
Gondwana Research 32 (2016) 181–192

Contents lists available at ScienceDirect

Gondwana Research

j ourna l homepage: www.e lsev ie r .com/ locate /gr
Lu–Hf andO isotopic compositions on single zircons from theNorth Eastern
Desert of Egypt, Arabian–Nubian Shield: Implications for crustal evolution
Kamal A. Ali a,⁎, Basem A. Zoheir b, Robert J. Stern c, Arild Andresen d, Martin J. Whitehouse e, WagihW. Bishara f

a Department of Mineral Resources and Rocks, Faculty of Earth Sciences, King Abdulaziz University, P.O. Box 80206, Jeddah 21589, Kingdom of Saudi Arabia
b Department of Geology, Faculty of Science, Benha University, 13518 Benha, Egypt
c Geosciences Department, University of Texas at Dallas, 800 W Campbell Rd., Richardson, TX 75080, USA
d Department of Geosciences, P.O. Box 1047, University of Oslo, Blindern, 0316 Oslo, Norway
e Department of Geosciences, Swedish Museum of Natural History, P.O. Box 50007, SE-104 05 Stockholm, Sweden
f Geology Department, Faculty of Science, Assiut University, Assiut 71516, Egypt
⁎ Corresponding author. Tel.: +966 2 640 0579; fax: +
E-mail address: kaali4@kau.edu.sa (K.A. Ali).

http://dx.doi.org/10.1016/j.gr.2015.02.008
1342-937X/© 2015 International Association for Gondwa
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 26 November 2014
Received in revised form 9 February 2015
Accepted 14 February 2015
Available online 27 March 2015

Handling Editor: A.S. Collins

Keywords:
Arabian–Nubian Shield
Sm–Nd isotopes
Single zircon Hf–O isotopes
A-type granites
U–Pb zircon dating
Neoproterozoic juvenile crust is exposed in the Eastern Desert of Egypt, between the Nile and the Red Sea,
forming the basement to Cambrian and younger sedimentary strata in the northernmost part of the Arabian–
Nubian Shield (ANS). In order to reveal how the crust of this vast region was formed, four examples of wide-
spread Neoproterozoic (653–595 Ma) calc-alkaline and alkaline intrusive rocks in the northwestern most expo-
sures, in the NEDesert of Egypt (NED)were studied. Single zircon Hf–O isotopic compositions of these intrusives
were used to characterize the Neoproterozoic syn- and post-collisional granitoids in the NED. The ~653 Ma Um
Taghir syn-tectonic granodiorite (I-type) displays isotopic characteristics of a depleted mantle source, such as
high εHf(t) (+9.1 to +11.2) and mantle δ18O (mean = +5.12‰). In contrast, the ca. ~600 Ma post-collision
A-type granites (Al-Missikat, AbuHarba, and Gattar) show slightly higher δ18O values (+5.15 to 6.70) and slight-
ly lower εHf(t) values (+6.3 to +10.6, mean = +8.6). We interpret these isotopic data to reflect melting of a
juvenile Neoproterozoic mantle source that assimilated slightly older Neoproterozoic crustal material during
magma mixing. The involvement of crustal component is also supported by Hf-crustal model ages (0.67–
0.96 Ga) and by the occurrence of xenocrystic zircons with U–Pb ages older than the crystallization ages, indicat-
ing melting of predominantly Late Neoproterozoic crustal protoliths.

© 2015 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

The Arabian–Nubian Shield (ANS; Fig. 1) is the best-preserved and
most widely exposed area (N6 × 106 km2) of juvenile Neoproterozoic
continental crust (1000–525 Ma) on Earth (Kröner, 1985; Stern, 1994;
Johnson et al., 2011; Robinson et al., 2014). ANS rocks are exposed on
both sides of the Red Sea due to continental rifting and rift shoulder up-
lift at ~30 Ma (e.g., Reymer and Schubert, 1984; Dixon and Golombek,
1988; Stern, 2002; Stein, 2003; Hargrove et al., 2006). The evolution of
the ANS during the time interval 810–740Mawas accomplished by for-
mation of juvenile (mantle-derived) crust at intra-oceanic convergent
plate margins, followed by collisional welding and intracrustal fraction-
ation of arc systems to form larger tracts of increasingly differentiated
continental crust (Stern, 1994; Stern and Abdelsalam, 1998; Ali et al.,
2009; Stern et al., 2010; Eliwa et al., 2014; Robinson et al., 2014).
The tectonic evolution of the ANS is commonly divided into three
major stages: 1) Cryogenian collision and subduction (~870–635 Ma)
characterized by the development of island arc volcano-sedimentary
966 2 695 2095.
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sequences and I-type plutonic rock; 2) Early Ediacaran continental
collision (~630–580 Ma, Bentor, 1985; Avigad and Gvirtzman, 2009;
Be'eri-Shlevin et al., 2009b; Johnson et al., 2011) by continuing conver-
gence between East and West Gondwana to form the East African
orogen (Stern, 1994), and 3) Late Ediacaran post-collision stage
(580–540 Ma), characterized by stabilization of the shield followed by
regionally extensive peneplanation (Avigad et al., 2005). Development
of sedimentary basins and emplacement of increasingly alkaline
igneous rocks took place during the last two stages (e.g., Stoeser and
Camp, 1985; Beyth et al., 1994; Jarrar et al., 2003; Johnson, 2003;
Moghazi, 2003; Eyal et al., 2010). Finally, the ANS stabilized as continen-
tal crust by Early Cambrian time (~525 Ma; Garfunkel, 1999; Robinson
et al., 2014).

I-type granitoids (Cryogenian and Early Ediacaran) are major com-
ponents of the ANS (Johnson et al., 2003; Moussa et al., 2008; Johnson
et al., 2011). Geochemical studies reveal that they are metaluminous
to slightly peraluminous, calc-alkaline, subduction-related intrusives
(Pearce et al., 1984; Maniar and Piccoli, 1989; Jarrar et al., 2003;
Moussa et al., 2008; Be'eri-Shlevin et al., 2009b; Ali et al., 2015;
Robinson et al., 2015), and they were formed synchronously with the
formation of large molasse basins (Johnson, 1998; Genna et al., 2002;
V. All rights reserved.
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Fig. 1. (a, inset) Geological sketch map of NE Africa showing the Arabian–Nubian Shield,
the Saharan Metacraton, and Archaean and Palaeoproterozoic crust that was remobilized
during the Neoproterozoic. (b) Geological map of the Eastern Desert of Egypt showing
study areas (modified from Stern and Hedge, 1985; Ali et al., 2012a).
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Nehlig et al., 2002; Stern and Johnson, 2010). The orogenic phase was
then followed by continued convergence and the development of
regionally extensive strike-slip fault (escape tectonics) from 610 Ma to
525 Ma (Greiling et al., 1994; Stern, 1994; Genna et al., 2002; Johnson
et al., 2011; Robinson et al., 2014).

