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Abstract

The present study embodies the results of field work and laboratory investigations and attempts to
present the geology, petrography, geochemistry and petrogenesis of the Ediacaran Dokhan Volcanics
at Wadi Zareib, Central Eastern Desert, Egypt. The investigated area is located along the Red Sea
Coast and most common rock types among the Dokhan Volcanics are rhyolites and trachyandesites
are commonly interbedded with lava flows successions. Microphenocrysts of quartz, alkali feldspars
and plagioclase set in a fine-grained groundmass of microcrystalline to felsitic aggregates of quartz
and plagioclase together with chlorite, epidote, sericite and hematite. Major element oxides and trace
element data suggest that the trachyandesites are genetically related through crystal fractionation.
The trace elements Y, Pb, Cu, Zr and Ga show negative anomalies (enriched) relative to Sr and Ba
element. Wadi Zareib Dokhan Volcanics were originated from typical calc-alkaline reflecting the
magmatic differentiation of metaluminous to peraluminous magma type. The geochemical trends of
major oxides and trace elements of the studied volcanic rock varieties may suggest their co-
magmatic nature. The Wadi Zareib Dokhan Volcanics display geochemical characteristics of both
orogenic arc-type and anorogenic within-plate environments, suggesting eruption in a transitional
“post-collisional tectonic setting. These rocks were derived from a single magma and suffered
subsequence fractional crystallization.
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INTRODUCTION

The Ediacaran Era (635-542 Ma) was a time of erratic climate change and rapidly evolving life (Halverson et al., 2009)
coeval with the nascent preservation of low geothermal gradient metamorphic belts (Brown, 2007) that has recently
been interpreted as a first-order change in continental collision kinematics (Sizova et al., 2010). This period of change
also saw the amalgamation of Gondwana through the closure of a number of large ocean basins and the collision of
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a series of separate Australia-scale continents (Collins and Pisarevsky, 2005; Fitzsimons, 2000; Meert and Torsvik,
2003; Meert and Van Der Voo, 1997; Pisarevsky et al., 2008; Tohver et al., 2006). The closure of the Mozambique
Ocean, which separated Neoproterozoic India from the Congo—-Tanzania—Bangweulu Block, was one of the most
extensive of these Gondwana-forming orogens (Collins and Windley, 2002; Dalziel, 1997; Jacobs and Thomas, 2004)
and created the East African Orogen (EAQO) (Stern, 1994).

The East African Orogen was over 6000 km long in Gondwana. The preserved relics of it range from exhumed high-
grade metamorphic belts in Southern India, Madagascar and East Africa (the Mozambique Belt) to greenschist and sub-
greenschist facies volcanic, plutonic and sedimentary belts in NE Africa and Arabia (the Arabian—Nubian Shield). Much
recent work has illustrated that metamorphism related to the closure of the Mozambique Ocean in southern India and
eastern Madagascar was related to an Ediacaran collision between Neoproterozoic India and the Congo—Tanzania—
Bangweulu Block (Clark et al., 2009; Collins et al., 2010; Collins et al., 2007; Collins et al., 2003; Thomas et al., 2009)
that had previously accreted a continent known as Azania during the Cryogenian (Collins, 2006; Collins and Windley,
2002) to form the Malagasy Orogen (Collins and Pisarevsky, 2005). The Mozambique Ocean suture heads NW from
Madagascar into Somalia where it was correlated with the Maydh greenstone belt by Collins and Windley (2002) and
into the Arabian Peninsula. This reconstruction is problematic because a humber of workers have suggested that the
Arabian Nubian Shield was fully amalgamated and connected with the stable Omani basement before 650 Ma. This
hypothesis is based on a correlation between the Nafun Group in Oman and Jibalah Group in the eastern ANS and the
presence of Cryogenian detrital zircons in Oman that are interpreted as originating in the Arabian—Nubian Shield (Allen,
2007). However, Stern and Johnson (2010) have highlighted important differences between the detrital zircon age
distributions of Oman and the ANS.

The basement complex of Egypt in the Eastern Desert and Sinai is a juvenile terrane defined by Neoproterozoic Nd
model ages (Stern, 2002). The most conspicuous feature of this terrane is the presence of highly deformed and
metamorphosed dismembered ophiolitic suites, volcano-sedimentary successions and calc-alkaline I-type intrusive
complexes. Most previous geological studies (Bentor, 1985; Vail, 1985; El Gaby et al., 1988; Kroner et al., 1988; Stern,
1994) reveal an essential role of the convergent processes in the evolution of the Egyptian basement complex. The
processes include (1) subduction; (2) accretion of intra-oceanic island arcs, back arc basins and micro-continental
plates; followed by (3) crustal thickening (Stern, 1994). These processes evolved during Neoproterozoic Era between
about 900 and 614 Ma (Stern and Hedge, 1985; Kroner et al., 1992; Beyth et al., 1994; Stern, 1994). The terminal stage
(614-550 Ma) of crustal evolution is characterized by (1) the eruption of the Dokhan Volcanics (EI Ramly, 1972; Stern
and Hedge, 1985), (2) deposition of molasse-type Hammamat sediments (Grothaus et al., 1979; Akaad and Noweir,
1980), and (3) shallow emplacement of the Younger Granites (El Gaby, 1975).

