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ABSTRACT 

The late Neoproterozoic Meknas volcanics in southern Sinai, Egypt, occur as successive sheets ranging 
in composition from andesite-trachyandesite to rhyolite. Their petrography, mineral chemistry and geochemistry 
are addressed to define their tectonic setting, petrogenesis and post-magmatic changes. Geochemically, they 
display high-K calc-alkaline affinity and are characterized by relatively high silica contents, clear LILE- and 
LREE-enriched patterns with Ta-Nb depletion, correlating well with the Dokhan Volcanics of Egypt that 
developed in the late sub-stage of post-collisional calc-alkaline suite (~610-590 Ma) and representing a 
transitional case from calc-alkaline to alkaline volcanism.  These chemical features reflect magmas generated by 
melting of lithospheric mantle that has been previously modified by metasomatic melts/fluids released during 
subduction process. The continuous variation trends in most major and trace elements shown by the volcanics 
are consistent with those expected from fractional crystallization, but the involvement of crustal contamination 
or assimilation in their genesis can’t be excluded. The model of lithospheric delamination after continental 
collision can be suggested for the origin of this Ediacaran magmatism. During the culmination of the 
delamination process, hot asthenosphere upwelling caused the melting of the lithospheric mantle and produced 
vast magmatic activity.  

Three mineral assemblages could be recognized in the Meknas volcanics including Amph-1 + andesine 
+ labradorite, Amph-2 + oligoclase + biotite, and Amph-3 + albite + chlorite + biotite + titanite + white mica + 
quartz. The P-T conditions of the earliest assemblage of the primary magma using thermobarometric methods 
are 732-898°C and 4.6-6.1kbar, and H2Omelt of 5.7-7.4 wt. The second mineral assemblage crystallized at 
shallower depth at temperatures of 598-698°C and pressures of 1.0-3.4 kbar. The third mineral assemblage 
suggests low-grade metamorphic phase, most probably related to unobvious igneous intrusion. 
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Introduction 
 

The northwestern segment of the Arabian-Nubian Shield (ANS), which is exposed in NE Africa and 
Western Arabia, constitutes part of the basement rocks of Egypt. The ANS developed during East African 
orogeny at the Neoproterozoic period (870-550 Ma; Stern, 1994) through subduction, accretion of island arcs 
and continental collision at 640–650 Ma (Stern, 1994; Ali et al., 2009; Andresen et al., 2009), and produced 
Juvenile crust in ANS (Bentor and Eyal, 1987; Kröner, 1991; Stern, 1994; Jarrar et al., 2003). The ANS became 
a stable continental region at ~540 Ma (Johnson and Woldehaimanot, 2003). 

The calc-alkaline magmas in the northernmost ANS have been classified into three major types: (1) 
early medium-K calc-alkaline rocks (~820-740 Ma) including island arc metavolcanics and metasediments 
complexes (IAC), (2) late syn-collisional medium-K to high-K calc alkaline (CA1) batholiths that formed during 
late stages of accretion (~670-625 Ma) and (3) post-collisional high-K calcalkaline (CA2) suite (~635–590 Ma) 
that partially overlapped by the alkaline-peralkaline (Alk) suite (~608–580 Ma) (Be'eri-Shlevin et al. 2009; Eyal 
et al. 2010). The post-collisional calc-alkaline suite was divided into two sub-stages according to the ages of 
rocks by Be'eri-Shlevin et al. (2009) and Eyal et al. (2010); an early sub-stage (635–615 Ma) and a late sub-
stage (610–590 Ma), but no significant geochemical distinction was observed between them. 

In several areas in southern Sinai and the northern part of Eastern Desert, the post-collisional CA2 
stage recorded the development of abundant volcano-sedimentary basins which were engulfed by granitic 
intrusions (Dokhan volcanics and Hammamat Clastics; Akaad and Noweir, 1969). The Dokhan Volcanics are 
distinctly silicic and compose largely of rhyolite and rhyodacite with subordinate andesitic flows. In some 
places, these volcanics have experienced low-pressure metamorphism (e.g. El Kalioubi, 1988; El Gaby et al., 
1990; Ali Bik and Moussa, 2004).  

The studied volcanic rocks outcrop at Wadi Meknas, southeastern Sinai, are dominated by intermediate 
to acidic lava flows and believed to be erupted either along an active continental margin and pertain to the 
Dokhan Volcanics (Khalifa and Ibrahim, 2000; Hassan et al., 2001) or during extension in an anorogenic 
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within-plate rifting environment and pertain to Katherina Volcanics (Ahmed and El-Sheshtawi, 1989). 
Katherina Volcanics were formed during the late stage of alkaline suite (ca 590 Ma; Be'eri-Shlevin et al. 2009; 
Eyal et al. 2010) or after the end of the Pan-African orogeny, at ca 580-530 Ma (Mushkin et al., 1999) and 
comprise rhyolites with less abundant quartz trachytes and trachyandesites. For the first time in this study, we 
report the mineral chemistry of the essential minerals of Meknas volcanics to throw light on mineralogical 
changes caused by post-magmatic process. By comparing the new geochemical data with the available 
geochemical data on the Dokhan Volcanics from Egypt, the tectonic setting and magmatic petrogenesis of 
Meknas volcanics have been thoroughly evaluated. 

 
Geology 
 

The studied rocks expose at the northernmost part of the Arabian-Nubian Shield (Fig. 1) and comprise 
magmatic rock units, which are occasionally capped by Phanerozoic sediments. The distribution of these units is 
shown in Fig. 2, and can be grouped from the oldest to the youngest into diorite gneiss, granite gneiss, quartz 
diorites, Dokhan Volcanics and younger granites. The diorite and granite gneisses surrounding the volcanics to 
the north show a NE-SW main foliation trend and are separated by conspicuous faulting and brecciation. Minor 
amphibolite enclaves of highly foliated and banded structure are hosted within the gneisses with concordant 
foliation in them. The whole rock Rb/Sr ages of 608±18 Ma for these highly metamorphosed gneisses indicates 
a clock resetting with Pan-African orogenic activity (Basta and Stern, 1999).  

 

 
Fig. 1. Location map of the studied area and exposed localities of Dokhan Volcanics in Sinai: (1) Iqna Shar’a,  

(2) Rutig, (3) Ferani, (4) Kid, (5) Sa’al–Zaghra and (6) Kashabi. 
 

The investigated Meknas volcanics spread over a small, elongate area of about 5 km2, by longitudes 
34° 32' and 34° 37' E and latitudes 28° 58' and 29° 00' N, along the northern part of Wadi Meknas in 
southeastern Sinai, south of the Neuwiba city. These volcanics occur as inclined to vertical successive sheets of 
low relief and >250 m thick. They comprise a calc-alkaline succession ranging in composition from andesite-
trachyandesite to rhyolite with minor pyroclastic units.  The northern part of the volcanics is dominated by 
andesitic rocks, while the more silicic lava flows prevail towards the south. There is no clear boundary to 
separate the volcanics into two subunits as those shown in most Dokhan Volcanics (e.g. El Gaby et al., 1990). 
The rocks have mostly porphyritic texture with scattered feldspar phenocrysts in hand specimen. 

The volcanics lie over the syn-tectonic quartz diorites, which are exposed as small bodies along Wadi 
Meknas. Younger granites (biotite granite) represent the last magmatic activity in the studied area and intrude 
the volcanics at the south and east. The younger granites contain andesite xenoliths.  

 
Petrography 
 

On the basis of petrographic aspect, four rock types (andesite-trachyandesite, dacite, rhyodacite and 
rhyolite) can be distinguished in the study area. The contact between different types is not sharp in the outcrop. 
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Fig. 2. Simplified Geological map of Wadi Meknas area (modified after Hassan et al., 2001). 

