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Abstract

Origin and tectonic setting of the late Neoproterozoic Dokhan Volcanics (ca. 610-560 Ma by whole rock Rb—Sr and ca. 600-590 Ma
by SHRIMP U-Pb zircon) in the Egyptian Eastern Desert is debated. Debate concerns the tectonic setting they formed in, during
transition between convergent to extensional, during or after collision of E and W Gondwana ~600Ma. In order to solve this
problem, we studied the geology and analyzed major and trace elements of lavas from Wadi Um Sidra and Um Asmer in the
northern Eastern Desert. These range from medium- to high-K basalt to rhyolite. They comprise voluminous medium- to high-K
calc-alkaline lavas, subordinate adakitic lavas, and minor alkali basalt. Adakitic lavas contain very low Y (<18 ppm) and heavy
REE (HREE) (Yb < 1 ppm) contents, with high Sr (>767 ppm) and St/Y (>40). They also have high Cr and Ni and low Nb, Rb, and
Zr contents compared to coexisting calc-alkaline lavas. The adakitic lavas exhibit a fractionated rare earth element (REE) patterns
with HREE depletion (Lan/Luy =11.1-14.4), while calc-alkaline rocks have less fractionated REE patterns (Lan/Luy =6.3-9.4).
REE patterns of the alkali basalt are also similar to that of adakitic lavas. These alkali basalt, calc-alkaline, and adakitic lavas all
show enrichment in large ion lithophile elements (LILEs) and show negative Nb—Ta anomalies with high Th/Zr, which suggest
involvement of subducted slab melts in their petrogenesis. Our proposal is subduction of hot oceanic ridge before collision and later
melting of the hot oceanic slab beneath Dokhan even after collision event.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Egyptian basement rocks in the Eastern Desert and
Sinai comprise Neoproterozoic juvenile crust devel-
oped in the northwestern-most Arabian—Nubian Shield
(ANS; Stern, 2002). This crust includes dismembered
ophiolites, volcano-sedimentary successions, and calc-
alkaline I-type intrusive complexes. Most previous geo-
logical studies (Vail, 1985; Bentor, 1985; El Gaby et al.,

* Corresponding author. Tel.: +20 4823 27268; fax: +20 4823 5679.
E-mail address: eliwa98 @yahoo.com (H.A. Eliwa).

0301-9268/$ — see front matter © 2006 Elsevier B.V. All rights reserved.

doi:10.1016/j.precamres.2006.08.005

1988; Kroner et al., 1988; Stern, 1994) reveal an essen-
tial role of 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
took place during Neoproterozoic time between about
900 and 614 Ma (Stern and Hedge, 1985; Kroner et al.,
1992; Beythetal., 1994; Stern, 1994). The terminal stage
(614-550 Ma) of crustal evolution is characterized by (1)
the eruption of the Dokhan Volcanics (ElI Ramly, 1972;
Stern and Hedge, 1985), (2) deposition of molasse-type
Hammamat sediments (Grothaus et al., 1979; Akaad
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and Noweir, 1980), and (3) shallow emplacement of
the Younger Granites (El Gaby, 1975). Many studies
have been carried out on the petrography and geochem-
istry of the Dokhan Volcanics (Basta et al., 1980; Stern
and Gottfried, 1986; El Gaby et al., 1988, 1989; Abdel
Rahman, 1996; Mohammed et al., 2000; Eliwa, 2000;
Moghazi, 2003; El Sayed et al., 2004). These show that
the Dokhan Volcanics have medium- to high-K calc-
alkaline affinities. There is consensus that fractional
crystallization of basaltic magma coupled with minor
crustal contamination controlled the magmatic evolu-
tion. However, interpretations of tectonic setting are still
controversial, especially whether they have been formed
(1) in a subduction environment (Hassan and Hashad,
1990; El Gaby et al., 1988, 1990; Abdel Rahman, 1996),
(2) in association with extension after crustal thicken-
ing (Stern et al., 1984, 1988; Stern, 1994; Fritz et al.,
1996), or (3) during transition between subduction and
extension (Ressetar and Monard, 1983; Mohammed et
al., 2000).

Here we contribute to this discussion by providing
new geological and geochemical data on Dokhan lavas
exposed just north of the type locality at Gebel Dokhan
(Fig. 1a), in order to better understand their origin and
tectonic setting. Moreover, these data provide an excel-
lent opportunity to understand source component(s) and
processes involved in magma genesis and evolution.

2. Geological setting
2.1. Regional geology

Three groups of Neoproterozoic volcanic rocks have
been identified in the basement complex of Egypt. The
oldest two groups are known as the Older Metavolcanics
(OMV) and Younger Metavolcanics (YMV) (Stern,
1981) and largely occur in the central and southern
Eastern Desert. These volcanics are mainly mafic to
intermediate with subordinate felsic rocks. OMV are
low-K tholeiitic and YMV are low- to medium-K calc-
alkaline, and are the products of subduction-related
processes (back-arc basins and island arcs). The third
group (ca. 610-560 Ma), known as Dokhan Volcanics, is
restricted mainly in the North Eastern Desert and south-
ern Sinai (Moghazi, 1994; El Sayed et al., 2004). They
are unmetamorphosed and are mainly of intermediate to
felsic composition with medium- to high-K calc-alkaline
nature. Their tectonic setting is uncertain and may reflect
subduction-related or extension- (rift-) related volcan-
ism.

Field relations reveal that the Dokhan Volcanics post-
date the calc-alkaline I-type Older Granites, but predate

or are associated with the A-type Younger Granites (El
Ramly, 1972; El Shazly, 1977; Akaad and Noweir, 1980).
Stern and Gottfried (1986) argued that Dokhan rhy-
olites west of Safaga are extrusive equivalents of the
Younger Granites. Some workers considered that the
Dokhan Volcanics are older than the Hammamat molasse
sediments (El Shazly, 1977), while others considered
that the deposition of the Hammamat was synchronous
with eruption of the Dokhan Volcanics (Ressetar and
Monard, 1983; Ries et al., 1983). These observations
are consistent with the overlap of whole rock Rb—Sr
ages; 610-560 Ma for the Dokhan, 600-585 Ma for the
Hammamat, and 610-550Ma for the Younger Gran-
ites (Stern, 1979; Stern and Hedge, 1985; Bentor, 1985;
Willis et al., 1988; Beyth et al., 1994; Jarrar et al., 2003).
Recent SHRIMP zircon dating gave weighted U-Pb ages
of 593 + 13 and 602 4+ 9 Ma for two andesites from the
Dokhan Volcanics (Wilde and Yossef, 2000).

2.2. Local geology

The study area is located approximately 50 km north-
west of Hurghada along the western coast of the Red Sea
(Fig. 1a). It is underlain mainly by the Dokhan Volcanics
and both Older and Younger Granites (Fig. 1b). In this
area, the Dokhan Volcanic rocks cover about 110km?
including north of Gebel Dokhan along Wadi Um Sidra
and further north along Wadi Um Asmer. The Older
Granites are the oldest rocks and comprise quartz dior-
ite, granodiorite, and adamellite. These granitic rocks
have not been dated in the area but at Mons Claudi-
anus to the south are ~670 Ma (Stern and Hedge, 1985).
The Dokhan Volcanics overlie, intrude, and occasionally
contain xenoliths of the Older Granites. All the volcanics
are assigned to the typical Dokhan Volcanics, not to the
OMV as previously reported at Gebel Kherm Asmer
(Ghanem et al., 1973; Abu El Leil, 1980). The Younger
Granites in this area comprise perthitic biotite—granite
and intrude the Dokhan Volcanics with sharp contacts
and chilled margins of up to 30 cm thick. This clearly
shows that intrusion of the Younger Granites continued
after emplacement of the Dokhan Volcanics in this area.