The Dokhan Volcanics are unmetamorphosed in origin and concluded that the different types of "Gabal Dokhan
Volcanic series" were subjected to different agents of metamorphism on the basis of recrystallization of crushed
plagioclase phenocrysts (Akaad, 1972). These can be divided into two formations by Ahmed (1983) as follows: (1) The
lower Dokhan consisting predominantly of andesitic flow and related pyroclastics; and (2) The upper Dokhan consisting
of silicic flows and pyroclastic rocks.

This paper presents new geologic, petrographic, geochemical and petrogenetic data on the Dokhan volcanics of Wadi
Zareib, Central Eastern Desert, Egypt (Figurel). These volcanics are widely distributed in the Late Neoproterozoic
(Ediacaran) outcropping in the Eastern Desert. This area lies between latitudes 25°49' - 26°08'N and Longitudes 34°10' -
34°20' E, covering about 169 km?. Wadi Zareib area lies 5 km to the south Quseir City, on the Quseir-Mersa Alam paved
road.

The detailed geology of the Red Sea costal plain is discussed elsewhere (Beadnell, 1924 and Issawi et al., 1971).
Sabet (1958) described the geology of the distinct south of the Quseir, along the Red Sea coast. At the base of the
Middle Miocene escarpments bordering the open plain, east and west of the basement rocks highlands, Dokhan
Volcanics exposures crop out in a NNW-SSE trend along a distance of 10 km. it seems probable that they are localized
along a fault forming a fault scarp. There is no contact metamorphism is observed between the Dokhan Volcanics and
Middle Miocene coral limestone and limegrit.

Geologic setting

The basement complex in the Central Eastern Desert displays strong ensimatic affinities and consists mainly of an
island arc complex which is overthrusted by dismembered ophiolitic sequence and intruded by syntectonic grey
granitoides (Stern 1981; Ries et al., 1983; Sturchio et al., 1983; El Ramly et al., 1984). These rock units are overlain by
local occurrences of molasse-type Hammamat sediments, Dokhan volcanics and are intruded by post-orogenic younger
granites (Grothaus et al., 1979; Greenberg 1981; Ries et al., 1983).

The studied Dokhan Volcanics occur as lava flows and the volcanic varieties are acidic volcanics of rhyolites and
trachyandesites.
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Figure 1. Geological map of Wadi Zareib (Akaad and Abu EI-Ela, 2002)

Rhyolites occur as porphyritic lavas and pyroclastics. Phenocrysts of plagioclase, quartz and biotite are present in
rhyolites. Rhyolite flows are usually overlying the dark color andesites along Wadi Zareib forming horizontal sheets and
flows. In the field, rhyolites are hard, massive and usually characterized by buff or reddish color as the K-feldspar
crystals giving their color to the rock. The tuffaceous rhyolite rocks represent the youngest rock type of the Dokhan
volcanic group.

Phenocrysts of quartz (white color) and orthoclase (buff color) characterize the color of rhyolites (Figure 2a). These
rocks are massive, fine-grained, light grey and in some places stained by hematite reddish color. Less common rhyolite
is massive, very fine-grained, creamy color or has brick red color. Rhyolites are characterized by two sets of jointing; the
first is vertical, while the second set is diagonal and trending E-W.

Trachyandesites are commonly porphyritic and relatively grey to blackish grey in color and exhibit phenocrysts of
plagioclase set in fine-grained to glassy groundmass. Trachyandesites are well jointed in several directions and
fractured into large compact boulders as well as the most common joint directions are 40NW and 20NE (Figure 2b).

Petrographic Description

Rhyolite is the most abundant rock type in the studied area and consists of microphenocrysts of quartz, alkali feldspars
and plagioclase in a fine-grained groundmass of microcrystalline to felsitic aggregates of quartz and plagioclase together
with chlorite, epidote, sericite and opaque minerals (Hematite).

Quartz is distinguished as two generations of euhedral and anhedral crystal shape. Euhedral quartz occurs as
inclusions in the alkali feldspars whereas the anhedral quartz filling the interstitial spaces between other minerals.
Occasionally, it is intergrown with the potash feldspar forming graphic texture and the groundmass is stained by fine
hematitic dust.
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a. Fractured and jointed buff rhyolites.

b. Sharp contact between trachyandesites and rhyolites.
Figure 2. (a-b). Field photograph of the Dokhan volcanics.

