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ABSTRACT 
The rocks of the Zabara district include ophiolitic and non-ophiolitic sequences. The ophiolitic ones are metagabbro and 

metabasalt associated with metasediments, whereas the non -ophiolitic sequence includes intermediate to acidic metavolcanics and 
two -mica younger granites. The metasediments are felsic with Si02 ranging from 68 to 72 wt% with relatively low Cr and Ni 
contents (51 ppm and 16 ppm, respectively). which suggest that felsic rocks were predominated in their source area. The Zabara 
metasediments are characterised by slightly tlat REE patterns and have geochemical features similar to those of the ocean island arc 
metasediments. 
The ophiolitic metagabbro and metabasalt are similar in their major and trace element contents and show a tholeiitic affinity. The 
ophiolitic sequence exhibits geochemical characteristics on N-MORB with very low levels of K20, Nb, Zr, Rb and Ba and tlat REE 
patterns. The REE modelling reveals that the ophiolitic sequence could be derived by non-modal batch partial melting of spinel 
lherzolite source followed by subsequent fractional crystallization of olivine, clinopyroxene and plagioclase. 
The non-ophiolitic metavolcanics cover the entire spectrum from medium-K meta-andesite to high-K metadacite with calc-alkaline 
affinity. The metavolcanics have slightly fractionated LREE and unfractionated, tlat HREE. The non-ophiolitic metavolcanics 
represent cogenetic fractionated sequence. 
The highly evolved post-orogenic alkaline two mica granite exhibits peraluminous character and shows close similarity with the 
metarhyolite with repeat to major and trace elements. The granite could be modelled by about 70% fractional crystallisation of 
plagioclase, alkali feldpar, biotite, titanite and zircon from the dacitic magma. 
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INTRODUCTION 

The Arabian-Nubian Shield (ANS) is a patchwork of 

microplates that are sutured along linear belts of ophiolites 

[1,2,3] and was evolved and cratonised during the late 

Precambrian Pan- African event ( ca 1100-450 Ma, { 4} . 

The basement complex in the ANS is characterised by the 

abundance of volcanosedimentary successions of 

greenschist facies metamorphism, dismembered ophiolitic 

complexes, gabbro-diorite-tonalite complexes and 

unmetamorphosed volcanic and pyroclastic sequences that 

are extensively intruded, particularly in the northern 

Egyptian Shield, by batholithic granodiorite-granite 

complexes { 5, 6} 

The metasediments in the Egyptian basement complex can 

be classified into three main types, oceanic, island-arc and 

continental metasediments. The first type have been 

interpreted as deep water deposits {7} and is mainly 

associated with pillow basalts without terrigenous 

sediments {7,8}. The island-arc metasediments, equivalent 

to those produced in the present day intra-oceanic isaland 

arc environment { 4,9} consist maily of greywacke with 

less than 10% detrital K-feldspar {7}. The continental 

metasediments were termed the lgla formation by { 5} and 

{ 10}. They are composed of a thick succession of 

coarse-grained and poorly sorted immature clastic 

sediments. 

The gabbroic rocks of the Egyptian basement complex have 

different ages and tectonomagmatic evolution. The 

precambrian belt of the Egyptian basement contains two 

essential gabbroic types, namely older and younger 

gabbros. The first type is known as the El-Sid metagabbros 

{ 10} which includes metagabbro, amphibolite, 

meta-appilite, metanorite and metadolerite. These rocks 

have shown similarities with ophiolitic gabbros { 11, 12, 13, 

14, 15, 16}. The younger gabbros, on the other hand, 

considered to represent a late phase of calc-alkaline magma 

activity, are coeval with the Andean-type calc-alkaline 

magmatic rocks { 17,18}. They are most! y fresh, 

unmetamorphosed and consist of norite, gabbro-norite, 

olivine-gabbro and troctolite { 19}. The alkaline gabbro 

(troctolite) have been interpreted as post-tectonic, rift 

related intrusions {20}. Recently, {21) classified the 

Eg;-ptian gabbroic rocks into island-arc (1-type), ophiolitic 

(0-type) and younger (Y-type) gabbros. Both the ophilitic 

and younger gabbroic suites have restricted compositions, 

gabbroic types commonly dominating. The island-arc 

(nonophilitic) intrusive metagabbro suites exhibit wide 

compositional variation and display more extreme 

fractionation trends with evolution towards tonalitic 

compositions {21 }. 

Two major volcanic episodes have been recognized in the 

precambrian crust of the Nubian shield. The products of 

early Pan-African volcanism (950-750 Ma; {22}) is 

represented by the Shadli metavolcanics which was 

subdivided by { 8} into older metavolcanic rocks 

(ultramafic rocks and pillow basalts) and younger 

metavolcanic rocks (dominantly andesites and volcanogenic 

metasediments). The volcanic episode was succeeded by a 

younger Pan-african volcanic cycle (680-550 Ma; {22} ) 

which produced voluminous volcanic assemblages, 

referred to as the Dokhan volcanic rocks { 5,23} 

With respect to the Egyptian granitoids, they were 

classified, generally, into older and younger granitoids ( 10, 

15, 24 }. Recently, {25} classified the younger granitoids 

into orogenic 1-type arc related, orogenic A-type arc-related 

orogenic A-type rift-related and anorogenic A-type 

rift-related granites. The older granitoids were considered 

to be mantle derived while the younger granitoids were 

derived by the partial melting of lower crustal rocks { 26, 

27, 28 }. 

The aim of this study is to use petological and geochmical 

data to interpret the tectonomagmatic evolution of the rock 

assemblages encountered in the Zabara district. 

LITHOSTRATIGRAPHY AND 

GEOLOGICAL SETTING 

The Zabara district, covering an area of about 165 km2, is 

situated in the Central Eastern Desert of Egypt with 

coordination: long 34" 40'- 34" 46' E and lat. 24" 44'- 24" 

49' N (Fig. 1 ). Different varieties of Precambrian rocks are 

represented in the Zabara district including metasediments, 

ultramafic I mafic rocks mainly serpentinites, ophiolitic 

metagabbro, ophilitic basic metavolcanics and 

non-ophiolitic intermediate to acidic metavolcanics and 

younger granite. The ophiolitic metavolcanics, metgabbro 

and serpentinite are thrusted over the metasediments. It is 
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Figure 1: Geological map of the Zabara district. Inset maps show the location of the Zabara district in Egypt, and the 

geographical distribution of the Pan-African belt in Arabia and Africa. 
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apparent from the general structural attitude of the major 

rock units that the metasediments and the structurally 

overlying ophiolite, non-ophiolitic metavolcanics and 

volcaniclastic were folded together into major open folds 

{29}. 

