i o c l a s e i s the main cumulus phase with 

intercumulus, d i o p s i d i c clinopyroxene. Average modal 

proportions are p l a g i o c l a s e 55%, d i o p s i d i c clinopyroxene 

40%, and fibrous araphibole 5%. 

The p l a g i o c l a s e occurs as coarse, euhedral, prisma:tic 

c r y s t a l s with a s l i g h t tendency to lamination; they have 

average dimensions of 2.5x2mm and 0.5x0.2mm. The 

a n o r t h i t e content i s An and hence i t i s a bytownite. 
ob. b 

The p l a g i o c l a s e c r y s t a l s are surrounded by very large, 

o p h i t i c clinopyroxenes (Pl a t e 3.28). 
i 

The clinopyroxenes are often replaced by fibrous 

amphibole, but t h i s has not a f f e c t e d the texture. 

3.2.3.5. Anorthosites and L e u c o c r a t i c Gabbros 

Anorthosites 

A. P l a g i o c l a s e adcuraulates ( P l a t e 3.29) 

The following specimens are r e p r e s e n t a t i v e of t h i s 

group: 220, 160, 151, and 146. 

P l a g i o c l a s e i s the dominant-phase, the.rock 

approaching an extreme adcumulate. Magnetite i s considered 

an intercumulus phase. Average modal proportions of the 

c o n s t i t u e n t s a r e p l a g i o c l a s e 97%, magnetite 2%, and 

clinopyroxene 1%. . 

The p l a g i o c l a s e i s coarse with an an o r t h i t e content 
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P l a t e 3.28 Photomicrograph: P l a g i o c l a s e heterad­
cumulate, showing euhedral to p r i s m a t i c 
p l a g i o c l a s e surrounded by v e r y l a r g e 
o p h i t i c clinopyroxene. The p l a g i o c l a s e 
c r y s t a l s show a s l i g h t tendency t o 
l a m i n a t i o n . I n p l a c e s the clinopyroxene 
i s r e p l a c e d by f i b r o u s amphibole, but 
o p h i t i c textxire i s preserved (Sanple 231, 
XP. F i e l d width =» 4 mm). 
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P l a t e 3.29 Photomicrograph: P l a g i o c l a s e adcumulate, 
(Sartple 220. XP. F i e l d width = 2 mm) . 

P l a t e 3.30 Photomicrograph: P l a g i o c l a s e c r y s t a l s 
showing evidence of b r e c c i a t i o n , g r a n u l a t i o n 
and crushing due t o t e c t o n i c deformation. 
I l m e n i t e and horxiblende are a l s o p r e s e n t 
(Sairple 110. XP. F i e l d width = 4 mm) . 
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of An . I t has s u f f e r e d mechanical deformation (e.g. 

160) and i s s l i g h t l y bent and s t r a i n e d as shown by the 

twin l a m e l l a e . I n these c r y s t a l s the twin lamellae are 

concentrated, and broad, i n areas where the s t r a i n i n g 

e f f e c t i s l e a s t evident, but they pinch out and ta:per 

i n the most deformed areas, due to r e c r y s t a l l i z a t i o n . 

The l a m e l l a e themselves are commonly bent, and they 

f r e q u e n t l y terminate at cracks w i t h i n the p l a g i o c l a s e 

c r y s t a l s . 

Magnetite i s i n t e r s t i t i a l and occurs as anhedral 

c r y s t a l s , and sometimes as s t r i n g e r s between the coarse 

p l a g i o c l a s e c r y s t a l s . 

I n sarrple 151, a t h i n l a y e r of a l t e r e d p l a g i o c l a s e -

blinopyroxene cumulate i s present, where the clinopyroxene 

i s considered a cumulus phase. 

Sample l46 shows compositional l a y e r i n g from 

(a) plagioclase-cliriopyroxene-orthopyroxene cumulate to 

(b) p l a g i o c l a s e adcumulate. 

The o v e r a l l t e x t u r e of p a r t (a) i s f i n e grained. 

Clinopyroxerie i s concentrated i n t o elongate patches 

r e p r e s e n t i n g b r i e f periods of pyroxene deposition. 

Orthopyroxene, represented by hypersthene, i s concentrated 

i n the f i n e , f e l s i c l a y e r s . The o v e r a l l texture of p a r t (b) 

i s coarse grained. I l m e n i t e proved to be intercumulus 
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a f t e r i t was checked with a r e f l e c t e d - l i g h t microscope 

and occurs as anhedral c r y s t a l s and sometimes as 

s t r i n g e r s between the coarse p l a g i o c l a s e c r y s t a l s . 

L e u c o c r a t i c Gabbros 

T h i s rock type i s not a common member of the gabbroic 

rocks but occurs i n the l a y e r e d sequences together with 

the o l i v i n e gabbros and the clinopyroxene-rich cumulates. 

The rock-type often shows evidence of granulation and r e -

c r y s t a l l i z a t i o n , due to i t s occurrence i n h i g h l y faulted 

a r e a s . 

The rock type i s i d e n t i f i e d as a l e u c o c r a t i c gabbro 

due to the diminished amounts of ferromagnesian minerals? 

i t g r a d u a l l y passes i n t o a n o r t h o s i t e . 

The main c o n s t i t u e n t s are p l a g i o c l a s e , d i o p s i d i c 

clinopyroxene, i l m e n i t e , c h l o r i t e , t r e m o l i t e - a c t i n o l i t e , 

and green hornblende. Modal proportions of the minerals 

present a r e : p l a g i o c l a s e 70%, d i o p s i d i c clinopyroxenes 

10%, green hornblende 10%, i l m e n i t e 4%, c h l o r i t e and 

t r e m o l i t e - a c t i n o l i t e 6%. The o v e r a l l t e x t u r e of the 

mineral phases i s bxtremely coarse grained. 

P l a g i o c l a s e occurs as coarse anhedral c r y s t a l s . 

A l l the p l a g i o c l a s e c r y s t a l s studied show evidence of 

b r e c c i a t i o n , granulation, and crushing due to t e c t o n i c 

deformation, Undulose e x t i n c t i o n and bent twinning are 
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a l s o evident i n most sairples ( P l a t e 3.30). O c c a s i o n a l l y 

the l a r g e and bent p l a g i o c l a s e c r y s t a l s pass i n t o areas 

of s h a t t e r i n g where the p l a g i o c l a s e forms much smaller 

c r y s t a l s with evidence of r e c r y s t a l l i z a t i o n , e.g. san5)le 

156(3), ( P l a t e 3.31) . 

Clinopyroxenes are p a r t l y a l t e r e d to c h l o r i t e and 

t r e m o l i t e , with minor i n t e r s t i t i a l remnants evident. 

I n r a r e cases the clinopyroxenesi are more r e s i s t a n t to 

a l t e r a t i o n , thus r e t a i n i n g t h e i r o r i g i n a l shape. 

Straw yellow-green hornblende occvirs i n t e r s t i t i a l l y 

t o i l m e n i t e and as r e a c t i o n rims with i l m e n i t e (sanple 

110) ( P l a t e 3.32). 

Pseudomorphs a f t e r i n t e r s t i t i a l clinopyroxene, 

mainly forming a c i c u l a r and r a d i a t e aggregates, were 

d i f f i c u l t t o i d e n t i f y i n some sanples. These minerals 

were i d e n t i f i e d by microprobe a n a l y s i s . The f i r s t type, 

with anomalous brownish i n t e r f e r e n c e colours, was 

c h l o r i t e . The other type, which occtirs as r a d i a t e 

aggregates, was i d e n t i f i e d as t r e m o l i t e - a c t i n o l i t e . 

3.2.3.6. Gabbro mylonites" 

Mylonites occur as zones of i n t e n s e l y crushed 

and granulated rocks along c l e a r l y defined " f a u l t s . The 

rock i s of extremely f i n e - g r a i n e d s i z e , which makes the 
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P l a t e 3.31 Photomicrograph: Shattered leucogabbro, 
showing l a r g e and bent p l a g i o c l a s e s passing 
i n t o a r e a s of s h a t t e r i n g , where p l a g i o c l a s e 
forms much smal l e r c r y s t a l s (Sample 1 5 6 ( 3 ) . 
XP. F i e l d width = 4 mm). 

P l a t e 3.32 Photomicrograph: Green hornblende occurring 
i n t e r s t i t i a l l y to i l m e n i t e and as r e a c t i o n 
rims w i t h i l m e n i t e i n a l e u c o c r a t i c gabbro. 
The p l a g i o c l a s e c r y s t a l s are bent and 
s h a t t e r e d . (Sample 110. PPL. F i e l d width = 4 mm) 
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o p t i c a l determination of the var i o u s mineral phases 

extremely d i f f i c u l t . "The main i d e n t i f i a b l e c o n s t i t u e n t s 

are p l a g i o c l a s e and anphibole; clinopyroxenes are mainly 

a l t e r e d t o pale-green anphibole. 

The p l a g i o c l a s e v a r i e s i n g r a i n - s i z e from l a t h s 

of 1.5x1mm to c r y s t a l s of medium g r a i n - s i z e With average 

diameter of 2.5x2mm. Some of the p l a g i o c l a s e c r y s t a l s 

are s e v e r e l y crushed and r e c r y s t a l l i z e d , with a tendency 

t o p o l y g o n i z a t i o n . Most of the p l a g i o c l a s e c r y s t a l s show 

an undulose e x t i n c t i o n due to deformation. 

•The clinopyroxenes are mainly a l t e r e d to pale-green 

aitphibole but the few g r a i n s remaining can be seen to be 

elongated, with a v e r y strong p a r a l l e l f a b r i c . 

O c c a s i o n a l l y a few r e s i d u a l , l a r g e and shattered c l i n o ­

pyroxenes can be observed as remnants i n the fine-grained 

matrix ( P l a t e 3.33). I n some samples (e.g. 559), the 

pale-green anphibole occurs as porphyroblasts s e t i n the 

fi n e - g r a i n e d matrix of p l a g i o c l a s e l a t h s and arrphibole 

which show a strong alignment. 

3.3. Petrography of the b a s a l t i c rocks 

3.3.1. Occurrence 

Rocks of b a s a l t i c coitposition are common w i t h i n the 

o p h i o l i t e s of the Northern Oman Range. They form massive 
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P l a t e 3.33 Photomicrograph: F i n e - g r a i n e d a n p h i b o l i z e d 
gabbro m y l o n i t e , showing a n p h i b o l e as 
p o r p h y r o b l a s t s s e t i n a f i n e g r a i n e d m a t r i x 
o f p l a g i o c l a s e l a t h s and amphibole which 
show a s t r o n g a l i g n m e n t . Few r e s i d u a l , 
l a r g e and s h a t t e r e d c l i n o p y r o x e n e s can be 
observed as remnants i n t h e f i n e g r a i n e d 
m a t r i x (Sanrole 559. XP. F i e l d w i d t h = 8 mm). 
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flows, sheeted dykes and o c c a s i o n a l l y n e a r - v e r t i c a l 

dykes t h a t v a r y i n t h i c k n e s s between two and three 

metres. The dykes s t r i k e between 35° and 40° and dip s t e e p l y south-

eastwards. I n hand specimen, the rocks are dark and 

massive, and contain small phenocrysts of feldspar, 

and ferromagriesian minerals now pseudomorphed by 

c h l o r i t e . 

The b a s a l t i c rocks are mainly concentrated to the 

southeast of J e b e l Qidfa where they form sheeted dykes, 

d i s s e c t e d by ishort and steep Wadis, and covered by coarse 

s c r e e . Other b a s a l t i c rocks occur as flows, concentrated 

on the small i s l a n d of S i r a t Al-Khawr, which l i e s about 

a mile offshore from Khawr Fakkan and i n the extreme 

north near J a b a l Khawr Fakkan. Fine, v e r t i c a l to sub-

v e r t i c a l dykes of b a s a l t i c rock a l s o intrude the gabbros 

of J a b a l Khawr Fakkan i n the c o a s t a l region. 

The following specimens are r e p r e s e n t a t i v e of t h i s 

group: Lavas - 101, 103, 107, 122 and 1004. Sheeted dykes -

108, 109, 111, 117, 149A, 154, 167, 169, 170, 171, 172, 

174, 176, 186, 204, 206, 230, 233, 856, 858, 165, 866, 

162A, 162B and 864. 

3.3.2. Petrography 

The o v e r a l l t e x t u r e of the b a s a l t i c rocks i s f i n e 

grained, varying from a p h e n i t i c to p o r p h y r i t i c . The 
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o c c a s i o n a l phenocrysts c o n s i s t of p l a g i o c l a s e , anphibole 

and c h l o r i t e embedded i n a m i c r o c r y s t a l l i n e groundmass of 

p l a g i o c l a s e m i c r o l i t e s , a.nphibole, quartz and occasional 

carbonates ( P l a t e 3.34). 

Average modal proportions of the co n s t i t u e n t s are 

p l a g i o c l a s e 38%, anphibole 47%, quartz 11%, carbonate 3%, 

and t a l c 1%. There i s considerable v a r i a t i o n i n quartz 

content however, one sample, a p o r p h y r i t i c baisalt (154) 

having 25% quartz. T h i s i s thus t r a n s i t i o n a l to the 

anphibolised, q u a r t z - r i c h d o l e r i t e s (Section 3 .3 . 3 . ) . 

The groundmass f e l d s p a r s occur as f i n e , lath-shaped 

c r y s t a l s w i t h average dimensions of 0.6 to 0.4mra. They 

show s l i g h t to v e r y good, p r e f e r r e d o r i e n t a t i o n . Occasional 

f e l d s p a r phenocrysts range up t o 1.5 by 0.5mm. The f i n e ­

grained, lath-shaped fe l d s p a r i s a l b i t e , while the 

o c c a s i o n a l phenocrysts are andesine An^^ 

Quartz occurs i n patches i n t e r s t i t i a l to the 

fel d s p a r l a t h s and o c c a s i o n a l l y shows a p o i k i l i t i c t e x t u r e . 

The average diameter of the quartz c r y s t a l s l i e s between 

1 and 2mm. Some show undulose e x t i n c t i o n , i n d i c a t i v e of 

s t r a i n , and sutured boundaries. 

Aitphiboles and c h l o r i t e o c c a s i o n a l l y occur as 

phenocrysts with average dimensions of 2.5x1.5mm. More 

commonly the an^hiboles occur as f i n e , lath-shaped 



78 

P l a t e 3.34 Photomicrograph: P o r p h y r i t i c b a s a l t 
showing f i n e - g r a i n e d lath-shaped 
p l a g i o c l a s e s e t i n a m i c r o c r y s t a l l i n e 
groundmass of arrphibole, quartz and 
o c c a s i o n a l carbonates (Sarrple 162A. 
XP. F i e l d width = 8 mm). 

P l a t e 3.35 Photomicrograph: S i l i c i f i e d p o r p h y r i t i c 
b a s a l t showing f i n e lath-shaped p l a g i o ­
c l a s e and f i n e n e e d l e - l i k e arrphiboles 
p r o j e c t i n g i n t o quartz patches. 
(Sarrple 162A. XP. F i e l d width = 2 mm) . 
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c r y s t a l s 0.5x0.1mm i n average dimensions, or as f i n e , 

n e e d l e - l i k e , pale-green c r y s t a l s which p r o j e c t i n t o the 

quartz patches ( P l a t e 3.35). 

Veining of the fine- g r a i n e d matrix by t a l c and 

carbonates i s r a r e , and only evident i n one sanple. 

Pyroxenes are converted e n t i r e l y to amphiboles. 

3.3.3. Attphibolized, q u a r t z - r i c h d o l e r i t e s 

The amphibolized, q u a r t z - r i c h d o l e r i t e s occur as 

S u b - v e r t i c a l dykes about two metres t h i c k , w i t h i n the 

gabbros of the Khawr Fakkan region. They are p r i n c i p a l l y 

found i n J a b a l Khawr Fakkan i n the c o a s t a l region near 

the G u l f of Oman, and more r a r e l y to the north of Wadi 

Shi ( F i g . 2.2). The following specimens are r e p r e s e n t a t i v e 

of t h i s group: 227, 228, 184, 196, 164, 218, 137, 140 and 

159. 

The d o l e r i t e s are medium to f i n e grained rocks 

containing subhedral, iath-shaped p l a g i o c l a s e , i n t e r s t i t i a l 

quartz, pale-green amphir)ole, and i l m e n i t e . Average modal 

proportions of the c o n s t i t u e n t s are p l a g i o c l a s e 40%, 

amphibole 30%, quartz 25% and il m e n i t e 5%. 

The p l a g i o c i a i s ^ l a t h s have average dimensions of 

4 by 2mm, and 1.5 by 1mm. They have an a n o r t h i t e content 

of An^ and are thus a n d e s i n e - l a b r a d o r i t e . 50 
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Quartz occurs as c l e a r patches i n t e r s t i t i a l to 

pl a g i o c l a s e , ' o c c a s i o n a l l y seeming to r e p l a c e the margins 

of the p l a g i o c l a s e c r y s t a l s . The quartz c r y s t a l s some­

times show a shadowy, s t r a i n e d e x t i n c t i o n and sutured 

boundaries are evident i n p l a c e s . 

Pale-green anphibole, and straw yellow-green 

hornblende a f t e r pyroxene occur as n e e d l e - l i k e to 

p r i s m a t i c c r y s t a l s ; the n e e d l e - l i k e anphiboles p r o j e c t 

i n t o the quartz patches. A tendency to p r e f e r r e d 

o r i e n t a t i o n i s evident i n the straw yellow-green 

hornblende. 

Clinopyroxene i s almost e n t i r e l y converted to 

amphibole, with the exception of one sanple (196) 

where minor clinopyroxenes are pseudomorphed by 

hornblende and s k e l e t a l ilmeno-magnetite (Plate 3.36). 
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P l a t e 3.36 Photomicrograph: Amphibolized quartz 
d o l e r i t e showing clinopyroxene pseudo­
morphed by hornblende and s k e l e t a l 
ilmeno-magnetite. Clinopyroxene has been 
almost e n t i r e l y converted t o amphibole, 
w i t h few remnants remaining (Sample 196. 
XP. F i e l d width = 4 mm). 
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CHAPTER 4: Whole-rock geochemistry 

4.1. Sarrrple preparation 

The specimens were s p l i t i n t o fragments using a 

h y d r a u l i c s p l i t t e r , and the weathered p a r t s were cut 

away and discarded i n order to prevent contamination. 

The fragments were crushed i n t o chips using a Sturtevant 

Jaw crusher and t h i s was followed by grinding i n the 

tungsten carbide v i a l s of a Tema D i s c M i l l , which r e ­

duced the sarrtples t o a powder of around 300 mesh. A 

few grams of the r e s u l t i n g powder were p e l l e t i s e d , using 

a h y d r a u l i c p r e s s , under a pressure of 5 tons per square 

i n c h ; 3 drops of "Mowiol" were added as a binder. 

4.2. Major element a n a l y s i s 

Chemical analyses for major elements were made 

of 358 samples, which included 86 u l t r a m a f i c rocks and 

272 b a s i c rocks, conposed of cumulate pyroxenites, 

gabbros, and fine-grained b a s a l t i c rocks. The p e l l e t i s e d 

sarrples were analysed on a P h i l i p s PW1212 automatic 

vacuum spectrometer which i s capable of handling up to 

108 sarrples i n a run. The elements S i , A l , Fe, Mg, Ca, 

Na, K, T i , P and S were determined using a Cr t a r g e t for 

primary r a d i a t i o n , and an evacuated sarrple chairiber. Mn 

was analysed s e p a r a t e l y using a W t a r g e t . A "fixed counts" 



83 

operating procedure was used. I n order t o minimise the 

e f f e c t s of e l e c t r o n i c i n s t a b i l i t y and voltage d r i f t a 

monitor was used throughout and sanples were analysed i n 

groups of t h r e e . The samples were divided i n t o three 

groups ( u l t r a m a f i c s , gabbros and r e l a t e d rocks, and f i n e ­

grained b a s a l t s and d o l e r i t e s ) . Each group was analysed 

s e p a r a t e l y . The i n t e r n a t i o n a l standards AGVI, Wl, K211, 

BCRl, G, T l , S I , GR, GA, OK272, and GSPl were used for 

the gabbros and r e l a t e d rocks, and for the fine-grained 

b a s a l t s and d o l e r i t i c types. For the u l t r a m a f i c rocks, 

the U.S.G.S. i n t e r n a t i o n a l standards DTSl, PCCl, UMl, UM2, 

UM4, RE114, and RE507 were used. The cortpositions of the 

i n t e r n a t i o n a l standards were taken from reviews by 

Flanagan (1969, 1973). T o t a l Fe was c a l c u l a t e d as Fe^O^. 