Some quartz crystals are observed enclosed poikiliticaly in the plagioclase and potash feldspar phenocrysts. Quartz also
forms fine anhedral crystals filling the microveinlets and groundmass (Figure 3a). Plagioclase occurs in euhedral to
subhedral crystals ranges from albite (Ans) to oligoclase (Anyg) in composition and slightly altered to epidote, saussurite
and calcite. (Figure 3b). Potash feldspars are commonly present as orthoclase or microcline occurs as elongated
subhedral crystals usually characterized by shadow extinction and slightly cloudy alteration of kaolinite and sericite
(Figure 3c). Some feldspar phenocrysts are enclosing inclusions of iron oxide and minute granules of quartz.

The essential minerals of the trachyandesites are plagioclase hornblende, biotite and pyroxene. Plagioclase occurs as
phenocrysts as well as smaller crystals of groundmass which reach in dimensions down to microlites recognizable under
the microscope. Phenocrysts of plagioclase usually show euhedral to subhedral forms (Figure 3d). However, some
crystals possess subrounded form suggesting that some resorption may have occurred. The groundmass show different
degrees of flow alignment giving rise to trachytic texture (Figure 3e).

In few cases, some plagioclase phenocrysts are grown together in aggregates scattered throughout the irregular
fractures cutting across the twinning planes. The plagioclase phenocrysts are highly altered where lamellar twinning and



crystal outlines are obliterated (Figure 3f). It is worthy to mention that although the plagioclase feldspars occur in more
than one generation, the phenocrysts and those of the groundmass is so between them.

Analytical Techniques

Major and trace element analyses of 17 petrographically selected samples were determined by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) technique at the Central Laboratory in Nuclear Materials Authority
(NMA), Egypt. Chemical data of the analyzed rhyolites and trachyandesites samples are shown in Tables 1 and 2. Loss
on ignition (LOI) was determined by heating powdered samples for about 1h at 1000°C. Analytical precision based on
duplicate analyses are expressed in terms of relative percentages and are found to vary from +£0.22 to +1.65% for major
elements and from =4 to £9% for trace elements.

Geochemical Characteristics

1. Geochemistry of major oxides and trace elements

Generally, rhyolites are characterized by high values of SiO,, Cu, Y, Ba, Zr, Pb, Rb, Ga and low values of CaO, TiO,,
Zn, Sr, V, Nb when compared with trachyandesites. The highest values of Fe,03, FeO, MgO, TiO,, CaO, Cr, Ni, Zn, Sr,

V and Nb contents among the trachyandesites may be attributed to a greater depth of origin from a relatively Mg-rich
magma.

d. Plagioclase phenocrysts of andesine
composition. (CN)

250 mp]

e. Subhedral plagioclase crystals embedded in . Plagioclase partly altered to saussurite and

Figure 3 (a-f). Photomicrograph showing petrographic features

In the acidic rhyolite suite, fractional crystallization of plagioclase caused progressive depletion in CaO and Sr with
increasing silica content. Also, the decrease of Fe,Os; FeO, MgO and somewhat Cr content with increasing silica
content may imply fractionation of clinopyroxene.



Overall, trachyandesites are characterized by rather high contents and limit range of Al,O3; (15.89-16.54 wt.%), TiO,
(1.09-1.16 wt.%), Na,O (4.48-4.95%), K,O (3.21-3.29), CaO (5.04-5.19 wt.%), Fe,O; (3.22-3.97%), FeO (3.04—
3.66%), MgO (2.45-2.97%), Rb (111-119 ppm), Zn (160-167 ppm), V (163-168 ppm), Ba (301-322 ppm), Sr (303—-323
ppm), Zr (145-308 ppm), and Nb (249-257 ppm).

The rhyolite volcanics (71.08-74% SiO,) are marked by relatively high Al,O3; (12.04-14.01%), Na,O (4.03-4.50%),
K,0 (3.01-3.90%), Zr (353—-475 ppm), Rb (116-160 ppm), Ba (215-289 ppm), Y (135-219 ppm), Zn (33-83 ppm) and
Nb (67-121 ppm) and low P,0Os (0.01-0.25%), MgO (0.09-1.12%), CaO (0.69-2.33%), Ni (7—17 ppm), Cu (10-18 ppm),
Cr (18-35 ppm), V (3—7 ppm) and Sr (15-24 ppm).

Plotting of the major and trace elements versus silica content (Figures. 4, 5, 6 and 7), confirms the subdivision of the
studied Dokhan Volcanics into two separate suites, separated by a large compositional gap in silica content. Moreover,
Harker variation diagrams (Figures. 4, 5, 6 and 7), shows gradual decrease in TiO,, Al,O3, Fe,03 FeO, MgO, CaO,
Na,0, P,Os, Zn, Ba, Cr, Nb and regular increase in Zr, Rb, Ga, Y, Cu, Pb and somewhat K,O with progressive increase
in SiO, content in both rhyolite and trachyandesite suites. V, Ni and Sr elements show no apparent trend.

Based on the geochemical data given in Tables (1 and 2), a number of discrimination and correlation diagrams used
to identify the chemical classification, nature of the magma and tectonic setting as well as the petrogenetic evolution of
the studied Dokhan Volcanics.