The Dokhan Volcanics are a stratified succession that
varies in thickness from a few tens of meters up to more
than 1000 m. Individual lava flows are about 10 m thick.
The most conspicuous feature is the varicolored nature
of lava flows ranging from gray to red and deep pur-
ple. Lavas are commonly porphyritic. The most abundant
rocks are andesites, dacites, rhyodacites, and rhyolites.
Basaltic rocks are scarce, and in many cases are only
found at the base of the succession. Pyroclastic rocks
occur as thin layers up to 1 m thick. They are intercalated
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Fig. 1. (a) Distribution of the Dokhan Volcanics in the Eastern Desert and Sinai (after Abdel Rahman, 1996) and (b) geological map of the Wadi
Um Sidra and Wadi Um Asmer area, NED, Egypt (modified after Abu El Leil, 1980). (1) Granodiorite-quartz diorite, (2) biotite hornblende granites
and adamellite, (3) biotite granite, (4) perthitic granite, (5) granitic and granosyenite dykes, (6) diabasic dykes, (7) doleritic and dioritic dykes,
(8) Dokhan Volcanics, (9) recent deposits. The numbers refer to the analyzed samples labeled AS and US along Wadi Um Asmer and Um Sidra,

respectively.

between lava flows and commonly include fragments of
the lavas. Although the Dokhan Volcanics are sometimes
jointed and faulted, there is no evidence for folding.

3. Petrography

Basalts and basaltic andesites consist of plagioclase,
amphibole, and augite phenocrysts in a fine-grained
groundmass. Plagioclase is ubiquitous as tabular to pris-
matic (up to 0.5 cm) phenocrysts of labradorite to ande-

sine (Angs—40). Augite phenocrysts are equant, simply
twinned, and variably altered to actinolite. The common
accessories are ilmenite, few magnetite and apatite.
Andesites are porphyritic, and occasionally show
flow-banding and glomeroporphyritic textures. Plagio-
clase and amphibole are the main phenocrysts in a fine-
grained groundmass. Euhedral to subhedral, tabular and
prismatic phenocrysts of andesine (Anzs_4g) constitute
about 25 modal percent of the lava. Hornblende phe-
nocrysts constitute about 10 modal percent of the lava.
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Ilmenite, magnetite, apatite, and zircon are the acces-
sories, while epidote, sericite, and chlorite are the sec-
ondary minerals.

Dacites consist of oligoclase (Ansz—29), hornblende,
biotite, and quartz phenocrysts in a fine-grained ground-
mass. Hornblende forms euhedral prismatic phenocrysts.
Graphic intergrowths are present. Magnetite, hematite,
apatite, zircon, and titanite are common accessories.
Kaolinite, sericite, chlorite, and epidote are secondary
minerals.

Rhyodacites have phenocrysts of euhedral K-
feldspar, tabular oligoclase (Anp7_15) and subhedral
quartz with biotite microphenocrysts in a devitrified
groundmass. Magnetite, few ilmenite and apatite are
the common accessories, while secondary minerals are
sericite, muscovite, kaolinite, and epidote.

Rhyolites contain Carlsbad twinned K-feldspar and
quartz phenocrysts with minor plagioclase microphe-
nocrysts in a fine-gained groundmass. Spherulites are
common. Accessories are hematite, apatite, fluorite, and
zircon, while secondary minerals are kaolinite, chlorite,
and sericite.

4. Geochemistry
4.1. Analytical methods

Thirty-five samples of the Dokhan Volcanics have
been analyzed using the Rigaku RIX 2000 XRF instru-
ment at the Department of Geoscience, Shimane Univer-
sity, Japan. The analyses were carried out according to
the method of Kimura and Yamada (1996). Major and
trace elements were analyzed using fused glass disks.
To check analytical accuracy, a geostandard basalt sam-
ple JB-1 (Geological Survey of Japan) was analyzed
every five samples. The analytical reproducibility was
better than 2% for major and 5% for trace elements.
Electron microprobe analysis (EPMA) on minerals was
carried out using a JEOL JXA-8900 housed at Okayama
University of Science, Japan and equipped with four
wavelength-dispersive spectrometers and one energy-
dispersive spectrometer. The operating conditions were
a beam diameter of 3-5 pum, a beam current of 20 nA,
and an accelerating voltage of 15kV. Daily checks of
analyses were made by analyzing natural and synthetic
silicates and oxides, and the ZAF program was used for
corrections.

Fourteen samples were chosen for rare earth ele-
ment (REE) analysis using a combined alkali fusion and
acid digestion procedure (Roser et al., 2000). The sam-
ples were analyzed following techniques described by
Kimura et al. (1995) using an ICP-MS equipped with a
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Fig. 2. Geochemical classification of Dokhan Volcanics on the total
alkalis-silica (TAS) diagram (Le Maitre, 1989). For comparison, fields
are also shown for Older and Younger metavolcanics (OMV and YMV)
from Stern (1981), and Dokhan Volcanics (DV) from other areas (Basta
et al., 1980; Ressetar and Monard, 1983; Stern and Gottfried, 1986;
Abdel Rahman, 1996; Eliwa, 2000; Moghazi 1994, 2003).

normal concentric and a water chilled impact bead-type
nebulizer. Analytical precision was better than +4% for
most elements. Instrument settings were fundamentally
those reported by Kimura et al. (1995). All analyses were
carried out at the Department of Geoscience, Shimane
University, Japan. Major, trace, and rare earth elements
are listed in Tables 1 and 2.

4.2. Results

Geochemical classification using total alkali versus
silica (TAS) diagram (Le Maitre, 1989) shows that
the lavas studied are basalt, basaltic andesite, andesite,
dacite, rhyodacite, and rhyolite (Fig. 2). The lavas plot
mostly in the subalkaline field except for three samples
which plot within the alkaline field of Irvine and Barager
(1971) (Fig. 2). Sample US-24 is an alkali basalt, and
trace element chemistry differs from other calc-alkaline
suites (see Section 5). On the K, O-Si0; diagram (Fig. 3)
of Le Maitre (1989), the lavas are classified into medium-
K (MK) and high-K (HK) suites with more high-K affini-
ties in evolved dacite to rhyolite lavas.

As proposed by Defant and Drummond (1990,
1993), certain geochemical characteristics including Y
(<18 ppm), Sr (>400 ppm), HREE (Yb < 1.9 ppm), St/Y
(>40), and Al,O3 (>15wt.%) can be used to discrimi-
nate between normal calc-alkaline lavas and adakites. On
these bases, eight Dokhan lavas are adakite (Fig. 4a—c).
The adakitic lavas belong to both the low-silica adakite
(LSA) and high-silica adakite (HSA) groups of Martin
and Moyen (2003). All adakitic lavas are relatively low



Table 1

Major elements composition and CIPW of the Dokhan Volcanics of Umm Sidar-Kherm Asmer area