 
 

Andesite-trachyandesite  
 

The texture of this rock variety is porphyritic commonly with a holycrystalline matrix. Plagioclase and 
amphibole are the common phenocrysts embedded in a fine-grained matrix of plagioclase laths, little amphibole 
and biotite. Alkali feldspars (orthoclase, sanidine and anorthoclase) and quartz are the late-formed phases, 
occasionally present in minor amounts (~2% volume) as interstitial material in association with albite in matrix. 
Sometimes, alkali feldspars slightly increase at the expense of plagioclase approaching trachyandesite 
composition, and commonly appear around the plagioclase phenocrysts or are confined to the matrix. Other 
accessories include magnetite, titanomagnetite, ilmenite, apatite and sphene. On the basis of size and freshness, 
two distinct types of plagioclase are present. Plagioclase phenocrysts (2.0-0.5 mm long) of labradorite and calcic 
andesine composition are found as subhedral, highly sericitized crystals; otherwise younger, relatively fresh 
more sodic plagioclase (oligoclase) is often contained in the matrix (0.3-0.1 mm long) or form rims on 
plagioclase phenocrysts (Fig. 3A). Amphiboles vary in composition from actinolite to hornblende. On textural 
grounds, three types of amphibole can be recognized: primary magmatic amphibole (Amph-1) occurs either as 
dark green crystals displaying a pleochroism variable in green or as relics that exhibit a pleochroism from brown 
to light brown and are preserved in greenish amphibole (Amph-2) (Fig. 3B), the latter is also present as 
prismatic crystals throughout the matrix (Fig. 3C), and pale green amphibole (Amph-3) superimposes on Amph-
2 crystals. Biotite occurs as primary, subhedral to anhedral flakes (0.4-0.1 mm long) in the matrix cutting 
plagioclase and amphibole, or as tiny inclusions within Amph-2 (Fig. 3D) most probably replacing amphibole. 
Chloritization of amphibole and biotite with liberation of iron oxides was also observed.  

  
Dacite 
 

 It is made of sericitized plagioclase phenocrysts with subordinate quartz, alkali feldspar and fewer 
hornblende phenocrysts embedded in a microcrystalline groundmass of felsitic minerals. Biotite usually occurs 
as microphenocrysts, which are variably altered to chlorite, muscovite, titanite and iron oxides. Secondary 
biotite and actinolite pseudomorphs after the pre-existing amphibole (Fig. 3E) were also recognized. Plagioclase 
phenocrysts form euhedral to subhedral tabular crystals which may reach to 3.0 mm in length. The porphyritic 
quartz and alkali feldspar are commonly corroded and smaller in size than the plagioclase. Amphibole is green 
hornblende pleochroic to dark green. The accessories include apatite, sphene, zircon and opaques. 
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Rhyodacite 
   

It is porphyritic with phenocrysts of highly sericitized alkali feldspar and quartz together with little 
biotite and rare plagioclase phenocrysts, whereas the matrix contains microscopic intergrowths of quartz with 
alkali feldspar forming granophyric texture. Biotite is often brown or brownish green, and commonly replaced 
by chlorite, titanite and ore. Apatite, sphene, magnetite and titanomagnetite are the common accessories.  

 
Rhyolite 
 

 It is characterized by the presence of large, corroded phenocrysts of alkali feldspar and quartz set in a 
micro- or crypto-crystalline felsic groundmass. The ferromagnesian minerals are absent and accessories are the 
same as in the rhyodacites. Quartz shows wavy extinction and sometimes occurs in spherulitic form (Fig. 3F).   
 
 

 
 
Fig. 3. Photographs of thin sections regarded in the present study. (A) Fresh oligoclase forms rim on coarse 

sericitized plagioclase crystal in andesite-trachyandesite, C.N. (B) Patches of relic brown (Amph-1) in 
second amphibole (Amph-2) in andesite-trachyandesite, P.L. (C) Prismatic amphibole crystals (Amph-2) 
in the matrix of andesite-trachyandesite, C.N.  (D) Biotite flakes formed after amphibole in andesite-
trachyandesite, P.L. (E) Biotite and actinolite replacing pre-existing amphibole, P.L. (F) Spherulitic 
texture in rhyolite, C.N. White bars = 300µM. 

 
Mineral Chemistry 
 

Mineral analyses for andesite-trachyandesite and rhyodacite were determined by an electron probe 
microanalyzer (EPMA) on a Cameca SX50 instrument under operating conditions of 15 kV and 20 nA. The 
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analyses were done at Department of Geological Sciences, University of Texas at El Paso, USA. The average 
mineralogical results are listed in Tables 1-4 (and the whole probe analyses are under request by the 
corresponding author).  

 
Feldspars 
 

Plagioclase is common as fine to coarse crystals. Its composition in andesite-trachyandesite is variable 
(Fig. 4A); plagioclase phenocrysts are Ca-rich (An44-54 Ab55-45 Or1), while oligoclase and sodic andesine (An12-37 
Ab63-88 Or0-1) were commonly observed in the matrix or forming rim around the magmatic labradorite. Albite 
with An-content varying from 2 to 5% is also recorded in the matrix associated with K-feldspar, and it always 
exhibits higher K content (An3-5 Ab88-91 Or4-9). In the rhyodacite, both albite and oligoclase are found (An2-15 
Ab84-97 Or1-2). 

Alkali feldspar in andesite-trachyandesite ranges in composition from anorthoclase (An1-3 Ab75-88 Or10-

24) to potassic orthoclase (An0 Ab6-12 Or89-94), whereas it displays a uniform composition in the rhyodacite (An0 
Ab6 Or94). 

   
Amphibole 
 

It is calcic in composition. It displays large variation in its composition indicating disequilibrium 
between the various generations (Figs. 4B-4D). The three amphibole groups illustrated in the petrography 
section, are easily recognized in Ti vs. AlIV diagram (Fig. 4C) and (Na+K) vs. Mg/(Mg+Fe2) (Fig. 4D). Using 
the nomenclature of Leake (1978), the early formed magmatic amphiboles (Amph-1) in andesite-trachyandesite 
are largely designated as tschermakitic hornblende, magnesio-hastingsite hornblende and magnesian hastingsite 
hornblende, and uncommonly tschermakite. Amph-1 is characterized by relatively high contents of Ti (0.146-
0.437), Al (1.591-1.906) and Na (0.294-0.700), and its Mg number (Mg#) varies from 54 to 77 when 
recalculation of Fe2 and Fe3 is used. 

The second amphibole (Amph-2) in andesite-trachyandesite has magnesio-hornblende and actinolitic 
hornblende composition, and Mg# values (59-74) resemble to those of Amph-1. On the other hand, its Ti 
(0.073-0.129), Al (0.631-1.351) and Na (0.195-0.418) contents are usually intermediate between those of 
Amph-1 and Amph-3. 

The late formed amphibolite (Amph-3) is actinolite or falls near the boundary between actinolite and 
actinolitic hornblende, which is distinct from Amph-1 and -2 by its Ti (0.008-0.015), Al (0.288-0.411), Na 
(0.106-0.145) and Mg# values (74-83). Titanium, Al and Na contents are lower, while Mg# value is higher in 
the Amph-3.  

In conclusion, primary amphibole (Amph-1) is richer in Ti, Al and poorer in alkali than the other 
generations (Amph-2 and -3), which contain 0.008-0.129 Ti p.f.u. Generally, the Ti, Al contents and the Mg# 
values decrease in the sequence Amph-1→ Amph-2→ Amph-3, while the Na2O+K2O contents increase. Such 
variation is best explained by crystallization under variable P-T conditions as will be discussed later. 

 
Biotite 

 
The analyzed biotite from andesite-trachyandesite is primary and homogeneous with Fe/(Fe+Mg) ratios 

ranging from 0.43 to 0.49. Its Al and Ti contents are 2.462-2.744 and 0.196-0.320, respectively. On the Al2O3 
vs. FeOt

 discrimination diagram of Abdel-Rahman (1994), the analyzed biotites occupies the field of calc-
alkaline suite (Fig. 4E). 