2. Chemical Classifications

The petrographical classification of the studied Dokhan Volcanics was chemically confirmed by plotting the analytical
data on the Na,O+K,O versus SiO, diagram. Geochemical classification of volcanic rocks using total alkali versus silica
(TAS) diagram (Cox et al., 1979) shows that these volcanics are plot in the fields of rhyolite and trachyandesite (Figure
8a).

According to the SiO, versus Na,O+K,O diagram recommended by the International Union of Geological Sciences
(IUGS) for the classification of volcanic rocks (Le Bas et al. (1986) in Le Maitre, 1989) shows that the studied volcanics
are rhyolite to dacite and basaltic trachyandesite (Fig.8b). The rhyolite volcanics plot in the subalkaline field and
trachyandesite volcanic samples plot mostly within the alkaline field of Irvine and Barager (1971). Moreover, plotting the
samples on the field for Dokhan volcanics (DV) proposed by Eliwa et al. (2006) indicates that most of the studied
samples fall in the field of Dokhan volcanics (Figure 8b).

The SiO, versus K,O diagram (Figure 8c) of Boillot (1981) shows the fields of classification of volcanic rocks. The
Dokhan Volcanics are distinctly low-K andesites and rhyolites. The rhyolites are medium- to high-K and cover a wide
range of K,O (Condie (1982; Figure 8c).

Based on the (Na,O+K,0) and SiO, contents Middlemost (1985) classified the volcanic rocks (Figure 8d). The plots of
the investigated volcanics on this classification revealed that, the rhyolite Dokhan Volcanics as rhyolite, rhyolite dacite
and alkali rhyolite. The analyzed samples of the trachyandesite fall in the fields of trachyandesite basalt and
trachyandesite (Figure 8d). The investigated volcanic rocks have a wide range of Na,O+K,0 (7.75 average of rhyolites
and 7.94 average of trachyandesites) ranging from low, medium to high alkali members.

Table 1. Major oxides and trace elements of the rhyolites in Wadi Zareib.

Rock types Rhyolites
Oxides 1z 2Z 3z 4z 5Z 7z 10z 152 162 172
SiO, 73.40 72.39 74 71.08 72.20 74 72.33 73.30 71.55 72.11
TiO, 0.10 0.50 0.14 0.30 0.51 0.10 0.61 0.11 0.60 0.18
AlL,O, 13.40 13.71 13.50 14.01 13.21 13.40 12.98 13.60 12.04 12.8
Fe,03 1.20 3.27 1.30 1.04 1.16 1.60 2.95 2.10 213 0.30
FeO 0.98 0.97 0.87 3.37 3.78 0.98 1.16 1.04 2.03 1.78
MgO 0.40 0.28 0.50 0.85 112 0.30 0.96 0.60 0.09 0.65
CaOo 1.20 0.69 0.90 2.33 2.30 0.80 1.23 0.90 1.69 1.45
Na,O 4.50 4.03 4.40 4.19 4.23 4.30 4.29 4.30 4.16 4.40
K.O 3.90 3.08 3.50 3.69 3.68 3.70 3.20 3.80 3.01 3.10
P20s 0.04 0.09 0.03 0.01 0.02 0.03 0.21 0.02 0.25 0.10
LOI 1.72 1.09 1.60 2.10 0.61 1.75 0.15 1.22 0.24 1.30
Total 99.9 99.9 99.9 99.3 99.6 100 99.07 99.9 99.80 99.18
Trace elements (ppm)

Cr 22 18 32 23 18 19 26 26 35

Ni 12 8 15 11 12 7 16 7 17 13

Cu 13 10 16 12 13 12 18 16 11 18
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Table 1. Continuation

Zn 70 49 33 72 75 45 79 39 68 83
Zr 430 475 353 403 420 433 425 366 421 376
Rb 158 145 144 149 152 116 160 144 154 130
Y 205 214 175 214 218 205 214 135 219 184
Ba 289 280 256 278 284 263 215 253 277 284
Pb 56 45 43 54 56 30 54 52 55 54
Sr 16 15 17 17 18 17 16 22 24 16
Ga 49 44 44 48 46 32 45 32 44 44
\Y 5 4 3 5 6 4 7 4 6 5
Nb 79 71 71 75 74 79 121 67 77 75
Table 2. Major oxides and trace elements of the trachyandesites in Wadi Zareib

Rock types Trachyandesites Averages

Oxides 6Z 8z 9z 117 127 13z 147 R T

SiO; 56.64 58.24 57.04 56.24 58.20 58.22 57.20 72.64 57.40

TiO, 1.13 1.11 1.12 1.16 1.09 1.12 1.10 0.32 1.12

Al,O» 16.02 16.33 15.89 16.08 16.49 16.54 16.12 13.27 16.21

Fe,03 3.97 3.90 3.91 3.97 3.22 3.35 3.91 1.71 3.75

FeO 3.44 3.45 3.21 3.66 3.11 3.04 3.32 1.70 3.32

MgO 2.77 2.65 2.96 2.45 2.64 2.69 2.97 0.58 2.73

CaO 5.14 5.13 5.17 5.12 5.19 5.04 5.13 1.35 5.15

NaO 4.65 4.60 4.78 4.95 4.49 4.48 4.90 4.28 4.70

KO 3.21 3.23 3.22 3.27 3.29 3.24 3.22 3.47 3.24

P>0s 0.43 0.42 0.42 0.43 0.30 0.33 0.42 0.08 0.40

LOI 0.41 0.41 0.41 0.41 0.21 0.21 0.41 1.18 0.35

Total 99.33 99.33  99.33 99.33 98.20 98.20 99.33 -- --

Trace elements (ppm)

