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Abstract

Calc-alkaline leucocratic granites that were emplaced at the late post-collision stage of the Pan-African orogeny are abundant in

the northern half of the Arabian-Nubian Shield. Commonly, they are referred to as the Younger Granite II suite. In southern Israel

such rocks are known as Elat granite. Studies of these rocks enable to recognize two types of granites: coarse-grained, massive Elat

granite (EG), and fine- to medium-grained Shahmon gneissic granite (SGG). Both granite types are high-K and peraluminous (ASI

ranges from 1.03 to 1.16). They are similar in modal composition, mineral and whole-rock chemistry. Within the EG, a noticeable

distinction in whole-rock chemistry and mineral composition is observed between rocks making up different plutons. In particular,

the granite of Wadi Shelomo, as compared to the Rehavam pluton, is enriched in SiO2, FeO*, K2O, Ba, Zr, Th, LREE and impov-

erished in MgO, Na2O, Sr, and HREE. The Eu/Eu* values in the granite are low, up to 0.44. Mass-balance calculations suggest that

chemical and mineralogical variations were caused by fractionation of �16 wt.% plagioclase from the parental Rehavam granite

magma at temperature of 760–800 �C (muscovite-biotite geothermometer). The Rb-Sr isochrons yielded a date of 623 ± 24 Ma

for the EG, although high value of age-error does not allow to constrain time of emplacement properly. The Rb-Sr date for

SGG is 640 ± 9 Ma; however, it is likely that this date points to the time of metamorphism. A survey of the literature shows that

peraluminous, high-K granites, similar to the EG, are abundant among the Younger Granite II plutons in the Sinai Peninsula and

Eastern Desert, Egypt. They were emplaced at the end of the batholithic (late post-collision) stage. The most appropriate model for

the generation of the peraluminous granitic magma is partial melting of metapelite and metagreywacke.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Basement outcrops in southern Israel and southern
Jordan comprise the northernmost part of the Ara-

bian-Nubian Shield (Fig. 1, Inset). The Shield evolved

through four main stages (Brown, 1980; Fleck et al.,

1980; Gass, 1982; Roobol et al., 1983; Bentor, 1985;

Stern and Hedge, 1985; Stern et al., 1988; Kröner
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et al., 1990; Genna et al., 2002). During the first and

second stages (�950–850 Ma and 850–650 Ma respec-

tively), oceanic crust and island arcs were formed. Tho-
leiitic basalt, gabbro and trondhjemite followed by

andesitic to dacitic rocks and their plutonic equivalents,

as well as sedimentary derivates, were produced in those

stages. At the end of the second stage, oceanic and island

arc terrains were amalgamated and accreted to form the

Arabian-Nubian Shield. The post-collision batholithic

stage 3 (�650–580 Ma) marks stabilization of the Shield

and is characterized by widespread calc-alkaline mag-
matism, mainly of intermediate to felsic composition.

At the boundary between stages 3 and 4 a fundamental
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Fig. 1. The geological map of the Elat block, southern Israel (after Druckman et al., 1993; Garfunkel et al., 2000, with authors�modifications). In the

Inset, stippled areas are exposures of the Pan-African basement. The localities of late to post-collisional calc-alkaline Younger Granite II that are

considered in the ‘‘Discussion’’ are shown: 1—Nuweiba area, eastern Sinai (Ahmed et al., 1993); 2—Wadi Risasa area, southeastern Sinai (El-

Sheshtawi et al., 1993); 3—southwestern Sinai (El-Mettwaly et al., 1992); 4—Wadi Hawashia, north of Eastern Desert (Mohamed et al., 1994); 5—

Gabal El-Urf area, Eastern Desert (Moghazi, 1999); 6—Mt El-Sibai, Eastern Desert (Abdel-Rahman and El-Kibbi, 2001); 7—Wadi El-Imra district,

Central Eastern Desert (Furnes et al., 1996).
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transition in tectonic style, from compressional to exten-
sional, occurred about 600 Ma (Stern and Hedge, 1985;

Garfunkel, 2000). The post-orogenic stage 4 (�600–

530 Ma) involves igneous activity of mainly alkaline to

peralkaline granites, andesites, rhyolites and several epi-

sodes of dike swarms representing late post-orogenic

intracratonic within-plate magmatism.

The calc-alkaline granitoids formed during the batho-

lithic stage are the most abundant plutonic rocks in the
northern part of the Arabian-Nubian Shield. Two suites

of calc-alkaline granitoids are usually recognized: older

diorite-tonalite-granodiorite (Granite I) and younger

granite suites. The latter is referred to in the Sinai Pen-

insula and Eastern Desert (Egypt) as Younger Granite

II, calc-alkaline younger biotite granite, younger post-

tectonic granite or late-tectonic monzogranite (El-

Mettwaly et al., 1992; El-Sheshtawi et al., 1993; Ahmed
et al., 1993; Mohamed et al., 1994; Furnes et al., 1996;

Moghazi, 1999, 2002; Abdel-Rahman and El-Kibbi,

2001). In southern Israel similar rocks are known as Elat

granite (Bentor and Vroman, 1955; Bentor, 1961).

In this paper we present data on the petrography,

mineral and whole-rock chemistry, Rb–Sr and oxygen

isotopic data from the Elat granite. Also the Shahmon
gneissic granite (SGG) that was previously considered
as EG is described. Both EG and SGG are high-K

and peraluminous. It is shown that high-K, peralumi-

nous granites similar to the Elat type are abundant

among the Pan-African calc-alkaline granitic rocks in

the Sinai Peninsula and Eastern Desert, Egypt.
2. Geological setting

The EG is abundant in southern Israel (Fig. 1, see

also Garfunkel et al., 2000). Exposures occur in small

areas ranging from 1.5 to 3 km2; they are overlain

unconformably by Late Neoproterozoic volcanic rocks

and conglomerate and by Neogene to Recent sediment

rocks. The EG is intruded by the alkaline Yehoshafat

granite. Country rocks are biotite-garnet Elat schists
and granitic gneisses formed �800 and 740 Ma respec-

tively (Eyal et al., 1991). Four areas with the largest

granite exposures have been studied in detail: (1) Wadi

Shelomo, (2) Mt Rehavam, (3) Wadi Roded, and (4)

the area south of Mt Shahmon (Fig. 1).

The Wadi Shelomo pluton is made up of homo-

geneous massive biotite, in places garnet-bearing, monzo-
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granite that intrudes the Elat schist. Numerous pegma-

tite veins and vein networks making up about 5% of

the total volume are characteristic of the pluton. Veins

are mostly gently dipping (10�–15� in various direc-

tions). Their thickness ranges from a few cm to 1 m.

Pegmatite veins are also common in the country rocks,
mostly near the contact with the granite pluton. Abun-

dance of pegmatites, as well as the presence of fairly

large, about 100 m across, schist xenoliths in the upper

level of the granite exposure, suggest a comparatively

shallow depth of erosion of the pluton.

The granite exposures in the Mt Rehavam and Wadi

Roded areas are interpreted as two parts of a single plu-

ton. The pluton was cut by a Neogene fault and its east-
ern part (Wadi Roded area) underwent about 6 km

displacement to the north along the shear zone (Eyal

and Peltz, 1994). These two parts taken together are

named the Rehavam pluton, which consists of coarse-

grained two-mica monzogranite. In the western part

(Mt Rehavam area) the monzogranite is homogeneous

in texture and mineral composition throughout the

hypsographic relief of 300 m. Pegmatite veins are extre-
mely rare and xenoliths of country rocks are absent sug-

gesting that the granitic pluton in this area is eroded to a

deeper level than in the Wadi Shelomo pluton. In the

Wadi Roded area, the contact zone of the pluton adja-

cent to the enclosing biotite-garnet schist is significantly

enriched in muscovite-garnet-bearing pegmatite veins.

Immediately near the contact the granite texture be-

comes pegmatitic.
The main feature of the contact zones both in the

Wadi Shelomo and Wadi Roded areas is the abundance

of conformable, mostly gently SE-dipping dike- and sill-

like monzogranite apophyses in the schist. The thickness

of apophyses ranges from less than 1 cm to several tens

of meters. Although penetration of schist by the mag-

matic material was very extensive (granite veins range

up to 60% of total volume), evidence of assimilation
or exchange reactions between magmatic and metamor-

phic rocks is very scarce. The mineral assemblages near

the contact with magmatic rocks are actually the same

as far away from the contact. No evidence of partial

melting in schist (e.g., lensoid patches of newly formed

granite, evidence of biotite breakdown) is found.

In the area to the south of Mt Shahmon, the Elat

granites are recognized in a number of geological maps,
including the latest 1:100 000 Geological map of the

northern Gulf of Elat area (Garfunkel et al., 2000).