Mass-absorption c o r r e c t i o n s were made by an i t e r a t i v e 

procedure using the cottputer technique o r i g i n a l l y described 

by Holland and B r i n d l e (1966), as modified oy Reeves (1971). 

75 f r e s h samples representing the three rock groups were 

chosen for the determination of FeO, using a wet-chemical, 

metavanadate method; these are shown i n Tables 4.1 to 4.4, 

4.3. Trace element a n a l y s i s 

The elements Ba, Nb, Zr, Y, Sr, Rb, Zn, Cu, Ni and 

Cr were determined using a W t a r g e t , and an evacuated 
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sarrple charriber. A n a l y t i c a l count data were converted 

i n t o concentrations (ppm) using the corrputer programme 

" T r a t i o " w r i t t e n by Dir. R.C.O. G i l l . T h i s programme 

uses the function (peak intensity/background i n t e n s i t y ) 

-1 to corrpensate for matrix and mass absorption e f f e c t s , 

using s c a t t e r e d background r a d i a t i o n as an i n t e r n a l 

standard. C o r r e c t i o n s for contamination and a l s o c e r t a i n 

element i n t e r f e r e n c e s (e.g. Sr k ^ on Zr k cc ) were 

included i n t h i s programme. 

The standards used were s y n t h e t i c spiked g l a s s e s 

constructed for use i n a n a l y s i s of lunar b a s a l t s (Brown 

e t a l . , 1970). The U.S.G.S. standards were a l s o used. 

The samples were again arranged i n t o the three groups 

described above and each group was run sep a r a t e l y . 

For a n a l y s i s of the u l t r a m a f i c sartples, only the 

U.S.G.S. standards were used because the Ni and Cr 

v a l u e s are much higher than the l e v e l s i n the lunar 

standards. The elements Ba, Nb, Zr, Y, Sr, Rb and Zn 

were not determined for the u l t r a m a f i c s , because a l l 

of these elements were below the de t e c t i o n l i m i t i n a 

reconnaissance run of t h i r t e e n sarrples. 

4.3.1. U l t r a m a f i c rocks 

Analyses of the u l t r a m a f i c rocks are given i n 

Tables 4.5 to 4.7 together with t h e i r CIPW norms. 
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The a n a l y s e s are a l l expressed on a water-free b a s i s . 

The v a r i a t i o n i n degree of s e r p e n t i n i s a t i o n of the 

u l t r a m a f i c rocks makes the i n t e r p r e t a t i o n of t h e i r 

a n a l y s i s d i f f i c u l t , owing to the p o s s i b i l i t y that the 

s e r p e n t i n i s a t i o n may have changed the proportions of the 

major c o n s t i t u e n t s . An i n d i c a t i o n of the e f f e c t s of 

s e r p e n t i n i s a t i o n i s seen i n samples where f e r r i c i r o n 

contents are s l i g h t l y higher than ferrous i r o n . T his 

undoubtedly r e s u l t s from the production of magnetite 

during s e r p e n t i n i s a t i o n and oxidation of o l i v i n e . 

Engin and H i r s t (1970) have shown, however, that the 

proportions of most major oxides remain r e l a t i v e l y 

u naffected by s e r p e n t i n i s a t i o n and thus analyses 

expressed on a water-free b a s i s are g e n e r a l l y represent­

a t i v e of unaltered r o c k s . 

The following p o i n t s may be remarked upon, on the 

b a s i s of the major and t r a c e element contents of the 

u l t r a m a f i c s . I n general, the p e r i d o t i t e s show a 

v a r i a t i o n of MgO content between 39.25 and 47-62 percent, 

c h a r a c t e r i s t i c of the a l p i n e type of p e r i d o t i t e , while 

the content of SiO^ v a r i e s from 40.93 and 45.90 percent. 

The p e r i d o t i t e s , mainly dunites, harzburgites and 

w e h r l i t e s can be subdivided on the b a s i s o f t h e i r 

s i g n i f i c a n t major and t r a c e oxide contents; mainly on 

the b a s i s of SiO^, MgO, Cao, NiO, and Cr^O^. The 
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d u n i t e s show a lower SiO^ but higher MgO content than 

the h a r z b u r g i t e s . The w e h r l i t e s have corrparable SiO^ 

contents to the dunites but have higher CaO and lower 

MgO contents than e i t h e r the dunites or harzburgites. 

The analyses are i n good agreement with values for 

p e r i d o t i t e s from Burro Mountain C a l i f o r n i a (Loney et a l . , 

1971) . 

T o t a l i r o n , shown as Fe 0,', v a r i e s between 10 and 

12 percent for the dunites, and 8 and 9 percent for the 

h a r z b u r g i t e s . V a r i a t i o n of t o t a l Fe as Fe 0 i n the 

w e h r l i t e s i s greater, and i n v e r s e l y r e l a t e d t o the MgO 

content. caO contents are a r e f l e c t i o n of the presence 

of major amounts of clinopyroxene i n the w e h r l i t e s , and 

conversely, a minor presence i n the dunites and 

h a r z b u r g i t e s . I t i s p o s s i b l e that some CaO has been 

removed during s e r p e n t i n i s a t i o n ; t h i s would be most 

ext e n s i v e for the w e h r l i t e s (Barnes et a l . , 1967? Page, 

1967b). Some har z b u r g i t e s have moderate l e v e l s of CaO 

d e s p i t e the absence of accessory, d i s c r e t e clinopyroxene. 

These l e v e l s a r e due to the calcium contents of the 

orthopyroxene i n the h a r z b u r g i t e s . 

Orthopyroxene, clinopyroxene and chromian s p i n e l 

are the Al^O^-bearing minerals i n the harzburgites and 

w e h r l i t e s . I n the dunites, accessory chromian s p i n e l 
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i s v i r t u a l l y the only A l 0 -bearing phase. 

A l k a l i s are present only i n t r a c e amounts, but 

i n general the Na^O value i s higher i n the harzburgites 

and w e h r l i t e s than i n the dunites, which suggests that 

the Na 0 i s probably i n the clinopyroxenes. K„0 i s 

t r u l y depleted i n the p e r i d o t i t e s . 

The Or 0 i n the p e r i d o t i t e s i s mainly a function 

of the modal amount of chromian s p i n e l present i n these 

rocks. I n general, the harzburgites have a range of 

0.35 to 0.52 percent, the dunites 0.40 t o 1.33 percent 

and the w e h r l i t e s from 0.47 to 0.59 percent Cr^O^. I n 

r a r e cases, w e h r l i t e s have higher Cr^O^ contents than 

e i t h e r the dunites or h a r z b u r g i t e s . T h i s i s most 

probably due to chrome-rich clinopyroxene i n the 

w e h r l i t e s , a conclusion confirmed by electron-probe 

a n a l y s i s of clinopyroxenes whose Cr^O^ content v a r i e s 

between 0.98 and 1.43 percent (see Chapter 5 ) . 

The NiO l e v e l s i n the dunites vary between 0.19 

and 0.37 percent, i n the w e h r l i t e s between 0.16 and 0.30 

percent and i n the harzburgites occupy a v e r y narrow range 

between 0.29 and 0.30 percent. The Ni of the u l t r a m a f i c s 

i s mainly concentrated i n the o l i v i n e s and the high 

uniform l e v e l i n the harzburgites r e f l e c t s t h e i r 

r e f r a c t o r y nature. The whole-rock d i s t r i b u t i o n of Ni i s 

confirmed by e l e c t r o n probe a n a l y s i s of the o l i v i n e s i n 
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the harzburgites and dunites which gives a d i s t i n c t l y 

higher Ni content for the o l i v i n e from harzburgite. 

Some v a r i a t i o n i n content may be a r e f l e c t i o n of 

v a r i a b l e s e r p e n t i n i s a t i o n of these rocks. However, 

during p a r t i a l melting, Ni would enter the r e f r a c t o r y 

c r y s t a l s of o l i v i n e and thus v a r i a t i o n i n the u l t r a ­

mafics may w e l l r e f l e c t v a r i a t i o n i n the degree of 

p a r t i a l melting, i n terrperature and pressure, or the 

extent to which the process approached equilibrium. 

4.3.2. Cumulate pyroxenites 

Analyses of the cumulate pyroxenites are given i n 

Table 4.8, expressed on a water-free b a s i s . The 

cumulate o l i v i n e pyroxenites are c h a r a c t e r i s e d by 

high MgO varying from 22 t o 26 percent, while SiO 

v a r i e s between 43 and 52 percent. ^^2^3 are 

v e r y low, g e n e r a l l y between 1.11 and 1.77 percent; 

although i n r a r e cases, ^12^3 '^"^o^'^ts to 11 and 9 

percent. CaO i s present i n r e l a t i v e l y high amounts, 

v a r y i n g between 14 and 18 percent. This i s c l e a r l y 

due t o the high modal proportions of clinopyroxene 

present i n these r o c k s . The pyroxenites are depleted 

i n a l k a l i s and TiO^• 

Chromium and n i c k e l are the only t r a c e elements 

pr e s e n t i n s i g n i f i c a n t amounts. For instance Cr 0 , i n 
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the pyroxenites, v a r i e s between 0.40 and 1.01 percent. 

The chromium i s present i n s i g n i f i c a n t amounts because 

Cr^^ s u b s t i t u t e s i n the octahedral s i t e s of pyroxenes. 

The abundance i s confirmed by electron-probe a n a l y s i s 

of clinopyroxenes whose Cr^O^ content v a r i e s between 

0.32 to 0.86 percent. The Cr i s depleted i n the magma 

e a r l y i n f r a c t i o n a l c r y s t a l l i z a t i o n (Taylor, 1965). 

NiO v a r i e s between 0.03 and 0.06 percent l e v e l s 

which are v e r y much l e s s than those of the u l t r a m a f i c 

rocks described above. The c h i e f host for Ni i s o l i v i n e 

and thus p a r t of the differenc<5 between the cumulate 

pyroxenite and u l t r a m a f i c Ni l e v e l s may be due to the 

lower proportion of o l i v i n e i n the cumulates. However, 

the cumulates themselves have been formed by f r a c t i o n a l 

c r y s t a l l i s a t i o n of a b a s i c magma which was generated by 

p a r t i a l melting of the upper mantle. During the l a t t e r 

process, as seen above, Ni i s p a r t i t i o n e d i n t o the r e ­

f r a c t o r y residuum, the c r y s t a l l i n e phase, and thus 

depleted i n the melt. Consequently the o l i v i n e -

pyroxenite cumulates have formed from a l i q u i d from 

which Ni has been p r e v i o u s l y extracted. 

4.3.3. Gabbro cumulates, n o r i t e s and anorthosites 

Analyses of these rocks are given i n Tables 4.9 

to 4.10 expressed on a water-free b a s i s . 
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Many of the rock types, e s p e c i a l l y the o l i v i n e -

r i c h types, are a l t e r e d with s e r p e n t i n i s a t i o n of 

o l i v i n e widespread and to a much l e s s e r extent, a l t e r a t i o n 

of pyroxenes to t r e m o l i t e - a c t i n o l i t e . S e r p e n t i n i s a t i o n of 

the o l i v i n e s , i n the o l i v i n e gabbros, has l e d t o adjacent 

cracking of the p l a g i o c l a s e s i n some samples. A l t e r a t i o n 

can make the bulk-rock chemistry d i f f i c u l t to i n t e r p r e t 

i f c o n s t i t u e n t s have been added or removed from the 

o r i g i n a l rock. The volume i n c r e a s e shown by the o l i v i n e 

as a r e s u l t of s e r p e n t i n i s a t i o n suggests, however, that 

the process may have been e s s e n t i a l l y isochemical except 

for a d d i tion of H^O. Based on 100xMgO/(MgO+FeO) r a t i o s 

one can d i f f e r e n t i a t e between the mantle rocks, the 

cumulates, and the b a s a l t i c rocks. The u l t r a m a f i c s 

have r a t i o s of 87 to 92, the cumulates 60 to 73, and 

the b a s a l t i c rocks between 34 and 59. 

4.3.4. B a s a l t i c rocks 

Aiaalyses of the b a s a l t i c rocks are given i n Table 

4.11. These rocks include dykes (sheeted dykes) and 

e x t r u s i v e l a v a s . They may i n p a r t be s i l i c i f i e d and 

have r e l a t i v e l y high s i l i c a v a l u es i n the range 55 to 60 

percent. ^^2^3 vary from 8 to 14 percent, MgO 

from 4 to 10 percent, and Cao from 6 to 12 percent. 
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General c h a r a c t e r i s t i c s are t h e i r low potassium and 

t i t a n i u m contents which are i n v a r i a b l y l e s s than 1 

perc e n t . I n some e x t r u s i v e samples, Na^O reaches 

2 t o 4% and the rocks are s p i l i t e s , but g e n e r a l l y Na 0 

v a l u e s l i e i n the range 0.39 to 1.53 percent. Based 

on the modes and chemical conposition, the primary 

magma, from which the e x t r u s i v e rocks are derived, i s 

regarded as t h o l e i i t i c b a s a l t . 

4.4. V a r i a t i o n i n major elements. 

V a r i a t i o n i s i l l u s t r a t e d by means of AFM diagrams, 

and p l o t s of t o t a l a l k a l i s versius SiO^ and of oxides 

v e r s u s MgO and versus lOOxMgQ/(MgO+FeO)« The samples 

chosen to i l l u s t r a t e chemical v a r i a t i o n were the 

f r e s h e s t samples, based on petr©graphic examination. 

Those diagrams i n v o l v i n g FeO and ̂ ©2^3 ̂ ^ ^ ^ I t from 

p l o t t i n g only those sanples on which FeO determinations 

were made. 

4.4.1. AFM diagram 

I n f i g u r e 4.1 the trend shown by the Oman 

o p h i o l i t e s i s compared with those for the Bay of I s l a n d s 

o p h i o l i t e s (Malpas, 1978), the Troodos P l u t o n i c Complex 

of Cyprus (Allen, 1975), the B e t t ' s Cove o p h i o l i t e conplex 



92 

Figure 4.1.(A) AFM v a r i a t i o n diagram for the 
u l t r a m a f i c s , gabbros and b a s a l t i c rocks. 
B, C, D, E and F are those of the Bay of 
I s l a n d s o p h i o l i t e s (Malpas, 1978), the 
Troodos P l u t o n i c Complex of Cyprus (Allen, 
1975), the B e t t ' s Cove o p h i o l i t e complex 
(Upadhyay, 1973) and the o p h i o l i t e s of 
Papua and New Caledonia (Rodgers, 1975). 
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(Upadhyay, 1973), and trends exhibited by the recognised 

o p h i o l i t e s of Papua and New Caledonia (Rodgers, 1975), 

The general u l t r a m a f i c - m a f i c f r a c t i o n a t i o n trend of 

the o p h i o l i t e rocks of the Khawr Pakkan area i s s i m i l a r 

t o the above-mentioned o p h i o l i t e conplexes, and a l s o 

s i m i l a r t o the general o p h i o l i t e trend given by Thayer 

(1967). A l l the rock types p l o t along a trend of i r o n 

enrichment t y p i c a l of t h o l e i i t i c s u i t e s . However, 

f r a c t i o n a t i o n has been such t h a t there i s a decrease i n 

i r o n from some u l t r a m a f i c rocks to the cumulate gabbros, 

the most pronounced enrichment being i n the b a s a l t i c 

r o c k s . The spread of the gabbroic rocks, apparently 

i n d i c a t i n g t h e i r enrichment i n a l k a l i s , i s probably 

explained by t h e i r v a r i a b l e concentration of cumulate 

p l a g i o c l a s e (Malpas, 1978). The b a s a l t f r a c t i o n a t i o n 

trends of Skaergaard and the Hawaiian lavas are more 

pronounced than i n the o p h i o l i t e s e r i e s . This may be 

due t o the f a c t t h a t the o p h i o l i t e s e r i e s did not 

develop from a s i n g l e magma r e s e r v o i r , but from b a s a l t i c 

magma generated more or l e s s continuously by p a r t i a l 

melting of the mantle (Alleman and Peters, 1972). 

4.4.2. T o t a l a l k a l i s v e r s us SiO^ 

On the diagram ( F i g . 4.2), a l l c r u s t a l rock types 

from the o p h i o l i t e s u i t e studied can be c l a s s i f i e d as 
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Figure 4.2. T o t a l a l k a l i versus SiO^ p l o t , showing 
the a l k a l i - s u b a l k a l i b a s a l t divide proposed 
by MacDonald (1968), and the c a l c - a l k a l i 
t h o l e i i t i c b a s a l t d i v i d e proposed by Kuno 
(1968) . 
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t h o l e i i t i c , s i n c e both populations (cumulate gabbros 

a n d , b a s a l t i c rocks) p l o t below the a l k a l i / s u b - a l k a l i 

d i v i d i n g l i n e proposed by MacDonald (1968) and a l s o 

p l o t below the c a l c - a l k a l i n e trend of Kuno (1968). 

The rock types are s i m i l a r to the o p h i o l i t i c rocks of 

the Baie Verte Group of Newfoundland described by Norman 

and Strong (1975). 

4.4.3. SiO^/ -^^2^3' ^^2^3 FeO versus MgO 

F i g s . 4.3, 4.4, 4.5, 4.6 and 4.7 show p l o t s of the 

major-element oxides against MgO. In most instances there 

i s a c l e a r s eparation between the p l o t s of the upper 

mantle rocks (dunite, harzburgite and w e h r l i t e ) and the 

cumulate gabbros and a s s o c i a t e d b a s a l t i c rocks. The p l o t 

for " p y r o l i t e " (Ringwood, 1966), I h e r z o l i t e (Boudier, 1972), 

estimated Upper Mantle (Harris e t a l . , 1967) and 

I h e r z o l i t e (Dickey, 1970) are a l s o shown. The p o s i t i o n 

of the w e h r l i t e s i n r e l a t i o n to t h i s p l o t c l e a r l y 

demonstrates t h e i r l e s s r e f r a c t o r y nature i n comparison 

to dunite and harzburgite. Most of the w e h r l i t e s are, 

nevert h e l e s s , more r e f r a c t o r y than p y r o l i t e . 

The e v o l u t i o n of the l i q u i d phase of the p a r t i a l 

melting process i s only shown by the fine-grained 

b a s a l t i c rocks, v a r i a t i o n i n the gabbros being c l e a r l y 

c o n t r o l l e d by the r e l a t i v e proportions of the cumulate 



96 

Figure 4.3. SiO^ versus MgO diagram for the 
ultramafic-mafic r o c k s . The f i e l d of 
o l i v i n e , orthopyroxene, clinopyroxene and 
pure anorthosite i s a l s o plotted-
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Figure 4.4. Al^O^ versus MgO diagram for the 
ultraraafic-mafic rocks. The f i e l d of o l i v i n e , 
orthopyroxene, clinopyroxene and pure 
anorthosite i s a l s o p l o t t e d . 
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Figure 4.5. CaO versus MgO diagram for the u l t r a -
mafic-mafic ro c k s . The f i e l d of o l i v i n e , 
orthopyroxene, clinopyroxene and pure 
anorthosite i s a l s o p l o t t e d . 
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Figure 4.6, ^^2^3 diagram for the 
ultramafic-mafic rocks. 
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Figure 4.7, FeO versus MgO diagram f o r the 
ul t r a m a f i c - m a f i c rocks. 
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minerals o l i v i n e , pyroxene and plagioclase. The 

ba s a l t s themselves are thus c l e a r l y not p a r t i a l melts 

from the upper mantle but have evolved from a p a r t i a l 

melt magma through the c r u s t a l process of f r a c t i o n a l 

c r y s t a l l i s a t i o n . 