Cr 45 39 41 44 39 39 40 24 41

Ni 81 82 83 86 84 81 89 11.8 83.7

Cu 8 9 7 9 8 7 8 13.9 8

Zn 160 160 161 161 167 165 164 61.3 162.6

Zr 85 89 87 85 90 89 85 410.2 87.2

Rb 111 119 116 116 118 118 119 1452  116.7

Y 57 58 54 57 59 59 57 198.3 57.3

Ba 322 308 322 321 301 321 322 267.9 316.7

Pb 18 19 18 17 18 18 19 49.9 18.1

Sr 303 309 308 307 307 323 303 17.8 308.6

Ga 22 24 25 29 25 26 24 42.8 25

\% 166 164 167 165 166 163 168 4.9 165.6

Nb 257 255 254 251 254 255 249 78.9 253.6

R. The averages chemical composition of the studied rhyolites.

T. The averages chemical composition of the studied trachyandesites.
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Figure 4. Variations of major oxides against SiO, (wt.%) for the studied Wadi Zareib Dokhan Volcanics. Symbols
as in Figure 8a
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3. Source and Fractionation

Rhyolites have generally been attributed to crustal melting (Tronnes, 2002). Meganck (2004), argued against partial
melting for rhyolites and dacites based primarily on Zr concentrations.

Most major and trace element variation diagrams of Tronnes (2002) and Meganck (2004) show trends for the
trachyandesites that are generally compatible with a model of crystal fractionation in a shallow magma chamber. The
concentrations of MgO, FeO, and CaO decrease with increasing SiO, content, compatible with crystal fractionation of
plagioclase and clinopyroxene. When plotted against MgO, the concentrations of FeO, TiO,, and P,Os initially increase
and then decrease, indicating the fractionation of Fe-Ti oxides and apatite followed the peak.

Several variation diagrams, such as those in Figure 9, show additional trends that cannot be completely explained by
crystal fractionation. Rhyolites plot on a trend of decreasing Zr with increasing SiO,, which, combined with thin-section
observations, indicates late zircon fractionation. As seen in Figure 9d, the concentration of Zr is lower in the more
evolved trachyandesites than in the rhyolites.

Although most of the trachyandesites seem to follow a trend of fractional crystallization (Figure 9 b and c), the rhyolites
require a more complex explanation involving both fractional crystallization and magma mixing.
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Figure 8 (a-d). Geochemical classification diagrams of the Dokhan Volcanics. Symbols as in Figure8a.

d. (Na,O+K;0)-SiO; binary diagram of Middlemost, (1985).
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Figure 9 (a-d). Variation diagrams showing various trends (After, Tronnes, 2002 and Meganck,
2004). These trends support crustal fractionation and magma mixing. Symbols as in Figure8a

4. Adakitic affinity

As originally defined (Defant and Drummond, 1990; Maury et al.,, 1996; Martin, 1999), adakites form suites of
intermediate to felsic rocks whose compositions range from hornblende—andesite to dacite and rhyolite; basaltic
members are lacking. In these lavas, phenocrysts are mainly zoned plagioclase, hornblende, and biotite; orthopyroxene
and clinopyroxene phenocrysts are known only in mafic andesites from the Aleutians and Mexico (Kay, 1978; Rogers et
al., 1985; Calmus et al., 2003). Accessory phases are apatite, zircon, sphene and titanomagnetite. The rocks have
SiO,>56 wt.%, high Na,O contents (3.5 wt.%< Na,0<7.5 wt.%) and correlated low K,O/Na,O (~0.42). Their
Fe,0s+MgO+MnO+TiO, contents are moderately high (~7 wt.%), with high Mg# (~0.51) and high Ni and Cr contents (24
and 36 ppm, respectively). Defant and Drummond (1990) also reported typically high Sr contents (>400 ppm), with
extreme concentrations reaching 3000 ppm. Rare earth element (REE) patterns are strongly fractionated (La/Yb)y>10)
with typically low heavy REE (HREE) contents (Yb<1.8 ppm, Y<18 ppm). Amongst the defining geochemical
characteristics of adakites are their HREE, Y and Sr contents, and two widely used discriminant diagrams are (La/Yb)y
versus Yby (Martin, 1987 and 1999) (where N indicates chondrite normalization), and Sr/Y versus Y (Defant and
Drummond, 1990).