However, our field and analytical studies show that,

contrary to the common EG, gneissic texture is charac-

teristic of granite in this area. We call them Shahmon

gneissic granite (SGG). The SGG is a two-mica rock ex-

posed in an area �2.5 km in length and <1 km wide.

Most outcrops consist of weakly gneissic, fine- to med-
ium-grained granite; granite with clear gneissic texture

is present only in the SW part of the exposure. The
gneissosity is mostly steeply dipping and vertical, with

dominant EW strike. The contact between the two

varieties is fairly sharp, but without any evidence of

crosscutting relationships. Veins of muscovite-garnet-

bearing pegmatites are rare. Country rocks are Elat gra-

nitic gneiss, biotite-garnet and staurolite Elat schists.
The granite exposures are overlain by the Quaternary

cover.
3. Analytical methods

Microprobe mineral analyses were carried out using a

four-channel MAR-3 electron probe microanalyser at
the Geological Institute, Siberian Branch of the Russian

Academy of Sciences, Ulan-Ude. Analyses were ob-

tained with a beam of 2–3 lm in diameter. Operating

conditions were 20 kV, 40 lA beam current, and a count-

ing time of 10 s. The detection limits are 0.05–0.09 wt.%

for Na2O, MgO, Al2O3, and SiO2; 0.01–0.05 wt.% for Cl,

K2O, CaO, TiO2, MnO and FeO; 0.06–0.15 wt.% for

BaO; 0.3–0.4 wt.% for SrO and F.
Whole-rock chemical analyses were made using a

combination of wet chemical methods, AAS and titra-

tion (major elements), and X-ray fluorescence (Rb, Sr,

Ba, Y, Zr and Nb) at the Geological Institute, Ulan-

Ude. Rare earth and some selected trace elements (Hf,

Ta, Th, U, Ga, V, Cu, Pb, Zn, Sc and Cs) were analyzed

by ICP-MS at the Institute of Mineralogy and Geo-

chemistry of Rare Elements, Moscow. Analyses are con-
sidered accurate to within 2–5% for major elements, and

better than 10–15% for trace elements. The accuracy for

all the REE (except Lu) is 1–5%; for Lu, it is 9–10%.

Normalizing trace element concentrations for chondrite

are from Sun and McDonough (1989). Major and trace

elements were determined for 61 samples; REE were

measured in 13 samples.

Rb–Sr isotope ratios were measured at the Geological
Institute, Ulan-Ude on MI-1202 T mass spectrometer, in

a single-ray mode. The isotopic composition and con-

centration of Sr were determined by the method of dou-

ble isotopic dilution, and Rb content, by isotopic

dilution. The measurement of Sr isotopic compositions

was controlled using the standard VNIIM (attested

value 87Sr/86Sr = 0.70801), which yielded 87Sr/86Sr =

0.70796 ± 0.00009 in the course of the measurements.
The uncertainties of isotopic ratios were determined tak-

ing into account parallel measurements of 87Sr/86Sr and
87Rb/86Sr as no higher than 0.05 and 2%, respectively.

Ages were calculated by the York method using the

ISOPLOT program (Ludwig, 2003).

Oxygen isotope analyses were performed using the

laser fluorination technique at the University of Wiscon-

sin, Madison, USA. Oxygen was liberated by reaction
with BrF5, purified cryogenically and with an in-line

Hg diffusion pump, converted to CO2 on a hot graphite
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rod, and analyzed on a Finnigan MAT 251 mass spec-

trometer (Valley et al., 1995). Quartz separates were

analyzed using the rapid heating, defocused beam tech-

nique (Spicuzza et al., 1998). Average reproducibility for

quartz is 0.09& and for zircon and garnet 0.02&. On

each analysis day at least four aliquots of UW Gore
Mountain Garnet standard (UWG-2) were analyzed.

The overall average for UWG-2 during the period of

the study was 5.61 ± 0.09&. d18O values of samples

were adjusted by an average of 0.19&, the difference be-

tween each day�s UWG-2 value and 5.8&, the accepted

value of UWG-2.
4. Petrography

4.1. The Elat granites

The EG is leucocratic pinkish to light gray, medium-

to coarse-grained and in places porphyritic. According

to the modal composition (Table 1; Fig. 2), they are

monzogranites (Le Maitre, 1989). Accessory minerals
are monazite, zircon and magnetite, with rare apatite

and titanite.

Monzogranite from the Rehavam pluton is a coarse-

grained (5–8 mm) two-mica rock of hypidiomorphic

texture, with a dominance of plagioclase over alkali feld-

spar (Table 1; Fig. 2). It contains 2.5–5.0 vol.% of biotite

and 2.5–3.0 vol.% muscovite in 1–1.5 mm long euhedral

to subhedral flakes. Prismatic crystals of plagioclase are
commonly compositionally zoned (An13 in the cores and

An6 in thin rims). Quartz and alkali feldspar occur as

anhedral and interstitial grains. Alkali feldspar has

irregular vein-patch perthite texture with about 20–

30 vol.% of Ab phase. Secondary muscovite is also pres-

ent, it forms small flakes dispersed within the feldspar

grains, and rarely within the biotite flakes.
Table 1

Modal composition of representative Elat granite and Shahmon gneissic gra

Pluton Rehavam (Mt Rehavam area) Rehavam (Wadi Ro

Sample no. A38 A39 A101 A102 A41 A44

Elat granite

Quartz 26.5 31.5 30 29.5 31.5 31.5

Plagioclase 37 36 36.5 36 36 37

Alkali feldspar 30.5 26 26 25 26 25

Biotite 2.5 3.5 4 5 2.5 3

Muscovite 2.5 2.5 2 3 3.5 2.5

Shahmon (weakly gneissic granite)

A50 A57 A-58 A89-1 A-9

Shahmon gneissic granite

Quartz 32 32 32.5 33.5 30.5

Plagioclase 39 35 37 34.5 38

Alkali feldspar 22 25 23 24 24

Biotite 4 4 3 4 3.5

Muscovite 2.5 3 3.5 3.5 3.5
Monzogranite from the Wadi Shelomo pluton, unlike

the Rehavam pluton, is richer in quartz and alkali feld-

spar (Table 1; Fig. 2). The distinctive textural feature of

this monzogranite is partial resorption of plagioclase by

alkali feldspar, commonly with myrmekitic inter-

growths. The plagioclase grains (An12–15) are mostly un-
zoned, in places weakly zoned. Alkali feldspar is similar

to that in the Rehavam monzogranite. Biotite occurs in

euhedral flakes and elongated aggregates. Muscovite is

practically absent. Rare spessartine–almandine garnet

crystals are found in close proximity to the garnet-rich

pegmatite veins.
4.2. The Shahmon gneissic granites

The main feature of rocks of this type is the gneissic

texture. Two rock varieties, weakly and strongly gneis-

sic, are distinguished; the former is dominant. Both vari-

eties are two-mica rocks with typical hypidiomorphic

texture. By modal composition they are monzogranite

with approximately equal amounts (3.5–4.5 vol.%) of

biotite and muscovite (Table 1; Fig. 2). Accessory min-
erals, zircon, titanite, apatite and magnetite, constitute

about 0.5% of the rock volume.

Weakly gneissic monzogranite is fine- to medium-

grained (from 0.5 to 1.5 mm), of gray or bluish-gray

colour. The rock is mostly even-grained, but rare plagio-

clase and alkali-feldspar phenocrysts about 3 by 4 mm

are observed. Gneissic texture is commonly distin-

guished in hand specimens rather than in thin sections.
Weak orientation of mica flakes and aggregates of

quartz grains can be seen in a few thin sections. Pris-

matic crystals of plagioclase are commonly zoned

(An14 in the core and An6–9 in the rim); alkali feldspar

and quartz are present as anhedral, in places interstitial,

grains.
nite (vol.%)

ded area) Wadi Shelomo

A48 A4 A6 A9 A24 A29 A33

31.5 36 34 39 34.5 36 37.5

34 28 27 21.5 26.5 22 27

28 30.5 33.5 33 34.5 35 30.5

2.5 4.5 4.8 4 3.5 5.5 4.8

3 - trace - - trace -

Shahmon (gneissic granite)

