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ABSTRACT--The Fawakhir ophiolitic sequence is composed mainly of serpentinites, metagabbros, 
boninitic metagabbros and metavolcanics. The serpentinites have geochemical features similar to 
those of depleted-mantle peridotites. Major and trace element characteristics show that the 
ophiolitic metagabbro and metavolcanic rocks are of tholeiitic to calc-alkaline affinity. REE 
abundances in the metagabbros and metavolcanics are characterised by flat to fractionated patterns. 
The Fawakhir ophiolitic sequence shows a spectrum of compositions ranging from arc-type lavas, 
P-type MORB and boninitic rocks, suggesting that these rock units developed in a back-arc 
environment. The evolution of the Fawakhir ophiolite sequence from early tholeiites to later boninitic- 
type magmas may suggests that these rocks could be generated by fractional fusion and melt 
extraction during ascent of the magma source within a mantle melting column. The boninites 
were generated from a more refractory mantle source relative to the other rocks. © 1999 Elsevier 
Science Limited. All rights reserved. 

RI~SUMI ~ -  La s6quence ophiolitique de Fawakhir se compose surtout de serpentinites, m~tagabbros, 
m~tagabbros boninitiques et m6tavolcanites. Les serpentinites ont des caract~,res chimiques 
semblables aux p6ridotites de manteau appauvri. Les caract~ristiques des dl6ments majeurs et en 
traces montrent que le m~tagabbro ophiolitique et les roches m~tavolcaniques ont des affinit6s 
thol6iitiques & calco-alcalines. Les teneurs en Terres Rares des m6tagabbros et des m~tavolcanites 
se caract~risent par des spectres plats ~ fractionn6s. La sdquence ophiolitique de Fawakhir montre 
un spectre de compositions avec des laves de type arc, des MORB de type P et des boninites, 
suggdrant que ces roches correspondent ~ un environnement d'arri~re-arc. L'dvolution depuis des 
thol~iites pr6coces ~ des magmas tardifs de type boninitique peut sugg6rer que ces roches 
proviennent de la fusion fractionn~e et de I'extraction des liquides durant I'ascension de la source 
magmatique ~ I'intdrieur d'une colonne de manteau en d~but de fusion. Les boninites sont issues 
d'une source mant61ique plus r~fractaire que les autres roches. © 1999 Elsevier Science Limited. 
All rights reserved. 

(Received 3/11/97: revised version received 14/5/98: accepted 2/6/98) 

INTRODUCTION 

The Arabian-Nubian Shield (ANS) is a part of the 
Afro-Arabian crust which was strongly affected by 
tectonogenetic processes during the Pan-African epi- 
sode (950-450  Ma). Kr6ner et  al. (1987) classified 
the basement rocks of the ANS into four principal 
rock associations: (1) older shelf sequences, (2) arc 

assemblages, (3) ophiolit ic suites, and (4) granitoid 
intrusives. The ophiol i te sequences of the Afro- 
Arabian Shield occur as al lochthonous and com- 
monly dismembered ultrabasic and basic bodies, and 
include ophiol i t ic melanges,  serpent in i te  thrust  
melanges and fault-bounded inliers. The basement 
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Figure 1, Map showing the distribution of ophiolites in the Nubian Shield (modified after 
Shackleton, 1994). 
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in the Northern Eastern Desert of Egypt differs from 
that exposed in the Central and Southern Eastern 
Desert in the absence of ophiolites and almost all of 
the island-arc assemblage (EkGaby et al., 1988). In 
the Eastern Desert of Egypt most of the ophiolite 
assemblages are part of extensive nappe complexes 
(Shackleton etal . ,  1980) that were thrust over con- 
tinental margin type sediments (EI-Ramly et al., 
1983) or arc terranes (Ries et al., 1983). The best 
preserved and documented examples of ophiolite 
sequences in the Nubian Shield are in Wadi Ghadir, 
Gebel Gerf, the Fawakhir area and Onib, as well as 
along Wadi Allaqi near the Egypt/Sudan border. The 
major ophiolites occurrences in the Nubian Shield 
are shown in Fig. 1. 