An estimate of the composition of the gabbroic, 

p a r t i a l - m e l t magma can be made by back-extrapolating 

the l i n e of l i q u i d descent shown by the fine-grained 

b a s a l t i c rocks, the l i n e of plagioclase f r a c t i o n a t i o n 

(towards a n o r t h o s i t e ) , and a l i n e j o i n i n g the c l u s t e r 

o f d u n i t e and harz b u r g i t e p l o t s (at a p o i n t representing 

a mixture of approximately 9 p a r t s o l i v i n e t o 1 p a r t 

orthopyroxene) and " p y r o l i t e " . The po i n t of i n t e r ­

s e c t i o n of these e v o l u t i o n a r y trend l i n e s gives an 

estimate of p a r t i a l melt composition, and f u r t h e r 

suggests a r a t i o of l i q u i d t o r e f r a c t o r y residuum of 

the order of 1 t o 3. 

Many of the gabbros p l o t close t o t h i s p o i n t , the 

remainder having p l o t s which are influenced by the 

dominant cumulus minerals. O l i v i n e and pyroxene-rich 

cumulates show r e l a t i v e increase i n MgO at f a i r l y 

constant SiO and CaO, o l i v i n e gabbros show increase 

i n MgO and decrease i n Si02 and CaO r e l a t i v e t o the 

f,C-^' SCltNCE ^ 

•( • •, v; • KCG \ 
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p a r t i a l melt magma, and pl a g i o c l a s e enrichment i s 

c l e a r l y shov/n by the trend towards anorthosite. 

The l i n e of l i q u i d descent i s r e f l e c t e d by a f a i r l y 

smooth curve through the fine-grained rocks i n both Figs. 

4.3 and 4.5. These show t h a t both SiO^ and CaO decrease 

as MgO increases, a normal r e s u l t of f r a c t i o n a t i o n of 

o l i v i n e and/or pyroxene together w i t h plagioclase. 

Although Al^d^ increases i n t o the anorthosites, 

the gabbros and fine-grained b a s a l t i c rocks show no 

systematic v a r i a t i o n r e f l e c t i n g the ubiquitous presence 

of p l a g i o c l a s e feldspar i n these rocks. Although FeO 

increases w i t h decreasing MgO from mantle rocks t o the 

cumulate gabbros and pyroxenites, the sharpest increase 

i s i n the b a s a l t i c rocks. F r a c t i o n a t i o n o f o l i v i n e and 

clinopyroxene account f o r d e p l e t i o n of MgO r e l a t i v e t o 

FeO and i r o n enrichment i n the basalts i s thus probably 

due t o c r y s t a l l i s a t i o n of magnetite. F e r r i c i r o n i s 

r e l a t i v e l y abundant i n the harzbur^ites and dunites 

coirpared t o the cumulate gabbros and b a s a l t i c rocks. 

Breakdown of o l i v i n e t o magnetite due t o s e r p e n t i n i s a t i o n 

and o x i d a t i o n , and the presence of considerable s p i n e l , 

probably account f o r the high f e r r i c content of the 

mantle rocks. 
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4.5, V a r i a t i o n i n t r a c e elements 

4.5.1. Cr versus Ni (Fig, 4,8) 

I r v i n e and Findlay (1972) used Cr and Ni v a r i a t i o n 

t o d i s c r i m i n a t e between alpine p e r i d o t i t e s and cumulate 

rock associations i n layered complexes. Their 

boundaries were drawn from the Bay of Islands Coirplex 

which contain an u l t r a m a f i c t r a n s i t i o n zone of fe l d s p a t h i c 

dunite and t r o c t o l i t e . They suggested a s i m i l a r i t y 

between alpine p e r i d o t i t e s and the t e c t o n i c harzburgites 

and I h e r z o l i t e s of the Bay of Islands Complex, a t t r i b u t i n g 

a mantle o r i g i n t o the l a t t e r . The p e r i d o t i t e s of the 

present study supplement t h i s view. 

The studied dunites, harzburgites and w e h r l i t e s f a l l 

w i t h i n I r v i n e and Findlay's general a l p i n e - p e r i d o t i t e 

f i e l d , while most o f the cumulate gabbros occupy the 

layered-series f i e l d . However, some o f the cumulate 

pyroxenites and w e h r l i t e s have an unusually high concent­

r a t i o n o f Cr, i n the range 6000-7000 ppm. S u b s t i t u t i o n of 

Cr i n the clinopyroxenes and i t s concentration i n e a r l y 

c r y s t a l phases during f r a c t i o n a l c r y s t a l l i s a t i o n explains 

the maximum concentration of Cr i n the cumulate pyroxenites 

The concentration of Cr i n the pyroxene of w e h r l i t e s i s , 

however, probably representative of r e l a t i v e l y p r i m i t i v e 

mantle m a t e r i a l i n which the degree of p a r t i a l melting i s 
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Figure 4.8, Cr versus Ni l o g a r i t h m i c p l o t for 
the u l t r a m a f i c - m a f i c rocks. 
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i n s u f f i c i e n t f o r Cr t o be r e d i s t r i b u t e d i n t o chromite -

a s i t u a t i o n very c l e a r l y shown by the harzburgites and 

duni t e s . 

Once the p a r t i a l - m e l t magma has been generated, 

concentration of Cr and Ni i n t o the e a r l y c r y s t a l phases 

of the o l i v i n e and pyroxene-rich cumulates r e s u l t s i n 

d e p l e t i o n i n the b a s a l t i c rocks. 

4.5.2. Cr 0 and NiO versus lOOxMgO/(MgO+FeO) 
3+ 

The c a t i o n Cr i s v i r t u a l l y i d e n t i c a l i n size t o 

Fe"^^ but the more i o n i c nature of the bond w i t h oxygen 

leads t o p r e f e r e n t i a l e n t r y i n t o Fe^^ p o s i t i o n s , and 

consequent d e p l e t i o n a t the e a r l y stage of f r a c t i o n a l 

c r y s t a l l i s a t i o n (Taylor, 1965). According t o Taylor, 
3+ 

the l a r g e r size of V causes i t t o enter r a t h e r l a t e r 

f r a c t i o n s than Cr"^^. The Cr"^Vv"^^ r a t i o decreases w i t h 

f r a c t i o n a t i o n and i s a good index of f r a c t i o n a t i o n ; Cr/Ni 

r a t i o i s not a good index of f r a c t i o n a t i o n as Cr and Ni 

enter d i f f e r e n t s i t e s and d i f f e r e n t minerals. Cr 

abundance follows the s e r i e s : 

S p i n e l ^ e a r l y Cpx > l a t e Mt > Opx ̂  l a t e Cpx^ 01. 

The Cr content of the parent magma decreased r a p i d l y 

during f r a c t i o n a t i o n (Fig. 4.9), but the separation of 

a d i s c r e t e C r - r i c h phase i n t o the cumulus rocks makes 

t h i s trend less apparent than f o r Ni i n the range lOOxMgO/ 
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Figure 4.9. Cr202 versus lOOxMgO/(MgO+FeO) fo r the 
ult r a m a f i c - m a f i c rocks. 
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(MgO+PeO)« 87-92. 

A large gap i n Cr 0 concentration, at Q.23 t o 

0.29 percent i n the present study shown i n Fig. 4.9, 

and a t 0.14-0.25 percent i n the Troodos Plutonic Coimplex 

repo r t e d by A l l e n (1975), occurs between mantle rocks 

and most cumulate gabbros. The gap corresponds t o the 

p a r t i t i o n i n g of Cr between r e f r a c t o r y residuum ( c r y s t a l 

phase) and magma ( l i q u i d ) attendant on p a r t i a l melting. 

The gap i s p a r t l y bridged by concentration of Cr i n t o 

the e a r l y c r y s t a l phases, o l i v i n e and pyroxene, and the 

r e s u l t i n g r e l a t i v e l y high contents of these cumulates. 

The well-known enrichment of Ni i n e a r l y mineral 

f r a c t i o n s o f magmatic c r y s t a l l i s a t i o n has been explained 
2+ 

by Burns (1970) . He considers t h a t Ni has high 
o c t a h e d r a l - s i t e preference energy, and occupies the same 

2+ 2+ 

s i t e s as Mg and Fe . Burns postulates t h a t the s o l i d u s -

l i q u i d u s r e l a t i o n s i n the b i n a r y Ni SiO - f o r s t e r i t e system 

are i n v e r t e d i n melts containing large proportions of 

t e t r a h e d r a l - c o o r d i n a t e d s i t e s , so t h a t enrichment of Ni 

r e s u l t s i n e a r l y , r a t h e r than l a t e formed, o l i v i n e . 

H a k l i and Wright (1967) showed the K̂^ l i q u i d / o l i v i n e 

f o r Ni t o be 0.10, 0.074 and 0.059 at 1250, 1160 and 1050°C, 

r e s p e c t i v e l y . The appreciable d i f f e r e n c e between NiO 

contents of h a r z b u r g i t e and dunite, shown i n Fig, 4,10 
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Figure 4.10. NiO versus lOOxMgO/(MgO+FeO) for the 
ultr a m a f i c - m a f i c rocks. 
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suggests t h a t K̂^ may be s u b s t a n t i a l l y influenced by 

pressure and temperature. 

As seen i n F i g . 4.10, the harzburgites contain 

from 0.29 t o 0.30 percent NiO, the range of concentration 

being very l i m i t e d i n comparison t o the other u l t r a m a f i c s . 

The u n i f o r m i t y of NiO i n the harzburgites suggests t h a t 

c r y s t a l - l i q u i d p a r t i t i o n i n g has gone t o e q u i l i b r i u m and 

t h a t the tertperature may be somewhat lower than for 

p a r t i a l melting which produced dunite as a residuum. 

For the dunites, the range suggests e i t h e r compositional 

v a r i a t i o n i n the s t a r t i n g m a t e r i a l or a range of temper­

atures and pressures f o r p a r t i a l melting, some of which 

were greater than f o r the harzburgites. Dunites contain 

0.19 t o 0.30 percent NiO, and overlap w i t h w e h r l i t e s 

which contain 0.16 t o 0.20 percent NiO. Concentration 

of Ni i n t o the r e f r a c t o r y residuum of p a r t i a l melting 

r e s u l t s i n a low NiO content i n the magma generated by 

t h i s process, and also i n the cumulate o l i v i n e - p y r o x e n i t e s 

r e s u l t i n g from f r a c t i o n a t i o n of t h i s magma. Cumulate 

o l i v i n e gabbros contain higher values of NiO than do 

the cumulate gabbros due t o the absence of o l i v i n e i n 

the l a t t e r , since the NiO content of the rocks i s c l o s e l y 

r e l a t e d t o t h e i r o l i v i n e content. Ni thus c o r r e l a t e s 

w i t h Mg i n the cumulates and i n the b a s a l t i c rocks i s 



110 

extremely low, approaching almost coitiplete d e p l e t i o n . 

4.6. Ti-Zr-Y and Ti-Zr-Sr d i s c r i m i n a t i o n diagrams 

Pearce and Cann (1973), using two sets of 

d i s c r i m i n a n t a n a l y s i s , o u t l i n e d the f i e l d s shown on Figs, 

4.11 and 4.12 corresponding t o d i f f e r e n t volcanic 

environments. 

The f i r s t set i s based on the coirparatively 

immobile elements T i , Zr and Y. The second set i s based 

on an a d d i t i o n a l element Sr, which gives a b e t t e r 

d i s c r i m i n a t i o n p l o t . However, use of Sr i s only 

s t r i c t l y v a l i d f o r f r e s h or s l i g h t l y a l t e r e d rocks. 

The authors subdivide b a s a l t populations i n the 

f o l l o w i n g manner: 

1. "Within P l a t e " b a s a l t s (Ocean Island or Continental 

b a s a l t s ) . 

2. Ocean-floor b a s a l t s ( T h o l e i i t i c and A l k a l i c ) , 

3. Volcanic-arc b a s a l t s (Low-potassium t h o l e i i t e s ) . 

4. C a l c - a l k a l i b a s a l t s (High K Bas a l t s ) . 

Although f r e s h b a s a l t s from d i f f e r e n t t e c t o n i c 

s e t t i n g s show d i s t i n c t i v e chemical features f o r some 

major and trac e elements, such an approach i s d i f f i c u l t 

t o apply when the rocks are chemically a l t e r e d . I t i s 

w e l l known t h a t weathering, s p i l i t i s a t i o n and other 
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Figure 4.11. Y-Zr-Ti t r i a n g u l a r diagram Pearce and 
Cann (1973) v/ith selected basalts and gabbros 
p l o t t e d . W i t h i n Plate Basalts = D, Low K 
T h o l e i i t e s == A+B, C a l c - a l k a l i Basalts = C+B, 
and Ocean Floor Basalts = B. 
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Figure 4.12 Sr-Zr-Ti t r i a n g u l a r diagram Pearce 
and Cann (1973) w i t h selected basalts and 
gabbros p l o t t e d . Ocean Floor Basalts = C, 
Low K T h o l e i i t e s = A, and c a l c - a l k a l i 
Basalts = B. 
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metamorphism induce strong chemical m o b i l i s a t i o n , 

p a r t i c u l a r l y of the a l k a l i and a l k a l i n e - e a r t h elements. 

O p h i o l i t e s , presumed t o have formed i n an oceanic 

environment, are o f t e n s t r o n g l y a l t e r e d and have 

undergone secondary element m o b i l i s a t i o n (Montigny 

e t a l . , 1973? Pearce, 1975). The present study 

supplements t h i s view. 

Fi g . 4.11 d i s c r i m i n a t e s against "Within Plate 

Basalts" on the basis of Y content. From the diagram 

i t i s concluded t h a t both the gabbros and b a s a l t i c 

rocks of the present study l i e w i t h i n the f i e l d of 

ocean-floor-basalts, although a minor p r o p o r t i o n of 

both types f a l l w i t h i n f i e l d A (low-K t h o l e i i t e s ) . 

F i g . 4.12 i s based on Sr, which i s probably remobilised, 

and Sr appears t o concentrate i n the gabbros. However, 

the two populations f a l l d i s t i n c t l y i n f i e l d A (Low-K 

t h o l e i i t e s ) 

4.7. Discussion 

Evidence from f i e l d r e l a t i o n s h i p s , petrography and 

geochemistry has been presented t h a t the u l t r a m a f i c -

gabbroic b a s a l t i c rock sequences of the Khawr Fakkan-

Wadi Shi-Wadi Madha are g e n e t i c a l l y r e l a t e d , having 

been the r e s u l t of p a r t i a l melting of the upper mantle 

followed by f r a c t i o n a l c r y s t a l l i s a t i o n of the b a s a l t i c 
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magmas generated by t h i s process. 

The trend of the rocks on the AFM diagram i s 

s i m i l a r t o t h a t of other o p h i o l i t e s which have been 

r e f e r r e d t o as alpine-type u l t r a m a f i c corrplexes, w i t h 

a lower Fe/Mg r a t i o and lower a l k a l i s than t h a t found 

i n t y p i c a l b a s a l t f r a c t i o n a t i o n trends of co n t i n e n t a l 

layered i n t r u s i o n s . V a r i a t i o n diagrams f u r t h e r reveal 

the chemical r e l a t i o n s h i p between the various rock types, 

w i t h trends i n cumulates due mainly t o the f r a c t i o n a t i o n 

i n various p r o p o r t i o n s of o l i v i n e , orthopyroxene, 

clinopyroxene, and pla g i o c l a s e . The v a r i a t i o n i n i r o n , 

w i t h low Fe/Mg r a t i o s i n the p e r i d o t i t e s and cumulate 

pyroxenites, and higher Fe/Mg r a t i o i n the cumulate 

gabbroic and b a s a l t i c rocks, can be explained by f r a c t i o n a l 

c r y s t a l l i s a t i o n of magma f o r the gabbros and basalts under 

conditions of low oxygen f u g a c i t y . The parent magma for 

the studied o p h i o l i t i c rocks appears also t o have been a 

low-Ti and low~K t h o l e i i t e type b a s a l t i c magma t h a t 

c r y s t a l l i s e d under conditions of low oxygen f u g a c i t y , 

probably i n the upper c r u s t a l zones beneath a mid-oceanic 

r i d g e . 
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CHAPTER 5: Mineralogy 

5.1. E l e c t r o n Microprobe analysis methods. 

The mineral analyses l i s t e d i n Tables 5.9-5.75 

were obtained by e l e c t r o n microprobe analysis, using a 

Cambridge Instrument Company "Geoscan Mark 11" e l e c t r o n 

microprobe. They were obtained from polished t h i n 

sections, 30-50 microns i n thickness, the analysed 

samples being chosen Oh the basis of mineralogy and 

t e x t u r e . Where possibl e , a l l the main coexisting phases 

were analysed. 

E f f o r t s were made t o standardize operating conditions, 

and i n order t o avoid undue bias a l l the coexisting phases 

were analysed f o r the same elements, under the same con­

d i t i o n s . The general methods employed are those described 

by Sweat man and Long (1969). 

The "Geoscan" was operated under a high vacuum, at 

an a c c e l e r a t i n g voltage of 15 kV and a specimen current 

of 0.04A. The e l e c t r o n beam was kept focussed throughout, 

g i v i n g an analysis spot of 1-4yjM diameter. 

Secondary X-rays were analysed using a wavelength 

d i s p e r s i v e system. The spectrometer has a t a k e - o f f 

angle of 75° and was used w i t h LiF, K.A.P. and P.E.T. 

analysing c r y s t a l s . Table 5.1 shows the optimum 

analysing conditions f o r the nine main elements, and 



116 

10 •o 
u 
(0 
c ns 
to 

0) 
fO 4J 
'̂O •H 
G Q) 
rti -a •P (0 
CO 

S ° 
O -H 
M 4J 
Di rtJ 

A! O 
O O (0 1-q 

pq 

O 

1^ 

-P 
•H ^ 

O O I 
CN 4-> O 

m is 
iH 
O 

CO LD 
ret .H 
rH I 
O f̂ . 

•4J 
•rH ^ 
C CM 
O I 
•4-> O to [2 
(d ^ 

iH 
tH 
O 

CN fO O O G 
•H CM S 
EH U 

O 

0) •H 

0 0 O O 0 0 0 0 O 0 
0 CM CM ro CN CM CM CNJ CN CM CM 

1 H 1 1 0 1 1 • 1 1 1 1 
CM 
1 \ \ H \ \ \ \ \ + + + + + + + + + + 

CO CO - - CM 
in CN H H <N H in CM CN 
0 O 0 O 0 0 0 0 0 0 0 CM o O n cn (N 00 
in n CO in H 00 VD VD in 

to c o 
•H •P 
•H 
•V 
a o 
0 

u <D -p 
B 
u 

s 

H 

H 

H (0 a «j 
d) 

u 

8 
o 
•H S 
O 
U 

0) 

2̂  G H • 
•H n) a, to •P « 

> 1 to 
H >• 
(0 u G u 
<: 

EH 
* 

« 

ft 

ED 

(d 01 iH - r l 
13 s <: w u EH 

M G 0) -H 
U S Pm 13 

0 U 
•r) <1) 

FH 13 

CN n OA o 
CN 

CN in <x) CO 
CM CM CM CN CM 



117 

also conditions f o r the a l k a l i s , Na and K. 

The wavelength disp e r s i v e system i s based on a 

comparative technique, and the standards used f o r each 

elements are also given i n Table 5.1. The standards 

coirqprise metals, oxides and s i n g l e s i l i c a t e s of known 

composition. Both they and the polished t h i n sections 

were carbon coated simultaneously, p r i o r t o use, t o 

ensure equal thickness of carbon coat. 

Data from the "Geoscan" were corrected f o r the 

e f f e c t s of atomic number (Duncumb and Reed, 1968), 

mass absorption (Heinrich, 1966), and fluorescence 

(Reed, 1965). Corrections were made using an on-line 

Varian 620-100 computer. The c o r r e c t i o n procedure was 

applied using the computer programme "Tim 3" w r i t t e n 

by Dr. A. Peckett. The on-line cotiputer stores the 

data and also performs a dead-time co r r e c t i o n , and 

subtracts background from peaks. Machine d r i f t was 

r e a d i l y detected. 

The f o l l o w i n g procedure was adopted i n s e t t i n g up 

the "Geoscan" a t the s t a r t of a probe session: 

1. Standard peaks were located and analysed (3.5 x 10 

second counts). 