The matasediments are composed essentially of 

metagrewacke and metamudstone. These rocks are 

characterised by slump structures, scarcity of 

conglomerates and absence of calcareous beds suggesting 

their moderate to deep water depositional environment. 

The clastic fragments in the metagrewacke include 

volcanic rocks, gabbro, quartz and feldspars. The clastic 

fragments are mostly unaltered while the fine matrix is 

variably transformed into sericite, chlorite, epidote and 

actinolite. The metamudstone is very thinly laminated and 

composed mainly of quartz and feldspars with subordinate 

chlorite, muscovite and clay minerals. In some places, the 

metagreywacke and metamudstone are strongly sheared. 

The metasediments range in metamorphic grade from the 

lower greenschist facies up to the medium amphibolite 

facies. 

The metagabbros, distinctly metamorphosed to greenschist 

facies, show most of the field characteristics of ophiolites 

according to the criteria of { 30}. They are associated with 

srpentinites and lie tectonically on the underlying 

metasediments. The outcrops of the serpentinites, 

intensively altered to talc-corbonated along thrust faults, 

show no signs of thermal metamorphism against the host 

rocks suggesting that they are allochthonous and 

tectonically emplaced. The ophiolitic metagabbros, 

present as elongated masses trending mainly in a NNW 

direction, are heterogeneous in terms of mineralogical 

composition, texture and color index. They consist of 

layered and massive varities, with the latter being the main 

rock variety. The former is mostly restricted to the contact 

with the ultramafic rocks. 

Two common metavolcanic rock types are distinguished in 

the Zabara district. These are (i) ophiolitic basic 

metavolcanics and (ii) non-ophiolitic intermediate to acidic 

metavolcanics. The ophiolitic metavolcanics are composed 

of a thick succession of metabasalts and from moderately 

elevated mountanous ridges with well developed jointing 

and faulting. They are green to greyish green in color, 

massive and fine-grained, yet porphyritic and amygdaloidal 

textures are frequently common. Their metamorphic grade 

range from the greenschist to the amphibolite facies. These 

rocks are thrusted over the ophiolitic serpentinites and 

ophiolitic metagabbros. The thrust is a narrow shear zone 

characterized by an abundance of broken blocks and 

cataclastic fragments, trending NW and dipping NE. It 

separates the ophidlitic metavolcanics from the underlying 

metasediments. The non-ophiolitic metavolcanics range in 

composition from meta-andesite through metadacite to site 

metarhyolite. They show porphyritic and amygdaloidal 

textures. The contacts of ophiolitic metavolcanics against 

the non-ophiolitic metavolcanics are often poorly defined. 

The metavolcanics are folded into a series of asymmetrical 

synclines and anticlines whose exial planed trend 

NNW-SSE {29}. 

The younger two-mica granite typically displays sharp and 

non-reactive contacts against the surrounding rocks and is 

devoid of xenoliths. It is a medium-to coarse-grained with 

a marked equigranular texture but with occasionally 

gneissose texture with pink to red color. Small hematic 

cubes are occasionally present in the granite. According to 

the field relationship, the younger two-mica granite 

cross-cut virtually all the crystalline rock types encountered 

in the investigated area suggesting it younger age. 

PETROGRAPHY 

76 Samples representing the different rock types of the 

Zabara district were collected and petrographically 

examined in thin section. 

Metasedimetns 

The metasediment sequence is composed mainly of 

metagreywacke and metamudstone. The former is the most 

abundant and widespread. The metasediments are massive 

and frequently exhibit schitose textures with green greenish 

grey, dark grey and black colours. The metagreywacke is 

composed principally of quartz, albite and lithic fragments 

packed and scattered in a much finer matrix formed of silt 

and clay-sized clasts. 

The detridal clasts are angular to subangular and rarely 

subrounded, and consist mainly of quartz, albite and rock 
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fragments intermixed in different proportions. Quartz is the 

most common mineral and usually forms monocrystalline 

grains with undulose extinction and polycrystalline 

fragments composed of numerous elongated to irregular 

crystals with sutured contacts. In the schistose varities, 

quartz grains are roughly elongated with preferred 

orientation parallel to the schistosity planes. 

Plagioclase usually forms angular to subangular elongated 

and equidimentional clastic grains. It ranges in 

composition from plagioclase to albite and exhibits varying 

deg(ees of alteration, from olightly kaolinitised grains to 

completely altered ones. Occasionally, feldspar grains are 

replaced by the matrix minerals. 

Lithic fragments occur in sandy and pebbly sizes and 

include wide varities of reworked mudstone, basalt, 

andesite and felsite. 

The matrix is dark, lightly cementing the clastic grains. It 

is mostly muddy and consists of mixture of silt-and 

zoisite. Relatively fresh plagioclase crystals show complex 

albite and Carlsbad twinning. Cracking and bending of 

twin lamellae are occasionally recorded as signs of 

deformation. 

Augite is present as subhedral crystals of comparable size 

to those of the plagioclase. Alteration to actinolite is 

common, especially along the margins. Hornblende forms 

ragged prismatic crystals and contains poikilitic inclusions 

of minute plates of plagioclase and apatite. Sometimes, 

hornblende is altered partially or completely to chlorite, 

epidote and actinolite. Occasionally, actinolite is present as 

fine acicular needles or as radiating fibers. 

Ilmenite and titanomagnetite were studied in polished 

sections. A myrmekitic intergrowth between ilmentite and 

the silicate minerals is sometimes observed. Occasionally, 

ilmenite is altered along the periphery to rutlile and 

hematite. Unexsolved titanomagnetite crystals occurring as 

clay-sized grains of quartz, feldspar, chlorite, sericite, cubic, discete grains disseminated in the rock are rarely 

biotite, epidote and iron oxide, together with dark grey observed. Apatite inclusions are common in plagioclase 

clayey materials. and hornblende crystals. 