Sphene 
It occurs either as accessory (magmatic) mineral in the matrix or as microcrystalline granules 

(secondary) formed after biotite. In the latter case, secondary titanite shows high contents of Na2O and K2O 
(Table 4) that may be caught by titanite substituting biotite. 

Iron oxides 
Magnetite was commonly observed in all rock varieties and has wide ranges of titanium. Andesite-

trachyandesite contains predominantly pure magnetite with low TiO2 (0.13-0.34%wt.). Its ulvöspinel 
component, calculated owing to Stromer (1983), ranges from 0.37 to 1.02% mole. The TiO2 content in other 
analyzed magnetite crystal from andesite-trachyandesite is high (2.16%wt.) representing by titanomagnetite, 
which is an exsolved variety. In this crystal, the ulvöspinel content is 6.88% mole, corroborating the occurrence 
of fine trellis intergrowth. In rhyodacite, magnetite is represented mainly by pure magnetite with low TiO2 
contents (0.13-0.37%wt.), whereas titanomagnetite is uncommonly having high TiO2 content (9.83%wt.). Their 
ulvöspinel contents are 0.39-1.11% mole in pure magnetite and 29.55% mole in titanomagnetite. 
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Ilmenite of andesite-trachyandesite has variable contents of MnO contents. It is sometimes enriched in 
MnO content (4.25% wt.) and contains 88.04% mole ilmenite component, as compared to other crystals where 
nearly pure ilmenite (96.42-96.49% mole ilmenite) with low MnO contents (0.61-1.14% wt.) are recorded. The 
presence of the pyrophanite (MnTiO2) component in ilmenite of andesite indicates an increase in oxygen 
fugacity during its crystallization (Deer et al., 1992). 
 
Table 1. Chemical compositions (wt.%) and structural formula of feldspars in the investigated rocks, n= number of analyses. 

Rock type Andesite-trachyandesite 
Samp. no. M29 M20 
Minerals Oligoclase Andesine Labradorite Orthoclase Albite Oligoclase 

n 15 2 3 3 2 4 
SiO2 63.16±1.24 56.98 52.18 64.34 66.07 62.60±1.29 
Al2O3 21.83±1.23 27.59 27.78 17.49 21.37 23.63±0.99 
CaO 3.97±0.84 9.07 12.60 0.01 0.87 4.68±1.16 
Na2O 9.35±0.56 6.20 4.50 0.73 9.85 8.86±0.68 
K2O 0.10±0.06 0.12 0.07 15.02 1.02 0.12±0.02 
Total 98.43±1.37 99.97 97.12 97.59 99.16 99.89±0.61 

Number of cations on the basis of 8 oxygens 
Si 11.332±0.188 10.198 9.726 12.109 11.678 11.080±0.209 
Al 4.612±0.221 5.815 6.101 3.877 4.448 4.925±0.208 
Ca 0.764±0.162 1.739 2.518 0.001 0.164 0.887±0.219 
Na 3.254±0.209 2.152 1.624 0.266 3.374 3.042±0.229 
K 0.024±0.013 0.028 0.015 3.606 0.230 0.028±0.004 
Total 19.986±0.063 19.931 19.983 19.859 19.894 19.962±0.020 
Ab 80.5±4.1 55.0 39.1 6.9 89.6 76.9±5.6 
An 18.9±4.1 44.4 60.5 0.0 4.4 22.5±5.6 
Or 0.6±0.3 0.7 0.4 93.1 6.2 0.7±0.1 

 
Rock type Andesite-trachyandesite Rhyodacite 
Samp. no. M20 M23 
minerals Andesine Orthoclase Anothoclase Albite Oligoclase Orthoclase  

n 6 4 2 1 2 4 
SiO2 59.29±0.49 64.75±0.21 67.20 68.27 65.08 64.93±0.55 
Al2O3 25.50±0.29 18.07±0.18 19.24 19.94 21.59 17.97±0.12 
CaO 7.07±0.40 0.00±0.00 0.35 0.35 3.08 0.01±0.01 
Na2O 7.48±0.16 0.92±0.28 8.86 10.93 9.72 0.67±0.02 
K2O 0.13±0.02 15.89±0.48 3.44 0.32 0.13 16.38±0.23 
Total 99.46±0.30 99.63±0.22 99.08 99.81 99.58 99.97±0.74 

Number of cations on the basis of 8 oxygens 
Si 10.617±0.071 12.008±0.025 11.976 11.940 11.498 12.027±0.031 
Al 5.377±0.064 3.947±0.034 4.036 4.107 4.492 3.921±0.037 
Ca 1.357±0.078 0.000±0.000 0.066 0.066 0.583 0.002±0.002 
Na 2.597±0.055 0.330±0.099 3.061 3.706 3.328 0.242±0.007 
K 0.029±0.005 3.760±0.121 0.784 0.071 0.028 3.871±0.030 
Total 19.977±0.024 20.044±0.020 19.921 19.890 19.928 20.062±0.025 
Ab 65.2±1.7 8.1±2.5 78.3 96.4 84.5 5.9±0.2 
An 34.0±1.7 0.0±0.0 1.7 1.7 14.8 0.1±0.1 
Or 0.7±0.2 92.0±2.5 20.0 1.8 0.7 94.1±0.2 

 
Geochemistry 
 

Analyses of major oxides were carried out using an XRF Wavelength Dispersive Spectrometer (Axios 
Advanced, PANalytical, 2005) at The National Research Centre, Cairo, Egypt. Contents of trace and rare earth 
elements were determined by LiBO2/Li2B4O7 fusion ICP-mass spectrometry at ACME Analytical Laboratories, 
Canada.  

As will be discussed below, the studied volcanics have been subjected to low temperature 
metamorphism. The mobility of elements during post-magmatic alteration and metamorphism might cause a 
problem in defining their nature. Therefore, the least altered samples were carefully selected for geochemical 
analyses. To evaluate the mobility of elements, the correlations between an immobile element (e.g. Zr) and the 
most interested element oxides and elements (e.g. SiO2, Al2O3, TiO2, Fe2O3, MgO, Na2O, K2O, Rb, Ba, Sr and 
Nb) were determined (Polat et al., 2002; Basta et al., 2011). Except Na2O, most elements correlate well with Zr 
being consistent with a relatively low mobility of these elements in the studied volcanics. Furthermore, most 
authors (e.g. Pearce and Norry, 1979; Humphris, 1984) relied commonly on REE and HFSE that are considered 
to be immobile and resistant to post-magmatic changes, and can thus help in the geochemical interpretation. 
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Geochemical feature 
A suite of ten samples were chosen from the studied volcanic rocks for geochemical analysis and their 

major, trace and REE, results are listed in Table 5. Even the dataset is not large, consistent variations were 
obtained. 
Table 2. Chemical compositions (wt.%) and structural formula of amphiboles in the investigated rocks, n= number of analyses. 

Rock type Andesite-trachyandesite 

Samp. no. M29 M20 
Amp type Amph-1 Amph-2 Amph-3 Amph-1 Amph-2 
Minerals Tsch. 

