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Abstract: Garnet is an uncommon accessory mineral in igneous rocks but is petrologically significant. Pegmatite hosted garnet in Abu Had
area is a zoned type and concentration of garnet increase toward the core zone. They intruded the gneissose tonalite-granodiorite and
metagabbro country rocks parallel to the Wadi EI Gemal major thrust. Isolated large elongated masses or dyke-like bodies of leucogranite
intrude the older gneissose tonalite-granodiorite and the metagabbro country rocks along the major thrust fault of Wadi EI Gemal in NW-SE
direction. The garnets of Abu Had pegmatite have frequently euhedral shape. They are spessartine-almandine rich type displaying reversal
zoning with almandine-rich cores and spessartine-rich rims and plotted in the field of magmatic garnet derived from peraluminous S-type
granites. Chondrite-normalized REE patterns display a strong enrichment of HREE relative to LREE, and pronounced negative Eu
anomalies characteristic features of spessartine-rich garnets crystallized from silicic melts and of garnet in peraluminous granites.

The gneissose tonalite-granodiorite suite has a calc-alkaline metaluminous affinity. It displays the characteristics of I-type granites formed in
an island-arc environment and were derived through partial melting of amphibolite source rocks. The leucogranites posses high SiO,, Al,O3
and alkali content, with low TiO,, MgO, CaO and Fe,Oz contents and strongly peraluminous (A=CNK>1.1) characters. They have the
geochemical characters of S-type granites and most likely formed in syn-collision regime. Crustal thickening during the collision stage of
the Arabian Nubian shiled led to partial- melting of metasedimentary source and other associated crustal rocks along the NW- SE Wadi El
Gemal major thrust. Textural features of the studied garnet-bearing pegmatites such as micrographic intergrowth and absence of myrmekite,
beside the data of mineral chemistry for the fresh rock-forming minerals support magmatic origin for these pegmatites. Compositional data
of primary minerals from the Abu Had pegmatite proved peraluminous source rock magmas. The close spatial distribution of the garnet-
bearing pegmatites to the leucogranite country rocks, textural and mineralogical similarity between the leucogranite and the neighboring
pegmatites, beside the data of whole rock composition of the leucogranite probably indicate that these rocks are direct precursors to the
garnet- bearing pegmatites of Abu Had area. Field and petrographical observations indicate that the garnet-bearing pegmatite affected by
post magmatic deformation and metasomatism which often restricted to the microshear zones and fracture sets associated with them.
Finally, pinch and swell of the pegmatite dyke, besides cracking and stretching of some garnet crystals in direction perpendicular to the
direction of microshear zones, prove that the study pegmatite and the associated country rocks exposed to extension tectonic event post-date
the formation of garnet and the associated primary minerals.
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1. Introduction approximate depth of formation (Stone, 1988; Harrison, 1988;
The garnet group of minerals is very widespread and whitworth, 1992). du Bray (1988) notes that “correlations
especially characteristic of metamorphic rocks of a wide variety between garnet composition, host granitoid composition and
of types, but is not abundant in igneous rocks. Moreover, they tectonic setting suggest that garnet chemistry can be employed
are often found in detrital sediments. as an indicator of the tectonic regime prevailing at the time of
Garnet is an uncommon constituent within granite, aplite host granitoid genesis”. In general, almandine-rich garnets are
and pegmatite and has variable compositions and have associated with less well-evolved granitic rocks, possibly
multifarious origins (Miller & Stoddard 1981; Allan & Clarke generated at greater depths than more evolved granites which
1981; Pattison et al., 1982;; Hamer & Moyes 1982; Kontak and contain high-spessartine garnets.
Corey, 1988; Dahlquist et al., 2007, Zhang et al., 2012). Igneous This study documents the occurrence, distribution,
garnet mostly occurs in pegmatites and aplite dykes (Leake, chemistry of garnet and associated minerals hosted by
1967; Manning, 1983; Deer et al.,1992; Thoni and Miller, pegmatites from the Abu Had area, south Eastern Desert, Egypt
2004), although its occurrence is also reported in some felsic to (Figure 1) to employ as indicators for petrogenesis of these
very felsic (i.e., SiO, >70%) peraluminous granitoids (Leake, rocks. The study also aims to shed light on the relation between
1967; Allan and Clarke, 1981; Miller and Stoddard, 1981; du the studied pegmatites and granitoid country rocks, beside the
Bray, 1988; Hogan, 1996; Kebede et al., 2001). The vast link between origins of these rocks with the tectonic evolution of
majority of garnet-bearing granites is S-type and was probably the Arabian Nubian Shield.
derived from partial melting of predominantly metasedimentary
crustal rocks (Chappell and White, 1974; Clemens, 2003). A 2. Regional Geology
minority of garnet-bearing granites have more complicated The Eastern Desert of Egypt constitutes the northwestern
origins than ordinary S-type granites. Some are |-type granites part of the Neoproterozoic Arabian—Nubian Shield (ANS). It
that have undergone unusual fractionation or contamination in constitutes the northern extension of the East African Orogen
volcanic arcs (White et al., 1986; du Bray, 1988; Zhou and Yu, (EAO) and exposed as a result of uplift prior to opening of the
2001; Wu et al., 2004; Yu et al., 2004), whereas others are A- Red Sea (Stern, 1994). It characterized by four main rock
type granites formed in anorogenic or extensional environments sequences: (i) an island arc assemblage; (ii) an ophiolite
(du Bray, 1988, Zhang et al., 2012). assemblage; (iii) a gneiss assemblage that comprises the core
Stone (1988) review the origin of garnet in granitic rocks. complexes; and (iv) granitoid intrusions (Abd El-Naby et al.,
Three main modes or mechanism for the origin of garnet in 2000; Abd El-Naby and Frisch, 2002). Hafafit is one of the
granitic rocks and pegmatites have been proposed; 1) famous core complexes in the Nubian Shield and represents one
assimilation of pelitic material (Green and Ringwood, 1968; of the important suture zones in the Eastern Desert of Egypt.
Allan and Clarke, 198l), 2) high pressure phenocrysts or These core complexes have been linked to possible subduction
xenocrysts formed at depth and transported to higher levels and collision phases during the Neoproterozoic Pan-African
(Green and Ringwood, 1968; Green, 1977) and 3) crystallisation orogeny (Stoeser and Camp, 1985; Abdelsalam and Stern,
at low pressure from a peraluminous fluid (Miller and Stoddard, 1993).
1981). Chemistry of garnet and the relative proportions of El Ramly et al. (1994) studied the tectonic evolution of
various garnet endmembers can give an idea about possible Wadi Hafafit area and environs and called it wadi Hafafit
origin of granitic or pegmatitic magmas and also the culmination (WHC). This culmination consists of five granitoid-
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cored domes composed of medium grade gneisses, separated
from the overlying low grade metamorphic rocks by low angle
thrust zones (Figure 1). The overlying unit (Nugrus unit) is
composed mainly of low grade micaschists and metavolcanics
that outcrop in the eastern and northern part of the WHC. These
rocks are associated with serpentinites and metagabbros. The
underlying unit (Hafafit unit) is represented mainly by the
Hafafit domes and consists of (from core to rim): granitic gneiss
of tonalitic and trondhjemitic composition, metagabbro and
banded amphibolite, altered ultramafic rocks, biotite- and
hornblende-gneiss and psammitic gneiss at the rim of the domal
structure. Both units have been intruded by leucogranites,
especially along thrust zones.