The metamudstone is very fine-grained, mostly greenigh Ophiolitic basic metavolcanics 

grey to dark grey colours. It consists of an extremely The ophiolitic metavolcanic Is mainly of basaltic 

fine-grained mixture of different proportions of silty and composition. It shows porphyritic and amygdaloidal 

clayey particles with or without minor amount of sandy textures. The amygdales possess subspherical to elliptical 

grains. The clay fraction consists of aggregates of clay shape filling with epidote, chlorite and calcite. The main 

materials which is not amendable to thin section study. The constituents in the ophiolitic metabasalt are plagioclase, 

silty fraction is made up of quartz, feldspar, white mica and augite and hornblende. Secondary minerals include 

opaques, while the sandy fraction is present in small chlorite, actinolite and epidote. Opaques and apatite are the 

amounts as subangular fine to very fine sandy grains of main accessories. 

quartz and feldspar. 

Ophiolitic metagabbros 

The metagabbro is medium to fine-grained, equigranular 

and consists of plagioclase, augite and hornblende as 

principal phases. Alteration products are chlorite, 

clinozoisite and epidote while opaques, sphene and apatite 

are accessories. 

Plagioclase (An62,71 ) occurs as euhedral to subhedral 

prismatic to tabular crystals. Saussuritization, sericitisation 

and epidotisation are common. These alterations commonly 

vary from slight cloudiness at the core of the crystals to the 

development of dense aggregations of sericite, epidote and 
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Plagioclase (An55_65) occurs as idiomorphic to 

subidiomorphic phenocrysts as well as small laths in the 

groundmass. Low temperature alteration caused the cloudy 

appearance of plagioclase by secondary formation of 

sericite, epidote, clinozoisite and calcite. Relatively fresh 

phenocrysts exhibit lamellar twinning. Few plagioclase 

crystals show signs of deformation such as cracking and 

bending of the twin lamellae. 

Clinopyroxene of augitic composition if present as 

subidiomorphic prismatic phenocrysts and as microlites in 

the groundmass. Alteration of augite begins along the grain 

margins and/or the cleavage planes, and frequently the 
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whole crystals are completely replaced by green actinolite 

and minor chlorite. 

Hornblende phenocrysts are less abundant than plagioclase 

and augite. They occur as prismatic crystals, occasionally 

twinned and variably altered to chlorite and epidote. 

Chlorite is the most dominant secondary mineral in the 

groundmass, whereas primary matrix phases like 

plagioclase, augite and hornblende are rarely preserved. 

Chlorite, actinolite and epidote occur as irregular patches 

and shredly aggregates. Opaques and apatite needles are 

variably represented in the groundmass. 

Non-ophiolitic metavolcanics 

The non-ophiolitic metavolcanics comprise of 

meta-andesite, metadacites and metarhyolites. They are pale 

Occasionally, some hornblende phenocrysts are bunched in 

aggregates forming a glomeroporphyrtic texture. 

Secondary actinolite after hornblende is observed as fibers 

that from pilotaxitic texture with plagioclase laths and 

quartz grains of the groundmass. Relict augite is rare in the 

meta-andesites, occurs as corroded boundaries phenocysts 

and exhibits partially and/or completely alteration to 

actinolite and chlorite. 

Brownish-yellow shreds biotite are mainly recorded in 

metarhyolites and metadacites with subordinate amounts in 

the meta-andesites. The biotite shows pleochroism with 

formula: X (yellow) < Y s; Z (reddish brown). Some 

crystals are found to be altered partially and/or completely 

to chlorite. 

Quartz is the most abundant constituents in the 

green, greyish green, brown and reddish brown in colours. metarhyolites and, to a lesser extent, in the metadacites and 

This rock association exhibits porphyritic and sometimes meta-andesites. It occures as subidiomorphic phenocrysts as 

vesicular textures. Despite greenschist facies well as microlites in the groundmass. The phenocrysts 

metamorphism of these rock types, they still contain exhibit wavy extinction with sharp contacts against the 

primary igneous minerals which are fresh or partly groundmass componets. 

subjected to secondary alteration. Plagioclase, hornblende, Opaques are the most common accessory minerals with 

augite, biotite and quartz are the principal constituents of subordinate of titanite. They occur as fine grains and 

these rocks. Actinolite, chlorite, epidtote and zoisite are the pigments distributed in the groundmass and commonly 

alteration products while iron oxides and titanite are the associated with altered hornblende and biotite crystals. 

accessories. 

Plagioclase is mainly adnesine (An36) in the meta-andesites 

and becomes more sodic in metadacites and metarhyolites 

with oligoclase to albite composition (An28_10). Generally, 

the plagioclase forms idiomorphic to subidiomorphic 

tabular phenocrysts which are commonly twinned 

according to the Carlsbad, albite and multiple twinning 

laws. In some instances, the plagioclase phenocrysts are 

slihgtly to moderately altered to zoisite, epidote, sericite 

and calcite which often partially mask twinning. 

Furthermore, the phenocrysts are frequently deformed as 

indicated by the presence of undulose extinction and 

bending of the twin lamellae. Minute laths and micro lites of 

plagioclase from the major part of the groundmass. 

Primary hornblende phenocrysts mainly occur in the 

meta-andesites and to a lesser extent in the metadacites. 

They exhibit simple and polysynthetic twinning and 

alteration to epidote, zoisite and/or chlorite aggregates. 

Younger two-mica granite 

The younger granite consists of quartz, potash feldspar, 

plagioclase, muscovite and biotite as essential minerals, 

while sericite, epidote and chlorite are the alteration 

components. Accessories includes apatite, titanite and 

zircon. 

Quartz is the most abundant phase in the two-mica granite 

and present either as coarse-grained crystals or interstitial 

aggregates filling the interstices between the other 

constituents. The coarse-grained crystals are mostly 

euhedral to subheral and occasionally, show wavy 

extinction. Sometimes, quartz occurs as inclusions in 

plagioclase and biotite crystals or forms micrographic 

intergrowth with K-feldspar. 

Potash feldspars occurs mainly as subhedral prismatic 

crystals of microcline and rare orthoclase. They are in most 

cases perthitic (patchy perthites). Rarely, the perthitic 

albite shows simple twinning. In some cases, alkali 
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feldspar is present as inclusions in the plagioclase forming 

antiperthitic texture. 

Plagioclase (An23_13) usually form euhedral to subhedral 

tabular and prismatic crystals. It is twinned according to the 

Carlsbad, albite and multiple laws. Some crystals show 

alteration to sericite and epidote. Occasionally, few crystals 

display zoning, resorbed boundaries and bending of twin 

lamellae. Inclusions in plagioclase are mainly represented 

by quartz, muscovite, epidote and opaques. 