Hb 
Mag-

Has-Hb 
Maga-Has-

Hb 
Mg-Hb Act. Hb Act. Tsch. Hb Tsch Mg-Hb 

n 2 1 1 12 2 4 16 1 4 
SiO2 42.64 42.63 41.46 47.51±0.67 49.41 52.87±0.94 42.75±0.64 40.47 47.05±1.02 

TiO2 1.92 1.53 1.94 0.97±0.12 0.70 0.09±0.03 1.86±0.24 3.86 0.96±0.20 
Al2O3 9.72 10.59 10.64 5.59±0.48 3.97 2.06±0.38 9.67±0.40 9.52 7.11±1.00 
Cr2O3 0.03 0.01 0.01 0.01±0.01 0.00 0.02±0.02 0.03±0.03 0.18 0.01±0.01 

Fe2O3 7.77 7.84 5.21 7.03±1.29 5.19 5.77±1.09 6.73±1.96 8.88 4.44±0.64 
FeO 10.24 6.85 13.71 10.06±1.22 10.77 8.00±1.44 12.56±1.60 12.25 12.94±0.75 
MnO 0.69 0.35 0.64 0.71±0.17 0.69 0.75±0.10 0.63±0.10 0.82 0.57±0.03 

MgO 10.88 12.93 9.50 12.60±0.50 13.62 15.87±0.62 9.97±0.56 9.38 11.67±0.75 
CaO 10.86 10.89 11.57 11.24±0.40 11.93 12.10±0.24 11.50±0.35 11.38 12.03±0.28 
Na2O 2.18 2.43 2.04 1.25±0.16 0.83 0.45±0.07 1.33±0.17 1.42 0.99±0.22 
K2O 0.40 0.45 0.46 0.32±0.09 0.32 0.07±0.02 0.89±0.19 0.70 0.57±0.11 
Total 97.33 96.50 97.18 97.29±0.72 97.43 98.05±0.38 97.92±0.47 98.86 98.34±0.63 

Number of cations on the basis of 23 oxygens 
Si 6.389 6.336 6.300 7.024±0.060 7.264 7.577±0.092 6.421±0.056 6.093 6.934±0.133 
AlIV 1.611 1.664 1.700 0.950±0.062 0.689 0.348±0.065 1.577±0.054 1.689 1.066±0.133 
AlVI 0.103 0.190 0.206 0.023±0.047 0.000 0.000±0.000 0.136±0.070 0.000 0.169±0.047 
Ti 0.216 0.171 0.222 0.108±0.014 0.077 0.010±0.004 0.210±0.028 0.437 0.107±0.022 
Cr 0.004 0.002 0.002 0.002±0.002 0.000 0.002±0.002 0.004±0.004 0.022 0.001±0.002 
Fe3+ 0.877 0.877 0.595 0.783±0.145 0.574 0.622±0.115 0.761±0.221 1.006 0.493±0.073 
Fe2+ 1.284 0.852 1.742 1.244±0.149 1.324 0.960±0.180 1.579±0.207 1.543 1.595±0.090 
Mn 0.088 0.045 0.083 0.088±0.021 0.086 0.091±0.012 0.081±0.013 0.105 0.071±0.003 

Mg 2.428 2.864 2.151 2.778±0.113 2.986 3.389±0.101 2.232±0.109 2.105 2.565±0.158 
Ca 1.743 1.734 1.883 1.780±0.063 1.880 1.858±0.050 1.851±0.057 1.836 1.900±0.037 
Na 0.632 0.700 0.600 0.358±0.046 0.236 0.125±0.018 0.387±0.050 0.415 0.283±0.062 

K 0.077 0.086 0.088 0.060±0.017 0.060 0.013±0.004 0.170±0.036 0.135 0.106±0.020 
Total 15.452 15.521 15.572 15.198±0.05 15.176 14.995±0.04 15.406±0.066 15.386 15.290±0.05 
Mg-value 0.654 0.771 0.553 0.691±0.032 0.693 0.780±0.037 0.587±0.044 0.577 0.616±0.026 

 
Based on the total alkalis-silica classification of Le Bas et al. (1986), the Meknas volcanic rocks are 

classified as trachyandesite, trachydacite and rhyolite and mostly lie in the subalkaline field or close to the 
boundary between the subalkaline and alkaline fields (Fig. 5A). In the standard AFM diagram of Irvine and 
Baragar (1971), the subalkaline samples show a typical calc-alkaline trend (Fig. 5B), which is further evidenced 
by plotting the andesitic samples in Hf/3-Th-Nb/16 triangular diagram (Fig. 5C). Plotting the studied volcanics 
on K2O-SiO2 diagram using the potassium separation lines of Le Maitre et al. (1989) showed that they belong to 
high-K series (Fig. 6). 

The Meknas volcanics have a silica range of 55.89 to75.35 wt.% and their most mafic varieties are 
represented by andesite-trachyandesite. They show a wide range of MgO (0.13–4.15 wt.%), CaO (0.50–5.90 
wt.%), Fe2O3

t (1.12–7.70 wt.%), Al2O3 (12.10–16.91 wt.%) and TiO2 (0.16–0.99 wt.%) contents and are 
characterized by high Na2O (4.42–5.75 wt.%) and K2O (1.82–4.45 wt.%) contents. In silica variation diagrams, 
Al2O3, Fe2O3

t, MgO, CaO, TiO2 and P2O5 contents decrease, while K2O increases with increasing silica content 
(Fig. 6). The systematic variation of the major oxides could reflect the role of fractionation of common minerals 
as indicated by trends of some oxide elements. Decreasing of TiO2 and CaO with increasing SiO2 might be 
related to Ti oxides and plagioclase fractionation, respectively; Ti and Ca can also drop when high-Ti amphibole 
fractionated. P2O5 shows increase first and then starts decrease indicating that apatite more commonly 
fractionated during rhyolite evolution. Fe2O3

t and MgO decrease with increasing SiO2 being explained by 
ferromagnesian minerals fractionation. In addition, trace elements exert notable variations. The decrease in Sr 
accompanying by early increase in Ba contents supports the early fractionation of plagioclase, then decrease of 
Ba in the rhyolites indicates late fractionation of considerable amounts of K-feldspar.  

In multielemental diagram normalized to normal MORB (Pearce, 1983), all rock varieties show 
remarkably enrichment of large ion lithophile elements (LILE; e.g. Rb, Ba, Th) relative to high field strength 
elements (HFSE; e.g., Zr, Nb, Y), and negative Nb-Ta anomalies (Fig. 7A, 7C, 7E, 7G), signifying the same 
magma source for mafic to felsic rocks. The distinction between mafic and felsic rocks are also evident, 
however, the rhyolites are more enriched in LILE and display lower Sr and significant P and Ti troughs. Less 
significant troughs in Ba are also exhibited by rhyolites. Compared to the Dokhan Volcanics from Sinai and the  
Eastern Desert of Egypt, although the concentration of incompatible elements show some differences, the 
overall elementary patterns of Meknas volcanics exhibit similarities with these volcanics . 
The chondrite normalized REE patterns of all rock varieties are characterized by enrichment in light REE 
compared to rather flat heavy REE (Fig. 7B, 7D, 7F, 7H). The andesitic rocks and dacite show sometimes 
similar ∑REE contents as rhyolites causing overlap in their REE patterns. 
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Table 3. Chemical compositions and structural formula of biotite and sphene in the studied rocks, n= number of analyses. * sphene formed 
after biotite. 