Based on the discovery in recent years of ophiolite 
assemblages in the Neoproterozoic accretionary ter- 
rane of the ANS, various models have been proposed 
for the evolution of the ANS. There are two end- 
member tectonic models for the ANS evolution. The 
first model is represented by accretion of intra- 
oceanic island-arc and back-arc basin complexes 
(Vail, 1983; Embleton et al., 1984) and continental 
micro-plates (Kr6ner et al., 1987). The second model 
involves opening and closing of short-lived small 
oceanic basins, and is supported by the presence 
of ophiolite belts in the interior of what is suggested 
to be the Nile Craton (AbdeI-Rahman et al., 1990) 
and the rift-related nature of some of the volcanic 
rocks of the Eastern Desert of Egypt (Stern et al., 
1991 ). The evolution of the Neoproterozoic Arabian- 
Nubian Shield as described by Stern (1994) shows 
four major tectonomagmatic episodes between 900 
and 550 Ma. Initial rifting of the supercontinent 
'Rodinia' ( -900-850 Ma) was followed by sea floor 
spreading, arc and back-arc basin formation (870- 
690 Ma), accretion of the juvenile shield crust (750- 
650 Ma), and east-west crustal shortening (640- 
550 Ma). Consequently, collision-related, ophiolite- 
decorated fold-and-thrust belts are interpreted as 
sutures along which the arc and back-arc terranes 
of the shield were welded together between - 800 
and 700 Ma (Stoeser and Camp, 1985) through 
east-west to northwest directed shortening (Schan- 
delmeier et al., 1994). 

Original continuity of some sutures with ophiolite 
fragments from Arabia into the Eastern Desert of 
Egypt and the Red Sea Hills has been demonstrated 
by several authors (Stoeser and Camp, 1985; Vail, 
1985; Shackleton, 1986; KrSner et al., 1987) and 
it is likely that several of the terranes identified in 
the ANS continue from Nubia into Arabia. The ANS 
ophiolites, which are considered to represent rem- 
nants of oceanic crust obducted along destructive 
plate boundaries during the closure of small basins, 

are geochemically similar to many Phanerozoic 
ophiolites, and strongly suggest that most of the 
ophiolites in both northeast Africa and Arabia were 
generated in a supra-subduction zone (SSZ) tectonic 
setting (Bakor et al., 1976; Nasseef et al., 1984; 
Price, 1984). These characteristics, along with the 
abundance of immature and volcaniclastic sedi- 
ments, deposited on top of the ophiolites, indicate 
that the majority of the ANS ophiolites formed either 
in an arc, back-arc or fore-arc setting (Price, 1984; 
Pallister et al., 1988; Berhe, 1990). 

The present work discusses the petrological and 
geochemical characteristics of the Fawakhir ultra- 
mafic/mafic and metavolcanic associations, as well 
as their tectonomagmatic evolution. 

GEOLOGICAL SETTING 
The Fawakhir area, covering about 300 km 2, is 
located in the Central Eastern Desert of Egypt, and 
is defined by the following coordinates: long. 33 ° 
32'-33°40'E and lat. 25°55'-26°05'N (Fig. 2). The 
Fawakhir ophiolitic sequence is composed mainly 
of ultramafic rocks (serpentinites and pyroxenites), 
mafic plutonic rocks (metagabbro) and metavolcanics 
(metabasalts). This ophiolitic sequence is intruded 
by post-ophiolitic younger granites and later basic 
to acidic dykes traversing all the Fawakhir ophiolite 
units. The Fawakhir Ophiolite lies between the Ham- 
mamat conglomerates to the west and the Meatiq 
Dome about 15 km to the east. All the ophiolite 
units are encountered from base to top successively 
from west to east. The western contact between 
the Fawakhir ophiolite suite and the Hammamat 
conglomerates is an easterly dipping thrust zone, 
while its eastern contact with the Meatiq rocks is 
defined by a zone of tectonic m61ange, mylonitised 
rocks and highly deformed 'flaser' gabbro. 

