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Magma sources
uring the evolution of the Neoproterozoic Arabian-Nubian Shield (ANS) were
defined using the oxygen isotope ratio of zircon [δ18O(Zrn)]. Evidence for early (~870–740Ma) crustal recycling
in the northernmost ANS (southern Israel and Sinai, Egypt) is given by laser fluorination analysis of bulk zircon
separates, which yield higher than mantle δ18O(Zrn) values of several island arc complex (IAC) orthogneisses
(6.9 to 8.2‰) and also from the average δ18O(Zrn) value of 6.4‰ determined for detrital zircons (~870–780Ma)
from the Elat-schist; the latter representing the oldest known rock sources in the region. These results indicate
prolonged availability of surface-derived rocks for burial or subduction, melting, and assimilation at the very
early stages of island arc formation in the ANS. Other IAC intrusions of ~800 Ma show mantle-like δ18O(Zrn)
values, implying that not all magmas involved supracrustal contribution. Much younger (650–625 Ma)
deformed syn-collisional calc-alkaline (CA1) intrusions are characterized by δ18O(Zrn) values of 5.0 to 7.9‰
indicating continued recycling of the felsic crust.
Themain sample set of this study comprises rocks from themostly granitic, post-collisional calc-alkaline (CA2:
~635–590 Ma) and alkaline (AL: ~608–580 Ma) magmatic suites. Despite having distinct geochemical
characteristics and petrogenetic paths and spans of magmatic activity, the two suites are indistinguishable by
their average δ18O(Zrn) values of 5.7 and 5.8‰ pointing to the dominance of mantle-like δ18O sources in their
formation. Nonetheless, grouping the two suites together reveals geographical zoning in δ18O(Zrn) where a
large southeastern region of δ18O(Zrn)=4.5 to 5.9‰ is separated from a northwestern belt with δ18O(Zrn)=6 to
8‰ by a ‘6‰ line’.
It is thus suggested that all CA2 and AL magmas of the northernmost ANS were derived frommantle-like δ18O
reservoirs in the mafic lower-crust and the lithospheric-mantle, respectively. However, while in the
northwestern belt these magmas intruded a thick crustal section and assimilated ~15–35%, high-δ18O IAC+
CA1 material, magmas in the southeastern region intruded a thinner crust and little or no contamination
occurred. The proposed NW–SE variance in crustal thickness during the late Neoproterozoic fits well with the
geometry of the fan shaped rifting model proposed by Stern [Stern, R.J., 1985. The Najd Fault System, Saudi
Arabia and Egypt: a late Precambrian rift related transform system. Tectonics 4, 497–511.] for this region. Deep
parts of the lithosphere were beginning to rift at ~630 Ma, allowing the asthenospheric mantle to rise and
transfer heat to the lithosphere. This resulted in vastmelting of themafic lower-crust to produce the batholithic
CA2 magmas. Later (~610 Ma) percolation of lithospheric-mantle melts (possibly along deep seated
lithospheric-scale faults) introduced AL magmas to shallow levels of the crust. Intrusion of CA2 and AL
mantle-like δ18O parentmagmas into the thinned southeastern crust did not involve assimilation of older crust
whereas similar intrusion into the thicker northwestern crust resulted in mild assimilation of high-δ18O pre-
635 Ma crust.
An important implication from our results is that petrogenesis of some high-δ18O AL magmas of the
northernmost ANS involved assimilation of supracrustal material. Felsic intrusions of the AL suite were
previously described as A-type granites derived solely from mantle melts with no crustal components. Our
results contribute to the “A-type petrogenesis debate” by showing that their formation can involve recycling of
crustal material.

© 2008 Elsevier B.V. All rights reserved.
n).

l rights reserved.
1. Introduction
The Arabian Nubian Shield (ANS) forms one of the largest
exposures of juvenile continental crust on earth, comprising
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~3×106 km2 (Bentor, 1985, Fig. 1, inset). The shield evolved during the
Neoproterozoic East African orogeny (900–550 Ma), and is generally
viewed as a collage of juvenile volcanic arc terranes and ophiolite
remnants that were amalgamated during the assembly of the eastern
part of Gondwana (Bentor, 1985; Stern, 1994; Stein and Goldstein,
1996; Stern, 2002; Jarrar et al., 2003; Meert, 2003; Stoeser and Frost,
2006).

The northernmost ANS comprising the northern part of the Eastern
Desert of Egypt, Sinai (Egypt), southern Israel and southwestern
Jordan (Fig. 1 inset) is characterized by vast and prolonged (~820–
570 Ma) granitoid magmatism. Granitoids were divided to (1) syn- to
late-orogenic I-type and (2) post-orogenic, A-type, the transition
between the two types occurring at ~610–600 Ma (Beyth et al., 1994;
Stern, 1994; Garfunkel, 1999; Jarrar et al., 2003; Moussa et al., 2008).
The recognition of a widespread high-K calc-alkaline suite, formed at
Fig. 1. A simplified geological map of the Neoproterozoic ANS exposures in the Sinai Peninsu
shows the location of Fig. 2. The δ18O(Zrn) of analyzed samples are shown for rocks of all suite
Al suites is marked by a dashed border line (6‰ line) separating a southern zone with mantl
large Iqna ring complex and Katharina ring complex are shown. Inset shows the ANS exposur
Najd system (after Stern, 1985; Hargrove et al., 2006; Stoeser and Frost, 2006). Also shown i
Israel.
about the time of this transition, and partially overlapping the
beginning of alkaline A-type magmatism (Be'eri-Shlevin et al.,
2009), redefines different stages of calc-alkaline magma production
in this region. Themagmatic calc-alkaline pulses thus include (a) early
medium-K calc-alkaline plutons (now gneisses) associated with
metavolcanics and metasediments of island arc complexes (IAC) that
formed at ~820–740Ma, (b) a late syn-collisional medium-K to high-K
calc alkaline (CA1) suite formed during late stages of accretion
(~670 Ma to 635–625 Ma) and (c) post-collisional mainly high-K calc-
alkaline (CA2) suite of 635–590 Ma that overlaps the alkaline (AL)
suite of ~610 Ma to 580–570 Ma for ~20 m.y. The temporal transition
from medium-K through high-K calc-alkaline to alkaline magmatism
is correlated with the change in tectonic regime (Bentor, 1985; Stern
and Hedge,1985; Beyth et al., 1994; Garfunkel,1999; Jarrar et al., 2003;
Moussa et al., 2008, Be'eri-Shlevin et al., 2009) and implies either a
la and southern Israel (after Eyal et al., 1980; Bentor and Eyal, 1987). A dashed rectangle
s (IAC, CA1, CA2, AL). The geographical zoning pattern of δ18O(Zrn) of the joined CA2 and
e-like δ18O(Zrn) vs. a northern belt of mildly higher δ18O(Zrn) values. The location of the
es and main suture zones as well as NW–SE post-accretionary faults associated with the
n inset is the region of the northernmost ANS and the study area in Sinai and southern
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change in magma sources or a change in the processes that formed
granitoid magmas during 820–570 Ma. Distinguishing between these
two models is complex as both can affect the major and trace element
patterns of rocks. Positive εNd(T) values of +1 to +9 and low Sri values
of 0.703±0.002 measured in rocks of various ages and compositions
throughout the shield and average Nd model ages, which overlap
earliest crystallization ages were interpreted to represent juvenile
crust formation between 900 and 550 Ma with little or no
involvement of ancient pre Pan-African continental crust (Bielski,
1982; Stern, 1994; Stein and Goldstein, 1996; Moghazi et al., 1998;
Stern, 2002; Jarrar et al., 2003; Mushkin et al., 2003; Hargrove et al.,
2006; Katzir et al., 2007b; Moussa et al., 2008). In contrast, there is a
growing data base showing that pre Pan African zircons can be found
in many ANS intrusions (Sultan et al., 1990; Kennedy et al., 2004;
Hargrove et al., 2006; Be'eri-Shlevin et al., 2008). The extent of this pre
Pan-African crustal contribution is, however, controversial mainly
because in some cases it has almost no effect on the (positive) εNd(T)
of the host rocks (Hargrove et al., 2006). Distinct island arc terranes
within the Arabian segment of the shield were inferred by Stoeser and
Frost (2006) based on Nd, Pb, Sr and O isotopes, whereas Stein and
Goldstein (1996) interpreted the mildly enriched εNd(T) values to
represent derivation of the whole ANS from a mantle-plume.

Regardless of the mode of its generation, either by ‘conventional’
island arc magmatism and accretion (Bentor, 1985; Stern, 1994; Stoeser
and Frost, 2006) or by recycling of an initial plume-derived oceanic
plateau (Stein andGoldstein,1996) the ANS is still considered as juvenile
continental crust and thus models referring to its formation must
account for its very high crustal production rate (Reymer and Schubert,
1986). One aspect of this problem could be resolved if the ANS includes
Fig. 2. A simplified geological map of Neoproterozoic exposures in southern Israel (after Eyal
Note that all the area of Fig. 2 is within the higher than mantle δ18O(Zrn) north of the 6‰ l
more pre Pan-African components then recognized so far as suggested
by the inherited zircon patterns. Another important aspect involves
recyclingwithin the “juvenile ANS” and identifyingwhen newadditions
from the mantle to the crust occurred and when and how such young
crust was recycled. Using Sr and Nd isotopes to track recycling of young
juvenile crust is difficult due to the short residence time of the
radiogenic parent species in the crust, resulting in almost constant
mantle-like isotope ratios throughout the evolution of the shield.
Nevertheless, the abundance of granites throughout the ANS and
particularly their predominance in its northernmost part requires
efficient recycling process of the initial mantle-derived crust into a
felsic, low-density stable continent (Stein, 2003). The oxygen isotope
ratio of zircon [δ18O(Zrn)] has been shown to effectively trace the
contribution of young supracrustalmaterial tomagma (Peck et al., 2000;
Wei et al., 2002; Valley et al., 2005). The asthenospheric mantle is a
remarkably homogenous oxygen isotope reservoir (Eiler, 2001) and
igneous zircons in high temperature equilibrium with mantle-derived
magma have average δ18O(Zrn)=5.3±0.6‰ (2SD; Valley et al., 1998).
Whole rock δ18O values [δ18O(WR)] will increase during fractional
crystallization of a mafic melt to form a more silicic magma, Δ18O(WR-
Zrn) will change at approximately the same rate such that δ18O of zircon
does not change significantly (Valley, 2003). Thus, δ18O(Zrn) can be used
to compare sources of variablemagmas regardless of their SiO2 content.
Using the empirical relation δ18O(WR)=δ18O(Zrn)+0.0612⁎(SiO2 wt.%)
−2.5 (Valley et al., 2005), (eqn. 1 in this work) and the average SiO2, the
δ18O(Zrn) provides an estimate for the δ18O of the magma it crystallized
from.