The granitic gneisses in the core of the WHC were earlier
regarded as pre-Pan-African basement because of their complex
metamorphic and structural history (ElI Gaby et al., 1988).
However, Stern and Hedge (1985) obtained U-Pb dates on
zircon of 682 Ma for the granitic core that intrudes the Hafafit
gneisses, which they interpreted as being of crystallization age.
The latest Pan-African activity in the mapped area (Figurel) is
represented by a suite of leucogranites and minor intrusions of
pegmatite which intruded the Hafafit gneisses and the ophiolitic
assemblage (EI Ramly et al., 1993). Elongated narrow intrusive
leucogranite is found parallel to the Nugrus thrust (Figure 1a).
Several small mnasses and dyke-like plutonic intrusion of
leucogranites are found also parallel to Wadi El Gemal thrust
beside the large leucogranite pluton forming Gabal El Falig
(Figure 1b). Generally, these leucogranites are garnet-bearing,
e.g. garnetiferous granites.

Abd El-Naby et al., 2008 stated that WHC was affected
by two main metamorphic phases. The first metamorphic phase
(M1), observed in the micaschists of the Nugrus unit, is
characterized by  greenschist-facies  conditions, yield
temperatures of 400°-550°C and reveals pressure of 3.7-4.9
kbar. The second metamorphic phase (M2), observed in gneisses
and amphibolites of the Hafafit unit, is characterized by
amphibolite-facies conditions, yield temperatures of 600°-
750°C and pressures of 6-8 kbar. They recorded Sm-Nd and Rb-
Sr whole rock-mineral isochron ages around 590 Ma for these
gneisses and amphibolites and stated that this age probably
represent cooling from the metamorphic thermal peak which
was attained around 600 Ma or slightly earlier. This
geochronological data is in accordance with the emplacement

ages of the leucogranites from two different localities in Sikait
area along major Nugrus thrust (about 20km north east of the
studied area) ranges between 610+20 and 594+ 12Ma and
interpreted as emplacement ages for these granites

(Moghazi et al., 2004). Because of the similarity between the
dates of metamorphism and granite emplacement in Hafafit-
Nugrus area, they propose that both of metamorphic rocks and
leucogranites are the products of the same event that occurred
during collision and thrusting stage. On the other hand, Fritz et
al. (2002) reported “°Ar/**Ar ages of 586 Ma for hornblende
separated from the granitic core of the Hafafit domes. They
interpreted these ages as cooling ages below 500°C associated
with exhumation of WHC along localized NE-trending
extensional faults.

2.1. Local geology

Abu Had area lies to the south of the Migif-Hafafit
metamorphic core complex along Wadi Hafafit-Wadi EI Gemal
road. The main rock units encountered in this area are from
older to younger include; metagabbros, gneissose tonalite-
ganodioite, leucoganites and pegmatite (Figure 1b).