The contacts between the ultramafics and adja- 
cent rocks are sharp and distinct. The basal contact 
between the serpentinite and the underlying m61ange 
rocks is sharp and marked by a deep thrust fault 
trending north-northwest-south-southeast and a 
relatively narrow band of dark green schistose amphi- 
bolite is located between the ultramafic and the 
m~elange zone (Hassanen, 1985). The thermal 
metamorphic effect of the serpentinite mass on the 
adjacent country rocks is absent, suggesting tectonic 
emplacement of the serpentinites. A few dykes of 
largely granitic composition cut across the serpen- 
tinites and show sharp contacts. Pyroxenites are 
the least abundant ultramafic rocks of the Fawakhir 
ophiolitic assemblage, and are restricted to the meta- 

A 

gabbro-serpentinite contact. They occur as dykes 
and bands which cross-cut and underlie the coarse- 
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Figure 2. Simplified geological map of  the Fawakhir area (modified after Hassanen, 1985). 

grained metagabbro of Bir EI-Sid. Pyroxenites locally 
grade into coarse-grained gabbro. 

Metagabbros constitute a major part of the Fawa- 
khir ophiolite suite and have suffered regional meta- 
morphism up to greenschistofacies. Two ophiolitic 
metagabbro bodies occur, namely the Bir EI-Sid and 
Fawakhir metagabbros. The former occupies about 
18 km2of the eastern part of the studied area, where 
the rocks are heterogeneous in nature with variation 
in grain size, colour index, texture and degree of 
deformation. The metagabbros of Bir EI-Sid display 

layering on a regional scale, where a coarse-grained 
metagabbro occurs at the base of the mountain 
and then grades upward to medium-grained rocks 
at intermediate level and fine-grained at the top. 
The contact with the serpentinites is highly sheared, 
severely crushed, mylonitised and foliated with the 
development of schistose amphibolite rocks. Trond- 
hjemite dykes locally cut the Bir EI-Sid Metagabbro 
(Hassanen, 1985). The Fawakhir Metagabbro is 
located at the mouth of Wadi Attala and shows 
uniform grain size. 
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Small irregular bodies of basic metavolcanics overly 
the ultramafic/mafic rocks, are fine-grained and dark 
blackish-grey to greenish-grey in colour. Both por- 
phyritic and amygdaloidal textures are common in 
the metavolcanics. The contact between the meta- 
volcanic and ultramafic rocks is fairly sharp, although 
small fragments of the basic metavolcanics occur 
in the ultramafic serpentinite. Low-grade regional 
metamorphism, up to greenschist-facies, has affec- 
ted the volcanic rocks. 

The Fawakhir post-ophiolite granitic pluton occu- 
pies the central part of the mapped area, and intrudes 
both the ultramafic and metagabbro rocks. The gran- 
itic pluton is characterised by the presence of nu- 
merous rounded to elliptical xenoliths with different 
sizes, which have sharp contacts with the enveloped 
granitic rocks. 

PETROGRAPHY 
The petrographic study of the Fawakhir ultramafic/ 
mafic and metavolcanic rocks is based on 73 thin 
sections. A more detailed petrographic investigation 
of the Fawakhir ophiolite sequence was carried out 
by Hassanen (1985). In the present work, only a 
brief petrographic summary of the Fawakhir serpen- 
tinites, metagabbros and metavolcanics is presented. 

Serpentinites 
The commonly foliated Fawakhir serpentinites are 
fine-grained, massive and light green to deep brown 
in colour. In some places, they are altered to tremolite 
and talc-carbonates. The serpentinites are mainly 
composed of serpentine minerals (antigorite, chry- 
sotile as well as serpophite) associated with variable 
amounts of talc, carbonates, magnetite, chromite 
and tremolite with relics of the parent olivine and 
pyroxene. 

Antigorite is the most common serpentine mineral, 
and occurs as medium- to fine-grained crystals and 
tiny flakes, shreds and fibres which are mainly 
restricted to cracks. In sheared serpentinites, the 
antigorite develops a noticeable subschistose texture 
and is commonly associated with talc aggregates. 
Recognition of the original crystals after antigoriti- 
sation is difficult, particularly when the antigorite is 
completely altered to talc and/or carbonates which 
typically obliterates primary igneous textures. Rare 
cellular antigorite crystals replacing the parent olivine, 
particullary at the grain boundaries, form a cellular 
structure. Also, pseudospherulitic structure is occa- 
sionally recorded. 

Chrysotile is less abundant than antigorite and 
occurs as long fibres and occasional pseudo- 
morphic prisms and blades after enstatite. The 

original orthopyroxene relics are present in the 
bastite. Serpophite (isotropic serpentine mineral) 
is uncommon, but typically occurs associated with 
antigorite. 