This study uses δ18O(Zrn) to shed light on the sources of the
voluminous, mostly granitic magmatism that occurred at the last
et al., 1980; Beyth et al., 1994; Eyal et al., 2004) showing δ18O(Zrn) of analyzed samples.
ine in Fig. 1.



Table 1
Summary of lithological, geochemical, and δ18O data for tectono-magmatic suites in Sinai and southern Israel

Suite Age (Ma) Lithology Geochemical affinity Assumed setting δ18O(Zrn)‰ range (ave.)

Alkaline (AL) suite 610–580 Syenogranites, alkali-feldspar granites and
associated dike swarms and volcanics. Minor
monzogabbros and monzodiorites

Alkaline to peralkaline, bimodal
(mafic felsic), A-type

Attenuation and rifting of
the crust

4.5–8.0 (5.8)

Post-collisional batholithic
calc-alkaline (CA2) suite

635–590 Granodiorites and monzogranites, some
quartz-diorites and minor gabbros

Mostly high-K,
metaluminous, and I-type

Post accretion of island arc/
continental terranes.
Beginning of lithospheric
rifting?

5.0–7.2 (5.7)

Late/syn-collisional
batholithic calc
alkaline (CA1) suite

650–625 Variably deformed quartz-diorites, gabbros,
granodiorites and associated intermediate
to felsic volcanics

Mostly medium- to high-K,
metaluminous to slightly
peraluminous and I-type

Late stages of island arc/
continental terrane accretion.
Subduction still active?

5.0–7.9 (5.8)

Island arc complexes (IAC) 820–740 Metasediments, metavolcanics, migmatites,
amphibolites, orthogneisses and paragneisses.
All rocks metamorphosed at greenschist to
amphibolite facies conditions

Mostly medium-K
metaluminous to peraluminous.
I-type and S-type (?)

Subduction related island arc
formation

5.6–8.2 (6.7)

Fig. 3. K2O vs. SiO2 (wt.%) for rocks of Sinai and southern Israel after Be'eri-Shlevin et al.
(2009). IAC: diagonally lined; CA1: crosses; CA2: light gray; AL: dark gray. Values for IAC
rocks are from our own unpublished analyses.
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evolutionary stages of the northernmost ANS in the Sinai Peninsula
(Egypt) and southern Israel (Figs. 1 and 2). We present δ18O(Zrn)
values for 78 samples representing 41 rock units of the post-collisional
calk-alkaline (CA2) and alkaline (AL) magmatic suites. Within Sinai
and southern Israel δ18O(Zrn) of these rocks is shown to be
geographically zoned, thus revealing an important terrane boundary,
here called the “6‰ line”, that separates a large southeastern region of
δ18O(Zrn)=4.5–5.9‰ from a northwestern belt with δ18O(Zrn)=6–8‰.
The δ18O provinciality is interpreted in terms variable interaction of
mantle-like δ18O parent magmas with the pre-635 Ma crust. To the SE
of the 6‰ line magmas evolved from purely mantle-like δ18O derived
melts whereas those of the NW of this line were contaminated by
supracrustal material. Potential contribution of crustal sources to the
post-collisional magmatism is constrained by δ18O(Zrn) values of 9
rock units (represented by 16 samples) from the older metamor-
phosed suites of pre- to late syn-collisional settings (i.e., IAC and CA1
respectively).

2. Geological setting

The basement of the Arabian Nubian Shield (ANS) outcrops along
both shores of the Red Sea in NE Africa andWArabia (Fig. 1, inset). The
northernmost ANS in Jordan, Israel, Sinai and the northern part of the
Eastern Desert of Egypt (Fig. 1, inset, Fig. 2) includes remnants of
deformed island arc complexes (IAC) that are engulfed by voluminous
calc-alkaline (CA) batholiths and less voluminous alkaline (AL)
plutons, volcanic flows and numerous dike swarms (Fig. 1; Bentor,
1985; Bentor and Eyal, 1987; Garfunkel, 1999; Katzir et al., 2006;
Katzir et al., 2007b). A summary of the tectono-magmatic phases in
this region is presented in Table 1. In the following sections we briefly
describe the rock suites recognized in the northernmost ANS from
older to younger, with special emphasis on the exposures in Sinai and
southern Israel.

Several IACs were described in the northernmost ANS ranging in
age from ~820 Ma to ~740 Ma (U–Pb ages by Stern and Manton, 1987;
Kröner et al., 1990; Kröner et al., 1994; El-Shafei and Kusky, 2003;
Jarrar et al., 2003 and references therein; Kolodner et al., 2006;
Kolodner, 2007). The IACs include migmatites, amphibolites, metape-
litic/metapsamitic schists, quartzites, marbles, and basic to inter-
mediate metavolcanics, variably metamorphosed to greenschist or
amphibolite facies conditions (Shimron, 1984; Matthews et al., 1989;
Katz et al., 1998; El-Shafei and Kusky, 2003 and references therein).
The older rock sequences are intruded by mostly medium-K (Fig. 3),
metaluminous to peraluminous (A/CNK=0.9–1.1) tonalites, quartz-
diorites, granodiorites and minor high-K monzogranites, all deformed
now to gneisses (Stern and Manton, 1987; Eyal et al., 1991; El-Shafei
and Kusky, 2003). El-Shafei and Kusky (2003) also describe para-
gneisses in the Feiran-IAC of western Sinai. Ductile deformation is
recorded by all IAC rocks, but the number of deformation events and
their ages are still debated (Eyal, 1980; Shimron,1984; Eyal et al., 1991;
Cosca et al., 1999; El-Shafei and Kusky, 2003). The older and younger
IAC sequences and intrusions are thought to represent pre- to syn-
collisional tectonic settings, and a subduction-related mechanism for
the genesis of their magmas is generally accepted (Bentor, 1985; Stern,
1994; Jarrar et al., 2003; Moussa et al., 2008).

In Sinai and southern Israel three IAC fragmentary pieces (i.e., the
Feiran-, Sa'al-, and Elat-IACs) occur along a NE–SW belt (Fig. 1), that is
parallel to someof themain sutures detected a fewhundred kilometers
to the south in Egypt and Saudi Arabia (Stoeser and Camp,1985; Stern,
1994; Stoeser and Frost, 2006 and references therein; Fig. 1 inset). This
NE–SW belt can be traced eastwards into Jordan (Jarrar et al., 2003),
but to the west of the Gulf of Suez mainly rocks of younger orogenic
phases are described (Stern and Hedge, 1985; Moussa et al., 2008 and
references therein). Exposures of the Kid-IAC are located at a more
southerly position relative to the major belt of IACs in Sinai (Fig. 1).

The available U–Pb ages in the northernmost ANS imply that
batholithic calc-alkaline (CA) magmatism probably commenced not
earlier than ~675–650 Ma (Stern and Hedge 1985; Stern and Manton,
1987; Kröner et al., 1990; Eyal et al., 1991; Jarrar et al., 2003; Moussa
et al., 2008) terminating a ~70–90 m.y. long lull in magmatic activity
following the youngest known island-arc intrusions. Batholithic CA
magmatism lasted until 590 Ma (Be'eri-Shlevin et al., 2009), however
in the northernmost parts of the ANS this magmatic suite was
subdivided by Be'eri-Shlevin et al. (2009) to an older syn to late-
collisional (≥635–625 Ma) suite (CA1) and a younger (≤635 Ma) post-
collisional suite (CA2). In this area penetrative ductile deformation is
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recorded only in rocks predating ~635–625 Ma which is also the time
of terminal collision and the end of subduction in this region (Katz
et al., 2004; Be'eri-Shlevin et al., 2009). In the more central parts of
the ANS (southern and central parts of the Eastern Desert of Egypt
and in Arabia) ductile deformation probably associated with activity
along the Najd fault system, continued much later (Greiling et al.,
1994; Andersen et al., in press). The 650–625 Ma CA1 intrusions from
Sinai and southern Israel generally show evidence of ductile
deformation in the form of aligned mafic minerals but with no
mesoscale layering and no evidence of high-T metamorphism. These
rocks are defined here as deformed granitoids/plutons in order to
avoid ambiguity with the gneisses of the older IACs. The CA suite
(CA1+CA2) of Sinai and southern Israel spans a full range of mafic to
felsic plutons (SiO2=45–75 wt.%), the latter being dominant. Plutons
of this suite span metaluminous to peraluminous compositions
(A/CNK=0.7–1.2), but minor strongly peraluminous plutons also occur
(Be'eri-Shlevin et al., 2009). Intermediate to mafic plutons are quartz-
diorites and minor gabbros. The more dominant felsic plutons are
granodiorites and monzogranites with minor monzonites and
quartz monzonites. While syn-collisional (CA1) plutons are med-
ium-K to high-K, the post-collisional plutons especially of inter-
mediate to felsic composition are generally high-K (Fig. 3) (Bentor
and Eyal., 1987; Moghazi et al., 1998; Eyal et al., 2004; Be'eri-Shlevin
et al., 2009).