9 A89 A112a A112a-1 A114

29.5 32 30 30.5

39 36 38 34

24 24 23.5 26

3.5 3.5 4.5 4.5

3.5 3.5 3.5 4.5
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Fig. 2. Modal compositions of the EG and SGG plotted in QAP classification diagram.
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Gneissic monzogranite is a pinkish-gray, dominantly

medium-grained rock. In spite of gneissosity, patches

with magmatic texture are abundant. The rock is por-

phyritic with plagioclase and alkali feldspar phenocrysts
Table 2

Microprobe analyses of biotite from the EG, SGG and from the enclosing b

Sample no. A39 A38 A102 A41 A48 A4 A9

Pluton/rock Rehavam, EG Wadi Shelo

Area Mt Rehavam Wadi Roded

n 1 1 1 1 1 1 1

SiO2 35.99 36.56 35.01 37.03 35.36 33.67 34

TiO2 2.62 2.56 2.47 2.31 2.38 2.73 2

Al2O3 16.45 16.45 17.03 17.27 17.77 18.45 17

FeO* 20.19 19.39 23.42 19.99 21.18 27.65 28

MnO 0.93 0.84 0.74 1.08 0.86 0.50 0

MgO 9.58 9.76 7.11 7.34 7.79 3.94 3

CaO 0.12 0.09 - 0.23 0.06 0.06 0

Na2O 0.11 0.07 - 0.09 0.09 0.13 0

K2O 9.56 9.36 9.68 9.74 9.38 9.55 9

BaO - 0.37 0.31 - - - 0

F 1.24 1.82 0.78 1.88 1.20 0.65 0

96.79 97.26 96.56 96.93 96.07 97.33 97

O@F 0.52 0.76 0.33 0.79 0.50 0.27 0

Total 96.06 96.20 96.11 95.84 95.37 96.96 97

Atoms to 11 o

Si 2.763 2.797 2.732 2.845 2.741 2.650 2

Aliv 1.237 1.203 1.268 1.155 1.259 1.350 1

Alvi 0.252 0.280 0.298 0.409 0.365 0.361 0

Tivi 0.151 0.147 0.145 0.133 0.139 0.162 0

Fe 1.296 1.240 1.529 1.284 1.373 1.820 1

Mn 0.060 0.054 0.049 0.070 0.056 0.033 0

Mg 1.096 1.113 0.827 0.841 0.900 0.462 0

Ca 0.010 0.007 0.019 0.005 0.005 0

Na 0.017 0.011 0.013 0.013 0.020 0

K 0.936 0.914 0.963 0.955 0.928 0.959 0

Ba 0.011 0.009 0

F 0.302 0.440 0.192 0.457 0.293 0.161 0

Fe/Fe + Mg 0.54 0.53 0.65 0.60 0.60 0.80 0

Here and in Tables 3 and 4, n = number of analysed grains; FeO* = total

detection limit.
of 8–10 mm in length (5–7 vol.%). Plagioclase forms

prismatic zoned (An12–14 in the core and An6–8 in the

rim) and unzoned (An9–13) crystals. Quartz and

alkali feldspar grains are anhedral. Biotite is almost
iotite-garnet schists (wt.%)

A29 A99 A50 A34 A107-1

mo, EG Shahmon, SGG Schist

Wadi Shelomo Wadi Roded

1 2 2 2 2

.15 34.82 34.96 36.07 34.79 35.67

.90 3.05 2.72 3.01 2.33 1.97

.57 18.62 18.08 17.51 19.01 19.37

.43 26.52 24.40 22.49 21.16 19.16

.50 0.55 0.73 0.58 0.13 0.11

.77 4.00 5.53 6.63 8.56 9.23

.11 0.04 0.02 0.06 0.05 0.33

.13 0.22 0.07 0.07 0.26 0.09

.24 9.78 10.08 9.34 9.08 9.35

.07 - 0.05 0.28 0.08 0.19

.49 0.56 1.63 0.91 0.21 -

.35 98.17 98.28 96.95 95.66

.20 0.24 0.68 0.38 0.09

.07 97.84 97.33 96.43 95.53 95.46

xygens

.689 2.693 2.713 2.775 2.669 2.707

.311 1.307 1.288 1.226 1.331 1.293

.320 0.390 0.366 0.362 0.388 0.439

.172 0.177 0.159 0.175 0.135 0.113

.872 1.715 1.583 1.448 1.358 1.217

.033 0.036 0.048 0.038 0.009 0.008

.443 0.461 0.640 0.760 0.979 1.044

.009 0.003 0.002 0.005 0.004 0.027

.020 0.033 0.011 0.011 0.038 0.013

.928 0.965 0.998 0.917 0.889 0.905

.002 0.002 0.009 0.003 0.006

.121 0.137 0.400 0.223 0.051

.81 0.79 0.71 0.66 0.58 0.54

Fe calculated as FeO; hyphen = concentration of element below the
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completely altered to chlorite and leucoxene. Clear par-

allel orientation of mica flakes and some feldspar pheno-

crysts defines the gneissic texture of the rock.

Despite the gneissic texture that is characteristic of

the SGG, it differs noticeably from the enclosing granitic

gneiss that is intruded by SGG. Gneiss is coarsely crys-
talline, with typical metamorphic granoblastic equigran-

ular or porphyroclastic and augen textures. Commonly

a gneissosity or foliation may be observed due to a pre-

ferred orientation of tabular plagioclase, lenticular

quartz grains, biotite and muscovite flakes.
5. Mineral chemistry

Microprobe analyses were made for all rock-forming

minerals of EG, SGG, some pegmatite veins and enclos-

ing schist. A total of 122 mineral grains were analyzed

(complete data available from the authors on request).

Data on the feldspar compositions are given in the fore-

going section. Below, we discuss the compositional fea-

tures of micas and garnet, on which estimates of magma
temperature are based.

Biotite is present in all types of monzogranites. It is of

phlogopite–annite composition according to Rieder

et al. (1999) classification. It contains 0.5–1.9 wt.% fluo-

rine (Table 2). Biotite from the Wadi Shelomo monzo-

granite, as compared to that from rocks of the
Fig. 3. Biotite compositions plotted on Si vs Al, Ti, Fe and Mg diagr
Rehavam pluton, is richer in Fe, Ti, Al, whereas Mg,

Mn and F are lower (Table 2; Fig. 3). In the weakly

gneissic SGG, biotite is compositionally intermediate

between the two varieties of the EG (Fig. 3).

Muscovite is common in the Rehavam and Shahmon

plutons (Table 3). Two types of muscovite are distin-
guished: large euhedral to subhedral flakes (muscovite-

1) and small flakes of secondary muscovite unevenly

dispersed in feldspar, rarely in biotite (muscovite-2).

In monzogranite from the Rehavam pluton (Mt

Rehavam and Wadi Roded areas), a systematic and sim-

ilar compositional distinction between muscovite-1 and

muscovite-2 can be seen. Muscovite-2 contains less

Mg, Fe, Ti and more Al (Fig. 4a–c). Morphology of
the muscovite-1 flakes, their relationships to other

rock-forming minerals, as well as systematic composi-

tional distinction from the secondary muscovite suggest

a magmatic origin of the muscovite-1. In weakly gneissic

Shahmon monzogranite, compositions of muscovite-1

and muscovite-2 overlap significantly (Table 3; Fig.

4d–f). This suggests that in SGG magmatic muscovite

underwent a subsolidus alteration.
Compositions of biotite and garnet from the biotite–

garnet schist (country rock for the Wadi Shelomo and

Wadi Roded monzogranites) and garnet from pegma-

tites are reported in Tables 2 and 4. The magmatic origin

of garnet in pegmatites and granites from the Wadi

Shelomo pluton was justified by Bogoch et al. (1997).
ams. Shaded area shows composition of biotite from the SGG.



Table 3

Microprobe analyses of muscovite from the EG and SGG (wt.%)

Sample no. A39 A38 A102 A101 A39 A38 A102 A101 A41 A48 A41 A99 A57 A89-1 A50 A89 A57 A89-1 A50

Pluton Rehavam (Mt Rehavam area) Rehavam (Wadi Roded area) Shahmon

Muscovite-1 Muscovite-2 Muscovite-1 Muscovite-2 Muscovite-1 Muscovite-2

n 1 1 2 1 1 1 1 1 2 1 3 1 1 1 1 2 2 1 1

SiO2 45.07 45.06 45.26 44.78 45.24 44.46 45.64 47.35 46.77 46.45 47.64 45.93 46.17 46.82 45.85 45.87 45.41 46.36 46.12

TiO2 0.85 1.03 1.10 1.06 - 0.08 0.32 0.00 0.85 0.72 0.18 0.77 1.09 1.24 0.97 0.87 0.14 - -

Al2O3 31.43 30.09 30.55 30.43 32.36 33.03 32.48 31.31 32.70 32.90 34.61 34.61 31.43 32.53 32.19 32.82 31.88 34.56 32.43

FeO* 4.64 5.27 4.97 5.44 4.59 4.05 4.09 3.97 3.48 2.95 2.37 2.69 4.39 4.66 4.08 3.75 4.41 3.18 4.01

MnO - 0.08 0.09 0.10 - 0.07 0.07 0.09 0.14 0.07 0.06 - 0.07 0.06 - 0.09 0.04 0.09 0.06