Intrusion of post-collisional alkaline to peralkaline rocks (A-type
granites) and development of extensive pull-apart basins marked the
extension that followed the Neoproterozoic orogenic event during the
final suturing of the Arabian–Nubian Shield and the formation of subse-
quent extensional basins (Greiling et al., 1994; Johnson, 1998; Wilde
and Youssef, 2000; Nehlig et al., 2002; Johnson, 2003; Johnson et al.,
2011). The alkaline granites constitute about 2% of the Arabian–Nubian
Shield and represent one of the largest fields of alkaline granites on
Earth (Stoeser, 1986; Liégeois and Stern, 2010; Johnson et al., 2011).
Petrogenetic models for the generation of A-type alkaline granites
range from partial melting of the lower crust to extreme differentiation
of mantle-derived tholeiitic or alkaline basaltic magma (Bonin and
Giret, 1990; Collins et al., 1992; Turner et al., 1992; Frost and Frost,
1997; Patiño Douce, 1997; Mushkin et al., 2003; Huang et al., 2011). As-
similation of older crustal material into mantle derived granitic magma
is plausible model to account for the petrogenesis of such rocks (Eby,
1990, 1992; Kemp et al., 2006; Zhang et al., 2012).

In order to clarify themagma sources of the I-type granitoids (older)
and A-type granites (younger), and to assess fractional crystallization
as a possible petrogenetic mechanism for the formation of these rocks
(Miller, 1985; Secchi et al., 1991; Teixeira et al., 2012; Wang et al.,
2014), we report Hf–O data on single zircons from granites with
known U–Pb zircon ages and whole-rock Nd isotopic data (Moussa
et al., 2008) of some older and younger granites from North Eastern
Desert (NED) of Egypt.

U–Pb analysis of zircon, which is generally the best way to date crys-
talline Precambrian igneous rocks (Rollinson, 1993; Davis et al., 2003;
Dickin, 2005), can help to distinguish between magmatic contributions
from Neoproterozoic juvenile versus pre-Neoproterozoic crust (Stoeser
and Camp, 1985; Wilde and Youssef, 2000; Whitehouse et al., 2001;
Stern et al., 2010). This is because zircons are among themost refractory
of minerals, difficult to destroy by dissolution and melting (Tange and
Takahashi, 2004). Zircon has a strong preference for U over Pb during
crystallization and the power of the complementary U–Pb geochro-
nometers. Igneous rocks generated by interaction with older crust
invariably contain a mixture of zircons formed within the melt and
xenocrystic inherited from older non-juvenile crust (Whitehouse
et al., 2001; Moussa et al., 2008; Ali et al., 2009; Stern et al., 2010).

Whole-rock Sm–Nd isotopic composition is related directly to the
magma source. The elements Sm and Nd are much less mobile than
Rb, Sr, Th, U and Pb, thus Sm–Nd system may be used to see through
younger events in rocks whose isotopic systems have been disturbed
by metamorphism or fluid interaction (Rollinson, 1993). Because Sm–
Nd isotopic system remains relatively unaffected by low temperature
alteration (Barovich and Patchett, 1992; Rollinson, 1993; Dickin, 2005;
Katzir et al., 2007), these isotopic ratios are commonly considered as
the most reliable tracers of magma sources (Whitehouse, 1988; Eyal
et al., 2010; Stern et al., 2010). Samarium is accommodated more easily
than Nd into mafic minerals, thus fractionation of mafic minerals
will lower Sm/Nd in the melt phase. However, during partial melting
magma will have the same isotopic character as its source region
(Rollinson, 1993; Vervoort et al., 1999; Stern et al., 2010), unless mixing
or contamination processes are involved in the magma genesis.

Lu–Hf isotopes behave similar to Sm–Nd in silicate magmas, being
not significantly fractionated within the continental crust by thermal
events or sedimentary processes and thus preserve isotopic ratios of
their source regions (Patchett et al., 1981; Scherer et al., 1997; Amelin
et al., 1999; Vervoort et al., 1999; Scherer et al., 2000). However, Hf iso-
topes in zircons (Patchett et al., 1981; Vervoort et al., 1996; Scherer
et al., 2000, 2001; Belousova et al., 2006) have advantages over the
Sm–Ndwhole-rock systemas a tracer ofmagma source and petrogenet-
ic processes (Kinny and Maas, 2003; Dickin, 2005; Belousova et al.,
2010). Zircon typically contains tens of ppm of Lu but ~1% Hf (Hiess
et al., 2009), thus it is the major reservoir for Hf in granitoids (Hoskin
and Schaltegger, 2003; Hiess et al., 2009). The very low 176Lu/177Hf
ratios of zircons result in their present-day Hf isotopic compositions
approximating that of magmas from which the zircons crystallized
(Kinny and Maas, 2003). These zircons have 176Hf/177Hf ratios consis-
tent with evolution in a reservoir with 176Lu/177Hf, i.e. continental
crust (low 176Lu/177Hf) or depleted mantle (high 176Lu/177Hf), or reflect
a mixture of melts from older crust and depleted mantle (Amelin et al.,
2000; Chauvel and Blichert-Toft, 2001; Hiess et al., 2009).

Oxygen isotopes in igneous zircon are sensitive to whether a
rock underwent magma contamination or not (Valley, 2003; Zheng
et al., 2004, 2006; Be'eri-Shlevin et al., 2009a,c; Hiess et al., 2009;
Be'eri-Shlevin et al., 2010). The δ18O record of non-metamict zircon is
generally preserved from the time of crystallization despite high-
grade metamorphism or hydrothermal alteration due to robustness of
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themineral (Valley, 2003; Valley et al., 2005). Therefore, the Hf isotopic
compositions and δ18O of zircon can be used to reveal important in-
formation on the magma source and specifically indicate whether or
not the source experienced significant hydrothermal alteration, as
would be expected if themagmaprotolithwas juvenile arc crust involv-
ing hydrothemally altered volcanics or weathered sediments (Valley,
2003; Kemp et al., 2007; Bolhar et al., 2008; Hiess et al., 2009).