A transition to alkaline magmatism in the northernmost ANS
occurred along with a shift in tectonics to an extensional regime
(Bentor, 1985; Stern and Hedge, 1985; Beyth et al., 1994; Stern 1994;
Garfunkel, 1999; Jarrar et al., 2003). Rocks of the AL suite include
alkaline to peralkaline (Na-amphibole bearing) felsic (SiO2: 70–79wt.%)
and rare mafic and intermediate plutons, as well as bimodal (mafic–
felsic) alkaline and peralkaline volcanic rocks and dike swarms (Katzir
et al., ; Bentor, 1985; Bentor and Eyal, 1987; Beyth et al., 1994; Moghazi
et al., 1998; Garfunkel, 1999; Katzir et al., 2006; 2007a,b). Plutonic rocks
are generally syenogranites and alkali feldspar granites, but a few
monzogabbros and a monzodiorite intrusion (e.g., Beyth et al., 1994)
were identified (Table 1). Volcanic and dike rocks include rhyolites,
trachydolerites, quartz-syenites, and monzonites (Jarrar et al., 2003;
Katzir et al., 2007a,b). The bimodal (mafic–felsic) character of this suite is
also expressed by abundant composite dikes with felsic interiors and
mafic margins (Jarrar et al., 2004; Katzir et al., 2007b). Several authors
discussed the timing of the transition to alkaline magmatism in the
northern ANS (Beyth et al., 1994; Stern, 1994; Garfunkel, 1999; Jarrar
et al., 2003). Recent ion microprobe U–Pb dating compiled with
previously published TIMS U–Pb data has shown that AL magmatism
spans a time range of ~610–580Ma (Andersen et al., in press; Moussa et
al., 2008; Be'eri-Shlevin et al., 2009). Importantly it has been shown that
the end of CA2 magmatism overlaps with the beginning of AL
magmatism, and thus in the same tectonic setting both magma types
were produced (Be'eri-Shlevin et al., 2009). Rocks of the CA (1+2) andAL
suites in southern Israel andSinai generally correlatewith theAqaba and
Araba suites of southwestern Jordan, respectively (Jarrar et al., 2003),
and with Granite I+II and Granite III of eastern Egypt (Eyal et al., 2004
and references therein).

A prominent feature of the northernmost ANS is the lack of
evidence for activity of the post-accretionary NW–SE trending faults
of the Najd system (Fig. 1, inset) detected further south in the Central
Eastern Desert of Egypt and in Arabia (Stern, 1985). Activity along the
Najd fault systemwas associated with ductile and brittle deformation,
but no displacement associated with inferred northerly extensions of
such faults into the northern part of the Eastern Desert of Egypt, Sinai,
southern Israel or southwestern Jordan can be traced. Ductile
deformation in these parts of the ANS is recorded only in rocks
predating ~625 Ma. These features point to a very different tectono-
magmatic evolution in the northernmost ANS vs. more southerly
segments of ANS after ~625 Ma (Stern, 1985; Stern and Hedge, 1985;
Be'eri-Shlevin et al., 2009).
3. Sample description

Our sampling consists mainly of rocks from the CA2 and AL suites
in Sinai and southern Israel. These rocks postdate the main ductile
penetrative deformation events in this segment of the northern ANS
(≤635–625 Ma). Samples were chosen to provide good geographical
coverage and represent the full variety of geochemical composition
within these suites. In most cases (N80%) two or more samples of the
same pluton/dike were analyzed representing its compositional
variance if any, and especially in the case of large plutons their
geographical exposure (Appendix A).

The CA2 suite is represented here by plutonic rocks varying from an
amphibole bearing gabbro through amphibole-biotite bearing quartz-
diorites and granodiorites to biotite bearingmonzogranite (Figs.1 and 2,
Tables 1 and 2). These are medium to coarse grained rocks that in many
cases host abundant micro-granular mafic enclaves of dioritic composi-
tion. Several complex bodies within this suite were sampled: a layered
gabbro-diorite pluton and several zoned granitoids of quartz-diorite to
granodiorite and monzogranite compositions (Bentor and Eyal, 1987,
Table 1). Samples from the AL suite consist of dikes, sub-volcanic bodies
and plutons. Plutonic rocks were sampled both in southern Israel and in
Sinai, and include medium to coarse grained biotite bearing syeno-
granites, biotite or amphibole-biotite bearing alkali feldspar granites,
Na-amphibole bearing alkali feldspar granites, and minor pyroxene-
amphibole bearingmonzogabbro andmonzodiorite intrusions. Enclaves
are rare to absent in these rocks. The large (150–200 km2, Table 2) Iqna
and Katharina granite plutons in Sinai form the central part of volcanic
ring complexes (Fig.1; Katzir et al., 2007a). TheKatharina quartz-syenite
ring dike and the Iqna sub-volcanic monzonitic rocks, intruded by the
syenogranite/alkali feldspar granites, were also sampled. Several alka-
line rhyolitic (quartz porphyry) dikes (some forming interior parts of
composite dikes) and sub-volcanic bodies were sampled in southern
Israel (Fig. 2; Katzir et al., 2007b).

Zircons of the CA2 and AL suites are yellowish to pink, euhedral,
and generally show simple oscillatory magmatic zoning and minor
sector zoning in CL and SE images (Fig. 4f–h). Recent ion-microprobe
dating of zircons from more than 35 representative CA2 and AL
plutons and dikes has shown that inheritance is very minor in both
suites (Be'eri-Shlevin et al., 2009, Be'eri-Shlevin unpublished U–Pb
ion-microprobe dating). Unambiguously xenocrystic zircons were
detected only in three out of the 35 plutons and dykes for which the
bulk δ18O(Zrn) is reported here (Be'eri-Shlevin et al., 2009). Two of
them are the small (1–3 km2) intrusions of the Elat-granite (Elat-
Sholomo and Elat-Rehavam in Table 2, Appendix A; see also Eyal et al.,
2004), the third is the zoned Zreir pluton (~100 km2) of quartz-diorite
to granodiorite and monzogranite composition (Table 2, Appendix A).
In both the Elat-granites and the Zreir pluton, xenocrystic zircon
comprises only a small component within the zircon population,
manifesting the minor inheritance characteristic of the CA2 and AL
suites (Be'eri-Shlevin et al., 2009).

In addition to the samples of the CA2 and AL suites, 11 samples
representing 5 rock units of the IACs (~870–740 Ma) and 5 samples
representing 4 rock units of the CA1 suite (~650–625 Ma) were also
analyzed for δ18O(Zrn). This sample set, albeit small compared to
those of the younger (CA2+AL) magmatic suites, provides preliminary
insight into the temporal variation of δ18O throughout the earlier
evolution of the northernmost ANS (820–625 Ma). Sampled IAC rocks
include: (a) meta-sediments of pelitic to psammitic composition [Elat
schist (~820 Ma, Kröner et al., 1990; Kolodner et al., 2006; Kolodner,
2007), Fig. 1, Table 2]; (b) a paragneiss [Aliat paragneiss (~800 Ma;
Be'eri-Shlevin, 2008), Fig. 1, Table 2] from the Feiran-IAC which is
similar inmineralogy and age to the banded paragneisses described by
Stern and Manton (1987) and El-Shafei and Kusky (2003); (c) three
intermediate to felsic orthogneisses of ~780–740 Ma (Kröner et al.,
1990) that intrude the Elat schist. The latter are medium to coarse-
grained amphibole-biotite bearing orthogneisses of tonalite to quartz-



Table 2
δ18O(Zrn) values for rocks of the northern ANS in Sinai and southern Israel

No.a Rock Surface
ex. (km2)

Ageb (Ma) SiO2 (ave) wt.% Suite Lithology Zirconsc δ18O(Zrn) nd 1σe δ18O(WR)f

1 Elat schist 7 870–780 (820)1 Elat-IAC Metapsammitic/pelitic sediments Det 6.41 2 0.10
2 Taba orthogneiss 10 780±102 68 Elat-IAC Tonalite Mag, min. xen? 8.09 2 0.00 9.75
3 Roded orthogneiss 2 780 62 Elat-IAC Qtz-diorite to granodiorite Mag 8.18 2 0.20 9.47
4 Elat granitic orthogneiss 15 740±10 2 75 Elat-IAC Monzogranite Mag 6.92 4 0.30 9.01
5 Aliat paragneiss 15 803±93 70 Feiran-IAC Granodiorite (metasediments?) Mag/det ? 5.57 1 0.04 7.35
6 SMGD def. pluton 2 650–6402 55 CA1 Gabbro to diorite Mag 7.32 2 0.10 8.19
7 SGG def. pluton 1 640±9 74 CA1 Monzogranite Mag 7.93 1 0.10 9.96
8 Jantil def. pluton 40 622±33 69 CA1 Monzogranite Mag 6.57 1 0.01 8.29
9 Rurabi def. pluton 40 632±43 60 CA1 Quartz-diorite Mag 4.99 1 0.03 6.16
10 Elat-Shlomo pluton 2 636±84 75 CA2 Monzogranite Mag, min. xen 7.06 1 0.09 9.15
11 Elat-Rehavam pluton 2 630±54 73 CA2 Monzogranite Mag, min. xen 6.36 2 0.03 8.33
12 RQD pluton 10 634±25 62 CA2 Quartz-diorite Mag 6.61 3 0.39 7.90
13 TPG pluton 2 632±74 70 CA2 Monzogranite (porphyrytic) Mag 6.17 3 0.10 7.95
14 Shahira pluton 45 632±44 55 CA2 Gabbro-diorite layered intrusion Mag 5.43 1 0.11 6.30
15 Zreir pluton 100 629±64 65 CA2 Monzodiorite to monzogranite Mag, min. xen 5.32 3 0.39 6.80
16 Hibran-Miar pluton 80 619±44 60 CA2 Monzodiorite to monzogranite Mag 5.45 2 0.24 6.62
17 Rahba pluton 100 610±54 68 CA2 Monzogranite to qtz-monzonite Mag 5.69 2 0.10 7.35
18 Ahdar pluton 150 610±54 67 CA2 Granodiorite to monzogranite Mag 6.50 2 0.01 8.10
19 Sama pluton 20 608±44 66 CA2 Monzogranite to qtz-monzonite Mag 5.14 3 0.09 6.68
20 Lathi pluton 170 607±44 72 CA2 Monzogranite to qtz-monzonite Mag 5.05 2 0.02 6.96
21 Malaha pluton 100 605±44 61 CA2 Quartz-diorite to monzonite Mag, min. xen? 6.77 2 0.11 8.00
22 Girgar pluton 200 603±44 72 CA2 Monzo/syenogranite Mag 5.30 1 0.14 7.21
23 Gashi pluton 80 600 70 CA2 Monzogranite Mag 5.16 1 0.10 6.94
24 Mandar pluton 150 604±46 74 CA2 Monzogranite Mag 5.28 2 0.01 7.31
25 Sulaf pluton 100 597±54 66 CA2 Monzogranite to monzonite Mag 6.14 2 0.04 7.68
26 Abu-K'sheib pluton 80 592±74 67 CA2 Quartz-monzonite (porphyrytic) Mag, min. xen? 5.25 1 0.01 6.85
27 Tubeina pluton 80 600 74 CA2 Monzogranite Mag 6.50 1 0.10 8.53
28 Nasrin pluton 40 599±53 50 AL Monzogabbro Mag 5.89 1 0.10 6.45
29 TAG pluton 2 606±34 75 AL A-fel granite Mag 5.50 2 0.02 7.59
30 TMN pluton 2 602±54 53 AL Monzodiorite Mag 5.78 4 0.16 6.52
31 Timna syenite pluton b1 603 60 AL Syenite Mag 5.79 2 0.03 6.96
32 Yehoshafat pluton 2 605±44 75 AL A-fel granite Mag 6.63 3 0.12 8.72
33 Elat subvolcanics b1 595 75 AL Rhyolite (qtz-porphyry) Mag 6.49 1 0.10 8.58
34 Elat composite dike b1 590±96 75 AL Rhyolite (qtz-porphyry) Mag 6.84 2 0.39 8.93
35 Elat rhyolite dike1 b1 595 75 AL Rhyolite Mag 6.36 1 0.10 8.45
36 Elat rhyolite dike2 b1 600±86 75 AL Rhyolite Mag 6.35 1 0.10 8.44
37 Elat rhyolite dike3 b1 588±106 75 AL Rhyolite Mag 6.23 1 0.10 8.32
38 Sahara pluton 210 608±54 75 AL Na-amph A-fel granite Mag 5.14 3 0.05 7.23
39 Sharm pluton 150 594±44 72 AL A-fel granite Mag 4.79 3 0.16 6.70
40 Yahmed pluton 10 595 70 AL Syenogranite Mag 4.49 1 0.10 6.27
41 Umm-Shomer pluton 80 596±54 73 AL Syenogranite Mag 5.13 2 0.12 7.10
42 Dahab pluton 100 591±64 70 AL Syenogranite Mag 5.20 2 0.14 6.98
43 Serbal pluton 100 611±73 74 AL A-fel granite Mag 6.70 3 0.20 8.73
44 Umm-I-Fai pluton 10 586±44 73 AL Na-amph A-fel granite Mag 5.49 3 0.09 7.46
45 Iqna-Kid pluton 50 600 73 AL A-fel granite Mag 5.65 1 0.02 7.62
46 Umm-Bugma pluton 80 597±53 75 AL Syenogranite Mag 8.04 1 0.10 10.13
47 Katharina ring dikes 40 590 65 AL Syenite (qtz-porphyry) Mag 5.53 4 0.09 7.01
48 Katharina pluton 200 583±64 76 AL Syenogranite Mag 5.82 1 0.06 7.97
49 Iqna subvolcanics 30 590 65 AL Qtz-monzonite (qtz-porphyry) Mag 6.68 1 0.05 8.16
50 Iqna pluton 150 578±84 76 AL Syenogranite Mag 7.07 1 0.10 9.22

