AR
W Durham

University
Durham E-Theses

The petrology and geochemistry of ophiolites from the
Khawr Fakkan region. Northern Oman range, United
Arab Emirates

A. H. Al-Khamees

How to cite:

Al-Khamees, A. H. (1980) The petrology and geochemistry of ophiolites from the Khawr Fakkan
region. Northern Oman range, United Arab Emirates. Masters thesis, Durham University.

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

e a full bibliographic reference is made to the original source
e a https://etheses.durham.ac.uk/id/eprint/8037/ is made to the metadata record in Durham E-Theses
e the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support Office, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107
https://etheses.durham.ac.uk


https://www.durham.ac.uk
https://etheses.durham.ac.uk/id/eprint/8037/
https://libguides.durham.ac.uk/open_research/etheses#s-lib-ctab-15326874-5
https://etheses.durham.ac.uk

The Petrology and Geochemistry of Ophiolites
from the Khawr Fakkan Region., Northern Oman
Range, United Arab Emirates

A.H., Al-Khamees
B.Sc. Texas, M.Sc. Kuwait

(Graduate Society)

The copyright of this thesis rests with the author.
No quotation from it should be published without
his prior written consent and information derived

from it should be acknowledged.

A thesis submitted for the degree of Master of Science in

the University of Durham.

cvam Uniygsy,
O scieneg %@

5 SEP 1980

SECTION

June 1980



ABSTRACT

The field relationships, peorogfaphy, geochemistry
and'phase chemistry of the peridotite-gabbro-basalt
sequenoe'of'the Khewr Fakkan - Wadi Shi - Wedi Madha
area suggest that the various components are genetically
relaﬁed They result from partlal meltlng of the upper
mantle/ followed by fractlonal crystalllsatlon of the
basic magma geperated by this process. The rocks comprise
a‘typioal oﬁhiolite sequence and are similar to assemblages
lfrom.otheo Alpiﬂe-type ultramafic complexes.

The areavstudied may be broadly subdivided into two
major zonese In the west the rocks are orincipally
tectonised ultramafics, while to the east of‘these a
series of'cumulate gabbros, with dolerite dykes particularly
prevelant in the east,‘passes upwards into basaltic lavas.

The tectonised ultramafics are separated from the
gabbroic and basaltic rocks by an easterly;dipping thrust-
fault'zone, which strikes approximately'norﬁh—south.

‘Tﬁe rook types exposed in the area to the west of
the major thrust fault are harzburgltes, dunites ano
wehrlltes. They are all, to some extent serpentlnleed.
The harzburgites have an intensely tectonieed fabric, and
oonsiet of an assemblage of highly refractory chemistry.

The dunites also show a strong tectonic fabric and total




absence of cumulus textures. Textural evidence shows
that most of the wehrlites are strongly deformed. A set
of criteria to distinguish the refractory residua of
partial melting from the cumulates are developed from
analytical data and textural evidence.

The rock types exposed to the east of the major
thrust fault are gabbro cumulates. The cumulus types
recognised include olivine pyroxenites, olivine gabbros,
norites.and hypersthene gabbros, gabbros and anorthosites

and leucocratic gabbros. Where transected by faults

gabbro mylonites are developed. cumulus textures include

heteradcumulates, adcumulates and mesocumulates.
The basaltic rocks occur both as intrusive dolerite
dykes and as lava flows. The basalts are invariably

altered, with ferromagnesian minerals being represented

~ by amphibole in the most part. They are also silicified.

variation in major and trace elements reveal that
the crustal members of the ophiolite suite (gabbros and
basaltic rocks) are tholeiitic. The parent magma being a
low-Ti and low-K tholeiitic type. Whole-rock analyses
and mineral chemistry are used in an attempt to estimate
the nature and composition of the partial—melt magma

from which both the cumulate gabbros and basaltic rocks

“have evolved.
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A yariety of methods have been used, and compared, in
an attempt to estimate the equilibration temperatures and
pressures of the ultramafic rocks and cumulatengabbros.

The application of several geothermometers gave values
for dunite of 872 to 10750C, for harzbﬁrgitesiof 1099 to
116700, for a wehrlite of 1104°C, and for the rare rock-
type plagioclase peridotite, a somewhat higher value of
1263°c. Temperatures recorded for'olivine pyroxenite
cumulates range from 879 to 974°C, and for gabbros and
norites from 839 to 999°c. Lower tenmperatures of 909
to 98900 using an orthopyroxene~c1inppyroxene geothermometer,
as compared to 1099 to 1167°C, for the harzburgites may
reflect the late, lower temperature, crystallisation of
clinopyroxene from trapped liquid.

In all cases pressures were less than 7 Kb and
correspond to a maximum depth of about 22 Km in the

oceanic setting.
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rodingite. Garnets occupy inter-

stitial spaces and also appear as

exsolved blebs in clinopyroxene.
Crush zones are evident, where the
clinopyroxenes have recrystallized
to fine mosaic textures (Sample 535.
XP. Field width = 4mm).

Sheared, talcose serpentinite at

Wadi Madha, showing cavernous structure
which is due to solution of carbonates
during weathering.

Sheared serpentinite at wadi Madha.

Note the white cross~-cutting veinlets
of magnesite, which gives the sheared
serpentinites a mesh-like appearance.

Photomicrograph: Metasomatic talc~
amphibolite showing radiating
aggregates of tremolite-actinolite,
associated with finer grained talc
and amphibole (Sample 516. XP.
Field width = 4 mm).
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Plate 3.15 Photomicrograph: Sheared, talcose
serpentinite rich in subhedral to
euhedral chrome-spinels. Note the
crudely hexagonal and cubic spinels
(sample 537, XP. Field width = 4mm).

Plate 3.16 Photomicrograph: Clinopyroxene-olivine
heteradcumulate, showing both cumulus
clinopyroxene and cumulus olivine. The
olivines are invariably traversed by a
network of irregular serpentine veins
outlined with magnetite (Sample 1030B.
XP, Field width = 2 wmm).

Plate 3.18 Photomicrograph: Clinopyroxene-olivine
adcumulate, showing both cumulus clino-
pyroxene and cumulus olivine. The
cumulus clinopyroxene and dlivine have
been extended by adcumulus growth.
(Sample 553. XP. Field width = 4 mm).

Plate 3.17 Photomicrograph: A large crystal of
inverted pigeonite showing clino-
pyroxene blebs in a clinopyroxene-
olivine heteradcumulate (Sample 1030B.
XP. Field width = 2 mm).

Plate 3.19 Photomicrograph: Clinopyroxene showing
(00l1) and (100) exsolution lamellae of
orthopyroxene in a clinopyroxene-
olivine adcumulate (Sample 553. XP.
Field width = 2 mm).

Plate 3.20 Photomicrograph: Plagioclage-olivine-
clinopyroxene adcumulate. The olivines
are partially serpentinized, and well-
defined expansion fractures radiate from
the olivine into adjacent plagioclase
crystals (Sample 523, XP. Field width =
2 mm).

Plate 3.21 Photomicrograph: Clinopyroxene-
plagioclase~olivine mesocumulate.
Olivine is in reaction with hyper-
sthene (Sample 119. XP. Field width =
4 mnm) .

Plate 3.22 Photomicrograph: Clinopyroxene-
plagioclase-olivine mesocumulate, showing
occasional graphic texture of ore in the
plagioclase. Olivine is in reaction with
hypersthene. (Sample 560. XP. Field width
= 4 mm) .
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Photomicrograph: Plagioclase-olivine
heteradcumulate. Coronas consisting
of central olivine cores surrounded
by orthopyroxene shells rimmed by
magnetite granules (Sample 232. XP,.
Field width = 2mm) .

. Photomicrograph: Plagioclase~olivine

heteradcumulate. A large ophitic
clinopyroxene enclosing plagioclase
and olivine (Sample 232. XP. Field
width = 4 mm),

Photomicrograph: Plagioclase-
orthopyroxene~ (clinopyroxene)
adcumulate, showing hypersthene,
plagioclase and clinopyroxene.
Tremolite replaces the edges of the
hypersthene crystals. (Sample 139.
XP, Field width = 4 mm).

Photomicrograph: Plagioclase-
clinopyroxene mesocumulate,
showing large crystals of
clinopyroxene enclosing small
plagioclase crystals (Sample 859.
XP., Field width = 4 mm).

Photomicrograph: Clinopyroxene rimmed
by brown basaltic hornblende. Build
up of Hy0 in the interstitial liquid
permitted the precipitation of brown
basaltic hornblende. Note magnetite
associated with the development of
the brown basaltic hornblende (Sample
859. PPL. Field width = 4 mm).

Photomi.crograph: Plagioclase heter-
adcumulate, showing euhedral to
prismatic plagioclase surrounded by
very large ophitic clinopyroxene. The
plagioclase crystals show a slight
tendency to lamination. In places the
clinopyroxene is replaced by fibrous
amphibole, but ophitic texture is
preserved (Sample 231. XP. Field
width = 4 mm) .

Photomicrograph: Plagioclase
adcumulate. (Sample 220. XP. Field
width = 2 mm) .
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Plate 3.30

Plate 3.31

Plate 3.32

Plate 3.33

Plate 3.34

Plate 3.35

Plate 3.36
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Photomicrograph: Plagioclase crystals
showing evidence of brecciation,
granulation and crushing due to
tectonic deformation. Ilmenite and
hornblende are also present (Sample
110. XP. Field width = 4 mm).

Photomicrograph: Shattered leucogabbro,
showing large and bent plagioclases
passing into areas of shattering, where .
plagioclase forms much smaller crystals
(sample 156(3). XP. Field width = 4 mm) .

Photonmicrograph: Green hornblende
occurring interstitially to ilmenite

and as reaction rims with ilmenite in a
leucocratic gabbro. The plagioclase
crystals are bent and shattered.
(Sample 119. PPL. Field width = 4 mm) .

Photomicrograph: Fine-grained amphi- .
bolized gabbro mylonite, showing amphibole
as porphyroblasts set in a fine grained
matrix of plagioclase laths and amphibole
which show a strong alignment. Few
residual, large and shattered clino-

pyroxenes can be observed as remnants in
the fine grained matrix (Sample 559. XP.
Field width = 8 mm).

Photomicrograph: Porphyritic basalt
showing fine-grained lath-shaped
plagioclase set in a microcrystalline
groundmass of amphibole, quartz and
occasional carbonates (Sample 162A. XP.
Field width = 8 mm).

Photomicrograph: Silicified porphyritic
basalt showing fine lath-shaped plagio-
clase and fine needle-like amphiboles
projecting into quartz patches. (Sample
162A. XP. Field width = 2 mm).

Photomicrograph: Amphibolized quartz
dolerite showing clinopyroxene pseudo-
morphed by hornblende and skeletal
ilmeno~-magnetite. Clinopyroxene has
been almost entirely converted to
amphibole, with few remnants remaining
(sample 196. XP. Field width = 4 mm).
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CHAPTER l: Introduction

1.1. Scope of Work

The aim of the present work is a study of the
ophiolites in part of the Northern Oman Range lying
within the United Arab Emirates. The study investigates
the characteristics of the various ophiolitic rocks,
based on their petrography, mineralogy and geqchemistry.
Owing to the extensive size of the ophiolite belt,.whiéh
outcrops over an area of more than 5000 square.miles,
a sequence in the Khawr Fakkan - Wadi Madha - Wadi Shi

region (70 kmz) has been chosen for a detailed study.

1.2. Regional Geblogy

The khawr Fakkan area forms a small part of the
Oman Mountains, and although the rocks exp&sed near
Khawr Fakkan are entirely igneous, it is worth considering
the area in the context of the general regional geology.
The main features of the geology of the Oman Mountains
are shown in Fig. 1.l and the structural succession shown
in Fig. 1.2. The following account serves to summarise
the regional geology and illustrates also the historical-
development of ideas relating to the evolution of thé

area. o
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The earliest recorded visit of a geologlcal nature
was by ﬁlanford (1872), who collected a few Triassic
fossils from the northernmost point of the Ruus Al Jibal.
In the winter of 1904-1905, Pilgrim (1908) undertook a
survey in the same region and crossed the 6man Range
from Dibba to Ras Al Khaimah., This was probably the
earliest reconnaissancé of the geology of the Oman
Mountains. - Pilgrim was the first to study the igneous
rocks of Oman, in the vicinity of Muscat in Wadi Semail,
and at Dibba in the Northern Oman Range. He used the
term "Basic igneous series of Oman", but later renamed
these rocks "The Semail intrusive series". He considered
that the igneous rocks had a limited distributibn compared
with that of the common limestones. He ascribed an'upper
Cretaceous ége to the Semail igneous rocks.

Leeé (1928) outlined the geology and tecténics of
Oman, including the Trucial Statés (United Arab Emirates).
This study formed an important foundation for subsequent
work. Among the roék.formations of the Oman mountain
belt, Lees described the Hawasina series and the Semail
Igneous Series, suggesting that the former constitutes a
great thrust sheet, or nappes, overlain by the nappe of
the Semail igneéus rocks, and that the movement is from
the east. He also mentioned that dykes of very coarse

grained gabbros, 6 to 12 feet in thickness, are common



in the igneous series.

A paper dealing with the general geology of a limited
area of the northern part of the Oman Range was published
by Hudson, Brown and Chatton (1954A). They described the
highly complex Jabal Qamar Zone, situated immediately to
the south of the Dibba fault line. The authors discovered
that this complex area consisted of three tectonic zones:
(a) ah outer (western) belt of vertical Jurassic-Lower
Cretaceous limestones with some chert, part of the vertical
limb of a thrust-fold, overridden from the east by (b) a
thrust-sheet of Permian-Triassic limestone massifs covered
by a Jurassic-Lower Cretaceous succession of radiolarian
cherts, epidote-schists and serpentinite, oVerridden also
from the east bf (c) the western margin of the Semail
thrust-sheet. |

Hudson, McGugan and Morton (1954b) described the
results of reconnaissance surveys in the Jabel Hagab
region which lies on the western front of the Oman
Mountains and east of Ras al Khaimah. The outcropping
strata of Jabal Hagab consists of limestone}and radio-
larian chert of Jurassic and Lower Cretaceous age, with
a facies expressing the sedimentation in the Arabian
Gulf embayment of Southern Tethys and extending south-
wards between, and overlapping onto, the Arabio-Ethiopian

and Indian Massifs.
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Hudson and Chatton (1959) described the stratigraphy
of the Musandam Limestones, which are located in the
extreme north of the Oman Range. These outcrops have
a total thickness of about 3,400 metres and are considered
to be ﬁhe backbone of the Northern Oman Range. These
autﬁors divided the Musandam Limestones into three main
stratigraphical successions: (1) upper brown beds of
argillaceoﬁs 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 tectonics of the region, and considered the
Hawasina and Semail Formations to be autochthonous.
Morton regarded the "chaotic structure" as being due to
tectonics associated with large-scale extrusion of an
Upper Cretaceous igneous series.,

Hudson (1960) published valuable information on the
stratigraphy of the deepest exposed part of ﬁhe Ruus Al
Jibal. These rocks comprise the Hajar super-group, a
partly fossiliferous dolomite-limestone succession of
over 200 metres thickness. He subdivided them into
several formations which are as follows: At the base,

a few metres of sandstones are found below the Permian

dolomites. A thrust cuts out a possible older section.



- R

Southwest of the unit, however, are more than 100 metres
of thick-bedded limestones containing algal stromatolites.
These are thought to underly the basal part exposed in
the above section. The sandstones are succeeded by the
main mass of the Permo-Triassic sediments which are
charaqterized by dolomites and limestones. Above lies
a Triassic section characterized by sandstone; marl,
and shale laminae (the Muti Formatioﬁ),

Tschopp (1967) attempted to.synthesise all the
geological data obtaiﬁed from exploration wells, and
from éeologicél and geophysical fieldwork. His conclusions
were as follows: During the Cambrian, clastic and carbon-
ates were aepoéited in two sedimentary cycles in the Oman
Mountains region. Simultaneously, a thick sequence of
salt and other evaporites was being formed to the west
in the area now occupied by the desert plains. Continental
sedimentation occurred in the Cambro-Ordovician, changing
upwards to shallow marine deposition. Durihg the
Campanian, a geosyncline was formed in the area and
flysch~type sediments were deposited."Ultrabasicvrocks
(the ophiolites) were extruded, probably along tension
faults in the Gulf of Oman, and were accumulated in
the geosyncline. As a result of the filling of the geo-
syncline, a éompressional tectonic phase elevated the

region of the Oman Mountains. Thereafter, a succession



of Tertiary marine transgressions followed in‘the
Palaeocene, Oligocene and Miocéne,

Greenwood and Loney (1968) considered thé geology
and mineral resources of the Northern Oman Raﬁge, between
latitudes 24°45' and 25°37° N. Although their work is
mainly concerned with the potentiality of the region for
mineral resources, they presented a geologic ﬁap (1:250,000),
based on aerial photographs, showing the prin¢ipal litho-
ligic unité. These authors regarded the Seméil igneous
rocks of thé Northern Oman Range as a suite produced by
several successive phases of ophiolitic magmatism. These
included rocks of plutonic aspects and related serpentin-
ites together with ﬁypabyssal and extrusive representatives.
The latter occur interlayered with the Hawésiﬁa series.
The same authors considered the Semail, and at least a
part of the Hawasina Series, as allochthonous. Their '
development history is thought to have involved the
intrusion of Semail rocks into a core of geosynclinal
sediments (Hawasina) and subsequent tectonic translation
of the whole assemblage south-westwards with a concomitant
thrusting of Hawasina rocks and metamorphism of geosyn-
clinal flysch. Their account is the first tb consider
the igneous suite in terms of the ophiolite assemblage.

Reinhardt (1969) considered the genesis and emplace-

ment of ophiolites in the Oman mountains geosyncline. He



presented petrological studies on the igneous}rocké based
on an E-W traverse crossing the central Oman Range.
Reinhardt discussed a new model for the emplacement of

the ophiolites in which he incorporated concepts developed

by consideration of modern oceanic ridges. He considered

 the ultrabasic rocks and related serpentinites as part of

the upper mantle which has been thrust over the Hawasina

- series. He arranged the igneous formations found in Wadi

Semail in Muscat, from top to base in the following manner :
(1) Volcanic, extrusive rocks, (2) subvolcanic feeder
dykes, (3) hypabyssal gabbroic rocks, (4) gabbros, (5)

transition zone between gabbros and peridotites, and

- (6) ultramafic rocks.

Wilson (1969) published a detailed study on the
Eugeosynclinal sedimentation, gravity tectonics and
ophiolite emplacement of the Oman Range. This study was
based on the data obtained from the surveys'éarried out
by the Shell 0il Company geologists in 1962-1966. From
structural evidence and the extrapolation of the established
sequence of events in the Oman Mountains, Wilson concluded
that a tensional structural environment governed the
evolution of the Late Cretaceous orogeny. He considered
that regional tensional relief was accompanied by crustal
separation and flood extrusion of an ultrabasic magma

which cooled slowly under great hydrostatic pressure



along the axis of the trough in which the Hawasina

sediments were deposited. Wilson considered the nappe

to be autochthonous, formed by small-scale gravity
slumpiné from the NE-lying landmass. His interpretation

is very similar to‘that of Tschopp (1967).

"Allemann and Peters (1972) presented new data on
the Mesozoic sediments of the Ruus al Jibal area, and
attempted a reconstruction of the structural history of
the Oman ﬁountains, based on stratigraphic and petro-
graphic data. These authors arrived at the following
conclusions based on their structural studies:

1. The oldest rocks of the Ruus al Jibal area (the
Hajar Super-Group and Muti>Formation) represent
a para-autochthonous sedimentary sheet lying on
the eastern margin of the Arabian platform.

2, The Hawasina Complex is composed of strongly
imbricated sheets of a deep-water, radiolarite-
shale-turbidite-volcanic series embodying numerous
shallow-water olistholites.

3. The Hawasina sheet-pile was generated chiefly by

gravity gliding into a westward migratiﬁg depression.

This depression moved successively in front of the
advancing Oman trench.
4. The metamorphic Series are in thrust contact with

the non-metamorphic Hawasina rocks, as well as

with the Semail Ophiolites.



Glennie et al. (1973) concluded that overthrusting
of the Hawasina and Semail nappes onto the Arabian
continental margin during Late Cretaceous probably
resulted from continental drift of Arabia in the opposite :
direction to the spreading movement of contemporaneous
oceanic plates. Therefore the presence of ophiolites,
radiolarian cherts, turbidites, exotic blocks, etc. in
orogenic belts is indicative of the proximity of the
former edge bf a continent and its transition to adjacent
oceanic crust.

- Reinhardt (1974) studied the primary spilitic rocks
of the Oman Mountains ophiolite suite that occur in the | ——
volcanic and subvolcanic parts of the suite. He compared
these rocks with fresh, subvolcanic rocks and from
petrographical and field evidence concluded that the
spilitic rocks have crystallized from a hydrous residual
melt that approached a basaltic composition. Reinhardt
showed also that, by considering the associated sedi-
ments, the spilitic lavas of the Oman Mountains Geo-
syncline were extruded over a long period, ranging from
Late Permian to Late Cretaceous.

