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Abstract Petrological and geochemical studies of Neo-

proterozoic metagabbros were carried out in the Muiswirab

area, South Eastern Desert of Egypt. The Muiswirab area

comprises of ophiolitic metagabbroic rocks (MOM), which

are tectonically thrusted over a thick pile of metavolcanic

rocks and intruded by syn- and post-tectonic granitoid

rocks. The whole-rock geochemical variations coupled

with chemical compositions of mineral constituents are

used to attain the genesis and tectonic evolution of the

studied metagabbros. The geothermobarometric investiga-

tion of the analyzed amphiboles from (MOM) revealed that

these metagabbros underwent regional metamorphism

under lower to upper greenschist facies (biotite zone)

conditions (at a temperature of 450 to 500 �C and pressure

of 1–3 kbar). Geochemically, the metagabbros (MOM)

show tholeiitic affinity and exhibiting both arc- and

MORB- like characters as evidenced by their clinopyrox-

ene compositions and the Ti/V ratios (11.84–31.65), which

considered as prominent features of forearc tectonic

regime. The geochemical features suggest a probable

fractionation of olivine ± clinopyroxene ± plagioclase as

well as insignificant crustal contamination. The parental

magma of the investigated MOM rocks seems to be

developed in a sub-arc mantle wedge setting due to the

enrichments of LILE (e.g., Rb, Ba, Sr, Pb) over HFSE (e.g.,

Ti, Nb, Y, Zr, Hf, Ta). The studied MOM rocks have lower

values of Nb/U relative to MORB and OIB indicating that

their geochemical variation produced due to the enrichment

of a lithosphere mantle by OIB-like components. The ratios

of Zn/Fet, La/Sm, Sm/Yb, Th/Yb and Nb/Yb indicate that

the MOM rocks represent a fragment of oceanic crust

originated at a supra-subduction zone environment and

their parental magma developed by 5–30 % partial melting

of a spinel lherzolite mantle rather than pyroxenite in an

island arc setting and conformable with most of the

Egyptian ophiolitic metagabbros.
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1 Introduction

The characteristics and origin of oceanic island arcs rocks

attract considerable attention. Most studies have focused on

volcanic rocks, as volcanic rocks constitute most of the

exposed oceanic island arc rocks. Although the plutonic

rocks—which make up at least 10 % of the exposed

igneous assemblage—represent the exposed roots of

oceanic island arcs and are generally more quartz-rich than

the volcanic rocks, they have received markedly little

attention. Generally, plutonic rocks of oceanic island arcs

are comprised of gabbros and granitoids. The studying of

such rocks provides valuable opportunity for detecting

their characterization and origin (Kawate and Arima 1998;

Saito et al. 2004; Jagoutz et al. 2009) and represent the clue

to understanding the processes occurring at depth, as well

as the tectonic setting of the oceanic and continental crusts

(e.g., Rudnick and Gao 2003; Jagoutz et al. 2009).
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The crustal evolution of the Arabo-Nubian shield (ANS)

is currently interpreted within the framework of plate tec-

tonics. This shield is one of the best-documented examples

of the Pan-African (Late Proterozoic) crustal growth

through processes of island-arc accretion, where ophiolites

represent characteristic features of the Pan-African oro-

genic belt of the ANS (El Ramly et al. 1993; Abdel-Karim

and Ahmed 2010; Ali et al. 2010; Abdel-Karim et al. 2018;

Stern 2018).

The Neoproterozoic basement rocks of Egypt represent

the northwestern extension portion of the (ANS). They

approximately cover the whole Eastern Desert, which

extended southward to the Red Sea Hills of northern

Sudan. Gneissic core complexes, ophiolites, volcano-sedi-

mentary successions, and granitoid intrusions represent the

main lithologic units of the basement complex of the

Egyptian Eastern Desert (e.g. Stern 2018).

The Egyptian Precambrian gabbroic rocks were classi-

fied as older and younger gabbros (Akaad and Noweir

1980; Takla et al. 1981). The latter is metamorphosed and

agreed to be post tectonic intrusions, being younger than

Hammamat group since it does contain any boulders of

fresh gabbro (El Ramly 1972). El-Gaby (2007), differen-

tiated the Egyptian gabbros into three groups including;

ophiolitic metagabbros with tholeiitic affinity, metamor-

phosed intrusive subduction-related calc-alkaline gabbros,

and within-plate layered olivine gabbro intrusion. It is hard

to differentiate between ophiolitic metagabbros and island-

arc metagabbros as both are regionally metamorphosed up

to the lower amphibolite facies (Abu El-Ela 1997; Ali et al.

2010).

Ophiolites are widely distributed through the ANS

ranging in age from 870 to 627 Ma (Dilek and Ahmed

2003; Stern et al. 2004). Neoproterozoic ophiolitic rocks

are abundant in the central and southern portions of the

Egyptian Eastern Desert (Fig. 1a). Geochronological

studies revealed that the age of the Egyptian ophiolites

ranging from (690–890 Ma; mean = 781 ± 47 Ma, Stern

et al. 2004). Zimmer et al. (1995) stated that the Egyptian

ophiolite were emplaced over an interval of * 105 Ma. In

addition, the ages of the Egyptian ophiolites overlap with

the island arc stage of ANS development (* 770 to *
720 Ma; Stern and Hedge 1985). The ophiolitic

metagabbros of Gabal Gerf, South Eastern Desert, Egypt

(Fig. 1a) have 720 ± 9 Ma Sm/Nd age while they show a

rather older age of about (770 ± 52 Ma) based on their

clinopyroxene and plagioclase minerals (Zimmer et al.

1995).

Although the ANS ophiolites have been carried out by a

great deal of work, their origin and tectonic setting are still

debated. There is a general agreement that ANS ophiolites

exhibiting supra-subduction zone (SSZ) geochemical sig-

natures. However, controversy exists on whether they are

formed in back-arc (e.g., El-Sayed et al. 1999; Farahat

et al. 2004; Abd El-Rahman et al. 2009) or forearc settings

(e.g., Stern et al. 2004; Azer and Stern 2007; Abd El-

Rahman et al. 2009; Farahat et al. 2011; Obeid et al. 2016;

Mogahed 2019). Most ophiolites may include both MOR-

and island arc-types due to the multistage histories of the

ophiolite (e.g., Portnyagin et al. 1997; Pearce et al. 2000;

Dilek and Ahmed 2003; Flower and Dilek 2003; Saccani

and Photiades 2004; Yang et al. 2019). Moreover, the

origin and evolution of oceanic island arc rocks represent

the clue for understanding how the continental crust was

originated (Polat 2012). Accordingly, the oceanic island

arc plutonic rocks (gabbroic rocks) of the Muiswirab area,

Southeastern Eastern Desert, Egypt, gives an opportunity to

detect the petrogenesis of the Neoproterozoic oceanic

island arc plutonism, which contributed with the coeval

volcanism in the evolution of Neoproterozoic continental

crust.

The aim of this study is to present new major, trace, and

rare earth element analyses and mineral composition data

from samples of the Muiswirab metagabbros (MOM) in

order to elucidate their petrogenesis and tectonic setting.

2 Previous work and geological setting

The Muiswirab area is situated immediately south the

Migif-Hafafit domain and covers about 90 km2 of base-

ment crystalline rocks. The area is delineated by latitudes:

24̊2500000 and 24̊2805300N and longitudes: 34̊3700700 and

34̊4503000E (Fig. 1).

Although there are no previous studies concerned

Muiswirab metagabbros and its granitoids or gave infor-

mation about their petrological characteristic and tectonic

evolution, but the metagabbros encountered in neighboring

areas (e.g., Migif-Hafafit and Wadi El Gemal) have been

best studied. On Hamata Quadrangle geological map (sheet

NG36D, EGSMA 1997), prepared by the Egyptian Geo-

logical Survey and Mining Authority (EGSMA) in col-

laboration with the British Geological Survey (BGS), the

MOM were mapped as late to post-tectonic mafic intrusion,

whereas granitoids were identified as syn- to late-tectonic

tonalite and granodiorite.