Muscovite occurs as euhedral to subhedral flakes. The 

large muscovite crystals are characterised by wavy 

extinction, bending of cleavage and common presence of 

opaques along cleavage planes. Biotite forms as short 

prismatic pleochroic euhedral to subhedral flakes. It is 

partially or completely altered to green chlorite. Inclusions 

of zircon, apatite and epidote are common in biotite. 

Prismatic crystals of minute needles of apatite are 

disseminated in the granite as well as inclusions in biotite 

and plagioclase. Ilmenite form dark irregular grains usually 

associated with biotite flakes. Titanite occurs either as thin 

rims around titaniferous opaques or as subheral crystals 

always associated with biotite. Zircon inclusions 

surrounded by pleaochroic haloes are common in biotite. 

GEOCHEMISTRY 

Analytical techniques 

Fourty one samples (5 ophiolitic metagabbros, 5 ophiolitic 

metabasalts, 4 meta-andesites, 4 metadacites, 4 

metarhyolites, 13 younger granite, 3 metagreywackes and 3 

metamudstones), crushed in an agate mortar, were analysed 

for major and trace elements. All whole-rock analyses were 

carried out at the institute of Mineralogy, Petrology and 

Economic Geology, Tohoku University, Japan. Major 

elements were determined of fused-glass discs, trace 

elements on pressed powder pellets, by a fully automatized 

Rigaku 3080E2 X-ray fluorescence spectrometer (XRF). 

Precision for major elements is better than I% and around 

10% for the trace elements. 12 samples were analysed for 

REEs by instrumental neutron activation analysis (INAA) 

(note that La, Ce and Nd values reported for samples 

without full REE analyses are values obtained by XRF). 

Alteration effects 

Petrographic studies indicate that the investigated 

metavolcanic units encountered in the Zabara district have 

been altered and matamorphosed to a greenschist to 

amphibolite mineral assemblage, with little retention of 

primary mineralogy. Alteration is substantially less 

pronounced in the younger two-mica granite, and primary 

minerals are preserved in many samples. The effects of 

alteration and metamorphism upon the remobilisation of 

elements should be cited in order to put constraints on, and 

justify the use of elements in petrogenetic considerations. 

For major elements, { 31} reported loss of CaO and Al203 

during spilitization, and that Si02, FeO* and Na20 may or 

may not be gained. During low-temperature alteration of 

basalts, the FeO*/MgO ratio, useful as a measure of 

differentiation, will increase, whereas Si02 will b 

decreased { 32, 33, 34}. Zielinski { 35} showed that Si02 

and Al
2
0

3 
remained nearly unchanged, whereas the 

FeO/*MgO ratio was strongly depleted during the alteration 

of felsic rocks. 

The mobility of the low-field-strength elements (LFSE) 

such as Cs, K, Rb, Ba and Sr is well documented, since 

these are rather sensitive to sea-water basalt interaction { 36, 

37, 38]. Therefore, major and LFS elements should be 

excluded or used with caution during any petrogenetic 

interpretation. 

In contrast to the major and LFS elements, there is 

substantial agreement among geochemists that the 

high-field-strength elements (HFSE) like P, Ti, Y, Zr, Nb, 

Hf, Ta, Th, the transition elements (TE) like V, Cr, Co, Ni 

and REE are essentially immobile during alteration and 

metamorphism of the rocks {39, 40, 41, 42, 43, 44, 45, 46, 
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47}. Therefore, the immobile elements (TE, HFSE and 

REE), will be used largely for tectonomagmatic 

interpretation. 

Major and trace element characteristics 

Metasediments 

The finer grained meta-clastic (metamudstones) show 

similar geochemical characteristics to the associated 

metagreywackes. However, the metamudstones have 

contents of Si02. The Zabara metasediments, on the 

whole, are felsic and compositionally restricted in terms of 

major oxides with Si02 (67.7% - 72.3%), Al203 

(12.3%-15.4%), Fe203* (2.4%-5.9%), and MgO 

(0.96%-1.7%). The metasedimentary rocks are 

characterized by high Na20 and K20 contents, hence they 

plot in the field of sodic sandstone in the (Fep3 * + MgO) -

Na20-Kp triangular diagram of (48} and in the 

compositional field of greywacke according to the 

classification of ( 49}. The relatively high SiOz/ Al20 3 and 

low K20/Na20 (< 1) also favor a greywacke affinity. 

Although it is possible that the later ratio may have 

decreased due to the K-loss during weathering, low value 

of the Chemical Index of Alteration (CIA) (CIA = 100* 

Al20 3/ (Al20 3 + CaO + Na20 + K20) in mole %) ranging 

from 48.5 to 52.9 do not favor significant K-loss, which 

would raise CIA indices. The metasediments have low 

levels of V, Ni and Zn and moderate to high values of Sr 

and Ba (Table 1). 
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Table 1 
Whole-rock chemical c:ompo.alona for the rock IUOCillllol~a ot W. :Z.... ... Eatmt Delelt, Egypt 

SiriiPiil v~' VG02 Vd 
Tn! 
Mljor elements (In wt. ,.,) 
~ 74.08 n.17 72.81 72.74 7243 7266 72.95 7278 12.n 75.ff1 73.90 72.30 74.30 48.34 50.135 s1.n 48.33 47.85 51.23 48.83 52.01 

~ 0.05 0.04 021 0.11 0.11 0.08 0.07 0.08 0.07 0.05 0.22 0.22 0.08 1.43 1.51 1.39 1.49 1.36 1.34 1.45 1.52 

~ 15.82 14.04 14.96 14.69 15.72 15.51 15.31 15.23 15.24 14.32 14.04 15.31 15.57 13.48 13.67 13.35 14.05 13.89 15.93 15.27 14.73 

F~ 0.48 0.17 1.03 0.85 0.82 0.74 0.81 0.81 0.84 0.21 1.13 1.12 0.54 3.52 3.55 3.82 4.48 4.15 2.84 3.88 3.55 
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Variation diagrams (Fig. 2) show that the major and trace 

elements of the metagreywacke and metamudstone are 

closely similar to the composition of metadacite 

metarhyolite and younger granite. The relatively low Cr 

and Ni contents of the metasedimentary rocks suggest that 

felsic lithologies (granite and/or felsic volcanics) 

predominate the mafic and ultramafic rocks in their source 

areas. However, the very low Th/U ratios of the Zabara 

metasediments relative to the investigated younger granite 

preclude the contribution of the latter to their source area. 