MgO 1.15 1.48 1.46 1.51 1.07 0.77 1.09 0.90 1.24 1.30 0.90 0.98 1.22 1.07 1.05 1.05 0.96 0.74 1.12

Na2O 0.33 0.28 0.40 0.38 0.39 0.39 0.43 1.75 0.34 0.33 0.27 0.52 0.40 0.16 0.37 0.39 0.28 0.39 0.31

K2O 11.01 11.19 10.90 10.81 10.78 11.07 10.95 9.98 10.65 10.89 10.62 10.64 10.73 7.43 10.03 10.51 10.92 9.48 10.82

BaO - 0.07 0.03 - 0.09 0.12 0.08 0.25 0.00 0.09 0.02 0.05 0.10 - 0.12 0.09 0.20 0.20 0.17

F 0.58 0.58 0.82 0.47 0.59 0.39 0.63 0.76 0.97 0.63 0.41 0.69 0.64 0.69 1.41 0.52 0.78 0.51 0.54

95.06 95.12 95.57 94.98 95.11 94.42 95.78 96.36 97.14 96.31 97.08 96.88 96.23 94.66 96.07 95.97 95.01 95.50 95.57

O@F 0.24 0.24 0.34 0.20 0.25 0.17 0.26 0.32 0.44 0.27 0.19 0.29 0.27 0.29 0.59 0.22 0.33 0.21 0.23

Total 94.82 94.88 95.23 94.78 94.86 94.26 95.52 96.04 96.70 96.05 96.88 96.59 95.96 94.37 95.48 95.75 94.69 95.29 95.34

Atoms to 11 oxygens

Si 3.100 3.118 3.113 3.096 3.102 3.066 3.105 3.194 3.125 3.117 3.134 3.058 3.128 3.151 3.114 3.096 3.124 3.106 3.133

Aliv 0.900 0.882 0.887 0.904 0.898 0.934 0.895 0.806 0.875 0.883 0.866 0.942 0.872 0.849 0.886 0.905 0.877 0.894 0.867

Alvi 1.648 1.572 1.590 1.576 1.717 1.751 1.708 1.684 1.700 1.720 1.817 1.774 1.638 1.731 1.691 1.706 1.708 1.835 1.729

Tivi 0.044 0.054 0.057 0.055 0.000 0.004 0.017 0.000 0.043 0.036 0.009 0.039 0.055 0.063 0.050 0.044 0.008 0.000 0.000

Fe 0.267 0.305 0.286 0.314 0.263 0.234 0.233 0.224 0.194 0.165 0.130 0.149 0.249 0.262 0.232 0.212 0.254 0.178 0.228

Mn 0.000 0.004 0.005 0.006 0.000 0.004 0.004 0.005 0.008 0.004 0.004 0.000 0.004 0.003 0.000 0.005 0.003 0.005 0.003

Mg 0.118 0.153 0.150 0.156 0.110 0.079 0.110 0.090 0.124 0.130 0.088 0.098 0.124 0.107 0.107 0.106 0.099 0.074 0.113

Na 0.044 0.037 0.053 0.051 0.052 0.052 0.057 0.229 0.045 0.042 0.035 0.067 0.052 0.021 0.048 0.052 0.038 0.051 0.040

K 0.966 0.988 0.956 0.953 0.943 0.974 0.950 0.859 0.908 0.932 0.892 0.903 0.927 0.638 0.869 0.905 0.958 0.810 0.938

Ba 0.000 0.002 0.001 0.000 0.002 0.003 0.002 0.007 0.000 0.002 0.001 0.001 0.003 0.000 0.003 0.003 0.005 0.005 0.005

F 0.126 0.128 0.179 0.104 0.127 0.086 0.134 0.163 0.205 0.134 0.056 0.146 0.137 0.147 0.302 0.111 0.170 0.108 0.115

Mg/Mg + Fe 0.31 0.33 0.34 0.33 0.29 0.25 0.32 0.29 0.39 0.44 0.40 0.40 0.33 0.29 0.32 0.33 0.28 0.29 0.33

Shahmon pluton samples are from weakly gneissic granites, except A89 (gneissic granite).
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Fig. 4. Compositions of muscovite-1 and muscovite-2 in the EG and SGG plotted on Mg vs Fe, Ti and Al diagrams. Minerals were studied in the

same rock samples (see Table 3). Arrows point to compositional distinctions between muscovite-1 and muscovite-2.
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The distinctions in chemical compositions of the miner-

als from magmatic and metamorphic rocks are signifi-

cant. Biotite in schist is richer in Mg and contains less

fluorine than in granites, and garnet is almandine with

a higher proportion of pyrope (13.7–18.3%) and low

Mn as compared to garnet from pegmatites (Tables 2
and 4).
6. Geochemistry

Data for chemical compositions of representative sam-

ples are reported in Tables 5 and 6. Both EG and SGG
have a restricted silica range, with SiO2 contents of

72.5–75.5%. In most samples, except from the Wadi She-

lomo pluton, Na2O/K2O ratio�1.25–1.5, and Zr concen-

tration is comparatively low, from 60 to 100 ppm. EG

and SGG samples have high (13.0–15.3%) Al2O3.The alu-

minium saturation index value (ASI) ranging from 1.03
to 1.16, and the presence of 1.1–1.9 wt.% of normative

corundum, indicate that the granites are peraluminous

(Fig. 5A; Table 5). In terms of their SiO2–K2O relation-

ship, EG and SGG samples plot in the lower part of

the calc-alkaline, high-K field (Fig. 5B).

Within the EG type, monzogranites from the Wadi

Shelomo and Rehavam plutons are noticeably distinct.



Table 4

Representative microprobe analyses of garnet from the enclosing biotite-garnet schists and pegmatites (wt.%)

Sample no. A 34 A 107-1 A26 A3-1 A107 A97

Rock Schist Pegmatite

n 1 2 1 1 2 1

SiO2 37.14 37.79 36.29 35.77 36.38 36.22

TiO2 - 0.07 0.07 0.52 - -

Al2O3 20.81 20.62 19.73 20.15 20.82 20.33

FeO* 34.82 34.74 24.07 31.8 26.64 21.38

MnO 2.67 1.90 17.97 10.43 15.05 21.74

MgO 3.36 4.50 0.44 0.61 0.63 0.15

CaO 1.55 0.83 0.71 1.15 0.21 0.33

Total 100.35 100.43 99.28 100.43 99.73 100.15

FeO-calc 33.08 33.00 22.87 30.21 25.31 20.31

Fe2O3-calc 1.93 1.93 1.34 1.77 1.48 1.19

Total-calc 100.46 100.48 99.33 100.61 99.74 100.23

Atoms to 12 oxygens

Si 2.980 3.012 3.013 2.936 2.998 2.986

Aliv 0.02 0.064 0.009 0.014

Alvi 1.947 1.935 1.929 1.884 2.012 1.960

Fe3+ 0.117 0.116 0.083 0.109 0.092 0.074

Ti 0.004 0.004 0.032 0.000

Fe2+ 2.220 2.200 1.588 2.074 1.744 1.400

Mg 0.402 0.535 0.054 0.075 0.078 0.018

Mn 0.181 0.128 1.264 0.725 1.051 1.518

Ca 0.133 0.071 0.063 0.101 0.019 0.029

End members, mol%

Alm 75.6 74.9 53.3 61.1 60.4 47.2

And 4.5 2.4 2.1 4.4 0.6 1.0

Pyr 13.7 18.3 1.8 3.2 2.7 0.6

Spess 6.2 4.4 42.7 31.3 36.3 51.2

Wadi Shelomo area: samples A34, A26 and A3-1; Wadi Roded area: A107-1 and A107; Shahmon pluton: A97. Ferrous and ferric iron recalculated

after Knowles (1987); End members (mol%) are determined according to Rickwood (1968).
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Monzogranite in Wadi Shelomo is richer in SiO2, FeO*,

K2O, Ba, Zr, Th, LREE and contains less MgO, Na2O,

Sr and HREE (Tables 5 and 6; Figs. 6 and 7A). The Eu/

Eu* values are lower than in the Mt Rehavam area (0.44

and 0.55 vs 0.75 and 0.92).

SGG is chemically similar to monzogranite from the

Rehavam pluton, although it is slightly richer in Ba

and Zr and poorer in HREE (Figs. 6 and 7B). Weakly
gneissic and gneissic Shahmon monzogranites are not

distinguished in major and trace element content (Fig.