The metagabbro country rocks are medium to coarse-
grained, intensely deformed and well foliated. The contact
between the metagabbro and the intruded gneissic tonalite-
granodiorite is generally sharp.

The gneissic tonalite-granodiorite is medium to coarse-
grained greyish to greyish green in colour and show distinct
foliation. Bouldery wreathing and exfoliation are well exhibited.
Contact between gneissic granite and the intruded pegmatites are
sharp with small thermal effect toward the intruded granitoids.

Isolated large elongated masses or dike-like bodies of
leucogranite intrude the older gneissose tonalite-granodiorite
and the metagabbro country rocks mainly in the east side of Abu
Had area and ending with the largest elongated shape
leucogranite of Gabal El Falig to the west of the area (Figure
1b). The leucogranites are characterized by white to whitish grey
colour, fine to coarse-grained and occasionally pegmatitic.
Generally, these rocks are garnet-bearing and developed along
the major thrust fault of Wadi ElI Gemal in NW-SE direction. On
the other hand, a NNW-SSE strike-slip faults most probably
relate to the Najd fault system dislocates the leucogranites
pluton with common displacement and some parts of the
leucogranite affected by shearing stress.

pegmatite dyke

leucogranite

-

_ gneissose tonalite-
granodiorite

- metagabboro and

amphibolite

psammitic gneiss

intercalated biotite and
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Figure 1. A) Location map of the study area. B) General geological map of the study area (modified from El Ramly et al., 1993).
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Pegmatites in Abu Had area occur as dykes extend for
more than 1 kilometres, varying in width reach more than 20m,
internally zoned and mainly have NW-SE direction. These
dykes are garnet-bearing and shows pinch and swell structure
and dominated by vertical joints (Figures 2a and b). They
intrude the gneissose granitoids and metagabbro country rocks
parallel to the major thrust of Wadi El Gemal. Contacts between
pegmatite and the intruded rocks are generally sharp. Internal

zoning of Abu Had pegmatites consists of outer zones
concentric upon a core (Figure 2c).The outer border zone is
more fine grained relative the inner zones and contain abundant
muscovite, while the intermediate and core zones are highly
enriched in garnet. Shearing stress and microfracture are well
observed in the extremely coarse-grained inner zones (Figures
2d and e).

Wall zone

Very coarse grained
microcline perthite with
graphic quartz, plagioclase
(An,,,,) and minor garnet

Border zone

medium to coarse grained
Plagioclase (Ang;3), microcline
perthite, quartz, Muscovite
with minoramountof garnet.

Tonalite country rocks

Oligoclase, quartz and biotite. zircon,
epidote, opaques asacessories

Intermediate zone

Very coarse grained microcline
perthite, quartz, plagioclase
(Ang;;) and high amount
gamet

Core zone

Very coarse grained
plagioclase (Ang.z),
perthite, quartz, and
high amount of garnet

Fig.2. Field photo showing (a) pinch and swell in the garnet- bearing pegmatite dyke which cut the gneissose granodiorite-tonalite. (b)
abundant of vertical joints in pegmatite dyke. (c) schematic cross section across Abu Had garnet-bearing pegmatite which intruded the
gneissose tonalite- granodiorite showing zonal structure. (d) handspecimen from intermediate zone of garnet- bearing pegmatite showing
abundant of garnet and show minor shear zone (S). (¢) handspecimen from core zone showing abundant of garnet and show minor shear

zone (S) and cleavage (C).

3. Petrography

The metagabbro country rocks are medium to coarse-
grained dark green rocks and highly foliated. It is composed
mainly of plagioclase, hornblende and clinopyroxene. Quartz,
opaque and sphene are accessories. Clinopyroxene is mainly
altered to tremolite and saussurite. Hornblende is occurs as
suhedral green crystals, some are chloritized and contain
inclusions of apatite and opaque minerals. Some hornblende
contains inclusions of plagioclase and quartz. Plagioclase occurs
as anhedral crystal highly deformed mainly with distinct
lamellar twinning and sometimes shows zoning. It ranges in
composition from andesine to labradorite (Ansps;). Quartz
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occurs as irregular interstitial grains corroding plagioclase and
hornblende.

Gneissose granodiorite-tonalite is medium to coarse-
grained rocks, show gneissose texture and moderately deform.
They are composed essentially of plagioclase, quartz, biotite and
minor orthoclase in decreasing order of abundance. Accessory
minerals include opaque minerals, apatite and sphene. The rocks
show a gneissic texture where biotite is oriented in parallel
alignment. Plagioclase represents essentially by oligoclase and
range in composition from Angzz0 and mainly shows albite
twinning. Biotite occurs as medium to coarse brown flakes
characterized by strong pleochroism. It sometimes encloses
minute apatite inclusions. Some biotite altered to chlorite.
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Orthoclase occurs as anhedral crystal rarely showing graphic
and perthitic textures.