Glennie et al. (1974) contributed new ideas,
relevant to the oceanic origin of the Hawasina and
Semail nappes. These nappes had been considered by both

Morton (1959) and Wilson (1969) as autochthonous and
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derived by small-scale gravitational sliding or slumping
from a landmass NE of Oman. However, Glennie et al.
convincingly show that the Hajar Super-Group, the Semeini
Group and the‘HaQasina Series were all deposited in the
same time-span of Permian to mid-Cretaceous, although
they ére now found one above the other. Because they are
coeval, the most logical way to reconstruct their relative
positions prior to nappe emplacement is to place them
side~by-side. From their known, or inferred, environments
of deposition, this would give a lateral sequence from
west to east of: Continental shelf (Hajar) ~ Shelf-edge
and slope (Sumaini) - Ocean basin (Hawasina). The Semail S
ophiolites are in turn considered as relicts of ocean
crust. preserved in the Semail thrust sheets which overlie
the Hawasina Series. Glennie et al. introduced the
concept of the Hawasina ocean basin which had been

created by sea-floor spreading operative since mid-Permian
times to the N and E of the Oﬁan Mountains. In Late
Cretaceous times the Hawasina ocean basin was apparently
reduced in size. Since there are no proper indications

of a subduction zone, most of the sedimentary series
(Sumaini, Hawasina) and part of the oceanic substratum
(Semail ophiolites) were overthrust or obducted onto _

the SE Arabian continental shelf. The order of tectonic

superposition of the rock units in the Oman Mountains is
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directly related to their original depositional geography
in such a way that the higher the tectonic unit, the
further out in the Hawasina ocean basin was.its point of
origin,

Carney and Welland (1974), and Welland andAMitchell
(L977) have described the geology and mineral resources
of the Oman Mountains, and the emplacement of the Oman
ophiolite, respectively. These‘auﬁhors have outlined the
regional geology of Oman based on field and petrographic
studies, summarising their findings in the schematic
diagram shown in Fig .l1.2. On the basis of the diagram,
the authors considered units A, B and C, which are
approximately 2000Vme£res thick, to be essentially
autochthonous. Unit A consists of a basement of low-grade
metamorphic rocks, the base of which is not seen. These
are overlain unconformably by a sedimentary sequence
(Unit B) consisting of thick, generally featureless
carbonates with.minor volcanic and clastic intercalations
(Hajar Super Group). Unit C is a much thinner sequence
of shales and other clastic sediments, termed the Muti
formation. The top of C is marked by a major tectonic
contact, above which is the lowest allochthonous unit D.
This consists of a thick sequence of re-deposited carb-
onates and is termed the Sumaini Formation. Unit E

consists of a thin sequence of shales and cherty
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limestones of Upper Cretaceous age. These two units, D
and E, have a total thickness of approximately 700 metres.
They are in turn overlain by the allochthonous unit F,
which has a total thickness of 2000 metres. This consists
of a sequence of cherts, cherty limestones, siltstones,
shales and calcareous sediments with some intercalated
volcanics of variable composition. The overlying
allochthonous unit G, consists of an igneous assemblage
showing a characteristic ophiolite stratigraphy of ultra-
mafic rocks overlain by differentiated‘gabbros, a sheeted
dolerite complex, and volcanics which include pillow lavas.
The ophiolite is overlain by a thin sequence of cherts
and cherty limestones which forms unit H. The two units
(G and H) are approximately 2000 metres in thickness.

The major sequence may therefore be treated as an
autochthon, overlain by a series of allochthonous units,
the boundaries of which are major tectonic discontinuities

or thrust surfaces dipping northeast.

1.3. Summary

The relationships between the Semail Ophiolite
. complex and underlying units are most simply explained
by the progressive tectonic stacking of a series of
more or less contemporaneous stratigraphic-sequences

derived from originally differing environments (Glennie
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et al., 1973; Dewey, 1974, 1976). The assumptions that
progressively higher thrust units represent progressively
further-travlled allochthonous sequences leads to a
reconstruction of a continental margin regime established
on the north-eastern side of the Arabian shield by early
Mesozoic time (Fig.l.3). The basic intrusive rocks and
volcanic suites of the autochthonous units (A and B) may
represent igneous activity associated with eariy rifting
in Late Permian times. Early volcanic associations
within unit F may, in turn, represent a tranéitional
igneous phase indicative of active continental rifting
but prior to full-fledged, sea-floor spreading and the
generation of the ophiolite suite. The local association
of gravity emplaced, exotic carbonate blocks with
scattered mafic volcanic rocks does not demonstrate that
the latter represent oceanic basement predating the
oldest (Permian) carbonate age. By late Triassic time,

a complete continental margin and ocean basin regime

had been established (Carney and Welland, 1974:; Glennie
et al., 1973). Part of the autochthon (unit B) occupied

a pre-emplacement palaeographical position typical of

the continental shelf or platform and provided carbonate
debris for the turbidite and breccia sequence of unit D,
developing on the slope and upper rise. ILower continental-

rise sediment is represented in the lower slices of unit F



15

(LL6I'N2YdU N pue puejiapm)
‘uorssardwiod 5ru03>3) pue
‘$YO0]q IBUOQIEd D1IOXD
30 Juwddeidws ‘uonisodsp
yosAg ueruedwe)) 03 joud
swidar uidrew [ejudUNUOD
ueiqely JO UONONINSUOD
-31 dusedsuijed Snewoyds

payrduig €-1 2.nbi4

SJlUBI|OA pue
seyip Ajaeo

...........

(V 3un)
Juswsseq
J Hun ulyim . .
S91UL9]0A dlydsowrelaw
.. ueiwaad-aud
———— = 1" 1 I
===== ____:
s Sy o s (g Hun)
Awu._:—-v RN _“_”H“_ m&wﬂm—-—“ﬂ“ﬂuﬂ
ajjoiydo (4 Jlun) syuawipes === : e e e s s s i .

u_ owﬂﬁ@—.—ﬂ N _____:_1________% Luuﬂ;;o__m:m

: _ T T I L T T T T T 11T 1 1

..JIJIFL__:_:__::____HJ

NE= = T T T Ty

= =1 T T [ 1T T T - T-T T

B S e e T i S B e o e 0

(@ 3un) '939 lﬂu.fhﬂﬂ[f___“_______h:_______ﬂ

Sa3IpIqun} 9 =

7S
N MS
w) oz

\Suwhxmnmsao.cwseauu _ EOON
03 Ajdde jou seop)




16

the upper slices constituting progressively more abyssal
facies (Glennie et al., 1973). The igneous stratigraphy
of the ophiolite complex is typical of that which
represents oceanic crust and upper mantle at an actively
spreading ridge. The continental margin, now forming
the autochthon of Oman and Zagros, remained stable until

Late Cretaceous time, when the platform subsidence was

accompanied by clastic deposition unit C) and gravity

emplacement of the exotic carbonate blocks. There is
no e&idence for subduction beneath the.margin.

Glennie et al. concluded that the tectonic sequence
characteristic of Oman and the Zagros can be most simply
explained by slicing and accretion of oceanic basement

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

2.1. Location

The Khawr Fakkan region is located aboqt_lzo
kilometers east of the Emirate of Dubai. The area can
be reached by an unpaved road up to Masafi. From the
village of Masafi, a four—whgel drive vehicle is necessary
to reach the coastal region of Khawr Fakkan, through the
villages of Kalba and Fujairah. The area lies immediately
gsouth of the Dibba line, a tectonic belt of NE-SW
ofientation, which thus-cuts obliquely across the Oman
mountain range (Fig. 1.1). The Khawr Fakkan area
‘includes two major wadi systems, Wadi Shi in the north
and Wadi Madha to the South (see sampie location m%p

Fig. 2.1).

2.2. Physiography and geomorphology
2.2.1. Topography and drainage

Topographically, a primary and simple division of
the region may be made into the elevated mountain zone
and the flanking plains.

Rocks of the N-S aligned mountainous zone are
practically devoid of soil and vegetation, except for

strips of cultivated land on terraces bordering Wadis.
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‘The zone as a whole is one of bold (submmature) topo-

graphy, intensely dissected by actively eroding drainage
channels. Major peaks reach elevations of some 587 metres,
e.g. Jabal ﬂwayyin 587 metres, and unnamed peaks west of
Agabat al Khéwr and west of Jabal Katalina, of 500 and

550 metres respectively. Intermediate elevatidns are
recorded, e.g. Jabal Riyadir 342 metres, Jabai Katalina
300 metres, and Jabal Qidfa 210 metres (see sample
location map Fig.2.1l).

Variations in underlying lithology are clearly
expressed, both in morphology of the terrain and in the
character ofAthe scree‘clothing many of the hill slopes.

The dark-toned gabbro hills commonly show rounded
to subrounded profiles, with ridge crests flattened over
widths of three to seven metres. Scree tends to be of

coarse grade, ranging from blocks to boulders. Serpent-

" inite is characterized by sharp ridges and peaks,and by

numerous, closely-spaced, erosional facets of inverted
chevron shape, controlled by shear and fracture planes.
The scree is composed of small- to cobble-sized,angular
and cuboidal fragments.

On the west side of the mountain range the inner
zone of strong relief passes outwards to flanking,

gravel-covered plains through a generally well-developed
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zone of more subdued foothills. The passage from solid
rock to alluvial plains is marked, along much of the
range, by conglomeratic boulder beds. These tongue
westwards, in places for several kilometres. In contrast,
the eastern coastal plain is generally of more restricted
width, and gabbro hills essentially reach to the sea.
Only at the debouchement of major wadis, such as Wadi
Madha and Wadi Shi,bare more extensive spreads of rock
debris and gravel found. .

The mountain range is dissected into a number of
blocks by major wadi systems, which provide the only
means of access to much of tﬁe region. On the western
side of the roughly centrally-aligned main watershed
the general direction of drainage is WNW to NW,while
to the east of the dividé the drainage direction varies
between NE and SE.

Most of the wadis appear to be fault controlled.
Along most of their length the watercourses are dry,
except during sporadic short periods of spate flow,
and on the western side of the range ail of the channels
stream out in the gravel plains. Short stretchés of
flowing water are seen in the mountains, where bedrock
is at, or near, the surface of the wadi floor.

Morphological features indicative of uplift in
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relatively recent times include wadi terraces, raised
beaches, aﬁa entrenched meanders. The last_are.well
developed in wadis‘cutfing serpentinite and draining
eastwards in £he region to the_norﬁhwes£ of Khawr Fakkan.

Quaternéry,fiuviatile,terrace deéosits are cut by
major present-day wédis‘to depths vérying'from a few
to several tens of metres. They are a common feature of
" the mouhtain zone (Plate 2.1). These terraces congist
of material common to the present day wadis, ranging
.in size from boulders to gravels, with a silt ﬁatrix.
The assemblage is generally'chaotic, but in places the
depdsitsldisplay rough stratification with a tendency
towards rhythmic grading. Cross bedding is sametimes
" well developed in the fine grain-size material.

Remnaht; of raised beaches or marine terraces occur
along the coast line of the Gulf of oman to the south of
Khawr Fakkan. They probably represent anlbriginélly
continuous terrace at about 10 to 12 metres elevation.
These terraces locally readch inland fdr distances of
up to a kilometre. Coral limestone plocks Cah be
found in the terrace deposits in the'coastél fégion of
Khawr Fakkan. To the south of Khawr Fakkan, marine
shell fragments of Recent or late Pleistocene species

occur on the terrace surface. This suggests'uplift in
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Plate 2.1. Quaternary,fluViatile,terrace,deposits
consisting of material common to the
present day wadis, ranging in size from
boulders to gravels, with a silt matrix.
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Pleistocene and sub-Recent times, perhaps in the form

of gentle arching.

2.3. Geology
The region can be divided into geologicaliy
distinct units. These may be arranged in the following

stratigraphic order:

Extrusives

Dolerite dykes
Gabbro cumulates
Sheared serpentinites

Ultramafic complex

2.3.1. The ult;améfic éomplex

The pefidotites‘ih the Wadi Shi ~ wadi Madha area ;
are dissected by a humﬁer of ramifying tribﬁtaries which
form the only access to them. To the west and southwest
of Khawr Fakkan in the Wadi Shi - Wadi Madha area (Fig.
2.2), the ultramafic facies of the Semail ophiolite
forms low-lying outcrops. The outcrops are generally
discontinuous, forming detached blocks of variable
dimensions, but of the order of 100 by 200 metres. The
dist;ibution of the peridotites has been controlled by
the fault system, the ultramafic complex being inter-
sected by nuherous N-S faults. These faults dip to

the east. N-S faultihg is also evident at the contact
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between the peridotites and gabbros, which is élsp of
tectonic,type.’ |
Field.observatiohs revealed that the peridotites
of the Wadi Shi - Wadi Madha area occur as blocky
massive types, frequently dissected by numerbus
fractures filled with veins of asbestiform material,
mainly chrysotile. The veins filling the fractures
range in width from 2 centimetres to more tﬁan 10
centimetres. The peridotites generally do not exhibit
noticeable variations in their general appearance and
individual rock types are difficult £6 determine in-the
field. The original textures are not discérnible in the
field as all the ultramafics have a tectonic fabric.
Their colour generally varies from dark green to greenish
brown;although pale coloured varieties and mottled types
also occur. The mottled variety is usually harzburgite,
the mottled effect reflecting the presence of ortho-
pyroxene. Such inhomogeneity in appearance may be
accentuated locally by weathering, reflecting compositional
variation.

It should, however, be mentioned that ultramafic

rock types are generally not sharply separable in the

field, and one type may grade imperceptibly into the

other. An interesting feature observed in the Wadi Shi



24

sector is thét’paft of the peridotite complex belonging
to that sector has been shifted towards the gabbro
complex east of Wadi Shi (Fig. 2.2), which is probably

due to shearing and faulting.'

2.3.2. The sheared serpentinites

Along the contact, between the ﬁain ultramafic
complex of the Wadi Shi and wadi Madha areas and the
- gabbro complex, the charactéristics of the peridotite
change. They become brownish, and locally eafthy, with
frequent pockets of the carbonate magnésite. They are
highly impregnated with silica and are traversed by
magnesite veins. The veins have an average width of a
few centimetres but in a few cases they may attain half
a metre in width. At the cbntact of some magnesite
veins, the serpentinites are altered to taic carbonates.
A secondary brecciated structure is frequently observed
which owes its form to a network of silica enclosing
extremely weathered peridotite. In general appearance
the serpentinites are friable and they are highly
sheared because of their close relationship to the
faults.

The most striking feature characterizing the sheared

serpentinites in the Wadi Shi and Wadi Madha areas is the
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highly cavernous structure resulting from surface
weathering of the carbonate minerals,
The shear zones encountered in the wWadi Shi and

Wadi Madha areas mostly possess a N-§ trend.

2.3.3. Gabbro cumulates

The outcropping gabbros are far:more homogeneoué
and massive, in contrast to the peridotites. They
consﬁitute rather sharp massifs superimposed on the
peridotites.

The gabbros are excellently exposed in the eastern
Jabal Qidfa, Jabal Riyadir, Jabal Katalina, and the
Jabal Khawr Fakkan areas (Figs. 2.1 and 2.2). Théy
also occur in the eastern sector of Wadi shi and south-

eastern part of Wadi Madha, generally becoming coarser

towards these two regions, and finer towards the coastal

region of Khawr Fakkan.

On the whole, there is a gradual upwards decrease
in grain size throughout the gabbro complex.

Layering is a marked and widespread feature in
the gabbros. It is the expression of compositional
variations, rendered the more obvious by weathering
and colour differences, and is generally a result of the

alternation of feldspathic and ferromagnesian-rich
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layers. In general, layers are impersistent and many
of them pinch out over relatively short distances.

Layering that is continuous over long distances,
such as occur.in stratiform complexes, ﬁas not been
observed. Also, no rhythmic of cyclic repetition of layers
has been noticed in the gabbro complex.

The attitude of the layers is fairly constant with
dips ranging from 45° to 65° in a south-easterly

direction.

2.3.4. Dolerite dykes

The dolerite dykes are well exposed in the extreme
coastal region of Khawr Fakkan (Fig. 2.2), where they
occur as subvertical dykes cutting each other at low
angles and varying in thickness between two. or three
métres. The dykes‘strike between 35 and 40° and dip
steeply south-eastwards. They sometimes show faulted
contacts with the overlying basaltic flows and these
also occur between the dykes themselves. They become
less frequent south of the village of Qidfa and
immediately west of Agabat Al-Khawr (Fig.2.2) where
they cut through the gabbros. The dykes, in part at

least, form the feeders to the overlying basaltic flows.



27

2.3.5. Extrusives

The extrusive rocks occur as massive flows,
generally fine-grained and greenish to black in
colour; some display crude columnar jointing. They
form low-lying hills.

The basaltic flows are best exposed on the small
island of Sirat Al-Khawr, north of Khawr Fakkan and
separated from the latter by the Gulf of Oman (Fig.
2.2). |

Other occurrences are seen at the extreme north

of Khawr Fakkan (Fig. 2.2).
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CHAPTER 3: Petrography

3.1. Petrography of the Ultramafic Rocks
3.1.1. Occurrence

The ultramafic rocks are exposed over wide areas
of the Northern Oman Range, and occur as large sheet-
like masses at least 900 metres thick. The colour of
the rock types varies from dark green, almost black, to
brown. They are commonly dissected by intersecting
fracture planes, and appear to be sheared. Veins of
asbestiform material, composed mainly of chrysotile
and varying in thickness from 5 to 10 cm, intersect
the ultramafic serpehtinites (Plate 3.1).

The rock types are mainly dunites, harzburgites
and wehrlites, with very limited feldspathic peridotite
and lherzolite (Plate 3.2). They ére ail serpentinized
to a greater or lesser degree.

The.ultramafics are best exposed in the south of
the area, in Wadi Madha and Wadi Sahnah although a
limited development may be seen in Wadi Shi in the

north (Fig. 2.2).

3.1.2. Dunites (Plate 3.3)
Dunites occur in both the south, in the area of

Wadi Madha and in the north, around Wadi Shi. They

P
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are best seen, and most prevalent, around Wadi Madha.

They are found in bands of greatly varyiné’
thickness, from 100-200 metres thick, pinchihé out
1ateraliy. They ocqasionally pass into harzburéites
ﬁut more commonly into wehrlites. |

The dunites have a simple chemistry and mineralogy.

- Primary minerals include dominant olivine, together

w1th chrome-spinel and diopsidic c11nopyroxene.
Serpentlnlzatlon and alteration have added serpentlne,
talc ?nd carbonate (magnesite) to the asseﬁbiage.

Average modal propbrtions of the constituents are
olivine_70%,-clihopyr6xene 5%;-¢hrome—spine1 3%,
éérpentine'20%;fcarbonates and talc 2%. There is,
hénger, considgrable variation depending on the degree
of serpentiniiatioh.

The olivine has an average grain size of 4 by 2.5 mm,
In serpentinized dunite it occurs as relict angular
grains, of average diameter 3 mm, set in a mesh-textured
serpentine matrix. Most of the duniteé are strongly
aeformed and the olivines show evidencé of strain in
the form of kink-banding, undulose and zone extlnctlon
(Plate 3.4). A cataclastic texture develops at the - |
expense of an earlylgeneration of elongate, olivine

méggcrysts, which have a darker appearance than the later,
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recrystallized, mosaic—texturedholivine. The elongate
olivines tend to'have:strong directions of eerpent-
inization normal to_the elongation; nhile moeéic olivine
is'serpentinized bY?a.network of chrysoﬁile veinlets
(Plahe_3.5).

Clinopyroxenes”oconr as small,’interstitial grains
between the olivine:; they have an average grain size of
1—1.51mm diameter. |

The ohfome spinels occur ae large, red, subhedral
grains with semi-circular, embayed margins,vtheir grain
size varying between 1'end O.Simm-diameter, Some of the
spinelsAfrom strongly deformed dunites show "pull-apart“

texture (Plaﬁe 3.6), the cracks in the spinel being

filled by serpentlne.ia

Wlthln the groundmass, 1rregular lobate ‘areas are
sometimes present. - These areas are of low birefringence

and may be chlorite or clay minerals (Plate 3.7).

3.1.3. Harzburgites (Plate 3.8)

The harzburgites occur mainly in the north of the
‘Wadi Shi area (although a limited development may be seen
in Wadi Madha and Wadi Sahnah to the south of Wadi Shi).

They are interbanded with dunites although the latter are

subordlnate in amount.
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Primafylﬁinérals of the~harzbu£gites include
dominant olivine and 6rthopyroxene, fogether with minor
- chrome spihél and diopsidic clinopyréxéne. éerpentinization
ahdlaltération'have added serpentine, talc and chlorite.

Average modal prqportions of'the constituents afeA
olivine 85%, orthopyro#ene 12%, clinopyroxene 2%, chrome
spinel 2%. These modal values are ﬁsually modified»by
serpentine, talc and chlorite which are presént in
v;riablevamounts and depend on the extent of serpentin-
ization. The harzburgites are cenerally less serpeﬁtinizgd
than ﬁhe dunites. The olivines are subhedral and have an
elongaﬁe appearance% there is a tendenc? towards preferred
’OrignﬁatiOn;'lThe elongate olivines often show.evidence
of cat§c1astic defprmation; they are shattered and show -
ddmain exfiﬁction. The olivines are part1y a1tefed to
‘serpentine, and are cut by veinlets of chrysotile, while
others are traversed by irregular veins of»talc. Small
olivines are sometimes included within chrome spinel and
pyfoxene. |

Orthopyroxenes occur as subhedral to euhedral
crystals ﬁith an average grain sizg between 2x0.5 mm and
3x2 mm. The orthopyroxenes include fine clinopyroxene
| éxsolution lamellae which are méinly parallel to the

100 cleavage trace. They occasionally enclose minute,-
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rounded olivines, and chrome spinel. 1In some areas
the'ofthOPyroxenes are ;eplaced by fibrous chlorite,
but more usually they are pseudomorphed by bastite and
talc although fresh cores of the orthopyroxene usually
remain. |

Clinopyroxenes are very minor in amount,and in some
specimens they are complefely absent.

The chrome spinels are deep rea in colour, with an
average graih size of 2.5x1 mm and have ah énhedral to

subhédrél texture. The chrome spinels are often fractured,

‘with thin chrysotile veins running through the fractures.
-Occasionally the spinels occur within the bastite-talc

groundmass. They tend to be more irregular.in outline

than the spinels present in the dunite.

3;1f4. wehrlites (Plate 3.9)

The wehr1ites are-seen in the_gouthern part of the
area in the Qicinity‘of wadi Madha énd wadi Sahnah.
 ‘-They are found in bands commonly associated with
the duniteé and often in direct contact with them."
| Primary minerals of the wehxlites include dominant -

olivine and clinopyroxene, together with minor chrome

'spinel’and orthopyrbxene: serpentinization and

“alteration have added serpentine, chlorite and carbonate.
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Average modal'proportions of the constituents are
olivine 70%, clinopyroxene 15%, chrome spinei‘s%,
serpentine 10%. There is, however, considereble
variation depending en the degree of serpeﬁtinization.

The olivine has an average grain.size Qf}le.Smm.'
In serpentinized wehrlites the olivines are moeaic
texturedeith a shattered appearance,-and net;veined by
serpenfine. A cataclastic texture develops;at the expense
of ah early generation of strongly elongate.o;ivine. The
e;ongate olivine tends to heve a strongly preferred
orientation and the tendency is for chrysotile veining_
ﬁo be'ﬁormaivtO‘the elongation. Most of the‘ﬁehrlites
are etrongiy deformed and the olivines show evidence of
strain in the form of uhdulose end zone extiectione'
Minor interstitial oiivines are altered toftalc.
Océasioﬁally the olivines occur as inclesions in the
clinopyroxenes.