2. Standard backgrounds were analysed, above and 

below the peak (2-3 x 10 second counts each). 
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3. Unknown backgrounds were taken, above and below 

the peak (4-5 x 10 second counts each). 

4. Unknown peaks were analysed (3-4 x 10 second 

counts each). 

5. Results were c a l c u l a t e d . 

6. I f the r e s u l t s were s a t i s f a c t o r y , fxirther unknown 

peaks were recorded, and the process was continued. 

I f the r e s u l t s were not s a t i s f a c t o r y , standard peaks 

were re-located and re-analysed. Background values, 

obtained f o r each peak, were used throughout a 

session, and they were not re-determined f o r each 

i nd i v i d u a l mi ner a1. 

Detection l i m i t s are calc u l a t e d from the formula: 

1 _ R̂ / 

where M = mean peak counts/sec. 

Rb = mean background, counts per second. 

Tb = counting time on the background. 

Calculated d e t e c t i o n l i m i t s are i n the range 200-500 ppm 

(0.02-0.05%). 

The o v e r a l l p r e c i s i o n , t a k i n g i n t o account the 

counting p r e c i s i o n and u n c e r t a i n t i e s i n the c o r r e c t i o n 

procedure, i s probably i n the order of -2% of the amount 
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of the major c o n s t i t u e n t present. 

The probe analyses given i n Tables 5.9-5.75 are 

a l l spot analyses each made at one p o i n t . Lobate areas 

from a serpentinized dunite were the phases which 

r e a d i l y d e t e r i o r a t e d under the e l e c t r o n beam, due t o 

the presence of high Amounts of H O. I n a l l other cases 

i t was po s s i b l e t o complete analysis before t h i s occurred. 

Corrected analyses were tabulated, w i t h Fe ( t o t a l ) 
2+ 2+ 3+ taken as Fe , except t h a t Fe and Fe were d i s t r i b u t e d 

s t o i c h i o m e t r i c a l l y f o r the s p i n e l minerals. Hydrated 

mineral-s are presented on a water-free basis, and the 

apparent percentage d e f i c i e n c y i s taken t o be the water 

content. 

5.2. O l i v i n e 

Microprobe analyses were performed on o l i v i n e s 

from p e r i d o t i t e s , btimulate o l i v i n e pyroxenites, and 

cumulate o l i v i n e gabbros; the analyses are given i n 

Tables 5.9-5.13 and 5.35, 5.37, 5.39, 5,41, 5.43, 5.54, 

5.58, 5.60, and 5.62. 

5.2.1. P e r i d o t i t e o l i v i n e s 

O l i v i n e compositions of Alpine-type p e r i d o t i t e s 

and p e r i d o t i t e s from various o p h i o l i t e s are l i s t e d 

i n Table 5.2. 



120 

Location 

1. Wadi Madha and 
Wadi Shi areas. 

2. Burrow Mountain 

3. Vulcan Peak 

4- Papua, New Guinea 

5. Bay of Islands, 
Newfoundland 

5. O r t h r i s , Greece 

7. Troodos Pl u t o n i c 
Corrplex, Cyprus 

8. Red Mountain 
P e r i d o t i t e , 
New Zealand. 

Source 

Loney et a l . (1971) 

Himmelberg and 
Loney (1973) 

England and Davies 
(1973) 

I r v i n e and E'indley, 
(1972) ;Malpas (1978) 

Menzies (1974) 

A l l e n (1975) 

Sinton (1977) 

TABLE 5.2 

Fo% 

88-92 

91.1-91.4 

90.7 

91.6-93.6 

89.4-91.8 
91.1 

90-92 

90.3-91.4 

89.9-90.6 

O l i v i n e conpositions of Alpine-type p e r i d o t i t e s and 
p e r i d o t i t e s from various q p h i o l i t e s . 

There i s l i t t l e v a r i a t i o n i n major-element chemistry 

between the harzburgite o l i v i n e s , and those from dunites, 

w e h r l i t e s , and d u n i t e - w e h r l i t e s . I n harzburgites the Fo 

content, as defined by MgxlOO/(Mg+Fe) r a t i o , varies between 

90 and 92; i n dunites between 89.7 and 91.6; and i n 

w e h r l i t e s between 88 and 90. The intermediate type, 

c l a s s i f i e d as d u n i t e - w e h r l i t e because of the presence of 

minor amounts of small, i n t e r s t i t i a l clinopyroxene, v a r i e s 
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i n Fo content between 90,2 and 91.6. The range of 

o l i v i n e compositions i n the p e r i d o t i t e s of the Wadi Madha 

and Wadi Shi areas i s thus v i r t u a l l y i d e n t i c a l t o t h a t 

of other p e r i d o t i t e s of the harzburgite sub-type, i n 

p a r t i c u l a r t o the range given by A l l e n (1975) f o r the 

Troodos P l u t o n i c Complex and t o t h a t given by Menzies 

(1974) f o r the o p h i o l i t e s of O r t h r i s , Greece. The 

m a j o r i t y of the o l i v i n e s contain n e g l i g i b l e amounts of 

T i and Ca, and Cr i s below d e t e c t i o n by conventional 

techniques (0.005%). The CaO contents of the dun i t e -

w e h r l i t e type, and of t y p i c a l w e h r l i t e s show s l i g h t 

enrichment r e l a t i v e t o other types, CaO varying between 

0.01-0.8. This i s t o be expected i n view of t h e i r 

higher clinopyroxene content. A l i s almost completely 

absent i n a l l samples probed. The amount of A l allowed 

i n the o l i v i n e s t r u c t u r e i s n e g l i g i b l e , and no s i g n i f i c a n c e 

i s attached t o the A l traces observed i n some samples. 

S i m i l a r l y , as the amount of Fe"̂ ^ i n the o l i v i n e s t r u c t u r e 

i s l i m i t e d , t o t a l Fe i s expressed as FeO. 

Dunite o l i v i n e s can be discriminated from harzburgite 

o l i v i n e by t h e i r lower NiO content. This v a r i e s between 

0.06 and 0.34% NiO while harzburgite o l i v i n e s have contents 

between 0.24 and 0.46%. V a r i a t i o n of NiO and Fo content i s 

displayed i n f i g . 5.1. The high NiO content of the 

o l i v i n e i n harzburgites i s consistent w i t h t h e i r r e s i d u a l 
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Figure 5.1. NiO-Forsterite content r e l a t i o n s h i p s 
of o l i v i n e i n mantle p e r i d o t i t e s , o l i v i n e 
pyroxenites, and o l i v i n e gabbros. 
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nature, Ni being p a r t i t i o n e d i n t o the s o l i d phase rather 

than the l i q u i d during p a r t i a l melting. ' 

Oli v i n e s from w e h r l i t e s overlap w i t h those from 

dunites and harzburgites w i t h respect t o NiO, but have 

s l i g h t l y lower Fo contents (Fig. 5.1). 

5.2.2. Cumulus o l i v i n e s 

The o l i v i n e s o f the pyroxenites are c l e a r l y 

d i f f e r e n t from those of the p e r i d o t i t e s i n t h e i r Fo 

content, which ranges between Fo_ . and Fo^-. The 
84 o / 

NiO content, on the other hand, v a r i e s between 0.11 

and 0.24% and i s s i m i l a r t o t h a t i n the m a j o r i t y of 

the duniti*!: o l i v i n e s , as seen from Fig. 5.1. The 

d i s t r i b u t i o n c o e f f i c i e n t K̂ ,̂ between o l i v i n e and 

orthopyroxene may be expressed by the f u n c t i o n 

(Mg°VFe°''") (Fe^VMg°^^) . The K̂^ for two p a i r s of 

o l i v i n e and orthopyroxene from o l i v i n e pyroxenite 

i s 0.97, and i s i d e n t i c a l t o values obtained i n 

harzburgites. The values are also s i m i l a r t o those 

reported by A l l e n (1975), who obtained a f i g u r e of 0.96 

f o r two p a i r s of o l i v i n e and orthopyroxene from pyroxenites, 

The value of the two p a i r s suggests t h a t Mg-Fe 

e q u i l i b r i u m was established. 

O l i v i n e compositions of o p h i o l i t e gabbros are 

l i s t e d on the f o l l o w i n g page i n Table 5,3. 



Location 

1. Wadi Madha and 
Wadi Shi areas 

2. G r e e n h i l l , 
Nev; Zealand. 

3. Bay of Islands, 
New Foundland. 

4. O r t h r i s , Greece 

5. Papua, New Guinea 

5. Troodos P l u t o n i c 
Cornplex. 

7. New Caledonia 

Source 

Mossman (1973) 

I r v i n e and 
Findley (1972) 

Menzies (1974) 

England and 
Davies (1973) 

A l l e n (1975) 

Rodgers (1975) 

T-ABLE 5.3 

65-86 

65-79 

69.6-84.8 

77- 86 

78,3-87.7 

69.8-83.9 

78- 89 

O l i v i n e corrpositions of o p h i o l i t e gabbros 

The conposition of o l i v i n e s from o l i v i n e gabbros i n 

the Wadi Madha and Wadi Shi areas i n Fig. 5.1 shows 

c l e a r l y t h a t t h e i r i r o n - r i c h nature i s r e f l e c t e d i n 

t h e i r lower NiO contents. The value for two p a i r s of 

co e x i s t i n g o l i v i n e and orthopyroxene i s 0.95, c l e a r l y 

s i m i l a r t o values i n harzburgites, and again suggesting 

t h a t Mg-Fe e q u i l i b r i u m was established. 

5.3. Orthopyroxenes 

Orthopyroxene analyses from harzburgites, o l i v i n e 

pyroxenites, o l i v i n e gabbros, n o r i t e s , and hypersthene 

gabbros are l i s t e d i n Tables 5.14-5.17 and 5.44, 5.46, 

5.48, 5.50 and 5.52. 
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5.3.1. P e r i d o t i t e orthopyroxenes 

Orthopyroxene coirpositions from harzburgites of 

Alpine-type p e r i d o t i t e s and p e r i d o t i t e s from various 

o p h i o l i t e s are l i s t e d i n Table 5,4. 

Location 

1. Wadi Madha and 
Wadi Shi areas 

2. Troodos P l u t o n i c 
Conplex 

3. O r t h r i s , Greece 

4. Papua, New Guinea 

5. Bay of Islands 
New Foundland 

6. Red Mountain 
P e r i d o t i t e , 
New Zealand, 

7, Vulcan Peak, 
Oregon 

8, Burrow Mountain 

Source 

A l l e n (1975) 

Menzies (1974) 

England and 
Davies (1973 ) 

Malpas (1978) 

Sinton (1977) 

Himmelberg and 
Loney (1973 ) 

Loney et a l , 
(1971) 

MgxlOO/ 
(Mq+Fe+Ca) 

88.8-91,6 

90-92 

89- 90 

90- 92 

88.5-92.1 

89.5-90.7 

89-90 

89.8-91.1 

TABLE 5.4 
Orthopyroxene cotnpositions from harzburgites of 

Alpine-type p e r i d o t i t e s and o p h i o l i t e s 

The orthopyroxenes from harzburgites show l i t t l e 

compositional v a r i a t i o n w i t h respect t o MgxlOO/(Mg+Fe) 



126 

r a t i o , which ranges from 90-92, while e n s t a t i t e values 

expressed by the r a t i o MgxlOO/(Mg+Fe+Ca) range between 

88.8 and 91,6. These values are consistent w i t h the 

compositions of orthopyroxenes reported from Alpine-type 

p e r i d o t i t e s and o p h i o l i t e s of the harzburgite sub-types 

l i s t e d above. As clinopyroxene exsolution lamellae are 

present i n the orthopyroxenes, the CaO values of 0.48 

and 1.15 percent represent the host conposition, and not 

the b u l k pyroxene composition. 

The Al^O^ content of the orthopyroxenes from the 

harzburgites v a r i e s from 1.59 t o 2.68 percent, which i s 

i n the range of Al^O^ values (1.0 t o 3.0 percent) 

reported f o r orthopyroxenes from other harzburgite subtype 

p e r i d o t i t e s ( C h a l l i s , 1965; Himmelberg and Coleman, 1968; 

Loney et a l . , 1971; Jackson and Thayer, 1972). 

5.3,2. Pyroxenite orthopyroxenes 

The orthopyroxenes from cumulate o l i v i n e pyroxenites 

range i n MgxlOo/(.Mg+Fe) r a t i o from 85 t o 87 and i n 

MgxlOo/(Mg+Fe+Ca) from 84 t o 86. They have less A l 0 
2 3 

than orthopyroxenes from harzburgites (1.38 t o 1.92 

percent) and CaO i s also s l i g h t l y lower w i t h a range of 

0.58 t o 1.04 percent. The average Cr^O^ and NiO contents 

of the orthopyroxenes are less than those of harzburgite 

orthopyroxenes, and they are also depleted i n Ti02. Zoning 
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w i t h i n g rains i s not evident. 

5.3.3. Gabbroic orthopyroxenes 

The orthopyroxenes from cumulate o l i v i n e gabbros 

range i n MgxlOO/(Mg+Fe) r a t i o between 73 t o 82 and i n 

MgxlOO/(Mg+Fe+Ca) from 72 t o 80. The values are 

consistent w i t h the compositions of orthopyroxenes 

from o l i v i n e gabbros reported by A l l e n (1975) f o r the 

Troodos P l u t o n i c Complex. A l l e n obtained MgxlOO/(Mg+Fe) 

r a t i o s ranging between 72 and 83.9 and MgxlOO/(Mg+Fe+Ca) 

of 70 t o 82. •̂ •̂ 2̂ 3 lower than for ortho­

pyroxenes from e i t h e r h a rzburgite or pyroxenite (1.13 t o 

1.76 percent) but i s consistent w i t h values reported by 

A l l e n (1975) of 0.99 t o 1.51 percent A l 0 f o r the Troodos 

P l u t o n i c Cotrplex. CaO i s higher than i n orthopyroxenes of 

harzburgites and pyroxenites (0.97 t o 1.60 percent) but 

again s i m i l a r t o those of the Troodos Plutonic Complex 

which range between 1,03 t o 1.83 percent CaO. The 

orthopyroxenes from the o l i v i n e gabbros are higher i n 

TiO^ and MnO than those of the harzburgites and pyroxenites, 

but are depleted i n Qx^^. 

5.3.4. N o r i t i c and gabbroic orthopyroxenes 

Orthopyroxene compositions from n o r i t e s and gabbros 

of various o p h i o l i t e s are l i s t e d i n Table 5.5. 
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The orthopyroxenes from the n o r i t e s range i n 

MgxlOO/(Mg+Fe) r a t i o between^ 71 and 73 and of 

MgxlOO/(Mg+Fe+Ca) r a t i o between 67 and 71. 

Average Al^O^ of the orthopyroxenes from the n o r i t e s 

v a r i e s between 1.30 t o 1.72% s i m i l a r t o values f o r those 

from the o l i v i n e gabbros. 

CaO content of the orthopyroxenes from the n o r i t e s 

are d i s t i n c t l y higher than those of the o l i v i n e gabbros, 

ranging from 1.31 t o 3.18%. ^^2^3 n e g l i g i b l e i n the 

orthopyroxenes from the n o r i t e s , but MnO occurs i n 

s i g n i f i c a n t amounts ranging from 0.28 t o 0.41%, d i s t i n c t l y 

higher than i n the o l i v i n e gabbros, pyroxenites and 

h a r z b u r g i t e s . 

5.4. Clinopyroxenes 

Clinopyroxene analyses from harzburgite, w e h r l i t e , 

p l a g i o c l a s e p e r i d o t i t e (one sample), o l i v i n e pyroxenite, 

o l i v i n e gabbro, and hypersthene gabbro are l i s t e d i n 

Tables 5.18-5.22 and 5.55, 5.64, 5.59, 5.65, 5.57, 5.61, 

5.66, 5.63, 5.51 and 5.53. 

On a p l o t of SiO^ versus Al^O^ shown i n f i g , 5.2 i t 

i s c l e a r l y seen t h a t the clinopyroxenes from the mantle 

rocks and cumulates f a l l i n the t h o l e i i t i c f i e l d , as 

defined by Le Bas (1962), w i t h the exception of one 

sample which i s s l i g h t l y a l k a l i n e . 
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Figure 5.2, Plot of SiO /Al^O^ for clinopyroxenes 
from mantle p e r i d o t i t e s , pyroxenites and 
gabbros. 
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5.4.1. P e r i d o t i t e clinopyroxenes 

I n the harzburgites the clinopyroxenes occur as 

small i n t e r s t i t i a l c r y s t a l s and are r e l a t i v e l y r a r e . 

They are e s s e n t i a l l y Cr-bearing diopsides w i t h 

MgxlO04Mg+Fe) r a t i o of 92 and 94, w i t h the exception of 

sample 103IC which contains more i r o n and shows an 

MgxlOO/(Mg+Fe) r a t i o of 90. The Al^O^ content has a 

small range (1.8 t o 2.8%), comparable t o t h a t i n the 

coe x i s t i n g orthopyroxenes. I n a l l aspects the c l i n o ­

pyroxenes are s i m i l a r t o those reported from other 

harzburgite subtype bodies ( C h a l l i s , 1965; Himmelberg 

and Coleman, 1968; Loney et a l . , 1971; A l l e n , 1975; Himmelberg 

and Loney, 1973) . 

The clinopyroxenes from w e h r l i t e s range i n 

MgxlOO/(Mg+Fe) r a t i o between 9o and 93 and are d i s t i n c t l y 

higher i n Cr^O^ than those of the harzburgite clinopyroxenes, 

ranging between 0.98 and 1,43 percent. ^̂ 12*̂ 3 ̂ "̂̂ 9®̂  between 

2.89 and 3.89 percent, also d i s t i n c t l y higher than i n 

clinopyroxenes of the harzburgites. 

5.4.2. Pyroxenite clinopyroxenes 

The clinopyroxenes from cumulate o l i v i n e pyroxenites 

show a l i m i t e d spread of MgxlOO/(Mg+Fe) r a t i o , ranging 

from 89 t o 91. The Al^O^ and Cr^O^ contents are d i s t i n c t l y 
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lower than those of the harzburgites and w e h r l i t e s 

ranging between 1.85 and 2.44 percent •?̂ l2̂ 3 0,32 

t o 0.86 percent Cr 0 . FeO contents are higher than 

i n clinopyroxenes from harzburgites and w e h r l i t e s . 

5.4.3. Gabbroic clinopyroxenes 

I n general, clinopyroxenes from the cumulate 

o l i v i n e gabbros vary i n MgxlOO/(Mg+Fe) r a t i o from 73 

t o 85. Al^O^ v a r i e s from 1.70 t o 3.20 percent and i s 

higher than i n clinopyroxene from the pyroxenites and 

harzburgites, but i s lower than i n the w e h r l i t e s . 

Cr^O^ v a r i e s between 0.06 and 0,36 percent. 

The clinopyroxenes from the o l i v i n e gabbros are 

g e n e r a l l y d i s t i n g u i s h a b l e from those of the harzburgites, 

w e h r l i t e s and pyroxenites by t h e i r more i r o n - r i c h 

c onposition and higher TiO^ contents, although there 

i s some overlap. 

However, i n two o l i v i n e gabbros (sample 232 and 539) 

chrome-rich clinopyroxene i s noted. I n satrple 232 i t 

appears t o be a xenocryst, p o s s i b l y derived from a w e h r l i t e , 

I n summary, MgxlOO/(Mg+Fe) r a t i o i n the chrome-rich 

clinopyroxene v a r i e s from 84 t o 88 i n sample 232 and from 

88 t o 90 i n sample 53 9. Cr^O^ varies from 0.33 t o 1.14 

percent i n 232 and from 0.3 4 t o 0.53 i n 53 9. TiO 
2 
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values i n these samples are lower than i n the b u l k of 

gabbroic clinopyroxenes and are coitparable t o w e h r l i t e 

clinopyroxenes. 

Clinopyroxenes from the pyroxene gabbros range i n 

MgxlOO/(Mg+Fe) r a t i o between 75 and 86, A l 0 content 

v a r i e s between 2.15 and 2,82 percent. They show r e l a t i v e 

T i enrichment and d e p l e t i o n i n Cr, 

5.5, Clinopyroxene-orthopyroxene-olivine r e l a t i o n s 

F i g , 5.3 shows element v a r i a t i o n between and w i t h i n 

the clinopyroxenes and orthopyroxenes. "^^0^ i s observed 

t o increase w i t h decreasing MgxlOO/(Mg+Fe) r a t i o i n both 

pyroxenes but i s enriched i n the clinopyroxenes by a 

fa c t o r of approximately 2 over i t s concentration i n the 

orthopyroxenes. 