On the other hand, Cu/Zn ratios in the metasedimentary 

rocks and non-ophiolitic metavolcanics are closely similar 

suggesting that the latter being predominant rocks in the 

source area. 
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The Zabara metasedimentary rocks have a chondrite­

normalized REE pattern characterized by slightly 

fractionated LREE, flat HREE and absence of an Eu 

anomaly (Fig. 3) similar to the pattern of the non-ophiolitic 

metavolcanics. However, the metasedimentary rocks have 

less fractionated and lower contents of LREE than the 

non-ophiolitic metavolacanics (Fig. 3). The sum of REEs 

contents increase from metagreywacke to metamudstone 

(39.2 and 51.5, resp~ctively). 

500 
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1300 

MORB and ORG after {86} and {64}, 

respectively. Thevalues of CIA (continental 

island arc greywacke); ACM (active continental 

margin greywacke) and PM (passive continental 

margin greywacke) are from { 86}. 
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Figure 2: Selected Harker variation diagrams for major and trace elements from the Zabara district. Symbols: filled squares 

= ophiolitic metagabbro; fille triangles = ophiolitic metabasalt; cross meta-andesites; astriskes = metadacites; open circles= 

rhyolites; rhombas = two mica younger granites; plus = metagreywakes; open triangles = metamudstones. 
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Figure 3: (a) chondrite-normalized rare earth element (REE) diagrams for the metasediments, 

ophiolitic metagabbros and metabasalts, non-ophiolitic metavolcanics and younger two-mica granites 

of the Zabara district. Normalization values after {82}. (B) OIA (oceanic island arc)- normalized 

multi-element diagram for the metasediments; MORB (mid ocean ridge basalt) - normalized 

multi-element diagrame for the ophiolitic metagabbros and metabasalts and the non-ophiolitic 

metavolcanics; and ORO (ocean ridge granite)- normalized multi-element diagram for the younger 

two-mica granites of the Zabara district. Normalization values of the OIA, 
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The chemical composition of sediments provides an 

important clue to their provenance and tectonic setting. 

{50} defined three types of sedimentary basins related to 

plate tectonic setting. These basins are (i) PM (passive 

margin)-basin on continental crust, and basins associated 

with ocean floor spreading, (ii) ACM (active continental 

margin)-subduction-related basins, continental collision 

basins and pull-apart basins associated with strike-slip fault 

zone and (iii) Arc-subduction-related basins. The major 

elements geochemistry of the metasediments gives insight 

to the tectonic setting of the basin in which they were 

deposited {51}. The Si02 vs K20/Na20 diagram (Fig. 4) 

reflects that the investigated metasedimentary rocks were 

deposited in an oceanic island arc basin. The trace 

elements, particularly those which are relatively immobile, 

can also be very useful. Elements La, Ce, Nd, Y, Th, Zr, 

Hf, Nb, Ti and Sc are most suited for provenance and 

tectonic setting determinations because of their relatively 

low mobility during sedimentary processes and their low 

residence time in sea water {52}. These elements are 

transported quantitatively into clastic sedimentary rocks 

during weathering and transportation and thus would reflect 

the signature of the parent material [ 33}. The investigated 

metasediments are normalized to well known tectonic 

metasediments. Indeed, the OIA (oceanic island 

arc )-normalized spiderdiagram (Fig.3) shows that the 

metasediments are closely similar to those of the OIA 

metasediments. 

Ophiolitic metagabbros and metabasalts. 

These rocks are similar in both major and trace elements 

contents (Table 1) and therefore they will be discussed as a 

single unit termed hereafter as OMGB (OMGB = ophiolitic 

metagabbro and metabasalt). The Si02 contents range from 

47.9 to 54 wt% and Mg-number (Mg# = 100 MgO/(FeO * 
+MgO)) from 53.3 to 38.7. However, the ophiolitic 

metagabbro have higher Mg (ranging from 53.3 to 48.5 and 

from 45 to 38.7, respectively). MgO shows a wide 

variation ranging from 5.8 to 11.2 wt%, while Ti02 

reveals a restricted range ( 1.3 - 1.5 wt% ). K20, P20 5 and 

the incompatible trace elements Zr and Y exhibit low 

concentrations (Table l). The subalkaline affinity of the 

ophiolitic units are demonstrated by the Na20+K20 vs Si0
2 

plot {50} and by the P zOs vs Zr digram {54}. The sample 

of these rocks plot in FeO*/MgO vs Si02 and Ti02 

diagrams {55} in the rather restricted field of tholeiite (Fig. 

5A and 5B). Gelinas et al {56} have shown that the 

tholeiitic and clac-alkaline suites can be distinguished using 

incompatible element ratios such as Zr/Y and Ti/Zr. The 

ophiolitic metagabbros and metabasalts display Zr/Y < 4 

(2.7 and 2.7, respectively and Ti/Zr > 70 (112 and 88, 

respectively) a feature typically characterised tholeiitic 

suites {56}. 

Chondrite-normalized REE patterns of the metagabbros and 

metabasalts(Fig.3) are relatively flat with I 0-20 chondri tic 

abundances and characterized by absent to slightly negative 

Eu anomalies. The ophiolitic metabasalts have higher REE 

contents than the metagabbros. The enriched and 

unfractionated HREE in the metagabbros and metabasalts 

with average value of (Gd/Lu)n 0.87 and 0.95, 

respectively,) is inconsistant with the presence of residual 

garnet in the magma source. 

The ophiolitic sequence is characterized by very low K20, 

Nb, Zr, Rb and Ba contents (Table I) typically similar to 

N-MORB. TiN ratio of the metagabbros and metabasalts 

range from 20 to 50 suggesting their MORB affinity { 42}. 

During the last decade, many attempts have been made to 

classify basalt compositions on the basis of their tectonic 

setting through various emperical diagrams {57, 58, 59, 60, 

61}. On the Nb-Zr-Y ternary diagram of {61}, the 

investigated metagabbro and metabasalt samples plot 

closely in the N-MORB field. MORE-normalized patterns 

of the metagabbro and metabasalt (Fig. 3) are characterized 

by LILE-enriched relative to MORB and with strongly 

negative P anomalies in the metagabbro and less 

pronounced in the metabasalt. 