Abbreviations for rock suites: IAC – Island Arc Complex (deformed), CA1 – Batholithic calc-alkaline 1 suite (deformed), CA2 – Batholithic calc-alkaline 2 suite (undeformed), AL – Alkaline
suite (undeformed). Other abbreviations: A-fel: alkali feldspar, Def: deformed; ex: exposure, Mag: magmatic, Det: detrital, Na-amph: Na-amphibole, Qtz-quartz, SGG: Shahmon gneissic
granite (e.g., Eyal et al., 2004), SMGD: Shahmon Metagabbro/diorite (e.g., Eyal et al., 1991) TAG: Timna alkali granite, TMN: Timna monzodiorite, TPG: Timna porphyritic granite, Xen:
xenocrysts.
aSample location is found in Appendices A and B.
bNormal text: U–Pb ages from (1 – Kolodner et al., 2006; 2 – Kröner et al., 1990, 3 – Be'eri-Shlevin unpublished ion-microprobe data; 4 – Be'eri-Shlevin et al., 2009; 5 – Katz et al.,
1998; 6 – Be'eri-Shlevin, 2008). Underlined text: Rb–Sr age (from Eyal et al., 2004). Text in italics: age estimate based on field relations with dated rocks. All reported age uncertainties
are 2σ.
cInterpretation of zircon origin (magmatic vs. detrital) and characteristics (xenocryst bearing vs. only magmatic population) based on U–Pb dating, CL images and other
considerations.
dn = number of different rock samples (representing compositional and/or geographical variance) used for determining the average δ18O(Zrn).
eIn cases where only one rock sample was analyzed and no duplicate aliquots were analyzed from this sample a ±0.1‰ internal error (1σ) was assigned to the rock value. In cases
where one rock sample was used but duplicate aliquots analyzed the corresponding error (1σ) was used.
fδ18O(WR) calculated using eqn. 1 from Valley et al. (2005) and the average SiO2 content.
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diorite and granodiorite in composition and a biotite bearing
monzogranite orthogneiss (Fig. 2, Table 2). Sampled CA1 rocks
include: (a) pyroxene-amphibole bearing metagabbro/diorite [Shah-
mon Metagabbro/diorite (~650–640 Ma, U–Pb age) of Kröner et al.,
1990; Fig. 2, Table 2]; (b) a deformed biotite bearing monzogranite
(Shahmon gneissic granite (~640 Ma, Rb–Sr age) of Eyal et al., 2004;
Fig. 2, Table 2]; (c) a deformed amphibole-biotite bearing quartz-
diorite (Rurabi pluton, Fig. 1, Table 2); and (d) a deformed, amphibole-
biotite bearing, granodiorite (Jantil pluton, Fig. 1, Table 2). The latter
two plutons were dated to ~630–625 Ma (Be'eri-Shlevin unpublished
U–Pb ion-microprobe data).

Zircons of IAC and CA1 rocks are yellowish to pink. Detrital zircons of
the Elat schist (of the Elat-IAC) are variably rounded although the
majority of this population shows only slightly rounded to euhedral



Fig. 4. Representative cathodoluminescence (CL) images of zircons from some of the analyzed rocks in this study. IAC-rocks: (a1,2) Elat schist: detrital zircons showing variable
rounded (to unrounded) edges, (b) Aliat paragneiss (c) Taba orthogneiss; CA1-rocks (d) Shahmonmetagabbro/diorite, (e) Jantil deformed pluton, CA2-rocks: (f) Zreir pluton, (g) Ahdar
pluton, (h) Lathi pluton; AL-rocks: (i) Sharm pluton, (j) Katharina pluton, (k) Composite dikes: quartz-porphyry interior. Scale bars are 100 μm. For details see text.
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features (Fig. 4a1 and a2). Zircons from gneisses and deformed
granitoids are all euhedral (Fig. 4b–e). The rocks of the IAC and CA1
suites have experienced a more complex history than CA2 and AL rocks
thus the occurrence or lack of zircon inheritance or metamorphic
overgrowths were carefully determined before multi-grain analysis.
Metamorphic zircon overgrowths can be distinguished by low Th/U
ratios (b0.2) and dark non-oscillatory zoned rims (Hoskin and
Schaltegger, 2003; Cavosie et al., 2006). Inheritance may be indicated
either by CL imaging or by in-situ dating of zircon core domains. Zircons
from all IAC+CA1 sampled rocks (schists, gneisses and deformed
plutons) show simple oscillatory magmatic zoning in CL with some
sector zoning, except for rare cases where older cores are suspected (i.e.,
cross cutting relations between core and rim areas, Fig. 4c). Darker rims
are seen in the CL images of zircons from some samples (Fig. 4a2 and b),
however the remnants of igneous oscillatory zoning in these domains
and SIMS dating which yields the same age for bright cores and darker
rims (Kolodner, 2007; Be'eri-Shlevin unpublished U–Pb ion-microprobe
data) are taken as evidence that they do not represent metamorphic
overgrowths.

Special attention was paid to inspect the age range and U–Th–Pb
characteristics of the detrital zircons of the Elat-schist. Earlier U–Pb
age determinations have shown that the Elat schist zircons range from
870 to 780 Ma, but cluster around 820 Ma (U–Pb single zircon
evaporation ages: Kröner et al., 1990; U–Pb SHRIMP dating: Kolodner
et al., 2006; Kolodner, 2007). Recent ion microprobe dating of
representative zircons from the same zircon separate analyzed for
bulk δ18O(Zrn) in this work, has yielded similar results although with
a more restricted age range around 820 Ma (Be'eri-Shlevin unpub-
lished U–Pb ion-microprobe data). The age range and oscillatory
zoning in CL images (Fig. 4a1 and a2) as well as the Th/U ratios of these
analyses (0.23–0.83; average: 0.51) suggests a magmatic origin of
these zircons with no evidence of metamorphic overgrowths (Hoskin
and Schaltegger, 2003; Cavosie et al., 2006).

4. Analytical methods

Zircon was extracted from 1–10 kg crushed samples using standard
methods, including a Wilfley shaking table and separation by heavy
liquids. The least magnetic zircon fractions were isolated using a Frantz
isodynamic magnetic separator operated at a side tilt of 4 to 5°. Final
purification from the 63–300 μm size fraction included hand picking
under a binocular microscope. Zircon concentrates were treated with a
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series of cold acids (HNO3, HCl, and HF) to remove potential
contaminants. Importantly, treating the samples with cold HF removes
not only external contaminants (grain boundaries, inclusions), but also
any possible metamict zircon domains that might be subject to post-
magmatic oxygen isotope exchange (Valley, 2003). Zircon aliquots (1.5–
3 mg) were crushed using a boron-carbide mortar and pestle to limit
grain size effects and to maximize fluorination efficiency during lasing.