Sample no.
US-24 US-44 AS-30 US-1 AS-8 US-19 AS-16 US-I9M AS-15 AS-10  AS-14  AS-40 US-20 AS-17 AS-4  US-32 AS-22 US-31
B-AK* BA-CA* BA-AD®* BA-CA* BA-CA* BA-AD* A-CA* A-AD? A-CA*  A-CA* A-CA* A-CA* A-CA* A-CA* A-AD* A-CA* D-CA* D-AD?
SiO; 48.83 5332 55.01 56.02 56.56  56.71 57.04 57.39 5750 5773 5832  60.10 6149 6262 6281 6295 6355 6434
TiO, 2.45 2.12 1.30 1.35 1.32 1.26 .13 1.20 1.14 1.47 1.21 1.22 1.30 1.14 0.96 1.00 1.00 0.86
AL O3 1598  15.66 15.33 15.31 16.81 16.58 18.02 16.92 1796  19.08 1886 1745 1533 1577 1644 1656 1674 1526
Fe;03 1276 10.58 8.91 8.41 8.06 8.27 848 792 8.29 9.85 9.57 8.45 6.72 5.22 7.27 5.79 5.46 5.08
MnO 0.18 0.21 0.12 0.12 0.10 0.13 0.09 0.11 0.09 0.10 0.09 0.11 0.08 0.11 0.05 0.10 0.12 0.07
MgO 6.58 5.24 7.05 5.05 3.40 2.58 2.68 242 2.65 1.76 1.85 2.12 3.20 2.04 1.14 1.87 0.84 2.79
CaO 7.77 7.01 6.36 6.56 5.90 7.24 649 721 6.37 4.12 443 4.25 3.93 3.17 5.10 3.51 3.62 3.60
Na,O 2.70 3.11 3.72 3.72 4.67 3.04 419 333 4.16 3.79 3.80 3.89 5.05 471 4.50 5.33 4.89 4.67
K>O 2.04 2.15 1.56 2.33 2.25 2.36 1.00 233 1.09 1.60 1.31 2.01 2.20 441 1.17 242 3.16 2.76
P,05 0.48 0.38 0.31 0.43 0.45 0.39 030 037 0.29 0.29 0.31 0.24 0.37 0.36 0.34 0.34 0.33 0.25
L.O.IL 0.49 0.64 1.14 1.40 1.10 0.31 091 038 0.95 1.15 1.19 0.34 0.45 0.48 0.90 0.34 0.73 0.58
Total 100.26  100.42 100.81 100.70 100.62  99.47 100.33  99.58 100.49 100.94 100.94 100.18 100.12 100.03 100.68 100.21 100.44 100.26
Mg# 0.48 0.50 0.61 0.54 0.46 0.38 039 038 0.39 0.26 0.28 0.33 0.49 0.44 0.24 0.39 0.23 0.52
CIPW norm
Q 2.26 7.27 5.99 7.49 5.97 10.59 1231 12.92 12.82 1877 19.68 18.04 1242 1038 20.78 1349 15.14 16.14
c 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 4.20 3.71 1.61 0.00 0.00 0.00 0.00 0.00 0.00
Or 12.10  12.73 9.23 13.80 13.31 13.96 592 1378 6.45 9.47 776 1190  13.02  26.11 693 1433 1870 16.34
Ab 22.84 2631 31.47 31.47 39.51 30.80 3545 28.17 3520 32,07 3215 3291 4273 3995 38.07 4510 4137 3951
An 2549 2247 20.58 18.24 18.32  22.00 2747 2441 27.18 1892  20.31 19.88  12.70 890 2129 1416 1446 1258
Di 1.96 2.56 3.81 5.41 3.18 5.38 0.00 3.63 0.00 0.00 0.00 0.00 0.31 0.91 0.00 0.00 0.00 0.80
Hy 16.81 11.36 15.66 9.63 7.14 3.25 591 348 5.78 3.20 3.34 4.04 6.90 4.35 2.12 4.05 1.77 533
Hm 17.42  12.89 11.21 10.37 10.45 9.61 945 9.76 9.13 9.05 8.72 8.12 7.48 6.20 6.84 6.33 5.82 5.27
11 0.57 0.57 0.32 0.32 0.29 0.34 023 028 0.23 0.21 0.18 0.24 0.20 0.30 0.10 0.25 0.29 0.15
Tn 6.11 4.59 2.95 3.01 3.13 2.58 202 238 1.86 0.00 0.00 0.00 2.69 241 1.26 0.83 1.07 1.63
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Table 1 (Continued)

Sample no.
Us-6 US-27 US-13  AS-23  US-3dM  US-2 AS-6 Us-5 AS-11 AS-29 US-35 US-22A  US-29 US-34  AS-25 AS-26 AS-19
D-AD* D-CA* D-AD* D-CA* D-AD* D-CA* RD-CA* RD-CA* RD-CA* RD-CA* R-CA* R-CA*? R-CA* R-CA* R-CA* R-CA* R-CA?
SiO; 64.90 65.77  66.13 66.15 67.08 67.60 72.69 72.77 70.30 70.88 75.83 73.14 73.58  73.26 75.24 76.24 76.85
TiO; 0.83 0.99 0.78 0.92 0.85 0.70 0.38 0.43 0.60 0.42 0.11 0.42 0.37 0.37 0.10 0.14 0.19
AL O3 14.36 15.61 15.14 16.13 14.08 15.40 14.46 14.35 15.20 14.42 12.63 14.14 13.89  14.08 12.78 12.51 12.39
Fe, 03 6.77 4.66 4.64 5.64 5.06 3.54 1.89 1.80 2.68 2.43 1.26 1.80 1.96 1.98 0.74 0.83 1.49
MnO 0.11 0.11 0.05 0.08 0.06 0.06 0.07 0.04 0.04 0.05 0.02 0.02 0.04 0.04 0.03 0.03 0.03
MgO 2.22 1.16 1.98 1.78 2.27 1.09 0.41 0.23 0.38 0.56 0.10 0.22 0.46 0.46 0.08 0.14 0.15
CaO 3.10 2.70 4.27 2.18 3.98 2.37 1.02 0.48 1.15 1.37 0.41 0.64 1.39 0.42 0.36 0.31 0.20
Na,O 4.63 541 4.48 3.67 3.91 4.92 442 3.78 4.58 3.49 3.97 4.27 4.68 4.67 5.26 3.68 4.89
K>O 2.89 321 1.92 3.10 2.16 4.01 4.57 5.79 4.94 5.80 4.86 5.29 3.75 3.69 4.62 5.26 3.45
P,05 0.27 0.26 0.24 0.21 0.27 0.17 0.06 0.04 0.09 0.10 0.00 0.04 0.05 0.05 0.01 0.01 0.01
L.O.L 0.88 0.24 0.31 0.81 0.53 0.18 0.10 0.54 0.12 1.01 1.18 0.36 0.32 0.83 0.55 0.59 0.32
Total 100.96  100.12  99.94 100.67  100.25 100.04  100.07 100.25 100.08 100.53 100.37  100.34 100.49  99.85 99.77 99.74 99.97
Mg# 0.39 0.33 0.46 0.39 0.47 0.38 0.30 0.20 0.22 0.31 0.14 0.20 0.32 0.32 0.18 0.25 0.17
CIPW norm
Q 18.43 15.75  22.09 26.03 25.57 17.84 26.71 27.20 21.79 24.70 33.03 26.32 28.57  30.40 28.18 33.78 34.53
c 0.00 0.00 0.00 3.15 0.00 0.00 0.44 0.99 0.32 0.03 0.07 0.23 0.00 1.68 0.00 0.18 0.26
Or 17.10 19.00 11.37 18.36 12.79 23.74 27.06 34.27 29.23 34.35 28.82 31.31 22.19 21.84 27.42 31.16 20.42
Ab 39.17 4577 37.90 31.05 33.08 41.63 37.40 31.98 38.75 29.53 33.59 36.13 39.60 39.51 39.93 31.14 41.37
An 9.91 8.88 15.58 9.85 14.55 8.14 4.96 243 5.52 6.54 2.06 3.20 5.86 2.02 0.00 1.58 0.97
Di 0.91 0.10 1.00 0.00 0.57 0.42 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.27 0.00 0.00
Hy 3.86 2.37 3.13 2.93 3.61 1.98 0.70 0.39 0.71 0.99 0.15 0.38 0.76 0.73 0.00 0.21 0.23
Hm 6.65 491 429 4.69 4.38 3.59 1.62 1.53 2.51 2.18 0.99 1.56 1.64 1.59 0.00 0.64 1.13
11 0.23 0.27 0.10 0.15 0.11 0.13 0.13 0.07 0.08 0.10 0.04 0.03 0.07 0.07 0.06 0.05 0.05
Tn 1.40 1.82 1.34 0.00 1.94 1.29 0.00 0.00 0.00 0.00 0.00 0.00 0.46 0.00 0.11 0.00 0.00