The Leucogranite rocks are slightly deformed and in
some parts suffered fracture and shearing stress. They are
consisting mainly of quartz, plagioclase and K-feldspar with
small amounts of biotite, muscovite and garnet. Zircon, opaque
and monazite are the main accessories. Plagioclase (Anis z)
occurs as subhedral crysrtals and generally shows albite
twinning. Potash feldspar represented mainly by microcline and
microcline perthite. Garnet occurs as equigranular euhedral to
suhedral grains and show equilibrium boundaries with both
quartz and feldspar (Figure 3a). High magnification for zircon
crystal from the leucogranite (Figure 3b) proved their relation to
S-type granites (granites of crustal origin) according to the
typological classification of zircon (Pupin, 1980).

Petrographical study of the internal zoning of the garnet
bearing pegmatite indicates heterogeneous composition from the

200pum

Garnet

border zone inward to the core. The border zone consists
predominantly of medium to coarse-grained plagioclase (Ans.12),
microcline perthite, quartz, muscovite with minor garnet. Zircon
occurs as accessory and mainly associated or as inclusion in
garnet (Figures 3c and d). Muscovite occur as coarse flakes
characterized by colourless to pale green colour with distinct
cleavage (Figure 3d). The wall zone composed of very coarse
grained microcline perthite with graphic quartz, plagioclase
(Anss3) and minor garnet. The intermediate zone comprises
very coarse grained crystals of microcline perthite, quartz,
plagioclase (Ans.1) and high amount of garnet (Figure 3e). The
core zone represents by very coarse grained plagioclase (Ang.23),
perthite, quartz with high enrichment in garnet crystal. Garnet
represents more than 30% by volume for the core zone. Some of
the course grain garnet crystals contain inclusions of zoned
allanite which sometime include inclusion of epidote (Figures 3f
and g), proved their magmatic origin.

20pm

Fig.3.Photomicrograph showing (a) leucogranite with abundant euhedral to subhedral garnet crystals (Black colour). (b) Euhedral metamict
zircon crystal in leucogranite. (c -d) euhedral garnet and zircon crystals associated quartz and plagioclase in wall zone of garnet-bearing
pegmatite. (e) garnet, zircon and muscovite in border zone of garnet-bearing pegmatite. (f) coarse-grained garnet in the intermediate zone of
pegmatite. (g) zoned allanite with inclusion of epidote within garnet crystals from the pegmatite core zone. (g) Back-scattered electron
(BSE) image showing zoned allanite and zircon as inclusion within garnet crystal.
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Generally, textures in Abu Had leucogranites and garnet-
bearing pegmatites are dominated by magmatic features. The
coarse-grained magmatic assemblages were affected to some
extent by post magmatic deformation which confined to mm-
scale microstructure shears zones or bands (S) and cleavage or
fracture planes (C). Features of post-magmatic deformation
include; 1) undulose extinction of quartz and abundant of
secondary quartz in shear bands (Figures 4a,b and c). 2) tilting
and stretching of the muscovite flakes (Figure 4d). 3) gliding in

the of albite twinning in plagioclase (Figure 4e) and
transformation of some plagioclase to secondary albite and
sericite. 4) breakdown of some garnet to chlorite and iron oxide
in the microshear bands along garnet peripheries and the
interstitial fractures (Figure 4f). 5) tilting and stetching of some
garnet crystals in the shear bands perpendicular to the shear zone
(Figures 4g,h). 5) presence of fine grained muscovite or sericite
along microcracks or cleavage plains. All these features post-
date the garnet and primary minerals formation.

Fig.4. Photomicrograph showing (a -b) microshear zone (S) and cleavage (S) in leucogranite. (c) shear zone and cleavage in wall zone of
garnet-bearing pegmatite. (d) microshear zone in the intermediate zone of garnet-bearing pegmatite. (e) gliding of albite twinning in
plagioclase of the core zone. (f) breakdown of garnet to chlorite and opaque in shear zone within the pegmatite. (g-h) stretching and
fracturing of garnet crystal in direction perpendicular to the microshear zone in the pegmatite core zone.

4. Analytical methods

In-situ analyses of silicate minerals including feldspars,
muscovite, garnet and chlorite from Abu Had pegmatites were
carried out using a JEOL probe JXA-800 at the Institute of
Mineralogy, Salzburg University, Austria. Analytical conditions
were 15 kV accelerating voltage, 20 nA probe current and 3 pm
beam diameter using various natural and synthetic standards.
The raw data were corrected with an on-line ZAF program.
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Major element X-ray mapping of garnet from the studied
pegmatite was made after the electron microprobe (EMP)
analyses in order to check whether the spots were representative
of the chemical zoning or not.

In-situ trace and REE analysis for garnet crystals from
Abu Had pegmatite were determined by laser-ablation (193 nm
ArF excimer: MicroLas GeolLas Q-plus)-inductively coupled
plasma mass spectrometry (Agilent 7500S) (LA-ICP-MS) at
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Kanazawa University, Japan. Analyses were performed by
ablating 60-um diameter spots. All analyses were performed at 6
Hz with energy density of 8 J/lcm® per pulse. Details of the
analytical procedures have been described by Ishida et al. (2004)
and Morishita et al. (2005). Calibration of LA-ICP-MS analysis
was carried out by using external standard as NIST 610,
assuming the composition given by Pearce et al. (1997).
Precision or reproducibility is better than 6% for most elements,
except B, Nb, and Ta which it is better than 11-13%.
Representative samples from the granitoids country rocks
for the garnet-bearing pegmatite
dykes, including gneissose granitoids (7 samples), and
leucogranite (5 samples) have been analyzed for major and trace
element composition, and some further selected samples were
analyzed for rare-earth elements (REE). Each analysis was
performed on a 0.2 g sample by inductively coupled plasma-mass
spectrometry (ICP-MS) following a LiBO2 fusion and dilute
nitric acid digestion. All whole rock analyses were carried out in
ACME analytical laboratories (Canada).