Rock type Andesite-trachyandesite 
Samp. no. M29 M20 
Minerals Biotite Sphene Sphene Sphene* 
n 17 2 4 1 
SiO2 36.19±0.75 29.65 29.94±0.63 35.29 
TiO2 2.00±0.25 33.55 37.70±0.84 31.70 
Al2O3 13.68±0.34 2.49 1.04±0.32 3.88 
FeO 19.28±0.59 0.95 0.92±0.12 1.14 
MnO 0.39±0.07 0.06 0.15±0.04 0.14 
MgO 12.46±0.60 0.00 0.00±0.00 0.00 
CaO 0.40±1.30 28.93 28.89±0.44 23.83 
Na2O 0.12±0.02 0.03 0.01±0.01 0.16 
K2O 8.16±1.12 0.00 0.01±0.01 2.58 
Total 92.69±1.09 95.66 98.66±0.32 98.72 

Number of cations on the basis of 22 oxygens for biotite and 20 for sphene 
Si 5.929±0.069 4.021 3.949±0.059 4.57 
AlIV 2.071±0.069 0.400 0.162±0.050 0.591 
AlVI 0.568±0.048  
Ti 0.246±0.030 3.421 3.741±0.099 3.088 
Fe2+ 2.642±0.079 0.108 0.102±0.014 0.123 
Mn 0.055±0.010 0.007 0.016±0.004 0.015 
Mg 3.044±0.154 0.000 0.000±0.000 0.000 
Ca 0.072±0.230 4.205 4.084±0.050 3.306 
Na 0.038±0.007 0.009 0.004±0.002 0.041 
K 1.704±0.229 0.000 0.002±0.001 0.426 
Total 16.369±0.085 12.171 12.060±0.025 12.160 

 

 

 
Fig. 4. (A) Or-Ab-An ternary diagram for analyzed feldspars. (B) Nomenclature of analyzed amphiboles 

(Leake, 1978). (C) Ti vs. AlIV diagram of amphiboles. (D) XMg vs. Na+K diagram of amphiboles. (E) 
FeOt vs. Al2O3 biotite discriminant diagram for andesite-trachyandesite biotites (Abdel-Rahman, 1994). 
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Table 4. Chemical compositions (wt.%) and structural formula of oxides in the studied rocks, n= number of analyses. 
Rock type Andesite-trachyandesite Rhyodacite 
Samp. no. M29 M20 M23 
Minerals Magnetite ilmenite Magnetite Ti-Mag ilmenite Magnetite Ti-Mag 

n 9 1 2 1 2 5 1 
SiO2 0.04±0.08 0.00 0.92 1.68 0.05 0.46±0.70 0.00 
TiO2 0.16±0.03 46.49 0.30 2.16 52.80 0.19±0.10 9.83 
Al2O3 0.02±0.04 0.00 0.36 1.04 0.09 0.38±0.42 0.00 
Fe2O3 0.00±0.00 0.00 0.00 0.00 0.00 0.00±0.00 0.00 
FeO 89.80±1.52 47.67 89.22 86.30 40.65 89.45±1.26 78.36 
MnO 0.20.050± 4.25 0.18 0.01 0.88 0.16±0.06 0.93 
MgO 0.00±0.00 0.26 0.18 0.06 0.05 0.07±0.16 0.00 
CaO 0.11±0.03 0.05 0.11 0.74 0.07 0.07±0.03 0.10 
Na2O 0.05±0.02 0.05 0.03 0.04 0.02 0.02±0.02 0.00 
K2O 0.02±0.01 0.00 0.06 0.10 0.01 0.10±0.11 0.01 
Cr2O3 0.12±0.04 0.10 0.14 0.05 0.00 0.12±0.02 0.15 
Total 90.52±1.43 98.87 90.86 92.18 94.61 91.02±0.35 89.38 

Number of cations on the basis of 4 oxygens for magnetite and 3 for ilmenite 
Si 0.002±0.003 0.000 0.012 0.065 0.001 0.018±0.027 0.000 
Ti 0.005±0.001 0.886 0.009 0.063 1.062 0.006±0.003 0.300 
Al 0.001±0.002 0.000 0.016 0.047 0.003 0.017±0.019 0.000 
Fe3+ 1.981±0.007 0.226 1.937 1.694 0.070 1.930±0.072 1.395 
Fe2+ 0.995±0.003 0.783 0.999 1.093 0.842 1.011±0.018 1.264 
Mn 0.007±0.001 0.091 0.006 0.000 0.020 0.005±0.002 0.032 
Mg 0.000±0.000 0.010 0.011 0.003 0.002 0.004±0.009 0.000 
Ca 0.005±0.001 0.001 0.005 0.030 0.002 0.003±0.001 0.004 
Na 0.004±0.001 0.003 0.002 0.003 0.001 0.001±0.002 0.000 
K 0.001±0.000 0.000 0.003 0.005 0.000 0.005±0.006 0.001 
Cr 0.004±0.001 0.002 0.004 0.002 0.000 0.004±0.001 0.005 
Total 3.005±0.001 2.002 3.004 3.005 2.003 3.004±0.004 3.001 
XUsp 0.005±0.001 - 0.009 0.069 - 0.006±0.003 0.296 
XIlm - 0.880 - - 0.965 - - 

 
Table 5. Chemical analyses of the studied volcanics.  

Rock type Andesite-trachyandesite Dacite Rhyolite 
Samp. no. M9 M10 M11 M13 M19 M28 M16 M1 M21 M26 
SiO2 61.45 59.66 60.96 57.13 58.95 55.89 63.24 73.67 72.65 75.35 
TiO2 0.78 0.81 0.77 0.92 0.98 0.99 0.85 0.16 0.20 0.18 
Al2O3 15.25 16.54 16.03 16.45 16.15 16.91 14.65 13.47 13.49 12.1 
Fe2O3 5.88 5.45 6.09 6.74 5.60 7.70 6.19 1.12 1.63 1.56 
MnO 0.12 0.10 0.17 0.12 0.10 0.16 0.12 0.03 0.04 0.05 
MgO 2.25 3.25 2.06 4.15 3.92 3.90 2.22 0.13 0.45 0.33 
CaO 3.86 4.24 4.34 4.56 3.99 5.90 4.23 0.50 1.11 0.90 
Na2O 5.43 5.11 5.61 5.41 5.48 5.43 4.73 5.75 4.77 4.42 
K2O 2.98 2.61 2.17 1.82 2.47 2.13 2.78 4.23 4.45 4.23 
P2O5 0.32 0.24 0.32 0.19 0.22 0.29 0.34 0.04 0.07 0.05 
L.O.I. 1.65 1.20 1.33 1.62 1.79 1.14 1.28 0.43 0.65 0.50 
Total 99.97 99.21 99.85 99.11 99.65 100.44 100.63 99.53 99.51 99.67 
Trace elements (ppm) 
Ba 720 501 650 436 701 613 587 794 792 722 
Rb 67 52 50 48 67 76 73 96 103 108 
Sr 598 573 699 712 667 822 680 78 224 189 
Y 16 14 16 15 17 17 13 17 11 10 
Nb 7 6 7 5 7 8 8 9 11 12 
Zr 159 131 161 117 179 151 126 154 222 236 
V 98 102 95 130 103 121 84 3 9 5 
Co 60 54 52 41 16 20 60 34 70 73 
Ni 5 6 4 6 4 13 7 2 2 5 
Hf 4.4 - 4.3 - 4.7 4.2 3.1 4.2 3.6 3.8 
Ta 0.6 0.3 0.6 0.2 0.6 0.5 0.6 0.5 1.1 0.9 
Th 5 21 5 18 4 3 2 15 11 9 
La 22.5 25.8 20.7 23.4 20.8 17.6 11.0 32.3 25.5 21.2 
Ce 52.53 56.3 51.24 58.9 48.5 41.7 28.12 70.5 50.91 41.11 
Pr 6.20  6.30  5.68 5.29 3.90 9.24 5.40 4.50 
Nd 25.3 25.5 26.3 26.8 23.8 24.1 16.5 31.2 17.7 15.9 
Sm 4.90 4.40 5.70 2.9 4.63 4.63 3.60 9.00 3.00 2.90 
Eu 1.50  1.50  1.23 1.35 1.00 0.57 0.50 0.40 
Gd 3.90  3.90  3.72 3.84 3.30 3.11 2.50 1.70 
Tb 0.60  0.60  0.59 0.60 0.50 0.59 0.40 0.30 
Dy 3.70  3.50  3.02 3.08 2.80 3.17 2.10 1.60 
Ho 0.60  0.70  0.60 0.58 0.50 0.61 0.40 0.30 
Er 1.70  2.00  1.81 1.65 1.40 2.01 1.30 1.00 
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Table. 5 Continued  
Tm 0.30  0.30  0.26 0.24 0.20 0.31 0.20 0.10 
Yb 1.80  1.60  1.62 1.58 1.40 2.01 1.30 1.10 
Lu 0.2  0.30  0.25 0.23 0.2 0.30 0.2 0.2 
∑REE 125.73  124.64  116.51 106.47 74.42 164.92 111.41 92.31 
(Eu/Eu*)n 1.05  0.97  0.91 0.98 0.89 0.33 0.56 0.55 
(La/Yb)n 8.97  9.29  9.21 7.99 5.64 11.53 14.07 13.82 
(La/Sm)n 2.96  2.34  2.90 2.45 1.97 2.32 5.49 4.72 
(Gd/Yb)n 1.79  2.02  1.90 2.01 1.95 1.28 1.59 1.28 
(Ce/Yb)n 8.11  8.90  8.32 7.33 5.58 9.74 10.88 10.38 