Oxygen isotope analyses were performed using the laser fluorina-
tion technique at the University of Wisconsin, Madison (Valley et al.,
1995). BrF5 was used as the reagent. Oxygen was purified cryogeni-
cally and with an inline Hg diffusion pump, converted to CO2 using a
hot graphite rod and analyzed on a Finnigan MAT 251 mass
spectrometer. The long term reproducibility for lased zircon is
±0.1‰. At least four aliquots of Gore Mountain Garnet standard
(UWG-2) were analyzed with each set of unknown analyses. The δ18O
values for unknowns were corrected by 0.1–0.4‰ as determined by
the difference of each day's UWG-2 value and 5.8‰, the accepted
value of UWG-2 (Valley et al., 1995). For more than 90% of the samples
in this study duplicate analyses were performed from the same zircon
concentrate. These were generally analyzed on different days to
further evaluate reproducibility of oxygen isotope ratios. In about 40%
of these duplicate analyses (only in some samples of the CA2 and AL
plutons) the zircon concentrate was separated to several size fractions
to test for a possible correlation of size and δ18O value, which could
suggest inheritance or zoning. Duplicate analyses of the same zircon
concentrate (either undivided or of different size fractions) show a
very restricted range: ±0.00–0.04‰ (Appendix A) of the average δ18O
(Zrn) value, manifesting the excellent (b0.1‰, 1σ external error, see
above) reproducibility of the analyses of this study. In cases tested, size
was shown to have no measurable effect on the δ18O value. Larger
variability of the δ18O(Zrn) value is reported for several rock units (up
to 0.39‰; Table 2). This variability stems from averaging δ18O(Zrn)
values of zircon aliquots extracted from different samples (represent-
Fig. 5. δ18O(Zrn) vs. age for IAC, CA1, CA2 and AL sampled in this study. Arrows in the top sect
ing different geographical locations or chemistries) of the same rock
unit.

5. Results

5.1. Homogeneity of δ18O(Zrn) in analyzed rocks

δ18O (Zrn) values of all studied rocks vary from4.5 to 8.2‰ (Tables 1,
2). For more than 80% of the rocks, two or more samples representing
the geographical or compositional variabilitywithin the rock unitwere
analyzed. In these cases, variability within one pluton, dyke or sub-
volcanic body is restricted to ±0.01 to ±0.39‰ (1σ), of the average δ18O
(Zrn). However, the average variability for a multiply sampled rock is
much lower: only ±0.15‰ (1σ) of the average of δ18O(Zrn) value,
manifesting the homogeneity of most igneous bodies and the
preservation of magmatic isotope ratios in the zircons. Except for
two plutons (i.e., Zreir and Hibran-Miar, Table 2), all investigated rocks
with δ18O(Zrn) variability between ±0.15‰ and ±0.39‰, yielded
mildly-elevated to high-δ18O(Zrn) values of 6.1 to 8.2‰. In cases of
higher than mantle-like δ18O(Zrn), such sample variability can be
interpreted to represent different degrees of interaction with supra-
crustal material within the ascending magma. The Hibran-Miar and
Zreir plutons however, show a mantle-like average δ18O(Zrn) but
±0.24‰ and ±0.39‰ sample variability [of the average δ18O(Zrn)],
respectively. It is important to note that although variablewithin 0.2 to
0.4‰, all samples of these plutons yielded δ18O(Zrn) values that are
within the mantle-like δ18O range of 5.3±0.6‰‰ for zircon (Appendix
A). The large compositional range and the zoned character of these
plutons (SiO2: ~50–72wt.%; quartz-diorites tomonzogranites) implies
a complex structure with multiple intrusions. While the variable δ18O
(Zrn) values for individual samples in the Hibran-Miar or Zreir plutons
could be explained by derivation from different sources the latter are
dominantly mantle-like in terms of δ18O.
ion designate the development of the ANS lithosphere in this region. For details see text.



Fig. 6. Histograms of δ18O(Zrn) for (a) CA2 rocks (635–590Ma), (b) AL rocks (608–580Ma),
and (c) IAC and CA1 rocks (820 Ma to ~635–625 Ma). Volume normalized average δ18O
(Zrn) values are shown for all suites.

177Y. Be'eri-Shlevin et al. / Lithos 107 (2009) 169–184
5.2. Oxygen isotope ratios of pre- to syn collisional rocks

The pre- to syn-collisional tectono-magmatic settings (i.e., IACs
and CA1 suites) are represented here mainly by δ18O(Zrn) of schists,
gneisses and deformed plutons. The IAC samples (820–740 Ma)
include the Elat-schist and several gneiss samples from the Elat-IAC in
the northeast and one gneiss sample (Aliat gneiss) from the Feiran-IAC
in the northwest (Fig. 1). The oldest zircons sampled here are the
detrital zircons of the Elat-schist (870–780 Ma, but mostly 820 Ma) at
δ18O=6.4‰ and igneous zircons of the Aliat gneiss (~800 Ma) at
δ18O=5.6‰ from the Elat- and Feiran-IACs, respectively (Table 2).
Zircons from three other gneisses of the Elat-IAC spanning an age of
780–740 Ma yielded δ18O(Zrn) values of 6.9 to 8.2‰ (Table 2).

The CA1 (650–630 Ma) samples include deformed plutons from
southern Israel and from the Kid area (Figs.1 and 2). Deformed plutons
of this phase from southern Israel (i.e., Shahmon metagabbro/diorite,
Shahmon granitic gneiss, Table 2) yielded δ18O(Zrn) values of 7.3‰ to
7.9‰, while those sampled in the Kid area (Rurabi and Jantil deformed
plutons, Table 2) yielded δ18O(Zrn) values of 5.0 to 6.6‰.

Using the δ18O(Zrn) data, the average SiO2 contents, and eqn. 1 for
Δ(WR-Zrn) from Valley et al. (2005) results in a δ18O(WR) range of 6.2
to 10.0‰ for the magma precursors of the gneisses and deformed
granitoids of the IAC+CA1 suites (Table 2).

5.3. Oxygen isotope ratios of CA2 and AL rocks

Post-collisional batholithic calc-alkaline (CA2) and alkaline to
peralkaline (AL) rocks comprise the main sample sets of this study
(CA2: n=18 rocks, AL: n=23 rocks; Table 2). The δ18O(Zrn) of CA2 and
AL are presented in Fig. 5 alongside δ18O(Zrn) from the older rock
suites. The δ18O(Zrn) values of the CA2 suite rocks range from 5.1 to
7.1‰ [(5.8±0.7‰, 1σ), Fig. 6a, Table 2]. The AL suite rocks have a
comparable average value [(6.0±0.8‰, 1σ), Table 2], but a wider range
of δ18O(Zrn) values: 4.5 to 8.0‰ (Fig. 6b, Table 2). Using the δ18O(Zrn)
data and eqn. 1 from Valley et al. (2005) results in δ18O(WR) ranges of
6.3 to 9.2‰ and 6.3 to 10.1‰ for magmas of the CA2 and the AL suites
respectively (Table 2). Since our sampling included many small-scale
(~1–5 km2) intrusions and units of volcanic rocks in southern Israel,
but much larger (up to ~200 km2; multiply sampled) intrusions and
thicker volcanic sequences in Sinai (Table 2), the average δ18O(Zrn)
value of each suite may be biased by the over-representation of the
southern Israel samples. Normalization using the surface exposure of
each rock, a reasonable first approximation for its volume contribu-
tion to the average δ18O(Zrn) value, was applied. The “volume
normalization” yielded average δ18O(Zrn) values of 5.7‰ and 5.8‰
[equivalent to δ18O(WR) values of 7.4 and 7.7‰ using volume
normalized SiO2 contents] for the CA2 and AL suites, respectively
(Fig. 6a and b), showing that the two suites are indistinguishable by
their average δ18O(Zrn) values. Thus, both the post-collisional calc-
alkaline (CA2) and alkaline (AL) magmatic suites are volumetrically
dominated by rocks derived from mantle-like δ18O sources. Only a
small proportion (volumetrically) of rocks from these suites have
mildly higher δ18O(Zrn) values (up to ~8.0‰, Tables 1, 2) and bear
evidence for some contribution from supracrustal sources.

Being isotopically indistinguishable (i.e., “volume normalized”
average δ18O(Zrn) of CA2=5.7‰ and AL=5.8‰ Fig. 6a and b), the CA2
and AL suites were joined together to inspect the general spatial
variation of δ18O(Zrn) in Sinai and southern Israel (Fig.1). In spite of the
rather limited range of δ18O(Zrn) values measured in the CA2 and AL
rocks within the studied area (4.5 to 8.0‰; 90% are within 5 to 6.7‰,
Tables 1, 2), geographical zoning is observed in the form of two regions
of differing isotope ratios. Mantle-like δ18O(Zrn) values characterize
themajority of the studied area in southernmost Sinai (~8000 km2) but
the northwestern belt is characterized by higher δ18O(Zrn) values
(Figs. 1 and 2) except for the Nastrin gabbro (40 km2) and a fewminor
(b2 km2) intrusions in Timna complex characterized by mantle-like
δ18O(Zrn) (Table 2). The two regions are divided by a SW–NE trending
“6‰ line” in Fig.1. Inmost of the studied area this “high-δ18O” region is
bordered to the north by Phanerozoic sedimentary cover, limiting its
exposure to a narrow (~20–50 km wide) SW–NE trending belt-like
feature. Recalculation to WR values, the southern region is character-
ized by δ18O(WR) values of 6.3 to 8.0% for 55–76 wt.% SiO2 magmas
while the northwestern belt is mostly characterized by δ18O(WR)
values of 7.9 to 10.1% for 61–76 wt.% SiO2 magmas and a volume
normalized δ18O(WR) of 8.5%. The δ18O(Zrn) variability across the 6‰
line is not accompanied by any evident trend in the chemical or
structural features of CA2 and AL rocks, nor is there any change in the
timing of CA2 and AL events across this border. Good examples for this
observation are the two large ring complexes in Sinai (Iqna and
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Katharina rocks, Table 2), which straddle the 6‰ line to the NWand SE
respectively (Fig. 1). While the two complexes are coeval [intrusion
ages of Iqna and Katharina granites are 578±8 and 583±6 respectively,
Be'eri-Shlevin et al. (2009)] and share similar chemical and structural
features, the Katharina ring complex rocks (SE-region) are character-
ized bymantle-like δ18O(Zrn) while the Iqna ring complex rocks (NW-
belt) are characterized by high-δ18O(Zrn) values (Table 2). Importantly,
δ18O(Zrn) values of somewhat older volcanics and the syenogranite
which intrude them are consistent within each ring complex. This
observation further implies that the δ18O(Zrn) differences between
rocks of the two ring complexes are associated with their different
source regions rather than with different formation processes.

As detailed above, several outliers in the northwestern belt are
characterizedbymantle-likeδ18O compositions. Itmaybeof importance
to note that (a) all theseoutliers (n=4) are of theAL suite (b) half (n=2) of
these AL intrusions are mafic, and they are the only truly mafic
representatives of this suite (c) the 3 small-scale AL outliers of the Timna
complex are located in the northernmost ANS exposures of southern
Israel (i.e., the northernmost ANS exposure in the study area; Figs.1 and
2) and their δ18O composition stands in contrast to all other (n=10) CA2
and AL rock units measured in southern Israel (i.e., characterized by
mildly-elevated δ18O compositions).