The investigated area represents a part of the so-called

Wadi El Gemal-Hafafit terranes. Hegazy (1984), stated that

the fine-grained hornblende gneisses represent most prob-

ably the lower part of the infrastructure in the Wadi El

Gemal area, where the studied area is included. He added

that the hornblende gneisses are bounded from the west and

south by intrusive white gneissose granite and bounded

from the east by massive and/or foliated metagabbros and

the contact between them is marked by a zone of shearing.

Moreover, he suggested that the Wadi El Gemal area
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represents an old continental mass that has cratonized at

least 1770 Ma ago and over which an oceanic crust has

been abducted during the Pan-African orogeny. Rashwan

(1991) mapped the so-called hornblende gneisses of

Hegazy (1984) as metagabbros (mainly sub-alkaline) of

medium grade metamorphism, and he added that some of

these rocks are pertaining to intrusive island arc and others

as regarded as remnants of an old oceanic crust. Ghoneim

et al. (1992), arrive at the conclusion that the metagabbros

(including MOM) which lies close to the eastern boundary

of the Hafafit gneisses are composed of metagabbros,

gneissose amphibolite, and subordinate diorite and, in

general, have similarities with the ophiolitic gabbro. Stern

and Hedge (1985), attempted dating of gneissic tonalite,

which occupies the core of the northernmost dome of

Migif-Hafafit area using combined Rb–Sr and U–Pb Zircon

techniques. The two Zircon fractions studied gave an age

of 682 Ma which interpreted as the time of emplacement

and cooling of the plutons. Kröner et al. (1987), suggested

that tonalitic plutons of the older granite suit south of

Hafafit yielded U–Pb Zircons age of & 710 Ma. In con-

trast, El Gaby et al. (1988, 1990) considered all the above

granitoid gneisses as extensions of a Mid-Proterozoic crust

exposed in the Western Desert of Egypt. In this view, the

gneisses constitute a basement on to which the Pan-African

supracrustal assemblage was deposited. Abu El Farh

(2004) stated that the Hafafit granitoids range in compo-

sition from granodiorite through tonalite and trondhjemite,

and are calc-alkaline, meta-aluminous, and pertaining to

I-type granites and these rocks are believed to be of a

volcanic-arc setting generated by subduction-related

magmatism.

Fig. 1 a Distribution and ages of ophiolites and ophiolitic mélanges in the central (CED) and southern (SED) parts of the Eastern Desert of

Egypt (after Farahat et al. 2004). The major shear zone (heavy dashed line) separating the CED and SED is from Stern and Hedge (1985),

b Landsat image for the studied area, c simplified geologic map exhibiting the different rock units encountered in the investigated area
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The Precambrian rocks of the Muiswirab area (Fig. 1c)

are essentially a Pan-African assemblage comprising a

metavolcanic group, mafic rocks (MOM), and granitoids.

The metavolcanic succession is folded into a major

asymmetrical syncline trending WNW–ESE. They are

dissected by thrust faults, shear zones, and normal faults

forming a graben that occurs in the southern parts beyond

the map limits (Fig. 2) within which some sulfide mines are

located. These metavolcanics are mafic (metabasalts) lavas

and pyroclastic rocks (Helmy 1999). The mafic volcanic

rocks cover about 30 km2 and crop out as large belts

extending nearly E–W, in the southern parts of the study

area, and comprise massive and pillow lavas, lapilli, crystal

tuffs, and agglomerates. Metabasalts are generally massive,

amygdaloidal and occasionally pillowed. The metapyro-

calstics occur as thinly laminated metatuffs (Fig. 2a).

The gabbroic rocks (MOM) of the study area are mainly

represented by Gabal Muiswirab, which is located at the

southeastern part of the mapped area (Fig. 2), and con-

sidered as the highest topographic feature herein. The

elevation of the summit point of the mountain is 1021 M,

and its top surface is discontinuous due to its interruption

by NNW–SSE structural trend (Fig. 1c). Apart from the

main mass small gabbroic bodies occur at the western and

eastern sides of Wadi Huluz and Drunkat respectively

(Fig. 1c). Other minor bodies from these rocks were

encountered within the granitoids as big xenoliths. Based

on the degree of deformation the gabbroic mass could be

Fig. 2 Representative field

photographs showing: a thin

laminated metatuffs intruded by

gneissic tonalite at the eastern

flank of Wadi Drunkat, b close-

up view showing cuboidal

jointing of the massive

metagabbros, c well developed

flaser structure in the

metagabbros of Wadi Huluz,

d amphibolite lens intruded by

gneissic tonalite at the western

flank of Wadi Huluz, e fine-

grained mylonite with finally

crushed metagabbros, caused by

fault trending NE–SW,

f foliated metagabbros injected

crosscut by two sets of aplite

veins. The older is parallel to

the old set of foliation, and the

younger parallel to the second

foliation of the host rock, g right

lateral strike-slip fault running

through the metagabbros and

associated aplite vein at Wadi

Huluz, h intrusive contact of the

gneissic granitoids with the

metagabbros, along Wadi Huluz
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subdivided into two types. The first type (dominant) is

massive and medium to coarse-grained (Fig. 2b) with

hypidiomorphic granular texture and their mineralogical

composition which is mainly plagioclase, pyroxene, and

hornblende. In places, it is slightly foliated and metamor-

phosed. The second one (type) is represented by moder-

ately to highly sheared metagabbros and consequently was

subjected to more than one metamorphic episode, and was

transformed into one of these constituents; uralitized gab-

bro, flaser gabbro, amphibolite, and protomylonite to

mylonitized metagabbros (Fig. 2c–e). The gabbroic rocks

are injected by a large number of aplite veins and lenticels

either parallel to the flat-lying foliation or across it

(Fig. 2f). Also, the aplite veins sometimes show weak

foliation parallel to that of the enclosing rocks, and in few

spots, they exhibit bending similar to recumbent folding. In

addition, the aplite veins have been affected by right-lateral

strike-slip fault (Fig. 2h). These features provide good

evidence for the intense tectonic forces to which some parts

of gabbroic rocks were subjected.

In general, the contacts of Muiswirab metagabbros with

the metatuffs which exposed at the southern part of the map

are sharp (Fig. 2a), whereas they intruded by the gneissic

granitoids (Fig. 2h). Near this contact, the metagabbros

become lighter in color due to the blastesis of feldspar, on

the other hand, these rocks are intruded by small cupolas of

pink granites.

The granitoids are exposed on the extreme western end

of the Wadi El Gemal area and represent the NW extension

of the huge batholith which lies southeast of the investi-

gated area. Generally, these rocks occupied the northern

part of the area under consideration, and cover an area

about 48 km2 (Fig. 1c). These rocks are generally foliated

and forming isolated moderately hills and exhibit well-

developed bouldery weathering and exfoliation. These

rocks are clearly intruded into Muiswirab metagabbros

(Fig. 2h), and in some places, they carry undigested blocks

of these metagabbros (Fig. 2e). The enclosed lenticular

bodies of metagabbros are conformable with the foliation

of granitoids. In places, the contacts between the granitoids

and the metagabbros are irregular and marked by interac-

tions between both two rock units, producing zones of

hybrid diorites. On the other hand, unmappable small

outcrops of pink leucocratic granites are intruded within

the granitoids. Generally, the gneissic granitoids in the

peripheral zone of the exposure are strongly foliated, and

sometimes they were transformed into protomylonite

granitoids.

All the above-mentioned features provide good evidence

for the intense tectonic forces to which these granites were

subjected. From the foregoing, the numerous field evidence

may indicate that these rocks are pertaining to the syn-

tectonic granitoids and quite similar to the G1 granites of

(Hussein et al. 1982).