 
The rhyolites are noticeably distinguished by their steeper REE patterns with (La/Yb)N= 11.53-14.07 

(normalizing values of Sun and McDonough, 1989) and by distinct Eu negative anomalies (Eu/Eu*= 0.33-0.56) 
as compared with those of andesitic rocks with (La/Yb)N = 7.99-9.29 and Eu/Eu*= 0.91-1.05. Negligible to 
slightly negative or positive Eu anomalies shown by andesite-trachyandesite indicate a late fractionation of 
plagioclase from the melt while the significant negative Eu anomalies in the more felsic rhyolite indicate 
removal of plagioclase. Relative to the Dokhan Volcanics from Sinai and the Eastern Desert of Egypt, the 
patterns of analyzed andesite-trachyandesite show less LREE enriched but with similar HREE. The rhyolite 
samples have REE abundances lying mostly in the field of Eastern Desert but commonly lower than those of 
Sinai Dokhan. 

 
Fig. 5. (A) Total alkalis vs. silica chemical nomenclature diagram for Meknas volcanics (Le Bas et al., 1986), 

alkaline–subalkaline dividing line from Irvine and Baragar (1971). (B) AFM ternary diagram for the 
studied subalkaline volcanics showing distinction between tholeiitic and calc-alkaline suites (Irvine 
and Baragar, 1971). (C) Hf-Th-Nb diagram: A= mid-ocean ridge basalt, B= enriched mid-ocean 
ridge basalt, C= within-plate basalt, D = calc-alkaline volcanic arc. Fields of Dokhan Volcanics in 
(A) are from Abdel Rahman (1996), El-Bialy (2010) and Moghazi et al. (2012). Fields of calc-
alkaline and alkaline plutonic suites in (A) are from Bogoch et al. (2003), Jarrar et al. (2003), Moussa 
et al. (2008), Be’eri-Shlevin et al. (2009) and Eyal et al. (2010). 
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Fig. 6. Silica vs. major oxides and some trace element variation diagrams for the Meknas volcanics (symbols are as in Fig. 

5).  
 
 



301 
Curr. Sci. Int., 3(4): 290-310, 2014 

 
Fig. 6 (continued). 
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Fig. 7. MORB normalized trace element and chondrite normalized REE plots for the studied volcanics. (A, B) Meknas 

andesite-trachyandesite vs. Dokhan Volcanics of the ED and Sinai of similar silica content. (C, D) Meknas andesite-
trachyandesite vs. calc-alkaline and alkaline plutons of similar silica content. (E, F) Meknas rhyolite vs. felsic 
Dokhan Volcanics of the ED and Sinai of similar silica content. (G, H) Meknas rhyolite vs. felsic calc-alkaline and 
alkaline plutons and dikes of similar silica content. Fields of Dokhan Volcanics are from Abdel Rahman (1996), El-
Bialy (2010) and Moghazi et al. (2012). Fields for calc-alkaline and alkaline plutonic suites are from Bogoch et al. 
(2003), Moussa et al. (2008), Be’eri-Shlevin et al. (2009) and Eyal et al. (2010) (symbols are as in Fig. 5). 
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Discussion 

Comparison with other Ediacaran Dokhan Volcanics of the northernmost ANS 

The Dokhan Volcanics and associated Hammamat sediments are widely distributed in Sinai and north 
of Eastern Desert. Similar sequences have been identified from other suites in the northernmost ANS including 
southwestern Jordan (Hiayala volcaniclastic Formation and Saramuj conglomerate, Jarrar et al., 2003), southern 
Israel (Elat conglomerate and associated volcanics, Garfunkel, 1999), northern Saudi Arabia (Minawa 
Formation, Clark, 1985) and northern Sudan (Amaki series, Almond et al., 1984), and all can be correlative well 
with the Dokhan–Hammamat sequences. In the present study, we compare the geochemical data of investigated 
volcanics to those of previously equated with Dokhan Volcanics from other areas in Egypt. 

The Meknas volcanics are high-K intermediate to felsic, calc-alkaline lavas intruded by Younger 
granites, and are usually located in the fields of the Dokhan Volcanics in various diagrams as demonstrated in 
the previous part.  They are enriched in light REE and show high concentrations of LILE (Rb, Ba, Th) with 
negative Ta-Nb anomalies, and they are more consistent with the MORB trace element- and chondrite-
normalized REE patterns of Dokhan-type volcanics belonging to the younger CA2 sub-stage of Eyal et al. 
(2010), rather than to those of the earlier sub-stage (Fig. 7G, 7H). On the other hand, the studied volcanics are 
neither intercalating nor overlain by Hammamat sediments, matching with the upper Dokhan succession as 
depicted for the Iqna Shar’a Dokhan Volcanics (Samuel et al., 2001). 

It is worth mentioning that alkali feldspars crystallized in all rock types; however it occurs as accessory 
in andesitic rocks approaching the characteristics of alkaline rocks. Additionally, despite of Meknas composition 
showing similar patterns with late CA2 sub-stage (Fig. 7), they commonly occupy the overlapped area between 
CA2 and Alk fields, and evolved most LILE in some samples can be comparable with alkaline rocks. The 
geochemical similarity of the studied rocks with both CA and Alk rocks is also displayed by the Dokhan 
Volcanics of the Eastern Desert and Sinai. This is further evident from Fig. 5A where the Dokhan Volcanics 
field apparently straddles the line separating the sub-alkaline and alkaline magmas, and overlaps the fields of 
both calc-alkaline and alkaline rocks. In this respect, the CA to Alk characters illustrated in the Dokhan rocks 
may in part be related to a shift in the tectonic environment at 610–600 Ma as predicted by many previous 
workers (e.g. Stern and Gottfried, 1986; Eyal et al., 2010; Be’eri-Shlevin et al., 2011).  Indeed, the post-
collisional stages cover a long time span from relaxation stage after collision (evolved CA volcanic arcs) to the 
cratonic stage (Alk within-plate).  According to the giving evidences, we can conclude that the Meknas 
volcanics correlate quite in terms of lithology and geochemical aspects with the Dokhan Volcanics erupted in 
late sub-stage of post-collisional CA2 suite and represent a case of transition from CA to Alk magmatism.  