"The clinopyroxenes occur as subhedral greins, with
grain size ranging between SXO;me and 3xl.5mm. They
include fine orrhopyroxene exsolution lamellae parallel
to the 100 cleavage traces. The clinoéyroxenes in the
serpentinized wehrlites are set in a serpepfine matrix,
and these pyroxenes are strained and showAuhdulose‘-

extinction. The relatively fresh clinopyroxehes are
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occasionélly altered and dusted with Fe oxides”(magnetitef
which suggésts_that the originai clinopyfoxene~§6ntained
appreciable Fe. Some clinoéyroxenes are altered to talc,
marginally and along cleavages; occasionally é'clinopyroxene
will be completely feplaced. |
The chrome spinel is deep to pale red ih colour and

occurs as subhedrai, equant,'and in.some caéé§ rounded '
gr;ins WitﬁAan average grain size of 1x0.5mm. ' The
spineis'océasionally occur as inclusions in thg"pyroxene,‘;
sometimes contain minuté inclusions of oliviﬁe; and are
embayed; - . ' , o ‘ B

' Within:the groundﬁass, some pale—greeh‘chlorite is | )
dccésionally present. In one sample, a zone of intense
,chlorite.development is probably related'to'éhearing. In
gehefal, however, the wehrlites are substanfially fresh
althoﬁgﬁ lafe'carbopate veinihg sometimes cﬁtS»ébliquely
across thé clinopyroxenes and invades the adjacent

olivines (Platé 3.10).

3.1.5. Rodingites

Rodingite.wasvfirst defined by Bell gg;g;. (1911)
'as a coarse grained, gabbro-like rock associated with
‘dunite and containing diallage, grossularite, prehnite

:and/or;serpentine. Bell et al. originally described this
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rock type in dykes cutting through serpentiniteé'
outcropping in the region of the river Roding in New
Zealand. Theéé dykes were composed essentiallyvéf
garnet (hydrogrossularj, diallage and prehnite.'
Glennie et al. (1974) recognised this rock type
in the southefn part of the Oman Mountains, and»described
the following featurés as beéing characteristic;éf
rodingites in general:
1. They are calcium-rich rocks‘comﬁosed of (méstly
hydrous) calc—silicates; -
2. They occur as inclusions within serpéntinized
ultramafic host-rocks.
3. They are often separafed from the host rock by
a rim of chlorite; '
4. They are lense shaped, roundish or mofe typically
dyke-shaped.
5. They are found more commonly within assemblages
that have not been affected by a regiohai metamorphism.
It is generally agrged that the origihlof,these
rocks is low-temperature altération of mostlyAgabbroic
‘to basaltic igneous inclusions (layers or dykes) or some-
times of calcareous sedimentary material within the ultra-
mafic host rock. An essential factor for the alterations

to take place seems to be the serpentinization of the host
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rock, since-tﬁis is foﬁnd to take place éimultéﬁeously
with the rodingite reactions. Another factor«favouring
‘the procesS;in many'éases is contempofaneoué’éeformation.
The reactidﬁ?iépsuppdsed to involve an exchangé:of matter
between the host rock-and the inclusion. ”

The rodingites form dykes and boudins witﬁin the
sheared ult;amafié rocks and dunites, and cémmpnly occuf
along the coﬁtact zone between the ultramafic mass and the
sheared serpentinites in wWadi Madha.l The m§§§'éommon host
rock of the rodingite is a serpentinite COmpogéd of
chrysotile, chromg spinel; secondary magnetite and
hematite.

The main constituents of the rodingites are pyroxenes
apd garnets.. The garnets are most'probablyfhydrogrossular
with evidenceiof»recrystallizgtion and partial melting of
thé garnets. The garnets also occupy interstitial spaces
within the pyroxenes ana occur as coarse exsolutiqn blebs
in the pyroxenes (Plate 3.11). Crush zones are evident
where pyroxenes have recrystallized to finé’mosaic texture.
The pyroxenes present are mainly monoclinié Qith variations
in grain size ranging from medium to coarse gfained.
Remnants éf orthopyroxene are present but with a cloudy
appearanceidue to minute Fe oxides. Partial resorbtion

and recrystallization of the rock is evident.
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3.1.6. Theieheared serpentinites
Along the contact zone between the ultramafics and

the‘gabbro—cumﬁlates, the serpentinites are hiéhly sheared"
and are usually‘altered to talc-carbonates (Piaee 3.12).
These rocks are best seen in the south around Wadi Madha
and Wadl Sahnah ‘although a limited development may be
seen in:Wadi Sshi to the north (Fig. 2.2). They show a
.cavernous structure which is due to solution of carbonates
dﬁfing weaﬁhering. Magnesite is fairly coﬁmee and appears
in varieus fqrms. It occurs as small cross—eetting
veinlets, whieh give the rock a mesh-like appearance,

and more offen as bands.running through the serpentinite
(Piafe 3.13)}_'The magnesite veins disappeer'entirely :

as one‘approaches the ultramafic zone.. Chrysoﬁile

veins are also common, both in the contact zone and in

the ultramafic 2zone.

.In thin section the most common rock—ﬁype from this
zone censists of serpentine containing residual o1ivine
granules;erelict ortho- and clinopyroxenes are also
present. Some areas are traversed by thick chrysotile
veins and by lafer carbonate veins. ‘Palc is present in
the form of‘rims to the residual olivine grehules. Ore
minefals,.probably magnetite, occur in a shattered skeletal
form and as a fineldust in the serpentine.

Other examples from this sheared zone include meta-
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Plate 3 13. Sheared serpentinite at wWadi Madha.
' Note the white cross-cutting veinlets of
magnesite, which gives the sheared
‘serpentinites a mesh-like appearance.

.
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somatic talc-amphibole rocks. In‘thin section these"'
rocks are a mixture of talc, pale green to brown aﬁphibole
and possibly brucite. Radiating aggregates of tremqiite—
actinolite (Plate 3.14) sometimes occur; these mu§t have
grown after the shearing movements ceased to be effective.

Sheared talcose serpentinite also occurs inltﬁis
-zone. These rocks are extremely rich in subhedréi,to
euhedral chfomite showing hexagonal and cubic oﬁtlipes
(Platé 3.15). Analyses of these chrome-spinels éré

given in Table;5.33.

3.2. Petrography of the Cumulate Rocks
3.2,1.'NamenclatupeAa?d’textures-

.;The éiéégifiqaﬁiaﬁ of igneous cumulates bf'Wager,
é%oWﬁ éﬂa wgdsﬁéféh ki§60) is usedvin describing the
Z;muiate rqéﬁé}:'Mu§£ 6f theoretical iﬁportance can be

1h¢orporatéd, and:a'béfter understanding of'cumulate

W
[)
"

problems géiﬁed, ﬁy éébpting this classification. The

-

various terms used are:

An igneous cumulate;iA rock formed by gravity accumulation

of crystals ftom maéma.

Cumulus mineréls: THOSe which have Settled (oxr, less

commonly, fioated) as primocrysts from the contemporary

magma.
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. Intercumulus liquids: Contemporary magmas occupying the
pore spéces between the cumulus phases.

An orthocumulate: A cumulate consisting of oneé or more

chmulus minerals together with the prpducts;of'crystal—
lization of the "trapped" intercumulus liquid,jwhich
necessarily has the composition of the contemporary magma.
The cumulus phases and their original interqumﬁlus liéuid

constitute a closed system.

An adcumulate: A term used to describe the.exténsion of
the cumulus crystals at constant composition to give un-
zoned crystéls, thus reducing the intercumulus liquid by

mechanical expulsion.

Mesocumulates: Those rocks intermediate between ortho-

cumulates and adcumulates and showing small amounts of

pore material.

Postcumulus material: Primary, noncumulus material that

formed (Jackson, 1961) in the spaces between the cumulus
minerals. May be adcumulus or orthocumulus material.

A heteradcumulate: Contains unzoned minerals that have

nucleated from intercumulus liquid but have'grown by

the adcumulus process.

3.2.2. Occurrence

The cumulate rocks are mainly concentrated in
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the Jabal Khawr Fakkan and also south-east of Wadi
Madha (Fig. 2.2). A limited development may be seen
around wWadi Madha to the south and Wadi ShiAtpvthe

north.

§.2.3. Rockvtypes'
The rock types aré divided into:
1. dliviné ﬁéroxehites
2. Olivine gabbros
3. Noritesland hypersthene gabbrds
4. Gabbros |
.5. Anorthosites and leucocratic gabbros
é. Gabbro mylbnites
The'above rock types are'sub-divided in.éraer of the
abundance of the cumulus phases, with the rare phases in

brackets, in the following manner:

" 1. Olivine pyroxenites

A. Clinopyroxene - olivine heteradcumulate

B. Clinopyroxene - olivine adcumulate

2. Olivine gabbros

A, Plag10clase—olivine-clinopyroxehe
'adcumulate
. B. Clinopyroxene—plagioclasefolivihe
mesocumulate | |

C. Olivine-plagioclase heteradcumulate
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i

"3, Norites and hypersthene gabbros

A;-OrthoprdXene—clinopyrdxehe—plagiociase
'"adcumuiété» | |
B;3Plagioclase—orthopyroxene (clinopyrdxéne)
Hihetéfédéu@ulate' |
4. GaﬁbroS'. o
A: élihébiﬁé%éne—plégiociésé adcumulate
B. Piégiociaée—clihépyroxene'mésocumﬁ;éte

C. Plagioclase heteradcumulate

5. Anorthosites and leucocratic gabbros

A, Plagioclése adcumulate

6. Gabbro mylonites

The,olivine—beapiﬁg cumulates are more prevalent
than the other typeé and they are best developed in the
nofﬁh of the area around Wadi Shi and south of the area
around.Wadi Madha. The olivine-free cumulate; are more

common in Jabal Khawr Fakkan, and also south—éast of

Wadi Madha (Fig. 2.2).

3.2.3.1. Olivine pyroxenites

A, Clinopyroxehe-olivine—heteradcumulate (plate 3.16).
The following specimen is representative of this

group: 1030B.
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The ﬁain gﬁmulus phases are diopsidic clinopyroxene
éﬁd dlivihé;i_Plagi6ciase is rare and is an iﬁtércumulus
ﬁﬁasé.f AVefééé mbééi §fbportions afé clinoéyrbkene 70%,
élivine 19%f>plagidcléée’10% and spinel 1%. “

DiopsiéicAciiﬁquioxenes occur as large,  coarse,
anhedral to subhedréi ErystaIS'with an average grain size
between 4x2.05mm and 10x5mm. Fine-scale exsolution
lamellae of orthopyfoxéne parallel to (100) a?g common in
lthe clinoperxénes. Fe oxide is occasionalif'ébncentrated
along the exsolved lamellae. Also present ére large
cumulus crystals of inverted pigeonite with clinopyroxene
blebs (Plate 3.17).

!pliVipe is present in relatively minor~aﬁounts'and
occurs, as large embayed crystals that appeé?ﬁih disequil-
ibfium With.the interqumuius liquid. The oliiine crystals
~££e highly éefpentiﬁi;éd. |

Plagiéélése i; ¥;;e, occurs ihte;gtitially to the
éiinopyroxéﬁésland'ig»ihtercumulus._ Tﬁé anorthite content

is An _Green to brown Al-spinel is present in minor

97°
amounts.
B. Clinopyroxene - olivine adcumulates (Platé 3.18)

The followiﬂg specimens are representative of this

group: 553, 554, 1027 and 1028.




53

The main cumulus phases are diopsidic clinopyroxene
and olivine. Average ﬁpdal.proportions are cliﬁopyroxene
75%,'oiivine‘24% and spinel 1%. .

Diopsidic clinopyroxenes occur as large,.coa:se,

, anhédrallto subhedral crystals with an average gféin size
between 4x2.iﬁm'and 10x5mm. Fine-scale exsolﬁtipn lamellaé
of orthopyroxene parallel to (100) are,common:"Also
present are large crystals of inverted pigeoniﬁé with
clinopyroxene blebs. In some samples the e#Soiufion in
the pigeonite is evideht in two directions, one as broad
lamellae parallel to (00l) before inversion to hypersthene,
and. the other as broad lamellae parallel to'(}do) after
inversion,t§ Hypersthene (Plate 3.19, Sample 553).

Olivine is present in relatively minor amounts, and
occurs either as small, subhedral grains within the
pyroxenes or as large grains which are invariably traversed
by a network of irregular serpentine veins-éutlined by
magnetité.

Minor Erown Cr spinel is present in some sémples

(refer to analysis Table 5.42).

3.2.3.2. Olivine gabbros
A. Plagioclase-olivine-clinopyroxene adcumulates

The following specimené are representative of this

group: 500, 501, 505, 523.
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The maih'conétiﬁuénts‘are plagibclase, olivine,
and diopsidic clinop?roxene and they form the cumulus
phases..'Avefage modal proportions are plagioélése 45%. .
olivine 33%, diopsidic—augité 15%, gerpentihéi3%,
m;gnefite 2% and brown hornblende 2%.

Plagioclase occurs as medium-sized, anhéd;al to
subhédrai éraihs of average dimensions 3mm k ;55mm. They
have an anorthite content of An74.8—78.7f they:are

consequently bytownite.

The olivines form rounded, corroded g:ains, 2x1.5mm .
‘and 1x1ﬁm in diameter which are invariabiy‘traversed by |
a network of irregﬁlar éerpentine veins ou£1inéd by
'magnetite. Thé texture shows evidence that'sérpentinizatidn
was accompanied by expansion, the effects of‘ﬁﬁich are
evident in strong radiate cracking‘of the adjacent
piagioclases (Plate 3.20).

Diopsidié clinopyroxene occurs as l.Sglmm in diameter,
subhedral to anhedral crystals. 

Alteration-products include minor broWn‘émphibole
after pyroxene, and ﬁinor magnetite ;trings pgoduced

during serpentinization of olivine.

B. Clinopyroxene—plagioélase—olivine
mesocumulates (Plate 3.21).

The following specimens are representative of this
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.group: 119, 555, 556, 557, 560, 562, 563, 564, 565
1029(1), 109, 1o04a, 851, 871, 112, 106, 237, 846 200,
539, 542, 567 and 568. |
.'The main constituents are the three dominant .
cumulus phases - diopsidic clinopyroxene, plagioClase,
and olivine.'“O:thopyroxene occurs as an exsolvéd bhase
or asla product of reaction between olivine and.the
intercumilus liquid. Average modal proportiong,are
clinopyroxéne 50%,.plagioclase 30%, olivine 15%,-
orthopyfoxené 4%, and magnetite 1%. |
DiOpsidic'clihopyroxene'occurs as anhedra;.crystals
with ah'avérage:grain-size of 3x1.5mm in_diameté:. The

clinopyroxene contains exsolution lamellae'of:o:thopyroxene

s
s
/

parallel to'(lOO).

The plagioclase is euhedral with an average grain
gize éf 3x1.5mm iékéié%éter and with ép anorthite content
of An76 2 95 2 '6ééégional-rosetteé 6f ére i# the
plagloclase are observed by graphlc texture . (Plate 3. 22)

011v1ne is sgennés anhedral, often rounded or oval
crystals ofzéberééé éiémeter 1.5mm x lmm.. Most of the

olivines are traversed by a network of irregular serpentine

veins outlined by maghnetite.

C. Plagioclase-olivine heteradcumulates

The following specimens are representative of this
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’groups 232, 238, 239, 234, 100, 102, and 103.

The main cumulus phases are plagioclaée'and
olivine, the intercﬁmulus mineral being cliﬁopyrokene.
Averagé.modal proportions are plagioclaée 60%,:Elino-
pyroxene 23%, and olivine 17%.

Plagioclase occurs as subhedral to euhgd?él,
prismatié crystals of 3.5xlmm avérage dimensions. It
hés a tendency to a planar téxture, indicative of
igneous laminétion.' The plagioclase has an éno:thite

content of An89-5

The cumulus olivine is seen as anhedral, often

and hence is calcic bytownite.

rdunded'énd oval.crystéls of 1.5x1mm average diameter.
It is invariably traversed by a network of irregular
éerpenﬁine ﬁeins outlined by ﬁagnetite. -Sqme'élivines
héve developed coronas separating them froﬁrpiagioclase
(saﬁplev232, Plate 3.23). The coronas are fo;med from
orthopyroxene and magnetite.

Clinopyroxene occurs as lafge ophitic crystals
with anAéverage grain size of 2.5x1.5mm inidiameter,

in patches surrounding the plagioclase crystals (Plate
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3.2.3.3. Norites and hypersthene gabbros
Hypersthene gabbros
A; Orthopyroxene—clinopyroxené-plagioclase
;adcumulates.

Thé following specimens are repreéentativg of this
group: 180, 183 and 138. |

Orthopyroxene, clinopyroxene, and plagioclése are
the three main cumulus phases with average modal
proportioné of orthopyroxene 75%, cliﬁbpyroxeng 25% and
plagioélase'S%.

Orthopyroxene, which is represented by hyﬁerétbene,
is extremelyfcbarse, occurring as large subhedrai
crystéls with éxsolution blebs of clinopyroxené; They
have a‘grain—siZe of 4x2.5mm on average. In some samples
the eksolution lamellae seem to have undergppé:patchy
alteration to pale-green amphibole. | o |

Clinopyroxene occurs as coarse, anhedralicrystals
witﬁ an averége grain size of 3x2mm. The clinopyroxene
conﬁains exsolution blebs of orthopyrqgene,. Some of the
- clinopyroxenes are altered to green amphibole;

Plagioclase occurs as coarse, subhedral to anhedral
crystals, varying in size between 3x2mm and 4#2.5mm in

diameter, with a slight alteration to sericite.
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Norites -
B. Pleg;oclase orthopyroxene (cllnoéyroxene)
‘adcumulates (Plate 3. 25)

‘ The Eeiiow1ng spec1mens are representatlve of this
éroup- 139 852 150, ;38, 221, 223, 157, 201, 222, 158,
217 and 152 ' L

| Plagloclase and erthopyroxene are the main cumulus
ﬁhases togesher-w1£h rare cllnoperXene.: Average modal
proportlons are plagloclase 50%, orthopyroxene 40%,
magnet1te‘3%, cllnopyroxene 4%, and tremollte—actlnolite
3%, |

‘Piégige;ase;oeehrsfas coarse, interlocking, subhedral
io anhedreiferysteis.6f'average grain sizegéx2.02mm. It
hés-an anor?hite cohhent ef An93.3;s

'Ofthoé§f03ene ié sepresented b§ hypersthene which
6c¢urs.as ceérse;'sﬁbhedral crystals of average grain
‘size 3x2mm}ftheylshew7e faint reédishapink'éieochroism.
Exsolved blebs of cllnopyroxene, ané fiheheksolution
lamellae parallel to (lOO), are present The-orthopyroxene
shows varylng degrees of alteratlon In the least
altered, tremollteﬁis:seen replac1hg ‘the edges of the
crystals. Ih the éb;e advanced stages, the orthopyroxene

is often coiipletely converted to colourless tremolite

and actinolitic amphibole.
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Diopsidic clinopyroxene occurs as Small; aﬁhedral
crystals with an average grain size of 2xl.5mﬁ and
1.5xlmm in diameter which are subordinate to tﬁé two
major phases. Most of the clinopyroxenes are aitered
~ to pale-green amphibole.

Gfanularlmagnetite is often concentrated in the

fibrdus‘tremolite—actinolite.

3.2.3.4. Gabbros
A, Clinépyroxenefplagioclase adcumulate. -
' This type“is considered very rare andlonly one sample
was noticed (209). Diopsidic clinopyroxene ahd plagioclase ‘
are the main cumulus phases with average mod%l proportions
of diopsidic clinopyroxene 70%, plagioélase»?é%, and chrome
spinel 1%.

The diopsidic clinopyroxenes occur as coarse,

1

" gsubhedral to anhedrai crystals of average.grain-size 7x6mm
in diameter. They contain exsolved blebs.of'ortﬁopyroxene,
andlfine exsolution lamellae parallel to (1005.

The cumulus élagioclase crystals occur aé coarse,
euhedfai crystals of average dimensions 5x3mm.

Chrome spinel is very minor and occurs as small

crystals in the clinopyroxenes.
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B.‘Plagioclasé—clinopyroxene mesocumulates (Plate 3.26).
Tne“follOWing snecimens are rebresentatiVe of this
group: 859 853, 1043;.1018, 544 and 541.
PlagioclaseAand clinopyroxene are‘the main cumulus
phases w1th average modal pr0portions of plagioclase
50%, lepSldlC clinopyroxene 40%, magnetite 5%, and
fibrous amphibole SA.' |
Plagioclase occurs as coarse, eunecral crystals
%ith average grain size 3x2mm in diameter. In some
samples,sucn as 859, the plagioclase'crystals are
slightly bent'orﬁstrained as shown'by the twin lamellae.
&he anorthite Coﬁtéﬁ£:°f the plagioclase crystals is
'80 6 and henceiitiis?a bytownitei.f | |
Clinopyroxene occurs as fairly large, subhedral
crystals of average diameter varying between 3x2mm and
2 5xl 5mm, uith occasional reaction rims of brown }
basaltic hornblende (sample 859, Plate 3 27). lt is
also often replacedzby pale green, fibrous amphibole
(sample‘54l;;'
Magnetite occurs as pods and is associatec with
tne develoéﬁent ot'tne brown basaltic nornblende

(sample 859, Plate 3.27).

C. Plagioclase heteradcumulate

Only sample 231 can be considered to represent this
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category. Plégidélasé is the main cgmulus phase with
intercumulﬁg, dio§;i6i¢ clinopyroxéﬁe;' Average modal
proportions are plagioclaée 55%, diopsidic clinopyroxene
40%, énd fibrous amphibole 5%._

. The plagioclase occurs as coarse, euhedral, prismétic
‘crystals witﬁ a slight tendency to 1aminétion} they haQé
ave:age:dimensions of 2.5x2mm aﬁd 0;5x0.2mm. The |
anorthite content is An86.5 and hence it is a bytownite.
The plagioclase‘crYstals ére surrounded by very largé,
ophitic clinopyroxenes (Plate 3.28). |

g ,
The clinopyroxenes are often replaced by fibrous

amphibole, but this has not affected the texture.

'3.2.3.5. Anorthosites and Leucocratic Gabbros

Anorthosites

A. Plagioélase adcumulétes (Plate 3;29)

The following specimens are representative_of this
group: 220, 160, 151, and 146.

Plagioclase is the dominaht;phase, the.rdéﬁ
approaching_an extreme adcﬁmulate. Magnetite islconsidered
an intercumulué phase. Average modal'proportioﬁs of the
cgnsfituengs:aré piégibclase 97%, magnetite 2%, and
';iinopyrdxégé:l%;'t. |

The plagioclaéé is coarse with an anorthite content
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of An93;i.‘ i?,ﬁéé suffered mechanicai deformatioh.(e.g.
160). and is“siigh#ly bent and strained as shown by the
twin ;ameliaé, InAtheée crystals the twin laméliae are
concentratea, and'bxﬁaa, in areas wﬁere the s@;éining
effect is iéaét e?iagéé, but they Qincb-out ahd £aper
~in the most aefofmédvééeas, due t@jféctystallization.
The lamellée themséivé; are commoﬁi& bent, and;they
frequently terminééé éf cracks within the plagioclase
crystals.