6. Discussion

6.1. Crustal recycling during the early history of the ANS

Isotope evidence for recycling of crust at an early East African
orogenic stage (820–740 Ma) is first given here by the higher than
mantle bulk δ18O(Zrn) value of 6.4‰ determined for detrital zircons
from the Elat schist of the Elat-IAC (Figs. 1 and 5c, Tables 1, 2). While
the ages of these zircons cluster around ~820 Ma, it has been shown
that they range from ~870 Ma to ~780 Ma (Kolodner et al., 2006;
Kolodner 2007; Be'eri-Shlevin unpublished U–Pb ion-microprobe
dating). Thus previous interpretations of the pelitic-psammitic Elat
schist as derived from a single, proximal volcanic arc (Bentor, 1985;
Kröner et al., 1990; Eyal et al., 1991; Kolodner et al., 2006) are not
consistent with the new geochronology. Regardless of being derived
from a single or multiple sources, the Elat-schist is characterized by
εNd values of +3 to +5 and Sri values of 0.7030±0.0006, and thus
considered to represent an integral part of the juvenile ANS with no
contamination by old crustal components (Halpern and Tristan, 1981;
Bielski, 1982; Stein and Goldstein, 1996; Stern, 2002; Stein, 2003).

The ages of the detrital zircons span ~100 m.y. However, simple
magmatic growth within their protoliths is indicated by the textural
and geochemical characteristics of these grains as well as by the lack
age zoning (Kolodner, 2007; Be'eri-Shlevin unpublished U–Pb ion-
microprobe dating). Metamorphic overgrowths of considerable size
which could affect the δ18O(Zrn) value were not detected by CL
imaging or ion-microprobe dating. The bulk δ18O(Zrn) value of 6.4‰ is
interpreted here to represent mixture of magmatic sources repre-
sented by the zircons supplied to the sedimentary protolith of the
Elat-schist. While important information concerning each magmatic
source that contributed zircons to the Elat schist is masked by the
mixed value, simple calculations show that one end member of this
mixture must be characterized by higher than the mantle-like δ18O
(Zrn) range of 5.3‰±0.6 (2σ). The importance of this finding is that at
~780Ma (age of the youngest detrital zircon) amature arcwas already
established and at least some of its magmas assimilated high-δ18O
components. Thus, crustal recycling is recorded within the oldest
rocks of the northernmost ANS. Future investigations of the Elat schist
detrital zircons using high-resolution ion-microprobe δ18O analysis
correlated with other intra grain characteristics (age, trace element
patterns; Cavosie et al., 2006) will further unveil the earliest tectono-
magmatic evolution of the northern ANS. For the sake of simplicity we
will refer in the following text to the age of the Elat schist as ~820 Ma
(e.g., Kolodner et al., 2006) and thus the age of IAC formation in the
region will be referred to as ~820–740 Ma.

It is not surprising, though, that not all early magmas show
elevated δ18O compositions. Our sample of the ~800 Ma Aliat
paragneiss from the Feiran-IAC yielded a δ18O(Zrn) value of 5.6‰
(Table 2). Similar hornblende-biotite banded gneisses of the Feiran-
IAC were defined as paragneisses and interpreted to represent high-
grade metamorphism of a sedimentary source (El-Shafei and Kusky,
2003 and references therein). The Aliat gneiss is peraluminous (A/
CNK=1.5) and thus fits the paragneiss definition however, ion-
microprobe dating of zircons from this gneiss shows a single age
population of ~800 Ma with no evidence of xenocrysts or meta-
morphic overgrowths (Be'eri-Shlevin, 2008). Moreover zircons from
this sample are euhedral, not rounded (Fig. 4b). Thus, there is no
evidence of a sedimentary source in the zircon characteristics. Given a
sedimentary protolith for the Aliat gneiss, the age range and shape of
zircons identify only one single proximal source for these sediments.
Unlike the Elat-schist, the bulk δ18O(Zrn) value of 5.6‰ of the Aliat
paragneiss represents derivation from normal, mantle-like δ18O
sources without evidence of supracrustal contribution.

Younger IAC-gneisses (780–740 Ma, Table 1) are all from southern
Israel and show δ18O(Zrn) values of 6.9–8.2‰ (Fig. 6c, Table 2), well
above the mantle-like δ18O(Zrn) range. A magmatic origin for these
zirconswithnoevidence ofmetamorphic overgrowths is indicatedbyCL
imaging (this work; Fig. 4c) and by ion-microprobe dating (Kolodner,
2007; Be'eri-Shlevin unpublished U–Pb ion-microprobe dating). The
consistently high-δ18O(Zrn) values of the post Elat-schist, IAC orthog-
neisses, especially the N8‰ values of Taba and Roded orthogneisses
(780 Ma, Table 2), which are intrusive into metasedimentary country
rocks of Elat schist [δ18O(Quartz)=13.4‰; Appendix A], may suggest
significant intra-crustal recycling by magma mixing or assimilation
within the crust (Valley et al., 2005). Intrusion of these magmas into a
hot metamorphic terrane (Matthews et al., 1989; Katz et al., 1998;
Garfunkel, 1999) would promote assimilation at this stage. The range of
δ18O(Zrn) of early (820–740 Ma) magmas of the northern ANS in Sinai
and southern Israel is summarized in Table 1 and Figs. 5 and 6c. The
variability of δ18O(Zrn) values is interpreted to represent intra-crustal
recycling i.e., assimilation of buried sediments or other supracrustal
materialwithin the crust. Importantly, Fig. 6c also shows that someearly
magmas (Aliat paragneiss, Table 2) were not affected by such processes,
and show a mantle-like δ18O(Zrn) composition. The important observa-
tion here is that at ~740 Ma, the newly formed IAC crust of the
northernmost ANS was partially characterized by high-δ18O
components.

6.2. Calc-alkaline magmatism during late terrane accretion (650–625 Ma)

The initiation of batholithic calc-alkaline magmatism (CA1 suite
650–625 Ma) is coeval with the final collision of terranes in this area
(Katz et al., 2004; Be'eri-Shlevin et al., 2009). The deformed CA1
plutons yield δ18O(Zrn) values ranging from 5.0 to 7.9‰ equivalent to
δ18O(WR) values of 6.2 to 10.0‰ (n=4; Table 2). Zircons are oscillatory
zoned (Fig. 4d and e) and show no evidence ofmetamorphic rims, thus
the δ18O(Zrn) values are interpreted as magmatic. Of the four CA1
rocks sampled, three yield higher than mantle-like δ18O(Zrn) values
(Fig. 6c). High-δ18O CA1 magmas could form by assimilation of buried
supracrustal components at mid-upper crustal levels, and thus
recycling of supracrustal material continued at this stage.

6.3. Isotope constraints on magma sources of the CA2 and AL suites

The main data set of this study comprises the δ18O(Zrn) of post-
collisional rocks (CA2 suite: ~635–590Ma and AL suite: ~608–580Ma,
respectively) from southern Israel and Sinai (Egypt). Both suites
formed after the major accretion of terranes and subduction have
already ceased. Simple magmatic formation of zircon is indicated by
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the lack of metamorphic overgrowths and the scarcity of xenocrystic
zircon (Fig. 4f–h).

Several important observations can be made from the new values
of δ18O(Zrn) values reported here for the CA2 and AL suites:

(1) The average δ18O values of both suites [δ18O(Zrn) of 5.7 and
5.8‰ for the CA2 and AL suites respectively] suggest that
volumetrically, they are dominated by sources of mantle-like
δ18O composition that had no interaction with supracrustal
components. The δ18O(Zrn) values of the ~820–640 Ma IAC and
CA1 magmas measured in this study show that at least parts of
the ANS crust were qenrichedq by high-δ18O components prior
to CA2 and AL magmatism (Fig. 6c). This discrepancy is critical
for discussing the petrogenesis of CA2 magmas since several
authors have suggested they derive from melting of the
previously formed crust (i.e., IAC+CA1 material; Beyth et al.,
1994; Stein, 2003). Unless systematic vertical or regional
variability in the δ18O of the older crust is considered, the
820–640 Ma crust is not a probable reservoir for the main
volume of CA2 (635–590 Ma) and AL (~610–580 Ma) magmas.

(2) Rocks of the CA2 and AL suites differ in geochemical character-
istics, age ranges, fractionation paths and depths of intrusion
(Bentor and Eyal, 1987; Beyth et al., 1994; Garfunkel, 1999; Stein,
2003; Jarrar et al., 2003; Be'eri-Shlevin et al., 2009). However, the
two suites display similarities in terms of Sri, εNd(T) and εHf(T)
values (Stein and Goldstein, 1996; Moghazi et al., 1998; Stein,
2003; Jarrar et al., 2003; Morag et al., 2007). Such similarities led
Jarrar et al. (2003) to recognize that it is difficult to call upon a
different tectonic setting for each suite. Furthermore, Be'eri-
Shlevin et al. (2009) showed that intrusions from the two suites
were coeval over ~20 Ma. Comparison of δ18O(Zrn) from CA2 and
AL suites in this region shows that they are also indistinguishable
in terms of the “volume-normalized” average δ18O values [CA2:
δ18O(Zrn)=5.7‰, δ18O(WR)=7.4‰; AL: δ18O(Zrn)=5.8‰, δ18O
(WR)=7.7‰] but have a somewhat different δ18O(Zrn) ranges
(CA2: 5.1 to 7.1‰; AL: 4.5 to 8.0‰; Fig. 6a and b, Table 1). Thus it
seems that models inferring different tectonic settings and/or
different magma sources must be re-evaluated with regard to the
similarities in radiogenic and δ18O(Zrn) values of the two suites
and their coeval intrusion over 20 Ma.
Fig. 7. Variation of δ18O(Zrn) in rocks of the CA2 and AL suites (grouped together here) along
position of this traverse is shown in the inset. Within the restricted mantle-like δ18O(Zrn) ran
line and beyond it indicating to the gradual transition between the two regions.
(3) Whereas CA2 and AL rocks have a similar oxygen isotope
composition, grouping the two suites together reveals a
systematic spatial distribution of δ18O(Zrn). The geographical
zoning of δ18O, first discovered here, is highlighted by the 6‰
line in Fig. 1, and has important implications for the sources of
CA2 and AL magmas. The mantle-like δ18O of rocks to the south
of this line further stresses the dominance of sources unaffected
by interaction with surface processes in a large portion of the
northern ANS. Nevertheless, the mildly elevated δ18O composi-
tions of the NW-belt of intrusions [where mostly δ18O(Zrn)=
6.1–7.1‰ equivalent to δ18O(WR)=7.9–9.4‰; and only one
intrusion displays higher values of δ18O(Zrn)=8.0‰; Table 2]
calls for a significant supracrustal contribution in this belt. We
also note that within the restricted mantle-like δ18O(Zrn) range
of 4.5 to 5.9‰ of the southern area, values increase to the
northwest approaching the 6‰ line (Figs. 1 and 7) thus the
transition between the two terranes is gradual.