2 Rock type, B: basalt; BA: basaltic andesites; A: andesites; D: dacites; RD: rhyodacite; R: rhyolite; Ak: alkali; CA: normal calc-alkaline; AD: adakite.
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Table 2

Trace and rare earth elements composition of the Dokhan Volcanics of Umm Sidar-Kherm Asmer area

Sample no.
US-24 US-44  AS-30 US-1 AS-8 US-19 AS-16  US-I9M AS-15 AS-10  AS-14  AS-40 US-20 AS-17 AS-4  US-32 AS-22 US-31
B-AK* BA-CA* BA-AD* BA-CA* BA-CA* BA-AD* A-CA* A-AD? A-CA* A-CA* A-CA* A-CA* A-CA* A-CA* A-AD* A-CA* D-CA* D-AD?
Ba 487 687 436 612 715 754 495 693 551 600 513 544 447 920 702 606 802 644
Cr 35 171 366 198 134 109 18 93 21 38 28 47 19 35 96 6 32 126
Ni 70 67 157 74 63 67 20 60 19 15 15 32 15 26 45 6 14 31
Pb 6 8 6 6 10 13 14 9 14 9 6 5 18 10 9 7 11 9
\% 308 256 179 186 189 175 188 172 183 216 189 174 118 91 148 101 58 52
Rb 112 71 21 63 42 27 18 26 22 45 46 52 47 105 26 58 66 58
Sr 724 687 849 703 847 1073 728 991 733 591 602 587 573 498 1019 372 524 774
Ga 22 17 19 19 21 19 21 19 21 23 21 23 20 19 18 19 19 19
Nb 18 14 9 12 11 6 11 8 11 13 11 15 14 37 6 12 13 10
Th 2 2 3 9 4 4 4 2 4 4 3 2 5 11 3 6 5 3
Y 32 24 17 20 28 15 28 15 27 31 28 28 23 27 14 26 33 16
Zr 233 187 173 190 203 165 194 153 195 230 180 178 284 391 141 243 254 182
Li 1228  24.03 26.47 13.95 2.78 16.79 22.80 9.17 8.18 2552
BeP 1.66 1.59 1.70 1.43 1.20 1.23 1.26 2.26 1.08 1.48
Sb® 0.54 1.00 1.13 5.40 4.96 0.50 1.26 0.44 6.78 0.37
Hf° 4.24 2.25 5.43 433 3.90 451 4.85 6.97 2.70 5.24
Ta® 0.69 1.51 1.13 0.46 0.39 0.84 0.91 4.38 0.36 1.05
ub 1.83 0.49 0.56 1.12 091 1.11 1.10 3.14 0.61 1.91
La 25.08 21.21 22.55 24.97 23.56  20.18 22.32 39.25  15.84  26.00
Ce 55.57  53.64 56.70 55.95 51.92 4545 49.92 7592 3859  56.82
Pr 6.80 7.01 7.58 7.32 6.68 5.79 6.43 9.21 4.92 7.01
Nd 27.37  32.19 33.20 31.59 2820 2474 28.12 34.06 2044  28.08
Sm 5.11 6.84 7.42 6.34 5.54 5.13 5.73 6.04 3.99 5.55
Eu 1.53 2.11 227 1.94 1.74 1.52 1.70 1.73 1.29 1.39
Gd 4.03 6.37 6.98 5.20 4.44 4.72 5.14 4.82 3.03 4.75
Tb 0.55 0.90 1.01 0.73 0.58 0.69 0.73 0.67 0.40 0.65
Dy 2.97 5.20 5.51 422 3.16 4.19 4.19 3.86 2.24 3.89
Ho 0.52 0.94 1.03 0.77 0.55 0.83 0.81 0.69 0.41 0.70
Er 1.24 2.32 2.59 2.07 1.33 2.17 2.04 1.79 1.03 1.84
Tm 0.18 0.34 0.37 0.32 0.18 0.33 0.31 0.27 0.16 0.29
Yb 1.03 2.07 2.07 1.95 0.99 2.18 2.03 1.79 1.00 1.85
Lu 0.18 0.29 0.34 0.34 0.17 0.33 0.31 0.26 0.15 0.28
Lan/Lun 14.27 7.43 6.80 7.49 14.42 6.30 7.50 1527  11.06 9.43
Lan/Smy 3.03 1.91 1.87 243 2.62 2.43 2.40 4.01 2.45 2.89
Gdn/Lun 2.73 2.66 2.51 1.86 3.24 1.76 2.06 2.23 2.52 2.05
Zr/Nb 0.08 0.07 0.05 0.06 0.05 0.04 0.06 0.05 0.06 0.06 0.06 0.08 0.05 0.09 0.04 0.05 0.05 0.05
Rb/Zr 0.48 0.38 0.12 0.33 0.21 0.16 0.09 0.17 0.11 0.20 0.26 0.29 0.17 0.27 0.18 0.24 0.26 0.32
St/Y 23 29 50 35 30 72 26 66 27 19 22 21 25 18 73 14 16 48
Ti/Zx 63 68 45 43 39 46 35 47 35 38 40 41 27 17 41 25 24 28

ZS—I£(9002) [S] Y2Dasay uvLquindaid / v 12 DM "V'H
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Table 2 (Continued)
Sample no.
US-6 US-27 US-13  AS-23  US-3dM  US-2 AS-6 US-5 AS-11 AS-29 US-35 US-22A  US-29 US-34  AS-25 AS-26  AS-19
D-AD* D-CA? D-AD* D-CA* D-AD? D-CA*? RD-CA* RD-CA* RD-CA* RD-CA* R-CA? R-CA? R-CA? R-CA? R-CA? R-CA? R-CA?
Ba 656 863 414 841 602 888 837 951 1010 983 37 857 716 723 63 309 96
Cr 133 4 79 76 115 42 22 29 19 19 53 40 41 42 55 38 37
Ni 31 20 18 47 45 15 3 5 5 16 39 3 7 7 26 6 2
Pb 9 13 7 13 9 13 15 17 14 14 25 12 35 34 19 17 5
\% 92 49 81 108 105 71 13 22 47 35 n.d. 32 17 22 n.d 6 11
Rb 54 62 47 94 59 106 119 135 96 175 260 125 77 77 301 189 76
Sr 677 396 767 509 816 557 183 158 362 352 48 154 192 194 7 55 43
Ga 17 21 20 21 18 19 17 20 19 19 20 20 14 12 29 17 20
Nb 9 16 10 14 10 13 17 18 13 22 55 17 12 13 42 17 18
Th 6 6 5 7 4 7 10 10 7 16 29 4 11 13 41 22 13
Y 15 36 16 22 15 19 31 23 20 33 58 23 18 18 21 15 32
Zr 167 346 171 247 166 305 346 441 357 280 197 446 296 298 135 929 309
Li® 13.09 7.63 8.70 4.26
Be? 2.50 2.29 2.01 4.62
Sb® 0.47 0.49 1.40 0.40
Hf" 3.95 10.72 8.49 5.30
TaP 0.67 1.29 0.91 2.62
ub 1.68 3.69 2.50 12.94
La 21.38 40.35 36.05 31.82
Ce 48.29 84.21 77.69 50.98
Pr 5.93 9.91 9.36 4.28
Nd 24.52 38.12 37.08 10.09
Sm 4.67 6.30 6.28 1.36
Eu 1.41 1.15 1.48 0.03
Gd 3.57 4.81 4.63 1.11
Tb 0.50 0.69 0.65 0.22
Dy 2.72 4.07 3.49 1.60
Ho 0.49 0.72 0.62 0.40
Er 1.22 1.98 1.54 1.44
Tm 0.18 0.32 0.24 0.31
Yb 0.98 1.79 1.31 2.26
Lu 0.17 0.30 0.24 043
Lan/Lun 12.69 13.92 15.56 7.61
Lan/Smy 2.82 3.95 3.54 14.45
Gdn/Luy 2.53 1.98 2.38 0.32
Zr/Nb 0.05 0.05 0.06 0.06 0.06 0.04 0.05 0.04 0.04 0.08 0.28 0.04 0.04 0.04 0.31 0.17 0.06
Rb/Zr 0.32 0.18 0.27 0.38 0.36 0.35 0.34 0.31 0.27 0.63 1.32 0.28 0.26 0.26 2.23 1.91 0.25
St/Y 45 11 48 23 54 29 6 7 18 11 1 7 11 11 0 4 1
Ti/Zr 30 17 27 22 31 14 7 6 10 9 3 6 7 7 4 8 4
2 Rock type.