As proposed by Defant and Drummond (1990 and 1993), certain geochemical characteristics can be used to
discriminate between normal calc-alkaline lavas and adakites. On these bases, trachyandesite Dokhan lavas are adakite
of delaminated lower crust-derived adakitic rocks and rhyolites are normal calc-alkaline lavas (arc magmatic rocks) of
thick lower crust-derived adakitic rocks (Figure 10a-c). The lavas in the Dokhan Volcanics are belonging to both the low-
silica adakite (LSA) and high-silica adakite (HSA) groups. Martin and Moyen (2003) and Martin et al. (2005) identified
two distinct adakite groups: high- SiO, adakites (Rhyolites, HSA; SiO, > 60 wt.%) and low-SiO, adakites
(Trachyandesites, LSA; SiO, < 60 wt.%; Figure 11a-e).

It is generally believed that reaction between pure slab melts and surrounding peridotite in the sub-arc mantle wedge
results in the high Mg-number and MgO contents typical of adakites (Figure 10c). In the Figure 10c, the Wadi Zareib
samples fall within the fields of “thick lower crust-derived adakite rock” and “delaminated lower crust-derived adakitic
rocks”.
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The field of metabasalt and eclogite experimental melts (1-4.0 GPa) is from Rapp et al. (1991, 1999, 2002), Sen and
Dunn (1994), Rapp and Watson (1995), Prouteau et al. (1999), Skjerlie and Patifio Douce (2002) and references
therein. The field of metabasalt and eclogite experimental melts hybridized with peridotite is after Rapp et al. (1999). The
field of subducted oceanic crust-derived adakites is constructed using data from Defant and Drummond (1990), Kay and
Mahlburg-Kay (1993), Drummond et al. (1996), Stern and Kilian (1996), Sajona et al. (2000), Aguillén-Robles et al.
(2001), Defant et al. (2002), Calmus et al. (2003), Martin et al. (2005) and references therein. Data for thick lower crust-
derived adakitic rocks are from Atherton and Petford (1993), Muir et al. (1995), Petford and Atherton (1996), Johnson et
al. (1997), Xiong et al. (2003). Symbols as in Figure 8a.
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Symbols as in Figure 8a

5. Nature of the Magma

On the Alkali silica variation diagram proposed by Irvine and Baragar (1971), the data points of the studied rhyolite
samples fall in the field of subalkaline volcanics. The trachyandesite samples plotted in the field of alkaline volcanics due
to the low content of SiO, (Figure 12a). The studied Dokhan Volcanic samples are plotted on the AFM diagram of Irvine
and Baragar (1971). They exhibit calc-alkaline affinity (Figure 12b).



The Al,03/(Na,0+K,0) versus Al,03/(CaO+Na,O0+K,0) diagram of Maniar and Piccoli (1989) shows that all the
studied trachyandesite samples and some rhyolite samples are metaluminous except three samples of rhyolite exhibit
peraluminous nature (Figure 12c). The relationship between SiO, and FeO*/MgO ratio of Miyashiro (1973) is used to
differentiate between the calc-alkaline and tholeiitic. The plots of the investigated volcanics on this diagram indicate that,
these Dokhan Volcanics are of calc-alkaline affinity (Figure 12d).
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Figure 12 (a-d). Magma type diagrams of the Dokhan Volcanics. Symbols as in Figure 8a

6. Tectonic Setting

The petrographic and geochemical data revealed the alkaline affinity of the studied trachyandesites, whereas the
rhyolites show a subalkaline character. The geochemical signatures of igneous suites often suggest tectonic setting
prevailing at the time of emplacement.

The tectonic setting of the Dokhan Volcanics is considered as one of the matters of controversy. The geochemical
studies indicate that they are calc-alkaline orogenic complex of island arc with continental type crust (Basta et al., 1980;
Gas, 1982; Heikal and Ahmed, 1984) or Andean type continental margins (El-Gaby et al., 1988 and 1990). There are
three various models are proposed for the emplacement of the Dokhan Volcanics.

The first is proposed by Stern et al. (1984 and 1988); Stern and Hedge (1985); Stern and Gottfried (1986) and EI-
Desoky (2013), in which they related to the Dokhan Volcanics eruptions to a period of strong extension (or orogenic)
analogous to that of the Oslo rift. They regarded the Dokhan volcanics and the younger granite as bimodal igneous
activity characteristic of rifting. They also stated that the temporal and spatial emplacement of mantle-derived bimodal
dyke and Dokhan volcanics swarms in eastern Egypt marks the transition in the tectonic style from compressional to
strong north/south- to northwest/southeast-directed crustal extension at approximately 600 Ma.

The second model stated by Rosseter and Monrad (1983), in which the Dokhan Volcanics were interpreted to have
been formed in a transitional environment between compressive and extensional tectonic settings. This is based mainly
on: (I) age relation where they postdate the calc-alkaline subduction-related rocks and are of similar age to the
postorogenic younger granitoids; (Il) the similarity of the chemical composition of these volcanics to those seen in
orogenic belts but with high Zr, Nb, Ti, and alkalies.