(4) Based on the temporal and spatial association of mafic and
felsic alkaline intrusions and on trace element patterns, the AL
magmas were interpreted to derive from the lithospheric
mantle and silicic rocks were typified as A-type granites (Beyth
et al., 1994; Kessel et al., 1998; Mushkin et al., 1999, 2003; Stein,
2003; Jarrar et al., 2003; Katzir et al., 2007b; Jarrar et al., 2008).
Mushkin et al. (1999, 2003) suggested that such alkali granite
magmas were derived from parental mafic magmas of the
lithospheric mantle by extensive fractionation (N90%). Whereas
this model can explain the origin of most AL magmas, the δ18O
(Zrn) data presented here suggest a more complex scenario for
sources of AL magmatism in the northernmost ANS. The
dominance of mantle-like δ18O(Zrn) values for AL rocks
expressed by the volume normalized average of 5.8‰ is
consistent with mantle derived parental melt with no crustal
assimilation. The occurrence of mafic AL intrusions with
mantle-like δ18O compositions, as outliers in the high-δ18O
northwestern belt is also consistent with this model. However,
the existence of mildly-elevated δ18O(Zrn) AL rocks within the
northwestern belt is in apparent contrast to this model. Our
results point to a bimodal population of AL magmas character-
ized by mantle-like δ18O vs. high-δ18O compositions in the two
regions described above (Fig. 1). Such variation in the δ18O
a SE to NW section positioned at right angle with the 6‰ line of Fig. 1. The approximate
ge of 4.5–5.9 of the southern area, values increase to the northwest approaching the 6‰
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composition of ANS AL magmas was previously recognized by
Katzir et al. (2007b), but their spatial distribution was not
determined. In light of the long standing controversy as to the
A-type granite petrogenesis (see Bonin, 2007 for a review) it is
clearly shown here that in the northernmost ANS, formation of
some A-type granites involved assimilation of crustal material.

6.4. Quantifying supracrustal input to CA2 and AL magmas

In order to reconcile the different observations discussed above,
identificationof possible reservoirs andquantifying their involvement in
the generation of CA2 and ALmagmasmustfirst be attained.While δ18O
(Zrn) is usedhere as a tracer for supracrustal input intomagmasources it
is important to note that this tracer does not distinguish between
possibly mafic lower crust and the lithospheric mantle if both had no
interaction with supracrustal material. Our calculations use eqn. 1
(Valley et al., 2005), and the average SiO2 wt.% for rocks (Table 2).

Evidence for the δ18O composition of the crust prior to initiation of
CA2 and AL magmatism comes from the δ18O(Zrn) values of several IAC
and CA1 rocks. These indicate that at least some parts of the crust were
enriched by high-δ18O components prior to ~635 Ma, but do not
preclude vertical or regional δ18O variability within this crust. During
subduction related magmatism, assimilation of high-δ18O components
could have taken place at intermediate levels of the crust while mantle
derived mafic melts accumulated below forming a purely mantle-like
δ18O lower crust. Regional variation in the δ18O composition of the pre-
635 Ma crust may have also existed. Since all IAC samples studied here
come from the northwestern high-δ18O belt (Fig. 1) they may not
represent the pre-635 Ma crust of the equivalent crust to the southeast.

The mantle-like δ18O(Zrn) values of CA2 and AL magmas in the
southeastern region imply that they could either evolved frommantle
melts or formed by partial melting of mantle derived mafic lower-
crust. The mildly-elevated δ18O(Zrn) values of CA2 and AL magmas
[δ18O(WR)≈8.5‰] from the northwestern high-δ18O belt suggest they
formed with a contribution of a high-δ18O component. However, even
if metasediments are ruled out as potential contributors, partial
melting of the pre-635 Ma, high-δ18O, IAC+CA1 crust [high-δ18O
gneisses of δ18O(WR)≈9.3‰] alone would produce magmas with
much higher δ18O values than those measured in the post-collisional
suites. Mixing of a basaltic magma derived from mantle-like δ18O
sources with melts derived from the high-δ18O pre-635 Ma crust is a
more probable mechanism for generating the mildly-elevated δ18O
CA2 and AL magmas. In the following calculations, a basaltic magma
[SiO2=50 wt.%; δ18O(WR)=5.9‰] is used to proxy the mantle-like
source. An unaltered gneissic crust [SiO2=65 wt.%; δ18O(WR)≈9.3‰]
which approximately represents a volume normalized average
composition of the IAC+CA1 upper crust in the north (Table 2) is
used as a minimum estimate for high-δ18O contaminant.

Material balance calculation reveals that a minimum input of 30 to
70% of the high δ18O contaminant into mantle-like δ18O parent magmas
is required to reproduce the δ18O(Zrn) range of 6.1 to 7.1‰ which
characterizes all but one of CA2 AL rocks this region (Table 2). A more
reasonable estimate for the pre-635 Ma crust would also include
metasediments and altered gneisses that would raise the δ18O(WR)
valueof the crust to12 to15‰. This agreeswith themeasuredδ18O(Qtz)=
13.4‰ in Elat schist (Appendix A). Using the higher δ18O crustal estimate,
a reasonable input of ~15 to 35% contaminant crust into the mantle-like
δ18O basalt reproduces the expected δ18O(Zrn) values of CA2 and AL
rocks.

6.5. A tectono-magmatic model for the generation of CA2 and AL magmas

Several features constrain the sources and petrogenesis of CA2 and
AL magmas in the northernmost ANS. The two suites display different
geochemical features and slightly different intrusion time spans, but
also similarities in the isotope (Sr, Hf, Nd, O) composition and an
overlap of ~20 m.y. The δ18O(Zrn) provinciality also bears important
implications for their genesis. Here we aim to explain these different
features via a tectono-magmatic model.

The identity of the sources that generated the voluminous, mostly
granitic, post-collisional calc-alkaline suite (CA2) are debated (Stein,
2003). Some authors suggested that these magmas were generated by
anatexis of the older, IAC, crust (Beyth et al., 1994; Moghazi et al., 1998;
Stein, 2003). In contrast, Jarrar et al. (2003) favored subducted oceanic
crust as their source, but noted that there is no evidence for ongoing
subduction in this region at the time of intrusion of the CA2 suite (Katz
et al., 2004). Possible sources for CA2 magmas include the astheno-
spheric/lithospheric mantle and the mafic lower-crust. We favor the
mafic lower-crust as a potential source because: (a) it is compatiblewith
the major and trace element composition of the CA2 magmas (Beyth
et al., 1994; Jarrar et al., 2003; Stein, 2003); (b) such crust could have
been formed during the earlier history of the ANS without necessarily
incorporating high-δ18O components, thus satisfying the conditions for
mantle-like δ18O CA2 magmas; (c) genesis of CA2 magmas from the
mantle requires unreasonable amount of melts in the asthenospheric/
lithospheric mantle (N60% of the exposed crust in Sinai is granitic–
granodioritic); and (d) fractionation of such melts would also require
formation of very large amounts of residual material not yet recognized
in the ANS. The formation of AL magmas was partially coeval with late
stages of CA2 magmatism, but several features including its bimodal
(mafic–felsic) character; the intrusion into shallow levels of the crust
and its alkaline chemistry can be more easily explained via melting of
the lithospheric mantle (Beyth et al., 1994; Mushkin et al., 2003; Jarrar
et al., 2003). Since CA2 and AL magmas of the northwestern belt show
only mildly-elevated δ18O compositions, derivation solely from melting
of the IAC+CA1 crust of this region is unlikely and amantle-like δ18O end
member is required. We suggest that sources of most CA2 and AL
magmas of the northernmost ANS were characterized by mantle-like
δ18O compositions, but that incorporation of ~15 to 35% IAC+CA1 high-
δ18O crust occurred at higher levels within the northwestern high-δ18O
belt. In thismodel, the CA2+AL δ18O(Zrn) provinciality simply represents
variable extent of interaction between lower-crust/mantle derived
magmas with the pre-635 Ma (intermediate-felsic) crust at mid crustal
levels. Differences in crustal thickness between the two regions at
~635Mamayaccount for such variability. A thicker crustal section at the
northwestern belt could have promoted much larger extent of
interaction between primitive parent magmas and the felsic crust.

Thicker crust in the northwestern belt, compared to the south-
eastern region, could have formed prior to CA2 and AL magmatism
(N635 Ma) via higher rates of formation and accretion of island arcs.
The occurrence of three IAC relicts (Feiran, Sa'al and Elat; Fig. 1) within
the northwestern high-δ18O belt may support such a reconstruction.
The suggested thickened crust in a NE–SW trending belt also parallels
some of the main sutures defined in more southern segments of the
ANS (Stoeser and Camp, 1985; Stern, 1994; Abdelsalam and Stern,
1996; Fig. 1 inset). However, the palaeogeography of the early
(pre 635 Ma) northernmost ANS and the character of each island arc
terrane is yet poorly resolved (Bentor, 1985). Several features imply a
single terrane rather than the amalgamation of allochthonous
terranes prior to ~635 Ma: (a) the lack of ophiolite sutures hampers
the identification of supposed different terranes (Bentor,1985); (b) the
growing evidence for ~820–740Ma ages in all IAC relicts including the
Kid IAC in the south (Blasband et al., 1997; Be'eri-Shlevin et al., 2009)
are more consistent with IACs in the north and south forming at the
same time and thus belonging to a single terrane; (c) The gradual
transition in δ18O(Zrn) between the southeastern and northwestern
regions (Fig. 7) suggests changes within a single terrane rather than a
stepwise change expected from the amalgamation of two or more
allochthonous terranes.