b Analysis by ICP, n.d.: not detected.
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Fig. 3. SiO; vs. K>O diagram (Le Maitre, 1989). HK: high-K; MK:
medium-K; CA: calc-alkaline; Alk Bas: alkali basalt; HK CA: high-K
calc-alkaline volcanics; MK CA: medium-K calc-alkaline. Fields for
OMYV, YMYV, and Dokhan as in Fig. 2.

in K»O, ranging from low- to medium-K boundary to
slightly higher than medium- to high-K boundary lines
(Fig. 3). Overall, the study lavas from the Dokhan Vol-
canics can be classified into minor (1) alkali basalt, (2)
voluminous calc-alkaline medium-K to high-K andesite
to rhyolite, and (3) subordinate adakite suites.

The calc-alkaline Dokhan Volcanics lavas vary from
basaltic andesite (53% SiO») to rhyolite (76.9% SiO»).
All major elements but KO and NayO decrease with
increasing SiO» content (Fig. 5). Al,O3 demonstrates
little (non-systematic) variations over 48-63% SiO;
range. TiO, content is distinctively high in the alkali
basalt (2.45 wt.%). TiO; decreases in subalkaline (calc-
alkaline) suite from andesite (1.47-0.96 wt.%; except
sample US-44) through dacites (1.14-0.70 wt.%) to rhy-
odacites and rhyolites (0.60-0.10 wt.%). All Dokhan
Volcanics have normative quartz and hypersthene; a few
calc-alkaline lava that are Al,Os-rich have normative
corundum (Table 1). Adakitic lavas are relatively low in
Al;O3 and Na;O, but have elevated MgO and CaO.

Cr and Ni decrease in calc-alkaline lavas, whereas
Rb, Nb, Y, and Zr slightly increase or remain constant
with increasing SiO; (Fig. 6). Rhyolite exhibits a wide
range of high field strength elements (HFSE) contents
(Y, Nb, and Zr), and large ion lithophile elements (LILE,
e.g., Rb). Ba and Zr define a slight positive correlation
trend over 48-73% SiO; range, but drop in rhyolites.
Sr decreases with increasing silica over the entire com-
positional range. Cr, Ni, and Sr are relatively low in
alkali basalt, whereas Nb, Rb, and Zr are high. Adakitic
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Fig. 4. Binary relations of adakites: (a) SiOy vs. St/Y, (b) Y vs. St/Y,
and (c) Yb vs. La/Yb. Symbols as in Fig. 2.

lavas are commonly high in Cr, Ni, and Sr, whereas
low in Y and Zr compared to calc-alkaline equivalents
(Fig. 6).

Mid oceanic ridge basalt (MORB) normalized trace
elements patterns are similar between alkali basalt, calc-
alkaline basaltic andesite to andesite, and adakite, reveal-
ing a common enrichment of LILE, such as Rb, Ba, K,
Pb, and Sr and the HFSE (Zr, Hf, and LREE). These pat-
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Fig. 5. Variations of major oxides against SiO, (wt.%) for the studied volcanics. The solid line is the average composition of the Dokhan Volcanics
along Safaga-Qena road (Ressetar and Monard, 1983). For comparison, compositions of the Younger Metavolcanics (YMV; Stern, 1981) are plotted

as dark grey dots (- ). Symbols as in Fig. 2.

terns show negative Nb—Ta anomalies relative to LILE
and LREE (Fig. 7). However, there are considerable dif-
ferences between the suites.

Alkali basalt shows very small Nb-Ta negative
anomaly with lower Th and nill Sr positive anomaly and
fractionated REE region (Fig. 8), which are typical of
alkali basalts in an arc environment.

Calc-alkaline suites have relatively flatter REE pat-
terns with strong positive K, Pb, and Th anomalies.
Interestingly, incompatible element abundances includ-
ing REE in high-K basaltic andesite have almost identical
element abundances with those in medium-K andesite.
High-K dacite lavas have slightly fractionated REE pat-
terns with more elevated light (L)REE and depleted
heavy (H)REE than those in high-K basaltic andesite.
Negative Eu anomaly in the felsic lavas suggests frac-
tionation of hornblende with plagioclase from basaltic
andesite of the same suite. Medium-K andesite suite basi-
cally has same trace element pattern with high-K basaltic

andesite suite, suggesting the derivation of the magma
from a similar source.

In contrast to the calc-alkaline suite lavas, adakitic
lavas have steeper REE pattern and more Cr and Ni.
Overall trace element abundances of Dokhan adakitic
lavas are almost identical with the global average of
adakitic lavas (Fig. 7).

Ahigh-K calc-alkaline rhyolite (AS-25) shows strong
depletion in Sr, Eu, Ti, and P, which probably reflects the
fractionation of plagioclase, Fe-Ti oxides and apatite,
respectively. Ba depletion in high-K calc-alkaline rhyo-
lites is probably due to the fractionation of K-feldspar.
The compositions of two rhyolites (AS-17 and AS-25)
can be classified as A-type granitoids (e.g., Eby, 1992),
indicating a relationship between Dokhan felsics and
the Egyptian Younger Granites. They plot in the within-
plate granite field of Pearce et al. (1984). They have an
extremely high Nb-Ta anomalies (see Fig. 7), which
make them distinct from other Dokhan calc-alkaline
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plotted herein. Symbols are as in Fig. 2.

felsic lavas. REE patterns of these two rhyolite lavas
are distinct: U-shaped with strong negative Eu anomaly
for AS-25 and steep REE pattern with a weak nega-
tive Eu anomaly for AS-17. However, elevated HFSE
together with depleted HREE (Nb/Y > 1.5) defines them
as Aj-subtype of A-type granitoid. These characteris-
tics are different from those in the Younger Granites
(Moghazi et al., 1999; Mohamed et al., 1994) for which
lower Nb—Ta and higher HREE classifying them as A;-
subtype. Therefore, origins of these two magma types
differ (Eby, 1992).