Magnetite, of primary origin, is fine-grained with 
euhedral to subhedral form and is generally dispersed 
throughout the rocks. Secondary magnetite due to 
serpentinisation occurs as irregular patches of aggre- 
gates. Chromite occurs interstitially as rounded and 
elongated, anhedral, medium- sized grains with a 
deep red to reddish-brown colour. 

Metagabbro 
The metagabbro is massive, holocrystalline, medium- 
to fine-grained with a greyish-green to dark green 
colour. The metagabbro shows ophitic to sub-ophitic 
textures, and mainly consists of plagioclase (60- 
50%) and amphibole (40-30%), together with sub- 
ordinate to minor amounts of pyroxene. The relative 
proportion of plagioclase and amphibole varies from 
one sample to another. Some samples have high 
abundances in amphibole and plagioclase. The 
secondary minerals are chlorite, zoisite, clinozoisite, 
epidote, sericite and calcite, while the accessories 
are sphene, apatite and opaque minerals. 

Tabular or prismatic plagioclase crystals (An43.s 2) 
are euhedral to subhedral and many exhibit albite 
twinning. Variable alteration of plagioclase to epidote, 
zoisite and clinozoisite, as well as sericite, is observed. 
This alteration partially or completely obliterates the 
twin lamellae. Zoning of plagioclase occurs, but is 
generally uncommon. 

Amphibole occurs both as primary magmatic horn- 
blende and secondary actinolite. The former is less 
abundant and occurs as prismatic and bladed aggre- 
gates. It commonly poikilitically encloses fine crystals 
of plagioclase and is variably altered to pale green 
chlorite, calcite, epidote and opaques. The secondary 
actinolite occurs as fibrous prisms and tablets with 
ragged edges. It is commonly pale green and moder- 
ately pleochroic, and is often simply twinned. Augite 
occurs as irregular shreds and remnants within the 
pseudomorphic amphibole. 

Chlorite is present as patchy, flakey and fibrous 
aggregates and is closely associated with amphibole, 
epidote and calcite. Epidote, zoisite and clinozoisite 
replace plagioclase and amphibole, and occur as 
anhedral granular aggregates. Sphene is secondary 
after titaniferrous opaques; mainly ilmenite. Opaques 
are of primary and secondary (after ferromagnesian 
minerals) origin and variably altered to sphene. 

Apatite occurs most commonly as an accessory 
mineral and occurs either as euhedral prisms, fine 
laths or as well-developed six-sided crystals, mostly 
enclosed in amphibole and plagioclase. 
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Metavolcanics 
The basic metavolcanics are dense with a blackish- 
grey to blackish-green colour. The rocks are generally 
aphanitic to fine-grained, showing prominent amyg- 
daloidal and porphyritic textures. The Fawakhir Meta- 
basalt is mainly composed of plagioclase and pyrox- 
ene with minor amounts of amphibole phenocrysts 
set in a groundmass consisting of a mixture of plagio- 
clase, actinolite, chlorite, epidote, zoisite, sphene and 
opaques. 

Plagioclase (An25.33) occurs as phenocrysts and 
as fine-grained euhedral laths in the groundmass. 
The plagioclase phenocrysts are commonly twinned 
and zoned, but slight alteration to aggregates of 
sericite and epidote masks the twinning in places. 

Augite occurs as colourless, prismatic phenocrysts 
up to 2 mm long, (often showing diagonal twins) of 
euhedral to subhedral form. It is commonly altered 
to pale green chlorite and actinolite along the grain 
boundaries. The fine-grained augite laths forming a 
part of the groundmass are often altered. Chloritisa- 
tion of augite is a common and distinct phenomenon 
characterising the Fawakhir metabasalts. Actinolite 
is the most abundant secondary mineral formed after 
augite. Simple as well as polysynthetic twinning 
types are common in the actinolite crystals. 

Epidote and zoisite occur as disseminated micro- 
lites or local aggregates in the metabasalt ground- 
mass. 

Sphene is present either as rims around titaniferous 
opaques or as evenly distributed subhedral grains. 
Opaques are the most common accessory minerals 
in the metabasalt and occur as evenly distributed 
subhedral skeletal grains or as fine disseminations. 
They are commonly associated with altered ferro- 
magnesian minerals. 