Magnefite is ifiterstitial and occurs as anhedral
crystals, aﬁd~sométimes as stringers between_fhe'coarse
plagioélase'crystals. | - |

'In sampie i51;:§ éhin layer of.altered plagioclase-
Elinopyroxéﬁé’cumﬁiaéé!is present, whéfe the clinopyroxene
is_donsidered‘a'cuﬁﬁigé phase.

Sémplé,l46 Shééétépmpositionél layering from
(a) plagioéiése—cliﬁop&roxene—ortﬁopyiOxene cumulate to
_Eb) plagiociase adqﬁmﬁiate.

The.o§§féil feééﬁ;e of part ka) ié fine grained.
élinopyroxeﬁe is éoﬁéehtrated into elongate patches
representing briéf periods of pyroxene deposi;ion.
Orthopyroxene, répresented by\hypersthene, is ‘concentrated

in tﬁe fine, felsic layers. The‘overall"texture of part (b)

is coarse grained. Ilmenite proved to be intercumulus
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after:it was checkéd with a reflected—light miqroscope
and'océurs és anheafélicrystals and sometimes as
'stringérs'bétﬁéeﬁ’éﬁéQAOarse'plagioclaée crystais.
Leuéécratic.gébbros'
L Thié rqék typg“isinot a common member of the gabbfoic
rocks'but_OCCurs-i;AtﬁeziaYered sedﬁences together wifh
' thé diivine éabbros and the clipopjroxene—rich cumulates.
‘The rpék—type Ofﬁeq'showsuevidencé éf granulation aﬁd}fe—
crystallization, dﬁé tovits occurrence in highly fauitéd
areas. |
Theirogk:typgtié'iaentified as a leucocratic gabbro
due to the diminiéhed émounts of ferromagnesian miﬁérals:
it gradually pasge%iiﬁfb anorthosite. |
lThé main cohé;i#ﬁéﬁtsvare plaéiociase, didpéidic
clinopyrokene, ilme;iée, chldrite, tremolite-actinolite,
and'green'hornbleﬁde. Modal proﬁortions of the minerals
preseﬁt are: plaéioclase 70%, diopsidic clinopy;qxenes
16%; green hornblende 10%, ilmenite 4%, chlorite'énd‘
'tremolité—actinolite 6%. - The overall texture of the
mineral.phages is éktiemely'coarsé grained.
Plagioclase §ccﬁrs as coarse anhedral cfystals.
All the plagioclase crystals studied show eyidénce of
brecciation, granulation, and crﬁshing due td-ﬁectonic

deformation., Undulose extinction and bent twinning are
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also évident in most‘samples (Plate 3.30). 10ccasiona11y
the large and bent plagioclase crystals pass into areag.
of shattering where the plagioclase forms ﬁuch smaller
crystals with evidencenbf recrystallizaﬁion, e.g. sample
156(3), (Plate 3.31).

Clinopyroxenes are partly altered to chlorite and
tremolite,bwith minor-iﬁterstitial remnants evident.
-in rare cases the clinopyrbxeneé are more resistant to
alteration, thus retaining their ofiginal shape.

Straw yellow-green hornblendé occurs interstitialiy
to ilmenite and as reaction rims with ilmenite (sample
110) (Plate 3.32). |

Pseudomorphs after interstitial clinopyroxener'
mainly forming acicular and radiate aggregates, wefé'
difficult to identify in some sémples;. These minerals
were identified by microprobe analysis. The first type,
with aﬁomalous brownish interference colours, wag'
chlorite. The other type, which occurs as radiaﬁé

‘aggregates, was identified as tremolite-actinolite.

3.2.3.6. Gabbro mylonites
Mylonites occur as zones of intensely crushed
and granulated rocks along clearly defined faults. The

rock is of éxtremelyvfine—grained size, which makes the
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opticél deterﬁination.Qf the various mineral phases
extremely difficult. The main identifiablé ¢6nétituents
are plagioclase and amphibole; clinopyroxenesx;re mainly
altered to pale—greeh amphibéle. o

The plagioclase varies in grain-size f;oﬁ;laths
of 1.5ximm to crystals of mediuﬁ.grain—size With average
| diameter of 2.5x2mm. Some of the plagioclase crystals
are sgverely crushed and recrystallized, with a tendency
to polygonization.' Most of the plagioclasé érystals show
an undulose extinction due to deformation.

The clinopyroxenes are mainly altered(to pale-green
amphibole but the few grains rémaining can}be seen to be
elongated, with a very strong‘parallel fabric}
Occasionally a few residual, large and shatte:éd clino-
pyroxenes can be observed as remnants in the fine-grained
matrix (Plate 3.33). In some samples (e.g. 559), the
pale-green amphibole occurs as porphyroblasts get in the
fine-grained matrix of plagioclase laths andiémphibole

which show a strong alignment..

3.3. Petrography of the basaltic rocks

3.3.1. Occurrence

Rocks of basaltic composition are coﬁm@n within the

ophiolites of the Northern Oman Range. They form massive
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 pPlate 3.33 Photomicrograph: Finc-grained amphibolized
' gabbro mylonite, showing amphibole as
porphyroblasts set in a fine grained matrix
of plagioclase laths and amphibole which
show a strong alignment. Few residual,:
large and shattered clinopyroxenes can be
observed as remnants in the fine grained

matrix (Sample 559. XP. Field width = 8 mm).
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fiows, sheeted dykes and occasionally near-vertical
dykes that vafy in thiqkness between two and three
metres. The dykes strike between 35° and 406 and dip steeply south-
eastwards. In hand specimen, the rocks are défk:and |
massive, and contain small phenocrysts of feldééar,

and ferromagriesian minerals now pseudomorphéd‘ﬁy

ghiorite.

The bééaltic rocks are mainly'concentraféd to the
southeast of Jebél Qidfa where they form sheetea dvkes,
disseéted bf short and steep Wadis, and coveréa.bi coarse
scree. Other basaltic rocks occur. as flows, concentrated
on thé‘sma11 is1and of Sirat Al-Khawr, which.lies about
a mile offshore from Khawr Fakkan and in the extreme
north near Jabal Khawr Fakkan. Fine, vertical to sub-
vertical dykes of basaltic rock also intrude_tﬁe gabbros
of Jabal Khawr Fakkan in the coastal region;jl

The folléwing specimens are representative of this
group:.Lavas - 101, 103, 107, 122 and 1004. Sheeted dykes -
108, 109, 111, 117, 1494, 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 overall texture of the basaltic rocks is fine

grained, varying from aphenitic to porphyriﬁic. The
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OCCasioﬁal phénocryété_consist of piagioclasé, amphibole
and chlorite embedded in a microcrysﬁalline éfoundmass of
plagioclase'microlitéé;'amphibole, quartz and:occasional
carbonates (Piété'3.34). |

Average modal proportions of theAéonétitﬁents are’
plagioélasé 38%, amphibole 47%, Quartz ll%,Aéé:bonate 3%,
and talc 1%. There is considerable variation in quartz
contént however, one sample, a.porphyritic‘basalt (154)
having 25% quartz. ‘This is thus transitidnéi:to the
amphibolised, quartz-rich dolerites (Sectibﬁ.3.3.3.).

. The groundmass feldspars occur as fine;'lath—shaped
crystals with average dimensions of 0.6 toko.émm. They
show slight to very gbod, preferred orientation. Occasional
feldspar phenocrysts rangé up to 1.5 by O;S@m; The fine-
grained, lath-shaped feldspar is albite, while”the
dccésionﬁl phenocrysts are andesine An50_46;'

Quartz occurs in patches interstitialltb the
feldspar laths and occgsionally shows a poikilitic texture.
The average diameter of the quartz crystals lies between
1 and Zﬁm. Some show undulose extinction,7ihdicative of
strain, and sutured boundaries. |

Amphiboles and chlorite occasionally océﬁr as
phenocrysts with averageldimensions of 2.5x1.5mm. More

commonly the amphiboles occur as fine, lath-shaped
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crystale_OéézO;lmﬁwiﬁ ayefage dimensions, or es-fine,
needle-likej:pale—éteeﬂ erystals which project into the
quartz patches (Plate 3. 35)

Velnlng of the flne—gralned ﬁatrlx by talc and
éérbenetesiis rareﬂtend only ev1deet in one sample.

Perxeﬁes are”canerted entirely to amphiboles.

5.3;3.:Ahpﬁibolizea[‘éﬁartz—rich doierites

fhe auphibolizéé: quartz-rich éelerites occur as
eub—vertlcal.dykes aboﬁt two metree.thlck, within the
gabbros of the Khawr Fakkan region. They are pr1nc1pa11y
found in Jabal Khawr Fakkan in the coastal regionAnear
the Gulf of Oman, and more rarely to_the north of Wa&i
shi (Fig. 2.2).- The following specimens are representative
of this'gfoup: 227, 228, 184, 196, 164, 218, 137, 1ﬁo.and
159.

The'dolerites are mediﬁm to fine grained rocks
conta;nlng subhedralufiath -shaped plagioclase, interstitial
quartz, pale—green emphlnol- and ilmenite. ‘Average modal
proportlons of the conetltuents are plagioclase’ 40%,
ampnlbole 30%, quartz 25% and 11men1te 5%. )

The plagloclaee laths have ave;age dlmensionszof
élby 2mm, énd l.Slbf lrm. They have aﬁ anorthite content

of Anso-and are thus andesine-labrédoriteﬂ”
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Quaxtz’dccufé as clear patches.interstitial t§
plagioclase[iocdasionally seeming to feplace the margins
éf the plagiécléééféryétals. The quartz crystals some—
times show a éhédoﬁy; éfrained extinction and suﬁured
boundaries are evident in places.

Pale-green amphibole, and straw yellow—greeh
hornblende after pyroxene oczcur as needle-like to
prigmatic crystals; the needle-like amphiboles project
Ainto the quartz patches. A tendency to preferréd
orientation is év%dent in the straw yellow—greén
hornblende.

Clinopyroxene is almost entirely converted to
amphibole, with the exception of one sample (196)
where minor clinqpyroxenes are pseudomorphed byj

horhblende éﬁd skeletal ilmeno-magnetite (Plate 3.36).
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CHAPTER 4: Whole-rock geochemistry

4.1. sample preparation

The specimens were split into fragments usiﬁg af
~ hydraulic splitter, and the weathered paféé were cut
away.and discarded in order to prevent contaminatidn.
The fr&gments were crushed into chips using a Stﬁrtevant
Jaw crusher and this was followed by grinding in the
tungsten cafbide vials of a Tema Disc Mill, which re-
duced the samples‘to a powder of around 300 mesh. A
few gfams of the resulting powder were pélletiséd, using
a hydraulic press, under a pressure of 5 tons pér square

‘inch; 3 drops of "Mowiol" were added as a binder.

4.2, Major element analysis

Chemical analyses for major elements‘were“made
of 358 samples, which included 86 ultramafic récks and
272 basic rOéks, composed 6f cumulate pyroxenitgs,
‘gabbros, and fine-grained basaltic rocks. Thé pelletised
samples were analysed on a Philipé PWl2l2 autométic
vaéuum speétrometer which is capable of handling up to
‘108 samples inla run.- The elements Si, Al, Fe, Mg, Ca,
Na, K, Ti, P and S were determined using a Cr target for
érimary radiation, and an evacuated sample chamber. Mn

was analysed separately using a W target. A "fixed counts"
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operéfing procedure was used. In order to minimise the
effects of electronic instability and voltage drift a
moﬁitor was used thréughout and sampies were analysed in
groups of three. The samples were divided into three i
groups (ultramafics, gabbros and relafed rocks, and fiﬁeé
'graihed basalts and dolerites). Each group was analyséd-
separately. The international standards AGVI, W1, K211,
BCR1, G, Tl, S1, GR, GA, OK272, and GSPl were used fo£ 
the gabbros and relateétrocks, and for the fine—graingd
-.basalts and doleritic types. For the ultramafic rocks,

the U.S.G.S. international standards DTS1, PCCl, UMl, -UM2,
UM4{ RE114, and RE507 were used. The compositions ofithe
international standards were taken from reviews by

, Flanagaﬁ (1969, 1973). Total Fe was calcﬁlated'és Fe203.
Mass—absorption corrections were made by an iterative
brocedure using the computer technique originallyidescribed
by Holland and Brindle (1966), as modified oy Reeves (1971) .
75-fresh samples representing the fhree roci groups were
chosen for the determination of FeO, usiﬁg a wet-chemical,

metavanadate method; these are shown in Tableé'4;l to 4.4.

4.3. Trace element analysis

The elements Ba, Nb, Zr, Y, Sr, Rb, Zn, Cu, Ni and

Cr were determined using a W target, and an evacuated
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slamplé chamber. Aﬁalytical count data were converted
into cbncéﬁtrationé (ﬁpm) using tﬁe cbmputgrlpfogramme
"Tratio" w#itten by Dr. R;C.O. Giii. This pfoﬁramme
uses theafﬁnction (peak intensity/background ihtensity)
-1 to compensﬁte for matrix and mass gbsorptioh effects,
using scattered background radiation as an- internal
standérd. Corrections for contamination and also certain
element interferences (e.g. Sr k,ﬂ on 2r ka: .)' were
included in this programme.

The standards used were synthetic spiked glasses
constrﬁcted'for use in analysis of lunar basalfs (Brown
‘:gg_gl., 1976); The U.S.G.S. standards wefe aiso used.
The samples were again arranged into the three groups
described above and each group was run sep;rately.

'Fbr analysis of the ultramafic sampleé,»only the
U.S.G.S. standards were used because the Niiahd Cr
valuéé-are much higher than the levels in the lunar
standards. The elements Ba, Nb, 2r, Y, Sr, Rb and Zn
were not determined for the ultramafics, bécause all
of these elements were below the detection lihit in a

reconnaissance run of thirteen samples.

4.3.1. Ultramafic rocks
Analyses of the ultramafic rocks are given in

Tables 4.5 to 4.7 together with their CIPW norms.
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The ahalyses are all expressed on a water—ffgg basis.

The variation in degree of serpentinisation of the
ultramafic rocks makes the interpretation bf:théir
analysis difficult, owing to the possibility'that the
serpentiniSation may have changed the proportions of the
major constituents. An indication of the effects of
serpentinisation is seen in samples where fefric iron
contents are slightly higher than ferrous irog. This
undoubtedly fesults from the production of maénetite
during serpentinisation and oxidation of olivine.
Engin and Hirst (1970) have shown, however; £hat the
éroportidns of most major oxides remain ré¥ative1y
'unaffeéted by serpentinisation and thus anéljses
expresséd on a water-free basis are generélly represent-
ative of unaltered rocks.

The following points may be remarked upon, on the
- basis of the maior and trace element conteﬁﬁé of the
ultramafics. In general, the peridotites‘sﬁqw a
variation of MgO content between 39.25 aﬁd 47.62 percent,
characteristic of the alpine type of peridofite, while
the content of SiO2 varies from 40.93 and 45.90 percent.
The peridotites, mainly dunites, harzburgites and
wehrlites can be subdivided on the basis;of their
significant major and trace oxide contents{.mainly on

o

the basis of Si0,, MgO, Cao, NiO, and- Cr,0,. The
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dunites show a lower 8102 but higher MgO content than

the harzburgites.,fThe wehrlites have:comparable,.sio2
contents to the dunites but have higher Ca0 and lower
MgO contents than either the dunites or harzburgifes.
The analyses are in good agreement with values for
peridotites from Burro Mountain California (Loney et al.,
1971).

Total iron, shown as Fezoﬁ, varies between 10 and
12 percent for the dunites, and 8 and 9 percent_for the
harzburgites. Variatipn of total Fe as Fe203 in the
wehrlites is greater, and inversely related to the MgoO
content. CaO contents are a reflection of the presence
of major amOunts'¢f é}inopyroxene‘;n the wehrlites, and
conversely, a minokr éiésence in thé'dunites»and
harzburgites. It is possible that some Ca0 has been
removed during serﬁéhﬁinisation;»this would be:most
extensive for the wehrlites (Barnes 33;3;,, 1967; Page,
1967b). Some haréburgites have moderate levels of ca0
despite the absenqe of accessory,‘discrete ciinopyroxene.
These levels are éue fé the calcium contents‘§f the
orthopyroxene in the harzburgites., |

Orthopyroxene, clinopyroxene and chromian spinel
are the Al,O_-bearing minerals in the harzburgites and

23

wehrlites. 1In the dunites, accessory chromian spinel
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is virtually the ohly Al 03-bearing phase.

2
Alkalis are present only in trace amounts, but

in general the Na

2O value is higher in the harzburgites

and wehrlites than in the dunites, which suggeéts that
the Na, O is probably in the clinopyroxenes. Kéb.is
truly depleted in the peridotites. |

The Crzo3 in the peridotites is mainly é function
of the modal amount of chromian spinel present in these
rocks. In general, the harzburgites have a faﬁge of
0.35 to 0.52 percent, the dunites 0.40 to 1.33 percent

and the wehrlites from 0.47 to 0.59 percent Cr,_O In

. 3°

rare cases, wehrlites have higher Cr contents than

203
either the dunites or harzburgites. This is most
probably due to chrome-rich clinopyroxene in the
wehrlites, a conclusion confirmed by electron-probe

analysis of clinopyroxenes whose Cr content varies

203
between 0.98 and 1.43 percent (see Chapter 5).

The NiO levels in the dunites vary betwgen 0.19
and 0.37 percéht; in the wehrlites betweenjo;i6 and 0.30
percent aﬁé in £he hafzburgites OCCUpy @& very narrow range
between 0.29 and 6,36 éercent. The Ni of the ultramafics
is mainly éoncentrated in the olivines and the high
uniform leVel in the harzburgites reflects their

refractory nature. The whole-rock distribution of Ni is

confirméd by electron probe analysis of the olivines in
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the harzburgites and dunites which gives a disfinctly
higher Ni content for the olivine from harzburgite.
Some variation in content may be a reflection of
variable serpentinisation of these rocks. However,
during parfial melting, Ni would enter the:refractory
crystals of olivine and thus variation in the ultra-
mafics may well reflect variation in the dejrée of
partial melting, in temperature and pressure, or the

extent to which the process approached equilibrium,

4.3.2. Cumulaﬁe pyroxenites

Analyses of the cumulate pyroxenites are given in
Table 4.8, expressed on a water-free bagis. The
cumulate olivine pyroxenites are characterised by
high MgO varying from 22 to 26 percent, whi;e:SiO2

varies between 43 and 52 percent. A1203 contents are

very low, generally between 1.1l and 1,77 percent;
although in rare cases, A1203 amounts to 11 and 9
percent. Ca0 is present in relatively high amounts,
varying between 14 and 18 percent. This is ciearly
due to the high modal proportions of clinopyroxene
present in these rocks. The pyroxenites are depleted
in alkalis and Ti02.

Chromium and nickel are the only trace elements

present in significant amounts. For instance Cr203, in
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the pyroxenites, varies between 0.40 and l.Oi:percent.
The chromium is present in significant amounts because
Cr3+ substitutes in the octahedral sites of pyroxenes.
The abundance is confirmed by electron—probevanalysis

of clinopyroxenes whose Cr content varies between

0.32 to 0.86 percent. The Cr is depleted in the magma
early in fractional crystallization (Taylor, 1965).

NiO varies between 0.03 and 0.06 percent levels
which are very much less than those of the-ﬁitramafic
rocks described above. The chief host for Ni is olivine
and thus part of the difference between the cumulate
pyroxenite and ultramafic Ni levels may be due to the
lower proportion of olivine in the cumulates. However,
the cumulates themselves have been formed by fractional
crystallisation of a basic magma which was ggherated by
partial melting of the upper mantle. During the latter
process, as seen above, Ni is partitioned into the re-
fractory residuum, the crystalline phase, and thus
depleted in the melt. Consequently the olivine-

pyroxenite cumulates have formed from a liquid from

which Ni has been previously extracted.

4,.3.3. Gabbro cumulates, norites and anorthosites
Analyses of these rocks are given in Tables 4.9

to 4.10 expressed on a water-free basis.
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Many of the rock types, especially the olivine-
rich types, are altered with serpentinisation of
olivine widespread and to‘a much lesser extent, alteration
of pyroxenes to tremolite-actinolite. Serpentinisatioﬁvpf
the olivines, in the oiivine gabbros, has led to adjacent
cracking of the plagioclases in some samples. Alteration
can make the bulk-rock chemistry difficult to interpret
if constituents have been added or removed from thé» .
original rock. The volume increase shown by the olivine
as a result of serpentinisation suggests, however, that
the process may have been essentially isochemical except
for addition of H,0. Based on 100xMgQ/(MgO+FeQ) ratios.
one can differentiate between the mantle rocks, the
cumulates, and the basaltic rocks. The ultramafics

have ratios of 87 to 92, the cumulates 60 to 73, and

the basaltic rocks between 34 and 59.

4.3.4. Basaltic rocks

Analyses of the basaltic rocks are given in Table
4.11. These rocks include dykes (sheeted dykesj and
extrusive lavas. They may in part be silicified and
have relatively high silica values in the range 55 to 60
percent. Al, 0, contents vary from 8 to 14 percent, MgO

273
from 4 to 10 percent, and CaO from 6 to 12 percent.
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General characteristics are their low potassiﬁm and
titanium contents which are invariably less than 1
pexrcent. In some extrusive samples, Na20 feaches

2 to 4% and the rocks are spilites, but geﬁerally Nazo
values lie in the range 0.39 to 1.53 percent; Based
on the modes and chemical composition, the primary

magma, from which the extrusive rocks are derived, is

regarded as tholeiitic basalt.

4.4. variation in major elements.

Variation is illustrated by means of'AFM diagrams,
and plots 6f total alkalis versus 8102 andlof oxides
versus MgO and versus 100xMgQ/ (MgO+FeO): The samples
chosen to illustrate chemical variation were;the
freshest samples, based on petrographic éxamination.
Those diagrams involving FeO and Fe203 resui; from

plotting only those samples on which FeO determinations

were made.