The third model is proposed by Basta et al. (1980), Ragab (1987), El Gaby et al. (1989) and Abdel Rahman (1996),
where he referred the Dokhan Volcanics to a subduction-related environment (compressional tectonic settings). Based
on the geochemical characteristics, they show that the Dokhan volcanics are calc-alkaline in nature and their trace
element and REE contents resemble those of arc related orogenic suites and thus they were erupted during the final
stages of active subduction beneath the Eastern Desert of Egypt. However, the younger granite intrusions in Eastern



Egypt are massive and undeformed post orogenic granitoids with typical A-type characteristics (Stern and Gottfried,
1986; Sylvester, 1989; Hassanen, 1997; Moghazi, 1999; Mohamed et al., 1999).

The study Dokhan Volcanics are plotted on tectonic discrimination diagrams (Figure 13), which are based on virtually
immobile elements (Zr, TiO, and Nb). The tectonomagmatic position of the studied Dokhan Volcanics can be assigned
using some discrimination diagrams based on both major and trace elements. On the FeO-MgO-Al,O; discrimination
diagram (Figure 13a) of Pearce et al. (1977) indicate that the rhyolites are plotted close to spreading Centre Island field
due to the enrichment in Al,O3 content. The trachyandesite samples fall on the line separations spreading Centre Island
and island arc and active continental margin fields. A ternary K,O-TiO,—P,0s diagram (Figurel3b) of Pearce et al.
(1975), illustrates that the investigated Dokhan Volcanics erupted in a continental rather than in oceanic setting

On the Zr- SiO, variation diagram of Ewart (1979 and 1981), the majority of the plotted rhyolite points fall within the
anorogenic volcanic terrains and trachyandesite samples lie in the immature island arcs field due to low value of Zr
content (Figurel3c).

On the SiO, versus Nb variation diagram of Pearce and Gale (1977), the trachyandesite points are distributed in the
field of non-orogenic intraplate magma (WP) and rhyolites fall in orogenic volcanic arc magma (Figurel3d) due to
decrease of Nb contents in these rocks. These diagrams mostly indicate that the Dokhan Volcanics erupted in an arc
environment with thicker (continental) crust.
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Figure 13 (a-d). Discrimination diagrams illustrating tectonic setting of the studied Dokhan volcanics.
Symbols as in Figure8a

7. Petrogenesis

A number of tectonomagmatic discrimination diagrams have been used and the most commonly used discriminants are
TiO,, K,0, P,0s5, MgO, AlL,O3, FeO, Zr, Nb and SiO,. It is also a common practice to compare the trace elements from
known and unknown tectonic environments using spider diagrams. When plotted on an incompatible trace element
diagram (often referred to as a spider diagram), calc-alkaline rocks show an irregular pattern with many peaks, unlike
the relatively smooth patterns exhibited by chondrites.

Dokhan volcanics is highly likely that crystal fractionation involve assimilation of crustal materials (Stern and Gottfried,
1986). The geochemical trends of major oxides and trace elements of the rhyolites and trachyandesites may suggest
their co-magmatic nature (Figure 14 and 15). These rocks were derived from a single magma and suffered subsequence
fractional crystallization. The MORB-normalized spider-diagram is presented in figure (15). The patterns are
characterized by high concentration of Y, Ba, Zr and Rb and depletion Ni, V, Sr, Cu and Cr.

Wilson (1989) distinguished that in active continental margin arc setting; the crust and the mantle portion of the
continental lithosphere are additionally involved, making this one of the most complex magma generation environment of



the earth. The elements Y, Ba, Zr and Rb show negative anomalies (enriched) relative to elements like Ni, V, Sr, Cu and
Cr (Figure 14 and15).

Accordingly, the Dokhan Volcanics have geochemical characteristics of both subduction-related and within-plate
settings. This was previously noted by many authors and has led to a debate on the convergent margin versus within-
plate geotectonic setting for these volcanics.

The high mean values of the K,0 (3.47% in rhyolites and 3.24 in trachyandesites) and alkalis (7.75% in rhyolites and
7.24 in trachyandesites)indicate a secondary feature taking into account the emplacement of the Dokhan Volcanics in a
sedimentary terrain, which was probably a source of alkali-rich medium during the intrusion. The narrow range of the
concentrations of incompatible elements such as Zn and Ni indicates homogeneity in incompatible elements in source
material.

DISCUSSIONS

Geochemical and petrographic data are consistent with a magma mixing origin for the plagioclase-phyric trachyandesite,
with mafic magma, felsic magma and plagioclase phenocrysts. Also, the phenocryst assemblage in the rhyolite indicates
the likelihood of formation by partial melting of the crust.