 
Tectonic Setting 
 

There is a debate on the literature concerning the tectonic setting of Dokhan Volcanics; they have been 
recognized as subduction-related (El Gaby et al., 1990; Abdel Rahman, 1996), transition from compression to 
extension (Eliwa et al., 2006; El-Bialy, 2010) or extensional-related magmatism (Stern, 1994; Mohamed et al., 
2000). A controversy arises from the geochemical features of Dokhan Volcanic suites from northern ANS 
whether they have a volcanic arc or within-plate character. In the investigated volcanics, the subduction 
signature is defined by the negative Nb-Ta anomalies combined with the enrichment in LILE and LREE, 
whereas the relatively high contents of alkalis and Ti as well as the high Zr/Y ratios (7.8-10.5) of more than 3 
indicate their eruption at continental setting (Pearce and Norry, 1979). The investigated intermediate volcanics 
are plotted in the volcanic arc field in a number of tectonic discrimination diagrams such as TiO2 vs. Zr (Fig. 
8A) and Nb vs. SiO2 (not shown), but near the boundary separating between arc and within-plate setting. 
Besides, in the Rb vs. Y+Nb diagram of Pearce et al. (1984) for magmas of felsic composition (Fig. 8B), the 
analyzed rhyolites fall in post-collisional granite field. The rhyolitic samples experience relatively high Ga/Al 
ratios and cluster at the boundary separating between I- and S-type and A-type granite (Fig. 8C; Whalen et al., 
1987). It is documented that highly fractionated felsic calc-alkaline I-type granites commonly have 
compositional features (e.g., Ga/Al ratios) overlapping those of typical alkaline A-type granites (Whalen et al., 
1987).  

The above geochemical evidences as well as the widely accepted view that collisional process has 
ended in the ANS by ~640 Ma (e.g., Stern, 1994; Be’eri-Shlevin et al., 2009; Eyal et al., 2010), indicate the 
emplacement of the Dokhan Volcanics of ages ~630-590 Ma (Be’eri-Shlevin et al., 2009; El-Bialy, 2010; 
Moghazi et al., 2012), which synchronize to post-date the end of the collisional stage, in post-collisional 
environment. 
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Fig. 8. (A) Zr vs. Ti (Pearce, 1980). (B) Yb +Nb vs. Rb discrimination diagram (Pearce et al., 1984), post-collisional granite 

field after Pearce (1996). (C) 10,000×Ga/Al vs. Nb, Ce and Zr classification diagrams, after Whalen et al. (1987) 
(symbols are as in Fig. 5).  

Petrogenesis and Magma sources 

Fractionation crystallization versus crustal contamination  

The Meknas volcanics are not a product of primary mantle-derived magma because the least evolved 
samples contain low MgO and Ni contents (3.90 wt.% and 13 ppm, respectively). The chemical composition of 
the studied volcanic rocks reveals that they were produced by fractional crystallization process as illustrated by 
silica variation diagrams where strong correlations are found between SiO2 and most major and trace elements 
(Fig. 6).  However, the modification of most major and trace elements shows that hornblende, biotite, 
plagioclase, apatite and Fe-Ti oxides were common fractionating mineral phases in the petrogenesis of these 
volcanic rocks. 

The deepening of negative P, Ti and Sr from andesite-trachyandesite to rhyolite (Fig. 7E) might be 
attributed to the fractionation of apatite, Ti-oxides and plagioclase, respectively. However, plagioclase 
fractionation appears to have an influence on the decrease in Sr/Y ratio, with the increase in SiO2 content (Fig. 
9A) (Aydınçakır and Şen, 2013) and to be a result in increasing negative Eu anomalies from negligible or weak 
anomalies in andesite-trachyandesite to significant anomalies in rhyolite (Fig. 7B, 7F). Decreasing of Ti/Zr with 
increasing SiO2 is strongly consistent with the crystallization of Fe-Ti oxides (Fig. 9B) (Aydınçakır and Şen, 
2013), but also may be affected by hornblende and biotite fractionation. The crystallization of hornblende and 
biotite is reflected almost by the decrease in Fe2O3

t and MgO with increasing SiO2. Besides, Zr enrichment 
relative to Sm shows a significant signature of amphibole fractionation (Fig. 9C). Ba displays non-linear 
positive correlation with silica, it increases up to ca. 72.65 wt.% SiO2 and then decreases being often explained 
by abundant K-feldspar fractionation (Fig. 6). All of these trends indicate that the Meknas volcanic rocks 
evolved by fractional crystallization. However, it is apparent that this process cannot alone operate during the 
formation of the Meknas volcanics. The overlap in REE patterns between andesitic and rhyolitic rocks argues 
against fractional crystallization as the main process in magma evolution. Eyal et al. (2010) interpreted this REE 
overlapping together with the abundance of mafic microgranular enclaves in the calc-alkaline plutonic suite as 
evidence to support the presence of mafic and silicic magma mixing followed by fractional crystallization of the 
obtained hybrid melts. In fact, such mafic microgranular enclaves do not recognized in the Meknas volcanics 
and have not been recorded in the Dokhan Volcanics in other areas, even the Ferani volcanics which have 
similar REE overlapping as mentioned by Be’eri-Shlevin et al. (2011) who reported that it is possible that 
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magma mixing occurred at depth and is thus recorded mostly by the plutons. Some products of this mixing 
process may experience further fractional crystallization and were erupted as volcanics.  

 

 
 
Fig. 9. Some element ratios vs. silica for the Meknas volcanics. (A) Sr/Y reflects plagioclase fractionation. (B) Ti/Zr reflects 

Fe–Ti oxide fractionation, but also may reflect amphibole fractionation. (C) Zr/Sm reflects often amphibole 
fractionation (symbols are as in Fig. 5). 

 
Considering the studies of many authors on arc magmatism that show evidences for the involvement of 

the crustal assimilation process in the evolution of the mantle-derived magmas and this leads to modification in 
their major and trace element compositions (e.g., Thirlwall et al., 1996). The primary magmas could be 
contaminated by mature and thickened arcs in collisional and post-collisional belts (Kaygusuz et al., 2011; 
Temizel et al., 2012) or during ascending to the surface. Therefore, before defining the source components of 
the studied rocks, it is important to evaluate the role of crustal contamination in their magma genesis. The fact 
that the variation in primary magma composition cannot be only related to crustal contamination but also to the 
contamination of source region that metasomatized by fluids/melts released from a subducted slab and its 
associated sediments. The distinction between source contamination and crustal assimilation is commonly based 
on the oxygen isotope ratio of zircon [O18 (Zrn)]. The O18 enrichment is a good indicator of interaction of 
mantle-like O18 (5.3±0.6%; Valley et al., 1998) parent magma with the crustal material. Be’eri-Shlevin et al. 
(2011) reported O18 (Zrn) values ranging from 4.3 to 6.3% for the post-collisional calc-alkaline Dokhan 
Volcanics from Rutig and Ferani Areas, which are remarkably comparable with the studied volcanics.  These 
O18 (Zrn) values are within the mantle range and would consequently reduce the possibility of significant 
magma-crust interaction. This agrees with other workers (e.g. Moghazi et al., 2012) who proved that the crustal 
contamination played an insignificant role in the evolution of the Dokhan Volcanics. In reality, the involvement 
of crustal contamination or assimilation in the genesis of the present volcanics can’t be excluded completely. 

Characteristic of source magma 

The geochemical features of Meknas volcanics are commonly attributed to the rocks originated in a 
post-orogenic setting from a mantle source that has been previously modified during late Cryogenian time (prior 
to East and West Gondwana terminal collision; Moghazi et al., 2012) by metasomatic fluids/melts released from 
subducted component (Cameron et al., 2003; El-Bialy, 2010; Eyal et al., 2010; Moghazi et al., 2012). Moreover, 
Smith et al. (1999) pointed out that the depletion in HFSE (such as Nb and Ta) relative to the LREE suggests a 
melt derivation from a lithospheric mantle (Nb/La <0.5) rather than asthenospheric mantle (Nb/La >1) 
reservoirs. The most mafic samples in the Meknas area have low Nb/La (0.36-0.43) ratios, indicating a 
lithospheric mantle source influenced by subducted materials.  