5. Discussion
5.1. Is Dokhan volcanism bimodal?

There are different opinions about whether the
Dokhan Volcanics represent a bimodal suite with sil-
ica gap between mafic and felsic rocks (Ressetar and
Monard, 1983; Stern and Gottfried, 1986; Stern et

al., 1988) or form a compositionally continuous suite
(Basta et al., 1980; Abdel Rahman, 1996; Eliwa, 2000;
Moghazi, 2003; El Sayed et al., 2004). Silica histograms
of the Dokhan Volcanics from seven different localities
in the Eastern Desert and Sinai are shown in Fig. 9. Sil-
ica contents from Dokhan Volcanics in different areas are
compiled together with the volcanics studied (Fig. 9g).
Much of the Dokhan Volcanics show no SiO; composi-
tional gap, but a bimodal distribution is shown by sam-
ples from the Safaga-Qena and S. Safaga areas. These
show two peaks at 55-60 and 70-80 wt.% SiO». It is
not clear why the southernmost Dokhan localities are
a bimodal suite whereas to the north the suite is not
bimodal.

5.2. Tectonic setting of the Dokhan Volcanics

The study Dokhan Volcanics are plotted on tectonic
discrimination diagrams (Fig. 10), which are based on
virtually immobile elements (e.g., Zr, Ti, Y, and Nb).
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(DV). Data sources for the Dokhan Volcanics are as in Fig. 2.

The OMYV, YMYV, and the Dokhan Volcanics from other
areas are also shown for comparison. The mafic lavas
plot on Ti/100—Zr—Sr/2 diagram in the field of “calc-
alkaline basalts” typical of convergent plate margins
(Fig. 10a). The felsic lavas plot in the “volcanic arc
granite” field on the binary Y +Nb-Rb diagram of
Pearce et al. (1984) (Fig. 10b), except for the rhyolite
sample, which falls in the deeper “within-plate” field
(Fig. 10b). A ternary K>,O-TiO,—P,05 diagram illus-
trates that the investigated Dokhan Volcanics erupted in a
continental rather than in oceanic setting (Fig. 10d). The
Dokhan lavas mostly plot in an overlap zone between
the volcanic arc and within plate settings on the binary

Si0,—-Nb diagram of Pearce and Gale (1977) (Fig. 10d),
suggesting a transitional tectonic setting. These dia-
grams mostly indicate that the Dokhan Volcanics
erupted in an arc environment with thicker (continental)
crust.

In the Neoproterozoic evolution of the Egyptian base-
ment complex, the obduction of ophiolite complexes and
accretion of island arc terrane took place during the first
tectono-magmatic episode (ca. 720-700 Ma) (Harms
et al., 1994; Kroner et al., 1994; Stern, 1994, 2002),
while the accreted terrane collided with the west Saha-
ran Craton during the second episode (ca. 650-620 Ma)
(Schandelmeieretal., 1987; Kroner et al., 1994; Sultan et
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sources for the Dokhan Volcanics are as in Fig. 2.

al., 1994). Greiling et al. (1994) suggested that collision
ended at ca. 615-600 Ma and the extensional collapse
started sometime between 600 and 575 Ma. The erup-
tion of the 600-590 Ma Dokhan Volcanics took place
at the transition between collision and extension. The
Dokhan Volcanics often lack bimodality, and possess arc
geochemical signatures as noted above. The arc-related
geochemical characteristics suggest that subduction con-
tinued until near end of the collision stage beneath the
Dokhan Volcanics province, or that the mantle source
retained a geochemical memory of subduction-related
modifications. A-type like rhyolite lavas occur in the

Dokhan Volcanics and have slightly different geochem-
ical characteristics than post-Dokhan Younger Gran-
ites. In summary, the Dokhan Volcanics erupted during
the transition from subduction-related magmatism to
extension-related magmatism; slightly after the termi-
nal collision between E and W Gondwana occurred and
starting the extension.

5.3. Petrogenesis

The close association of the Dokhan “common” calc-
alkaline and adakitic lavas has not been recognized pre-
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Fig. 9. Histograms showing SiO, (wt.%) distribution for the Dokhan Volcanics from different areas in Egypt: (a) G. Samr El Qaa (Eliwa, 2000);
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viously in the Arabian—Nubian Shield, although adakitic
rocks have been recognized in central Arabia (Hargrove
et al., 2004). Sr/Y is a good discrimination parameter
for intermediate lavas and there are sufficient published
data so that it is useful to see if there are adakites
in the Dokhan Volcanics in the other areas. Plots of
St/Y against latitude for intermediate Dokhan lavas
show that adakitic lavas are common in the study area
and to the south but not north of 27°50'N (Fig. 11).
“Common” calc-alkaline lavas dominate, regardless of
whether adakites are present or absent. However, Fig. 11
shows that adakitic calc-alkaline lavas are the common
characteristics of the Dokhan Volcanics, and the area
shares the core part of the volcanic provinces over an area

of 150 km x 50 km extending NNW-SSE. Alkali basalts
(high Ti) are found in some areas (e.g., G. Nuqgara, Stern
and Gottfried, 1986; G. Kharaza; Abdel Rahman, 1996)
to the south as well.

5.3.1. Origin of the adakitic lavas

Adakites are intermediate to felsic rocks whose
compositions range from mafic andesite to dacite and
rhyolite; basaltic members are lacking (Defant and
Drummond, 1990; Maury et al., 1996; Martin, 1999).
In these lavas, phenocrysts are mainly zoned pla-
gioclase, hornblende, and biotite; orthopyroxene and
clinopyroxene phenocrysts are found in mafic andesites
(Kay, 1978; Rogers et al., 1985; Calmus et al., 2003).
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Accessory phases are apatite, zircon, sphene, and
titanomagnetite. Adakites have SiOp>56 wt.%, high
NayO contents (3.5 wt.% <Na,O <7.5wt.%), and low
K20/NayO (~0.42). Their Fe;O3 + MgO + MnO + TiO;
contents are moderately high (~7 wt.%), with high Mg*
(~0.51) and moderately 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. REE pat-
terns are strongly fractionated ((La/Yb)y > 10) with typ-
ically low HREE contents (Yb< 1.8 ppm, Y < 18 ppm).
Amongst the defining geochemical characteristics of
adakites are their steep REE patterns, low Y, and high
Sr contents; two widely used discriminant diagrams are
(La/Yb)y versus Yby (Martin, 1987, 1999) (where sub-
script N indicates chondrite normalization), and Sr/Y
versus Y (Defant and Drummond, 1990). Using these

indicators, some of the lavas in the Dokhan Volcanics
are typical adakite as shown in Fig. 4.

Martin and Moyen (2003) and Martin et al
(2005) identified two distinct adakite groups: high-
SiO; adakites (HSA; SiO; >60wt.%) and low-SiO;
adakites (LSA; SiO <60 wt.%). From the study area,
two adakites are LSA and six are HSA. However, trace
element characteristics of the two Dokhan suites do
not correlate well with the discrimination proposed by
Martin et al. (2005). We therefore deal with the Dokhan
LSA and HSA together to examine their petrogenesis.