4.4.1. AFM diagram

In figure 4.1 the trend shown by the Oman
ophiolites is compared with those for the Bay of Islands
ophiolites (Malpas, 1978), the Troodos Plutonic Complex

of Cyprus (Allen, 1975), the Bett's Cove ophiolite complex
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Figure 4.1.(A) AFM variation diagram for the
ultramafics, gabbros and basaltic rocks.
B, C, D, E and F are those of the Bay of
Islands ophiolites (Malpas, 1978), the
Troodos Plutonic Complex of Cyprus (Allen,
1975), the Bett's Cove ophiolite complex
(Upadhyay, 1973) and the ophiolites of
pPapua and New Caledonia (Rodgers, 1975).
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(Upadhyay, 1973), and trends exhibited by the recognised'
ophiolites of Papua and New Caledonia (Rodgers, 1975). o
The general ultramafic-mafic fractionation trend_éf
the ophiolite rocks of the Khawr Fakkan area is similar-:
to the above-mentioned ophiolite complexes, and also
similar to the general ophiolite trend giveﬁ by Thayer
(1967) . All the rock types plot along a trend of iron-
enrichment typical of tholeiitic suites. However,
fractionation has been such that there is a decrease in
iron from some ultramafic rocks to the cumulate gabbroé,
the most pronounced enrichment being in the basaltic
rocks. The spread of the gabbroic rocks, apparently
indicating their enrichment in alkalis, is probabiy
explained by their variable concentration of cumulgte
plagioclase (Malpas, 1978). The basalt fractioﬁation
trends of Skaergaard and the Hawaiian lavas are more
pronounced than in the ophiolite series. This may be
due to the fact that the ophiolite series did not
develop from a single magma reservoir, but from ﬁasaltic
magma generated more or less continuously by pa?fial
melting of the mantle (Alleman and Peters, 1972). |
4.4.2. Total alkalis versus Sio2
On the diagram (Fig. 4.2), all crustal rock types

from the ophiolite suite studied can be clasgified as
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Figure 4.2. Total alkali versus SiO, plot, showing
the alkali-subalkali basalt divide proposed
by MacDhonald (1968), and the calc-alkali
tholeiitic basalt divide proposed by Kuno
(1968) .
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tholeiitic, since both populations (cumulate gabbros
and basaltic rocks) plot below the alkali/sub-alkali
dividing line proposed by MacDonald (1968) and also
plot below the calc-alkaline trend of Kuno (1968).
The rock types are similar to the ophiolitic rocks of 
the Baie Verte Group of Newfoundland described by Normah
and Strong (1975).
4.4.3. Si02, A1203, cao, Fe203 and FeO versus MgO

Figs. 4.3, 4.4, 4.5, 4.6 and 4.7 show plots of the
major-element oxides against MgO. In most instancésfthere
is a clear separation between the plots of the upper:
mantle rocks (dunite, harzburgite and.wehrlite) and the
cumulate gabbros and associated basaltic rocks. The plot
for "pyrolite" (Ringwood, 1966), lhergglite (Boudier, 1972),
estimated Upper Mantle (Harris et al., 1967) and
lherzolite (Dickey, 1970) are also shown. The pdéition
of the wehrlites in relation to this plot clearly
demonstrates their less refractory nature in comparison
to dunite and harzburgite. Most of the wehrlites are,
nevertheless, more refractory than pyrolite.

The evolution of the liquid phase of the'partial
melting process is only shown by the fine-grained
basaltic rocks, variation in the gabbros being clearly

controlled by the relative proportions of the cumulate
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Figure 4.3. Si0, versus MgO diagram for the
ultramafic-mafic rocks. The field of
olivine, orthopyroxene, clinopyroxene and
pure anorthosite is also plotted.
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Figure 4.4. Al_O_, versus MgO diagram for the
ultramafic-mafic rocks. The field of olivine,
orthopyroxene, clinopyroxene and pure '
anorthosite is also plotted.
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Figure 4.5. CaO versus MgO diagram for the ultra-
mafic-mafic rocks. The field of olivine,
orthopyroxene, clinopyroxene and pure
anorthosite is also plotted.
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Figure 4.6. Fe, O, versus MgO diagram for the
ultramafic-mafic rocks.
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Figure 4.7. FeO versus MgO diagram for the
ultramafic-mafic rocks.
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minerals olivine, pyroxene and plagioclase. The.
basalts themselves are thus clearly not partial melts
from the upper mantle but have evolved from a partial
melt magma through the crustal process of fractional
crystallisation. | |

An estimate of tﬁe'composition of the gabbroic,
partial-melt magma can be made by back-~extrapolating
the line of liquid descent shown by the fine—grained
basaltic rocks, the line of plagioclase fractionation
(towards anorthosite), and a line joining the cluster
of dunite and harzburgite plots (at a point representing
a mixture of approximately 9 parts olivine to 1 part
orthopyroxene) and "pyrolite". The point of:inter—
section of these evolutionary trend lines givee an
estimate of partial melt composition, and further
suggests a ratio of liquid to refractory residuum of
the order of 1 to 3. |

Many of the gabbros plot close to this boint, the
remainder having plots which are influenced by the
dominant cumulus minerals. Olivine and pyroxene-rich
cumulates show relative increase in MgO at fairly
constant SiO,_, and CaO, olivine gabbros show increase

2

in MgO and decrease in SiO, and CaO relative to the
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partial melt magma, and plagioclase enrichment is
clearly shown by the trend towards anorthosite.

The line of liquid descent is reflected'by“a fairly
smooth cur&e through the fine-grained rocks-iﬁ both Figs.
4.3 and 4.5. These show.that bofﬁ 10, and céo decrease
as MgO increases, a n;rmal result,of fractionation of

olivine and/or pnyxene together with plagioclase.

Although Alzd

3 increases into the anorthosites,

the gabbros and fine-graihed basaltic rocks show no
systematic variation reflecting the ubiquitoué presence
of plagioclase feldspar in these rocks. Altﬁqﬁgh FeO
increases with decreasing MgO from mantle roéks to the
cumulate gabbros and pyroxenites, the sharpest increase
is in the basaltic rocks. Fractionation of:olivine and
clinopyroxene account for depletion of MgO felative to
FeO and iron enrichment in the basalts is thus probably
due to crystallisation of magnetite. Ferric iron is
relatively abundant in the harzburdites and dunites
compared to the cumulate gabbros and basaltic rocks.
Breakdown of olivine to magnetite due to éerpéntinisation
and oxidation, and the presence of considerable spinel,
probably account for the high ferric content of the

mantle rocks.
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4.5, variation in trace elements
4.5.1. Cr versus Ni (Fig. 4.8)

Irvinevénd Findlay (1972) used Cr and Ni variation
to discriminate between alpine peridotites and cumulate
rock associations in layered complexes. Their
boundaries were drawn from the Bay of Islands Complex
which contain an ultraﬁafiévtransition zone of feldspathic
dunite and troctolite. They suggest;d a simiiérity
between alpine peridotites énd the tectonic haxzburgites
and 1ﬁerzolites of the Bay of Islands Complex, ﬁttributing
a mantle origin to the latter. The peridotites of the
present study supplement this viéw.

The studied dunites, harzburgites and wehrlites fall
within Irvine and Findlay's general aipine~peridotite
field, while most of the cumulate gabbros occupy the
layered-series field. However, some of the cumulaté
pyroxenites and wehrlites have an unusually high concent-
ration of Cr, in the range 6000-7000 ppm. Substitution of
Cr in the clinopyroxenes and its concentratidﬁ in early
crystal phases during fractional crystallisation explains
the maximum concentration of Cr in the cumulate pyroxenites.
The concentration of Cr in the pyroxene of wehrlites is,
however, probably representative of relatively primitive

mantle material in which the clegree of partial melting is
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Figure 4.8. Cr versus Ni logarithmic plot for
the ultramafic-mafic rocks.
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insufficient for Cr to be redistributed into chromite -
a situation very clearly shown by the harzburgites and
dunites.

Once the partial-melt magma has béen generated,
concentrétion of Cr and Ni into the early crystal phases
of the olivine and pyroxene-rich cumulates results in

depletion in the basaltic rocks.

4.5.2. and Ni0 versus 100xMg0/ (MgO+Fe0)

Cr203

The cation Cr3+ is virtually identical in size to
Fe3+ but the more ionic nature of the bond with oxygen
leads to preferential entry into Fe3+ positions, and
consequent depletion at the early stage of fractional
crystallisation (Taylor, 1965). Accordingbto Taylor,
the larger size of V3+ causes it to enter rather later
fractions than Cr3+. The Cr3+/v3+ ratio decréases with
fractionation and is a good index of fractionation: Cr/Ni
ratio is not a good index of fractionation as Cr and Ni
enter different sites and different minerals. Cr
abundance follows the series:

Spinel’® early Cpx > late Mt > Opx > late Cpx) Ol.

.The Cr content of the parent magma decreased rapidly
during fractionation (Fig. 4.9), but the separation of

a discrete Cr-rich phase into the cumulus focks makes

this trend less apparent than for Ni in the range 100xMgO/
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Figure 4.9. C:r203 versus 100xMg0O/ (MgO+FeO) for the
ultramafic-mafic rocks.
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(MgO+FeO)= 87-92.

A large gap in Cr concentration, at 0.23 to

203
0.29 percent in the present study shown in Fig. 4.9,
and at 0.14-0.25 percent in the Troodos Plutonic Complex
reported by Allen (1975), occurs between mantle rocks
and most cumulate gabbros. The gap correspénds to the
partitioning of Cr between refractory residuum (crystal
phase) and magma (liquid) attendant on paitial melting.
The gap is partly bridged by concentration of Cr into
the early crystal phases, olivine and pyroxene, and the
resulting relatively high contents of these cumulates.

The wéll—known enrichment of Ni in eérly mineral
fractionsof magmatic crystallisation has béeh explained
by Burns (1970). He considers that Ni2+ has high-
octahedral-site preference energy, and occupies the same
sites as Mg2+ and Fe2+. Burns postulates that the solidus-
ligquidus relations in the binary Nizsio4-for§terite system
are inverted in melts containing large proportions of
tetrahedral-coordinated sites, so that enrichment of Ni
results in éarly, rather than late formed, olivine.

Hakli and Wright (1967) showed the RD liquid/olivine
for Ni to be 0.10, 0.074 and 0.059 at 1250, 1160 and 1050°C,

respectively. The appreciable difference between NiO

contents of harzburgite and dunite, shown in Fig. 4.10
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Figure 4.10. NiO versus 100xMg0/ (MgO+FeO) for the
ultramafic-mafic rocks.



NiO Wt%

04 - A Dunites ® Pyroxenites

o Harzburgites o Gabbros
0.3 ® Wehrlites x Basalts ' N o Ao
o ag
Ji
AAA
2 ®
0 ‘%
9
01
o
®
& _ 9 o Ve ?
X
0 —X l xx—x—x—,x—x—-)oo(l?@m)-@_@r’_&o 8°| : 1
20 30 40 50 60 70 80 90 100
MgO '

MgO +Feo X '00



109

suggests that KD may be substantially influenééd by
pressure and temperature.

As seen in Fig. 4.10, the harzburgites éphtain
from 0.29 to 0.30 percent NiO, the range of concentration
being very limited in comparison to the other»ultramafics.
The uniformity of NiO in the harzburgites suggests that
crystal-liquid partitioning has gone to equilibrium and
that the temperature may be somewhat lower thaﬁ for
partial melting which produced dunite as a residuum.
For the dunites, the range suggests either compositional
variation in the starting material or a range of temper-
atures and pressures for partial melting, some of which
were greater than for the harzburgites. Dﬁnites contain
0.19 to 0.30 percent NiO, and overlap with wehrlites
which contain 0.16 to 0.20 percent NiO. Concentration
of Ni into the refractory residuum of partial melting
results in a low NiO content in the magma generated by
this process, and also in the cumulate olivine-pyroxenites
resulting from fractionation of this magma. - Cumulate
‘0olivine gabbros contain higher values of NiO than do
the cumulate gabbros due to the absence of olivine in
the latter, since the NiO content of the rocks is closely
related to their olivine content. Ni thus correlates

with Mg in the cumulates and in the basaltic rocks is



10

extremely low, approaching almost complete.depletion.

4.6. Ti-Zr-Y and Ti-Zr-Sr discrimination diagrams

Pearce and Cann (1973), using two sets of
discriminant analysis, outlined the fields‘shown on Figs.
4.11 and 4.12 corresponding to different vdlcanic
environments.

The first set is based on the c0mparati§ely
immobile elements Ti, Zr and Y. The second sét is based
on an additional element Sr, which gives a bétter
discrimination plot. However, use of Sr is_only
strictly valid for fresh or slightly altered rocks.

The authors subdivide basalt populations in the

following manner:

1. "Wwithin Plate" basalts (Ocean Island or Continental
basalts).

2. Ocean~floor basalts (Tholeiitic and Alkalic).

3. Volcanic-arc basalts (Low-potassium tholeiites).

4, Calc-alkali basalts (High K Basalts).

Although freshlbasalts from different tectonic
settings show distinctive chemical features for some
major and trace elements, such an approaéh is difficult
to apply when the rocks are chemically alteréd. It is

well known that weathering, spilitisation and other
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Figure 4.11. Y-Zr-Ti triangular diagram Pearce and
Cann (1973) with selected basalts and gabbros
plotted. - Within Plate Basalts = D, Low K
Tholeiites = A+B, Calc-alkali Basalts = C+B,
and Ocean Floor Basalts = B. '
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i

Figure 4.12 Sr-Zr-Ti triangular diagram Pearce
and Cann (1973) with selected basalts and
gabbros plotted. Ocean Floor Basalts = C,
Low K Tholeiites = A, and Calc-alkali

Basalts = B.
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metamorphism induce strong chemical mobilisation,
particularly of the alkali and alkaline-earth elements.
Ophiolites, presumed to have formed in an ogeénic
environment, are often strongly altered and havé_
undergone secondary element mobilisation (Mohtiény

et al., 1973; Pearce, 1975). The present study
supplements this view.

Fig. 4.11 discriminates against "Within Plate
Basalts" on the basis of Y content. From thé.diagram
it is concluded that both the gabbros and basaltic
rocks of the present study lie within the field of
ocean-floor-basalts, although a minor pr0portion of
both types fall within field A (low-K tholeiites)‘

Fig. 4.12 is based on Sr, which is probably remobilised,
and Sr appears to concentrate in the gabbras;_However,
the two populations fall distinctly in field A (Low-K

tholeiites)

4.7. Discussion

Evidence from field relationships, peﬁrography and
geochemistry has been presented that the ﬁltrémafic-
gabbroic basaltic rock sequences of the Khaw? Fakkan-
wadi Shi-Wadi Madha are genetically related, having
been the result 6f partial melting of the upper mantle

followed by fractional crystallisation of the basaltic



14

mégmas generated by this process.

The trend of the rocks on the AFM diagram is
similar to that of other ophiolites which have been
referred to as alpine—type ultramafic complexes, with
a lower Fe/Mg ratio and lower alkalis ﬁhan that found~.
in typical basalt fractionation trends of continental
layered intrusions. Variation diagrams further reveal
the chemical relationship between the various rocktyﬁes,
with trends in cumulates due mainly to the fractidnétion
in various proportions of olivine, orthopyroxene, |
clinopyroxene, and plagioclase. The variation in iron,
with low Fe/Mg ratios in the peridotites and cumulate
pyroxenites, and higher Fe/Mg ratio in the cumulate
gabbroic and basaltic rocks, can be explained by fractional
crystallisation of magma for the gabbros and basalts under
conditions of low oxygen fugacity. The parent magma for
the studied ophiolitic rocks appears also to have been a
low-Ti and low-K tholeiite type basaltic magma. that
crystallised under conditions of low oxygen fugacity,
probably in the upper crustal zones beneath a-mid—oceanic

Ll

ridge.
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CHAPTER 5: Mineralogy

5.1. Electron Microprobe analysis methods.

The mineral énalyées listed ih Tablés 5.9¥5.75
were obtaiﬁéd by electron microprobe analysis, using a
Cambridge Iﬁstrumenf Company "Geosqén Mark IL" éiectron
microprobe;: They_were obtained from polished.thin
séctions, 30—50'micfons in thickﬁeés, the anélysed
éamples beihg choséﬁioﬁ the basis of minéralégy and
texture. ﬁhere poséiﬁle, all the main coexistihg phases
were analyséd.

Efforté were made to standardize operating conditions,
and in ordéé to avoid undue bias all the coexisting phases
were analysed for the same elements, under:thé;same con-
ditions. The general methods employed are fhose described
by Sweatman and Long (1969).

The "Geoscan" was operated under a high vécuum, at
an accelerating voltage of 15 kV and a specimen current
of 0.04A. The electron beam was kept focusséa throughout,
giving an analysis spot of 1-4 uM diameter. -

Secondary X-rays were analysed using a Wavelength
dispersive system. The spectrometer has a take-off
angle of 75° and was used with LiF, K.A.P. and P.E.T.
analysing crystals. Table 5.1 shows the optimum

analysing conditions for the nine main elements, and
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also conditions for the alkalis, Na and K.

The wavelength dispersive system is based on a
comparative technique, and the standards used for each
elements are also given in Table 5.1. The standa;ds
comprise metals, oxides and sim@le silicates of_khdwn
composition. Both they and the polished thin ééctions

were carbon coated simultaneously, prior to use, to

- ensure equal thickness of carbon coat.

Data from the "Geoscan" were corrected for the
effects of atomic number (Duncumb and Reed, 1968),
mass absorption (Heinrich, 1966), and fluorescéhCe
(Reed, 1965). Corrections were made using an on;line
Varian 620-100 computer. The correction procedure was
applied using the computer programme “Tim 3" written
by Dr. A. Peckett. The on-line computer stores the
data and also performs a dead-time correction, and
subtracts background from peaks. Machine drift'was
readily detected.

The following procedure was adopted in setting up

the "Geoscan" at the start 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 backgiounds 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 calculated.

6. If the results were satisfactory, further unknown
peaks were recorded, and the érocess was continued.
If the results were not satisfactory, standard peaks
were re-located and re—analysed. Background values,
obtained for each peak, were uéed,throughout a
session, and they were not re-determined for each
individual mineral.

Detection limits are calculated from the formula:

l3__ Rb
M /1

where M = mean peak counts/sec.
Rb = mean background, counts per second.
Tb = counting time on the background.

Calculated detection limits are in the rénge 200~500 ppm
(0.02-0.05%) .

The overall precision, taking into account the
counting precision and uncertainties in the correction

procedure, is probably in the order of tz%'of the amount
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of the major constituent present.

The probe anaiyses given in Tables 5.9-5.75 are
all spot analyses eaéh made at one point. Lobate aﬁeas
from a serpentinizéd éﬁnite were the phases which |
readily deteriorated under the electron beam, due to- 

0. In all other cases

the presence of high'amounts of H,

it was possible to Eomplete analysis before this occurred.
Corrected analyses were tabulated, with Fe (total)

+ o 2+ 3+ _—
taken as Fe , except that Fe and Fe were distributed
stoichiometrically for the spinel minerals. Hydratéd
minerals are presented on a water-free basis, and the

apparent percentage deficiency is taken to be the water

content.

5.2, Olivine

Microprobe analYSes were performed on olivines
from peridotites, cumulate olivine byroxenites, and
cumulate olivine gabbros; the anaiyses are given in
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. Peridotite olivines
Olivine compositions of Alpine-type peridotites
and peridotites from various ophiolites are listed

in Table 5.2.



L.ocation

1. Wadi Madha and
Wadi Shi areas.

2. Burrow Mountain

3. Vulcan Peak

4. Papua, New Guinea

5. Bay of Islands,
Newfoundland

6. Orthris, Greece

7. Troodos Plutonic
Complex, Cyprus

8. Red Mountain
Peridotite,
New Zealand.

120

sSource

Loney et al. (1971)

Himmelberg énd
Loney (1973)

‘England and Davies
(1973)

Irvine and Findley,
(1972);Malpas (1978)

Menzies (1974)

Allen (1975)

Sinton (1977)

TABLE 5.2

F 0‘20

- 88-92

©91.1-91.4

-90.7

91.6-93.6

89.4-91.8
91l.1

90-92

90.3-91.4

- 89.9-90.6

Olivine compositions of Alpine-type periaotites and

peridotites from various ophiolites.

There is little variation in major-element chemistry

between the harzburgite olivines, and those from dunites,

wehrlites, and dunite-wehrlites. In harzburgites the Fo

content, as defined by Mgx100/ (Mg+Fe) ratio, varies between

90 and 92; in dunites between 89.7 and 91.6: and in

wehrlites between 88 and 90. The intermediate type,

classified as dunite-wehrlite because of the presence of

minor amounts of small, interstitial clinopyroxene, varies
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in Fo content between 90.2 and 91.6. The range of
olivine compositions in the peridotites of the'Wadi Madha
and Wadi shi areas is thus virtually identical‘to‘that

of other peridotites of the harzburgite sub-type, in
particular to the range given by Allen (1975).for the
Troodos Plutonic Complex and to that given by'Menzies
(1974) for the ophiolites of Orthris, Greece. The
majority of the olivines contain negligible amounts of

Ti and Ca, and Cr is below detection by conventional
techniques (0.005%). The Ca0 contents of tﬁe_dunite—
wehrlite type, and of typical wehrlites show slight
enrichment relative to other types, Ca0 varjing between
0.01-0.8. This is to be expected in view of their

higher clinopyroxene content. Al is almost completely
absent in all samples probed. The amount of Al allowed
in the olivine structure is negligible, and no significance
is attached to the Al traces observed in some éamples.
Similarly, as the amount of Fe3+ in the olivine structure
is limited, total Fe is expressed as FeO.

Dunite olivines can be discriminated from harzburgite
olivine by their lower NiO content. This varies between
0.06 and 0.34% NiO while harzburgite olivines have contents
between 0.24 and 0.46%. Variation of NiO and Fo content is
displayed in fig. 5.1. The high NiO content of the

olivine in harzburgites is consistent with their residual
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Figure 5.1, NiO-Forsterite content relationships
of olivine in mantle peridotites, olivine
pyroxenites, and olivine gabbros.
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nature, Ni being partitioned into the solid pﬁasé rather

than the liguid during partial melting. '
Olivines from wehrlites overlap with those from

dunites and harzburgites with respect to NiO, but have

slightly lower Fo contents (Fig. 5.1).

5.2.2. Cumulus olivines

The olivines of the pyroxenites are clearly
different from those of the peridotites in their Fo
content, which ranges between F084 and F°87’ The
NiO content, on the othef hand, varies between 0.11
and 0.24% and is similar to that in the majority of
the dunitit olivines, as seen from Fig. 5.1. The
digtribution coefficient KD, between olivine and
orthopyroxene may be expressed by the function
(MgOl/FeOI)(FeOPX/MgOPX). The KD for two pairs of
olivine and orthopyroxene from olivine pyrdkéhite
is 0.97, and is identical to values obtained‘in
harzburgites. The values are also similar to those
reported by Allen (1975), who obtained a figure of 0.96
for two pairs of olivine and orthopyroxene from pyroxenites.
The Ky value of the two pairs suggests that.Mg—Fe

equilibrium was established.