3 Petrography

The following is a detailed petrographic description of the

different rock units encountered in the investigated area

with special emphasis on the gabbroic varieties.

3.1 The gabbroic rocks

As mentioned before these rocks represent the major rock

unit of the area under consideration. Generally, the varia-

tion within these gabbroid rocks arisen chiefly from the

change in the relative amounts of the alteration products

i.e. (the secondary minerals) and the intensity of the

deformation. Thus, they include four petrographic vari-

eties, namely; metagabbros, uralitized gabbro, the flaser

metagabbros and foliated amphibolite, and retrograde of

amphibolitized gabbroic rocks.

The following is a detailed petrographic description of

the different varieties of the studied metagabbros.

3.1.1 Metagabbros

These rocks are medium to coarse grained with a hypid-

iomorphic granular texture (Fig. 3a). They are composed

mainly of calcic plagioclase ranging from bytownite to

labradorite (An65-80), pyroxenes and little hornblende

(Fig. 3b). Apatite, iron oxide are accessories and virtually

free from olivine. Alteration products include saussurite,

calcite, tremolite, actinolite, chlorite, and epidote, and

exsolution lamellae between clinopyroxene and orthopy-

roxene grains are sometimes observed (Fig. 3b). These

rocks exhibit ophitic, subophitic, and poikilitic textures

(Fig. 3c). On the other hand, some samples exhibit cryptic

layering with plagioclase rich layers alternating with mafic

layers. Plagioclase is represented by bytownite to labra-

dorite (An65–80), which forms half the rock. It occurs as

colorless, subhedral longitudinal crystals, and occasionally

with tabular forms. In other samples, plagioclase is slight to

moderately altered to aggregates of saussurite and epidote

in the core and along the twin lamellae giving a cloudy

appearance to the plagioclase. For fresh crystals still sur-

viving, they show twinning according to albite, Carlsbad,

and pericline laws. Some crystals are zoned; others show

bent lamellae. In some samples, the plagioclase crystals

either cracked and were filled by secondary calcite or

corroded and replaced by epidote and calcite, as a result of

deformation (Fig. 3d). Pyroxenes are represented by

hypersthene and augite (Fig. 3c). Hornblende forms sub-

hedral prismatic crystals and/or irregular patches. In some
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slices, hornblende occurs as aggregates and clots. It is of

green color and is strongly pleochroic with pale green,

green and dark green.

3.1.2 Uralitized gabbro

Uralitized gabbros are dominated in the western part of the

outcrop. Microscopically, they are essential, composed of

varying proportions of saussuritized calcic plagioclase

(average An70); yellowish-brown secondary amphibole

(uralite) with minor primary hornblende, and accessory

actinolite, zoisite, magnetite, and remnant pyroxenes,

crystals retained as tiny cores in the uralitic amphiboles

(Fig. 3e). Some samples show parallel orientation of

plagioclase crystals and uralite giving rise to a sort of

cryptic layering (Fig. 3f). Uralite, are frequently seen as

interlocking brown hornblende anhedral crystals with

weakly pleochroic from yellowish-brown to brown

(Fig. 3f). It forms a mantle around relics of pyroxene, and

shows a schiller structure due to the presence of inclusions

of iron rods arranged regularly parallel to the cleavage

planes (Fig. 3e). Ink blue zoisite patches were observed in

a few samples (Fig. 3f). Sometimes, hornblende occurs as a

primary mineral encountered in a few thin sections asso-

ciating uralite (Fig. 3f).

Fig. 3 Photomicrograph under

cross nicols. a hypidiomorphic

granular texture of metagabbros

exhibiting replacement of augite

to actinolite, b alteration

products of metagabbros with

exsolution lamellae of ortho-

and clinopyroxene. Note
clinopyroxene has been

replaced marginally by

amphibole, c highly altered

metagabbros exhibiting ophitic

and sub ophitic texture,

d cracked plagioclase filled by

secondary calcite, e uralitized

gabbros exhibiting highly

altered plagioclase, uralite and

subordinate fibrous actinolite

and opaques, f uralitized

gabbros showing ink blue

zoisite patches, g flaser

metagabbros showing the well-

developed orientation of

amphibole minerals with

remnants of augite, h foliated

amphibolite showing well

developed foliation represented

by amphibole minerals. Chl
chlorite, Cc calcite, Hy
hypersthene, Au augite, Ilm
ilmenite, Zs zoisite, Hb
hornblende, Act actinolite, Tre
tremolite, Ur uralite and Pl
plagioclase
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3.1.3 The flaser metagabbros and foliated amphibolite

3.1.3.1 The flaser metagabbros These rocks are domi-

nantly exposed along the NE–SW fault planes which are

parallel to the elongated side of the Gabal Muiswirab, thus

they are characterized by a flaser structure. On the other

hand, they are associated with the foliated amphibolite i.e.

(intimately relationship). Generally, the flaser metagabbros

are medium to coarse-grained with well-developed folia-

tion and are greenish to reddish in color. Petrographically,

they are mainly made up of plagioclase, hornblende,

pyroxene, and relics of chlorite and actinolite, with well-

developed flaser texture (Fig. 3g). Plagioclase, range in

composition from bytownite to labradorite, it partly altered

to saussurite. Hornblende crystals arranged in parallel

alignment being occasionally curved around deformed

plagioclase. Sometimes hornblende is replaced by chlorite.

Few crystals of clinopyroxene occur as a prismatic shape

with simple twinning and have faint pleochroism.

3.1.3.2 Foliated amphibolites These are dark green-col-

ored, rather medium to coarse-grained rocks whose prin-

ciple mineral components are hornblende and plagioclase,

actinolite–tremolite, epidote, and chlorite are additional

subordinate components (Fig. 3h). Generally, these rocks

most probably derived from metagabbroic rocks, thus the

plagioclase and hornblende tend to be equally abundant.

These types of rocks show well developed foliated texture.

Hornblende is the most dominant, it occurs as bluish-green

to brownish-green in color, subhedral prismatic crystals or

aggregates separated by plagioclase crystals. It is slightly

altered to chlorite, epidote, and calcite. Plagioclase occurs

as medium to coarse-grained plates or prisms with ragged

edges either untwined or commonly showing lamellar and

pericline twinning. It is labradorite to calcic andesine

(Average An66) in composition. It is occasionally fractured

and slightly altered to saussurite, some have bent twin

lamellae.

4 Analytical techniques

The analysis of major element compositions of clinopy-

roxenes, secondary amphiboles, plagioclases, and chlorites

were obtained in rock thin sections by electron microprobe

analysis (EMPA) using a JEOL JXA8100 instrument with

three wave spectrometers, completed with an INCA x-sight

energy dispersive spectrometer at the Far Eastern Geologic

Institute, Vladivostok of the Russian Academy of Sciences.

The analytical conditions are 20 kV Accelerating voltage,

beam current 15 nA and 10 to 30 s of counting time for

silicate minerals. Raw data were revised by a PAP (Pou-

chou and Pichoir 1984) matrix correction. The oxides

detection limits are 0.02 wt% for Si, Al, and K; 0.03 % for

Ti, Mg, Ca, Ni, and Na, and 0.07 % for Fe, Cr and Mn.

Representative EMPA data of minerals are given in the

supplementary tables (S1, S2, S3 and S4).