5. Mineral chemistry
5.1. Feldspar

Representative analyses of feldspars and their calculated
formulae are given in Tables 1&2.

The plagioclase composition from Abu Had pegmatite is
dominated by albite-oligoclase composition (Ang.ps) with
decreasing Ca-content towards the rim. Few subgrains in the
matrix are more albite-rich (an,¢). The Or component is
generally less than 3% (Table 1).

The alkali feldspar from the different pegmatite zones
represent mainly by coarse grained microcline perthite.
Microprobe analyses of K-feldspar (Table 2) indicate
compositions of Orgg.gg Aby.13 Ang.034.The bulk composition of K-
feldspar shows minor variations in Na and Ca across the different
pegmatite zones. The Na,O contents vary from 0.19 to 1.48 wt.%,
whereas uniformly low levels of CaO (0.00-0.07 wt.%) are
typical of all the studied pegmatites.

Table 1. Representative major oxide composition of plagioclase from different pegmatite zones, Abu Had Area, Eastern Desert, Egypt.

Plagioclase Plagioclase Plagioclase Plagioclase
Element Core zone Intermediate zone Wall zone Border zone
core rim matrix core core rim matrix matrix matrix core rim core core rim core  rim
Sio, 63.00 63.60 66.07 63.80 64.00 6540 68.56 65.80 66.90 6250 62.00 6290 63.00 62.30 65.40 66.00
TiO, 000 002 000 001 000 000 000 000 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al,04 2370 2310 21.10 2349 229 2240 2047 2260 22.12 23.70 2390 23.40 23.30 24.00 21.90 21.10
FeO 009 030 002 008 000 005 018 005 0.00 010 010 006 0.00 0.10 000 012
MnO 000 010 001 000 000 000 011 000 0.01 000 000 000 0.00 0.00 0.00 0.08
MgO 000 005 000 000 002 009 002 009 0.03 000 000 000 000 0.02 0.00 0.00
Ca0 460 355 147 425 34 18 050 068 051 459 500 410 430 310 252 172
Na,0 850 890 1152 840 95 1028 10.62 10.28 10.25 890 870 920 910 9.10 10.00 10.60
K,0 017 040 015 021 012 033 002 049 023 015 040 031 025 110 014 018
Total 100.07 100.03 100.33 100.23 99.94 100.43 100.49 100.01 100.10 99.94 100.10 99.97 99.95 99.72 99.96 99.80
Chemical formula based on 8 (O)
Si 278 281 290 280 282 286 297 288 291 277 275 278 279 277 287 291
Ti 000 000 000 0.00 000 000 000 000 0.00 0.00 000 000 000 0.00 0.00 0.0
Al 123 120 1.09 1.22 119 116 105 117 114 124 125 122 122 126 113 1.09
Cr 000 000 000 000 000 000 000 000 0.00 000 000 000 000 0.00 0.00 0.0
Fe 000 001 000 000 000 001 001 000 0.00 000 000 000 000 0.00 0.00 0.0
Mn 000 000 000 000 000 000 000 000 0.00 000 000 000 0.00 0.00 0.00 0.0
Mg 000 000 000 000 001 001 000 001 0.00 000 000 000 0.00 0.00 0.00 0.00
Ca 022 017 007 020 016 009 002 003 0.02 022 024 019 020 0.15 012 008
Na 073 076 098 072 081 087 089 087 086 076 075 079 078 0.78 085 0.90
K 001 002 001 001 001 002 000 003 001 001 002 002 001 0.06 001 001
Total 497 498 505 495 499 500 495 499 496 500 501 501 500 5.03 499 500
An 2279 1763 654 2158 1640 9.01 252 342 266 21.99 2357 19.42 2042 14.85 1213 815
Ab 76.20 79.98 9265 77.16 8291 89.11 97.38 93.67 95.94 7715 7419 7883 78.17 7888 87.07 90.84
or 100 238 081 127 069 188 010 291 140 086 224 175 141 6.27 080 1.02