The high TiO^ present i n the clinopyroxenes from the 

cumulate gabbros compares c l o s e l y w i t h the e a r l i e s t 

analysed clinopyroxenes of the Skaergaard i n t r u s i o n 

(Brown, 1957, analysis 1), and shows a s i m i l a r trend as 

i n the Bushveld, S t i l l w a t e r , and Skaergaard clinopyroxenes, 

Cr^O^, as would be expected, shows a r a p i d decrease 

i n both pyroxenes as MgxlOO/(Mg+Fe) r a t i o decreases, and 

l i k e TiO^, i t i s enriched i n the clinopyroxenes r e l a t i v e 

t o the c o e x i s t i n g orthopyroxenes by a factor of about 
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Figure 5.3, Plots of Ti02, Cr203, and MnO against 
MgxlOO/(Mg+Fe) f o r pyroxenes from the 
u l t r a m a f i c and mafic rocks. 
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1.5 t o 2.0 f o r equivalent rock groups. 
2+ 

Mn increases w i t h Fe , f o r which i t s u b s t i t u t e s , 
2+ 

i n both pyrc3cenes but i n view of the greater Fe i n 

the orthopyroxenes, shows an enrichment i n them 

r e l a t i v e t o i t s concentration i n clinopyroxenes. MnO 

occurs i n about the same abundance as i n the Skaergaard 

clinopyroxenes. 

Figs. 5.4 and 5.5 show the major element i n t e r ­

r e l a t i o n s h i p between and w i t h i n the pyroxenes. W i t h i n 

the clinopyroxenes, CaO i s enriched i n those from 

harzburgites. Also there i s a pronounced cornpositional 

gap w i t h i n the gabbroic clinopyroxenes. 

I n the orthopyroxenes there i s a s l i g h t tendency 

f o r Ca t o increase w i t h decreasing Mg/(Mg+Fe). The 

compositional gap between the pyroxenes, assuming they 
« 

e q u i l i b r a t e d on the pyroxene solvus, i s i n d i c a t i v e of an 

e q u i l i b r a t i o n below 1000°C (Boyd and Schairer, 1964; Davis 

and Boyd, 1966; Boyd, 1970). 

The t i e - l i n e r e l a t i o n s h i p s , i l l u s t r a t e d i n Fig. 5.4 

also i n d i c a t e e q u i l i b r a t i o n of the pyroxenes due t o 

t h e i r p a r a l l e l nature, although some t i e - l i n e s do cross. 

Figs. 5.6 and 5.7 summarise the r e l a t i o n s between 

o l i v i n e and clinopyroxene f o r the various rock types. 

Again the t i e - l i n e s , representing Mg-Fe p a r t i t i o n i n g . 
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Figure 5.4. Pyroxene compositional v a r i a t i o n i n 
pyroxene q u a d r i l a t e r a l f o r harzburgites, 
o l i v i n e pyroxenites and gabbros. 
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F i g u r e 5 . 5 . C l i n o p y r o x e n e c o n p o s i t i o n s o f 
h a r z b u r g i t e s , w e h r l i t e s , o l i v i n e p y r o x e n i t e s 
and g a b b r o s . 
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F i g u r e 5 . 6 . C o m p o s i t i o n a l ranges o f pyroxenes 
and o l i v i n e s f r o m m a n t l e r o c k s . 
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F i g u r e 5 . 7 . C o m p o s i t i o n a l ranges o f pyroxenes 
and o l i v i n e s f r o m o l i v i n e p y r o x e n i t e s and 
o l i v i n e g a b b r o s . 
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a r e s u b - p a r a l l e l and i n d i c a t e e q u i l i b r a t i o n between 

t h e s e two phases . 

The c o m p o s i t i o n a l r e l a t i o n s h i p between t h e pyroxenes 

and o l i v i n e s w i l l be f u r t h e r d i s cus sed i n t he geothermometry 

and goeba romet ry s e c t i o n ( 5 , 9 . 2 ) . 

I n summary: 

1 . The c o m p o s i t i o n a l gap, e x h i b i t e d i n F i g s . 5 .4 , 5.5 and 

5 . 7 , w i t h i n t h e g a b b r o i c pyroxene cou ld be e x p l a i n e d i n 

t h e f o l l o w i n g way: 

When t h e as thenosphere m e l t s p a r t i a l l y benea th a m i d -

ocean r i d g e i t p roduces r e s i d u a l c r y s t a l s , w h i c h a c c r e t e 

t o t h e l i t h o s p h e r e , t o g e t h e r w i t h me l t w h i c h may e n t e r an 

a x i a l magma chamber. T h i s p r i m a r y magma may t h e n mix 

w i t h more e v o l v e d magma a l r e a d y i n t h e chamber. A 

pyroxene s u b s e q u e n t l y c r y s t a l l i z i n g f r o m t h i s m e l t w i l l 

have a c o m p o s i t i o n w h i c h i s more evo lved t h a n t h e 

c o m p o s i t i o n o f e i t h e r r e s i d u a l pyroxenes or pyroxenes 

w h i c h c r y s t a l l i z e d d i r e c t l y f r o m t h e p r i m a r y magma. A 

c o m p o s i t i o n a l gap m i g h t t h u s be expected between pyroxenes 

r e l a t e d t o p r i m a r y magmas and those r e l a t e d t o magma whose 

c o m p o s i t i o n i s b u f f e r e d i n a l a r g e magma chamber (Pearce, 

J . A . , p e r s . comm., 1 9 7 7 ) . 
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2 . The s m a l l amount o f c l i n o p y r o x e n e s p r e s e n t i n t he 

h a r z b u r g i t e s p r o b a b l y fo rmed a t a l a t e s tage , p r e c i p i t a t i n g 

f r o m a t r a p p e d m e l t . They a re v e r y c a l c i c c l i n o p y r o x e n e s 

r e p r e s e n t i n g r e l a t i v e l y p r i m i t i v e magma. 

5 , 6 . P l a g i o c l a s e 

Cumulus p l a g i o c l a s e c o n p o s i t i o n s were de t e rmined 

b y m i c r o p r o b e a n a l y s i s f r o m o l i v i n e gabbros , n o r i t e s , 

o l i v i n e - f r e e gabbros , and a n o r t h o s i t e s . The r e s u l t s 

a r e t a b u l a t e d i n T a b l e s 5 . 2 3 - 5 . 2 8 , and Tab le 5 . 6 . 

I n t e r c u m u l u s p l a g i o c l a s e was de te rmined f r o m one 

o l i v i n e p y r o x e n i t e and one p l a g i o c l a s e p e r i d o t i t e . 

S a u s s u r i t i z a t i o n o f p l a g i o c l a s e i n t h e p e r i d o t i t e and 

o l i v i n e p y r o x e n i t e make ana ly se s o f these samples 

i n p o s s i b l e . 

I n t e r c u m u l u s p l a g i o c l a s e i n t h e p e r i d o t i t e and 

p y r o x e n i t e , and core c o m p o s i t i o n s i n a l l c o a r s e - g r a i n e d 

gabbros and n o r i t e s a re e x c e p t i o n a l l y c a l c i c , g e n e r a l l y 

i n t h e range o l i v i n e gabbros , and A n ^ ^ 

t o An f o r n o r i t e s . Coarse g r a i n e d , o l i v i n e - f r e e 

gabbros a r e g e n e r a l l y i n t h e r ange A n ^ . c o An_,„ 

w h i l e medium and f i n e g r a i n e d o l i v i n e gabbros a re l e s s 

c a l c i c , g e n e r a l l y i n t h e r ange o f An_o „ t o A n _ - _^ 

f o r t h e medium-gra ined o l i v i n e gabbros , and An_^ t o 
74.82 
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T A B I g _ 5 - ^ P l a q i o c l a s e Analvses 

Rock Type 

Coarse G r a i n e d 
Gabbro 

Sample No. Core hn% 

231A 88.08 
23 I B 84 .88 
85 9A 80.59 
526AA 86.55 
160A 93 .30 
160B 92.83 

P l a q i o c l a s e c o m p o s i t i o n s o f v a r i o u s o p h i o l i t e s 

Rock Type 

W e h r l i t e 

O l i v i n e Gabbro 

Pyroxene Gabbro 

Core An% 

94.2 

90 .9 

91 .67 

Source 

A l l e n (1975) 

L o c a t i o n 

Troodos 
P l u t o n i c 
Coitplex 

T r o c t o l i t e s and 
E u c r i t e s 

90-95 Coleman (1977) 

O l i v i n e Gabbro 8 8 . 3 - 9 1 . 0 Mossman (1973) G r e e n h i l l s 
o p h i o l i t e . 
New Zealand 



An f o r t h e f i n e - g r a i n e d ones . Coa r se -g ra ined 
/ y . 

a n o r t h o s i t e s r ange f r o m A n - _ __ t o An-„ The i n t e r -
y 2 . oo . JO 

cumulus p l a g i o c l a s e i n t h e p e r i d o t i t e has a c o m p o s i t i o n 

o f A n . - and t h a t o f t h e o l i v i n e p y r o x e n i t e has a 
8 9 . 3 1 

c o t r p o s i t i o n o f An . 

Th roughou t t h e s e c t i o n s s t u d i e d , no c o r e - t o - m a r g i n 

z o n i n g was n o t i c e d . 

5 . 7 . S p i n e l s 

E l e c t r o n m i c r o p r o b e ana lyses o f s p i n e l s f r o m 

h a r z b u r g i t e s , d u n i t e s , w e h r l i t e s , p l a g i o c l a s e p e r i d o t i t e s , 

sheared t a l c o s e s e r p e n t i n i t e s , and o l i v i n e p y r o x e n i t e s 

a r e l i s t e d i n T a b l e s 5 .29-5 .33 and 5.36, 5,34, 5.38, 5.40 

and 5 . 4 2 . End member c o m p o s i t i o n s have been c a l c u l a t e d 

a c c o r d i n g t o t h e method or I r v i n e (1965) . I r o n was 

d e t e r m i n e d as t o t a l i r o n , and t h e amount o f FeO and Fe^O 

c a l c u l a t e d b y assuming t h e RO/R^O^ r a t i o i n t h e chromian 

s p i n e l s t o be 1 ;1 . The v a l i d i t y o f t h i s assumpt ion f o r 

n a t u r a l chrora ian s p i n e l has been demonst ra ted b y Stevens 

(1944) and I r v i n e (1965) . A l l ana lyses p l o t c l o s e t o t h e 

c h r o m i t e - p i c r o c h r o m i t e p l a n e o f I r v i n e (1965, 1967) 

F i g . 5 . 8 . P r o j e c t i o n s o f t hese d a t a p o i n t s o n t o t h e 

3+ 3+ 
t w o p l a n e s e x p r e s s i n g C r x l O O / ( C r + A l ) and Fe x lOO/(Cr+Al+Pe ) 

2+ 
v e r s u s MgxlOO/(Mg+Fe ) i n f i g u r e s 5.9 and 5 , l o . 
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F i g u r e 5 . 8 . A s p i n e l c o r r p o s i t i o n a l p r i s m , from_ 
I r v i n e ( 1 9 6 5 ) . The p r i s m shows t h e p r i n c i p l e 
c o m p o s i t i o n a l end members, and t h e main s p i n e l 
r a t i o p l o t s . 
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F i g u r e 5 . 9 . v a r i a t i o n o f ch romian s p i n e l 
c o m p o s i t i o n s . 
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F i g u r e 5 . 1 0 . v a r i a t i o n o f chromian s p i n e l 
c o n p o s i t i o n s • 
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5.7.1. P e r i d o t i t e s p i n e l s 

S p i n e l coirpositions of Alpinertype p e r i d o t i t e s 

and p e r i d o t i t e s from v a r i o u s o p h i o l i t e s are l i s t e d on 

the following page (Table 5.7) 

The chromian s p i n e l s of harzburgite show considerable 

range i n chemical conposition, the r a t i o CrxlOO/(Cr+Al) 
2+ 

v a r y i n g from 47 to 62 and MgxlOO/(Mg+Fe ) from 52.82 

to 66.54, v a l u e s for the c a t i o n r a t i o Fe"^'*"xlOO/(Cr+Al+Fe^"'") 

range between 2 and 12.5 which seems to be c h a r a c t e r i s t i c 

of chromian s p i n e l s from Alpine-type p e r i d o t i t e s ( I r v i n e , 
1967; Loney e t a l . , 1971; Medaris, 1972). 

I t i s apparent from P i g . 5,9 that there i s a gap 
2+ 

i n MgxlOO/(Mg+Pe ) between the s p i n e l s of dunites and 
ha r z b u r g i t e s . CrxlOO/(Cr+Al) v a l u e s are somewhat higher 

i n the dunites with a range between 46.71 and 73.66 
2+ 

MgxlOO/(Mg+Pe ) , however, i s i n v a r i a b l y lower than i n 

the h a r ^ b u r g i t e s s p i n e l s , ranging from 41,08 to 52.53. 
3+ 

I n general the dunite s p i n e l s contain more i r o n i n the Fe 

s t a t e than those of the harzb u r g i t e s . 

F i g . 5.9 shows t h a t chromian s p i n e l s of the 

w e h r l i t e s have a somewhat lower range of CrxlOO/(Cr+Al) 
2+ 

and MgxlOO/(Mg+Pe ) r a t i o s than those of the harzburgites; 

they have ranges of 42 t o 50 and 45.62 to 56.92 r e s p e c t i v e l y , 

3+ 
Fe v a l u e s overlap with those of the dunites and 
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2+ h a r z b u r g i t e s although average v a l u e s of Fe are 

s l i g h t l y l e s s than i n s p i n e l from harzburgite. The 

s p i n e l s from w e h r l i t e have a d i s t i n c t l y lower range of 

CrxlOO/(Cr+Al) r a t i o s than those from dunite. Both 

dunite and w e h r l i t e populations overlap with r e s p e c t 

to MgxlOO/(Mg+Fe^'^) and Fe'^"*"xlOO/(Cr+Al+Fe^"*"), but the 

Pe and Cr r i c h d u n i t e - s p i n e l s appear to have lower 

MgxlOO/(Mg+Fe^"*") r a t i o s . 

S p i n e l s from p l a g i o c l a s e p e r i d o t i t e s range i n 

CrxlOO/(Cr+Al) between 43 and 50 arid MgxlOO/(Mg+Fe^"^) 

between 57 and 58; they p l o t c l o s e to s p i n e l s from the 
3+ 

h a r z b u r g i t e s . The Fe contents overlap with those of 

the h a r z b u r g i t e s , high Pe"^^ i n one sariple being a t t r i b u t e d 

to secondary oxidation. 

Chromian s p i n e l s from sheared s e r p e n t i n i t e s range 

i n CrxlOO/(Cr+Al) between 41 and 44 and MgxlOO/(Mg+Pe^"*") 

between 46 and 48, overlapping w i t h s p i n e l s from w e h r l i t e s 
3+ 

with r e s p e c t to both r a t i o s . S i m i l a r l y the Fe content 

a l s o overlaps with those of the w e h r l i t e s . 

5.7.2. Pyroxenite s p i n e l 

Only one a n a l y s i s was obtained from s p i n e l i n 

o l i v i n e p y r o x e n i t e ; i t has a CrxlOO/(Cr+Al) r a t i o of 64.2 
2+ 

and MgxlOO/(Mg+Fe ) r a t i o of 43.42. 
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5,8. Magnetites and i l m e n i t e s 

I r o n - t i t a n i u m oxides are present i n t r a c e amounts 

i n the o l i v i n e and o l i v i n e - f r e e gabbros, i n r e a c t i o n 

r e l a t i o n s h i p with brown b a s a l t i c hornblende; they 

appear to have formed as primary magmatic phases. The 

oxide sp e c i e s present include ilmenite-hematite, 

permitting an estimate of temperature and f of formation 

of the c o e x i s t i n g p a i r s (Buddington and Lindsley, 1964). 

Buddington and L i n d s l e y ' s magnetite-ilmenite, geothermometer-

oxygen barometer i s based on the dis t r i b u t i o n of i r o n and 

ti t a n i u m between c o e x i s t i n g magnetite and ilme n i t e . The 

geothermometer has been used on oxide p a i r s i n which the 

il m e n i t e s contain l e s s than 5 weight percent MnO. The 

inf l u e n c e of manganese on the s t a b i l i t y of ilmeni t e has 

been discussed by Neumann (1974), but i s not known 

q u a n t i t a t i v e l y . The oxidation process i n the Buddington 

and L i n d s l e y hypothesis can be presented by the following 

equation (Vincent, 1960): 

3Fe2TiO^ + 0 = SFeTiO^ + ^®3°4 

Ul v o s p i n e l i n Il m e n i t e i n the Magnetite i n 
the s p i n e l - ilmenite-hematite magnetite-
magnetite s o l i d s o l i d s o l u t i o n . u l v o s p i n e l 
s o l u t i o n . s o l i d s o l u t i o n . 

I l m e n i t e and magnetite are g e n e r a l l y pure end-member 

conpositions, and the f i n a l e q u i l i b r i u m for two i l m e n i t e -
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magnetite assemblages seems to have been under oxygen 

f u g a c i t i e s between those defined by the QPM and the 

02 wiHstite-magnetite b u f f e r s near 600°C, fo„ = lO™^"*"^ 

bars 

5.9. Geothermometry 

Simple experimental systems have yielded 

p o t e n t i a l geothermometers and geobarometers, p a r t i c u l a r l y 

for mineral assemblages c h a r a c t e r i s t i c of many u l t r a m a f i c 

and mafic rocks. Therefore i t i s of i n t e r e s t to t r a c e the 

pressure-teitperature h i s t o r y of the ul t r a r a a f i c and cumulate 

rock assemblage. Methods and r e s u l t s for determination of 

tertperatures and p r e s s u r e s of e q u i l i b r a t i o n for the p e r i ­

d o t i t e s and cumulate rocks of t h i s study are shown i n 

Appendix I . 

5.9.1. Method of Jackson (1969) 
2+ 

P a r t i t i o n i n g of Mg and Fe between o l i v i n e 

and s p i n e l . 

Cation d i s t r i b u t i o n between coexisting o l i v i n e and 

chromian s p i n e l has been discussed by I r v i n e (1965), 

Jackson (1969) and Loney et a l . (1971). I r v i n e has 

shown that, while the e f f e c t of pressure over moderate 

ranges may be n e g l i g i b l e , the r e l a t i v e d i s t r i b u t i o n of 
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f e r r o u s i r o n and magnesium between o l i v i n e and s p i n e l 

may be expected to v a r y s i g n i f i c a n t l y with temperature. 
2+ 

The d i s t r i b u t i o n of Mg and Fe i s cotiplicated by 
the presence of t r i v a l e n t c a t i o n s i n the s p i n e l structure, 

2+ 

The Mg-Pe exchange r e a c t i o n between c o e x i s t i n g o l i v i n e 

and chromian s p i n e l can be w r i t t e n : 

Pe^'^SiQ gO^ + Mg(Cro: , Alj3 , Pe^'^y ) ^0^ 

MgSi^ gO^ + Fe^"^ ( e r a , Aip , Fe^'^'y ) ^0^ 

The v a l u e s a. , p , and B are the r e s p e c t i v e f r a c t i o n s 

of Cr, A l , and Pe"^^ i n chromian s p i n e l . The thermo­

dynamic e q u i l i b r a t i o n c o e f f i c i e n t (K̂ )̂ may be defined 

by the following equation, assuming i d e a l s o l i d 

s o l u t i o n behaviour ( I r v i n e , 1965; Jackson, 1969). 