In contrast to models inferring formation of variable crustal
thickness prior to ~635 Ma, models inferring extension during
~630–580 Ma can explain more easily many of the features discussed
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above. Stern (1985) recognized that the Najd fault system can be
detected across the Red Sea in Arabia and central Eastern Desert of
Egypt, but could not be traced in the northernmost ANS including the
northern Eastern Desert of Egypt, Sinai, Israel, and SW Jordan. In
contrast, this region is characterized by vast intrusion of undeformed
granitoids and show evidence of extension at about ~600 Ma. The
model put forward by Stern (1985) implies a very strong relationship
Fig. 8. A sketch model (not to scale) showing the proposed evolution of the northernmost AN
(modified fromStern,1985). Left column shows a lithospheric scale cross sections and the right c
includedahigh-δ18Oupper part but amafic lower-crustofmantle-like δ18O composition. Fan sha
region ismuch thinner than the northwestern region. Intrusion of CA2 and ALmantle-like δ18O p
crust assimilation. In contrast, the thicker crustal section in the northwestern belt promoted assi
The 6‰ line is thus interpreted to approximate the NW–SE transition in crustal thickness duri
between the development of the Najd fault system and fan-shaped
rifting in the northernmost ANS. While problems associated with the
structure of the Najd system are beyond the scope of this work, we
note that the geometry of the fan shaped rifting within the
northernmost ANS as suggested by Stern (1985) is concordant with
many of our observations. Importantly, it can also explain how the
variable NW–SE crustal thicknesses were formed at this time, thus
S crust during rifting associated with strike slip movement along the Najd fault system
olumnshows the associatedmap views. (a) Prior to extension (~640Ma) the stratified crust
ped lithospheric rifting (b+c) producedvariable crustal thicknesseswhere the southeastern
arentmagmas into the southeastern thinned crust did not involvemuch pre-635Ma felsic
milation of such crust, introducingmild amounts of high-δ18Omaterial into thesemagmas.
ng this time. F-S-E: Feiran-Sa'al-Elat IACs, K: Kid IAC.
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impacting on the assimilation patterns of CA2 and AL parent magmas
in the NW vs. the SE regions. The sketch model in Fig. 8 shows the
proposed evolution of the northernmost ANS crust from ~635 Ma
when CA2 magmatism commenced and up to 580 Ma when the last
major episode of AL magmatism was over. The main assumption for
the initial stage (~640 Ma) is that this crust was stratified in terms of
δ18O composition with high-δ18O upper parts formed during IAC and
CA1 magmatism and an associated mafic lower-crust of mantle-like
δ18O (Fig. 8a). Fan shaped rifting resulted in thinning of the
northernmost ANS lithosphere excluding a NW region now exposed
as a NE–SW trending belt (Fig. 8). Extension-assisted upwelling of the
asthenospheric-mantle resulted in high heat flow that at ~635 Ma
induced vast anatexis of the mafic lower-crust to form CA2 magmas
(Fig. 8b). Later on (~610 Ma) percolation of mantle melts into this
crust, possibly along Najd associated deep seated lithospheric scale
faults, introduced AL magmas to shallow levels of the crust (Fig. 8c).
Between ~610 and 590 Ma both CA2 and AL magmas were formed at
different levels within the lithosphere (Be'eri-Shlevin et al., 2009).
Intrusion of both CA2 and AL magmas in the southeast where the
lithosphere was thin did not involve much felsic crust (IAC+CA1)
assimilation. In contrast the thicker crustal section in the north-
western belt promoted assimilation of such crust introducing mild
amounts of high-δ18O material into these magmas. The application of
Stern's (1985) model to explain post-collisional magmatism in the
northernmost ANS requires that rifting of the lithosphere commenced
at 640–630 Ma. This estimate is ~30–40 m.y older than the timing of
extension as deduced by field evidence including widespread
injection of dykes and the formation of intra-montane basins (Beyth
et al., 1994; Stern 1994; Garfunkel, 1999; Jarrar et al., 2003), but is
remarkably similar to estimates of Stacey and Agar (1985) for the
initiation of strike-slip movements along the Najd fault system. The
discrepancy between the ~630 Ma and ~600 Ma estimates for
extension in the northernmost ANS is easily resolved since litho-
spheric rifting commenced at deep levels andwas associatedwith vast
amounts of granitoid intrusions emplaced passively. Thus we do not
expect to find surface manifestations of such rifting at this stage. Later
on (b610 Ma), continued rifting was associated with shallow
expressions of extension including the formation of molasse-volcanic
filled basins, injection of large amount of dike swarms and emplace-
ment of high levels intrusions. This change may also relate to the
mostly brittle activity along the Najd fault system at this stage (Stern,
1985; Abdelsalam and Stern, 1996).

6.6. Oxygen isotope provinciality in the ANS and Peninsular range
batholith

Comparison of the δ18O provinciality of the CA2 and AL rocks
revealed in this study with similar trends described by Taylor (1986)
for the rocks of the Peninsular ranges batholith (PRB) in Baja California,
shows that the two regions define very different tectonic scenarios.
While the 600 km long δ18O(WR)=8.5‰ border between the eastern
and western zones of the PRB is comparable with the δ18O(Zrn)=6‰
line in the northernmost ANS [equivalent to ~δ18O(WR)=8.5‰], there
are several features that clearly vary in the two regions: (a) The eastern
and western regions of the PRB are distinct both in age and in
composition including trace element patterns. In contrast, the CA2 and
AL suites of Sinai and southern Israel do not show any evident trend in
chemistry, timing of intrusion or structural pattern across the 6‰ line
(Bentor and Eyal,1987; Be'eri-Shlevin et al., 2009); (b) while the PRB is
considered to have evolved during active subduction, the CA2 and AL
magmas formed after subduction and collision had ceased in this
region. Taylor (1986) suggested that underplating of the altered upper
part of an oceanic slab beneath the eastern zone could explain the
higher δ18O(WR) of 9–11% of this part of the PRB. This model may be
applicable to an active continental margin like the Tertiary PRB, but it
cannot be applied to the northernmost ANS CA2 and ALmagmas. Thus
δ18O provinciality within the crust can develop via variable mechan-
isms and tectonic settings as displayed by the PRB and the CA2 and AL
rocks of the northernmost ANS.

6.7. An additional Neoproterozoic terrane to the north?

The northernmost samples in this study, the plutonic rocks of the
Timna complex, located at the northern part of Neoproterozoic
basement exposures in southern Israel (Figs. 1 and 2) yielded
comparably lower δ18O(Zrn) relative to the other, more southerly
plutons in southern Israel (Fig. 7, Table 2). Whereas most CA2 and AL
rocks of the southern Israel are assigned to the high-δ18O belt, the
Timna complex rocks may represent yet an additional discontinuity
with a northern basement terrane poorly known due to cover by
Phanerozoic sediments (Figs. 1 and 2).

7. Conclusions

1. Crustal recycling during the very early evolutionary stages of the
northernmost ANS (820–740Ma) is inferred fromhigher thanmantle
values of δ18Oof several orthogneisses [δ18O(Zrn)=6.9–8.2‰; average
δ18O(WR)≈9.4%] and from the average δ18O(Zrn) value of 6.4‰
determined for detrital zircons (~870–780 Ma) from the Elat-schist.
The latter represent the oldest known source rocks in the region.
Another gneiss of ~800 Ma has mantle-like δ18O(Zrn) values of 5.6‰
implying that not all magmas involved crustal contributions.

2. The main sample set analyzed in this work comprises rocks of the
post-collisional calc-alkaline (CA2: 635–590 Ma) and alkaline (AL:
608–590 Ma) suites. Felsic rocks of the AL suite display typical A-
type granite characteristics. Rocks of the two suites are indis-
tinguishable by their average δ18O(Zrn) values of 5.7 to 5.8‰,
which are within the mantle-like zircon range. Thus, melts derived
solely from the intermediate-felsic pre-635 Ma crust that included
high-δ18O components cannot account for their formation and
their sources should be sought in the mantle or in a mantle-like
δ18O reservoir that resided within the lower crust.

3. In order to reconcile their different geochemical compositions and
petrogenetic evolution, but similar dominant mantle-like δ18O
compositions we suggest that CA2 magmas were derived from the
mafic lower-crust, which was not contaminated by high-δ18O
components whereas AL magmas evolved from lithospheric-mantle
melts.

4. Notwithstanding the dominance of mantle-like δ18O(Zrn) compo-
sitions of the two suites, grouping them reveals a δ18O(Zrn)
geographic zoning and a “6‰ line” that separates a large south-
eastern region of δ18O(Zrn)=4.5–5.9‰ [δ18O(WR)=6.9–8.2‰] from
a northwestern belt with δ18O(Zrn)=6.1–8.0‰ [δ18O(WR)=7.9–
10.1‰]. Material balance calculations imply that parent magmas of
both CA2 and AL magmas of the northwestern belt were derived
from mantle-like δ18O reservoirs but assimilated 15–35% pre-
635 Ma crust. In the southeastern region no assimilation of high-
δ18O material by CA2 and AL magmas occurred.

5. Our results show that some A-type granites of the northernmost
ANS assimilated supracrustal material. This stands in contrast to
previous views that interpreted them to be highly fractionated
mantle melts with no crustal component.

6. Theδ18Oprovinciality defined for theCA2+AL rocksmaybeexplained
if magmas derived from mantle-like δ18O sources intruded crustal
terranes of different thicknesses. In accordance to the model
proposed by Stern (1985) we suggest that fan shaped rifting of the
northernmost ANS during the late Neoproterozoic resulted in a
thicker crustal section in the northwestern belt and a thinner crust in
the larger southeastern region. At ~635 Ma deep parts of the
lithosphere began rifting, allowing the asthenospheric mantle to rise
and heat the lithosphere. This resulted in vast melting of the mafic
lower-crust to produce the batholithic CA2 suite magmas. Later
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(~610 Ma) percolation of mantle melts (probably along deep seated
lithospheric scale faults) introduced AL magmas to shallow levels of
the crust. Intrusion of CA2 and AL magmas into the thinned
southeastern crust didnot involve assimilation of older crustwhereas
similar intrusion into the thicker northwestern crust resulted inmild
assimilation of high-δ18O pre-635 Ma crust.
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