5. 2. Muscovite

The white micas in the studied pegmatite occur in two
forms; primary muscovite which occurs as euhedral to subhedral
coarse-grained flakes and show sharp contact with the associated
primary minerals such as feldspar, quartz and garnet, and
secondary muscovite grains have resulted from post magmatic
or shear deformation. They appear as medium to coarse-grained
highly deformed flakes or as fine-grained intestinal aggregates.
White mica was taken to determine whether it is of primary or
secondary origin, since primary white mica is widely held to be
an indicator of peraluminous magmas (Speer, 1984). Selected
muscovite analyses from Abu Had pegmatite and their structural
formulae are given in Table 3. Plotting data of the studied
muscovite on the triangular diagram Mg-Ti-Na diagram adopted
by Miller et al.(1981) revealed presence of primary and
secondary muscovite. The large muscovite grains have a high
TiO, content and consistently fall in the primary muscovite field
in the Mg-Ti—Na ternary diagram (Miller et al., 1981), while the
deformed and interstitial flakes from the shear zones plot in the
secondary muscovite field (Figure 5).
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Primary magmatic muscovite has also distinctive
composition similar to those in typical S-type granitoids (Figure
5). According to Monier et al. (1984), the ratio of Na/ (Na+K)
is also a good indicator for distinguishing the origin of
muscovite (primary: Na/(Na+K) = 0.06-0.12; post-and late-
magmatic: 0.01-0.07; hydrothermal: < 0.04). In the case of the
Abu Had pegmatite, primary muscovite has a higher Na/(Na+K)
ratio >0.06 compared to secondary muscovite <0.06 (Table 3).

Generally, the analyzed muscovite from the border and
wall pegmatite zones related to the primary magmatic
muscovite, while deformed and aggregates muscovite selected
from the shear zones in the intermediate and core zones related
to post magmatic and hydrothermal muscovite. Thus, both
petrographical and chemical evidence indicate a primary origin
for some muscovite of the Abu Had pegmatite.

5.3. Garnet

Some coarse-grained, fresh euhedral to subhedral garnet
crystals were selected for EMP analyses (Table 4). The analyzed
coarse-grained garnets are essentially almandine—spessartine
solid solutions, characteristic for magmatic pegmatite garnet
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(Whitworth and Feely, 1994). In all samples these two end-
members in the range 76.51-96.25 mol% of the garnet, pyrope
range from 1.45-9.35 mol%, grossular varied between 1.23-22.4
mol%. Generally, spessartine contents decrease within the
pegmatite zones from 54.1 mol% on an average in the border
zone to 34.51mol% on an average in the pegmatite core zone. In
contrast, reverse relation was documented for grossular which
range from 1.3mol% an average in the border zone to
18.01mol% on an average in the pegmatite core zone, while

pyrobe and almandine showed variable contents within the

pegmatite zones (Table 4). The spessartine component is

significant in all analyses of garnet, consistent with the findings
of previous studies of garnets from peraluminous granitoids.
With reference to the fields outlined by Miller & Stoddard
(1981) for plutonic garnet (Figure 6), the studied garnet
compositions conform to those considered indicative of
magmatic conditions and, in particular similar to garnet from
peraluminous granitoids reported by du Bray, 1988 and
Dahlquist et al., 2007 with somewhat enrichment in Mn content.

Table 2. Representative major oxides of K-feldspar from different pegmatite zones, Abu Had area, South Eastern Desert, Egypt.

Sammple No. K-feldspar K-feldspar K-feldpar K-feldspar

Element Core zone Intermediate zone Wall zone Border zone
Sio, 65.30 65.50 6588 6640 66.00 6460 6440 6490 6400 6480 6530 6430 64.60 6470 6460 6500 6440 6400 6420 64.00
Tio, 001 001 005 000 003 001 000 000 000 000 000 000 0.0 000 000 000 000 000 000 000
Al,0; 1880 1840 19.00 19.00 1890 1870 1870 1860 1880 1880 1870 1870 18.60 1860 1875 1860 1860 1850 1850 18.48
FeO 000 0.6 016 025 0.6 000 000 000 000 000 000 012 000 000 000 000 000 000 000 000
MnO 0.00 0.0 000 001 0.0 000 000 000 000 000 000 008 0.0 000 000 000 000 000 000 000
MgO 0.00 0.00 002 006 0.0 000 000 000 000 000 000 000 000 000 002 000 000 000 000 000
Ca0 002 004 001 001 0.00 000 006 005 005 007 000 000 0.00 000 000 000 000 000 000 000
Na,0 086 083 023 040 019 148 075 137 078 128 044 038 097 047 065 044 036 068 054 060
K,0 1490 1530 1560 1400 1450 1500 1610 1500 1600 1510 1610 1643 1560 1650 16.00 16.05 1660 1640 1620 16.26
Total 99.90 100.14 100.95 100.13 99.69 99.79 10001 99.92 99.63 100.05 10054 100.01 99.77 100.27 100.02 100.09 99.96 99.58 99.44 99.34

Chemical formula based on 8 (O)
Si 300 301 300 302 302 298 298 299 297 298 300 298 299 299 298 300 298 298 299 298
Ti 0.00 0.0 000 000 0.0 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000
Al 102 1.00 102 102 102 102 102 101 103 102 101 102 101 101 102 101 102 102 101 102
Cr 0.00 0.0 000 000 0.0 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000
Fe 000 0.0 001 001 000 000 000 000 000 000 000 000 0.00 000 000 000 000 000 000 000
Mn 000 0.0 000 000 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000
Mg 0.00 0.0 000 000 0.0 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000
Ca 0.00 0.0 000 000 0.0 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000
Na 008 007 002 004 002 013 007 012 007 011 004 003 009 004 006 004 003 006 005 005
K 087 090 091 081 08 088 095 088 095 089 094 097 092 097 094 094 098 097 096 097
Sum 497 498 495 490 490 502 502 501 502 501 499 501 501 501 501 499 501 503 501 502
An 012 018 006 005 0.0 000 029 025 024 034 000 000 000 000 000 000 000 000 000 000
Ab 805 758 222 418 19 1304 659 1216 688 1137 399 340 863 415 581 400 319 593 482 531
Or 91.82 92.23 9771 9577 98.04 86.96 9312 8760 9288 88.28 96.01 96.60 91.37 9585 9419 96.00 9681 9407 9518 94.69

Table 3. Representative major oxidescomposition of muscovite in Abu Had garnet-bearing pegmatite,South Eastern Desert, Egypt.