Non-ophiolitic metavolcanics 

Major elements analyses show that these rocks range in 

composition from intermediate to acidic (58.1-73 wt% 

Si02). On the Si02 vs. K20 diagram {62} the 

non-ophiolitic metavolcanics are classified as 

meta-andesite, metadacite and metarhyolite (Fig. 6). The 

meta-andesite plots mainly in the medium-K calc-alkaline 

field while both the metadacite and metarhyolite plot in the 

high-K calc-alkaline field. These rocks display average 

Zr/Y > 4 (5.3, 8 and 7.4, respectively) and Ti/Zr < 70 (19, 

12 and 5, respectively) suggesting their calc-alkaline 
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affinity {56}. Selected major and trace elements variation ppm) and Nb (66-119 ppm) within a limited range of Si02 

(Fe20 3*, CaO, Ti~, Ni and Cr) plots vs. Si02 show a content (72.3-77.2 wt%). Major and trace elements plots 

coherent curvilinear trends (Fig.2), suggesting the 

important role played by fractional crystallization in their 

generation. 

vs. Sio
2 

(Fig. 2) for the two-mica granite do not show a 

definite smooth variation trend. The Harker diagrams 

depicts the close similarity between the compositions of the 

metarhyolites and the younger two-mica granite, which 

Chondrite-normalized patterns for the meta-andesite, may suggest that the granite represents the plutonic 

metadacite and metarhyolite are shown in Figure 3. The equivalent of the rhyolite. 

non-ophiolitic metavolcanics have similar 

chondrite-normalized patterns characterized by 

LREE-enrichement, with (La/Sm) N = 2.1 for meta-anesite, 

3.7 for metadacite and 2.9 for metarhyolitic, and 

unfractionated HREE with (Gd/Lu)N = 0.9 for 

meta-andesite, 0.3 for metadacite and o.2 for metarhyolite. 

The meta andesites and metadacites are characterised by the 

absence of Eu anomalies, whereas the metarhyolite shows a 

slightly negative Eu anomaly suggesting plagioclase 

fractionation. 

MORB-normalised spiderdiagrams of the non-ophiolitic 

metavolcanics (Fig. 3) are characterized by slightly 

negative P and Ti anomalies in the meta-andesite and 

metadacite. These anomalies are believed to be typically 

produced in an active margin settings due to LILE 

enrichment in the mantle wedge by fluids from the 

subducted lithosphere and the retention of some elements, 

eg. Nb, during magma separation { 63}. The 

meta-andesites and metadacites are characterized by Ta-Nb 

negative anomalies suggesting their generation in a 

subduction-related volcanic are setting. The metarhyolites 

show high contents of Nb relative to the meta-andesites and 

metadacites which can be explained by the effect of crustal 

assimilation { 64}. On the Nb vs Y binary diagram { 64} the 

meta-andesites and metadacites plot mainly in the volcanic 

arc and sy-ncollision field while the metarhyolites plot in 

the within-plate field (Fig. 7). The low content of Rb/Zr 

for the meta-andesite and metadacite suggest a volcanic arc 

rather than a syn-collision setting (64). 

Younger two-mica granite 

Major, trace and REE composition of the younger two-mica 

granite are given in Table L On the ANOR-Q diagram 

(Fig.8), the two-mica granite is classified as alkali granite. 

The rock shows a wide variation in terms of K20 (1.5-4.9 

wt%), Rb (100-267 ppm), Y (22-76 ppm), Zr (126-315 

The younger two-mica granite has agpaiitic index values 

(ranging from 0.7 to 0.9) characteristic for many alkaline 

complexes throughout the world { 65}. The rock is 

characterised by high Fe-numbers of Fe# FeO*/ 

(FeO*+MgO) with an average of 0.9 and can be classified 

as very Fe-rich granite according to the classification of 

{ 66}. The alumina saturation index ASI = Al20 3/ 

(Na20+K20+Ca0) molar is high for the younger two-mica 

granites, ranging from 1.2 to 1.4 which classifies it as 

hyperaluminours granite according to the classification of 

{ 67}. Using the classification of { 68,69} the younger 

two-mica granites can be classified as ferriferous, 

peraluminous leucocratic granite with muscovite >biotite. 

The REE patterns of the two-mica granites (Fig. 3) display 

a gull-wing shape, moderately fractionated LREE, with 

(La/SM)u = 3.7, on average, and unfractionated HREE with 

(Gd/Lu)N = 0.4, on average. The patterns are characterised 

by pronounced negative Eu-anomalies. 

The two-mica granite is characterised by high contents of 

Si02, alkalies, Rb and high field strength elements (HFSE) 

and low contents of MgO and CaO typically similar to 

A-type granites {70}. ORG (ocean ridge 

granite)-normalized spiderdiagram (Fig. 3) shows that the 

two-mica granite displays strongly negative Ba anomalies, 

whereas of negative Ta-Nb anomalies are absent suggesting 

a formation in a tensional tectonic environment { 64}. 

According to the tectonic classification diagrams of the 

granitoids { 64, 70, 71, 72}, the younger two-mica granites 

plot exclusively in the within-plate. A-type granite field. 

{ 72} classified the A-type granite into two subtypes 

namely: All-subtype (Y/Nb < 1.2) of anorogenic 

rift-related environment and A2-subtype (Y/Nb > 1.2) of 

post-orogenic subduction-related regime. The two-mica 

granites have Y /Nb < 1.2 suggesting its anorogenic 

rift-related environment {72}. However, the low Y/Nb 
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ratio for the two-miCa granites can be attributed to the 

crystallization of amphibole and/or minor phases such as 

zircon and allanite, which will lead to a decrease in Y with 

respect to Nb {71}, thus lowering the Y/Nb ratio in the 

investigated granite. The high Fe# (0.9) for the granite is 

typical of post-tectonic environment rather than an 

anorogenic, rift-related regime { 73}. Field relations, 

petrological and geochemical features indicate that the 

investigated granites, like other post-orogenic alkaline 

granites, are transitional between typical anorogenic 

alkaline granites and orogenic calc-alkaline granites of 

mature magmatic arcs. 

as 

Figure 4: Si02 vs K20/Na20 plot of the Zabara 

metasediments. Field boundaries for the various tectonic 

setting are from {50}. OIA = oceanic island arc; ACM = 
active continental margin and PM = passive continental 

margin. Symbols as in Figure 2. 
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calc-alkaline (CA) and tholeiitic (TH) fields are after (55). 
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Figure 6: Si02 vs K20 classification diagram after (62) for 

the different rocks of the Zabara district . B = Basalts; BA 

= Basaltic andesite; A = andesites; D dacites; R == 

rhyolites. Symbols as in Figure 2. 