A total of 19 representative gabbroic samples were

analyzed for their major and trace elements contents at the

Far Eastern Geologic Institute, Vladivostok of the Russian

Academy of Sciences. The rock samples were crushed and

then pulverized using an agate carbide ring grinder. Major

oxides and selected trace element (e.g. V, Cr, Co, Ni, and

Zn) analysis were carried out on powder pellets using an

SRS 303 (Siemens) wavelength-dispersive XRF spec-

trometer operating at 50 kV and 50 mA. Loss on ignition

(LOI) is calculated by the weight difference after ignition

at 1000 �C. The accuracy was controlled by repeated

measurements of standards and each sample was measured

two times. Trace-element analyses including the rare earth

elements (REE) by LA–ICP–MS (laser ablation–induc-

tively coupled plasma–mass spectrometry) were carried out

using an Agilent 7500 s quadrupole ICP–MS system

attached to a New Wave/Merchantek UP213 laser ablation

system. Detection limits range from 0.003 to 0.03 wt% for

major oxides, 0.1 to 30 ppm for trace elements and 0.03 to

0.1 ppm for the REEs. Whole-rock major and trace ele-

ment data are reported in the supplementary table S5.

5 Mineral chemistry

The microprobe analyses for major elements together with

the recalculated cations of the clinopyroxene, amphibole

plagioclase, and chlorite in the investigated metagabbros

are listed on supplementary tables (S1-S4).

5.1 Clinopyroxenes

The analyzed clinopyroxenes (Cpxs) from the MOM rocks

are Mg-rich with Mg# ranging from 0.71 to 0.82 (Table S1)

and exhibiting a wide range in composition (En39–48

Fs13–17 Wo36–46). Meanwhile, they exhibit a wide

variation of both TiO2 and Al2O3 (0.01–0.49 and

0.75–2.81, respectively. The analyzed clinopyroxenes are

mainly of augite composition, together with the subordi-

nate diopside and show a trend toward increasing Mg and

decreasing Ca contents (Fig. 4a). All the analyzed

clinopyroxenes plot in the subalkaline field (including

MORB; Fig. 4b), pointing to the ophiolitic affinity of the

investigated gabbroic rocks. In addition, the relatively low

abundance of Ti in the analyzed clinopyrocenes point to the

tholeiitic affinity (Leterrier et al. 1982) of the MOM rocks.

For further confirmation of the ophiolitic affinity of the

studied rocks; most of the analyzed clinopyroxenes plot in

the field of orogenic tholeiitic basalts particularly of
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boninitic compositions (Fig. 4c). Moreover, Loucks (1990)

stated that the Al/Ti in clinopyroxene from mafic and

ultramafic rocks could be used to point out whether they

are related to ophiolitic or non-ophiolitic rocks. Accord-

ingly, the variation trend of the analyzed clinopyroxene

coincides with the trend of Bay of Islands ophiolite

(Fig. 4d).

5.2 Amphiboles

Generally, the MOM rocks have higher contents of

amphiboles. The chemical composition of the analyzed

amphiboles are given in supplementary Table S2. Based on

the classification of Hawthorne et al. (2012), they are

secondary calcic amphiboles. The analyzed amphiboles

show a general increase of their Na and K contents with an

Fig. 4 Classification and tectonic discrimination diagrams based on clinopyroxene mineral chemistry of the studied metagabbros.

a Classification and compositional variation diagram after Morimoto et al. (1988); isotherm curves of a two pyroxene geothermometers after

Lindsley (1983), b SiO2–Al2O3 diagram of Le Bas (1962) for clinopyroxene. Field of mid ocean ridge basalt (MORB) is from Nisbet and Pearce

(1977), Manya (2014), c Al2O3–TiO2 adapted after Huot et al. (2002), d Alz (Aliv*100/2)–TiO2 diagram; the trends arrow of different tectonic

settings are obtained from Loucks (1990). Symbol in Figs. 4, 5, 6, 7, 8, 9, 10, 11, 12:  studied metagabbros

cFig. 5 a Plot of Al(iv)–(Na ? K) in A-site for amphiboles in the

studied metagabbros. Nomenclature from Hawthorne et al. (2012).

b Plots of Ti–(Na ? K) in B-site for distinction between igneous and

metamorphic amphiboles (Girardeau and Mevel 1982) in the studied

metagabbros. c Classification diagram for plagioclase feldspars from

the studied metagabbros, compositional fields are after Deer et al.

(1992), d Chlorite classification system of showing the composition

of chlorite from the studied gabbroic rocks, e Plots of Mg#–Aliv for

chlorite from the studied metagabboric rocks, f Al–Fe–Mg diagram

exhibiting the composition of the studied chlorites; field of green-

schist facies chlorite after Velde and Rumble (1977)
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increase of their Al contents (Fig. 5a). They are essentially

actinolite with subordinate actinolitic hornblende and

extending into the field of magnesio-hornblende (Fig. 5a).

The Mg# increase from actinolite through actinolite horn-

blende to the magnesio-hornblende (Table S2). The ana-

lyzed amphiboles possess relatively high Al2O3 contents,

particularly in actinolite (up to 9.65 wt%) in contrast to

actinolitic hornblende (up to 6.13 wt%) and magnesio-

hornblende (up to 6.44 wt%) (Table S2). Girardeau and

Mevel (1982), used the alkali (Na ? K)/Ti ratio to distin-

guish between the metamorphic and igneous amphiboles.

Accordingly, the analyzed amphiboles are related to

metamorphic amphiboles as they plots within or close to

the field of metamorphic amphiboles (Fig. 5b). The

magnesio-hornblende and actinolite might have been

formed as secondary hornblendes by reaction of the earlier

pyroxene with the increasingly water-rich magma. The

Mg# of the analyzed amphibole samples range from 0.63 to

0.78, which are generally lower than the Mg# of the ana-

lyzed clinopyroxenes from the same samples suggesting

that these amphiboles are most likely represents late

metamorphic minerals rather than reflecting later magmatic

crystallization (Singh et al. 2016).

5.3 Plagioclase

Representative EMP analyses of plagioclase from the

MOM rocks are listed in supplementary table S3.

Fig. 6 a Plot of Aliv–Na cation in B-site of the studied amphiboles. Pressure curves after Brown (1977), b plot of studied amphibole-plagioclase

pairs in the distribution diagram given by Perchuk (1970) cited in Ulrych et al. (1976), c plot of amphiboles formula proportion variation

diagrams of the studied amphiboles in relation to Laird and Albee (1981) defined zones, d plot of Aliv–Mg# of the studied chlorite. Fields of

metamorphic facies conditions of regional metamorphism after Bailey (1988)
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Generally, the analyzed plagioclase are homogeneous in

composition and possess high contents of CaO (9.11–12.47

wt%) and Al2O3 (25.01–30.22 wt%) with low contents of

TiO2, Na2O and K2O (Table S3). They are sodic enriched

and have a wide variation of anorthite contents

(An43.57–60.14) and ranging in composition from labradorite

to andesine. The wide range of An contents reflects the

presence of An-rich plagioclase relics as well as meta-

morphic plagioclase (andesine; Fig. 5c).

5.4 Chlorite

Chlorites from the investigated MOM rocks are relatively

Mg-rich and classify as pycnochlorite and ripidolite and

Fig. 7 Variation of loss on ignition (LOI) versus fluid–mobile and fluid–immobile elements showing a LOI. a–c Showing the positive

correlation between LOI and Rb, Ba and Sr, respectively. d–f Exhibiting no distinct correlation between LOI and Nb, Zr and Ce, respectively
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have higher Mg-numbers (Fig. 5d, e). Their Si concentra-

tions range between 5.38 and 5.78 a.p.f.u. (based on 22

oxygens; Table S4) whereas Fe/(Fe ? Mg ? Mn) ratios

ranges from 0.20 to 0.34. Generally, the analyzed chlorites

plots within or close to the field of the greenschist facies

(Fig. 5f) and most probably reflect retrogression (Winkler

2013).