Several studies have been carried out to reveal the petrogenesis of the Dokhan Volcanics and concluded that there
was a significant role of fractional crystallization of basaltic magma coupled with minor crustal contamination controlled
their magmatic evolution (Stern and Gottfried, 1986; El-Gaby et al., 1989; Abdel-Rahman, 1996; Mohamed et al., 2000;
Saleh, 2003; Moghazi, 2003; El Sayed et al., 2004; Eliwa et al., 2006; El-Desoky, 2013). The present studies carried out
on the geochemistry of the Wadi Zareib Dokhan Volcanics in the Egyptian Central Eastern Desert revealed that they
have medium- to high-K calc-alkaline affinities.

The interpretations of tectonic setting of the Dokhan Volcanics are still vague and the controversy is centered
especially around whether Dokhan volcanics have been formed in (1) a subduction-related environment (Ragab, 1987;
El Gaby et al., 1988 and 1990; Hassan and Hashad, 1990; Abdel Rahman, 1996; Hassan et al., 2001; Saleh, 2003), (2)
a rift-environment associated with extension after crustal thickening (Stern et al., 1984 and 1988; Stern and Gottfried,
1986; Willis et al., 1988; Stern, 1994, Fritz et al., 1996; Mohamed et al., 2000; El-Desoky, 2013), or (3) during transition
between subduction and extension (Ressetar and Monard, 1983; Moghazi, 2003; El Sayed et al., 2004; Eliwa et al.,
2006).

Experimental studies have demonstrated that zircon, when crystalline, has low solubility in crustal melts and fluids
(Watson, 1979; Waston and Harrison, 1983; Ayers and Watson, 1991). Zirconium (Zr) commonly forms a separate
phase, the mineral zircon (ZrSiOy). In the studied rhyolites, Zr, Ba, Rb, Y and Nb are usually incompatible and are
typically concentrated in residual silicate liquids until zircon saturation occurs (Watson, 1979; Waston and Harrison,
1983).

Partial melting of the crust and magma ascent: It was argued by Gunnarsson et al. (1998) that rhyolites are formed by
two stage partial melting of crustal material. Partial melting processes can create felsic magmas in equilibrium with
olivine and pyroxene (generally uncommon in rhyolites) due to melting at high temperatures under water-poor
conditions. The presence of these phenocrysts in the present samples from the rhyolite flow leads to hypothesize that
they formed by this process rather than by fractional crystallization, during which hydrous ferromagnesian silicates (such
as biotite and hornblende, which are not found in the flow) are typically stable.

Magma mixing: Textural and chemical characteristics of the plagioclase-phyric trachyandesite support an origin by
mixing of mafic and felsic magmas. However, using the compositions of the rhyolite flow and different trachyandesite
flows from my field area as hypothetical mixing end members; it does not appear possible to form the trachyandesite by
simple mixing of two magmas. By including the plagioclase phenocrysts as a third independent mixing component,
however, a reasonable mixing model can be calculated. Harker diagrams (Al,O3, CaO, and Na,O versus SiO,, Figure 4
and Figure 5) were used to determine possible mixing proportions of plagioclase phenocrysts, trachyandesite and
rhyolite

There is a genetic relationship between high-K calc-alkaline magmatism and subduction zones (Peccerillo, 1985;
Rogers and Hawkesworth, 1985). Trace element enrichments in large ion lithophile elements (LILE) and light rare earth
elements (LREE) combined with relative depletions in the high field strength elements (HFSE) are common to these arc
lavas (Gill, 1981; Wilson, 1989). However, the eruption of high-K magmas with a typical arc trace element signature is
recorded post-dating active subduction and occurs synchronous with uplift, extension or strike—slip motion (Sloman,
1989). The interpretations of these rocks indicate that chemical heterogenities, produced in the mantle via
metasomatism, can exist for substantial periods of time after cessation of subduction (Rogers et al., 1987; Thirwall,
1988; Sloman, 1989).
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CONCLUSIONS

Based on the data interpretation of the field geology, petrography, geochemistry and petrogenesis studies, the following
conclusions can be investigated that the studied Dokhan Volcanics represent a calc-alkaline volcanic rocks and showing
gradual transition from trachyandesitic rocks to rhyolitic rocks.

The magma reservoir is thought to have resulted from crustal melting caused by intrusion of acidic and intermediate
magmas in the crust as the observed geochemical features are explained with extensive quartz + plagioclase + minor
amphibole fractionation. The earliest eruptive products, build the Zareib Dokhan Volcanics and possibly also both domes
and dykes from the northern parts of the Eastern Desert. At that time the chamber was probably smaller and less acidic
melts (up to rhyodacites) coming from deeper parts could easily reach the surface.

Rhyolites geochemically range in composition from rhyolite to rhyodacite originated from calc-alkaline and
metaluminous magma type that developed in anorogenic regime (active continental margin) but their emplacement
follows the cessation of subduction in an extensional-related tectonic setting.

The present data agree with the interpretation of Stern et al. (1984 and 1988); Jarrar et al. (1993); Beyth et al. (1994),
in which the Wadi Zareib Dokhan Volcanics represent a transitional period from compressional to extensional tectonic
regime in Central Eastern Egypt where anorogenic magmatism began.
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