6). Data from Tables 5 and 7 and Fig. 8 illustrate that

the SGG differs significantly from the enclosing Elat

granitic gneiss in SiO2, Al2O3, Na2O, K2O, Sr, Y and

REE abundance. Thus, the whole-rock chemistry, which

is in good agreement with petrographic studies, indicates

that Elat granitic gneiss cannot be considered as part of
SGG.
7. Rb–Sr isotope data

Rb-Sr isotope study was performed on 7 whole-rock

samples, 5 garnet and 6 muscovite separations. How-

ever, it turned out that Sr contents of all garnet and 4
muscovite separations are near or below the detection

limit (62 ppm). Trustworthy data have been obtained

only on two muscovite and six whole-rock samples

(Table 8).

Isotope measurements in one muscovite and three

whole rock samples from the Wadi Shelomo pluton

form an isochron yielding date of 623 ± 24 Ma, with

ISr = 0.7071 ± 0.0099 and MSWD = 3.5 (Fig. 9a). Simi-
lar date of 621 ± 12 Ma, with ISr = 0.7067 ± 0.0075 is

obtained from the whole rock and muscovite samples

collected from a pegmatite vein (Fig. 9b). Three whole

rock samples also yielded date of about 630 Ma, but

with the error more than 100 My. The EG is homoge-

neous, unfoliated and its magmatic texture is well pre-

served. Thus it is likely that the Rb–Sr date indicates

the time of emplacement, although high value of age-
error does not allow to constrain this time properly.

In the Shahmon pluton, four points (3 whole rock

samples and 1 muscovite) form an isochron yielding date

of 640 ± 9 Ma, with ISr = 0.7039 ± 0.0003 and

MSWD = 1.01 (Fig. 9c). An isochron calculated only

for whole rock samples gave a similar but less precise

date of 645 ± 14 Ma; ISr = 0.7038 ± 0.0003; MSWD =

1.1 (Fig. 9d). This suggests that the date of 640 ± 9 Ma



Table 5

Chemical composition of representative EG and SGG samples, major (wt.%) and selected trace elements (ppm)

Pluton Rehavam, EG Wadi Shelomo, EG Shahmon, SGG

Sample no. A38 A102 A101 A39 A41 A48 A44 A6 A29 A24 A4 A9 A33 A57 A99 A58 A50 A89-1 A114 A89 A112a-1 A112-a

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

SiO2 72.5 72.80 73.00 73.70 73.40 73.80 74.00 74.00 74.70 75.00 75.40 75.40 75.50 73.20 73.20 73.40 73.50 73.60 72.90 73.00 73.10 73.30

TiO2 0.13 0.14 0.13 0.15 0.10 0.12 0.13 0.14 0.15 0.17 0.15 0.17 0.15 0.17 0.14 0.15 0.15 0.14 0.17 0.14 0.16 0.15

Al2O3 15.3 14.50 15.00 14.40 14.80 14.90 15.00 13.40 13.50 13.00 13.40 13.30 13.20 14.60 14.70 14.40 14.20 14.50 15.00 14.70 14.80 14.80

Fe2O3 0.18 0.73 0.57 0.68 0.74 0.49 0.12 1.13 0.76 1.04 0.30 0.18 0.35 0.81 0.28 0.90 0.72 0.70 0.56 0.25 0.33 0.19

FeO 0.80 0.43 0.39 0.44 0.30 0.52 0.91 0.56 0.84 0.64 1.24 1.56 1.16 0.40 0.71 0.24 0.48 0.16 0.55 0.47 0.59 0.67

MnO 0.04 0.04 0.03 0.04 0.04 0.02 0.04 0.03 0.03 0.03 0.03 0.04 0.03 0.02 0.02 0.04 0.03 0.02 0.02 0.02 0.02 0.02

MgO 0.28 0.52 0.46 0.32 0.20 0.23 0.26 0.19 0.21 0.14 0.19 0.16 0.19 0.27 0.29 0.23 0.27 0.27 0.37 0.29 0.34 0.29

CaO 1.21 0.78 0.78 1.10 0.73 1.02 1.15 0.68 0.48 1.00 1.18 0.62 1.00 0.76 1.02 0.90 1.19 0.86 0.88 1.08 1.02 0.88

Na2O 4.53 5.2 5.12 4.68 4.81 4.89 4.78 4.00 4.30 3.80 3.82 3.87 3.83 4.82 4.96 4.62 4.80 4.90 4.92 4.70 4.86 4.81

K2O 4.45 3.34 3.71 3.45 3.61 3.49 3.25 4.03 3.77 4.08 3.76 3.64 3.62 3.50 3.54 3.62 3.50 3.50 3.47 3.76 3.20 3.25

P2O5 0.06 0.06 0.06 0.05 0.05 0.05 0.04 0.07 0.04 0.05 0.05 0.05 0.04 0.05 0.05 0.05 0.05 0.05 0.08 0.06 0.05 0.06

LOI 0.89 0.88 0.74 0.65 0.50 0.41 0.51 1.06 1.19 0.67 0.73 1.07 0.82 0.74 1.27 0.82 0.75 0.82 1.06 1.05 1.06 1.07

Total 100.4 99.42 99.99 99.66 99.28 99.94 100.19 99.29 99.97 99.62 100.25 100.06 99.89 99.34 100.18 99.37 99.64 99.52 99.98 99.52 99.53 99.49

Rb 100 93 100 80 120 80 84 105 110 82 105 105 93 78 105 83 77 80 72 90 70 70

Ba 800 450 590 500 360 500 500 650 550 700 600 610 700 650 720 720 740 690 680 600 680 740

Sr 450 360 340 390 200 400 390 100 92 115 98 100 90 390 360 410 420 380 400 370 470 460

Zr 67 70 70 70 57 68 70 110 120 120 100 110 110 90 92 100 93 80 93 74 97 87

Nb 7 8 6 6 12 8 9 10 10 8 10 8 8 8 5 6 8 5 4 4 5 5

Y 9 12 8 8 10 6 11 11 8 17 8 11 15 5 11 4 6 7 7 8 10 5

ASI 1.06 1.07 1.08 1.07 1.13 1.09 1.11 1.10 1.12 1.04 1.07 1.16 1.10 1.11 1.06 1.10 1.03 1.08 1.12 1.07 1.11 1.14

AI 0.80 0.84 0.83 0.79 0.80 0.79 0.76 0.82 0.83 0.82 0.77 0.77 0.77 0.80 0.82 0.80 0.82 0.82 0.79 0.80 0.77 0.77

Na2O/K2O 1.02 1.56 1.38 1.36 1.33 1.40 1.47 0.99 1.14 0.93 1.02 1.06 1.06 1.38 1.40 1.28 1.37 1.40 1.42 1.25 1.52 1.48

C 1.39 1.07 1.3 1.1 1.79 1.35 1.63 1.41 1.59 0.64 1.03 2.01 1.27 1.64 0.98 1.38 0.48 1.22 1.76 1.1 1.63 1.94

Areas of the Rehavam pluton: Mt Rehavam (1–4) and Wadi Roded (5–7). Shahmon pluton rocks: weakly gneissic (14–18) and gneissic (19–22) granite. ASI = Al2O3/(CaO + Na2O + K2O), mol%; AI = (Na2O + K2O)/Al2O3,

mol%; C = CIPW-normative corundum, wt.%.
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Table 6

REE and selected trace element content in the EG and SGG, ppm

Pluton Rehavam, EG Wadi

Shelomo, EG

Shahmon, SGG

Sample no. A38 A102 A29 A4 A50 A89-1

Hf 2.5 2.2 2.7 1.9 3.0 1.0

Ta 4.2 3.2 2.8 2.3 3.9 3.1

Th 4.5 4.4 8.8 7.1 5.9 4.3

U 0.9 4.1 1.3 1.0 1.9 1.0

Ga 22.8 21.2 20.8 18.1 21.2 22.1

V 38 12 25 5 14 6

Cu 5 5 2 6 4 2

Pb 22 15 14 14 18 17

Zn 35 41 41 34 45 29

Sc 2.7 1.9 3.9 3.1 2.7 1.6

Cs 3.3 4.1 2.7 2.7 3.1 2.3

La 13.04 12.81 24.25 22.11 19.39 11.89

Ce 27.64 27.76 49.77 44.81 37.67 34.91

Pr 3.19 3.16 5.56 4.96 4.48 2.95

Nd 11.84 11.52 20.12 17.17 15.94 10.44

Sm 2.39 2.38 3.70 3.04 2.62 1.97

Eu 0.67 0.56 0.50 0.52 0.68 0.58

Gd 2.01 2.13 3.08 2.53 1.89 1.52

Tb 0.31 0.34 0.42 0.34 0.26 0.22

Dy 1.77 2.14 1.89 1.52 1.36 1.20

Ho 0.37 0.46 0.30 0.24 0.27 0.22

Er 0.99 1.17 0.73 0.61 0.74 0.61

Tm 0.15 0.18 0.09 0.08 0.11 0.09

Yb 1.06 1.19 0.63 0.54 0.69 0.64

Lu 0.16 0.17 0.11 0.09 0.10 0.09

Eu/Eu* 0.92 0.75 0.44 0.55 0.89 0.98

Lan/Ybn 8.86 7.70 27.61 29.43 20.07 13.27

Samples A50 and A89-1 = weakly gneissic granite.
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Fig. 5. Location of the EG and SGG compositions in the classification

diagrams. A = Al2O3/CaO + Na2O + K2O vs Al2O3/Na2O + K2O

(from Maniar and Piccoli, 1989); B = SiO2 vs K2O (the shaded bands

are the fields that define the boundary between series (Rickwood,

1989). Sources of data on leucocratic peraluminous granite composi-

tions are from Le Fort (1981); Nabelek et al. (1992); Inger and Harris

(1993)).
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for weakly gneissic monzogranite is a reliable estimate.