Muscovite Muscovite Muscovite Muscovite
Element Core zone Intermediate zone Wall zone Border zone
Sio, 4651 46.02 46.60 47.00 49.21 49.50 46.50 48.00 46.00 4500 45.00 45.80
TiO, 024 037 032 049 019 0.17 043  0.00 0.80 017 038 040
Al,O3 26.17 2922 2930 29.20 31.40 2950 31.20 39.00 33.38 3380 3340 34.00
Cr,0; 0.00 001 002 000 001 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 911 638 685 7.00 520 580 6.80 0.82 5.00 480 360 3.70
MnO 035 013 028 031 010 015 043 0.10 0.27 0.05 0.00 0.00
MgO 221 177 190 250 174 3.00 230 021 0.46 016 053 052
CaO 0.03 000 012 002 001 0.09 0.05 0.05 0.00 0.00 0.00 0.00
Na,0 011 021 020 019 0.04 018 0.09 024 0.53 046 076 072
K0 10.75 1095 9.53 8.00 7.00 6.80 6.90 7.60 9.80 9.90 1040 10.30
Total 9548 95.06 95.12 9470 94.89 9519 9471 96.02 96.24 9434 94.07 95.44
Chemical formula based on 22 (O)
Si 648 635 638 640 653 6.58 6.28 6.17 6.17 615 6.16 6.16
AI* 152 165 162 160 147 142 172 183 1.83 185 184 184
z 800 800 800 800 800 8.00 800 800 8.00 8.00 800 800
Al 278 310 311 309 344 320 325 4.08 3.53 359 354 356
Ti 0.02 004 003 005 002 0.02 0.04 0.00 0.08 0.02 0.04 0.04
Fe 106 074 078 0.80 058 0.64 077  0.09 0.57 055 041 042
Mn 004 002 003 004 001 0.02 005 001 0.03 0.01 000 0.00
Mg 046 036 039 051 034 059 046 0.04 0.10 003 011 0.10
Y 437 425 435 448 440 448 458 422 431 419 410 412
Ca 0.00 0.00 002 000 0.0 0.01 0.01 0.01 0.00 0.00 0.00 0.00
Na 0.03 005 005 005 001 0.05 0.02 0.06 0.14 012 020 019
K 191 193 166 139 119 115 119 125 171 172 182 177
z 195 198 173 144 120 121 122 131 1.85 185 202 196
Total 1432 1423 1408 1392 1359 1369 1380 1353 14.16 1404 1412 14.08
Fe/Feo+MgO 070 067 067 061 063 052 062 0.69 0.86 094 079 080
Na/Na+K 0.02 003 003 003 001 0.04 0.02 0.05 0.08 0.07 010 0.10
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Four euhedral garnet crystals from the different pegmatite
zones were chosen for composition zoning profiles beside large
crystal from the intermediate zone was selected for X-ray
composition mapping profile. The results of major element
analysis profiles within the garnet crystals from cores to rims
from different pegmatite zones
are shown in Figure 7. Data analysis of the studied garnets
proved that the rim contains low FeO contents but high MnO
contents relative to the cores. Distribution of MgO and CaO

contents is relatively low and complex between the rims and the
cores (Figure 7). Only garnet from the border zone show
homogeneous composition with no zoning. The compositional
maps of Al, Mn, Fe, Ca and Mg distribution in garnet grain from
intermediate zone (Figure 8) support zoning feature with
enrichment of Mn in rim of the grains relative to the core. Thus,
the profiles exhibited relatively Mn-poor central zones and
relatively Mn-rich marginal rims, constituting a “spessartine
inverse bell-shaped profile” (Figure 8).
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Fig.5. Composition of white mica in the studied garnet-bearing
pegmatites on triangle diagram Mg-Ti-Na. The limit between
fields for second and primary micas is from Miller et al. (1981).
Grey field is representative white micas compositions in
corderite bearing granitoids of Sierra de Chepes (Dahlquist et
al., 2005). Field rhombuses are representative magmatic
muscovite in garnet- bearing granitoids (Kebede et al., 2001).
Filled of solid squares are representative magmatic muscovite in
garnet-bearing granitoids of Pinon Rosado (Dahlquist et al.,
2007).
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Fig.6. Garnet composition (Mn,Fe, and Mg) for the studied
pegmatites compared with the magmatic garnet fields from Miller
& Stoddard (1981) and Dahlquist et al., 2007.