2. Geology background and petrography

The basement complex of the Eastern Desert of Egypt is composed of
a series of Cryogenian island arc associations pierced byNeoproterozoic,
older (syn-collision) and younger (late or post-collision) granitoid
intrusions. The older granitoids comprise calc-alkaline diorite, tonalite,
trondhjemite and granodiorite intrusions (~850–635 Ma), whereas
the younger granites (~630–540 Ma) range from quartz-monzonite to
alkali granite (e.g., El-Ramly, 1972; Fleck et al., 1980; Greenberg, 1981;
Jackson et al., 1984; Bentor, 1985; Harris, 1985; Stern and Hedge,
1985; Stern and Gottfried, 1986; El-Gaby et al., 1988; Ali et al., 2012a).
The older granitoids are I-type, calc-alkaline intrusions, most likely
originated by fractionation of mafic melts generated by partial melting
of mantle wedge with little or no crustal contamination (e.g., Hussein
et al., 1982) or by anatexis of granulitic lower crust in subduction
zones (e.g., Furnes et al., 1996; Moghazi, 1999). The younger granites
are A-type, alkaline to peralkaline series (e.g., El-Sayed, 1998; El-Sayed
et al., 2002;Moghazi, 2002; Farahat et al., 2007; Ali et al., 2012a), formed
in a post-collisional setting or anorogenic, rift-related environment
(e.g., El-Sayed et al., 2002; Moghazi, 2002; Mohamed and El-Sayed,
2008). According to Greenberg (1981), the younger granites are thought
to be derived from fractional crystallization of depleted upper mantle or
lower crustal material (Moussa et al., 2008; Be'eri-Shlevin et al., 2009b).
Sultan et al. (1990) suggested that post-collisional granites in the ANS
which contain inherited zircon are likely anatectic melts of pre-Pan-
African continental component (Hargrove et al., 2006; Moussa et al.,
2008; Be'eri-Shlevin et al., 2009a; Morag et al., 2011, 2012).

The younger granites are non-foliated, small (a few kms-across),
circular or elongated epizonal plutons with sharp intrusive contacts
against the older country rocks. Characteristic macroscopic features in
the older granitoids include whitish gray color, commonly transected
by granitic pegmatites (instead of quartz veins), well-developedmineral
foliation, and complex contact relations, e.g., migmatization (Greenberg,
1981; El-Gaby et al., 1988; El-Mettwaly, 1992; Ahmed et al., 1993;
El-Sheshtawi et al., 1995; Furnes et al., 1996; Moghazi, 1999; Abdel-
Rahman and El-Kibbi, 2001; Moghazi, 2002).

For this study, we collected samples from four granitic intrusions in
theNorth Eastern Desert, namely; Gabel (G.) AbuHarba, G. Gattar, G. Al-
Missikat, and G. Um Taghir intrusions (Fig. 2). Selection of these intru-
sions is based on the assumption that emplacement of these granites
spanned the period from subduction-related (pre-collision) to conti-
nental collision to post-collision environments in the evolution of the
Eastern Desert basement. Thus, evolution of these granitic rocks over
time can reveal information on significant periods of crustal growth as
well as reworking of pre-existing continental crust.

2.1. Um Taghir batholith

The Um Taghir (also known as Um Tagher) is a huge older granitoid
batholith, extending along the Qena–Safaga road for at least 80 km
(Fig. 2). These rocks are mostly medium- to coarse-grained granodio-
rite–tonalite (Fig. 3), locally show mineral lineation and open folding.
Xenoliths of fine-grained mafic rocks and pegmatitic gabbro are com-
mon, especially at the intrusion peripheries. The Um Taghir batholith
cuts successions of island arc metavolcanic/metavolcaniclastic rocks,
and ophiolitic metagabbro. Several younger granite massifs intrude
the Um Taghir batholith and form conspicuous mountainous peaks
(gabels), i.e., G. Mons Claudianus, Ras Barud, G. Um Taghir El-Foqani,
G. El-Gidami, G. Rie El-Jarrah and G. Al-Missikat. The Um Taghir granit-
oids are composed of oligoclase-andesine, quartz, orthoclase, and less
common biotite and hornblende. Apatite, titanite, zircon, and epidote
are common accessory minerals. Opaque minerals are mainly ilmenite,
titanomagnetite and magnetite. El-Debeiky (1994) reported a Rb–Sr
isochron age of 632 ± 5 Ma for the granitoid suite of the Qena–Safaga
(Um Taghir) batholith, which is slightly younger than the U–Pb age
(652.5 ± 2.6 Ma), which is considered as the crystallization age of the
Um Taghir granodiorite (Moussa et al., 2008). Stern and Hedge (1985)
reported a U–Pb model zircon age of 665 Ma for the Mons Claudianus
granodiorite. Although previously considered to be a late-orogenic
calc-alkaline granitoids (Sabet et al., 1972), geochemical data of these
rocks indicate that they are syn-orogenic, I-type metaluminous, and
formed in a volcanic-arc setting (Helmy et al., 2004; Moussa et al.,
2008). The parent magma of the Um Taghir batholith was likely gener-
ated by high degrees of partial melting of the lower crust (Moussa et al.,
2008). Based on applicable geothermobarometers, Helmy et al. (2004)
calculated the pressure–temperature formation conditions of the Um
Taghir granitoids at ~5 kbar and 724–800 °C.

2.2. Abu Harba intrusion

The Abu Harba intrusion (Fig. 2) forms a N–S elongated, highmoun-
tainous peak (Gabel Abu Harba) cutting foliated Cryogenian meta-
volcanic/metasedimentary successions and massive Ediacaran Dokhan
Volcanics north of G. Gattar in the NED (Dardir et al., 1982). Salman
et al. (2006) recognized two distinct varieties in theAbuHarba granites;
namely biotite granite and perthitic leucogranite. These are mostly
medium-grained rocks, composed essentially of K-feldspar (orthoclase
and microcline), quartz and subordinate albite and biotite. Accessory
minerals include titanite, zircon, magnetite, and rare ilmenite. Based
on geochemical studies, Moussa et al. (2008) described these rocks as
post-collisional syenogranite (Fig. 3) formed in a within-plate setting.
Moussa (1998) reported a Rb–Sr whole-rock isochron age of 590 ±
4Ma for these rocks, while five concordant zircon grains yielded a crys-
tallization age of 595.3 ± 3.3 Ma (Moussa et al., 2008).