GEOCHEMISTRY 
Analytical methods 
Forty-two samples (17 serpentinites, 13 metagab- 
bros and 12 metavolcanics) were selected for major 
and trace element analyses. In addition, seven of 
the chosen samples (3 metagabbros and 4 meta- 
volcanics) were analysed for REE, Hf, Ta, Th and U. 

Both major and trace elements were determined 
by a fully automated Philips PW 1404 X-ray fluor- 
escence spectrometer (XRF). The international stan- 
dards with the recommended values of Govindaraju 
(1989) were used for calibration. Major elements 
were determined from glass discs prepared by the 
method of Padfield and Grey (1971), while trace 
elements were determined from pressed powder 
pellets. For loss-on-ignition (LOI), about 3 g of a 
rock powder was brought to a temperature of 

1000°C for 4 hours. The difference between the 
initial and final weights was used to compute the 
weight percent total volatile content of the rock. 
The REE, Hf, Ta, Th and U were analysed by 
instrumental neutron activation analysis (INAA) using 
a coaxial HP Ge detector. The methods of analyses 
for thermal and epithermal activation are described 
by Gordon et al. (1968) and Brunfelt and Steinnes 
(1969), respectively. The whole rock analyses, given 
in Table 1, were carried out in the Geological Institute, 
University of Bergen, Norway. 

Effect of alteration 
The mafic rocks of the Fawakhir area, including 
ophiolitic metagabbros and metavolcanics, display 
greenschist metamorphism grading into amphibolite- 
facies. Although the rocks of the present study have 
been affected by metamorphism, their original min- 
erals such as augite, hornblende and plagioclase are 
easily recognised. During alteration and/or metamor- 
phism of the rocks, the content of elements such 
as K, Sr, Rb and Ba are likely to have been changed 
from magmatic values (Hart eta/., 1974; Humphris 
and Thompson, 1978). The high field strength ele- 
ments (HFSE), transition elements (TE) and rare earth 
elements (REE), on the other hand, are considered 
to remain immobile during alteration and metamor- 
phism (Cann, 1970; Coish, 1977; Furnes, 1980; 
Staudigel and Hart, 1983; Mullen, 1983). Since the 
aim is to identify the tectonomagmatic evolution of 
the investigated metamorphic basic rocks, the im- 
mobile elements are mainly concentrated on, as their 
abundances are thought not to be greatly affected 
by alteration and metamorphism. 

Major, trace and rare earth elements characteristics 
Major elements data of the analysed serpentinites 
show a wide variation in SiO 2 (47.16-33.37 wt%), 
MgO (36.54-28.16 wt%) and CaO (8.34-0.14 
wt%) contents and a restricted range in AI203 (5.73- 
2.81 wt%) and FeO* (10.85-7.16 wt%) (Table 1 ). 
The Cr and Ni contents are high (3680-2194 ppm 
and 2799-1250 ppm, respectively), while Co ranges 
between 45 and 12 ppm. Sample Sp-1 is charac- 
terised by exceptional enrichment in TiO 2 (0.7 wt%), 
V (127 ppm) and Zr (1 O0 ppm) contents relative to 
the other serpentinite samples. The high content of 
TiO 2 and V reflect high abundances of ilmenite, while 
the elevated Zr content reflects high abundances of 
amphibole in this sample, which is confirmed petro- 
graphically. The SiO 2 versus FeO*/(FeO*+MgO) 
diagram (Fig. 3) shows that the Fawakhir serpen- 
tinites closely resemble those of depleted mantle 
peridotites (harzburgite-dunite) found in Phanerozoic 
ophiolite complexes (Coleman, 1977). 
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The ophiolitic metavolcanics are classified mainly 
as basalts and basaltic andesites, except one sample 
(MV-41) which is classified as dacite, using a total 
alkali-silica (TAS) diagram (Fig. 4a). In the Na20 + K20 
versus SiO 2 diagram after Cox et al. (1979), the 
gabbroid rocks plot mainly in the gabbro and dioritic 
gabbro fields, with the exception of one sample 
which plots in the dioritic field (Fig. 4b). The ophiolitic 
metagabbros and metavolcanics define pronounced 
variations with respect to the Mg-number ( M g #  = 

lOOMg/[Mg + Fe]) ranging from 60.06 to 33.35 for 
the metagabbros and from 41.98 to 23.29 for the 