6 Metamorphic conditions of the studied gabbroic
rocks

The metamorphic conditions of MOM rocks could be

assigned using their minerals chemical compositions. The

principle of the clinopyroxene thermometer of Lindsley

(1983) is based mainly on the partitioning of Ca between

coexisting low-Ca and high-Ca pyroxenes since there is a

strong temperature dependence of Ca-exchange between

both. With decreasing temperature Ca increases in high-Ca

pyroxenes and decreases in low-Ca pyroxenes at a given

Mg/Fe ratio for the pyroxenes (Lindsley 1983). In the

analyzed clinopyroxene samples, the same behavior is

observed, the major trends show that the Ca-content mainly

increases in augite. The highest crystallization temperature

(up to [ 1100 �C) is obtained by the few Mg-rich augite

while the lowest temperature (up to 850 �C) is obtained by

the Ca-rich augite (Fig. 4a).

Mineral assemblage observed in the MOM rocks sug-

gesting regional metamorphism, which evidenced by the

replacement of the primary clinopyroxene and plagioclase

(Fig. 3a). Although MOM rocks retain some relict igneous

textural and mineralogical features, their pyroxenes are

Fig. 8 Selected major and trace elements concentrations of the investigated metagabbros plotted against MgO (a–f) and Zr (g–i)
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generally replaced by secondary minerals (e.g., actinolitic

hornblende, chlorite and epidote), whereas plagioclase is

generally saussuritized. The petrographic investigation of

the investigated gabbroic rocks indicates that they have

metamorphic minerals including actinolite, albite, chlorite,

and epidote which are typical for the greenschist facies.

The analyzed amphiboles are mainly related to metamor-

phic amphiboles (Fig. 5a, b). In addition, based on their

chemical composition (Table S2), these amphiboles seem

to be formed mainly at low-pressure of about 1–3 kbar

(Fig. 6a) and at a temperature range of 450 to 500 �C

(Fig. 6b). Moreover, the analyzed amphiboles plot within

or close to the biotite zone (Fig. 6c), which pertains to the

greenschist facies metamorphism (350–500 �C and \ 6

kbar; Liou et al. 1985). The results of the various amphi-

bole geobarometers of MOM are listed in Table 1. Based

on the barometric calculations of Ridolfi et al. (2010), the

analyzed amphiboles exhibiting pressure ranging from 0.8

to 2.8 kbar with an average of 1.8 kbar.

The chemistry of chlorite from the MOM rocks can be

used to calculate temperature of regional metamorphism

and metamorphic grade. Generally, the chlorite minerals

are sensitive to variation in temperature related to the

common substitutions and occupancies of Fe, Mg, and Al

in both tetrahedral and octahedral sites (Jiang et al. 1994;

Inoue et al. 2009, 2010). The analyzed chlorites from the

investigated MOM are mainly pycnochlorite (Fig. 5d) and

seem to be formed at the conditions of the upper green-

schist facies condition (Fig. 6c, d). In addition, the chem-

istry of chlorite could be used as a geothermometer

(Cathelineau and Nieva 1985) on the basis of Al cations

and Fe/Fe ? Mg ratio. Applying this geothermometer on

Fig. 9 a Al2O3–SiO2/MgO diagram (Bodinier and Godard 2003) for the studied metagabbros, b plots of the studied gabbroic rocks on the rock

classification diagram based on the Zr/Ti–Nb/Y ratios (Winchester and Floyd 1977), c chondrite normalized REE pattern for the studied

metagabbros, d N-MORB normalized multi element plots for the studied metagabbros. For c and d normalizing values are from Sun and

McDonough (1989). The representative samples of Egyptian metagabbros; of Abu Dahr, Wadi Arais and Zeiatit metagabbros and Neyriz

metagabbros from Iran are after Gahlan et al. (2015), Obeid et al. (2016), Mogahed (2019) and Moghadam et al. (2014) respectively are plotted

for comparison
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the analyzed chlorite yields estimated temperature ranging

from 265 to 292 �C. This geothermometer adopted for

chlorite with (Fe/Fe ? Mg) ranging 0.18–0.64 (Cathelin-

eau and Nieva 1985) which are appropriate for the studied

samples. The temperatures obtained suggest the formation

of chlorite at the expense of calcic amphibole as a retro-

grade phase typical of greenschist facies conditions (Bailey

1988).

7 Whole-rock geochemistry of the studied
gabbroic rocks

Whole-rock major oxide, trace elements, and rare earth

elements (REE) data for 19 representative samples from

MOM are presented in the supplementary Table S5. The

analyzed rock samples have SiO2 ranging between

(45.32–50.27 wt%), these rocks are characterized by

moderate to high Al2O3 (15.43–18.54 wt%), high MgO

(6.54–10.39 wt%), CaO (9.58–12.94 wt%), and FeOt

(8.36–12.93 wt%), and have low K2O (0.10–0.41 wt%).

Moreover, MOM have low TiO2 (0.56–1.17 wt%), P2O5

(0.10–0.18 wt%), Zr (37.51–69.50 ppm), Nb (gener-

ally \ 3 ppm), Y (8.92–18.27 ppm), and Ba/Zr

(0.33–1.23). Although field and petrographic observations

indicated that the MOM have undergone some degree of

alteration and metamorphism but their chemical composi-

tions exhibit low values of loss on ignition (LOI;

0.51–1.66; Table S5). In addition, the concentrations of

fluid-mobile elements such as Rb, Ba, and Pb are positively

correlated with LOI (Table S5 and Fig. 7), and thus, we

suggest that these elements have been enriched by

hydrothermal alteration. On the other hand, the fluid-im-

mobile incompatible trace elements Ti, Nb, Zr, and the

REE (Table S5 and Fig. 7) show systematic variations with

LOI indicating that the concentrations of such elements did

not significantly change by the hydrothermal alteration

processes. Moreover, the very low concentrations of Na2-

O ? K2O contents (1.32–2.86 wt%; Table S5) indicate the

cumulate nature of the rocks. This cumulate nature is

evidenced by the variation diagrams of MgO against some

major elements (Fig. 8). The sample plots of the investi-

gated gabbroic rocks occur as clusters with a limited degree

of scattering (Fig. 8) reflecting their cumulative nature.

Fig. 10 Plots of TiO2, FeOt, CaO, P2O5, Cr, Ni, CaO/Al2O3, Sc/Y and Nb/La versus Mg# for the studied metagabbros
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Furthermore, Al2O3 and Sr exhibiting weakly negative

correlation with MgO (Fig. 8b, f) indicates that the pla-

gioclase did not crystallize during the fractional crystal-

lization process and thus increased modally at the end of

the process. However, the negative correlation between

MgO and Al2O3 indicates that pyroxene and possibly oli-

vine took part in early crystallization (Kocak et al. 2005).

Moreover, the plots of Zr against some of high field

strength elements (HFSE) such as Y, Nb, and Ti (Fig. 8g,

h) exhibit a linear relationship with some degree of scat-

tering suggesting that all the gabbroic rocks are probably

formed from a single parental magma and indicate that the

HFS elements rather less affected by secondary alteration

processes (Staudigel 2003).

The investigated MOM exhibiting subalkaline charac-

ters as they plot within the subalkaline fields on the total

alkali versus silica (TAS) diagram (Cox et al. 1979).

Moreover, they plot in the tholeiitic gabbro field (supple-

mentary figure S1a). Chemically, the MOM rocks are

classified as ophiolitic rocks based on the Al2O3 versus

SiO2/MgO diagram (Fig. 9a) of Bodinier and Godard

(2003). As the invesigated mafic rocks have suffered from

at least greenschist facies metamorphism (Figs. 3, 5), thus

the remobilization of elements should be considered.

Fig. 11 a Nb/U versus Nb diagrams for the studied MOM rocks. Data sources: ARC, MORB and OIB are after O’Neill and Jenner (2012), b Zn/

Fet (9 104) versus MgO for the studied MOM rocks. Peridotite and pyroxenite fields based on the Zn/Fet ratio are after Le Roux et al.