2.3. Gattar intrusion

The Gabel Gattar pluton is a large complex granite intrusion (Fig. 2)
covering ~480 km2 in the NED. It forms rugged mountainous peaks of
mainly pink to red medium-grained granite, and roof pendants or iso-
lated masses of older diorite and granodiorite (e.g., Dardir and Abu
Zeid, 1972; El-Rakaiby and Shalaby, 1992). It cuts variably deformed
metavolcanics, syn-orogenic granite, DokhanVolcanics andHammamat
Group molasse sediments (Moussa et al., 2008 and references therein).
Where intruded into theHammamat Group, a contactmetamorphic au-
reole is manifested by hundreds of meters-wide hornblende hornfels
along the Wadi Bali. The Gebal Gattar younger granite is mainly com-
posed of perthitic orthoclase, quartz and plagioclase together with
minor biotite and opaqueminerals. Zircon,monazite, xenotime,fluorite,
apatite, allanite, sphene, uraninite and uranophane and goethite are the
most common accessory and secondary minerals. Magnetite, ilmenite,
and pyrite in addition to chalcopyrite and pyrrohtite are common
opaque minerals (El-Feky, 2011).

Whole-rock geochemical data indicate that these rocks are post-
collisional syenogranites (Fig. 3), mildly alkaline subsolvus and alkaline
hypersolvus granites originated from metaluminous to slightly peralu-
minous and alkaline magma (El-Sayed et al., 2003; Moussa et al.,
2008). Low Ba and Sr contents and high REE + Y contents may reflect
a highly fractionated (low P) A-type granite (El-Kammar et al., 2001).
These rocks formed in an extensional setting under epizonal condi-
tions, 800 °C to 850 °C. Moussa et al. (2008) obtained a crystallization
U–Pb zircon concordia age of 604.8 ± 3.3 for a granite sample from
G. Gattar.



Fig. 2.Geological map of the North Eastern Desert of Egypt, Arabian–Nubian Shield, showingmajor rock units, faults, and study areas (1. G. Abu Harba, 2. G. Gattar, 3. G. Um Taghir, and 4.
G. Al-Missikat).
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2.4. Al-Missikat intrusion

The Gabel Al-Missikat granitic intrusion is located near the western
edge of basement exposures ~3 km south of the asphaltic road between
Qena and Safaga (Fig. 2). It forms ~30 km2 oval-shaped intrusion of pale
reddish, and locally porphyritic granite (Moussa, 2006). The granite
mass of G. Al-Missikat along with the northern parts of G. Rie Al-
Jarrah and G. Al-Gidami forms a composite intrusion (Abu-Deif and El-
Tahir, 2008). It is composed mainly of medium-grained syenogranite
(Fig. 3), rich in albite, quartz, and K-feldspar, and poor in ferromagne-
sian minerals (Abu-Deif, 1999). Zircon, monazite, allanite, apatite, fluo-
rite, and iron oxides are accessoryminerals. The altered rocks are rich in
chlorite, epidote and iron hydroxides. The Al-Missikat intrusion cuts
older syn-orogenic granodiorite, metavolcanics and ophiolitic rocks,
mostlywith sharp intrusive contacts. Abundant xenoliths of older coun-
try rocks are observed in most parts of the intrusion, suggesting em-
placement at structurally high level (Abu-Deif and El-Tahir, 2008).
Based on the whole-rock geochemical data, Moussa et al. (2008) con-
cluded that Al-Missikat granite is a peraluminous A-type granite formed
in a within-plate, post-collision setting. The Al-Missikat granite yields a
Rb/Sr age of 551–585 Ma (Fullagar, 1980), while a poorly-constrained
concordia age of 596.5 ± 7Ma (MSWD= 1.1) is considered a tentative
crystallization age (Moussa et al., 2008). However, zircon U–Pb ages
range from 617 to 674 Ma, probably represent inherited xenocrysts
(Moussa et al., 2008).
3. Analytical techniques

The following is a brief synopsis of analytical procedure; further de-
tails are presented in Appendix A. Zircons from 4 granitic samples were
analyzed for Hf and O isotopic compositions. All analyses were carried
out in-situ at the Department of Geosciences, University of Oslo in
Norway and at the Swedish Museum of Natural History, Stockholm,
Sweden, respectively. Analytical results are listed in Table 1.

4. Results

4.1. Hf isotopic compositions in zircons

Thirty-nine Lu–Hf isotopic analyses of single zircons from the four
dated granitoid samples are presented in Table 1 and Fig. 4, along
with δ18O isotopic analyses for the same grains used for U–Pb age deter-
mination (Fig. 5). Crustal model ages tNC (Table 1) used here are those
which are calculated for the new crust assuming a value of 0.0113 for
average continental crust, and a juvenile crust 176Lu/177HfNC and
176Hf/177HfNC of 0.0384 and 0.283165, respectively (Dhuime et al.,
2011). More details are explained in Appendix A.

4.1.1. Um Taghir older granite: #EW-3 (26°29′28.51″N, 33°28′50.81″E)
Eleven spot-analyses were carried out on eleven zircon grains from

sample EW-3 (Um Taghir older granites; Table 1). As shown on the Hf
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isotope evolution diagram of Fig. 3a, the concordant zircons have initial
εHf(t) values of +9.1 to +11.2 and crustal model ages (Hf-tNC) be-
tween 0.67 and 0.77 Ga (Table 1). These data are plotted in Fig. 4a.
4.1.2. Abu Harba younger granite: #EW-1 (27°19′58.80″N, E33°10′0.12″)
Twelve spot-analyses were carried out on 12 zircon grains from

sample EW-1 (Abu Harba younger granites) which were dated by
SIMS (Table 1). The concordant zircons have initial εHf(t) values of
+7.5 to +10.2 and crustal model ages (Hf-tNC) vary between 0.73 to
0.87 Ga. These data are plotted in Fig. 4b.
4.1.3. Gattar younger granite: #EW-2 (27°5′53.69″N, E33°19′20.48″)
Nine Lu–Hf spot analyses were done on nine concordant zircon

grains from sample EW-2 (Gattar younger granites) and yielded initial
εHf(t) values of +6.3 to +8.5 and Hf crustal model ages (tNC) between
0.84 to 0.96 Ga (Table 1). These data are plotted in Fig. 4c.

4.1.4. Al-Missikat younger granite: #EW-5 (26°20′4.63″N, E33°26′0.74″)
Seven Lu–Hf spot analyses were done on seven concordant zircon

grains from sample EW-5 (Al-Missikat younger granites). These yielded
initial εHf(t) values between +7.4 to +10.6 and Hf crustal model ages
(tNC) between 0.67 to 0.91 Ga (Table 1). These data are plotted in Fig. 4d.

4.2. Single zircon δ18O results

The results of ion-microprobe δ18O analyses of single zircon grains
from the four investigated granitoid intrusions are presented in
Table 1. The U–Pb and O isotope systematics are presented as plots of
δ18O versus U–Pb age (Fig. 5), together with the δ18O range for mantle
zircons (5.3 ± 0.6‰, Valley et al., 1998).