Olivine compositions of ophiolite gabbros are

listed on the following page in Table 5.3.
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Location Source _ Fo%
1. Wadi Madha and | © 65-86

wadi Shi areas

2. Greenhill, Mossman (1973) - 65-79
New Zealand. .

3. Bay of Islands, Irvine and 69.6-84.8
New Foundland. - Findley (1972)

4. Orthris, Greece Menzies (1974) 77-86

5. Papua, New Guinea England and 78.3-87.7
: Davies (1973)

6. Troodos Plutonic Allen (1975) © 69.8-83.9
Complex. -
7. New Caledonia Rodgers (1975) 78-89
TABLE 5.3

Olivine compositions of ophiolite gabbros

The composition of olivines from olivine gabbros in
the wWadi Madha and Wadi Shi areas in Fig. 5.1 shows
clearly that their iron-rich nature is reflected in
their lower NiO contents. The KD value for‘two pairs of
coexisting olivine and orthopyroxene is 0.95,.c1early
similar to values in harzburgites, and agaih suggeéting

that Mg-Fe equilibrium was established.

5.3. Orthopyroxenes

Orthopyroxene analyses from harzburgi#es, olivine
pyroxenites, olivine gabbros, norites, and'hypersthene
gabbros are listed in Tables 5.14-5.17 and 5.44, 5.46,

5.48, 5.50 and 5.52.
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5.3.1. Peridotite ofthopyroxenes

Orthopyroxene compositions from harzburgites of

Alpine-type peridotites and peridotites from various

ophiolites are listed in Table 5.4.

Location

1.

wadi Madha and
wadi. Shi areas

. Troodos Plutonic

Complex

Orthris, Greece
Papua, New Guinea
Bay of Islands
New Foundland

Red Mountain
Peridotite,

New Zealand.

Vulcan Peak,
Oregon

Burrow Mountain

Source

Allen (1975)

Menzies (1974)

England and
Davies (1973)

Malpas (1978)

Sinton (1977)

Himmelberg and
Loney (1973)

Loney et al.
(1971)

'TABLE 5.4

nglOQ/:
(Mg+Fe+Ca)
88.8~91.6
90~92 .
89-90
90~-92

88.5-92.1

89.5~90.7

89-90

89.6-91.1

Orthopyroxene compositions from harzburgites of
Alpine-type peridotites and ophiolites

The orthopyroxenes from harzburgites show little

compositional variation with respect to nglOO/(Mg+Fe)



126

ratio, which ranges from 90-92, while enstatite values
expressed by the ratio Mgxl00/ (Mg+Fe+Ca) rahgo.between
88.8 and 91.6. These valués are consistent.with the
compositions of orthopyroxenes reported from Alpine-type
peridotites and ophiolites of the harzburgite sub-types
listed above. As clinopyroxene exsolution lamellae are
present in the orthopyroxenes, the Cal values.of 0.48
and 1.15 percent represent the host composition, and not
the bulk pyroxene composition.

The A1203'content of the orthopyroxenes from the
harzburgites varies from 1.59 to 2.68 percent, which is

in the range of A120 values (1.0 to 3.0 percént)

3
reported for orthopyroxenes from other harzburgite subtype
peridotites (Challis, 1965; Himmelberg and Coleman, 1968;

Loney et al., 1971; Jackson and Thayer, 1972).

5.3.2. Pyroxenite orthopyroxenes

The orthopyroxenes from cumulate oliviné_pyroxenites
range in ngloqug+Fe) ratio from 85 to 87 and in
ngloqﬂMg+Fe+Ca) from 84 to 86. They have less A1203
than orthopyroxenes from harzburgites (1.38 to 1.92
percent) and Ca0 is also slightly lower with a range of
0.58 to 1.04 percent. The average Cr203 and NiO contents

of the orthopyroxenes are less than those of harzburgite

orthopyroxenes, and they are also depleted in TiO Zoning

5"
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within grains is not evident.

5.3.3., Gabbroic orthopyroxenes

The orthopyroxenes from cumulate olivine.gabbros
range in Mgx100/ (Mg+Fe) ratio between 73 to 82 and in
Mgx100/ (Mg+Fe+Ca) from 72 to 80. The values are
congsistent with the compositions of orthopyroxenes
from olivine gabbros réported by Allen (1975) for the
Troodos Plutonic Complex. Allen obtained ngiQO/(Mg+Fe)
ratios ranging between 72 and 83.9 and nglOO/(Mg+Fe+Ca)
of 70 to 82. A1203 is lower than for ortho-
pyroxenes from either harzburgite or pyroxenité (1.13 to
1.76 percent) but is consistent with values reported by
Allen (1975) of 0.99 to 1.51 percent A1203.for thé Troodos
Plutonic Complex. CaO is higher than in orfﬁdpyroxenes of
harzburgites and pyroxenites (0.97 to 1.60 percent) but
again similar to those of the Troodos Plutonic Complex
which range between 1.03 to 1.83 percent Ca0. The
orthopyroxenes from the olivine gabbros are higher in
Ti0. and MnO than those of the harzburgites and pyroxenites,

2
but are depleted in Cr, O,.

273
5.3.4. Noritic and gabbroic orthopyroxenes
Orthopyroxene compositions from norites and gabbros

of various ophiolites are listed in Table 5.5,
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The orthopyroxenes from the norites range in
Mgx100/ (Mg+Fe) ratio between: 71 and 73 and of.
Mgx100/ (Mg+Fe+Ca) ratio between 67 and 71.

Average AlZO of the orthopyroxenes from the norites

3
varies between 1.30 to 1.72% similar to values for those
from the olivine gabbros. |

Ca0 content of the orthopyroxenes from the norites
are distinctly higher than those of the oliviné gabbros,
ranging from 1.31 to 3.18%. Cr203 is negligible in the
orthopyroxenes from the norites, but MnO océurs in
significant amounts ranging from 0.28 to 0.41%, distinctly

higher than in the olivine gabbros, pyroxenites and

harzburgites.

5.4. Clinopyroxenes

Clinopyroxene analyses from harzburgite, wehrlite,
plagioclase peridotite (one sample), olivine p&roxenite,
olivine gabbro, and hypersthene gabbro are listed in
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.
shown iﬁvfig. 5.2 it

On a plot of Si0, versus A120

2 3

is clearly seen that the clinopyroxenes from the mantle
rocks and cumulates fall in the tholeiitic field, as
defined by Le Bas (1962), with the exception of one

sample which is slightly alkaline.
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Figure 5.2. Plot of SiO_ /Al O, for clinopyroxenes
. ., 2 .
from mantle perldo%ltes, pyroxenites and
gabbros.
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5.4.1. Peridotite clinopyroxenes

In the harzburgites the clinopyroxenes.occur as
small interstitial crystals and are relatively.rare.
They are essentially Cr-bearing diopsides with
Mgx1O0/AMg+Fe) ratio of 92 and 94, with the exception of
sample 1031C which contains more iron and shows an
Mgxl100/ (Mg+Fe) ratio of 90. The A1203 content has a
small range (1.8 to 2.8%), comparable to that in the
coexisting orthopyroxenes. In all aspects the clino-
pyroxenes are similar to those reported from other
harzburgite subtype bodies (Challis, 1965; Himmelberg
and Coleman, 1968; Loney et al., 1971; Alleh, 1975; Himmelberg
and Loney, 1973).

The clinopyroxenes from wehrlites range in
Mgx100/ (Mg+Fe) ratio between 90 and 93 and are distinctly
higher in Cr,O, than those of the harzburgite clinopyroxenes,

273

ranging between 0.98 and 1.43 percent. A1203_ranges between
2.89 and 3.89 percent, also distinctly higher than in

clinopyroxenes of the harzburgites.

5.4.2. Pyroxenite clinopyroxenes
The clinopyroxenes from cumulate olivine pyroxenites
show a limited spread of Mgxl00/ (Mg+Fe)ratio, ranging

from 89 to 91. The A1203 and Cr,0, contents are distinctly
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lower than those of the harzburgites and wehrlites
ranging between 1.85 and 2.44 percent A1203 and 0.32

to 0.86 percent Cr203. FeO contents are higher than

in clinopyroxenes from harzburgites and wehrlites.

5.4.3. Gabbroic clinopyroxenes

In general, clinopyroxenes from the cumulate
olivine gabbros vary in Mgxl00/ (Mg+Fe) ratio from 73
to 85. A1203 varies from 1.70 to 3.20 percent and is
higher than in clinopyroxene from the pyroxenites and
harzburgites, but is lower than in the wehrlites.
Cr203 varies between 0.06 and 0.36 percent.

The clinopyroxenes from the olivine gabbros are
generally distinguishable from those of the harzburgites,
wehrlites and pyroxenites by their more ironmfich

composition and higher TiO, contents, although there

2
is some overlap.

However, in two olivine gabbros (sample 232 and 539)
chrome-rich clinopyroxepe is noted. 1In sample 232 it
appears to be a xenocryst, possibly derived from a wehrlite.
In summary, Mgxl00/(Mg+Fe) ratio in the chrome-rich
clinopyroxene varies from 84 to 88 in sample 232 and from
88 to 90 in sample 539. Cr203 varies from 0.33 to 1.14
percent in 232 and from 0.34 to 0.53 in 539. Tio2
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values in these samples are lower than in the bulk of
gabbroic clinopyroxenes and are comparable to wehrlite
clinopyroxenes.

Clinopyroxenes from the pyroxene gabbfbé range in
Mgx1l00/ (Mg+Fe) ratio between 75 and 86. Aléo3 content
varies between 2.15 and 2.82 percent. They show relative

Ti enrichment and depletion in Cr.

5.5. Clinopyroxene-orthopyroxene—olivine relations
Fig. 5.3 shows element variation between and within

the clinopyroxenes and orthopyroxenes. Tio2 is observed

to increase with decreasing Mgxl100/(Mg+Fe) ratio in both
pyroxenes but is enriched in the clinopyroxenes by a
factor of approximately 2 over its concentration in the
orthopyroxenes. |
The high TiO2 present in the clinopyrb#enes from the
cumulate gabbros compares closely with the earliest
analysed clinopyroxenes of the Skaergaard intrusion
(Brown, 1957, analysis 1), and shows a similar trend as
in the Bushveld, Stillwater, and Skaergaard clinopyroxenes.
Cr203, as would be expected, shows a rapid decrease
in both pyroxenes as Mgxl100/ (Mg+Fe) ratio decreases, and
like Tioz, it is enriched in the clinopyroxenes relative

to the coexisting orthopyroxenes by a factor of about



134

Figure 5.3. Plots of TiOz, Cr,03, and MnO against
Mgx100/ (Mg+Fe) for pyroxenes from the
ultramafic and mafic rocks.
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1.5 to 2.0 for equivalent rock groups.

Mn increases with Fe2+, for which it substitutes,
in both pyraxenes but in view of the greater Fe2+ in
the orthopyroxenes, shows an enrichment in them
relative to its concentration in clinopyroxenes. MnO
occurs in about the same abundance as in the Skaergaard
clinopyroxenes.

Figs. 5.4 and 5.5 show the major element intef—
relationship between and within the pyroxenes. Within
the clinopyroxenes, CaO is enriched in those from
harzburgites. Also there is a pronounced compositiénal
gap within the gabbroic clinopyroxenes.

In the orthopyroxenes there is a slight tehdénéy
for Ca to increase with decreasing Mg/ (Mg+Fe). The
compositional gap between the pyroxenes, assuming they

°
equilibrated on the pyroxene solvus, is indicative of an
equilibration below 1000°C (Boyd and Schairer; l964; Davis
and Boyd, 1966; Boyd, 1970).

The tie~line relationships, illustrated in Fig. 5.4
also indicate equilibration of the pyroxenes due to
their parallel nature, although some tie-lines do cross.

Figs. 5.6 and 5.7 summarise the relations between

olivine and clinopyroxene for the various rock types.

Again the tie-lines, representing Mg-Fe partitioning,
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Figure 5.4. Pyroxene compositional variation in
pyroxene quadrilateral for harzburgites,
olivine pyroxenites and gabbros.
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Figure 5.5. Clinopyroxene compositions of
harzburgites, wehrlites, olivine pyroxenites
and gabbros.
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Figure 5.6. Compositional ranges of pyroxenes
and olivines from mantle rocks.
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Figure 5.7. Compositional ranges of pyroxenes
and olivines from olivine pyroxenites and
olivine gabbros.
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. are sub-parallel and indicate equilibration between
these two phases.

The compositional relationship between the pyroxenes
and olivines will be further discussed in the geothermometry

and goebarometry section (5.9.2).

In summarys:
1. The compositional gap, exhibited in Figs. 5.4, 5.5 and
5.7, within the gabbfoic pyroxene could be explained in
the following way:

when the asthenosphere melts partially beneath a mid-
ocean ridge it produces residual crystals, which accrete
to the lithosphere, together with melt which may enter an
axial magma chanber. This primary magma may then mix
with more evolved magma already in the chamber. A
pyroxene subéequently crystallizing from this melt will
have a composition which is more evolved tﬁén-the
composition of either residual pyroxenes or pyroxenes
which crystallized directly from the primary magma. A
compositional gap might thus be expected between pyroxenes
related to primary magmas and those related to magma whose
composition is buffered in a large magma Chémber (Pearce,

J.A., pers. comm., 1977).
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2. The small amount of clinopyroxenes present in the
harzburgites probably formed at a late stage, precipitating
from a trapped melt. They are very calcic clinopyroxenes

representing relatively primitive magma.

5.6. Plagioclase

cumulus plagioclase compositions were determined
by - microprobe analysis from olivine gabbros, norites, -
olivine-free gabbros, and anorthosites. The results
ére tabulated in Tables 5.23-5.28, and Table 5.6.

Intercumulus plagioclase was determined from one
nlivine pyroxenite and one plagioclase peridotite.
saussuritization of plagioclase in the peridotite ahd
olivine pyroxenite make analyses of these samples
impogsible.

Intercumulus plagioclase in the peridotite and
pyroxenite, and core compositions in all coarse-grained
gabbros and norites are exceptionally calcic, génerally

in the range An for olivine gabbros, and An

94-97 90.62
to An95 29 for norites. Coarse grained, olivine-free
gabbros are generally in the range An80.59 to An88.08

while medium and fine grained olivine gabbros are less

calcic, generally in the range of An78.8 to An89.70

for the medium-grained olivine gabbros, and An, .. to



TABLE

1

43

5.6 Plagioclase Analyses

Rock Type

Coarse Grained
Gabbro

Sample No.

Coarse Grained Anorth.

231A
231B
859A

526AA

leoAa
160B

Core An%

88.08
84.88
80.59
86,55
93.30
92.83

Plagioclase compositions of various ophiolites

Rock Type

Wehrlite

Olivine Gabbro
Pyroxene Gabbro

Troctolites and
Bucrites

Olivine Gabbro

Core An%
Core Ank%

94.2

90.9

91.67

- 90-95

88.3~91

.O

Source

Allen (1975)

Coleman (1977)

Mossman (1973)

Location

Troodos
Plutonic
Complex

Greenhills
ophiolite,
New Zealand
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Ang Oz.fdr the fine-grained ones. Coarse-grained

to An The inter-

anorthosites range from An 93.30°

92.83
cumulus plagioclase in the peridotite has a composition
of An89 31 and that of the olivine pyroxenite has a

composition of An97°43.
Throughout the sections studied, no core-to-margin

zoning was noticed.

5.7. Spinels

Electron microprobe analyses of spinels from
harzburgites, dunites, wehrlites, plagioclase peridotites,
sheared talcose serpentinites, and olivine pyroxenites
are listed in Tables 5.29-5,33 and 5.36, 5.34, 5.38, 5.40
and 5.42. End member compositions have been calculated
according to the method or Irvine (1965). Iron was
determined as total iron, and the amount of FeO and Fe_O

23
calculated by assuming the RO/R,0, ratio in the chromian
spinels to be 1l:1. Thevvalidity of this assumption for
natural chromian spinel has been demonstréted by Stevens
(1944) and Irvine (1965). All analyses plot close to the
chrdmite-picrochromite plane of Irvine (1965, 1967)

Fig. 5.8. Projections of these data points onto the
two planes expressing CrxldO/(Cr+Al) and Fe3+x100/(Cr+A1+Fe3+)

versus nglOO/(Mg+Fe2+) in figures 5.9 and 5.10.
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Figure 5.8. A spinel compositional prism, from
Irvine (1965). The prism shows the principle
compositional end menbers, and the main spinel

ratio plots.
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Figure 5.9. Variation of chromian spinel
compositions.
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Figure 5.10. Variation of chromian spinel
compositionse.
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5.7.1. Peridotite spinels

Spinel compositions of Alpine-type peridotites
and peridotites from various ophiolites are listed on
the following page (Table 5.7) |

The chrqmian spinels of harzburgite show congiderable
range in chemical conposition, the ratio Crx100/ (Cr+Al)
varying from 47 to‘62 and nglOd/(Mg+Fe2+) from 52.82
to 66.54. Vvalues for the cation ratio Fe3+kiqd/(Cr+Al+Fe3+)
range between 2 and 12.5 which seems to be characteristic
of chromian spinels from Alpine—type peridotites (Irvine,
1967; Loney et al., 1971; Medaris, 1972).

It is apparent from FPig. 5.9 that there is a gap
in nglOO/(Mg+Fe2+) between the spinels of dunites and

harzburgites. Crx100/(Cr+Al) values are somewhat higher

_in the dunites with a range between 46.71 and 73.66

nglOO/(Mg+Fe2+), however, is invariably lower than in
the harzburgites spinels, ranging from 41.0é_to 52.53.
In general the dunite spinels contain more.irbn in the Fe3+
gtate than those of the harzburgites.
Fig. 5.9 shows that chromian spinels of the
wehrlites have a somewhat lower range of Crx100/ (Cr+Al)
and nglOO/(Mg+Fe2+) ratios than those of the harzburgites;
they have ranges of 42 to 50 and 45.62 to 56.92 respectively.

Fe3+ values overlap with those of the dunites and



*so31T0Tydo Snotxea woxy so3T130ptaad pue sajzrjoprasd adi3-sutdiy Jo suotriTsodwoo Tautds

saTbhanqzaey -

@3 TUng

o3Tbangzaey

a3TUNg

149

o3 Thangz ey
SITTIYSIM
@3TUuNng
231Ibhangz axey

SdXT—o0q

69-6¥

EL-TS

L9-LS

SG-6P

09-LS

9€°0G-€2°v¢

£€8°8%-90° g€

PI°T9-8E° V¥

(7

SZ+BR YOO TXBW

LS TI49YL

8°¢2¢9-v°0€

gEL-0¢E

SG-LE

OL-2¥

€7 °65-9° €5
€7 °08-¥8° LS

¢S °68-06°95

9L°PL-S8° TS

(TE+ I/ 00 TED

anmﬁv uo3luTs

i

(IL6T)
‘*Te 3@ AsuoT

N

(eL61) Asuor
» basqToumuTH

(SL6T) USTTIV

B04n0S

. purTeaZ
MIN ‘©3TIOPTISd
UTe3junony payd

bl feiiilele)
DTUOINTd SOPOOIL

UOT3e007T

e et s b et =



150

harzburgites although average values of Fe2+ are

slightly less than in spinel from harzbufgite. The
spinelé from wehrlite have a distinctly lowe; range of
Crx100/ (Cr+Al) ratios than those ff?m'dunité. :Both
dunite and Qéhilité populations overlap with respect
to nglOO/(ﬁg+Fe2+sbéﬁd Fe3+x100/(Cr+A1+Fe3+),Vbut the
Fe and Cr tich dunite—Spinels appeai to have loﬁer
nglOO/(Mg+fe2+) ratios.

Spinels from plégioclase peridotites range in
Crx100/ (Cxr+Al) betweén 43 and 50 aﬁd nglOO/(Mnge2+)
between 57 and 58; they plot close to spinels from the
harzburgites. The Fe3+ contents overlap with those of
the harzburgites, high Fe3+ in one sanple being attributed
to secondary oxidaFion. |

Chromian spinels from sheared serpentinites range
in Crxl00/(Cr+Al) between 41 and 44 and nglOO/(Mg+Fe2+)
between 46 and 48, overlapping with spinels from wehrlites
with respect to both ratios. Similarly the Fe3+ content

also overlaps with those of the wehrlites.

5.7.2. Pyrokenite spihel
Only one analysis was obtained from spinel in
olivine pyroxenite;it has a Crx100/(Cr+Al) ratio of 64.2

and nglOO/(Mg+Fe2+) ratio of 43.42,
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5.8. Magnetites and ilmenites

Iron-titanium oxides are present in trace amounts
in the olivine and olivine-free gabbros, in.reaction
relationship with brown basaltic hornblende; they
appear to have formed as primary magmatic phasés. The
oxide species present include ilmenite-hematite,
permitting an estimate of temperature and f02-°f formation
of the coexisting pairs (Buddington and Linqsiey, 1964) .
Buddington and Lindsley's magnetite-ilmenite, geothermometer-
oxygen barometer is based on the dﬁstributioﬁ of iron and
titanium between coexisting magnetite and ilmenite. The
geothermometer has been used on oxide pairs in which the
ilmenites contain less than 5 weight percent MnO. The
influence of manganese on the stability of ilménite has
" been discussed by Neumann (1974), but is not known
quantitatively. The oxidation process in the Buddington
and Lindsley hypothesis can be presented by the following

equation (Vincent, 1960):

3Fe2'1'104 + 0 = 3FeT1.O3 + ; Fe304
Ulvospinel in Ilmenite in the Magnetite in
the spinel- ilmenite-hematite magnetite-
magnetite solid solid solution. ulvospinel
solution. solid solution.

Ilmenite and magnetite are generally pure end-member

compositiong, and the final equilibrium for two ilmenite-
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magnetite assemblages seems to have been under oxygen
fugacities between those defined by the QFM and the

. . : o) -21.5
wlstite~magnetite buffers near 600 C, foz = 10

bars

5.9. Geothermometry

Simple experimental systems have yielded
potential geothermometers and geobarometers, particulariy
for mineral assemblages characteristic of many ultramafic
and mafic rocks. Therefore it is of interest to tréce the
pressure-temperature history of the ultramafic and cumulate
rock assemblage. Methods and results for determinafién of
temperatures and pressures of equilibration for the'éeri-
dotites and cumulate rocks of this study are shown in

Appendix I.