Its geological meanings envisioned below, in the

‘‘Discussion’’.
8. Oxygen isotope ratios

The oxygen isotope analyses of quartz, zircon and
garnet are given in Table 9. The d18O (Qtz) values of

EG in Wadi Shelomo pluton range from 10.09& to

10.38&; in the Rehavam area these values are higher,

10.71–11.17&. Difference in isotope ratios could be

caused by differences in the depth of sampling. Samples

collected in the Wadi Shelomo pluton characterize its

uppermost part, whereas samples from the Rehavam

area represent deeper levels. It is known that in slowly
cooled plutonic rocks the isotope ratio of quartz would

reset simply by closed system oxygen exchange with

fast-diffusing phases like feldspar and mica down to its

closure temperature (Valley, 2001). Considering that

cooling rate in the uppermost part of the pluton are

bound to be higher than in the deeper one, closure tem-

perature for oxygen diffusion in quartz (�600 �C) would
be attained faster in the Wadi Shelomo pluton and iso-
tope ratios of quartz would reset by a smaller amount.
This suggests that the d18O (Qtz) values of 10.25& ±
0.12& obtained in EG samples from the Wadi Shelomo

pluton could be close to magmatic values. Data on d18O
values of quartz and zircon in sample YE-33 strongly

support this assumption (Table 9). Zircon is capable to

retain magmatic oxygen isotope ratios through slow

cooling and hydrothermal events (Valley et al., 1994;

Peck et al., 2000), so the d18O (Zrn) value is considered

as magmatic. Calculated model granitic rock composi-
tions have equilibrium D18O (WR-Zrn) values of �2&

(Valley et al., 1994) and D18O (Qtz-WR) values of

�1& (Wickham et al., 1996). In the sample YE-33 the

d18O (Zrn) value is 6.97&, the d18O (Qtz) value is

10.31 &. In accordance with the above data on whole-

rock-zircon and whole-rock-quartz fractionation, the

estimated d18O (WR) value proved to be the same,

�9&.
Quartz–zircon and quartz–garnet oxygen isotope

fractionations can help interpret the crystallization and

cooling history of Wadi Shelomo pluton. Since closure

temperatures for diffusion of oxygen in zircon and

quartz are different (�800 �C and 600 �C, respectively),
interpretation of quartz-zircon fractionations should



Fig. 6. Silica variation diagrams for selected major and trace elements in the EG and SGG.
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take into account the reset of d18O (qtz) by closed sys-

tem cooling. Based on the Fast Grain Boundary

model (Eiler et al., 1992) the D18O (Qtz–Zrn) = 3.34&

in sample YE-33 implies cooling of 60 �C/Ma for the

Wadi Shelomo pluton. Despite the expected zero frac-

tionation between zircon and garnet, the D18O (Qtz–

Zrn) = 3.34& in YE-33 is significantly lower than the
average value of D18O (Qtz–Grt) = 3.67& in the three

other analyzed samples. Given the relatively homoge-

nous d18O (qtz) value of Wadi Shelomo pluton,

10.25 ± 0.12&, and assuming that quartz was reset by

the same amount in the four analyzed rocks, the above

difference might suggest that garnet crystallized at lower

temperatures and later stages than zircon. Its increased

abundance in pegmatites and aplites supports this
interpretation.

The d18O (Qtz) value of Shahmon gneissic granite,

11.27 ± 0.05&, is considerably higher than in EG. This

value may represent recrystallization of quartz and its

re-equilibration at metamorphic temperatures.
9. Discussion

9.1. The peraluminous composition of EG and SGG

Both EG and SGG are peraluminous, with the ASI

ranging from 1.03 to 1.16 (Table 5, Fig. 5A). Generally

three main groups of peraluminous granites are distin-
guished (Patiño Douce, 1999): peraluminous leucocratic

granites, strongly peraluminous S-type, and Cordilleran

peraluminous two-mica granites. Compositional fields

of these groups are shown in Fig. 10. All SGG and most

EG samples plot within the field of peraluminous leuco-

cratic granites. Peraluminous leucocratic granite com-

monly make up relatively small post-collision plutons

(Le Fort, 1981 and references therein; Nabelek et al.,
1992; Inger and Harris, 1993). They include two-mica

and muscovite-garnet granites and do not contain

low-pressure, high-temperature mafic aluminous miner-

als (e.g., cordierite) and aluminosilicates, which are

characteristic of strongly peraluminous S-type granites
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(Chappell and White, 1974). Almost all peraluminous

leucogranites from typical plutons are high-K and

calc-alkaline (Fig. 5B). Comparison of EG with typical

peraluminous leucocratic granites demonstrate signifi-

cant similarity in geological, mineralogical and chemical

characteristics, so that EG can be classified as peralumi-

nous leucocratic granite. Since chemical features of the
SGG are almost the same as those of EG in the Reha-

vam pluton of EG (Fig. 6), it also should be considered

as peraluminous leucocratic granite.

9.2. Estimation of magma temperature

To obtain a direct estimation of magma temperature,

we looked for melt inclusions in the quartz grains from
the EG. However, only secondary fluid inclusions were

found, so the muscovite–biotite geothermometer

(Hoisch, 1989) was used to assess magma temperature.

The muscovite–biotite assemblage is abundant in three

areas: Mt Rehavam, Wadi Roded and Shahmon. How-

ever, it was shown above that in the Shahmon pluton the
magmatic muscovite was altered. For this reason, assess-

ment of temperature was performed for the Wadi Roded

and Mt Rehavam granites only. Calculations were car-

ried out for 2 and 4 kbar, assuming that these pressures

embrace the more likely depth of the plutons emplace-

ment. Temperature estimates of �760–800 �C were ob-

tained for the Mt Rehavam pluton and �680–740 �C
for the Wadi Roded rocks (Table 10). Higher crystalliza-

tion temperatures in monzogranite of the Mt Rehavam

area are in good agreement with the field data on deeper

level of the pluton exposure (Section 2).

Temperatures in the contact zones of the Shelomo and

Rehavam (Wadi Roded) plutons were estimated based

on biotite-garnet geothermometery in the enclosing

schist immediately near the contact with monzogranite
(Bhattacharya et al., 1992; Kleemann and Reinhardt,

1994). It follows from Table 10 that metamorphic assem-

blages were formed in the range of �620–650 �C. These
values are similar to the temperatures of regional meta-

morphism in the same areas (Matthews et al., 1989; Katz

et al., 1998; Cosca et al., 1999). Taking into account that



Dy

(A)

Mt Rehavam

Wadi Shelomo
1

10

100

La Ce Pr Nd Sm Eu Gd Tb Ho Er Tm Yb Lu

R
oc

k/
C

ho
nd

ri
te

0.5 0.7 0. 9

100

500

Eu/Eu*

Sr

Mt Rehavam

Shahmon

(B)

1

10

100

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

R
oc

k/
C

ho
nd

ri
te

Fig. 7. Chondrite normalized REE patterns of the EG (Mt Rehavam

and Wadi Shelomo areas) and SGG. In the Inset, Eu/Eu* vs Sr

diagram.

Table 7

Chemical composition of the enclosing Elat granitic gneiss (wt.%,

ppm)

Sample

no.

A124 A122 YE9 YE16 ET92 ET2 ET93

1 2 3 4 5 6 7

SiO2 74.2 75.1 74.6 75.9 75.7 73 75.2

TiO2 0.16 0.17 0.15 0.16 0.26 0.16 0.19

Al2O3 13.25 13.25 13.25 12.45 12.7 12.3 12.4

Fe2O3* 1.63 1.57 1.8 1.49 2.51 1.38 1.81

MnO 0.03 0.05 0.04 0.02 - - -

MgO 0.35 0.31 0.29 0.19 0.3 0.16 0.31

CaO 0.88 1.02 0.93 0.92 0.73 0.62 0.74

Na2O 3.79 3.91 4.08 4 3.36 3.36 3.47

K2O 4.36 3.86 3.85 3.74 4.59 5.33 4.64

P2O5 0.05 0.05 0.05 0.03 0.03 0.05 0.03

LOI 0.76 0.52 0.55 0.8 0.74 0.67 0.7

Total 99.45 99.8 99.52 99.62 100.92 97.03 99.5

Rb 96 10 100 55 55 73 61

Ba 840 700 700 250 348 394 321

Sr 120 115 120 83 58 34 52

Zr 120 120 120 240 308 207 204

Nb 10 9 9 7 9 4 6

Y 15 20 27 41 27 24 39

La n.d. n.d. n.d. 66 16.2 80.4 n.d.