4.2.1. Um Taghir older granite (#EW-3)
The δ18O values for single zircon grains of sample EW-3 (Um Taghir

older granite) reveal that zircon dated at 601–668 Ma have mantle-like
δ18O values of +4.00 to +5.96‰ (mean = +5.12 ± 0.38‰; n = 13;
Fig. 5a), suggesting that the zircons crystallized from magma formed
by melting of a Neoproterozoic juvenile crust.

4.2.2. Abu Harba younger granite (#EW-1)
For granite sample EW-1 (Abu Harba younger granite), fourteen

analyses yielded δ18O values of +3.59 to +6.01‰. The nine grains of
concordant U–Pb ages gave a smaller δ18O range, from +3.59 to
5.75‰ (mean=+4.65± 0.59‰; n= 9; Fig. 5b). One concordant anal-
ysis (spot 05) which was rejected for age calculation (206Pb/238U =
693 Ma) shows a similar δ18O value (+5.0 ± 0.4‰).

4.2.3. Gattar younger granite (#EW-2)
The δ18O values of the concordant zircon grains from sample EW-2

(Gattar younger granite) range from +5.31 to +6.70‰ (mean =
+6.03 ± 0.77‰; n = 7; Fig. 5c) and these are mantle-like (5.3 ± 0.6‰,
Valley et al., 1998) toweakly elevated δ18O values, suggesting that the zir-
cons crystallized from magma that interacted with Neoproterozoic juve-
nile crust. One concordant analysis (spot 8) (206Pb/238U = 604 Ma)
showshigher δ18O value (+8.98±0.57‰) than the other seven analyses.

4.2.4. Al-Missikat younger granite (#EW-5)
The δ18O values for single zircons of sample EW-5 (Al-Missikat

younger granite) reveal that zircon dated at 573–674 Ma have
mantle-like δ18O values of +5.15 to +6.38‰ (mean = +5.92 ±
0.43‰; n=7; Fig. 5d) and these, suggesting that the zircons crystallized
from magma that interacted with Neoproterozoic juvenile crust.

5. Discussion

The origin of ANS granitic rocks is not clear. Were these magmas
produced by fractionation of mafic melts or by remelting of older crust
(i.e. pre-Neoproterozoic crust, or slightly older Neoproterozoic conti-
nental crust)? The evolution of the sources of the ANS granitic rocks
through time could be reflected by Nd–Sr–O–Hf isotopic compositions
(Patchett et al., 1981; Amelin et al., 1999; Vervoort et al., 1999;
Scherer et al., 2000; Be'eri-Shlevin et al., 2010; Collins et al., 2011). Pub-
lished Sm–Ndwhole-rock isotopic data and initial 87Sr/86Sr indicate that
most ANS continental crust was derived from depleted (e.g., island arc-
like) mantle sources, with negligible input from pre-Neoproterozoic
crust (Stern, 2002; Moussa et al., 2008; Be'eri-Shlevin et al., 2009a,c,
2010; Liégeois and Stern, 2010; Stern et al., 2010; Morag et al., 2011;
Ali et al., 2012b; Augland et al., 2012; Lundmark et al., 2012; Morag



Table 1
Single zircon Lu–Hf and δ18O isotopic data for granites from eastern desert, Egypt.

Spot t (Ma) 176Yb/177Hf 2σ 176Lu/177Hf 2σ 176Hf/177Hf 2σ Hf(i) εHf(t) 2σ tDM tDMc tNC Th/U δ18O ± ‰

Abu Harba granite # EW-1 (N27°19′58.80″ E33°10′0.12″)
EW-1-1 602 0.082826 0.000335 0.001712 0.000013 0.282661 0.000012 0.282642 8.7 0.4 853 994 808 0.29 4.53 0.36
EW-1-2 594 0.067151 0.002100 0.001448 0.000031 0.282685 0.000013 0.282669 9.5 0.5 813 938 751 0.83 4.08 0.37
EW-1-3* 474 0.074862 0.000110 0.001659 0.000006 0.282694 0.000014 0.282679 7.2 0.5 804 991 808 0.31 5.13 0.37
EW-1-4* 480 0.055872 0.000440 0.001202 0.000007 0.282694 0.000012 0.282683 7.4 0.4 795 978 795 0.33 3.18 0.37
EW-1-5 693 0.070769 0.001650 0.001441 0.000034 0.282645 0.000011 0.282626 10.2 0.4 870 971 782 0.34 5.01 0.36
EW-1-6 564 0.084280 0.001700 0.001733 0.000032 0.282681 0.000012 0.282663 8.6 0.4 825 971 785 0.61 3.59 0.37
EW-1-7 593 0.082526 0.000800 0.001616 0.000011 0.282698 0.000009 0.282680 9.8 0.3 798 914 726 0.38 5.75 0.36
EW-1-8 598 0.069932 0.001350 0.001456 0.000027 0.282655 0.000011 0.282639 8.5 0.4 856 1003 818 0.47 5.58 0.36
EW-1-9 594 0.065241 0.000600 0.001423 0.000012 0.282640 0.000014 0.282624 7.9 0.5 876 1038 854 0.48 4.07 0.40
EW-1-10* 583 na na na na na na 0.67 5.05 0.38
EW-1-13* 592 na na na na na na 0.74 6.01 0.39
EW-1-14 586 0.028652 0.000850 0.000702 0.000017 0.282680 0.000010 0.282672 9.4 0.4 804 935 749 0.76 5.09 0.40
EW-1-15 580 0.053180 0.000350 0.001358 0.000007 0.282637 0.000011 0.282622 7.5 0.4 879 1051 868 0.84 4.00 0.37
EW-1-16* 218 0.086908 0.001250 0.001802 0.000024 0.282672 0.000009 0.282665 1.0 0.3 839 1186 1014 0.17 4.33 0.38