5.9.1. Method of Jackson (1969)
Partitiéning of Mg and Fe2+ between oliviné
and spinel.

Cation distribution between coexisting olivine and
chromian spinel has been discussed by Irvine (1965),
Jackson (1969) and Loney et al. (1971)., Irvine has
shown that, while the effect of pressure over moderate

ranges may be negligible, the relative distribution of
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ferrous iron and magnesium between olivine and spinel
may be expected to vary significantly with temperature.
The distribution of Mg and Fe2+ is complicated by
the presence of trivalent cations in the spinel structure.
The M.g--Fe2+ exchange reaction between coexisting olivine
and chromian spinel can be written: |
2 3+

+ *
Fe 310.502 + Mg(Cra , Alp , Fe gy )204

. 2+ 3+
Mgslonso2 + Fe (Cra , AlB , Fe" 'y ).0
The values a« , B , and Y are the respective fractions
of Cr, Al, and Fe3+ in chromian spinel. The thermo-
dynamic equilibration coefficient (KD) may be defined

by the following equation, assuming ideal solid -

solution behaviour (Irvine, 1965; Jackson, 1969).

Ol) ( Sp )
K _CXMg Lpe2+

D (.0l sp
(oed (552)

where Xﬁé and Xgi2+ are mole fractions of the end

members MgSi 0. and FeSi respectively,'and

0.5%2 0.5%
sp

ng and X;§2+ are the mole fractions of divalent cations

in the spinels.
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Using Jackson's formula (1969), it is possible to
calculate the equilibration temperature for olivine-
spinel pairs, using Gibbs free-energy data. It is also
possible to calculate the theoretical compositions of
all spinels, coexisting with an olivine qf fixed
composition at a given temperature, by suﬁstituting
different values for «¢ , B , and Y in the

following equation:

5580« + 10188 - 17204 + 2400
0.90 @ + 2.56 P -~ 3.088 - 1.47 + 1.987 1nK

™ =

where T is in degrees Kelvin. Possible errors may be
introduced due to uncertainties in Gibbs free energy
values. Possible maximum errors in the free energies
of formation of the spinels alone could affect the
temperatures by as much as 300°¢. However; these errors
are equivalent to standard state errors andbshould not
affect the relative temperatures. Temperatures derived
from the above equation are, geologically, quite
reasonable. |

It appears from Appendex I that the dunites have
temperatures of 872—107500, harzburgites 6f io99—1167°c,
and wehrlite (one sample) of 1104?c, the plagioclase

peridotite (one sample) an unusually high value of 1263°C,
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and the olivine pyroxenite (one sample) of 879°¢.
Temperature ranges of Alpine-type peridotites and

peridotites from various ophiolites are listed in

Table 5.8.

Location Temperature in 0C Source

Wadi Shi-wadi 872 - 1263 This study

Madha Area '

Blue River 1030 - 1231 Pinsent,'R.H.

ultramafics Ph.D. Thesis
(1974) Univ.
of Durham.

Burro Mt., USA 1098 - 1335 Loney et al.,
(1971) Himmel~
berg and Loney
(1973).

Oregon, USA 1200 - 1410 Medaris (1972)

New Caledonia 1180 - 1300 Rodgers (1973)

Bay of Islands 1200 -~ 1300 Malpas (1978)

Newfoundland

Red Mountain 930 - 1140 Sinton (1977)

Peridotite,

New Zealand

Troodos Plutonic 913 -~ 1256 ~Allen (1975)

Complex

TABLE 5.8

Temperature ranges of Alpine-type peridotites and peridotites
from various ophiolites

Temperatures are based on thermodynamic data from

Trvine (1965) and Jackson (1969).



156

The temperature ranges listed above were derived
using the same method. Those of the Troodos Plutonic
Complex (Allen, 1975), the Red Mountain Peridotité
(sinton, 1977), and the Vulcan Peak Peridotite
(Himmelberg and Loney, 1973) are reasonably simiiarjto
those for the Wadi Shi-Wadi Madha area. :

Median compositions of spinels are plotted in Fig. 5.11
and the actual mole fraction, x;; of coexisting olivine
shown, after Loney et al. (1971). The agreement between
the actual and theoretical composition is relatively
good, especially for assemblages low in Al and Mg.
Fig.5.11 has been contoured according to spinel
compositions which, at a given P and T, will equilibrate
with olivine or pyroxene of fixed Mg/Fe ratio.. Fig. 5.12

after Irvine (1965) and Rodgers (1973) shows the mole

Sp

fraction of Cr in spinel, YCr

plotted against the Fe-Mg

distribution coefficient

ol Sp
X " .(1-
Mg ( g)

KD=In 1. _s
—° P
(1 XMg)'xﬁg_

According to theory, when spinels are plotted as in Fig. 5.12
they should lie on a straight line with slope equal to
1nK. However this relationship is not perfect, and Rodgers

(1973) for example quotes a range of 1lnK from 2.25 to 3.5.



157

Figure 5.11. A spinel cation ratio plot, after

Loney et al. (1971). The plot has been

contoured to give the theoretical coexisting

olivine Mg cation fraction at 1200°C. The
contours are for values of 0.900, 0.915,
0.930. Observed olivine Mg cation fractions
are given for each analysed coexisting pair.
Sample numbers are: 1=300A, 2=300B, 3=304A,
4=305A, 5=528A, 6=531A, 7=531B, 8=517A,
9=517B, 1l0=325A, 11=325C, 12=1037A, 13=10444,
14=503A, 15=315A, 16=1027A.
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Figure 5.12. An olivine-spinel equilibration plot,

after Irvine (1965), and Rodgers (1973). An
Mg-Fe distribution coefficient is plotted
against the Cr cation fraction in spinel. The
two lines with slopes of 3.7 and 2.6 are shown
for reference purposes only. Sample 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=10373, 13=1044A, 14=503A, 15=315A, 16=1027A.
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The two lines in Fig. 5.12, with slopes of 3.7 and 2.6
are shown for reference purposes only and do not

repregent best-fits.

5.9.2. Method of Wdod and Banno (1973)

The use of partition coefficients of M92+ and Fe2+
between coexisting orthopyroxenes and clinopyroxenes has
been shown to give reasonable results when applied to
the present study. Wood and Banno (1973) suggest that
values agree with experimental data to within I 60°%
although errors of p 100°C are probably:not unreasonable.
The results of the application of this ﬁethod to the
present study are listed in Appendix I. Appendix I
shows that harzburgites indicate equilibration temperatures
between 969 and 989°c. Tie lines indicate equilibrium
between orthopyroxene and clinopyroxene in Fig. 5.4. Since
clinopyroxene is a late-stage mineral, thefefore these
temperatures represent the lower limits of,equilibration
and not the upper temperature limit of olivine plus
orthopyroxene equilibration, Since the activity-composition
relations of Wood and Banno (1973) have been adopted to
account for the solution of Fe, Al, Ti, Cr, Mn and Na in
the pyroxene phases, one harzburgite sample (1044A) was

not used, because of the high Na content in the clino-
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pyroxene, thus resulting in a negative

Cumulate pyroxenites indicate equilibration temperatures
between 927 and 974°C, and cumulate gabbros and norite

between 839 and 999°C.

5.9.3. Method of Mysen and Eoettcher (1975)

The orthopyroxene-clinopyroxene geothermometer of
Mysen and Boettcher (1975) is based on variation in the
ratios (XXi/XCr)opx/(XXi/XCr)ch with temperature. .It
has been calibrated against the clinopyroxene limb of the
gsolvus (Davis and Boyd, 1966; Warner and Luth, 1974f.
Application of this geothermometer generally gives‘
temperatures that are higher than those derived by the
method of Wood and Banno (1973). The results of the
application of this method to the present study are
listed in Appendix I. Appendix I shows that harzburgites
indicate equilibration temperatures between 978 and 1088°c,
cumulate pyroxenites between 985 and 116800, éﬁd cumulate
gabbros and norite betweén 729 and 1118°C. This method,

however, was not applicable for two gabbros and one

r) opX

pyroxenite because (X, = 0.
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5.9.4. Method of Hakli and Wright (1967)

Nickel partition between coexisting clinopyroxene
and olivine can be used as a geothermometer((ﬂakli and
Wright, 1967; Hakli, 1968)“ Temperature varies with
the distribution coefficient K = ol Ni/ch»Ni; values
in ppm, ‘according to the eguation |nK =»A/T+B, where -
A = 8647, B = 7.838. Sample values and equilibration
temperatures for harzburgites, plagioclase peridotite,
wehrlites, cumulate olivine pyroxenites, and gabbros
are listed in Appendix I. The temperaturés aré fairly
consistent though gomewhat higher than those obtained
from the method of Wood and Banno (1973) . Appendix I
shows that harzburgites range betweeh 994 and 1330°C,
plagioclase peridotite 972°c, wehrlites befweén 879 and
1045°¢C, pyroxenites between 911 and 1369°c, ”a--n_d the
cumulate gabbros between 849 and 129100, This method,
however, was not applicable for one wehrlite, two
pyroxenites, and one olivine gabbro because ppm Ni in
clinopyroxene = O.

Using the same method, Menzies (1L973) obtained
temperatures between 1000 and 1150°C for the ultramafic
peridotites of Greece and Allen (1975) obtained temper-
atures of 1121 and 1126°C for the harzburgites of the

Troodos Plutonic Complex, and 1104 and 1166°C for the
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wehrlites.

5.9.5. Method of O'Hara (1967)
O'Hara (1967) developed a useful pressure—témperature
grid based on the chemistry of clinopyroxenes. ;in Fig. 5.13,
. and P, parameters for clinopyroxenes are plotted
for ultramafic harzburgites, wehrlites and cumulate olivine
pyroxenites. The values for}(xC and §. are listed in

Appendix I. a. and . values are determined by the

c

relationships:

€, = wt% Ca8103x100

wt%(CaSiO3

+MgSiO3)

wt% A1203x100

¢ = Wwt%(casio

3+M.gSJ.O3+A1203)

ﬁc takes into account the pressure-dependent solid

solution of A1203 in the clinopyroxene. Examination of
Fig. 5.13 indicates that the harzburgites equilibrated
at pressures less thén'7Kb and temper#ﬁures-ip the range
950 to 1250°C, and wehrlites 1050 to 1250°C, near the
solidus. The pressures correspond to a depth of about
22km in oceanic regions. The olivine-pyroxenites
equilibrated undef-closely similar conditions, at

temperatures of about 1020°c and pressures of less than

7kb. One wehrlite sample (804D), however, gave anomalous
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Figure 5.13. Pyroxene Grid of O'Hara (1967) . with
plotted valuesa, and B, of analysed clino-
pyroxenes from harzburgites, wehrlites and
olivine pyroxenites.
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results with a pressure of about 18kb, and temperature

of 930°C, the pressure corresponding to a depth of

about 55km! The Bay of Islands peridotites repprﬁed by
Malpas (1978) equilibrated at temperatures ofbldooto 1100°¢c

and pressures of about 18-20 kb. Peridotites from the

- Troodos Plutonic Complex reported by Allen (1975), and

those of the Lanzo pefidotite Massif reported by Boudier
(1978), however, appear to have equilibrated at .
temperatures of 1150 to 1200°C and 1150 to lZSQQC, and
pressures of 2 to 4 kb, and less than 5 kb respeétively
(closely similar values to those reported hefe).

Stroh (1976) has devised a procedure for caiculation
of equilibration pressures in harzburgites. ' Application
of this technique gave anomalous results with calculated
pressures of -2 to -3 Kb. Sinton (1977) has élso
attempted to calculate equilibration pressures for
peridotites from the Red Mountain, using Stroh's

procedure. He also derived anomalous values of -1 to +1 Kb.

5.9.6. Method of Powell and Powell (1974)

The olivine-clinopyroxene geothermometer of Powell
and Powell (1974) was derived on the basis of exchange
of Mg and Fe between olivine and clinOpyroxéne according

to the reaction:



165

2CaMgsSi, 0 _ + Fe,SiO =  2CaFeSi,0_ + Mgzsio

26 2 4 276 4

The clinopyroxene ML site is non-ideal, and it is
expressed as a regular solution. vMixing parameters were
calculated, and calibrated against iron-titanium oxide‘_
temperatures. These.enable equilibrium olivine-
clinopyroxene pairs to be used as geothermometers. The
pressure dependence of the geothermometer has been
calculated as 5°C per Kilobar. The following equation
may be used to determine temperature (T), in degrees

" Kelvin, at a given pressure (P) in bars.

~2X_ . (920000+3.6P)~0.0435 (P-1)+10100

T o= Al
Xol XMl cpx
M Pe - '
1nk|—2 | 2= -
8+2R‘n X°l XM1 714.3 (2XA1)_
Fe Mg

The symbols XMg' XFe and XAl denote the mole fractions

of these elements in olivine, and in the clinopyroxene M1
site. The value for Al includes other trivalent cations
in octahedral coordination. The vaiue for R is the gas
constant (1.987 cals/mole/oK). The equation defines P-T
lines, and assuming a pressure of 5 kbars, it is possible
to estimate olivine-clinopyroxene equilibration temperatures.

The results of the application of this method to the present

study are listed in Appendix I.



166

Appendix I shows that the range in temperatures
calculated for the various rock types is very narrow
with a total range of only 1019 to 1048°c.

Wood (1976) has discussed in detail the reason for
the narrow temperature estimates for both lherzolite
nodules and for the lavas used by Powell and Powell
(1974) in calibrating their technique. Wood considered,‘
a clinopyroxene with an occupancy of 0.1 aluminium iﬁ |
the Ml site. This figure is close to the average value
in the lavas used for calibration and is also similar to
that in lherzolite clinopyroxenes discussed by Wood (1976).

According to Wood, if the distribution coefficient K
is 0.1 then the temperature derived from the Powéll and
Powell equation would be 974°C, while a value of 10
changes the estimated temperature to 1062°C° A change
in the distribution coefficient K of two orders of
magnitude, much greater than the range in the calibration
lavas, only alters the one bar temperature by 88°c. Wood
concluded therefore that temperatures derived by the
Powell and Powell technique are virtually independent
of K, but that K depends primarily on the aluminium
content at M1 sites in the clinopyroxene. Further, all 1
bar temperature estimaées should fall within the very

small temperature range of 915-1060°cC. Only 3 of 62
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temperatures, at 1 bar, given by Powell and Powell (1974)
fall outside this range, while all the lherzolite nodules
discussed by Wood (1976) had temperatures, at 1 bar, in

the middle of the calibration range, lOlO—lOl?oC.j
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CHAPTER 6. Summary

6.1. The ophiolite sequence

The field relationships, petrography, geochemistry and
phase chemistry of the peridotite-gabbronasélt sequence of
the Khawr Fakkan-Wadi Shi-~-Wadi Madha area suggest that the
various components are genetically related. VThey result
from partial melting of the upper mantle, followed by
fractional crystallisation of the basic magma generated by
this process. The rocks comprise a typicai ophiolite
sequence and afe similar to assemblages from other Alpine-
fype ultramafic complexes.

The area studied may be broadly subdivided into two
major zénes. In the west the rocks are principally
tectonised ultramafics, while to the east ofrthese a series
of cumulate gabbros, with dolerite dykes particularly
prevelant in the east, passes upwards into basaltic lavas.
The latter are only exposed in the extreme coastal region.
The tectonised ultramafics are separated from the gabbroic
and basaltic rocks by an easterly—dippingfthrust—fault zone,
which strikes approximately north-south. At no point was
a normal passage from ultramafic rocks to cumulate gabbros
observed. Furthermore, the thrust-fault zone is invariably
intensely serpentinised and heavily impregnated with

magnesite in veins and pockets. The area can thus be
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conveniently subdivided by this fault.

6.2. The area to the west of the major thrust fault

The rock types exposed in this area are.harzburgites,
dunites and wehrlites. They are all, to some.extent,
serpentinised. Those exposed in the north are principally
harzburgites, although a discrete area of téctbnised dunite
occurs to the east of the main fault. This‘block is fault-
bounded and probably owes its present position to thrusting.

In the southern part of the area the principal rock
types are dunites and wehrlites. The two are'intimately
associated, and form a banded sequence. Thevétrike of the
banding is approximately north-northeast and thus oblique
to the main thrust-fault.

The harzburgites have an intensely tectonised fabric
with large elongate olivine showing strain and domain
extinction. They consist of an assenblage of highly
refractory chemistry, with a whole-rock Mg0x100/(MgO+FeO)
ratio of 90.5 and an nglOO/(Mg+Fe) ratio of 91.0 in the
olivines. Whole-rock NiO levels vary from 0.29 to 0.30
percent, while the olivines contain from 0.24vto 0.46 percent
NiO. The high NiO contents of the olivines ih the
harzburgiteé are consistent with their residuai néture,

Ni being partitioned into the solid phase, rather than the
ligquid, during partial melting. ©Na, 0, K,O, CaO and Al,O

2 2 23

are each generally less than 1 percent in content, and
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TiO2 values are low.

The dunites also show a strong tectonic fabric and a.
total absence of cumulus textures. They have a closely
similar bulk chemistry to the harzburgites, with an overall
MgOx100/ (MgO+FeO) ratio of 91.4 and an identical average
Mgx100/ (Mg+Fe) ratio of 91.0 in the olivines. Whole-rock
NiO levels range from 0.19 to 0.37 percent, while the |
olivines themselves céntain from 0.06 td 0.34 percent NiO.

Textural evidence shows that most of the wehrliteé
are strongly deformed, with their olivines showing evidence
of strain in the férm of undulose and zone ektinctioh; The
olivines are elongate and have a strong preferred orientation.
The whole-rock chemistry of the wehrlites indicatés_fhat
they are only slightly less magnesium-rich than the
harzburgites and dunites. Their whole-rock MgO0x100/ (MgO+FeO)
ratio varies from 88 to 91 and the ratio nglOO/(Mg+Fe) in
the olivines averages 89.3. Whole-rock NiO levels vary
from 0.16 to 0.20 percent. The NiO content of‘olivine
from wehrlite varies over é wide range (Fig.5.l),zbut
the NiO versus Mg0x100/ (MgO+FeO) plot, shown in Fig. 4.10
indicates that the NiO contents of the wehrlites are
generally lower than those of either the harzburgites or
dunites.

The high, and uniform, NiO content of the harzburgites

is consistent with their origin as a refractory residuum
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of partial melting. The evidence for a similar origin -
for the dunite is less certain. A residual origin is
perhaps supported by fheir closely similar whole-rock
geochemistry to that of the harzburigtes, MnglOO/(MgO+FéO)
ratios being almost identical in the two rock types, and
congiderably more magnesian than any of the clearly-
defined cumulates. More indirectly, their tectonised
fabric and absence of cumulate texture could be used as an
argument for a residual origin, although it would clearly
be possible to thoroughly tectonise a cumulate and obliterate
the original fabriq. |

The whole-rock geochemistry shows that the dunites have
higher Cr contents than the harzburgites, but lower‘Ni
contents. As dunites are generally considered to represent
the partial melt residue of more intense partial melting
than'that required to generate harzburgite, their lower Ni
contents are anomalous. The more extreme partial melting
necessary to produce a dunite residuum should ha&elresulted
in more extreme fractionation of Ni into residual olivine.

The wehrlites also have lower Ni contents than the
harzburgites, or indeed the dunites, but this could result
from less advanced partial melting, These rocks, by
definition, contain considerable clinopyroxene; which has
high Cr,0_, contents, up to 1.5 percent. Partial melting

273

should result in the elimination of clinopyroxene first,
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the Cr released in the process possibly being recombined

in spinel. Several plots, e.g. Figs. 4.3, 4.4 and 475,
show that the wehrlites are less refractory than either

the harzburgites or dunites, but more refractory thén 
pyrolite. The intimate agssociation of the wehrlite éhd
dunite in the south of the ultramafic area suggests they
must have a common origin, indeed, within this area the two
rock ty?es appear to grade into each other in plaéés,

The relatively low Ni contents of the dunites'fémain
something of an enigma. Absence of a cumulate texfure and
presence of a tectonic fabric are not, in themselves,
evidence of a residual origin, as indicated above.
Generation of large volumes of cumulus olivine coﬁld arise.
'by rapid upwards movement of a picritic partial melt - a
process which should promote olivine crystallisation and
fractionation (O'Hara, 1968). If this is the case, then
a cumulué origin must also be postulated for the wehrlites,
the banding of these two rock types thus reflecfing phase
layering which has been partially obliterated~5§_later

tectonism.

6.3. The area to the east of the major thrust fault.
- 6.3.1. Cumulates |

The gabbro cumulates to the east of the major thrust-
fault form a clearly identifiable unit,. Phasé-layering is

evident within these rocks although individual layers cannot
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be traced laterally for more than a few metres. The
petrographic criteria used to define the cumulates are
those proposed by Wager, Brown and Wadsworth (1960). The 
cumulus types recognised include>olivine pyroxenites, .
olivine gabbros, norites and hypersthene gabbros, gabbros
and anorthosites and leucocratic gabbros. Where transected
by faults gabbro mylonites are developed. Cumulus textﬁres
include heteradcumulates, adcumulates and mesocumulatés.
The rocks have lower Fe/Mg ratios and alkalis than are
found in typical basalt fractionation trends of contiﬁantal
layered intrusions. Variation diagrams show that trgnds
in the cumulates are due mainly to the fractionation of
various proportions of olivine, orthopyroxene, clinopyroxene
and plagioclase. The parent magma for the gabbroic, and
basaltic, rocks studied here appears to have been §fllow-Ti
and low-K tholeiitic type. The gabbros, themselves however,
are clearly not representative of their liquids but are
cumulates formed from the low-pressure crystallisation of
(a) olivine (b) olivine and plagioclase (c) olivine,

plagioclase and clinopyroxene.

6.3.2. Basaltic rocks

. The basaltic roéks occur both as intrusive dolerite
dykes and as lava flows, the latter being restricted to the
coast and the offshore island of Sirat al Khawr. The

bagalts are invariably altered, with ferromagnesian minerals
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being repreéented by amphibole in the most part. They
are also silicified, with quartz occurring in interstitial
patches or pools, into which project fine,lath-shaped
plagioclasés and needle-like amphiboles.

' Evidénce for siliqification'isbsupported by the high
sio, contents, which range up to 60 percent. Theée values
are virtuaily the leveis expected in a dacite, yet no
6£her petrdéfaphic 6r chemical characteristics support
differentiation to dacite. The silica content thus
probably reflects a net addition. This is born out by
the alkali-gilica plot, shown in Fig. 4.2. In-this diagram
the crustal members éf the ophiolite suite (éébbros and
basaltic rocks) plot below the alkali/sub-alkali field
boundary proposed by MacDonald (1968) and aiso_below the
calc-alkaline/tholeiitic fieid boundary of Kuno (1968).
They thus possess tholeiitic characteristics. The high
8102 bearing menbers, however, do not have the correspond-
ingly high alkalis expected had they resulted:from fractional
crystallisation alone. Further evidence for ﬁetasomatism
may be deduced from Fig. 4.12. This figure shows that
both basalts and gabbros are within the field of low-K
tholeiite, but that Sr contents are distinctly lower in
the basalts than the gabbros. Although this distribution

may result from Sr depletion with differentiation, Sr being

concentrated into cumulus plagioclases, it could also be
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partly due to mobilisation of Sr from the bésalts during

metasomatism and alteration.