01\ / Sp \ 
\\q/ ^Fe2+ 

I Fe^/ \ Mg/ 

where and X̂ ''"?+ are mole f r a c t i o n s of the end Mg Pe^ 
members MgSi^ ^0^ and F e S i ^ ^02 r e s p e c t i v e l y , and 

•̂Mg •'̂ Fe'̂ ^ mole f r a c t i o n s of d i v a l e n t cations 

i n the s p i n e l s . 
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Using Jackson's formula (1969), i t i s p o s s i b l e t o 

c a l c u l a t e the e q u i l i b r a t i o n temperature for o l i v i n e -

s p i n e l p a i r s , using Gibbs free-energy data. I t i s a l s o 

p o s s i b l e to c a l c u l a t e the t h e o r e t i c a l compositions of 

a l l s p i n e l s , c o e x i s t i n g w ith an o l i v i n e of fixe d 

composition a t a given temperature, by s u b s t i t u t i n g 

d i f f e r e n t v a l u e s for cc , ^ , and b i n the 

following equations 

Q 5580 a: + 1018 p - 1720 U + 2400 
0.90 a: + 2.56 p - 3.08 0 - 1,47 + 1.987 InK 

where T i s i n degrees K e l v i n . P o s s i b l e e r r o r s may be 

introduced due to u n c e r t a i n t i e s i n Gibbs free energy 

v a l u e s . P o s s i b l e maximum e r r o r s i n the free energies 

of formation of the s p i n e l s alone could a f f e c t the 

temperatures by as much as 300°C. However, these e r r o r s 

are equivalent to standard s t a t e e r r o r s and should not 

a f f e c t the r e l a t i v e tenperatures. Teirperatures derived 

from the above equation are, g e o l o g i c a l l y , q u i t e 

reasonable. 

I t appears from Appendex I t h a t the dunites have 

tenperatures of 872-l075°C, harzburgites of 1099-1167°C, 

and w e h r l i t e (one sample) of 1104°C, the p l a g i o c l a s e 

p e r i d o t i t e (one sartple) an unusually high value of 1263°C, 



155 

and the o l i v i n e pyroxenite (one sanple) of 879"c. 

Temperature ranges of Alpine-type p e r i d o t i t e s and 

p e r i d o t i t e s from v a r i o u s o p h i o l i t e s are l i s t e d i n 

Table 5.8. 

Location 

Wadi Shi-Wadi 
Madha Area 

Blue River 
u l t r a m a f i c s 

Burro Mt., USA 

Oregon, USA 

New Caledonia 

Bay of I s l a n d s 
Newfoundland 

Red Mountain 
P e r i d o t i t e , 
New Zealand 

Troodos P l u t o n i c 
Complex 

o 

Temperature m C 

872 - 1263 
1030 - 1231 

1098 - 1335 

1200 

1180 

1200 

1410 

1300 

1300 

930 - 1140 

913 - 1256 

TABLE 5.8 

Source 

This study 

Pinsent, R,H. 
Ph.D. T h e s i s 
(1974) Univ. 
of Durham. 

Loney et a l . , 
(1971) Himmel-
berg and Loney 
(1973). 

Medaris (1972) 

Rodgers (1973) 

Malpas (1978) 

Sinton (1977) 

A l l e n (1975) 

Tenperature ranges of Alpine-type p e r i d o t i t e s and p e r i d o t i t e s 
from v a r i o u s o p h i o l i t e s 

Temperatures are based on thermodynamic data from 

I r v i n e (1965) and Jackson (1969). 
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The temperature ranges l i s t e d above were derived 

using the same method. Those of the Troodos P l u t o n i c 

Conplex (Allen, 1975), the Red Mountain P e r i d o t i t e 

(Sinton, 1977), and the Vulcan Peak P e r i d o t i t e 

(Himmelberg and Loney, 1973) are reasonably s i m i l a r to 

those for the Wadi Shi-Wadi Madha area. 

Median conpositions of s p i n e l s are p l o t t e d i n F i g . 5.11 

and the a c t u a l mole f r a c t i o n , X^^ of c o e x i s t i n g o l i v i n e 

shown, a f t e r Loney et a l . (1971). The agreement between 

the a c t u a l and t h e o r e t i c a l cotrposition i s r e l a t i v e l y 

good, e s p e c i a l l y for assemblages low i n A l and Mg. 

Pig .5.11 has been contoured according to s p i n e l 

conpositions which, at a given P and T, w i l l e q u i l i b r a t e 

with o l i v i n e or pyroxene of f i x e d Mg/Pe r a t i o . F i g . 5.12 

a f t e r I r v i n e (1965) and Rodgers (1973) shows the mole 

f r a c t i o n of Cr i n s p i n e l , Y^^ p l o t t e d against the Fe~Mg 

d i s t r i b u t i o n c o e f f i c i e n t 

^ , o l ,,_^Sp 
In 

According to theory, when s p i n e l s are p l o t t e d as i n F i g . 5.12 

they should l i e on a s t r a i g h t l i n e with slcpe equal to 

InK. However t h i s r e l a t i o n s h i p i s not p e r f e c t , and Rodgers 

(1973) for example quotes a range of InK from 2.25 to 3.5. 
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F i g u r e 5.11, A s p i n e l c a t i o n r a t i o p l o t , a f t e r 
Loney et a l . (1971). The pl o t has been 
contoured to give the t h e o r e t i c a l c o e x i s t i n g 
o l i v i n e Mg c a t i o n f r a c t i o n at 1200°C. The 
contours are for values of 0.900, 0.915, 
0.930. Observed o l i v i n e Mg cation f r a c t i o n s 
are given for each analysed coexisting p a i r . 
Sanple numbers ares 1=300A, 2=300B, 3=304A, 
4=305A, 5=528A, 6=531A, 7=531B, 8=517A, 
9=517B, 10=325A, 11=325C, 12=1037A, 13=1044A, 
14=503A, 15=315A, 16=1027A. 
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F i g u r e 5.12. An o l i v i n e - s p i n e l e q u i l i b r a t i o n p l o t , 
a f t e r I r v i n e (1955), and Rodgers (1973). An 
Mg-Pe d i s t r i b u t i o n c o e f f i c i e n t i s plot t e d 
against the Cr c a t i o n f r a c t i o n i n s p i n e l . The 
two l i n e s w ith slopes of 3.7 and 2.6 are shown 
for r e f e r e n c e purposes only. Sartple numbers are: 
1=300A, 2=300B, 3=304A, 4=305A, 5=528A, 6=531A, 
7=»531B, 8=517A, 9=517B, 10=325A, 11=325C, 
12=1037A, 13=1044A, 14=503A, 15=315A, 16=1027A. 
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The two l i n e s i n F i g . 5.12, with slopes of 3,7 and 2.6 

are shown for re f e r e n c e purposes only and do not 

represent b e s t - f i t s . 

5.9,2. Method of Wood and Banno (1973) 
2+ 2+ 

The use of p a r t i t i o n c o e f f i c i e n t s of Mg and Fe 

between c o e x i s t i n g orthop3iiiToxenes and clinopyroxenes has 

been shown to give reasonable r e s u l t s when applied to 

the present study. Wood and Banno (1973) suggest that 

v a l u e s agree with ejqperimental data to w i t h i n - 60°C 

although e r r o r s of - 100°C are probably not unreasonable. 

The r e s u l t s of the a p p l i c a t i o n of t h i s method to the 

present study are l i s t e d i n Appendix I . Appendix I 

shows that h a r z b u r g i t e s i n d i c a t e e q u i l i b r a t i o n tettqperatures 

between 969 and 989*^C. T i e l i n e s i n d i c a t e equilibrium 

between orthopyroxene and clinopyroxene i n Pig. 5.4. Since 

clinopyroxene i s a l a t e - s t a g e mineral, therefore these 

temperatures represent the lower l i m i t s of e q u i l i b r a t i o n 

and not the upper temperature l i m i t of o l i v i n e plus 

orthopyroxene e q u i l i b r a t i o n . Since the a c t i v i t y - c o n p o s i t i o n 

r e l a t i o n s of Wood and Banno (1973) have been adopted to 

account for the s o l u t i o n of Fe, A l , T i , Cr, Mn and Na i n 

the pyroxene phases, one harzburgite sample (1044A) was 

not used, because of the high Na content i n the c l i n o -
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pyroxene, thus r e s u l t i n g i n a negative 

\ Mg; 

Cumulate pyroxenites i n d i c a t e e q u i l i b r a t i o n tettperatures 
o 

between 927 and 974 C, and cumulate gabbros and n o r i t e 

between 839 and 999°C, 

5.9.3. Method of Mysen and Boettcher (1975) 

The orthopyroxene-clinopyroxene geothermometer of 

Mysen and Boettcher (1975) i s based on v a r i a t i o n i n the 

r a t i o s (X^i/X^j,) °^''/ '̂ '̂  ^ i t h tertperature. I t 

has been c a l i b r a t e d against the clinop^nroxene limb of the 

solvus (Davis and Boyd, 1966; Warner and Luth, 1974) . 

A p p l i c a t i o n of t h i s geothermometer g e n e r a l l y gives 

tenperatures t h a t are higher than those derived by the 

method of Wood and Banno (1973) . The r e s u l t s of the 

a p p l i c a t i o n of t h i s method t o the present study are 

l i s t e d i n Appendix I . Appendix I shows that hairzburgites 

i n d i c a t e e q u i l i b r a t i o n temperatures between 978 and 1088^0, 

cumulate pyroxenites between 985 and 1168°C, and cumulate 

gabbros and n o r i t e between 729 and 1118°C. This method, 

however, was not a p p l i c a b l e for two gabbros and one 

( \ opx 
'^Cx) = 0 . 
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5.9.4. Method of H a k l i and Wright (1967) 

N i c k e l p a r t i t i o n between coexisting clinopyroxene 

and o l i v i n e can be used as a geothermometer (Hakli and 

Wright, 1967; H a k l i , 1968)„ Tenperature v a r i e s with 

the d i s t r i b u t i o n c o e f f i c i e n t K = o l Ni/cpx Nij values 

i n ppm, according to the equation |nK =-A/T+B, where 

A = 8647, B = 7.83 8, Sanple v a l u e s and e q u i l i b r a t i o n 

temperatures for harzburgites, p l a g i o c l a s e p e r i d o t i t e , 

w e h r l i t e s , cumulate o l i v i n e pyroxenites, and giabbros 

are l i s t e d i n Appendix I , The tenperatures are f a i r l y 

c o n s i s t e n t though somewhat higher than those obtained 

from the method of Wood and Banno (1973) . Appendix I 

shows t h a t h a r z b u r g i t e s range between 994 and 1330°C, 

p l a g i o c l a s e p e r i d o t i t e 972°C, w e h r l i t e s between 879 and 

1045°C, pyroxenites between 911 and 1369°C, and the 

cumulate gabbros between 849 and 1291°C, This method, 

however, was not a p p l i c a b l e for one v/ehrlite, two 

pyroxenites, and one o l i v i n e gabbro because ppm Ni i n 

clinopyroxene ~ 0, 

Using the same method, Menzies (1973) obtained 

teirperatures between 1000 and 1150°C for the u l t r a m a f i c 

p e r i d o t i t e s of Greece and A l l e n (1975) obtained temper­

ature s of 1121 and 1126°C for the harzburgites of the 

Troodos P l u t o n i c Complex, and 1104 and 1166°C for the 
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w e h r l i t e s . 

5.9.5. Method of O'Hara (1967) 

O'Hara (1967) developed a us e f u l pressure-temperature 

g r i d based on the chemistry of clinopyroxenes. I n Fi g . 5.13, 

etc -^c parameters f o r clinopyroxenes are p l o t t e d 

f o r u l t r a m a f i c harzburgites, w e h r l i t e s and cumulate o l i v i n e 

pyroxenites. The values f o r oĉ, and p^. are l i s t e d i n 

Appendix I . cĉ , and values are determined by the 

r e l a t i o n s h i p s : 

wt% CaSiO^xlOO = 3 

wt% A l ^ 0^x100 p ^ 2_J 
c wt%(CaSiO +MgSiO +A1 0 ) 

P^ takes i n t o account the pressure-dependent s o l i d 

s o l u t i o n of ̂ ^2^3 clinopyroxene. Examination of 

Fig . 5,13 i n d i c a t e s t h a t the harzburgites e q u i l i b r a t e d 

at pressures less thari 7Kb and temperatures i n the range 

950 t o 1250°C, and w e h r l i t e s 1050 t o 1250°C, near the 

so l i d u s . The pressures correspond t o a depth of about 

22km i n oceanic regions. The ol i v i n e - p y r o x e n i t e s 

e q u i l i b r a t e d under c l o s e l y s i m i l a r conditions, at 

temperatures o f about 1020°C and pressures of less than 

7kb. One w e h r l i t e sample (804D), however, gave anomalous 
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Figure 5.13. Pyroxene Grid of O'Hara (1967) w i t h 
p l o t t e d valuesccc and °f analysed c l i n o -
pyroxenes from harzburgites, w e h r l i t e s and 
o l i v i n e pyroxenites. 



-22km D e p t h 

0 25 50 
I 

75 100 km 

1500 

o 
o 

o 1000 
a. 
E 

5 0 0 

P E R I D O T I T E 4- L I Q U I D 
«c=40x flc = IO 

G A R N E T ^ L H E R Z O L I T E ^ ^ , \ 
00 

L H E R 

52-5 

• Horzburgites 

it Wehriites 

'V '7kb 

® Olivine Pyroxenites 

20 3 0 

Pressure , Kilobors 

5 0 



164 

r e s u l t s w i t h a pressure o f about 18kb, and tenperature 

of 930°C, the pressure corresponding t o a depth of 

about 55kml iTie Bay of Islands p e r i d o t i t e s reported by 

Malpas (1978) e q u i l i b r a t e d a t tenperatures of lOOOto 1100°C 

and pressures of about 18-20 kb. P e r i d o t i t e s from the 

Troodos P l u t o n i c Conplex reported by A l l e n (1975), and 

those of the Lanzo p e r i d o t i t e Massif reported by Boudier 

(1978), however, appear t o have e q u i l i b r a t e d a t 

temperatures of 1150 t o 1200°C and 1150 t o 1250°C, and 

pressures of 2 t o 4 kb, and less than 5 kb r e s p e c t i v e l y 

( c l o s e l y s i m i l a r values t o those reported here). 

Stroh (1976) has devised a procedure f or c a l c u l a t i o n 

of e q u i l i b r a t i o n pressures i n harzburgites. A p p l i c a t i o n 

of t h i s technique gave anomalous r e s u l t s w i t h calculated 

pressures o f -2 t o -3 Kb. Sinton (1977) has also 

attempted t o c a l c u l a t e e q u i l i b r a t i o n pressures f o r 

p e r i d o t i t e s from the Red Mountain, using Stroh's 

procedure. He also derived anomalous values of -1 t o +1 Kb. 

5.9.6. Method of Powell and Powell (1974) 

The ol i v i n e - c l i n o p y r o x e n e geothermometer of Powell 

and Powell (1974) was derived on the basis of exchange 

of Mg and Fe between o l i v i n e and clinopyroxene according 

t o the reactd.on; 
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2CaMgSi20g + Fe^SiO^ = 2CaFeSi20g + Mg2SiO^ 

The clinopyroxene Ml s i t e i s non-ideal, and i t i s 

expressed as a regular s o l u t i o n . Mixing parameters were 

cal c u l a t e d , and c a l i b r a t e d against i r o n - t i t a n i u m oxide 

teirperatures, These enable e q u i l i b r i u m o l i v i n e -

clinopyroxene p a i r s t o be used as geothermometers. The 

pressure dependence o f the geothermometer has been 

ca l c u l a t e d as 5°C per K i l o b a r . The following equation 

may be used t o determine temperature (T) , i n degrees 

Ke l v i n , at a given pressure (P) i n bars. 

-2X_ • (920000+3.6P)-0.0435(P-l)+10100 
rp ^ ___A1 

84 2RlnK Mq Fe 
cpx 

714.3 (2X^^) 

The symbols X„ , X„ and X,, denote the mole f r a c t i o n s ^ Mg Fe A l 
of these elements i n o l i v i n e , and i n the clinopyroxene Ml 

s i t e . The value f o r A l includes other t r i v a l e n t cations 

i n octahedral c o o r d i n a t i o n . The value f o r R i s the gas 

constant (1.987 cals/mole/°K). The equation defines P-T 

l i n e s , and assuming a pressure o f 5 kbars, i t i s possible 

t o estimate o l i v i n e - c l i n o p y r o x e n e e q u i l i b r a t i o n temperatures. 

The r e s u l t s of the a p p l i c a t i o n of t h i s method t o the present 

study are l i s t e d i n Appendix I . 
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Appendix I shows t h a t the range i n temperatures 

c a l c u l a t e d f o r the various rock types i s very narrow 

w i t h a t o t a l range of only 1019 t o 1048°C. 

Wood (1976) has discussed i n d e t a i l the reason f o r 

the narrow temperature estimates f o r both I h e r z o l i t e 

nodules and f o r the lavas used by Powell and Powell 

(1974) i n c a l i b r a t i n g t h e i r technique. Wood considered 

a clinopyroxene w i t h an occupancy of 0.1 aluminium i n 

the Ml s i t e . This f i g u r e i s close to the average value 

i n the lavas used f o r c a l i b r a t i o n and i s also s i m i l a r t o 

t h a t i n I h e r z o l i t e clinopyroxenes discussed by Wood (1976) 

According t o Wood, i f the d i s t r i b u t i o n c o e f f i c i e n t K 

i s 0.1 then the temperature derived from the Powell and 

Powell equation would be 974°C, while a value of 10 

changes the estimated temperature t o 1062°C, A change 

i n the d i s t r i b u t i o n c o e f f i c i e n t K of two orders of 

magnitude, much greater than the range i n the c a l i b r a t i o n 

lavas, only a l t e r s the one bar temperature by 88°C. Wood 

concluded t h e r e f o r e t h a t temperatures derived by the 

Powell and Powell technique are v i r t u a l l y independent 

of K, but t h a t K depends p r i m a r i l y on the aluminium 

content a t Ml s i t e s i n the clinopyroxene. Further, a l l 1 

bar temperature estimates should f a l l w i t h i n the very 

small tenperature range of 915-1060°C. Only 3 of 62 
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temperatures, at 1 bar, given by Powell and Powell (1974) 

f a l l outside t h i s range, w h i l e a l l the I h e r z o l i t e nodules 

discussed by Wood (1976) had temperatures, at 1 bar, i n 

the middle of the c a l i b r a t i o n range, 1010-1017°C. 



168 

CHAPTER 6- Summary 

6.1. The o p h i o l i t e sequence 

The f i e l d r e l a t i o n s h i p s , petrography, geochemistry and 

phase chemistry of the peridotite-gabbro-basalt sequence of 

the Khawr Fakkan-Wadi Shi-Wadi Madha area suggest t h a t the 

various components are g e n e t i c a l l y r e l a t e d . They r e s u l t 

from p a r t i a l melting of the upper mantle, followed by 

f r a c t i o n a l c r y s t a l l i s a t i o n of the basic magma generated by 

t h i s process. The rocks comprise a t y p i c a l q p h i o l i t e 

sequence and are s i m i l a r t o assemblages from other A l p i n e -

type u l t r a m a f i c conplexes. 

The area studied may be broadly subdivided i n t o two 

major zones. I n the west the rocks are p r i n c i p a l l y 

t e c t o n i s e d u l t r a m a f i c s , w h i l e t o the east of these a series 

of cumulate gabbros, w i t h d o l e r i t e dykes p a r t i c u l a r l y 

prevelant i n the east, passes upwards i n t o b a s a l t i c lavas. 

The l a t t e r are only exposed i n the extreme coastal region. 

The t e c t o n i s e d u l t r a m a f i c s are separated from the gabbroic 

and b a s a l t i c rocks by an easterly-dipping t h r u s t - f a u l t zone, 

which s t r i k e s approximately north-south. At no p o i n t was 

a normal passage from u l t r a m a f i c rocks t o cumulate gabbros 

observed. Furthermore, the t h r u s t - f a u l t zone i s i n v a r i a b l y 

i n t e n s e l y serpentinised and h e a v i l y impregnated w i t h 

magnesite i n veins and pockets. The area can thus be 
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conveniently subdivided by t h i s f a u l t . 

6.2. The area t o the west of the major t h r u s t f a u l t 

The rock types exposed i n t h i s area are harzburgites, 

dunites and w e h r i i t e s . They are a l l , t o some extent, 

serpentinised. Those exposed i n the north are p r i n c i p a l l y 

harzburgites, although a d i s c r e t e area o f tectonised dunite 

occurs t o the east of the main f a u l t . This block i s f a u l t -

bounded and probably owes i t s present p o s i t i o n t o t h r u s t i n g . 