W'PG 

VAG & syn-COlG 

10 100 
Nb(ppm) 

ORG 

1000 

30 

a 

10 

100 

Figure 7: Nb vs. Y discrimination diagram for the 

non-ophiolitic metavolcanics and younger two-mica granites 

of the Zabara district. Fields of within-Plate granite (WGP), 

volcanic arc granite (VAG), syn-collision granite 

(syn-Colg) and ocean ridge granite (ORG) are from {64}. 

Symbols as in Figure 2. 

Figure 8: ANOR vs. Q' classification diagram of { 88} for 

the Zabara two-mica granites. Q' and ANOR are 

calculated using the norm components as follows: Q' = 

Qz/(Qz + Or+ Ab + An) and ANOR = ANI (Or + An). 

Normative fields are (2) alkali granites, (3A) syenogranite, 

(3B) adamellite and ( 4) granodiorite. 

PETROGENESIS 

The close similarity in the composition of both the 

ophiolitic metagabbro and ophiolitic metabasalt suggests 

that they generated from the same magma source. The 

Zr/Y vs. Nb/Y diagram (Fig. 9) supports the genetic 

relationship between the ophiolitic metagabbros and 

ophiolitic metabasalts where their samples plot in 

superimposed fields. The other different rock types show 

variations which suggest multiple parental magma sources 

and/or different melting proportions for the same source 

[74 }. 
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Figure 9: Nb/Y vs. Zr/Y diagrame for all rocks of the 

Zabara district. Symbols as in Figure 2. 

The OMGB rocks exhibit a wide range of Mg-numbers, but 

low values (51 for the metagabbros and 41 for the 

metabasalts, on average) to be in equilibrium with the 

unmodified primitive mantle source (> 70 Mg#, {75} ). 

The low Mg# and low contents of Ni and Cr of the OMGB 

rocks relative to primitive mantle source(> 250 ppm Ni and 

> 1000 ppm Cr, {75, 76} ) suggest that some of the 

chemical variation in these rocks may be attributed to 

fractional crystallization, dominantly of olivine and 

pyroxene. On the other hand, the distinct geochemical 

features such as high MgO and FeO* and low Zr and Nb, 

combined with flat normalized REE patterns and high 

HREE of the OMGB are typical of a high degree of mantle 

melting of garnet-free source. The non-ophiolitic 

metavolcanics cover the entire spectrum from meta-andesite 

to metarhyolite. The smooth variations trends for major 

and trace elements (Fig. 2) and the patterns of the REE 

suggest that these rocks are comagmatic, and fractional 

crystallization process played a major role during their 

evolution. There is close similarity between the 

composition of both the metarhyolites and the younger 

two-mica granites. The metarhylites and the granites have 

similar ratios of ZR/Nb (3.3 and 2.7, respectively), Nb/Y 

(2.3 and 1.8, respectively) and Ti/Zr (4.6 and 2.8, 

respectively) which may suggest their generation from a 

chemically similar magma source. 

To evaluate whether partial melting and/or fractional 

crystalisation was the dominant operating process, it is 

desirable to compare trends among incompatible and 

compatible elements {77}. The Y vs Cr diagram {78} is 

suitable for such an evaluation in metamorphosed mafic 

rocks since Y and Cr are among the immobile elements 

during alteration and metamorphism { 79}. This diagram 

(Fig. 10) shows that the different rock types could have 

been generated by different extents of partial melting, with 

minor fractionation of clinopyroxene and/or hornblende as 

indicated by decreasing in Cr contents. Petrogenetic 

modelling using the Cr-Y covariation diagram (Fig. 10) 

indicate that - 10% partial melting is required to produce 

metabasalts and meta-andesites and - 25% partial melting 

to produce metagabbros. Conversely, the Cr-depleted 

characteristics of metadacite and metarhyolite indicate their 

derivation from magma that had undergone significant 

degrees of fractional crystallisation. 
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Figure 10: Y and Cr values for ophiolitic and 

non-ophiolitic metavolcanics, plotted on a diagram after 

{78}. R = residual oceanic lithosphere compositions; AC 

= asthenosphere compostion; PM=present the petrogenetic 

pathways of Boninitic suit, island are tholeiite and mid 

occean ridge basalt, respectively. Symbols as in figure 2. 
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The incompatible elements Zr and Y are generally enriched 

during fractionation. This can be observed in a diagram 

showing the Zr!Y ratio as a function of Zr concentration 

(Fig.ll). On this diagram, a slight increase of the Zr!Y 

ratios in the metagabbros and metabasalts, reflects the 

incompatibility of Zr to the early fractionated phases, 

particularly clinopyroxene {59, 80}. The meta-andesites 

REE modelling 

Selection of mantle source (s) composition for the 

petrogenetic modelling is mainly based on the REE patterns 

of the different rock types in the Zabara district. The 

OMGB have REE patterns similar to N-MORB. These 

rocks could have been generated by different degrees of 

partial melting from an anhydrous spinel lherzolite source 

have a similar rate of Zr!Y increasing as for the OMGB, {81}. 

which may indicate clinopyroxene fractionation. This The choice of REE concentration twice chondritic 

behaviour of Zr!Y suggests the common presence of 

clinopyroxene in the magma source (lherzolite) for the 

OMGB and meta-andesite. The metadacites and 

metarhyolites show a remarkable increase of Zr/Y which 

may emphasize the onset of amphibole fractionation, a 

mineral in which Y is strongly compatible (Kd = 2.5) and 

Zr is incompatible (Kd 0.5) {59}. Therefore, the 

abundances for the mantle models has been assumed by 

{ 82, 83, 84}. The melting models used are those of { 83}, 

who dealt with possible mantle sources for tholeiitic and 

calc-alkaline magmas in the Sunda arc (Indonesia). For all 

melting models the non-modal batch partial melting 

equation of { 85} was applied. 