(2010, 2011), Murray et al. (2015), c Sm/Yb–La/Sm diagram for studied metagabbros. Melting curves are after Bezard et al. (2011); symbols

represent data obtained from the Egyptian ophiolitic metagabbros of Wadi Arais area (Obeid et al. 2016), Abu Dahr (Gahlan et al. 2015),

Fawakhir area (Abd El-Rahman et al. 2009) and Zeiatit area (Mogahed 2019) are shown for comparison, d Th/Yb–Nb/Yb diagram for the studied

metagabbros. Discrimination fields of oceanic arcs, continental arcs and MORB–OIB mantle array are from Pearce (2008, 2014), field of

Okinawa Trough BABBs after Shinjo et al. (1999) and field of Emeishan basalts after Xu et al. (2001), Xiao et al. (2004), He et al. (2010)
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Moreover, the high field strength (HFS) elements (e.g. Ti,

Nb, Y, Zr, Hf, Ta, REE) and transition elements (such as Y,

V, Ni, Cu) are immobile during the alteration and meta-

morphic conditions (e.g., Beccaluva et al. 1979; Pearce and

Norry 1979). Consequently, the investigated rocks were

classified using diagrams that are based on immobile trace

elements. Accordingly, MOM samples exclusively plot

within the subalkaline basalt on the Zr/TiO2 versus SiO2

and Zr/Ti versus Nb/Y diagrams (Figs. 9b and S1b). These

plots support the mafic nature of the MOM rocks and

indicate that their magma was subalkaline of tholeiitic

type. The studied gabbroic rocks are silica-saturated and

generally have relatively higher Mg-number (Mg# = 100

Mg/[Mg ? Fe]) ranging from 55.91 to 71.35 (Table S5).

The investigated gabbroic rocks have relatively low

REE concentrations ranging from 19.18 to 41.41 ppm. The
P

REE is gradually increasing from the core of the gab-

broic mass towards its outer margins (Table S5). The

chondrite-normalizing patterns of the studied rocks

(Fig. 9c) are characterized by flat to less fractionated pat-

terns and are slightly enriched in LREE relative to HREE

as all the analyzed samples have (La/Lu)n [ 1 and they

possess slightly low positive Eu anomaly [(Eu/Eu*)n =

1.19–1.62] indicating plagioclase accumulation. The (Eu/

Yb)n ratio of the studied MOM is generally [ 1

(Table S5), which is higher than MORB (0.37, Thirlwall

et al. 1994). In addition, the nearly sub-parallel pattern of

middle rare earth element (MREE) to HREE patterns are

Fig. 12 Plots of the studied MOM rocks on tectonic discrimination: a Cr–Y plot (after Pearce 1975), b Ti–V discrimination diagram (Shervais

1982). Field of Izu–Bonin–Mariana (IBM) forearc basalts and boninites after Reagan et al. (2010), c La–Y–Nb diagram (Cabanis 1989), d ThN

versus NbN systematic (after Saccani 2015). Normalizing values are the N-MORB composition from Sun and McDonough (1989). MORB mid-

ocean ridge-basalt, OIB ocean island basalt. N-MORB normal-type MORB, E-MORB enriched-type MORB, P-MORB plume-type MORB, AB
alkaline ocean-island basalt, SSZ-E supra-subduction zone enrichment, AFC assimilation-fractional crystallization, OIB-CE ocean island-type

(plume-type) component enrichment, FC fractional crystallization
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inconsistent with hornblende fractionation. Thus the

hornblende must have been late magmatic (e.g. tscher-

makite) and or, metamorphic (e.g. magnesio-hornblende).

Moreover, the nearly-flat REE patterns of the examined

gabbroic rocks (Fig. 9c) are similar to those of N-MORB

and match well with ANS ophiolitic metagabbros (e.g.,

Gahlan et al. 2015; Habtoor et al. 2016; Obeid et al. 2016;

Mogahed 2019).

The multi-element spider diagrams normalized to

N-MORB (Fig. 9d) show that the MOM is enriched in

LILE (particularly Rb, Ba and Sr) and is depleted in many

HFS elements (e.g. Nb, Zr, Hf, and Th) which are typical

features of subduction-related or altered magmas. The

analyzed samples show progressive depletion with

increasing compatibility from Nb to Lu (Fig. 9d) which

indicated derivation from depleted mantle source or source

experienced higher melting degrees (Moghadam et al.

2014). The Rb, Ba, and Pb have the highest values with

respect to the other elements reflecting their higher

mobility during alteration (Figs. 7 and 9d). The investi-

gated rocks exhibiting slightly negative anomaly for Nb,

which represents a striking characterization of the ANS

Precambrian mantle rocks (e.g., Maurice et al. 2012;

Helmy et al. 2014). Moreover, the negative anomalies of Zr

and Nb reflect the clinopyroxene crystallization and

amphibole fractionation respectively (Villemant et al.

1981; Pearce 1982). In addition, few samples exhibit slight

Ti negative anomalies implying the substantial ilmenite

crystallization.

8 Discussion

8.1 Fractional crystallization and insignificant

crustal assimilation

The studied MOM samples are characterized by relatively

high Mg# with and low contents of Cr and Ni with high

FeOt/MgO ratios (Table S5), which indicates that their

parental magma has undergone a higher degree of frac-

tional crystallization. In addition, the positive correlations

between Cr, Ni and Mg# (Fig. 10 and Table S5) pointing to

the fractional crystallization of olivine and/or clinopyrox-

ene (Fig. 10). In addition, the analyzed metagabbros show

a general increase of SiO2 contents with decreasing FeOt,

MgO and CaO/Al2O3, whereas MgO exhibits a positive

correlation with compatible elements (e.g., Ni, Sc, Co and

V; Table S5), further support the fractionation process of

olivine and clinopyroxene. Moreover, the weak variation of

CaO, CaO/Al2O3 and Sc/Y with increasing Mg# (Fig. 10)

coupled with the positive Eu anomaly (Fig. 9c) suggesting

plagioclase accumulation (e.g., Naumann and Geist 1999).

Moreover, the negative correlation between FeOt, TiO2 and

P2O5, and Mg# (Fig. 10) indicates lesser contribution of

Fe–TiO2 oxides and apatite fractionation for MOM mag-

mas. The studied MOM samples exhibiting many evi-

dences that suggest the minimal effect of crustal

contamination such as (1) the variation of their Nb/La

ratios and Mg# are inconsistent with the trend crustal

contamination (Liu et al. 2016; Fig. 10), (2) they exhibit

Table 1 Results of various

amphibole geobarometers of the

investigated gabbroic rocks

from Gabal Muiswirab area,

South Eastern Desert, Egypt

Rock type Sample no. Hollister et al. (1987) P (kbars)

Schmidt (1992) Ridolfi et al. (2010)

Metagabbros M126/2 2.72 3.30 1.50

4.21 4.56 1.16

3.21 3.72 1.80

2.07 2.76 1.50

M153/1 2.29 3.10 1.30

2.30 3.11 1.40

3.06 3.90 1.60

2.38 3.17 2.11

2.09 3.21 0.86

Uralitized gabbro U12/3 1.22 2.01 0.80

1.53 2.74 1.20

2.64 3.23 2.11

2.94 3.29 2.24

3.14 3.47 2.87

Flaser metagabbro F25/1 3.4 3.63 2.44

4.1 4.61 2.79

4.2 4.67 2.31

3.47 4.16 2.14
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obvious negative Zr and Hf anomalies relative to the

N-MORB (Fig. 9d, Liu et al. 2016), (3) they possess higher

values of Nb/Ce ratios (0.41–0.88) than those from prim-

itive mantle, average crust and lower crust (0.4, 0.33 and

0.39, respectively; after Taylor and McLennan 1985), and

(4) they plot close to the depleted mantle (DMM) and

extended towards the OIB Field (Fig. S1c). All these fea-

tures support that investigated gabbroic rocks were weakly

affected by crustal contamination and were derived from a

depleted mantle source that experienced a high degree of

partial melting similar to Neyriz gabbroic rocks, Iran

(Moghadam et al. 2014).