Many studies infer the generation of adakitic mag-
mas by melting of subducted eclogitic oceanic crust
at high pressure (Kay, 1978; Defant and Drummond,
1990; Yogodzinski et al., 2001). Others (Hildreth and
Moorbath, 1988; Feeley and Hacker, 1995; Smithies,
2000; Whalen et al., 2002) have suggested that adakitic
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Fig. 11. Latitudinal distribution of St/Y in Dokhan Volcanics in the
North Eastern Desert. (1) Umm Arta Volcanics (Dawoud, 2000), (2)
G. Samr El Qaa (Eliwa, 2000), (3) G. Kharaza (Abdel Rahman, 1996),
(4) the studied area (Khalaf, 1999; Present data), (5) Fatira (Ressetar
and Monard, 1983; Mohammed et al., 2000), (6) G. Nuqura (Stern and
Gottfried, 1986), and (7) S. Safaga (Moghazi, 2003). The numbers (1
and 2) correlate to those in Fig. la.

lavas could be the result of partial melting of thick
mafic garnetiferous lower continental crust. Recently, the
geochemical examination of adakitic lavas suggest that
the magma results from the melting of depleted mantle
wedge peridotite metasomatized by slab melts or are slab
melts that interacted with mantle wedge peridotite (Kay,
1978; Keleman, 1990; Kepezhinskas et al., 1996; Rapp et
al., 1999; Smithies and Champion, 2000; Bourdon et al.,
2002; Percival et al., 2003; Tatsumi and Hanyu, 2003).
Here we examine the origin of the Dokhan adakitic lavas.

5.3.1.1. Are adakitic lavas melts of ANS lower con-
tinental crust?. The lower continental crust of the
Arabian—Nubian Shield (ANS) has a mafic composi-
tion (50wt.% SiO;) as inferred from granulite xeno-
liths (McGuire and Stern, 1993; Mishwat-Al and Nasir,
2004). Stern and Gottfried (1986) suggested melting of
the eclogitic lower crust at ~25% or of LREE-enriched
garnet peridotite at <10% for the origin of Dokhan Vol-
canics. Both Dokhan HSA and LSA are enriched in TiO5,
K0, P,Os, LILE (Rb and Ba), HFSE (Zr and Th), and
LREE (Figs. 7 and 8). LSA have SiO» contents of basaltic
andesite (55 wt.% SiO;). Although, LREE-enriched fea-
ture of the adakites can be generated by melting of
eclogitic lower crust at greater pressures (>0.9 GPa gar-
net stability field; Johannes and Holtz, 1996), it is hard
to generate such the mafic composition from melting
of the mafic lower crust because of necessary unusually
high degree of melting (>40%; Beard and Lofgren, 1991)

with unusually high temperature (>1000 °C; Johannes
and Holtz, 1996) for the lower crust.

The elevated abundances of compatible elements such
as Cr up to 366 ppm, Ni up to 157 ppm, and Mg (Mg*
up to 61) are sometimes greater than those in the crustal
rocks and cannot be generated from melting of crustal
rocks (Fig. 12a). This is also true for the Dokhan HSA,
all of which have greater Ni than those in the ANS
lower crustal rocks. If LREE-enriched garnet peridotite
(Stern and Gottfried, 1986) was the direct source for
the adakites, such the high Cr, Ni, and Mg# can be
achievable. However, melting of peridotite occurs at tem-
perature >1000°C and the products at <10% melting
should be basalts (e.g., Takahashi and Kushiro, 1983).
Therefore, garnet peridotite melting is not appropriate
for the origin of the Dokhan adakites.

In the study Dokhan lavas, alkali basalt has trace ele-
ment compositions similar to those of adakites with more
elevated Ni, Cr, and Mg” (Fig. 7). Although this basalt
has evidences of a product of peridotite melting with gar-
net residue, the basalt have similar incompatible element
abundance with adakites. It is hard to generate Dokhan
adakites by fractional crystallization of the alkali basalt.
If it happens, the incompatible element composition of
the adakites should be more enriched in contrast to deple-
tion of Ni, Cr, and Mg# by fractionation of olivine and
pyroxenes. However, this is not the case for Dokhan
adakites. Therefore, Dokhan adakites cannot be derived
from the alkali basalt, which may have originated from
mantle peridotite.

Because of the reasons discussed above, we exclude
the possibility of the crustal melts for the origin of the
Dokhan adakitic lavas.

5.3.1.2. Are adakitic lavas results of slab melt-mantle
interaction?. The high compatible element contents (Cr
and Ni) of the Dokhan adakites suggest involvement of
mantle peridotite. Kamber et al. (2002) argued that Aleu-
tian adakitic arc lavas represent hybrid magmas derived
from melting of a subducted eclogitic slab with a small
amount of sediments and mantle peridotite. Petrogenetic
studies by Samaniego (2001), Bourdon et al. (2002), and
Ujike and Goodwin (2002) suggest that partial melts of
the subducted oceanic crust interact with mantle peri-
dotite on their way to the surface without significant
fractionation or crustal assimilation. Similar interpreta-
tions may apply to the Dokhan adakitic lavas.

The Dokhan adakitic lavas plot parallel to the
partial melting vector on the La versus La/Yb dia-
gram (Fig. 12b). This geochemical variation cannot be
achieved either by fractional crystallization (flat vector)
or crustal assimilation because any crustal melts cannot
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Fig. 12. Bivariant diagrams illustrating the characteristics of Dokhan
adakitic lavas: (a) SiO, vs. Mg*, (b) La vs. La/Yb, trends are after
Kepezhinskas et al. (1997), and (c) Ta/Yb vs. Th/Yb. Comparative
adakite fields are from amphibolitic and eclogitic melts and mantle
melts (Keleman, 1995). High-Mg andesites (Yogodzinski et al., 1995),
mantle-derived adakites of Panama (Defant et al., 1991), Philippines
(Sajonaetal., 1994), and Cerro Pampa (Kay et al., 1993), crust-derived
adakites of Cordillera Blanca (Petford and Atherton, 1996), Adak
Island (Kay, 1978), Cook Island (Stern and Kilian, 1996). Symbols
as in Fig. 2.

have greater La/Yb than those in adakitic lavas. Inter-
action between the mantle wedge peridotite and slab
melts cannot alter the La/Yb due to low concentration
of those elements in the mantle peridotite (Rapp et al.,
1999). Instead, if slab melts reacted with mantle peri-
dotite and various amount of garnet is formed in the
reaction residue, La/Yb would be changed by the reac-
tion (Rapp et al., 1999). Correlation between La/Yb and
Mg# is observed in Dokhan adakites (Tables 1 and 2)
which may indicate the possibility. Therefore, the vari-
able La/YD can be inherent from the source processes,
such as melting degree of subducted oceanic crust or
degree of interaction of the slab melt to mantle peridotite.
Fractionation of garnet can increase La/Yb. However,
garnet is not in liquidus phase of any Dokhan adakites.
This possibility is thus negated.

Th/YDb versus Ta/Yb diagram of Pearce (1983) shows
that the Dokhan adakitic lavas plot in the field of
continental arc together with other calc-alkaline lavas.
Adakitic Dokhan lavas tend to plot at higher Th/Yb
for a given Ta/Yb compared to the calc-alkaline lavas.
In contrast, alkali basalt (US-24) and a high-K calc-
alkaline basaltic andesite (US-44) show lower Th/YDb.
High Th relative to HREE or LREE is regarded as
due to involvement of more subducted sediment (e.g.,
Plank, 2005) (Fig. 12c). The greater Mg#, Cr, and Ni
in Dokhan adakitic lavas is comparable to Philippines
adakites, which are thought to have been formed by
partial melting of mantle peridotite metasomatized by
slab-derived melts (Sajona et al., 1994) (Fig. 12a). The
high-Mg#, Cr, and Ni in intermediate Dokhan lavas can-
not be achieved by any intra-crustal processes (e.g.,
Martin et al., 2005 and above discussion) and must be due
to reaction with mantle peridotite and felsic slab melts,
whichever slab melt later reacted with mantle peridotite
(e.g., Samaniego, 2001; Bourdon et al., 2002; Ujike and
Goodwin, 2002) or melting of metasomatized mantle by
slab melts (Sajona et al., 1994).