I n the southern p a r t o f the area the p r i n c i p a l rock 

types are dunites and w e h r i i t e s . The two are i n t i m a t e l y 

associated, and form a banded sequence. The s t r i k e of the 

banding i s approximately north-northeast and thus oblique 

t o the main t h r u s t - f a u l t . 

The harzburgites have an i n t e n s e l y tectonised f a b r i c 

w i t h large elongate o l i v i n e showing s t r a i n and domain 

e x t i n c t i o n . They consist of an assemblage of h i g h l y 

r e f r a c t o r y chemistry, w i t h a whole-rock MgOxlOO/(MgO+FeO) 

r a t i o o f 90.5 and an MgxlOO/(Mg+Fe) r a t i o of 91.0 i n the 

o l i v i n e s . Whole-rock NiO l e v e l s vary from 0.29 t o 0.30 

percent, while the o l i v i n e s contain from 0.24 t o 0.46 percent 

NiO. The high NiO contents of the o l i v i n e s i n the 

harzburgites are consistent w i t h t h e i r r e s i d u a l nature, 

Ni being p a r t i t i o n e d i n t o the s o l i d phase, rather than the 

l i q u i d , during p a r t i a l melting. Na^O, K2O, CaO and Al^O^ 

are each g e n e r a l l y less than 1 percent i n content, and 
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TiOj values are low. 

The dunites also show a strong t e c t o n i c f a b r i c and a 

t o t a l absence of cumulus t e x t u r e s . They have a c l o s e l y 

s i m i l a r b u l k chemistry t o the harzburgites, w i t h an o v e r a l l 

MgOxlOO/(MgO+FeO) r a t i o o f 91.4 and an i d e n t i c a l average 

MgxlOO/(Mg+Fe) r a t i o o f 91,0 i n the o l i v i n e s , VJhole-rock 

NiO l e v e l s range from 0.19 t o 0.37 percent, while the 

o l i v i n e s themselves contain from 0.06 t o 0.34 percent NiO, 

Tex t u r a l evidence shows t h a t most of the w e h r l i t e s 

are s t r o n g l y deformed, w i t h t h e i r o l i v i n e s showing evidence 

of s t r a i n i n the form of undulose and zone e x t i n c t i o n . The 

o l i v i n e s are elongate and have a strong p r e f e r r e d o r i e n t a t i o n . 

The whole-rock chemistry of the w e h r l i t e s indicates t h a t 

they are only s l i g h t l y less magnesium-rich than the 

harzburgites and dunites. Their whole-rock MgOxlOO/(MgO+FeO) 

r a t i o v a r i e s from 88 t o 91 and the r a t i o MgxlOO/(Mg+Fe) i n 

the o l i v i n e s averages 89.3. Whole-rock NiO l e v e l s vary 

from 0.16 t o 0,20 percent. The NiO content of o l i v i n e 

from w e h r l i t e v a r i e s over a wide range (Fig.5.1), but 

the NiO versus MgOxlOO/(MgO+FeO) p l o t , shown i n Fig. 4.L0 

in d i c a t e s t h a t the NiO contents of the w e h r l i t e s are 

g e n e r a l l y lower than those of e i t h e r the harzburgites or 

dun i t e s . 

The high, and uniform, NiO content of the harzburgites 

i s consistent w i t h t h e i r o r i g i n as a r e f r a c t o r y residuum 
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o f p a r t i a l melting. The evidence for a s i m i l a r o r i g i n 

f o r t he dunite i s less c e r t a i n . A re s i d u a l o r i g i n i s 

perhaps supported by t h e i r c l o s e l y s i m i l a r whole-rock 

geochemistry t o t h a t of the harzburigtes, MgOxlOO/(MgO+FeO) 

r a t i o s being almost i d e n t i c a l i n the two rock types, and 

considerably more magnesian than any of the c l e a r l y -

defined cumulates. More i n d i r e c t l y , t h e i r tectonised 

f a b r i c and absence of cumulate t e x t u r e could be used as an 

argument f o r a r e s i d u a l o r i g i n , although i t would c l e a r l y 

be p o s s i b l e t o thoroughly t e c t o n i s e a cumulate and o b l i t e r a t e 

the o r i g i n a l f a b r i c . 

The whole-rock geochemistry shows t h a t the dunites have 

higher Cr contents than the harzburgites, but lower Ni 

contents. As dunites are g e n e r a l l y considered t o represent 

the p a r t i a l melt residue of more intense p a r t i a l melting 

than t h a t required t o generate harzburgite, t h e i r lower Ni 

contents are anomalous. The more extreme p a r t i a l melting 

necessary t o produce a dunite residuum should have r e s u l t e d 

i n more extreme f r a c t i o n a t i o n of Ni i n t o r e s i d u a l o l i v i n e . 

The w e h r i i t e s also have lower Ni contents than the 

harzburgites, or indeed the dunites, but t h i s could r e s u l t 

from less advanced p a r t i a l melting. These rocks, by 

d e f i n i t i o n , contain considerable clinopyroxene, which has 

high Cr^O^ contents, up t o 1.5 percent. P a r t i a l melting 

should r e s u l t i n the e l i m i n a t i o n of clinopyroxene f i r s t . 
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the Cr released i n the process p o s s i b l y being recombined 

i n s p i n e l . Several p l o t s , e.g. Figs, 4,3, 4.4 and 4.5, 

show t h a t the w e h r l i t e s are less r e f r a c t o r y than e i t h e r 

the harzburgites or dunites, but more r e f r a c t o r y than 

p y r o l i t e . The i n t i m a t e a s s o c i a t i o n of the w e h r l i t e and 

dunite i n the south of the u l t r a m a f i c area suggests they 

must have a common o r i g i n , indeed, w i t h i n t h i s area the two 

rock types appear t o grade i n t o each other i n places. 

The r e l a t i v e l y low Ni contents of the dunites remain 

something of an enigma. Absence of a cumulate t e x t u r e and 

presence of a t e c t o n i c f a b r i c are not, i n themselves, 

evidence of a r e s i d u a l o r i g i n , as indicated above. 

Generation of l a r g e volumes of cumulus o l i v i n e could a r i s e 

by r a p i d upwards movement of a p i c r i t i c p a r t i a l melt - a 

process which should promote o l i v i n e c r y s t a l l i s a t i o n and 

f r a c t i o n a t i o n (O'Hara, 1968) . I f t h i s i s the case, then 

a cumulus o r i g i n must also be postulated f o r the w e h r l i t e s , 

the banding of these two rock types thus r e f l e c t i n g phase 

l a y e r i n g which has been p a r t i a l l y o b l i t e r a t e d by l a t e r 

tectpnism. 

6.3. The area t o the east of the major t h r u s t f a u l t . 

6,3.1, Cumulates 

The gabbro cumulates t o the east of the major t h r u s t -

f a u l t form a c l e a r l y i d e n t i f i a b l e u n i t . Phase-layering i s 

evident w i t h i n these rocks although i n d i v i d u a l layers cannot 
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be traced l a t e r a l l y f o r more than a few metres. The 

petrographic c r i t e r i a used t o define the cumulates are 

those proposed by Wager, Brown and Wadsworth (1960) . The 

cumulus types recognised include o l i v i n e pyroxenites, 

o l i v i n e gabbros, n o r i t e s and hypersthene gabbros, gabbros 

and anorthosites and l e u c o c r a t i c gabbros. Where transected 

by f a u l t s gabbro mylonites are developed. Cumulus textures 

include heteradcumulates, adcumulates and mesocumulates. 

The rocks have lower Fe/Mg r a t i o s and a l k a l i s than are 

found i n t y p i c a l b a s a l t f r a c t i o n a t i o n trends of c o n t i n e n t a l 

layered i n t r u s i o n s . V a r i a t i o n diagrams show t h a t trends 

i n the cumulates are due mainly t o the f r a c t i o n a t i o n of 

various p r o p o r t i o n s of o l i v i n e , orthopyroxene, clinopyroxene 

and p l a g i o c l a s e . The parent magma for the gabbroic, and 

b a s a l t i c , rocks studied here appears t o have been of low-Ti 

and low-K t h o l e i i t i c type. The gabbros, themselves however, 

are c l e a r l y not representative of t h e i r l i q u i d s but are 

cumulates formed from the low-pressure c r y s t a l l i s a t i o n of 

(a) o l i v i n e (b) o l i v i n e and plagioclase (c) o l i v i n e , 

p l a g i o c l a s e and clinopyroxene. 

6.3.2. B a s a l t i c rocks 

The b a s a l t i c rocks occur both as i n t r u s i v e d o l e r i t e 

dykes and as lava flows, the l a t t e r being r e s t r i c t e d t o the 

coast and the offshore i s l a n d of S i r a t a l Khawr. The 

b a s a l t s are i n v a r i a b l y a l t e r e d , w i t h ferromagnesian minerals 
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are also s i l i c i f i e d , w i t h quartz occurring i n i n t e r s t i t i a l 

patches or pools, i n t o which p r o j e c t fine,lath-shaped 

plagioclases and needle-like amphiboles. 

Evidence f o r s i l i c i f i c a t i o n i s supported by the high 

SiO contents, which range up t o 60 percent. These values 

are v i r t u a l l y the l e v e l s expected i n a d a c i t e , yet no 

other petrographic or chemical c h a r a c t e r i s t i c s support 

d i f f e r e n t i a t i o n t o d a c i t e . The s i l i c a content thus 

probably r e f l e c t s a net a d d i t i o n . This i s born out by 

the a l k a l i - s i l i c a p l o t , shown i n Fig. 4.2, I n t h i s diagram 

the c r u s t a l members of the o p h i o l i t e s u i t e (gabbros and 

b a s a l t i c rocks) p l o t below the a l k a l i / s u b - a l k a l i f i e l d 

boundary proposed by MacDonald (1968) and also below the 

c a l c - a l k a l i n e / t h o l e i i t i c f i e l d boundary of Kuno (1968). 

They thus possess t h o l e i i t i c c h a r a c t e r i s t i c s . The high 

SiO^ bearing members, however, do not have the correspond­

i n g l y high a l k a l i s expected had they r e s u l t e d from f r a c t i o n a l 

c r y s t a l l i s a t i o n alone. Further evidence f o r metasomatism 

may be deduced from F i g . 4.12. This f i g u r e shows t h a t 

both b a s a l t s and gabbros are w i t h i n the f i e l d of low-K 

t h o l e i i t e , but t h a t Sr contents are d i s t i n c t l y lower i n 

the b a s a l t s than the gabbros. Although t h i s d i s t r i b u t i o n 

may r e s u l t from Sr d e p l e t i o n w i t h d i f f e r e n t i a t i o n , Sr being 

concentrated i n t o cumulus plagioclases, i t could also be 



175 

p a r t l y due t o m o b i l i s a t i o n o f Sr from the ba s a l t s during 

metasomatism and al t e r a , t i o n . 

6.4. Primary, mantle-derived, l i q u i d s and magma e v o l u t i o n . 

Figs. 4.3, 4.4 and 4.5 are p l o t s of major-element 

oxides against MgO, and show a clear separation between the 

u l t r a m a f i c rocks, dunite, harzburgite and w e h r l i t e , and 

the cumulate gabbros and b a s a l t i c rocks. The cortposition 

of p y r o l i t e i s also shown i n the f i g u r e s . 

The e v o l u t i o n of the l i q u i d phase i s only shown by 

the f i n e g r a i n - s i z e b a s a l t i c rocks, although even these 

are probably modified by subsequent s i l i c i f i c a t i o n . The 

gabbro cottpositions are c l e a r l y c o n t r o l l e d by the r e l a t i v e 

p r o p o r t i o n s of the cumulate minerals o l i v i n e , pyroxene and 

pla g i o c l a s e , and thus the b a s a l t s cannot represent d i r e c t 

p a r t i a l melts from the upper mantle, but r a t h e r have evolved 

through the c r u s t a l process of f r a c t i o n a l c r y s t a l l i s a t i o n . 

An estimate o f the coi t p o s i t i o n of the p a r t i a l - m e l t 

magma can be made by back-extrapolating the l i n e of l i q u i d 

descent shown by the b a s a l t i c rocks, the l i n e of plagioclase 

f r a c t i o n a t i o n (towards, or from,anorthosite), and a l i n e 

j o i n i n g the c l u s t e r of harz b u r g i t e and dunite p l o t s , a t a 

p o i n t representing a mixture of 9 parts o l i v i n e t o 1 p a r t 

orthopyroxene, and p y r o l i t e . The point of i n t e r s e c t i o n o f 

these tr e n d l i n e s gives an estimate of p a r t i a l melt 
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composition, and suggests a r a t i o of l i q u i d t o r e f r a c t o r y 

residuum of about 1 t o 3. A large number of the gabbro 

analyses c l u s t e r around t h i s p o i n t , suggesting the p o s s i b i l i t y 

t h a t they l i e near the c o t e c t i c . 

The remaining gabbros have p l o t s which are c l e a r l y 

i n f l u e n c e d by the dominant cumulus minerals. O l i v i n e and 

pyroxene-rich cumulates show an increase i n MgO, and decrease 

i n SiO^ and CaO, r e l a t i v e t o the p a r t i a l - m e l t magma. 

Plagioclase enrichment i s shown by the trend towards 

a n o r t h o s i t e . 

The l i n e o f l i q u i d descent i s r e f l e c t e d by the f a i r l y 

smooth curve through the fine-grained rocks i n both f i g u r e s 

4.3 and 4 . 5 . These show t h a t both SiO^ and CaO increase as 

MgO decreases. This would normally r e s u l t from f r a c t i o n a t i o n 

which p r i n c i p a l l y involves ferromagnesian minerals such as 

o l i v i n e and orthopyroxene. Although ^120^ increases i n t o 

the f i n e - g r a i n e d b a s a l t i c rocks, the v a r i a t i o n i s not as 

systematic and probably r e f l e c t s the ubiquitous presence 

of feldspar. 

FeO increases w i t h decreasing MgO from the tectonised 

u l t r a m a f i c s t o the gabbros. The most pronounced increase, 

however, i s i n the b a s a l t i c rocks. F r a c t i o n a t i o n of o l i v i n e 

and pyroxene would account f o r d e p l e t i o n of MgO r e l a t i v e t o 

FeO, and i r o n enrichment i n the basalts i s doubtless due 

t o t h i s e f f e c t , and t o the c r y s t a l l i s a t i o n of magnetite. 
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The r e l a t i v e l y high f e r r i c i r o n contents of the 

h a r z b u r g i t e s and dunites, when compared to the cumulate 

gabbros and the b a s a l t s , i s probably r e l a t e d to r e l e a s e 

of magnetite during s e r p e n t i n i s a t i o n of o l i v i n e , together 

with the presence of considerable s p i n e l . 

A s e l e c t i o n of analyses have been p l o t t e d i n CMAS 

pr o j e c t i o n s , following O'Hara (1968). F i g . 6.1 shows 

t h a t many gabbros l i e near the 1 atmosphere c o t e c t i c and 

t h a t the b a s a l t i c rocks l i e along the c o n t r o l l i n e for 

advanced p a r t i a l melting. This control l i n e passes through 

the dunites and harzburgites, and a l s o through garnet 

I h e r z o l i t e ( I t o and Kennedy, 1957), below the orthopyroxene-

clinopyroxene-plagioclase p i e r c i n g point. The c l u s t e r i n g 

of b a s a l t points suggests that o l i v i n e f r a c t i o n a t i o n was 

inportant i n c o n t r o l l i n g t h e i r composition. The p o s i t i o n 

of the 30kb c o t e c t i c i n r e l a t i o n to tne p l o t for garnet 

I h e r z o l i t e , shown i n F i g . 6.2, suggests that the residue of 

p a r t i a l melting would be a harzburgite. The p o s i t i o n of 

the w e h r l i t e s , i n t h i s figure, i n d i c a t e s that they f a l l on 

a s i n g l e c o n t r o l l i n e r e l a t i v e t o the gabbros and dunites, 

although the h a r z b u r g i t e s l i e s l i g h t l y o f f t h i s l i n e . The 

b a s a l t i c rocks p l o t near the 1 atmosphere c o t e c t i c , but 

l i e e x c l u s i v e l y t o the orthopyroxene side of the orthopyroxene-

o l i v i n e boundary confirming t h e i r s i l i c a over-saturated 

c h a r a c t e r . T h e i r p l o t i n t h i s diagram would undoubtedly 
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Figure 6.1. P r o j e c t i o n s i n the C-M-A-S system of 
O'Hara (1968), showing compositions of 
s e l e c t e d p e r i d o t i t e s , cumulate gabbros 
and b a s a l t i c rocks projected from, or 
towards, o l i v i n e i n t o the plane CS-MS-A, 
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Figure 6.2. P r o j e c t i o n s i n the C-M-A-S system of 
O'Hara (1968), showing conpositions of 
sel e c t e d p e r i d o t i t e s , cumulate gabbros 
and b a s a l t i c rocks projected from, or 
towards, clinopyroxene i n t o the plane 
C^A-M-S. 
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be i n f l u e n c e d by t h e i r s i l i c i f i c a t i o n , and might thus have 

l i t t l e p etrogenetic s i g n i f i c a n c e 

6.5. Pressure-temperature conditions of e q u i l i b r a t i o n . 

A v a r i e t y of methods have been used i n an atteitpt 

to estimate the e q u i l i b r a t i o n temperatures of the u l t r a -

mafic rocks and the cumulate gabbros. These techniques 

in c l u d e the o l i v i n e - s p i n e l geothermometer (Jackson, 1969), 

the orthopyroxene-clinopyroxene methods of Wood and Banno 

(1973) and Mysen and Boettcher (1975), the o l i v i n e -

clinppyroxene geothermometers of Powell and Powell (1974) 

and H a k l i and Wright (1967) and the pressure-temperature 

g r i d , based on clinopyroxene chemistry, developed by 

O'Hara (1967). 

A p p l i c a t i o n of a l l , or most, of these techniques to 

each i n v e s t i g a t e d sample would provide an i d e a l b a s i s for 

comparison. I n many ins t a n c e s , however, t h i s did not prove 

p o s s i b l e for a v a r i e t y of reasons. 

The method most widely a p p l i c a b l e to the tect o n i s e d 

u l t r a m a f i c rocks was the o l i v i n e - s p i n e l geothermometer. 

Th i s gave v a l u e s for dunite of 872 to 1075°C, for 

harzburgite of 1099 to 1167°C, for a w e h r l i t e of 1104°C 

and for the r a r e rock-type p l a g i o c l a s e p e r i d o t i t e , the 

somewhat higher value of 1263°C. An o l i v i n e pyroxenite 

cumulate rock gave a temperature of 879*^C. The o l i v i n e -

clinopyroxene geothermometer of Powell and Powell (1974) 
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produced the extremely narrow tenperature range of 1019-

1048°C. Reasons for t h i s have been e x t e n s i v e l y discussed 

above, i n Chapter 5, s e c t i o n 5.9.6. 

H a k l i and Wright (1967) a l s o used the mineral p a i r 

o l i v i n e - c l i n p p y r o x e n e , t h e i r method depending on the 

p a r t i t i o n i n g of Ni between c o - e x i s t i n g o l i v i n e and c l i n o -

pyroxene. The method was su b j e c t to some l i m i t a t i o n s , 

p r i n c i p a l l y i n the gabbros where some of the clinopyroxenes 

are t o t a l l y depleted i n Ni. Harzburgite clinopyroxenes are 

a l s o u s u a l l y badly a l t e r e d and, further, are considered to 

rep r e s e n t c r y s t a l l i s a t i o n of r e s i d u a l dregs of trapped 

l i q u i d . E q u i l i b r a t i o n with o l i v i n e , i n harzburgite, may 

thus be a t a lower temperature than that i n d i c a t e d by the 

o l i v i n e - s p i n e l geothermometer of Jackson (1969). Despite 

t h i s the o v e r a l l range i n d i c a t e d for the harzburgites i s 

gre a t e r by the H a k l i and Wright method, 994-1330°C, than 

by the o l i v i n e - s p i n e l method. I n cumulate rocks the 

technique must a l s o be used c a r e f u l l y i n order to avoid 

any clinopyroxene r e s u l t i n g from e x s o l u t i o n . Temperatures 

derived using such clinopyroxene would c l e a r l y r e l a t e to 

subsolidus r e a c t i o n s . T h i s might a l s o apply to the 

p l a g i o c l a s e p e r i d o t i t e which gave a value of 972°C, almost 

300°C lower than the temperature derived from the o l i v i n e -

a p i n e l gepthermometer. Temperature ranges for the 

cumulates, of 911-1369°C for pyroxenites, and 849-1291°C 
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f o r gabbros and n o r i t e s , again show a l a r g e tenperature 

range with some un u s u a l l y high v a l u e s . 