metavolcanics. Generally, the metagabbros have a 
higher average Mg# (ca 45) than the metavolcanics 
(ca 34). The Fawakhir ophiolitic metagabbros and 
metavolcanics show a wide variation in their major 
and trace elements contents (Table 1 and Fig. 5). 
The Harker variation diagrams (Fig. 5) depict the 
close similarity between the compositions of the 
metagabbros and metavolcanics, which may suggest 
that the metagabbros represent the plutonic equiva- 
lent of the metabasalts. The variation diagram (Fig. 
5) shows that TiO=, FeO* and CaO display a slightly 
negative correlation when plotted against SiO 2. The 
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MgO versus SiO 2 shows a slightly positive correlation 
for the ophiolitic metagabbros. Most of the trace 
elements show scattered behaviour with SiO 2, 
except for Co, which displays a slightly negative 
correlation (Fig. 5). 

Three gabbroid samples (MG-18, MG-19 and MG- 
30) have distinct compositions compared to the 
other metagabbroic samples. They are characterised 
by relatively high contents of MgO (15.21, 14.34 
and 19.8 wt%, respectively) and Mg# (62.21,63.03 
and 73.66, respectively) and have very low alkali 
and AI203 contents (Table 1). These geochemical 
features are similar to certain boninitic suites. In the 
CaO/TiO 2 against TiO 2 diagram (Fig. 6), the majority 
of the Fawakhir rocks fall in or close to the MORB 
field, while the three boninitic gabbroid samples have 
a higher CaO/TiO 2 value and plot in the boninitic 
field. 

In an AFM diagram (Fig. 7), the Fawakhir ophiolitic 
metagabbros and metavolcanics in general define 
Fe-enrichment, demonstrating their tholeiitic nature. 
However, some Fawakhir rocks define a calc-alkaline 
evolutionary trend (Fig. 7). The Ti/Y against Nb/Y 
discriminant diagram of Pearce (1982) is particularly 
useful for distinguishing between alkaline and tho- 
leiitic suites. In this diagram (Fig. 8), it can be seen 
that the Fawakhir ophiolitic metagabbros and meta- 
volcanics, except for three samples, plot in the 
tholeiitic field. 

The chondrite-normalised diagram (Fig. 9a, b) 
of the ophiolitic metagabbros, boninitic metagab- 
bros and metavolcanics are characterised by flat 
to fractionated patterns ([La/Yb] N = 1.36 for the 

metagabbros, 1.26-3.49 for the boninitic meta- 
gabbros and 0.33-31.29 for the metavolcanics). 
The investigated samples are in general charac- 
terised by the absence of Eu anomalies, which 
would argue against substantial plagioclase frac- 
tionation or accumulation in the ophiolitic se- 
quence. The slightly negative Eu anomaly for MV- 
41 of dacitic composition, however, suggests that 
plagioclase fractionation may have played some 
minor role. 

DISCUSSION 
Tectonic environment 
To constrain the tectonic setting of the Fawakhir 
ophiolite, it is assumed that the metagabbros and 
metavolcanics represent liquid compositions con- 
sistent with the major and trace elements compo- 
sitions for most of the samples. 

The Fawakhir ophiolitic sequence has major and 
trace element compositions similar to magmas gen- 
erated in island-arc and mid-ocean ridge settings. 
Multi-element spider diagrams normalised to N-type 
MORB (Fig. 9c) show that the metagabbros and 
boninitic metagabbros are depleted in many immobile 
trace elements, although some elements such as 
Nb, Ce, Hf, Sm and Y abundances are comparable 
to those found in N-type MORB. The Fawakhir ophio- 
litic metavolcanics, on the other hand, show a gen- 
eral progressive enrichment from Yb through Ba (i.e. 
as the elements become increasingly more incom- 
patible) relative to N-type MORB (Fig. 9d), which 
may suggest derivation of melts from an enriched 
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Figure 10. Zr/4-Y-2*Nb diagram for the Fawakhir ophiolite. Fields are after 
Meschede (1986). Shaded area represents the Egyptian ophiolitic metagabbros 
delineated by Mohamed and Hassanen (1996). Symbols as in Fig. 3. 
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mantle source, or a source which has experienced 
only small degrees of melting. Sample MV-33 is 
distinctly LREE-enriched and HREE-depleted (normal- 
ised La/Sm = 3.3), thus characterised by a fraction- 
ated REE pattern ([La/Yb]N=31.3) (Fig. 9b). In the 
MORB-normalised diagram (Fig. 9d), the metavol- 
canic samples show negative Ta and/or Nb anomalies 
similar to subduction-related magmas (Pearce, 1982, 
1983). 