Dokhan alkali basalt also has garnet signature (high
Lan/Luyn) and sediment signature (higher Th/Yb) similar
to the Dokhan adakitic lavas with low Mg#, Cr, and N1
and high LILEs such as Rb and Ba. These suggest that the
source of the alkali basalt and the adakitic lavas would
be similar and the apparently common garnet signature
comes from melting at high pressure (>2 GPa; Kushiro,
1969). The alkali basalt mantle source would have been
metasomatized by slab melts but to lesser extent.

5.3.2. Origin of “common” calc-alkaline lavas

Partial melting of subducted, hydrated oceanic crust
modified at 100-200km depth could generate calc-
alkaline magmas of andesitic—dacitic (tonalite) com-
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positions (Green and Ringwood, 1968; Green, 1980).
However, experimental (Stern, 1974) and geochemical
(Gill, 1981) studies concluded that most calc-alkaline
andesites are unlikely to be direct partial melts of sub-
ducted oceanic crust. The genesis of most typical calc-
alkaline arc magmas is generally attributed to melting
of mantle peridotite to from basalt as a result of fluxing
by small (<2%) amounts of slab-derived melts or fluids
(Pearce and Parkinson, 1993), which then fractionates to
form andesite and more felsic melts.

The Dokhan basaltic andesite lavas have SiO; &
53 wt.%, CaO~6-7.2wt.%, Fey03'~8.1-10.6 wt.%,
and TiO; ~1.3-2.1 wt.% together with the low ini-
tial 37Sr/80Sr (Stern and Hedge, 1985; Abdel Rahman,
1996) reflecting a mantle peridotite source. The calc-
alkaline Dokhan lavas are also similar to present-day
calc-alkaline arc lavas; they are enriched in highly
incompatible trace elements such as LREE and LILE
and not depleted in the HFSE relative to other incom-
patible elements. However, relatively elevated Lan/Luyn
and Nb-Ta indicate that the Dokhan calc-alkaline lavas
belong to continental margin (or rear-arc) environments
(see Fig. 12c¢). These further suggest participation of the
subducted oceanic slab melts or fluids for their origin.

5.4. Origin of the Dokhan Volcanics: a ridge
subduction model

Coexistence of voluminous calc-alkaline with subor-
dinate adakite and alkali basalt magmas is the key to
understanding the origin of Dokhan volcanism. We have
discarded the possibility of melting of a thicker ANS
lower crust. To generate adakitic lavas for the Dokhan
Volcanics, we have proposed the necessity of subducted
oceanic slab for the melt source and interaction with
mantle peridotite for their elevated Mg#, Cr, and Ni.
We also have suggested that slab melt fluxed to the
mantle peridotite generated the voluminous calc-alkaline
magmas. Existence of alkali magma suggests relatively
deep (>60 km; e.g., Kushiro, 1969) asthenospheric man-
tle source along with the slab-derived magmatism.

In modern arcs, adakite generation has been linked
to unusual tectonic settings, such as: (1) Subduction ini-
tiation (Sajona et al., 1993; Kimura et al., 2005). (2)
Subduction of very young oceanic crust (e.g., Kay et al.,
1993). (3) Subduction of plate edges in arc-transform
settings (Yogodzinski et al., 2001). (4) Complex sub-arc
mantle processes involving multiple stages of metaso-
matism and melting (Brandon et al., 1999). (5) Post-
collisional lithospheric delamination (Saunders et al.,
1987; Sajona et al., 2000). Amongst the cases, a similar
magma association with Dokhan Volcanics is found in

SW Japan (Kimura et al., 2005), where adakite magmas
coexist with alkali basalt and calc-alkaline magmas. A
similar calc-alkaline to adakitic transition was described
by Samaniego et al. (2002) associated with rear-arc alkali
basalt activity (Bourdon et al., 2002) from the North-
ern Volcanic Zone in Ecuador. These two tectonic set-
tings have subduction of Shikoku Basin spreading ridge
(Kimura et al., 2005) or the aseismic Carnegie Ridge of
the Nazca Plate (Bourdon et al., 2002).

Subduction of spreading ridge or aseismic ridge can
cause unusual conditions in the mantle because the hot
asthenosphere beneath oceanic slab is dragged down
into the subduction zone. Such conditions can generate
OIB-type magmas due to deepening of the hot astheno-
spheric magma source beneath the ridge. Relatively
young oceanic crust can also melt to generate adakite
magma along with calc-alkaline magmas.

Our tectonic model for the Dokhan Volcanics involves
a transition between subduction—collision—post-
collision tectonics, previously identified in the region
by Beyth et al. (1994). The subduction stage began
before ~670Ma (Stern and Hedge, 1985) and sub-
duction continued as late as ~620Ma (Stern, 1994).
Subduction-related magmatism ceased when terminal
collision occurred between East and the West Gond-
wanaland <630Ma (e.g., Katz et al., 2004; Miller et
al., 2003; Meert, 2003). The Dokhan volcanism took
place between ~610 and 560 Ma, after collision in a
transitional to extensional tectonic setting (Ressetar
and Monard, 1983; Mohammed et al., 2000; Moghazi,
2003). It is possible that oceanic ridges were subducted
beneath the region during closure of the Mozambique
Ocean, but hot ridges survived beneath suture zone
more than 20 Ma after collision. It is supported by the
tectonic re-construction of SW Japan arc; the oceanic
ridge subducted at 17 Ma stayed beneath the arc at depth
100-150 km over ~17 Ma after subduction and genera-
tion of alkali basalts and adakite along with calc-alkaline
lavas continued over the time (Kimura et al., 2005). The
longevity of the young oceanic plate is perhaps due to
buoyant forth of the hot oceanic plate slab.

Such scenario could form hot deep asthenosphere
coexisting with oceanic slab, which are requisites for
the calc-alkaline—adakite—alkali magma province of the
Dokhan Volcanics (Fig. 13). Re-melting of previously
metasomatized mantle wedge can explain the origin
of the coexisting three lava suites as discussed above;
however, heat source (>1000°C) to generate mantle
remelting after collision would require another thermal
event. Subduction of hot ocean basin lithosphere is a
sort of self-induced mechanism of ocean basin closure
and continent-continent collision. We here propose a
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ridge (including BAB) subduction during ocean basin
closure—slab-melting after continent collision model
for the origin of the Dokhan Volcanics. We believe that
our scenario best explains the final stage of volcanic
activity occurred on the ANS at the end of the Neopro-
terozoic time.

6. Conclusion

Major and trace elements of basaltic to rhyolitic lavas
from the Dokhan Volcanics in Wadi Um Sidra and Wadi
Um Asmer areas have been examined. They are predom-
inantly intermediate, medium- to high-K calc-alkaline
lavas with subordinate adakitic lavas and minor alkali
basalt. Moderate Mg* and elevated Cr and Ni in adakites
suggest that they originated from slab melts that later
interacted with mantle peridotite. Calc-alkaline lavas are
less fractionated in the HREE than are the adakites with
lesser Mg#, Cr, and Ni. Variable LILE and REE con-
tents in the calc-alkaline lavas indicate different degrees
of partial melting in the source. Alkali basalt has lit-
tle Nb—Ta negative anomaly suggesting an OIB mantle
source. A ridge subduction model induced by closure
of the Mozambique Ocean followed by the Gondwana-
land collision best explains the coexistence of the calc-
alkaline—adakite—alkali basalt magmas of the Dokhan
Volcanics. The volcanism would have induced by rem-

nant hot ridge asthenosphere together with oceanic slab
beneath the thick ANS crust due to the burial of the ridge
system during the ocean closure event. The Dokhan Vol-
canics appears to have formed in the transition stage
between subduction tectonics and post-collision tecton-
ics induced mainly by the subducted ridge heat source
previously existed in oceanic environment.
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