The orthopyroxene-clinopyroxene method of Wood and 

Banno (1973) i s obviously s u b j e c t to the same considerations 

as those given above regarding the o r i g i n s of the c l i n o ­

pyroxene i n the v a r i o u s r o c k s . I n harzburgite the range 

of 909-989°C i s much lower than that given by other 

techniques and may thus r e f l e c t the l a t e , lower temperature, 

c r y s t a l l i s a t i o n of clinopyroxene from trapped l i q u i d . 
o 

Temperatures for the cumulate pyroxenites of 927-974 C and 

for gabbros and n o r i t e s of 83 9-999°C a r e s i m i l a r t o the lower 

end of the ranges given by the techniques of Mysen and 

Boettcher (1975) and H a k l i and Wright (1967). I t i s 

i n t e r e s t i n g t o note t h a t they show s i m i l a r i t y to the 

temperature recorded by t h i s technique for harzburgite. 

Again, i n rocks with pyroxene exsoiution, care must be 

taken t h a t the temperature recorded i s not that r e l a t e d 

t o t h i s subsolidus event. 

The two pyroxene method of Mysen and Boettcher (1975) 

g i v e s temperatures m the range 978-1088 C for harzburgite, 

985-1168°C for cumulate pyroxenites and 729 t o 1118°C 

for gabbros and n o r i t e s . The method i s l i m i t e d i n the 

gabbros because X̂ '̂̂  = 0 i n some of these rocks. 

Temperature and p r e s s u r e estimates made using the 

g r i d developed by O'Hara (1967) i n d i c a t e that the harzburgites 
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e q u i l i b r a t e d a t temperatures i n the range 950 to 1250°C, 

the w e h r l i t e s from 1050 to 1250°C and the o l i v i n e pyroxenites 

a t 1020°C. I n a l l cases p r e s s u r e s were l e s s than 7kb and 

correspond t o a depth of about 22km i n the oceanic s e t t i n g . 

As t h i s technique i s applied to clinopyroxene only, the 

v a l u e s recorded for harzburgite may thus only r e f e r to 

e q u i l i b r a t i o n during c r y s t a l l i s a t i o n of the trapped l i q u i d 

a t a l a t e stage, Gabbros i n v e s t i g a t e d by the technique 

of O'Hara (1967) i n d i c a t e e q u i l i b r a t i o n pressures i n the 

range 5 to lOkb - the r e s u l t s are thus f a r from conclusive. 
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o -0 :0 o CO 1^ ĉ  •J- •~4 -H •0 lA rn CO ^ 1 . m CO 0 
ro —1 r - CO 0^ -0 o •M .—4 t-H o O CM t--4 -0 0 

r-4 r-4 
-1- r~ r-- r-4 o o O O o o O 

CO' —< 

o . 
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3> 
r H o O o 

X 
3 

- H 

3 fO 

< 

3 
< n 
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3 â  3 LA 

™t '"M lA r~> 
O O O r-H 

r H CM o r H rg o O r3 o 
s t —4 s t 

rg O C.J1 ct sQ rA ''"J lA 
.X) O rg o> 3 O o '-^ 

• 44 . 4 4 4 4 4 
CM -H J> <'3> LA O c3 3̂ O 
•ct n 

~ ! f<1 r>, 
r H s t 
4 4 4 

rg -n o 
s t rH 

CO St AJ ̂  O 
3 3 O o - -̂  

W O rg 
O o A J 

• < 4 
O o o 

o 
3 
3 M 
4 4 

3 o 

t - CM 
•3 CA ; M 

0 0 0 

r-» 3 3 
-3 St ^ 

• 4 4 
o o o 

sD o 
.3 st -H 
4 4 4 

3 0 o 

,'A t>' ri\ 
.-H -J- rH 

> -ct 3 
CO 

0 3 0 o O o 

O 3 O 
O rH rM 
!~sl lA 'M 
.>1 r H 

L-A 3 ŝ  
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» • • , c, a • . • • • • . » « 
iSl ISi t v S OO CSi S i CTi S Gl !S K rs. 

CM ro CVI o 

O I 

ts 
•«J S : CO 
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lA •3 3 r»-. r-( J- 3 

lA 
^ A INI 3 3 •Q O • f 

:JJ r\ fSI 
Q 

fSI 

r-< 
X 
3 

< r-l O —1 —4 o 
1— 3 •N 3 INI •o 

r-l If • t » • • « • t 
- 4 It O 3 -0 o •sJ 

3 J-* - 4 •-si •-si 

3 
a. 
f — 
X rO ;0 
03 tsj 'SJ .3 3 
r—< U 3 .'Nl 'SI 13 3 3 '3 
'OJ >—* _ J •X -U 3 <I 
' £ OO < o J . s: 3 

3 3 3 

'/) 

3 
3 
>-
X 
(0 
>0 
u . 
3 

• to 
r-l 

j> 00 

3 
. X 

u^ h -

—1 -?> 

o 3 
r-l 

3 
3 

o' s: 
'SJ 

• '3 
(NJ u. 
O 
—1 -1 

< 
3 
1— 

3 O 

< 3 
h - IX . 

•3 I — 

r-l 'JS - I ^ 3 l A N. - I 4-.O -H 3 3 \| O O r-l M o o 
'3 3 M '3 3> 3 -3 3 

• * • • # « * • • • « 
- 4 0 0 3 0 3 0 3 3 3 3 

^ 3 -Nl ,0 o rH a o - J N •-1 T 3 3 3 -O 3 r<1 3 O 
> 3 -I 3 M "3 >. J> 3 3 3 
• • • • • • • • • f f f f 

3 O 3 3 '3 O O '3 -O O 

O 3 3 o .J- M o J3 o 
-I 3 0 .3 O O 4- '"^ 3 3 •J' 3 3 O ,-( 3 J\ 03 3 3 

-4 3 3 3 Q 3 3 3 3 3 3 

SJ 
-4 -« _i Q : ...u 2 .3 <c <i ^ 

(/) < t J u . s: ' 3 P ' 

•3 rO 'O -A !̂  > 
• t • f- 3 - 4 

s f s f - I 

•A O J> 

3 rH .3 
- < - f s f rW 

00 Q 
a 

3 
3 

.1; 
3 
•Q 
S. 
3 

iA ro - 4 
1^ 3 '-NI 
m 
s r s f 

< 3 UJ 
o a: u. 



28A 

LU 

•X 
a 

3 

3 

L/> 

.3 

< 
< 

JJ 

X 

•J 

> 
.3 
X 
L-j; 

U J 

> 

..3 

LO 

z 
.u 
o 
•> 
X 
;.•:) 

.4. 
a 

o tn 
Lh 
.u 
,_i 
•£> 

LO 
^H 
0/) 
-i 
.a 

3 
X 

(A 

U J 
Q 

X 
L J 

U J 

,.1J 
a. 

X 
•3 

- H r H r j -0 .0 o 0 rH -H ^ sj-
3 O ;3 O 3 

O O O LA r H O O O C!> 

CM CM 

a o 
0 0 I -

.A <A 
3 J 
M .SJ 
3 j £ 

U J t J ,3 L 3 CM _ l 
-U - J J < ; < ,M 
i J - X 2 : o 

< .3 

t j . 

< 
X 
•> 

h -
O 
3 

M ^̂ • 1- - H ^ 3 '^j \r\ 3 
•M o o '3 0 o 3 
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APPENDIX I 

METHODS USED FOR CALCULATIONS 
OF TEMPERATURES AND PRESSURES 
OF EQUILIBRATION 
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1. Jackson (1969) 
2+ 

The Mg-Fe exchange r e a c t i o n between coex i s t i ng 
o l i v i n e and chromian s p i n e l can be w r i t t e n : 

Fe^'^Si^^^O^+Mg {Cra,hl^.Fe^-^) ^0^ = MgSi^^^O^+Fe^"*" 

(Cr(c,Al^,Fe^y;)20^ 

The values cc , P and y are the respec t ive f r a c t i o n s 
o f Cr, A l and Pe*̂"*" i n chromian s p i n e l . Olie thermo­
dynamic e q u i l i b r a t i o n c o e f f i c i e n t (K ) may be def ined 
by the f o l l o w i n g equat ion, assuming i d e a l s o l i d 
s o l u t i o n behaviour ( I r v i n e , 1965; Jackson, 1969)? 

1<}M 
where and X°^2+ mole f r a c t i o n s o f the end Mg Pe 

members MgSi_^ ^0 and FeSi_ _0_ r e spec t ive ly , and 

and Xp^2+ are the f r a c t i o n s of d i v a l e n t cat ions 

i n the s p i n e l s . 

Using Jackson's formula (1969), i t i s poss ib le t o 

c a l c u l a t e the e q u i l i b a t i o n temperature f o r o l i v i n e -

s p i n e l p a i r s , using Gibbs f ree-energy data, and 

s u b s t i t u t i n g d i f f e r e n t values f o r ct , p and ^ 

i n the f o l l o w i n g equat ion; 

T(°K) = 
5580C1+1018 ^--1720^ +2400 
0.90(C+2.56p -3.08V -1.47+1.987 InK 
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2 . Wood and Banno (1973) 

opx cpx 

Taking account o f ( r e l a t i v e t o the data of 

Davis and Boyd (1966) on Di-En a t 30Kb)s 

T (""K) = 

m 

cpx 
faMg2Si20g 

opx 
^aMg^Si^O 

-10202 

7 . 6 5 X ° f + 3 . 8 8 ( X ^ ^ - 4.6 

cpx 
^aMg2Si20g 

where; I n l — — I n 

cpx 
X, Mg X Mg, 

cpx 

Cm 
opx opx 
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Sanple / ^^^px /„ ,^cpx / ^,\opx /^^^opx ^ ^opx 
No 

32aA 
Hzb. 

1031A 
Hzb. 

103 IB 
Hzb. 

1031C 
Hzb. 

1027A 
01.Px 

«r ©'"̂  sr 
0.8509 0.0383 0.8693 0.8946 0.0776 1223 950 

0.8557 0.0295 0.8441 0.8673 0.0912 1182 909 

0.8435 0.0546 0.8467 0.8810 0.0954 1262 989 

0.8187 0.0432 0.8365 0.87176 0.0966 1224 951 

0.8468 0.0438 0.8196 0.8309 0.1326 1206 933 

102 7B 
01 Pk 0-8461 0.0583 0.8185 0.8307 0.1337 1247 974 

103 OB 
01.Px 

119A 
01.Gb. 

557A 
01.Gb. 

0.8332 0.0470 0.8279 0.8309 0.1460 1200 927 

0.7880 0.0945 0.7753 0.7841 0.1948 1272 999 

0.7296 0,0452 0.7065 0.7017 0.2628 1127 854 

Ol^Gb^ 0.7240 0.0403 0.7052 0.6883 0.2661 1112 839 

131 A 
N o r i t e 0.6929 0.1244 0.6768 0.6549 0.2934 1248 975 

Q^^^j,^^^ 0.7330 0.0901 0.7194 0.7149 0.2521 1224 951 

Mine ra l data are shown i n Tables 5.44 - 5.53. 
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Typical c a l c u l a t i o n , worked out t o give a temperature. 

Sample 328A 

-10202 

T(°K) = 

I n l ^ ^ ^ ^ ^ j - 7,65(0.0776) + 3,8(0.0776)^ - 4.6 

-10202 
T(°K) a ———"*————————————————————————"———• 

-3.1726 - 0.5936 - 4.5771 

T(°K) 

-10202 

-8.3428 

T(°K) = 1223 

T(°C) = 950 
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3 . Mvsen and Boettcher (1975) 

CaAl-SiO^+MgCrAlSiO- • ^ CaCrAlSiO^+MgAl^SiO^ 

cpx opx cpx opx 

Assuming i d e a l mixings 

I n K = (4,0910^0.2603) - ( 2.7898^0.2713) 

4091 
T (°K) = 

InK + 2,7898 
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Sample 
No 

.opx opx 

328A 
Hzb, 

103 lA 
Hzb. 

103 IB 
Hzb. 

1031C 
Hzb. 

1044A 
Hzb. 

1027A 
01.Px 

1027B 
01.Px 

103 OB 
0 1 . Px 

119A 
0 1 . Gb 

557A 
0 1 . Gb 

0.030 0.043 

0.020 0.053 

0.026 0.049 

0.028 0.055 

0.025 0.033 

0.022 

0.025 

0.009 

131A 
N o r i t e 

0.037 

0.040 

0.028 

0.008 0.031 

0.002 0.036 

^ 0.002 0.031 0 1 . Gb 

0.006 0.037 

(A) 0^002 0.032 
Gabbro 

0.014 

0.015 

0.017 

0.003 

0.000 

0.000 

0.001 

0.001 

0.057 

0.051 

0.060 

cpx 

0.0180 0.060 

0.015 0.039 

0.016 0.048 

0.014 0.045 

0.000 0.049 

0.044 

0.065 

0.050 

0,061 

0.055 

T (°K) T ( O q ) 

1251 978 

1329 1056 

1361 1088 

1300 1027 

1304 1031 

1441 1168 

1258 985 

1196 923 

1002 

1391 

729 

1118 

Mine ra l cSata are shown i n Tables 5.44 - 5.53. 
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T y p i c a l c a l c u l a t i o n , worked out t o give a temperature 

Sample 328A 

T(°K) 
4091 

InK + 2.7897 

T(°K) 
4091 

0.4803 + 2.7898 

T(°K) 
4091 

3,2701 

T(°K) = 1251 

T(°C) = 978 
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4. H a k l i and Wright (1967) ; H a k l i (1968) 

Terrperature v a r i e s w i t h the d i s t r i b u t i o n 

Ni N i 

c o e f f i c i e n t K = 01 /Cpx values i n ppm, 

according t o the equat ion; 

Ink = - | + B 

where the numerical values o f the A and B 

parameters o f the minera l p a i r s o l i v i n e -

c l inopyroxene are A = 8647, B = 7.838 



329 

Sample ppm Ni i n ppm Ni i n o 
No. o l i v i n e c l i n o p y r o x . K T(°K) T(°C) 

328A Hzb, 2987 786 3 ,800 1330 1057 
1031A Hzb. 2437 472 5 ,163 1395 1122 
103IB Hzb. 2830 1022 2 ,769 1267 994 
103IC Hzb. 2594 393 6 ,600 1453 1180 
1044A Hzb. 3616 314 11 .519 1603 1330 

315A Plag . 
P e r i d o t i t e 
503A Wehr-
l i t e 
503B Wehr-
l i t e 
803A Wehr-
l i t e 
804A Wehr-
l i t e 

1027A 0 1 . 
Pyrox. 
1027B 0 1 . 
Pyrox. 
1014 (3 )B 0 1 . 
Pyrox. 
1014(3)C 0 1 . 
Pyrox. 
103OB(A) 0 1 . 
Pyx ox. 

556A 0 1 . 
Gabbro 
119A 0 1 . 
Gabbro 
523A 0 1 . 
Gabbro 
557A 0 1 . 
Gabbro 
557B 0 1 . 
Gabbro 
539A 0 1 . 
Gabbro 
564A 0 1 . 
Gabbro 
113A 0 1 . 
Gabbro 
526B(B) 0 1 , 
Gabbro 

1730 

1965 

1650 

2201 

1415 

1886 

1650 

1022 

943 

1415 

1100 

786 

1258 

1257 

1336 

1100 

1179 

943 

628 

707 

707 

1179 

393 

78 

550 

628 

550 

78 

1100 

550 

550 

471 

550 

235 

2.445 1245 972 

2.779 1268 995 

1.399 1152 879 

3,600 1318 1045 

13.102 1642 1369 

0.539 1184 911 

2.253 1230 957 

2.000 1210 937 

10.076 1564 1291 

1.143 1122 849 

2.285 1233 960 

2.429 1244 971 

2.335 1237 964 

2.143 1222 949 

2.666 1261 988 

Mine ra l data are shown i n Tables 5,54 - 5,63 
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T y p i c a l c a l c u l a t i o n , worked out t o g ive a 
temperature . 

Sample 328A 

K = OI^VCPX^' 

InK = ^ + B 

where A = 8647, B = 7.838 

I n 3.800 = ^ ^ — ^ + 7.838 

1.335 - 7.838 = = ^ 
T 

-8647 -6.503 = 
T 

T(°K) = 1330 

T(°C) = 1057 
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5. O'Hara (1967) 

The two parameters suggested by O'Hara (1967) t o 
p rov ide the necessary pressure/tetrqperature data 
f o r c l inopyroxene are: 

wt% CaSiO^ X 100 

* ĉ " wt%(CaSi02+MgSi02) 

wt% Al^O^ X 100 

^c wt%(CaSi02+MgSi02+Al202) 

where CaSiO = wt% CaSiO equivalent t o a l l CaO; 

MgSiO . = wt% MgSiO equ iva len t t o a l l MgO, MnO, 

NiO and FeO; and ^120^ = wt% Al^O^ equivalent t o 

a l l A l^O^ , Cr^O^ and Fe^O^. 

Sample No. 05-̂  Pc 

1031C Harzburgite 50.30 3.34 

1044A Harzburgite 52.57 2.38 

503A Wehrlite 50.09 4.86 

804A Wehrlite 51.11 3.91 

804D Wehrlite 52.79 3.97 

554D Olivine 49.73 2.51 
Pyroxenite 

1027A Olivine 51.88 2.79 
Pyroxenite 

1027B Olivine 51.88 2.71 
Pi^oxenite 

Mineral data are shown in Tables 5.64 - 5.66 
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T y p i c a l c a l c u l a t i o n , worked out t o g ive values 

f o r cc and p . c ' c 

Sample 103IC 

Mg + Pe + Mn + N i (MgSiO^) 

= (0.969 + 0.108 + 0.002 + 0.001)(100.4) 

= (1.08) (100.4) 

= 108.432 

(Ca)(CaSiO^) 

= (0.946)(116.19) 

= 109.9157 

= (0.06 + 0.014)(101,96) 

= 7.545 

MgSiO^ = 108.432 = 

AI2O2 = 7 . 5 4 5 = 3.34% 

109.9157 
CaSiO = — — a 48.658% 

^ 225,8927 
4865.8 

CC = = 50.34 
° 96.658 

« 334 
P = = 3,34 

° 100 
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6. Powell and Powell (1974) 

2CaMgSi-0^ + Fe^SiO. = 2CaFeSi^0^ + Mg^SiO^ 

cpx o l cpx o l 

The c l inopyroxene Ml s i t e i s non- idea l , and i t i s 
expressed as a r e g u l a r s o l u t i o n . The pressure 
dependence o f the geothermometer has been ca lcu la t ed 
as 5°C per k i l o b a r . The f o l l o w i n g equation may be 
used t o determine temperature (T) i n degrees K i l v i n , 
a t a g i v e n pressure (P) i n b a r s . 

-2X..(920000+3.6P)-0.0435(P-1)+10100 
T(°K) = — — 

8+2RlnK 

The symbols Xj^g, X and X^^^ denote the mole f r a c t i o n s 
o f these elements i n o l i v i n e , and i n the cl inopyroxene 
Ml s i t e . The va lue for A l inc ludes other t r i v a l e n t 
ca t ions i n oc tahedra l c o o r d i n a t i o n . The value f o r R 
i s the gas constant (1.987 cals /mole °K) . A pressure 
o f 5 k i l o b a r s i s assumed f o r P. 
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GENERALISED LITHOLOGICAL MAP OF THE 
NORTHERN OMAN RANGE (after Greenwood and 
Loney, 1968. Modified by A.IH. Al-Khamees) 
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