For further discrimination of the Fawakhir MORB- 
type rocks it is necessary to distinguish between 
the various types of oceanic basalts which may be 
present; i.e. normal (N-type), transitional (T-type), 
plume (P-type) MORB and oceanic island tholeiite 

(OIT). N-type MORB has Zr/Nb ratios of approxi- 
mately 30, and P-type MORB and OIT have Zr/Nb 
ratios of around 10 (Jones et  al., 1993). The Fawa- 
khir metagabbro, boninitic metagabbro and meta- 
volcanic rocks have Zr/Nb values of around 10 (7.4, 
10 and 13, on average, respectively), indicating that 
these rocks are essentially comparable to P-type 
MORB or OIT and not to N-type MORB. The Fawakhir 
ophiolitic rocks are characterised by low normalised 
La/Sm (0.65 for the metagabbros, 1.73-1.18 for 
the boninitic metagabbros and 0.54-1.54 for the 
metavolcanics) and normalised Sm/Yb values (1.36 
for the metagabbros, 3.49-1.26 for the boninitic 
metagabbros and O. 61 - 1.21 for the metavolcanics), 
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and flat REE patterns suggesting P-type MORB rather 
than an ocean island tholeiite (OIT) environment, 
which typically display convex REE patterns and 
high normalised La/Sm and Sm/Yb values (Jones et 
al., 1993). The recognition of P-type MORB in the 
Nubian ophiolites has been recorded by other authors 
(e.g. Berhe, 1990; KrSner et aL, 1987). 

On the Zr-Nb-Y diagram of Meschede (1986), the 
Fawakhir ophiolitic rocks plot mostly within or close 
to the P-MORB field (Fig. 10) and they are further 
comparable with the field defined by Egyptian 
ophiolitic metagabbros delineated by Mohamed and 
Hassanen (1996). 

The rocks of the Fawakhir ophiolitic sequence also 
display, in addition to the above-mentioned negative 
Ta and Nb anomalies (Fig. 9d), some additional 
geochemical features which are characteristic of 
island-arc lavas. Sr/Zr ratios in the Fawakhir Ophiolite 
ranges from 0.38 to 7.86 for the metagabbros and 

boninitic metagabbros and 1.23 to 4.49 for the 
metavolcanics. Hawkins and Melchior (1985) have 
shown that a large range in the Sr/Zr ratios from Sr/ 
Zr = 4 (typical of island-arc mafic lavas) to Sr/Zr = 1-2 
(typical of P-MORB) often characterise back-arc basin 
tholeiites. The Fawakhir ophiolitic metagabbros and 
metavolcanics have a wide variation in TiN ratios 
ranging from 125.27 to 1.18 for the metagabbros 
and boninitic metagabbros and from 56.27 to 7.00 
for the metavolcanics. This large variation is diag- 
nostic of back-arc setting (Shervais, 1982). On the 
Ti versus V diagram (Shervais, 1982), it is clearly 
shown that the ophiolitic rocks plot in both the island- 
arc and MORB fields (Fig. 11). 

Hence, the rocks of the Fawakhir ophiolite se- 
quence have trace element concentrations transi- 
tional between island-arc and MORB, which suggest 
that the Fawakhir Ophiolite does not represent a 
mid-ocean ridge environment but most probably 
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developed in a back-arc tectonic setting. Several 
authors have also shown that a mixture of arc-like 
and MORB-like geochemical characteristics is a 
feature of back-arc basin tholeiites (e.g. Shervais, 
1982). 

M a g m a  source(s) and petrogenetic implications 
The Fawakhir rock units tend to exhibit certain simi- 
larities reflecting a cogenetic relationship. The 

complete spectrum of all the Fawakhir metagabbros, 
boninitic metagabbros and metavolcanics in the CaO/ 
TiO 2 versus TiO 2 diagram (Fig. 6) suggests that they 
are genetically related (Sun and Nesbitt, 1978). A 
genetic relationship between the Fawakhir rocks is 
confirmed in the Zr/Y versus Nb/Y diagram (Fig. 
12), where the rocks plot in superimposed fields. 
However the variations in this diagram suggest 
multiple parental magma sources and/or different 
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melting proportions for the same source (Misra and 
Conti, 1991 ). 