8.2 Mantle source and petrogenesis

The studied MOM exhibiting slightly enrichments of Nb

and Ta with depleted contents of Zr and Hf relative to

N-MORB (Fig. 9d) which is inconsistent with the source

mixing between a depleted mantle and crustal components

(Liu et al. 2016). Nielsen and Beard (2000) and Klemme

et al. (2006) stated that the fractionation or accumulation of

Fe–Ti oxides may result in elevated ratios of Nb, Ta, Zr,

and Hf thus, it is valuable to assess this effects on the

evolution of the MOM rocks. The analyzed gabbroic rocks

exhibit a general increase of FeOt and TiO2 with decreas-

ing Mg# suggesting a lesser contribution of fractionation or

accumulation of Fe–Ti oxides for the magmas (Fig. 10).

Furthermore, the weak variation between Nb/La ratios with

increasing TiO2 further precludes the fractionation of Fe–

Ti oxides (Fig. S1d). Accordingly, the slight enrichment of

Nb and Ta relative to N-MORB could be considered as

primary signatures of the mantle source rather than influ-

enced by fractionation or accumulation of Fe–Ti Oxides or

crustal contamination. The enrichments of Nb and Ta for

mafic magma could be resulted due to the following

mechanisms: (1) partial melting of an OIB type astheno-

sphere (e.g., Zhou et al. 2009), (2) source mixing of a

depleted N-MORB type mantle with OIB like components

(Castillo et al. 2007; Castillo 2009; Saccani et al. 2014), or

(3) partial melting of a lithosphere mantle metasomatized

by OIB-like components (e.g., Wang et al. 2010). Geo-

chemical characteristics of the studied MOM indicate that

the first two previously mentioned mechanisms cannot

accommodate the petrogenesis of the MOM rocks as these

rocks have lower values of Nb/U relative to MORB and

OIB (Fig. 11a). Consequently, the geochemical variations

of MOM rocks could be from the enrichment of a litho-

sphere mantle by OIB-like components. Moreover, the

ratios of first-row transition elements (e.g., Zn/Fet values;

Le Roux et al. 2010, 2011; Murray et al. 2015), could be

used to detect the lithological characteristics for the mantle

source of the studied gabbroic rocks. The Zn/Fet consid-

ered as valuable key for discriminating between peridotite

derived melt (Zn/Fet 9 104 = 9 ± 1) and pyroxenite

derived melt (Zn/Fet 9 104 = 13–20). Le Roux et al.

(2010) stated that the fractionation of clinopyroxene and

Fe–Ti oxides coupled with slab-derived fluids increase the

Zn/Fet in the mafic melts. Consequently, the fractionation

of clinopyroxene is obvious in the MOM rocks (Fig. 11b)

but they possess lower Zn/Fet values (7.69–12.73;

Table S5) relative to pyroxenite-derived melts and more

consistent with those rocks that are likely originated from

peridotitic mantle source (Fig. 11b). Additionally, the

composition and degree of partial melting of the mantle

sources for the parental magmas of the mafic rocks could

be determined based on the REE abundances and their

ratios (Aldanmaz et al. 2000; Zhu et al. 2008). The degree

of mantle source depletion of the investigated gabbroic

rocks could be assigned using the scheme based on the

ratios Sm/Yb and La/Sm (Aldanmaz et al. 2009) and

comparing with melting curves obtained using non-modal

batch melting modeling (after Bezard et al. 2011;

Fig. 11c). Nearly all the analyzed gabbroic samples exhibit

a horizontal trend on the diagram (Fig. 11c), suggesting a

spinel–lherzolite source (Green 2006; Zhu et al. 2008) and

can be accounted for by * 5 to 30 % of partial melting of

this source at shallow depth which matches with some

Egyptian ophiolitic metagabbros (e.g., Ahmed 2013;

Gahlan et al. 2015; Obeid et al. 2016; Abdel-Karim et al.

2018; Mogahed 2019).

The contents of some immobile elements (e.g., Zr, Nb,

and Yb) in mafic rocks could be used to detect the type of

their parent magmas. Pearce and Stern (2006) urged that

the comparison of the Nb/Yb ratios reflects the mantle

fertility of the mafic rocks. The analyzed gabbroic rocks

have Nb/Yb ratios ranging from 0.81 to 1.53 (Table S5),

which are higher than those calculated from N-MORB and

less than those calculated for E-MORB (0.76 and 3.5

respectively, Sun and McDonough 1989), suggesting

derivation from a mixture of enriched and depleted magma

sources. According to Leat et al. (2004), the petrogenesis of

the mafic rocks could be clearly assisted using the diagram

of Th/Yb versus Nb/Yb diagram (Fig. 11d), where Yb used

to eliminate the effect of both partial melting and fractional

crystallization (Pearce and Peate 1995). The investigated

gabbroic rocks plotted scattering in the transition field

between mantle array and oceanic arc indicating compo-

sitional variation between MORB and IAT, which is a good

match with magma originated in supra-subduction zone

(SSZ) setting (e.g., Tatsumi and Kogiso 2003; Moghadam

et al. 2014; Obeid et al. 2016; Mogahed 2019).

The slightly positive Eu anomaly and the unfractionated

REE chondrite-normalized patterns of the investigated

gabbroic rocks (Fig. 9c) support that their parental was

weakly affected by plagioclase fractionation (e.g., Her-

mann et al. 2001; Drouin et al. 2009). Moreover, the
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marked depletion of Zr, Hf, and slightly depletion of Ti

(Fig. 9d) coupled with general enrichment of Ba and U for

the investigated MOM rocks reflects signature of subduc-

tion zone influence which is consistent with ophiolite

gabbroic rocks such as Neyriz ophiolite, Iran, Naga Hills

ophiolite, India, and Egyptian ophiolites (Moghadam et al.

2014; Dey et al. 2018 and Gahlan et al. 2015; Obeid et al.

2016; Mogahed 2019, respectively). Khedr and Arai (2016)

demonstrated that the overall depletion of the HFSE is

considered as an eminent feature of the Neoproterozoic

sub-arc mantle in Egypt. Consequently, the MOM rocks are

characterized by overall enrichments of LILE (e.g., Ba, Pb)

over HFSE (e.g., Ti, Nb, Y, Zr, Hf, Ta) (Fig. 9d) sug-

gesting that their parental magma were developed in a sub-

arc mantle wedge setting (e.g., Pearce 1982; Tatsumi and

Kogiso 2003; Moghadam et al. 2015; Obeid et al. 2016).

The chemical composition of primary clinopyroxene

could be used to determine the magmatic affinity of the

mafic and rocks originated at different tectonic settings

(Leterrier et al. 1982; Beccaluva et al. 1989; Barnes and

Roeder 2001; Stern et al. 2004). Most of the analyzed Cpxs

from the investigated rocks fall in the field of augite

composition (Fig. 4a) and exhibiting higher Si relative to

Al (Table S2) suggesting derivation from a tholeiitic melt

(Moazzen and Oberhänsli 2008).

8.3 Tectonic setting

Determination of the tectonic setting of metamorphic rocks

seems to be difficult as the chemistry of these rocks is

modified owing to metamorphism. The tectonic setting of

the metamorphic rocks could be traced through elements

that thought to be effectively immobile during metamor-

phisms such as Ti, Y, V, Zr, La, and Nb (Beccaluva et al.