metadacite and metarhylite probably reflect a mantle source OMGB: The average REE contents of the ophiolitic 

with mainly amphibole and little or no clinopyroxene 

fractionation. On the other hand, the younger two-mica 

granites have an almost constant Zr!Y ratio with increasing 

Zr content, indicating fractionation of minerals to which 

both elements are equally incompatible. The major 

fractionating mineral of the two-mica granite is plagioclase, 

which is also responsible for the deep negative Eu 

anomalies (Fig. 3). 
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Figure 11: Zr. vs. Zr/Y diagram for the ophiolitic 

metagabbro & metabasalt, non-opiolitic metavolcanics and 

younger two-mica granite of the Zabara district. Symbols 

as in Figure 2. 

metagabbro and metabasalt was used in the modelling. The 

average REE pattern of the ophiolitic metagabbro can be 

modelled by a high degree (25 %) of no-modal batch partial 

melting of spinel lherzolite source (0158, Opz20, Opx20• Sp2 

Modal %) and followed by subsequent 15 % fractional 

crystallisation of Iivine, clinopyroxene and plagioclase in 

proportions of 0.3, 0.45 and 0.25, respectively. The 

modelled primary melt has a REE pattern closely similar to 

the observed average pattern of the ophiolitic metagabbro 

(Fig.l2A). On the other hand, the ophiolitic metabasalt 

could be generated by a lower degree ( 10 %) of batch 

partial melting of the same source (spinel lherzolite) 

followed by higher degree of fractional crystallization (25 

%) mainly of olivine, clinopyroxene and plagioclase in the 

respective proportions 0.2, 0.4 and 0.4 (Fig. 12B). The 

modelling reveals the more dominant role of plagioclase 

removal during the evolution of the metabasalts as 

compared to the metagabbros. This is confirmed by the 

slight negative Eu anomalies in the metabasalt patterns, 

whereas those of the meta gabbros have no Eu anomalies. 

Non-ophiolitic metavolcanics: The nearly consistency of 

incompatible trace element ratios for the non-ophiolitic 

metavolcanics (Meta-andesites, metadacites and 

metarhyolites) such as Zr!Y (5.3, 8 and 7.4, respectively) 

and the similarities in the REE patterns (Fig. 3) suggests 

that these rocks are cogenetic. The REE patterns of the 
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non-ophiolitic metavolcanics are characterized by strong 

LREE-enrichment and relatively unfractionated, flat HREE. 

These patterns could no be produced by partial melting of a 

garnet-bearing mantle peridotite source, but rather may be 

generated by partial melting and fractional cystallisation of 

a hydrous lherzolite source (0160, Cpx15, Opx20 and Amphs 

modal%). 
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Figure 12: Rare earth elements (REEs) geochemical 

modelling for the ophiolitic metagabros (A), ophiolitic 

metabasalts (B), meta-andesites (C), metadacites (D), 

metarhyolites (E) and younger two-mica granites (F). 

Bi biotite, Cpx = clinopyroxene, PI = plagiocase, Mt= 

maganite, Kf = K- feldspar , Amph = amphibole, Ap = 

apatite and Zr = zircon. Partition coeficients are from 

different sources. 
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Depending on the REE patterns, the meta-andesites could 

be derived by 10% batch partial melting of an amphibole 

lherzolite mantle source followed by 75 % fractional 

crystallization of amphibole, clinopyroxene, plagioclase 

and magnetite in proportions of 0.45, 0.20, 0.30 and 0.05, 

respectively (Fig. 12C). Subsequently, the metadacites 

could be modelled by fractional cystallisation of the 

decived andesitic liquid. Figure 12D shows that the 

metadacite could be generated from the andesitic melt by 

about 65 % fractional crystallization of plagioclase, alkali 

feldspar, biotite and amphibole in proporotions of 0.45, 

0.25, 0.15 and 0.15, respectively. Later, a fractional 

crystallization (55 %) dominantly of biotite, plagioclase and 

alkali feldspar (0.20, 0.60 and 0.20, respectively) from the 

evolved dacitic magma could yield a highly evolved 

rhyolitic liquid with a REE pattern similar to that observed 

for the metarhyolites (Fig. 12E). However, the modelled 

liquids have lower Gd contents than the investigated 

non-ophiolitic metavolcanics (Fig.l2C, D and E). 

Younger two-mica granites: these granites can be modelled 

by fractional crystallization (70 %) of plagioclase, alkali 

feldspar, biotite, titanite and zircon (0.70, 0.20, 0.90, 0.005 

and 0.005, respectively) from the dacite magma (Fig. 12F). 

However, the investigated granites have higher Gd contents 

(3.32 ppm) than the modelled liquid (1.45 ppm). 

CONCLUSIONS 

The metamorphic rocks of the Zabara district composed of 

metasediments, an ophiolitic assemplage (serpentinites, 

metagabbros and metabasalts),non-ophiolitic metavolcanics 

ranging from meta-andesite to metarhyolite and younger 

two-mica granites. The major and trace elements of the 

metasediments are similar to the composition of the 

non-ophiolitic metadacites and metarhyolites. This feature 
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suggests that the source rocks of the metasediments were 

similar in character to the non-ophiolitic metadacites and 

metarhyolites. The metasediments have immobile element 

contents closely comparable to ocean island arc 

metasediments. 

The ophiolitic metagabbro and metabasalt display tholeiitic 

affinity and are similar to N-MORB. Geochemically, the 

ophiolitic rocks were generated by different degree of 

non-modal batch partial melting of spinel lherzolite source 

(25% for the metagabbro and 15% for the metabasalt) 

followed by fractional crystallization (15% for the 

metagabbro and 25% for the metabasalt) of livine, 

clinopyroxene and plagioclase. On the other hand, the well 

defined geochemical trends displayed by the non-ophiolitic 

metavolcanics suggest that the fractional crystallization has 

played a major role in their genesis. The meta-andesites 

can be modelled by 10% batch patial melting of amphibole 

lherzolite followed by fractional crystallisation of 

amphibole, clinopyroxene, plagioclase and magnetite. The 

metadacites can be produced by 65% fractional 

crystallization of the andesitic magma while the 

metarhyolite can be generated by about 55% fractional 

crystallisation of the dacitic magma. The younger 

two-mica granites, on the other hand, can be modelled by 

about 70% fractional crystallization of the dacitic magma. 
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