Gattar granite # EW-2 (N27°5′53.69″ E33°19′20.48″)
EW-2-2 597 0.192747 0.002400 0.003819 0.000048 0.282621 0.000010 0.282578 6.3 0.4 965 1139 957 0.34 na na
EW-2-4 624 0.135376 0.000650 0.002596 0.000008 0.282627 0.000012 0.282597 7.6 0.4 924 1081 897 0.33 6.06 0.36
EW-2-5* na na na na na na na 0.46 10.08 0.40
EW-2-6 607 0.163673 0.002550 0.003089 0.000044 0.282636 0.000011 0.282601 7.3 0.4 923 1082 898 0.29 5.99 0.37
EW-2-7 635 0.164580 0.000650 0.003071 0.000019 0.282653 0.000011 0.282616 8.5 0.4 898 1030 844 0.56 6.35 0.41
EW-2-8 604 0.173635 0.001000 0.003263 0.000018 0.282629 0.000010 0.282592 7.0 0.4 938 1104 921 0.32 8.98 0.57
EW-2-9 600 0.198521 0.000850 0.003890 0.000011 0.282649 0.000012 0.282605 7.3 0.4 925 1077 893 0.27 5.42 0.37
EW-2-10 634 na na na na na na 0.32 6.70 0.40
EW-2-11* 710 na na na na na na 0.27 5.35 0.40
EW-2-12 599 0.153926 0.003650 0.002924 0.000055 0.282645 0.000013 0.282612 7.6 0.5 906 1062 878 0.34 5.40 0.35
EW-2-13* 650 na na na na na na 0.28 9.28 0.44
EW-2-14 605 0.133785 0.004600 0.002464 0.000080 0.282632 0.000011 0.282604 7.4 0.4 913 1076 893 0.31 5.31 0.36

Um Taghir granite # EW-3 (N26°29′28.51″ E33°28′50.81″)
EW3-1* 539 0.044411 0.000460 0.001071 0.000010 0.282703 0.000012 0.282692 9.1 0.4 779 920 734 0.87 6.34 0.39
EW3-2 643 0.032802 0.001550 0.000760 0.000033 0.282701 0.000012 0.282692 11.2 0.4 776 861 665 0.47 5.29 0.40
EW3-3 601 0.024081 0.000340 0.000585 0.000007 0.282679 0.000011 0.282672 9.7 0.4 803 926 738 0.99 4.57 0.38
EW3-4 653 0.114709 0.000550 0.002477 0.000014 0.282685 0.000014 0.282655 10.3 0.5 836 933 744 1.24 4.00 0.35
EW3-5 668 0.035802 0.000385 0.001012 0.000011 0.282670 0.000014 0.282657 10.7 0.5 825 917 728 0.31 5.77 0.37
EW3-6 626 0.021199 0.000265 0.000551 0.000011 0.282674 0.000010 0.282668 10.1 0.3 809 921 732 0.44 5.08 0.36
EW3-7 655 0.036350 0.002000 0.000855 0.000044 0.282687 0.000009 0.282676 11.1 0.3 797 882 692 0.35 4.66 0.39
EW3-8 660 0.036640 0.000550 0.000869 0.000014 0.282655 0.000013 0.282644 10.1 0.5 842 951 763 0.27 4.88 0.38
EW3-9 672 na na na na na na 0.57 5.96 0.38
EW3-10 660 na na na na na na 0.38 4.91 0.37
EW3-11 653 0.066102 0.000080 0.001668 0.000003 0.282694 0.000012 0.282674 10.9 0.4 805 890 700 0.73 5.75 0.36
EW3-12 654 na na na na na na 0.58 4.40 0.36
EW3-13 626 0.058319 0.001050 0.001828 0.000023 0.282694 0.000011 0.282673 10.3 0.4 808 909 721 0.37 5.74 0.36
EW3-14 644 0.131212 0.002650 0.002743 0.000050 0.282678 0.000013 0.282645 9.7 0.5 852 960 772 0.44 5.55 0.36

Al-Missikat granite # EW-5 (N26°20′4.63″ E33°26′0.74″)
EW5-2 599 0.191257 0.002850 0.004327 0.000055 0.282742 0.000027 0.282693 10.4 1.0 793 880 691 0.30 6.02 0.38
EW5-3* 626 0.231339 0.008500 0.005371 0.000205 0.282841 0.000048 0.282778 14.0 1.7 659 673 478 0.40 5.82 0.38
EW-4* 536 na na na na na na 0.38 5.14 0.35
EW5-5 573 0.137913 0.001250 0.003671 0.000050 0.282751 0.000014 0.282712 10.5 0.5 764 855 666 0.80 6.26 0.35
EW5-6 617 0.243488 0.001850 0.004426 0.000033 0.282694 0.000029 0.282643 9.0 1.0 869 982 795 0.46 6.38 0.38
EW5-7 593 0.065618 0.000375 0.001703 0.000017 0.282720 0.000011 0.282701 10.6 0.4 768 866 677 0.52 5.15 0.35
EW5-8 625 0.203341 0.005000 0.004519 0.000240 0.282645 0.000019 0.282592 7.4 0.7 948 1091 906 0.48 6.08 0.37
EW5-9 581 0.045233 0.000300 0.001142 0.000017 0.282709 0.000018 0.282697 10.1 0.6 772 884 696 0.42 5.49 0.35
EW-10* na na na na na na na 6.18 0.37
EW5-11 674 0.128930 0.002350 0.003046 0.000075 0.282688 0.000017 0.282649 10.5 0.6 845 931 742 0.31 6.25 0.40

In-situ Hf isotope analyses were carried out on the dated spots or in the same area using a Neptune MC-ICPMS at the Department of Geosciences, Oslo, Norway. In-situ O isotopes were
carried out using CAMECA IMS-1280 at the Swedish Museum of Natural History, Stockholm, Sweden (Nordsim facility). Initial Hf isotope ratios were calculated with reference to the
chondritic ratio at the time of crystallization assumed for each sample, a decay constant for 176Lu of 1.867 × 10−11 (Scherer et al., 2001, 2007), and the chondritic ratios of 176Hf/177Hf
(0.282772) and 176Lu/177Hf (0.0332) (Blichert-Toft and Albaréde, 1997) were used. Single-stage Hf model ages (tDM) were calculated using the measured ratios, referred to a model de-
pleted mantle with present-day 176Hf/177Hf of 0.28325 and 176Lu/177Hf of 0.0384 (Vervoort and Blichert-Toft, 1999). Two-stage Hf model ages (tDMc ) are calculated assuming a mean
176Lu/177Hf value of 0.015 for average continental crust (Griffin et al., 2002). Hf model ages (tNC) are calculated from the new crust assuming of 0.0113 (Dhuime et al., 2011) average con-
tinental crust and a juvenile crust 176Lu/177HfNC and 176Hf/177HfNC of 0.0384 and 0.283165, respectively (Chauvel et al., 2008). na = not analyzed. Discordant zircon grains (*). U–Pb (zr)
data from Moussa et al. (2008).
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et al., 2012; Ali et al., 2014). Nevertheless, the abundance of pre-
Neoproterozoic zircons in especially Cryogenian volcanic sequences
suggests that some input of older materials occurred (Ali et al., 2009;
Stern et al., 2010).