1979; Pearce and Norry 1979). In the Cr versus Y diagram

of Pearce (1982), the investigated rocks fall within and the

island arc tholeiites (IAT) and extended to the left out of

this field (Fig. 12a). Pearce et al. (1984a), ascribed the

rocks with similar plots of the studied MOM rocks on the

diagram (Fig. 12a) to be of supra-subduction zone tectonic

setting. Most of the analyzed gabbroic samples are Ti poor,

where TiO2 wt% ranging from 0.56 to 1.17 (Table S5) and

have low Ti/V values (11.84–31.65) consistent with Izu–

Bonin–Mariana forearc basalts (Fig. 12b; Shervais 1982).

Moreover, the analyzed gabbroic samples are scattered

between N-MORB and arc tholeiites fields and none of the

samples plot on the back-arc basalts (Fig. 12c) on the tri-

angular diagram suggested by Cabanis (1989). In addition,

the scattering plots of the studied MOM rocks between IAT

and MORB fields (Figs. 12a, b and S1e-h) indicating that

these rocks are consistent with forearc tectonic regime

(Beccaluva et al. 2004; Abd El-Rahman et al. 2009;

Moghadam et al. 2014; Gahlan et al. 2015; Obeid et al.

2016; Dey et al. 2018; Mogahed 2019). Moreover, the

studied metagabbros exhibit high CaO content (Table S5)

and depleted REE and HFSE (Fig. 9d) indicating a

derivation of Cpx-rich mantle at forearc tectonic setting

(Reagan et al. 2010; Mogahed 2019).

Saccani (2015), proposed a discrimination diagram

(Fig. 12d) for detecting the tectonic setting of the mafic

rocks based on the relation between the contents of Nb and

Th; as these two elements are stable during the weathering

and low-grade metamorphism (Pearce 2008). On the dia-

gram (Fig. 12d), the studied MOM samples plot in the

halfway between MORB–OIB and volcanic arc arrays and

clusters between the fields of N-MORB and IAT and

exhibiting trend more or less matching with supra-sub-

duction zone (SSZ) trend (Fig. 12d). These observations

revealed that the investigated rocks are attributed to intra-

oceanic arc settings (Figs. 12a and S1e-h) characterized by

a variable contribution from subduction-derived chemical

components, such as forearc or back-arc (Saccani 2015).

None of the analyzed samples plot into the back-arc field

on the diagram (Fig. 12c), hence the possibility of a back-

arc tectonic setting will be excluded. Accordingly, the

studied MOM rocks are attributed to supra-subduction

related magmatism at forearc tectonic setting similar to

gabbroic rocks formed in supra-subduction zone magma-

tism such as Neyriz ophiolite, Iran, Naga Hills ophiolite,

India and Egyptian ophiolites (Moghadam et al. 2014, Dey

et al. 2018 and Gahlan et al. 2015; Obeid et al. 2016;

Mogahed 2019, respectively). Moreover, the chemistry of

the analyzed clinopyroxene support forearc tectonic setting

as their composition match with those of boninites and IAT

(Fig. 4c), where most of boninites are agreed to represent

forearcs of interaoceanic arcs (e.g., Beccaluva et al. 2004;

Reagan et al. 2010).

Although the Egyptian ophiolites are subjected to

numerous studies as they represent the key factor for

reconstructing the geodynamic evolution of the Pan-Afri-

can belt of the ANS, their tectonic setting is still contro-

versial. Earlier studies (e.g., Shackleton et al. 1980;

Shackleton 1994; Zimmer et al. 1995) suggested a mid-

ocean ridge setting for the Egyptian ophiolites. Recent

geochemical studies (e.g., Abdel Aal et al. 2003; Dilek and

Ahmed 2003; El-Bahariya and Arai 2003; Farahat et al.

2004; Ahmed et al. 2006; Ahmed 2013) demonstrated a

back-arc environment for the Egyptian ophiolites due to

their transitional geochemical character, which lie between

those of island arcs and MORB. Azer and Stern (2007)

attributed the transitional geochemical characters between

island arcs and MORB for the Egyptian ophiolites to the

transfer of LILE and volatile-rich components from the

subduction zone into the overlying mantle wedge. More-

over, there is a general agreement that the Egyptian ophi-

olites are attributed to Supra-subduction zone ophiolites.
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Many authors (e.g., Pearce et al. 1984b; Dilek et al.

1998, 2007; Metcalf and Shervais 2008; Abd El-Rahman

et al. 2009) agreed that the supra-subduction zone ophio-

lites have island arcs geochemical affinities and exhibiting

the structure of oceanic crust that resulted from seafloor

spreading processes. These ophiolites form during the ini-

tial stages of subduction, ridge-trench intersection, and

back-arc rifting and spreading (Pearce 2003, 2008). In

addition, the subduction initiation is considered as the

prominent process through the life cycle of a supra-sub-

duction ophiolite (e.g., Casey and Dewey 1984; Shervais

et al. 2004; Dilek and Polat 2008; Abd El-Rahman et al.

2009; Whattam and Stern 2011). With subduction initia-

tion, the early, infant arc magmatism is characterized by

depleted arc tholeiitic and boninitic magmas that occur in

extensional environments similar to slow spreading centers

(e.g., Stern and Bloomer 1992; Bloomer et al. 1995;

Robertson 2002; Dilek and Robinson 2003; Cawood et al.

2009). The emplacement of many Phanerozoic ophiolites is

generally accompanied by the subduction initiation (Casey

and Dewey 1984; Shervais 2001; Reagan et al. 2010). The

forearc crust of the Izu-Bonin-Mariana (IBM) arc system in

the Western Pacific is a good example of infant-arc for-

mation (Stern and Bloomer 1992; Bloomer et al. 1995;

Parkinson and Pearce 1998; Reagan et al. 2010).

The studied MOM rocks are similar to the mafic rocks of

(IBM) as they composed mainly of low-Ti tholeiitic rocks

(Fig. 9a, b and Table S5) and exhibiting boninitic affinity

(Fig. 12b–d) indicating the presence of a highly depleted

mantle source that experienced high degree of partial

melting (Figs. 11c and S1c; cf., Kurth-Velz et al. 2004; Liu

et al. 2017). These characteristics collectively indicating

that the studied MOM rocks may have formed in forearc

setting during the subduction initiation (cf., Stern and

Bloomer 1992; Flower and Dilek 2003; Abd El-Rahman

et al. 2009).

The suggested forearc setting of the investigated ophi-

olitic gabbroic rocks is consistent with the appearance of

depleted ultramafic–mafic mantle rocks in the Eastern

Desert similar to those rocks from modern forearc tectonic

settings (e.g., Azer and Stern 2007; Khalil and Azer 2007;

Abd El-Rahman et al. 2009; Farahat et al. 2011; Obeid

et al. 2016; Mogahed 2019).

9 Conclusions

The area of Gabal Muiswirab, South Eastern Desert of

Egypt consists of a metavolcanic group, mafic rocks (the

Muiswirab metagabbros) and granitoids. The metagabbros

have ophiolitic affinity. The investigated metagabbros

show high Mg# (55.91–71.35); low SiO2/MgO ratios; high

CaO (9.58–12.94 wt%), FeOt (8.36–12.93 wt%),

enrichment of Ni, Cr, and Co with depletion of TiO2

(0.60–1.64 wt%) and K2O (0.10–0.41 wt%), nearly

unfractionated chondrite-normalized REE patterns; display

trace element signatures characterized by the enrichment of

LILE over HFSE, comprise low Sm/Yb; Th/Yb and Th/Ta

ratios and low Nb contents. These features demonstrated

that the investigated metagabbroic represent fragment of

older oceanic crust that was generated by 5–30 partial

melting of depleted mantle source in a supra-subduction

zone environment at forearc tectonic. The geochemical

investigation of the studied gabbroic rocks indicated that

these rocks are attributed to the ophiolitic metagabbros that

suffered from regional metamorphism of low under lower

to upper greenschist facies (biotite zone) conditions (at

temperature of 450 to 500 �C and pressure of 1–3 kbar) and

originated at supra-subduction related magmatism of

forearc tectonic setting.
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