The nature of magma source for the Fawakhir 
rocks is evaluated using the CaO/AI203 versus Zr/Y 
ratios (Fig. 13). The variations in the Zr/Y ratios, 
coupled with no change in the CaO/AI203 ratios for 
most of the Fawakhir rocks, reflect partial melting 
of a harzburgite mantle source (Cpx-poor magma) 
with little or no subsequent pyroxene fractionation 
(Lytwyn and Casey, 1993). The high CaO/AI203 
values of the boninitic metagabbros indicate olivine 
and plagioclase crystallisation of the melt during 
early fractionation (Lytwyn and Casey, 1993). 

Since Nb is a more incompatible element than Zr 
in mantle phases (Clift and Ryan, 1994), the relative 
depletion in HFSE by fractionation can be defined 
using the Zr/Nb ratio. Since Mg is sensitive to frac- 
tional crystallisation (Clift and Ryan, 1994), the lack 
of correlation between the variations of MgO content 
and Zr/Nb for the metagabbros (Fig. 14) indicates 
that the fractional crystallisation was not the main 
process, but its role could not be precluded in the 
evolution of these rocks. Conversely, the metavolcanics 
exhibit a strong correlation in this diagram (Fig. 14), 
which suggests the dominent role of fractional 
crystallisation in their genesis. A Cr versus Y binary 
diagram is useful to evaluate the different petrogen- 
etic process(es) contributed to the evolution of mafic 
rocks. The diagram (Fig. 15) Suggests that different 
melting proportions of a harzburgitic mantle source 
( - 10-35%), followed by subsequent orthopyroxene 
and olivine fractionation, are the main processes 
for the evolution of the metagabbros, while fractional 
crystallisation played an important role in the evolu- 
tion of the Fawakhir metavolcanics and boninites. 

Recent studies on magma genesis suggest that 
the mantle undergoes continuous or near-fractional 
melting (McKenzie, 1984; Nicolas, 1986; Johnson 
et al., 1990; Sobolev et al., 1992). The different 
rocks recorded in the Fawakhir area tend to exhibit 
petrological and geochemical features which suggest 
a co-magmatic origin. The range of the rock compo- 
sitions for the Fawakhir suite, including boninites, 
may reflect fractional polybaric melting of a rising 
peridotitic diapir within a mantle melting column. 

A three-stage rising diapir model has been pro- 
posed for the evolution of the Fawakhir mafic rocks. 
The first stage involves different melting proportions 
of a harzburgitic mantle source (about 20-35%, Fig. 
15) in the melting column at a relatively deep depth, 
subsequent by pyroxene, plagioclase and olivine 
fractionation, to produce the Fawakhir gabbroic 
rocks. Pyroxene removal from the more depleted 
liquid, resulted from the melt extraction of the first 
stage, could generate the Fawakhir volcanics (Stage 

II). At shallower levels, the plagioclase and amphibole 
fractionation from the source, residual after the gen- 
eration of Fawakhir volcanics, could produce the 
boninitic rocks as a late stage product (Stage III). 

CONCLUSION 

The Neoproterozoic Fawakhir ophiolitic sequence in 
the Central Eastern Desert of Egypt occurs within a 
regionally metamorphosed metasediment-metavol- 
canic rocks. The Fawakhir serpentinites are charac- 
terised by high Ni and Cr contents, reflecting their 
development from a depleted-mantle peridotite 
source. On the basis of major and trace element 
chemistry, the Fawakhir ophiolitic metagabbros and 
metavolcanics show a wide spectrum of geochem- 
ical features. They tend to exhibit both tholeiitic to 
calc-alkaline affinities, and are geochemically akin 
to P-MORB, island-arc and boninitic rocks, suggesting 
that the ophiolitic sequence of Fawakhir was gener- 
ated in a back-arc environment. The Fawakhir ophio- 
lite sequence represents a model of mantle melting 
involving a rising peridotitic diapir undergoing frac- 
tional fusion and melt extraction during ascent. The 
boninitic metagabbros can be attributed to plagio- 
clase and amphibole fractionation of a highly refrac- 
tory mantle at shallow depth. 
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