Ce n.d. n.d. n.d. 158 38 175 n.d.

Pr n.d. n.d. n.d. 16.6 4.92 17.7 n.d.

Nd n.d. n.d. n.d. 62 19.5 68.3 n.d.

Sm n.d. n.d. n.d. 11.3 5.06 12.6 n.d.

Eu n.d. n.d. n.d. 0.27 0.23 0.43 n.d.

Gd n.d. n.d. n.d. 11.74 4.67 9.71 n.d.

Tb n.d. n.d. n.d. 1.43 0.72 1.19 n.d.

Dy n.d. n.d. n.d. 7.72 5.09 6.1 n.d.

Ho n.d. n.d. n.d. 1.5 1.11 1.21 n.d.

Er n.d. n.d. n.d. 4.62 3.33 3.23 n.d.

Tm n.d. n.d. n.d. 0.71 0.57 0.51 n.d.

Yb n.d. n.d. n.d. 4.42 3.62 3.44 n.d.

Lu n.d. n.d. n.d. 0.63 0.58 0.51 n.d.

Eu/Eu* n.d. n.d. n.d. 0.07 0.14 0.11 n.d.

1–3 = SW of Wadi Shahmon; 4–7 = the Mt Shahmon area (5–7, after

Kessel, 1995). Fe2O3* = total Fe as Fe2O3; n.d. = not determined;

hyphen = concentration of element below the detection limit.
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temperature in the inner part of the Wadi Roded granite
was estimated at 680–740 �C, temperature decrease of

P30 �C should have occurred near the granite contact.

Judging from the abundance of pegmatites and from

the dominant pegmatitic texture of granite next to the

metamorphic country rocks, decrease of temperature

of magma crystallization could have been caused by

enrichment of the outer zone of the pluton in water-rich

fluids. Experimental data (Johannes and Holtz, 1996;
Holtz et al., 2001) indicate that the solidus temperature

of water-rich magma is �650 �C at pressures of 3–

5 kbar, which compares well with that estimated for

the country rocks near the contact.

9.3. Relations between the granites from Wadi Shelomo

and Rehavam plutons

Although the Wadi Shelomo and Rehavam plutons

are made up of the same Elat type monzogranites, a

number of distinctions in rock composition are clearly

exhibited. The monzogranite from Wadi Shelomo con-

tains less plagioclase and more quartz (Table 1; Fig.

2); muscovite is absent, but garnet is common. Biotite

from the Wadi Shelomo granite is richer in Al, Fe, Ti
and poorer in Si and Mg (Fig. 4). Differences in

whole-rock chemical composition are also rather sys-

tematic. The Wadi Shelomo monzogranite is richer in

SiO2, FeO*, K2O, Ba and Zr, whereas MgO, Na2O
and Sr are lower as compared to samples from the Reha-

vam pluton (Table 5; Fig. 6). Monzogranite from Wadi

Shelomo is richer in LREE and contains less HREE,

Lan/Ybn ratios are 27.5 and 29.2 vs 7.7 and 8.8 (Fig. 8;

Table 6). The negative Eu anomaly is much more pro-

nounced: Eu/Eu* values are 0.44 and 0.55, whereas in

the Rehavam pluton these values are 0.75 and 0.92

(Table 6; Fig. 8). It is illustrated in the Eu/Eu* vs Sr plot
(Inset in Fig. 7A) that decrease of Eu/Eu* value is

accompanied by Sr decrease. All these distinctions sug-

gest that the silicic magma of the Wadi Shelomo pluton

could have been produced by fractional crystallization

of the less evolved magma of the Rehavam monzo-

granite. The REE abundance and correlation between



Fig. 8. Comparison of chemical compositions of the SGG and Elat granitic gneiss.

Table 8

Rb-Sr isotope data for the EG and SGG

Sample no. Rock type Rock/min. Rb (ppm) Sr (ppm) 87Rb/86Sr 87Sr/86Sr

Wadi Shelomo pluton

A4 Monzogranite WR 110.2 104 3.075 0.73240

A26 Pegmatite WR 197.2 27.0 21.53 0.90242

A3-1 Pegmatite WR 136.5 13.48 30.04 0.97281

A3-1 Pegmatite Muscovite 758 2.96 2100 19.30836

Shahmon pluton

A57 Monzogranite WR 81.66 408.3 0.5788 0.70905

A99 Monzogranite WR 111.5 381.7 0.8454 0.71179

A97 Pegmatite WR 229.8 67.17 9.985 0.79567

A98 Monzogranite Muscovite 1362.2 5.885 1670.3 15.86586
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Eu/Eu* and Sr suggest that plagioclase settling played

the dominant role in this process.

Mass-balance calculations, based on least-square

modeling of fractional crystallization were performed.

Average chemical composition of the least fractionated
rocks (monzogranite from the Mt Rehavam area) was

taken as the parental magma. The major-element mod-

eling was tested by Rb, Ba, Sr and Eu, which reside

dominantly in major mineral phases in the granitic

system. The best result was obtained for a version
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Table 9

Values of d18O of minerals from Elat Granite and Shahmon Gneissic

Granite

Sample no., rock, area Quartz Zircon Garnet

Elat Granite

Wadi Shelomo pluton

YE-11 10.38 6.55 ± 0.02

YE-31 (aplite) 10.23 6.61

YE-32 (pegmatite) 10.09 6.52

YE-33 10.31 6.97

Rehavam pluton

YE-30 (Wadi Roded) 11.17

YE-34 (Mt Rehavam) 10.71

Shahmon Gneissic Granite

YE-28 11.22

YE-29 11.32

YE-11 garnet was duplicated and average listed above.

130 M. Eyal et al. / Journal of African Earth Sciences 40 (2004) 115–136
assuming fractionation of plagioclase to the extent of

about 16 wt% (Table 11).

9.4. Age of gneissic granite from the Shahmon pluton

The Rb–Sr date obtained for SGG leaves room for

two possibilities of its interpretation. SGG and EG have

the same age within arror brackets: 640 ± 9 Ma and
623 ± 24 Ma, respectively. Considering these data, as

well as similarity of SGG and EG in modal composition,
mineral and whole-rock chemistry (Figs. 2, 3, 5–7;

Tables 1, 2, 5–7), we can assume that these two granites

formed simultaneously from magmas of similar compo-

sition. However, SGG was later subjected to tectonic ef-

fect within a shear zone, and as a result, gneissic texture

was developed in this rock. Unfortunately, small dimen-
sions of the cropped out area do not allow us to find

compelling proof to this hypothesis. The only evidence

of possible influence of a shear zone is presence within

the Shahmon pluton of both weakly and strongly gneis-

sic granites that are characterized by indistinguishable

composition, clear contact, but no crosscutting

relations.

The other hypothesis is based on the assumption that
gneissic texture of granite and subsolidus alteration of

magmatic muscovite in SGG (Fig. 4) points to meta-

morphic event that occurred 640 ± 9 Ma. Such an

assumption is supported by data on widespread defor-

mation and metamorphism reported in Sinai and south-

ern Israel at the same period, 650–640 Ma (Eyal et al.,

1991; Garfunkel, 2000). Metamorphism at this stage

may have reset some ages, e.g. a 645 Ma Rb–Sr date
of the 780 Ma old Fjord Gneiss (Bielski, 1982) and the

Ar/Ar date of 646 Ma of biotite in the 745 Ma old Elat

Granitic Gneiss (Heimann et al., 1995). Thus it is quite

possible that emplacement of SGG occurred during or

shortly before the metamorphic event, at the very begin-

ning of the post-collision batholithic stage or even at the



Fig. 10. Compositions of the EG and SGG compared to the fields of

three peraluminous granite types (field contours are drawn according

to the data of Patiño Douce, 1999).

Table 10

Temperature estimate for the Rehavam pluton monzogranites and the

enclosing biotite-garnet schist from contact zones (�C)

Sample no., rock, area Pressure (kbar) Minerals Source

2 4

Monzogranite

Mt Rehavam area

A38 761 793 Bi + Mu 1

A102 770 801 Bi + Mu 1

Wadi Roded area

A48 711 742 Bi + Mu 1

A41 680 710 Bi + Mu 1

The enclosing schist

Wadi Roded area

A107-1 640 646 Bi + Grt 2

640 642 Bi + Grt 3

Wadi Shelomo area

A34 627 634 Bi + Grt 2

616 618 Bi + Grt 3

Source: 1—Hoisch (1989), precision ± 40 �C, 2—Kleemann and

Reinhardt (1994), 3—Bhattacharya et al. (1992), reformulated

improvements over existing Bi-Grt geothermometers.