In the εNd(t) versus εHf(t) diagram (Fig. 6a), single zircon
εHf(t) and whole-rock εNd(t) are plotted together with fields for the
whole-rock εNd(t) and single zircon εHf(t) analyses for Eastern Desert
post-collisional granites and arc-metavolcanic rocks (Be'eri-Shlevin
et al., 2010; Ali et al., 2012a, 2013). The granodiorite sample (Um Taghir
I-type granites) shows εNd(t) and εHf(t) values that are identical to
depleted-mantle source (juvenile-crust). However, the zircon Hf–O iso-
topic signature and εNd(t) values of Abu Harba, Gattar and Al-Missikat
samples (A-type younger granites) are slightly different from those of
the Um Taghir granodiorite (Figs. 6a and 7), which precludes a model
that all of the younger granitic rocks are simply differentiated
from the granodioritic I-type magma (Wang et al., 2014). The zircon
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Fig. 4. Epsilon Hf(t) versus zircon age diagrams showing zircon data for the North Eastern Desert of Egypt granitic rocks. (a) Sample EW-3 (Um Taghir granodiorite older granites).
(b) Sample EW-1 (G. Abu Harba younger granites). (c) Sample EW-2 (G. Gattar younger granites) (d). Sample EW-5 (G. Al-Missikat younger granites). The depleted mantle (DM) and
new crust (NC) growth curves (solid lines) from a chondritic uniform reservoir (CHUR) value at the Earth's formation (i.e., 4.56 billion years ago) to εHf = 17 at the present time for
the depleted mantle (Vervoort and Blichert-Toft, 1999), and εHf = 13.2 for the average mean of 13 modern island arcs (Dhuime et al., 2011).
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εHf(t) values of the younger granite sample EW-2 are lower than those
of the granodioritic sample (Um Taghir I-type granite) (Moussa et al.,
2008). This implies that the A-type granitic rocks perhaps originated
from mixing of mantle-derived mafic magma and at least minor con-
tribution of crustal derived melts. The mixing model is supported by
field and isotopic observations: (1) the younger granites occur close
to the mafic rocks (~630–590 Ma bimodal igneous activity) and con-
tain mafic enclaves; (2) some younger granites have slightly lower
εHf(t) and εNd(t) values than the granodiorites; (3) some younger
granites have slightly higher δ18O (zr) ‰ values than the mantle-like
signature (5.3 ± 0.6‰, Valley et al., 1998). This inference is supported
by the U–Pb ages of the individual zircon grains (Fig. 7) and Hf-tNC
(Fig. 8; Table 1). The Hf-tNC model ages of Um Taghir granodiorite
(0.67–0.77 Ga) overlap the Hf-tNC model ages of the three younger gra-
nitic samples (0.67–0.96 Ga; Table 1). Moreover, the whole-rock Nd
model age (Nd-tDM) of the Um Taghir granodiorite (0.65 Ga) is slightly
younger than the Nd-tDMmodel ages of younger granite samples (0.67–
0.76 Ga) (Moussa et al., 2008). Overall, the sources of the four granitic
plutons we studied are remarkably similar isotopically, in spite of larger
differences in chemical composition. Field investigation indicated that
post-collisional stage ~600 Ma was characterized by the eruption of
calc-alkaline volcanic rocks (Dokhan Volcanics) and felsic intrusions
(younger granites) in the NED (Moghazi, 2003; Breitkreuz et al., 2010;
Eyal et al., 2010; Eliwa et al., 2014). U–Pb zircon ages of 630–590 Ma
were reported for the Dokhan Volcanics (Wilde and Youssef, 2000;
Breitkreuz et al., 2010), thus the A-type granite (younger granites) per-
haps was part of NED bimodal activity (Eliwa et al., 2014). In summary,
it is likely that the mantle-derivedmagmawhich produced the Dokhan
Volcanics evolved to rhyodacite–rhyolite and their subvolcanic equiva-
lents (Breitkreuz et al., 2010; Eliwa et al., 2014). Fractional crystalliza-
tion of the Dokhan mafic magma at the crust boundary perhaps acted
as a crustal heat source and triggered partial melting of the middle to
lower crust to produce the ~600 Ma A-type magmas (e.g., Wang et al.,
2014). Another possibility is that lithospheric delamination ~600Maoc-
curred beneath the region (Avigad andGvirtzman, 2009). Emplacement
of hot asthenosphere beneath the lower crust may have resulted in
massive heating of lower crust, generating the A-type granites.

The retention of initial magmatic δ18O values of zircon relies on sev-
eral factors, including temperature and cooling rate, zircon–fluid inter-
action and zircon degree of metamictization (Liu and Zhang, 2013).
High degree of metamictization can lead to zircon recrystallization dur-
ing zircon–fluid interaction by dissolution–reprecipitation to produce
porous zircons with a mottled CL texture (Tomaschek et al., 2003;
Booth et al., 2005; Liu and Zhang, 2013). Such zircons display highly dis-
cordant ages, decreasing Th/U and sometimes systematic change of δ18O
values (Booth et al., 2005). The considered zircon grains for O isotopic
compositions from granitic samples (EW-1 & EW-3) were concordant
and not affected by serious Pb loss. Also, zircon δ18O values are not cor-
relatedwith their U and Th contents (Table 1), suggesting that their low
δ18O values are not related to zircon metamict degree. Therefore, we
infer that low δ18O values must be related to low δ18O magmatic origin.

The low positive δ18O zircon signatures in Abu Harba A-type granite
and Um Taghir granodiorite (δ18O values of +4.00 to +6.01‰.; Fig. 7)
relative to mantle values of ~+5.3 ± 0.6‰ (Valley et al., 1998)
(Fig. 6b), can be explained by incorporating a very small admixture of
rocks that were hydrothermally altered by meteoric water at high tem-
perature (N300 °C), such as lower oceanic crust (Wei et al., 2002; van
Schijndel, 2013) or crystallized from an isotopically heterogeneous
low δ18Omagma formed from protoliths previously altered bymeteoric
fluids before melting (Liu and Zhang, 2013).

In summary, isotopic data of the post-collisional granitic samples
from the NE Desert of Egypt indicate derivation from a juvenile
Neoproterozoic mantle source and minor hydothermally altered mate-
rial supporting the petrogenetic mixing magma model of Eby (1990,
1992), Kemp et al. (2006), and Zhang et al. (2012). In contrast the
syn-tectonic granodiorite (Um Taghir I-type calc-alkaline granitoids)
magmas were generated by partial melting of mafic and intermediate
igneous rocks, perhaps during subduction in island arc-setting.

6. Conclusions

New and published isotopic data can lead to the following
conclusions:

1. εHf values of+9.1 to+11.2 (mean=10.4± 0.4) and δ18O values of
+4.00 to +5.96‰ (mean = +5.12 ± 0.38) of the I-type syn-
tectonic granodiorite are consistent with melting of arc-related
crustal protoliths from which the ANS was derived during the
Cryogenian (850–630 Ma).