6.4. Primary, mantle-derived, liquids and magma evolution.
Figs. 4.3, 4.4 and 4.5 are plots of majof—element
oxides againgt MgO, and show a clear separation between the

ultramafic rocks, dunite, harzburgite and wehrlite, and
the cumulate gabbros and basaltic rocks. Thé;composition
of pyrolite is also shownvin the figures.
The evolution of the liquid phase is Oﬁly,shown by
the fine grain-size basaltic rocks, although eﬁen these
are probably modified by subsequent silicification. The
gabbro compositions are clearly controlled by the relative
proportions of the cumulate minerals olivine; pyroxene and
plagioclage, and thus the basalts cannot represent direct
partial melts from the upper mantle, but rather have evolved
throﬁgh the crustal process of fractional crystallisation.
An estimate of the composition of the partial-melt
magma can be made by back—exﬁrapolating the line of 1iqﬁid
descent sﬁown by the basaltic rocks, the 1iné of plagioclase
fractionation (téﬁardé; or from,anorthosite), and a line
joining thé cluétér‘d% harzburgite and dunite plots, at a
point repregentiné i mixture of 9 parts olivine to 1 part
orthopyroxene, and pyrolite. The point of intersection of

these trend lines gives an estimate of partial melt
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composition, and suggests a ratio of liquid to refractory
residuum of about 1 to 3. A large number of the gabbro
analyses cluster around this point, suggestingvthe possibility
that they lie near the cotectic.

The remaining gabbros have plots which are clearly
influenced by the dominant cumulus minerals. Olivine and
pyroxene-rich cumulates show an increase in MQO, and decrease
in SiO2 and Ca0, relative to the partial—meit magma .,
Plagioclase enrichment is shown by the trend tﬁwards
anorthosite.

The line of liquid descent is reflected by the fairly
smooth curve through the fine-grained rocks in both figures
4.3 and 4.5. These show that both SiO2 and cé0 increase as
MgO decreases. This would normally result from fractionation
which principally involves ferromegnesian minérals such as

" olivine and orthopyroxene. Although Al increases into

2%3
the fine-grained basaltic rocks, the variation is not as
systematic and probably reflects the ubiquitous presence

of feldspar.

FeO increases with decreasing MgO from the tectonised
ultramafics to the gabbros. The most pronounced increase,
however, is in the basaltic rocks. Fractionation of olivine
and pyroxene would account for depletion of MgO relative to

FeO, and iron enrichment in the basalts is doubtless due

to this effect, and to the crystallisation of magnetite.
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The relatively high ferric iron contents 6f the
harzburgites and dunites, when compared to the cumalate
gabbros and the basalts, is probably’related to release
of magnetite during serpentinisation of olivine, together
with the presence of considerable spinel.

A selection of analyses have been plotted'in CMAS
projections, following O'Hara (1968). Fig. 6.1 shows
that many gabbros lie near the 1 atmosphere cotectic and
that the basaltic rocks lie along the control line for
advanced partial melting. This control line passes through
the dunites and harzburgites, and also through garnet
lherzolite (Ito and Kennedy, 1967), below the - orthopyroxene-
clinopyroxene-plagioclase piercing point. The clustering
of basalt points suggests that olivine fractionation was
important in controlling their composition;: The position
of the 30kb cotectic in relation to the ploﬁ:for garnet
lherzolite, shown in Fig. 6.2, suggests that the residue of
partial melting would be a harzburgite. The position of
the wehrlites, in this figure, indicates that they fall on
asingle control line relative to the gabbros and dunites,
although the harzburgites lie slightly off this line. The
basaltic rocks plot near the 1 atmosphere cotectic, but
lie exclusively to the orthopyroxene side of.the orthopyroxene-
6livine boundary confirming their silica over ~saturated

character. Their plot in this diagram would undoubtedly
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Figure 6.1. Projections in the C-M-A-S system of
O'Hara (1968), showing compositions of
selected peridotites, cumulate gabbros
and basaltic rocks projected from, or
towards, olivine into the plane CS-MS-A.
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Figure 6.2.
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Projections in the C-M-A-S system of

O'Hara (1968), showing compositions of
selected peridotites, cumulate gabbros
and basaltic rocks projected from, or
towards, clinopyroxene into the plane
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be influenced by their silicification, and might thus have

little petrogenetic significance

6.5. Pressure-temperature conditions of equilibration.

A variety of methods have been used in an attempt
to estimate the equilibration temperatures of the ultra-
mafic rocks and the cumulate gabbros. These techniques
include the olivine-spinel geothermometer (Jackson,.1969),
the orthopyroxene-clinopyroxene methods of Wood and.Banno
(1973) and Mysen and Boettcher (1975), the olivine-
clinopyroxene geothermometers of Powell and Powell (1974)
and Hakli and Wright (19€7) and the pressure—temperatu?e
grid, based on clinopyroxene chemistry, developed by
O'Hara (1967). |

Application of all, or most, of these technigués to
each investigated sample would provide an ideal basis for
comparison, In many instances, however, this did not prove
possible for a variety of reasons. |

‘The method most widely applicable to the tectonised
ultramafic rocks was the olivine-spinel geothermometer.
This gave values for dunite of 872 to lO75°C, for
harzburgite of 1099 to 1167°C, for a wehrlite of 1104°c
and for the rare rock-type plagioclase periddtite, the-
somewhat higher value of 1263°c. An olivine Pyroxeniteb
cumulate rock gave a temperature of 879°C. The olivine-

clinopyroxene geothermometer of Powell and Powell (1974)
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produced the extremely narrow temperature ranée of 1019-
1048°C. Reasons for this have been extensively discussed
above, in Chapter 5, section 5.9.6. |

Hakli and Wright (1967) also used the miperal pair
olivine—clinepyroxene,ltheir method dependihgien the
partitioning of Ni between co-existing olivine and clino-
pyroxene. The method was subject to some limitations,
principally in the gabpros.where some of thefciinopyroxenes
are totally_depleteé iﬁ Ni. Harzburgite clinopyroxenes are
also usually badlyvaltered and, further, are»eqnsidered to
represent crystallisation of residual drege of:trapped
liquid. Equilibration with olivine, in harzburgite, may
thus be at a lower temperature than that indicated by the
.'diivine-epinel geothermometer of Jackson (1969). Despite
this the- overall range indicated for the harzburgites is
greater by the Hakli and Wright method, 994- 1330 C, than
by the olivine-spinel method. In cumulate rocks the
technique must also be used carefully in order to avoid
any clinopyroxene'resulting from exsolution. Temperatures
derived using such clinopyroxene would clearly relate to
subsolidus reactions. This might also apply ro the
plagioclase peridotite which gave a value of 972°, almost
300°C lower than the temperature derived from the olivine-
spinel geothermometer. Temperature ranges for the

cumulates, of 911-1369°C for pyroxenites, and 849-1291°¢
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for gabbros and norites, again show a large temperature .
range with some unusually high values.

The orthopyroxene-clinopyroxene method of Wood and
Banno (1973) is obviousiy subject to the same considerations
as those given above regarding the origins of the clino— |
pyroxene in the various rocks. In harzburgite the range
of 909—989°C is much lower than that given by other
techniques and may thus reflect the late, lower temperature,
cryetallisation of clinopyroxene from trapped liquid. |
Temperatures for the cumulate pyroxenites of 927—974°C and
for gabbros and norites of 839-999°C are similar to.the lower
end of the'ranges oiven by ‘the techniques of Mysen and
Boettcher (1975) and Hakli and Wright (1967) It is
1nterest1ng to note that they show 51m11ar1ty to the
temperature recorded by this technique for harzburgite
Again,.in rocks w1th pyroxene exsolution, care must be
taken that the temperature recorded is not that related
to this subsolldus event y

The two pyroxene method of Mysen and Boettcher (1975)
gives temperatures 1n the range 978 1088 c for harzburgite,
985-1168 C forucumulate pyroxenites and 729 to.1118 °c
for gabbros and norites. - The method is limited in the
gabbros because Xgix = 0 in some of these rocks.

Temperature and pressure estimates made using the

grid developed by O'Hara (1967) indicate that the harzburgites
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equilibrated at temperatures in the range 950 to 1250°C,

the wehrlites from 1050 to 1250°C and the olivine pyroxenites
at 1020°C. In all cases pressures were less than 7kb and
correspond to a depth of about 22km in the oceanic setting.
As this technique is applied to clinopyroxene only, the
values recorded for harzburgite may thus only refer to
equilibration during crystallisation of the trapped liéuid

at a late stage. Gabbros investigated by the techniqﬁe

of O'Hara (1967) indicate equilibration pressures in the

range 5 to 10kb ~ the results are thus far from conclusive.
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APPENDIX I

METHODS USED FOR CALCULATIONS
OF TEMPERATURES AND PRESSURES
OF EQUILIBRATION
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1. Jackson (1969)

+ . . .
The Mg—Fe2 exchange reaction between coexisting
olivine and chromian spinel can be written:

Fe2+Si

2+
3 = 1
0.502+Mg(Cra,Alﬁ,Fe §§)204 MgSlo°502+Fe

3+
The valuesa , B and §f are the respective fractions
of Cr, Al and re3* in chromian spinel. The thermo-
dynamic equilibration coefficient (K_.) may be defined

by the following equation, assuming ideal solid
solution behaviour (Irvine, 1965; Jackson, 1969):

ol\ [.sp
(4%) (5o
K =
D ol sp
(>{Fe2*>(XMg )

where X01 and Xgiz+ are mole fractions of the end

Mg
members M9810.502 and FeSJ.o.sO2 respect;vely, and
XES and X322+ are the fractions of divalent cations

in the spinels. »
Using Jackson's formula (1969), it is possible to
calculate the equilibation temperature for olivine-
spinel pairs, using Gibbs free-energy data, and
substituting different values for« , § andy

in the following equation:

o 5580 e +1018 B--1720% +2400 |
TOR) = 5 90« +2.56p —3.08Y -1.47+1.987 Lnk




320

6L8
£92T
POTT
6601
SP1IT
8ETL
LOTT
(AR
LT6
¥06
6¢€6
S86
SLOT
066
9001
8v0T

(00) &

AN
9eqT
LLET
CLET
8IVT
TivT
ovPT
aPit
00Z1
LLTT
(ARAN
86CT
8vET
€921
6LCl
T2¢eT

(o) L

T09S°0
9LTIV O
08ev°0
9LSP°C
SLIV°O
116€°0
090¥%°0
699%°0
¥8LV°C
88LG°0
£€6695°0
TISLP°0
9¢TIS°0
€06¥°0
89.L5°0
9LGS°0

=K}
+275%¢
mmV

862¥%°0
068G6°0
LZ9G°0
ZZES O
L69G°0
G£65°0
8€LS°0
L9TIS"0
Z2605°0
£€0%°0
12Z%°0
LLOS O
$0L¥ O
ST0S°0
€0TIF 0
OIEP O

oy

ds

EvCI O
STOT O
000T°O
0060°0
6660°0
L6LO"O
0180°0
€¥60°0
¥¥60°0
9860°0
¥660°0
0880°0
¢v80°0
0660°0
$680°0
9160°0
adq

HON

LSL8°0
€868°0
6668°0
6606°0
0006 °0
€026°0
0616°0
9G06°0
6G06°0
€€06°0
0T06°0
0Zi6°0
LST6°0
0506°0
$0T6°0
£€806°0
b

10%

"€F°GS - PE€°GS ORI UT UMOYS 2J® eleP [RISUIN

o¥80°0
LEETO
6¥90°0
92200
60€0°0
LY2T O
VEFO©O
0€e8o0° 0
Li8C"0
€€0T°0
86CT°0
0291’0
CLTIT O
LS90°0
s¥Z1°0
TI60T°C
!

ovZe"o
602%°0
TAAS A0
0LO¥ O
Leev O
CEIV°O
§96¢€°0
§G97°0
€9€ET°O
€1se°0
LSSE"O
I86¢€°0
8ELZ O
SLEY O
eeveo
€292°0

d

618s°0
SLZV "0
QZLEY O
G096°0
6ELYO
€697 °0
896S5°0
8L¥V O
089¥%°0
cIvS o
260S°0
Ts¥¥°0
0209°0
e88% "0
02¢9o°0
961970
D

-A3° 10 ¥LZOT
*TIDF " BIaWIE

" TaIYSM

¥Ye0S

‘gzZzH W01
"QZH VLEOT

qzH

*qZH
a3TUNg
o3 TUNg
?3TURg
a3 TUng
s3TURg
a3TUng
o3TURg
a3TUNRg
3TUnRg

osze
vsZe
qaL1s
VLTS
g1€s
VIES
¥82S
¥S0€
¥Wo€e
g00¢€
woo€

- ON

o1dmes



321

A typical calculation, worked out to give a temperature

Sample 300QA
2+_3+
wm meme
Cr
E = = = .
16 0.619625
Al
B = 16 = 0.2623125
mmw+ .
o] HMN = 0.109125
ol
NZ@I 0.9083
x°t = 0.0916
Felt
sp_ 3.448 _ 0.431
g 8
sp 4,461
X = === = (0,557625
m.mN._u 8

T (°K)

Hmuu

NU =

ink =

7 (°K)

T (°K)

7 (°K)

7 (°c)

5580a +1018 8 -1720H +2400

0.90a@ +2.568 -3.08Y -1.47+1.987 1nkK

() (9 . |

[eead) ()

(0.9083) (0.557625)

(0.0916) (0.431)

12.82917727
2.5517221

(2.5517221) (1.987) = 5.070271812

3457.5075+267.034125-187.695+2400
0.5576625+0.67152-0.336105~1.47+5.070271812

5936.846625
4.493349312

1321

1048
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2. Wood and Banno (1973)

si -
M927%2% —=> 195150

opx cpx

Taking account of X;zx (relative to the data of

Davis and Boyd (1966) on Di~En at 30Kb):

T (°K)

where;

-10202
aMgpzi 0 opx opx 2
1n ogx 2 6 - 7.65XFe + 3.88 xFe - 4.6
aM.gZSizo6
cpx x
cpx M, P M\ cp
aM9281206 XMg . ng

() ™




Sample
No

328A
Hzb.

- 1o31A
Hzb.

1031B
Hzb.

lo3lc
Hzb.

lo27Aa
0l.Px

1027B
Ol.Px

1030B
0l.Px

119a
0l.Gb.

557A
01.Gb.

526B A

0l.Gb.

131 A
Norite

XMlCPX
(o)
0.8509
0.8557

0.8435

0.8187

0.8468
0.8461

0.8332

0.7880
0.7296
0.7240

0.6929

526R (n) 5 7330

Gabbro

Mineral data are shown

oo\
Mg

0.0383

0.0295

0.0546

0.0432

0.0438
0.0583

0.0470

0.0945
0.0452
0.0403
0.1244

0.0901

323

0.8693

0.8441

0.8467

0.8365

0.8196

0.8185

0.8279

0.7753

0.7065

0.7052

0.6768

0.7194

0.8946

0.8673

0.8810

0.87176

0.8309

0.8307

0.8309

0.7841

0.7017

0.6883

0.6549

0.7149

@;pr o 3 gopx

0.0776

0.0912

0.0954

0.09266

0.1326

0.1337

0.1460

0.1948

0.2628

0.2661

0.2934

0.2521

in Tables 5.44 - 5.53,

T (°K)

1223

1182

1262

1224

1206

1247

1200

1272

1127

1112

1248

1224

T (%)

- 950

909
289

951

933
974

9227

9299
854
839.
975

951
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Typical calculation, worked out to give a temperature.

Sample 328A
-10202
’I‘(OK) =
0.03258) _ 2 4
ln(0°77767) 7.65(0.0776) + 3.8(0.0776) 4,6
-10202
o
T(K) =

-3.1726 - 0.5936 - 4.,5771

~10202
7(°k) = ——

~8.3428
7(°k) = 1223
(%) = 950
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3. Mysen and Boettcher (1975)

caAl_SiO_+MgCrAlSio

2
cpx

6
opx

. ]
e CaCrAlsioO

cpxX

Assuming ideal mixing:

6

4
M.gAl2

opx

cpx opx
1 1
<¥ﬁr> 6%&1)
K = opX X
Cr ‘ Al
1n K = l%QQ (4.0910%0.2603) - ( 2.7898%0.2713)
. 4091
et T(OK) =

InK + 2.789

8

8106-



Sample , . .CPX

o
Cr

3284

Hzb. 0.030
1031A

Hzb. 0.020
1031B

Ha2b. 0.026
l031cC 0.028

Hzb. '
lo44a

Hab. 0.025
1027A

Ool.Px 0.022
1027B

0l.Px 0.025
1030B 4 009
0l1.Px

119A

557A

01.Gb 0.002
526B (A)

01.Gb 0.002
1312

Norite 0.006

526A (p)
Gabbro 0.002

Mineral data are shown in Tables 5.44 - 5,53,

-(

o ()

Al Cr Al
0.043 0.014  0.057
0.053 0.015 0.051
0.049 0.017  0.060
0.055 0.0180 0.060
0.033 0.015 0.039
0.037 0.016 0.048
0.040  0.014  0.045
0.028  0.000  0.049
0.031 0.003 0.044
0.036 0.000  0.065
0.031 0.000  0.050
0.037 0.001 0.061
0.032 0.001 0.055

v w

7 {OK)

1251

1329

1361

1300

1304

1441

1258

1196

1002

1391

T (°¢)
978
1056
1088
1027

1031

1168

985

923

729

1118
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Typical calculation, worked out to give a temperature

Sample 328A

4091

7 (°K)
InkK + 2.7897

5 4091
T( K) =
0.4803 + 2.7898
. 4091
T(K) =
3.2701
p(°k) = 1251

r(°¢) = 978
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Hakli and Wright (1967): Hakli (1968)

Temperature varies with the distribution
coefficient K = OlNl/CpxNl values in ppm,
according to the equation:
=B
= == +
Ink ™ B
where the numerical values of the A and B

parameters of the mineral pairs olivine -

clinopyroxene are A = 8647, B = 7.838



Sample ppm Ni in
No. olivine
328A Hzb. 2987
1031A Hzb. 2437
1031B Hzb. 2830
1031C Hzb. 2594
1044A Hzb. 3616
315A Plag.
Peridotite 1730
lite ’
503B Wehr-

lite 1650
803A Wehr- :
lite 2201
804A Wehr-—-

5

lite 14l
1027A Ol1. 1886
Pyrox.

10278 0l. 1650
Pyrox.

1014(3)B Ol. 1022
Pyrox.

1014(3)C 0O1. 943
Pyrox.

1030B(A) Ol1. 1415
Pyrox.

556A Ol.

Gabbro 1100
119A O1.

Gabbro 786
523A Ol.

Gabbro 128
557A Ol.

Gabbro 1257
557B Ol.
Gabbro 1336
539A Ol.

Gabbro 1100
564A Ol1.

Gabbro 1179
113A 0O1.

Gabbro 943
526B(B) 0Ol1.

Gabbro 628

329

ppm Ni in
clinopyrox.

786
472
1022
393
314

707
707

1179

393

78
550

628

550
78
1100
550
550
471

550

235

k  7(°K)

3.800 1330
5.163 1395
2.769 1267
6.600 1453

11.519 1603

2.445 1245

2.779 1268

1.399 1152

3.600 1318

13.102 1642
0.539 1184

2.253 1230

2.000 1210
10.076 1564
1.143 1122
2.285 1233
2.429 1244
2.335 1237

2.143 1222

2.666 1261

Mineral data are shown in Tables 5.54 - 5.63.

1(°c)

1057
1122

994
1180
1330

972
995

879

1045

1369
911

957

937
1291
849
960
971
964

949

288
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Typical calculation, worked out to give a
temperature.

Sample 328A

K = OlNl/CpxNl

= —— + B
InK T

where A = 8647, B = 7.838

-8647

In 3.800 = =24 + 7.838
1.335 - 7.838 = 19341
 _g647
-6.503 = 2247
7(°k) = 1330
7(°c) = 1057



K

5. O'Hara (1967)

The two parameters suggested by O'Hara (1967) to
provide the necessary pressure/temperature data
for clinopyroxene are:

wt% CaSiO3 x 100

Ty = wt% (Casio, +Mgsio,)
wt% Al_O. x 100

2 3
ﬁ = [ 3 3
c th(Caslo3+M981o3+A1203)

where CaSiO3 = wt% CaSiO3 equivalent to all CaoO;

MgsSiO, = wt% MgSiO, equivalent to all MgO, MnO,

3 3
NiO and FeO; and A1203 = wt% A1203 equivalent to
all A1203, Cr203-and Fe203.
Sample No. T o 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
Pyroxenite

Mineral data are shown in Tables 5.64 - 5,66
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Typical calculation, worked out to give values

for « , and ﬁc.

Sample 1031C

Mg + Fe + Mn + Ni (MgSiO3)

= (0.969 + 0.108 + 0.002 + 0.00L1) (100.4)

(1.08) (100.4)

108.432

(ca) (CaSiOB)
= (0,946) (116.19)
= 109,9157

Al  Cr
ot (alyog)

(0.06 + 0.,014) (101.96)

= 7.545
MgSio, = 108.432 = 48%
AL,0, = 7.545 =3.34%
109.9157
casio, = = 48.658%
225,8927
4865.8 |
€ = ————— = 50.34
¢ 96.658
| 334 B
P = — = 3.34

100
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6. Powell and Powell (1974)

2CaMgSi. 0. + Fe,Si0, = 2CaFeSi, 0, + Mg,Si0

2°6 2 4 26 4

cpxX ol cpx ol

The clinopyroxene Ml site is non-ideal, and it is
expressed as a regular solution. The pressure
dependence of the geothermometer has been calculated
as 5°C per kilobar. The following equation may be
used to determine temperature (T) in degrees Kilvin,
at a given pressure (P) in bars. '

-2X, . (920000+3 .6P)-0.0435 (P-1)+10100
o) Al
T(K) = ,
8+2R1nK x°l le
Mg Fe _ ‘
Xol ;ﬁi 714.3 (zxAlx
Fe Mg

The symbols Xy., X e and X,, denote the mole fractions
of these elements in olivine, and in the clinopyroxene
Ml site. The value for Al includes other trivalent
cations in octahedral coordination. The value for R
is the gas constant (1.987 cals/mole °K). A pressure
of 5 kilobars is assumed for P.
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