The contribution of mantle wedge and subducted slab to the magma generation can be examined in the 
trace element diagrams. The concentrations of HFSE (conservative elements) in the rocks reflect their 
concentrations in the mantle wedge, while concentrations of LILE and LREE (non-conservative) can be used to 
evaluate the involvement of slab in the magma genesis. On Nb/Yb vs. Y/Yb plots (Fig. 10A), the most mafic 
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samples are confined to the mantle array which is defined by mantle-derived oceanic basalts (MORB) and 
oceanic island basalts (OIB), close to E-MORB implying that the magma produced Meknas rocks were derived 
from a mantle source and the HFSE were not important components in the subduction related flux. On the other 
hand, Th of the studied samples is displaced from the mantle array to higher Th/Yb ratios (Fig. 10B), being due 
to the contribution of Th-rich melt from earlier subduction processes.  

 

 
 

Fig. 10. (A) Y/Yb vs. Nb/Yb diagram for the least evolved samples of Meknas volcanic rocks, mantle array after Green, 
2006. (B) Th/Yb vs. Nb/Yb diagram showing the least evolved samples displaced from the MORB–OIB array of 
Pearce (2008). N-MORB, E-MORB and OIB represent the compositions of the depleted mid-ocean ridge, enriched 
mid-ocean ridge and oceanic island mantle source, respectively (symbols are as in Fig. 5). 

 
In many previous studies, there is general agreement that the Ediacaran magmatism in the northern 

ANS have formed in a post-collisional tectonic setting from a magma produced by melting of a subduction-
modified lithospheric mantle (e.g. Stern and Gottfried, 1986; Essawy and El-Metwally, 1999; Moghazi, 2003; 
El-Bialy, 2010; Eyal et al., 2010; Moghazi et al., 2012). However, a geodynamic model of lithospheric 
delamination after the continental collision that was completed by 640 Ma (Stern, 1994), is proposed by 
several authors (Moghazi, 2003; Avigad and Gvirtzman, 2009; El-Bialy, 2010; Eyal et al., 2010; Farahat et al., 
2011; Be’eri-Shlevin et al., 2011; Moghazi et al., 2012) to explain the partially overlapping and genesis of the 
Ediacaran calc-alkaline and alkaline plutons and associated volcanics. According to this model, the early phase 
of delamination is thought to be responsible for the origin of early CA2 post-collisional 630-635 Ma adakitic 
rocks (Avigad and Gvirtzman, 2009). At the next post-collisional stage (20 m.y. later) both late CA2 (610-590 
Ma) and Alk rocks formed concurrently (e.g. Eyal et al., 2010) when the culmination of the delamination 
process reached. During this stage, hot asthenosphere upwelling caused the melting of the remaining 
lithospheric mantle and produced vast magmatic activity. This delamination also resulted in extensional 
tectonism and increase of Alk magmatism (Be’eri-Shlevin et al., 2011). As discussed above, the lithology and 
geochemistry of the Meknas volcanic rocks as well as the field relationship exhibit similarities with the Eastern 
Desert and Sinai Dokhan Volcanics that erupted during late CA2 sub-stage. Thus, the model of late culmination 
of delamination process can also be applicable to the generation of the studied rocks. 

 
Magmatic and post-magmatic mineral assemblages 
 

It is obvious from the petrographic and mineralogical observations that different mineral assemblages 
are formed during various stages of magmatic and post-magmatic evolution of the investigated volcanic rocks. 
Both amphibole and plagioclase show wide variation in their compositions displaying three mineral assemblages 
including: Amph-1 + andesine + labradorite, Amph-2 + oligoclase + biotite, and Amph-3 + albite + chlorite + 
biotite + titanite + white mica + quartz assemblages.  

The physical conditions calculated by conventional geothermometers and geobarometers were applied 
for the andesitic samples. Amphibole and plagioclase are stable over a wide P-T range and often used for 
thermobarometric purpose. Applying the thermobarometric formulations of Ridolfi et al. (2010) that based on 
the composition of amphibole, the magmatic Amph-1 in the first assemblage gave crystallization temperatures 
ranging from 862 to 972°C, at pressures of 2.18-2.98 Kb. These pressure results are not reliable and were not 
considered in this work. The present magma is characterized by high-water content with H2O melt of 5.7-7.4 
wt.% and high oxygen fugacity (log10 ƒO2 = -10.7: -12.3 atm). The Amph-2 of magnesio hornblende 
composition in the second assemblage produced under lower temperatures varying from 733 to 806°C, and 
H2Omelt contents of 4.8-6.3 wt.% and log10 ƒO2 of -13.1: -14.0. 
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The empirical Al-in-hornblende barometers have been used to determine solidus pressures in calc-
alkaline plutons (e.g. Schmidt, 1992); lower pressures are estimated for the analyzed Amph-2 at 1.0-3.4 kbar 
than those of Amph-1 at 4.6-6.1. Temperatures were further determined using the hornblende-plagioclase 
thermometer of Holland and Blundy (1994) evaluated in silica-saturated rocks at pressure given by Anderson 
and Smith (1995). The results obtained from this thermometer yield temperatures between 732-898°C for 
Amph-1−calcic plagioclase pair and 598-698°C for Amph-2−sodic plagioclase pair. The discrepancy in P-T 
conditions estimated for first and second assemblages could be attributed to the differences in the depth during 
their formation; the assemblage of the former crystallized at a relatively deeper depth. 

The third mineral assemblage (actinolite + albite + biotite + chlorite + titanite + white mica + quartz) 
developed late at the expense of the previously formed minerals regardless of their magmatic or secondary 
origin, suggesting low temperature metamorphism. The genetic interpretation of such metamorphism could be 
assigned to unobvious igneous intrusion.   

 

Conclusion 

From the foregoing, it is concluded the following: 
  
1- The Neoproterozic Meknas suite in southeastern Sinai includes high-K calcalkaline, intermediate to felsic 

volcanics. On different classification diagrams, they plot in the fields of arc volcanic near the boundary of 
within-plate setting; however the rhyolites are highly fractionated and have transitional character to alkaline. 

2- The geochemical data revealed that the rocks show prominent negative Ta-Nb anomalies relative to high 
abundances of LILE and depletion in HFSE, being typical of subduction-related rocks and indicating a 
similarity to the Dokhan Volcanics that developed in the late sub-stage of post-collisional calc-alkaline suite 
(~610-590 Ma) with transitional character to alkaline magma. 

3- The studied volcanics display continuous variation trends in most major and trace elements revealing that they 
were produced by fractional crystallization process, but the overlap in REE patterns between mafic and felsic 
rocks indicates that this process cannot alone operate during the formation of the Meknas volcanics and the 
involvement of other processes in their genesis cannot be excluded. 

4- The magmatic activity which produced Meknas volcanics, have occurred in a post-collisional regime and the 
geochemical features of these volcanic are likely inherited from a mantle source that has been previously 
metasomatized by melts/fluids released during previous subduction process. A geodynamic model of 
lithospheric delamination after the continental collision is suggested for the origin of the studied rocks.  
During the culmination of the delamination process, hot asthenosphere upwelling caused the melting of the 
remaining lithospheric mantle and produced vast magmatic activity. 

5- During various stages of magmatic and post-magmatic evolution of the investigated volcanic rocks, three 
various mineral associations are formed including: Amph-1 + andesine + labradorite, Amph-2 + oligoclase + 
biotite, and Amph-3 + albite + chlorite + biotite + titanite + white mica + quartz. The parent magma was 
characterized by high water content with H2Omelt (5.7-7.4 wt.%) and high oxygen fugacity (log10 ƒO2 = -
10.7: -12.3 atm). Higher temperatures and pressures are calculated for the earliest formed association at 732-
898°C and 4.6-6.1kbar than those of the second one at 598-698°C and 1.0-3.4 kbar, being due the 
crystallization of the former assemblage at a relatively deeper depth. The third mineral assemblage suggests 
low temperature metamorphism; unobvious igneous intrusion could be regarded as a possible cause for 
metamorphism. 
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