2. εHf values of+6.3 to+10.6 and δ18O values of +5.15 to+6.70‰ of
the post-collisional A-type granite samples are consistent with
melting of a juvenile Neoproterozoic mantle source that assimilated
some older crustal material but any such components is likely to be
Neoproterozoic in age.

3. The Hf-crustal model ages (Hf-tNC) using the present-day composi-
tion of average of modern island arcs (Dhuime et al., 2011) are con-
sistent with the depleted mantle Nd model ages (Moussa et al.,
2008) and indicate melting of predominantly Ediacaran crustal
protoliths.

4. δ18O values of +3.59 to +6.01‰ (mean=+4.65‰) for domains in
single zircons of AbuHarba A-type granites are interpreted as a result
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Egypt. Whole-rock εNd(t) data and 206Pb/238U ages of the studied samples from Moussa et al. (2008).
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of crystallization of zircon from magma derived overwhelmingly
from mantle melts that were perhaps influenced by partial melts of
rocks that were hydrothermally altered by hot meteoric water.

5. Hf–O isotopic compositions from the present study complemented
by published U–Pb zircon data and whole-rock Nd isotopic system
(Moussa et al., 2008) of the A-type post-collisional granites indicate
mixing processes and support the petrogenetic model of Eby (1990,
1992).
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Fig. 8. (a) Plot of U–Pb zircon ages versus Hf crustal model ages (Hf-tNC) for zircons from
four granitoid samples from theNEDesert of Egypt. Crustalmodel ages (tNC, Table 1),were
calculated assuming that the parentalmagma of the zirconswas produced fromnew crust
assuming of 0.0113 for average continental crust and a juvenile crust 176Lu/177HfNC and
176Hf/177HfNC of 0.0384 and 0.283165, respectively (Dhuime et al., 2011). Data yielding
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source, whereas those with t + 300 b Hf-tNC b t + 900 or with Hf-tNC N t + 900 are con-
sidered to represent juvenile crust contaminated by pre-Neoproterozoic crustal compo-
nents. U–Pb zircon ages of the granitoid rocks from Moussa et al. (2008).
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gr.2015.02.008.
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Appendix A. Analytical techniques

Oxygen isotope ratios of zircon grains previously analyzed by SIMS
for U–Pb ages (Moussa et al., 2008) were measured using a CAMECA
IMS-1280 instrument at the Swedish Museum of Natural History,
Stockholm, Sweden. Analytical procedures are those of Be'eri-Shlevin
et al. (2010). Ion-microprobe δ18O measurements were performed on
forty-nine zircon grains in the same U–Pb dated spots or in very close
proximity. Prior to ion-microprobe δ18O analysis, the U–Pb analysis
spots were removed from the zircons by polishing followed by
recoating with ~30 nm gold. The analytical results are presented in
Table 1. Geostandard zircon R33 (419 Ma quartz diorite of Braintree
complex, Vermont, Black et al., 2003), was analyzed frequently during
the analytical session and yielded a mean δ18O value of 5.55 ± 0.17‰
(n = 20; MSWD = 0.84) (Table A1 — supplementary data). This value
agrees well with the recommended δ18O value of 5.55 ± 0.04‰
(Valley, 2003).

Zircon spots previously analyzed by SIMSwere selected for Hf isoto-
pic analyses using a NeptuneMC-ICP-MS (Nu Instruments, UK), coupled
to a 193 nmexcimer laser ablation system (ResolutionM-50, Resonetics
LLC, USA) at the Department of Geosciences, University of Oslo in
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Norway. Data were acquired by ablating 55 μm (diameter) laser spots,
and a 10 Hz repetition rate was used. The analyses consisted of a 30 s
blankmeasurement prior to the start of ablation followed by 40 s of ab-
lation and measurement. The 176Hf/177Hf ratios were normalized to
179Hf/177Hf = 0.7325, using an exponential law for mass fractionation.
Isobaric interference of 176Yb and 176Lu on 176Hf was corrected bymon-
itoring 172Yb and 175Lu, respectively. The in-situ measured 173Yb/172Yb
ratio was used for mass bias correction for both Yb and Lu because of
their similar physicochemical properties. Ratios used for the corrections
were 0.5887 for 176Yb/172Yb and 0.02655 for 176Lu/ 175Lu (Vervoort
et al., 2004). External corrections were applied to all unknowns, and
standard zircons Mud Tank, Temora-2 and Malawi-1 were used as ex-
ternal standards (Table A2 — Supplementary data) and were analyzed
frequently during the analytical session. The measured 176Lu/ 177Hf ra-
tios and a 176Lu decay constant of 1.867 × 10−11 as reported by
Scherer et al. (2001, 2007) were used to calculate initial 176Hf/ 177Hf ra-
tios. Calculation of εHf values is based on the chondritic values of
176Hf/177Hf and 176Lu/177Hf as reported by Blichert-Toft and Albaréde
(1997) and Blichert-Toft et al. (1999). The mantle extraction model
age (tDM) was calculated using the measured 176Lu/177Hf of the zircon,
but this only provides a minimum age for the source material of the
magma fromwhich the zircon crystallized. Therefore,we also calculated
‘crustal’ model ages tc (Table 1), which assumes that the parental
magma of the zirconswas produced from an average continental crustal
source with 176Lu/177Hf = 0.015 (Griffin et al., 2000, 2002) that was ul-
timately derived from a depleted mantle. The best estimate for the
present-day composition of average new crust formed at destructive
plate margins and the corresponding mantle source may be inferred
from the weighted average of 13 modern island arcs worldwide with
εHf of 13.2 ± 1.1 (Dhuime et al., 2011). Thus, the model ages (Hf-tNC)
calculated from the composition of the new crust are younger than
model ages inferred from the depleted mantle model. Crustal model
ages tNC (Table 1) are calculated for the new crust assuming a value of
0.0113 for average continental crust, and a juvenile crust 176Lu/177HfNC
and 176Hf/177HfNC of 0.0384 and 0.283165, respectively (Dhuime et al.,
2011). The depleted mantle lines in Fig. 4 are defined by present-day
176Hf/177Hf = 0.28325 and 176Lu/177Hf = 0.0384 (εHf = 17; Vervoort
and Blichert-Toft, 1999; Griffin et al., 2002, 2004) and NC evolution
curve is the line evolution from a uniform reservoir (CHUR) to εHf =
13.2 for present-day island-arc crust (Dhuime et al., 2011).
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