Table 11

Results of least-square modeling of fractional crystallization of the

Elat type granite magma, with the trace element testing

Parent Daughter

wt% Monzogranite Monzogranite

ppm Mt Rehavam Wadi Shelomo, average

Average Observed Calculated

SiO2 73.84 76.05 75.59

TiO2 0.14 0.15 0.17

Al2O3 14.97 13.49 13.61

FeO* 0.93 1.41 1.11

MnO 0.04 0.03 0.05

MgO 0.38 0.18 0.46

CaO 0.96 0.80 0.53

Na2O 4.93 3.98 4.02

K2O 3.75 3.86 4.39

P2O5 0.06 0.05 0.07

Rb 93 100 109

Ba 571 633 642

Sr 383 99 115

Eu 0.61 0.51 0.51

Fractionating mineral,

wt%

Plagioclase (An15) 15.9

Residual melt, wt% 84.1

Sum residuals squared 0.755

Major elements are recalculated to total = 100% volatile free. Total Fe

as FeO*. Partition coefficients for Rb and Sr after Nash and Crecraft

(1985); KD for Ba and Eu after Arth (1976).
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end of the island arc stage, as suggested for the peralu-
minous garnet-bearing leucogranite from the Wadi

El-Hudi area in the south Eastern Desert, Egypt (Mog-

hazi et al., 2001).
9.5. Elat granite and Younger granites II in Egypt

Calc-alkaline Younger Granites II are abundant

among the Neoproterozoic granitic rocks in the Sinai
Peninsula and the Eastern Desert, Egypt (e.g., El-Mettw-

aly et al., 1992; El-Sheshtawi et al., 1993; Furnes et al.,

1996; Moghazi, 1999, 2002; Abdel-Rahman and El-

Kibbi, 2001). Like the EG, they formed after the
emplacement of the diorite-tonalite-granodiorite suite

(Older Granites I), but before that of the alkaline
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granites (Younger Granites III) and are considered as

late post-collision. Mostly these rocks formed during

the time span of 600–570 Ma (Fullagar and Greenberg,

1978; Fullagar, 1980; Bielski, 1982; Stern and Hedge,

1985).

The compiled data on chemical composition of these
granites indicate that they are calc-alkaline and mostly

high-K and incorporate both metaluminous and peralu-

minous types (Fig. 11). Close spatial and temporal asso-

ciation of peraluminous and metaluminous granites as

occurred in the Sinai Peninsula and the Eastern Desert

is not unusual. It had been argued that intrusion of such

two types of granites is possible during post-collisional

stages, if extensive melting occurred in a <50 km thick
crust (Sylvester, 1998). According to McGuire and Stern

(1993), lower-crustal granulite in the Neoproterozoic

Arabian-Nubian Shield formed at P 6 12 kbar. This

suggests that crust thickness was �40 km. Compositions

of peraluminous granites from Sinai and Eastern Desert

overlap the EG field (Fig. 11). Similarity of EG and

peraluminous varieties of the Younger Granite II sug-

gests that the late to post-collision magmatic event af-
fected an extensive region in the northern part of the

Arabian-Nubian Shield (see Inset in Fig. 1).

9.6. Possible sources of the EG and SGG magmas

A predominance of crustal sources is generally

assumed for peraluminous granites. Three models are
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suggested: (1) melting of metapelite and metagreywacke,

including cases of basalt magma admixture (White and

Chappell, 1988; Sylvester, 1998; Patiño Douce, 1999);

(2) partial melting of tonalite and granodiorite at pres-

sures P8 kbar with clinopyroxene in restite (Patiño

Douce, 1997, 1999); (3) evolution of relatively primitive
low-Ca metaluminous granites by fractionation of

amphibole (Bonin et al., 1998).

Unfortunately, the geological and geochemical evi-

dence is inadequate to allow us to discuss origin of EG

and SGG in the context of all three above mentioned

models. It is commonly accepted that the most important

evidence for the granitic magma source is provided by

radiogenic isotopes, e.g., Rb–Sr and Sm–Nd studies.
However, predominance of young juvenile crust in the

Arabian-Nubian Shield at the time of generation of the

SGG and EG magma does not allow one to distinguish

between crustal- and mantle-derived sources on the basis

of isotope data (Bentor, 1985; Stern and Kröner, 1993;

Stein and Goldstein, 1996; Stern and Abdelsalam,

1998). For example, the eNd(T) values in metamorphic

rocks, granites and rhyolites from different parts of the
Arabian-Nubian Shield range from +7.6 through +3.5,

among them +3.6 in the Wadi Shelomo pluton (Stein

and Goldstein, 1996). These values are usually consid-

ered to be characteristic of more or less depleted mantle.

Under these circumstances it is hardly possible to esti-

mate the ratio of crustal and mantle-derived components

in the silicic magmas. Rough estimate can be done on the
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basis of new oxygen isotope ratios. It was shown in Sec-

tion 8 that for EG the whole-rock d18O values calculated

in accordance with data on whole-rock-zircon and

whole-rock-quartz fractionation is �9&. This value is

significantly higher than typical bulk mantle estimate,

5.5& (Mattey et al., 1994) and MORB d18O values of
5.7 ± 0.2& (Harmon and Hoefs, 1995; Eiler et al.,

2000). On the other hand, the calculated whole-rock

EG d18O value is near the lower limit of d18O value for

modern and Proterozoic clastic deposits that range from

9 to 15& (Taylor and Sheppard, 1986). This gives

ground to consider that proportion of crustal component

in the EG was substantial, no less than 50%.

Some petrogenetic information can be obtained from
the diagrams illustrating correlation of the granite com-

positions with compositions of melts produced by exper-

imental dehydration melting of various types of crustal

rocks (Patiño Douce, 1999). In Fig. 12, EG and SGG

samples plot within the fields of felsic pelite and grey-

wacke-derived magma. Abundance of metapelites with
Fig. 12. Compositions of the EG and SGG compared to melts

produced by experimental dehydration melting of metasedimentary

rocks (fields of melt compositions after Patiño Douce, 1999).
sillimanite, andalusite, garnet, cordierite in southern Is-

rael (Shimron, 1972; Matthews et al., 1989; Katz et al.,

1998) and throughout the Sinai Peninsula (Bentor,

1985) supports this hypothesis. Also, it was established

for some typical leucogranite plutons studied in detail,

such as Manaslu pluton and network of leucogranite
sills in Nepal (Le Fort, 1981 and references therein;

Inger and Harris, 1993; Guilot and Le Fort, 1995),

Harney Peak in South Dakota, USA (Nabelek et al.,

1992), the Trois Seigneurs Massif, Pyrenees, France

(Wickham, 1987), that silicic magma was produced by

partial melting of crustal rocks. Hence, we can assume

Al-rich crustal rocks as the source of the peraluminous

leucocratic Elat and Shahmon granite magmas. Thus,
model 1 seems realistic. It is worth noting that models

similar to above models 2 and 3 were proposed to

account for the origin of granite magmas that formed

some types of the Young Granites II in the Eastern

Desert, Egypt: the Daneiba peraluminous leucogranite,

subsolvus syenogranite at Shalatin-Halab, and granodi-

orite from tonalite-granodiorite suite in the Homrit

Waggat and El-Yatima areas (El-Sayed and Nisr,
1999; Moghazi et al., 1999; El-Nisr et al., 2001).
10. Conclusions

1. Two groups of peraluminous, high-K calc-alkaline
granites have been distinguished in southern Israel:

coarse-grained massive Elat monzogranite, and gneis-
sic fine- to medium-grained Shahmon monzogranite.

2. Rb-Sr isotope dating suggests that the EG emplace-

ment occurred at 623 ± 24 Ma, at the end of the

post-collision batholithic stage. Unfortunately, due

to the high error, time of emplacement is poorly

constrained. Data on the age of SGG are still

ambiguous.

3. Peraluminous granites, similar to the EG, are wide-
spread among the Younger Granite II plutons in

the Sinai Peninsula and the Eastern Desert, Egypt.

4. The most appropriate model of the EG and SGG

magma generation is assumed to be partial melting

of metapelite and greywacke crustal rocks.

5. In the EG type, a noticeable distinction in chemistry

and mineral composition between rocks making

up the Rehavam and the more differentiated Wadi
Shelomo plutons was caused by fractional crystalliza-

tion of granite magma at temperature of about

760–800 �C.
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