Table 4. Representative major oxides for the garnet minerals from different pegmatite zones in Abu Had area, South Eastern Desert, Egypt.

Mineral Type Garnet Average Garnet Average Garnet Average Garnet Average
Core zone 23 samples Intermediate zone 14 samples Wall zone 6 samples Border zone 9 samples
Sio2 36.80 37.00 3554 37.00 37.05 3557 3540 3525 3630 3630 36.45 3630 36.80 3580 3540 3615 3690 36.72 3660 3674 3570 36.15 3570 3655 36.06
Tio2 005 005 009 002 001 005 003 002 004 004 003 001 000 004 006 002 000 000 009 002 012 000 011 000  0.09
Al203 20.16 20.00 20.37 2042 2050 2052 20.60 20.86 20.33 21.78 2150 21.20 2155 21.70 21.00 2140 2050 2020 20.11 2024 19.71 19.90 20.10 2050  20.15
Cr203 0.04 000 000 000 000 003 000 001 0.01 0.00 000 000 000 000 000 0.00 0.00 000 000 000 000 000 000 000 0.00
FeO 2103 2090 2056 20.35 19.38 19.81 1840 1750 20.38 2151 19.34 1975 1830 1840 1650 1951 1861 1670 1420 17.39 1812 1851 1910 19.60 18.66
MnO 1370 1483 1598 1622 17.02 17.62 1945 2050 1551 1457 16.13 16.80 18.00 1880 2150 1697 1881 21.00 2460 2036 2513 2416 2355 2204 2384
MgO 037 127 070 154 180 143 153 163 08 233 235 229 205 239 116 218 200 125 069 161 065 063 072 076 069
Ca0 785 578 700 460 415 523 413 380 646 364 438 372 310 300 402 377 314 417 360 362 045 043 052 061 045
Na20 011 007 015 003 006 002 018 0.07 0.11 001 006 006 007 009 007 0.05 000 007 007 004 027 025 010 0.00 0.10
K0 000 0.0 000 000 001 001 000 0.00 0.00 000 0.00 000 001 000 001 0.00 000 000 000 000 003 004 006 003 0.03
Total 100.11 99.90 100.39 100.19 99.97 100.31 99.72 99.64 100.00 100.18 100.25 100.13 99.88 100.22 99.72 100.07 99.96 100.11 99.96 100.01 100.18 100.07 99.96 100.09 100.07
Structural formula based on 12 oxygen atom

Si 299 301 291 300 300 291 291 290 2.96 293 294 294 297 290 291 2.93 299 299 300 299 296 299 296 3.00 2.98

Ti 000 000 001 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 001 000 001 000 001 000 001

Al 193 192 19 195 196 198 200 202 195 207 204 202 205 207 203 204 196 194 194 194 193 194 196 198 196

cr 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000

Fe 143 142 141 138 131 135 126 120 1.39 145 130 134 123 125 113 1.32 126 114 097 118 126 128 132 135 129

Mn 094 102 111 111 117 122 135 143 1.07 099 110 115 123 129 150 1.16 129 145 171 140 177 169 165 153 167
Mg 004 015 009 019 022 017 019 020 0.11 028 028 028 025 029 014 0.26 024 015 008 020 008 008 009 0.09 0.09

Ca 068 050 061 040 036 046 036 033 0.56 031 038 032 027 026 035 033 027 036 032 032 004 004 005 005 0.04

Na 002 001 002 001 001 000 003 001 002 000 001 001 00l 001 001 001 000 001 001 001 004 004 002 000 002

K 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 001 000 000

Total 804 804 812 803 802 810 810 810 807 804 805 806 80L 807 808 805 803 804 803 804 809 806 806 80l 805
Mg+FetMn+Ca 310 310 321 308 306 321 317 316 313 304 306 309 298 308 312 307 307 310 308 310 314 309 311 302 308
Pyrobe 145 496 267 604 710 545 591 631 336 922 922 895 827 935 454 854 788 489 273 630 256 251 286 307 277
Almandine 46.10 45.85 4378 44.81 4293 4223 39.90 38.01 4441 47.70 4252 4330 4145 4040 3627 4298 4113 3667 3159 3819 39.99 4145 4254 4449 41.82
Spessartine 3042 32.95 3445 36.17 3819 38.04 4272 4510 3421 3274 3592 37.31 4129 41.81 4787 3786 4210 4671 5542 4533 56.18 54.80 53.12 50.67 54.10
Grossular 2204 1624 1910 1298 11.78 14.28 11.47 1057 18.01 1033 1234 1045 899 844 1132 1062 889 1173 10.26 1018 127 123 148 177 1.30

5.3.1. Trace and rare earth element composition of garnet
Data of LA-ICP-MS trace element [ppm] of euhedral
garnet euhedral samples from the intermediate zone of pegmatite
(Table 5) show low to extremely low abundances of Cs
(70.0001-0.019 ppm), Ba (70.0001-0.16 ppm), Ni (0.01-0.36
ppm), Cr (0.27-0.86 ppm), Co (0.14-3.33 ppm), V (0.49-2.28
ppm), Sr (0.25-0.86 ppm), Rb (0.69-2.01 ppm), Hf (0.06-0.854
ppm), Ta (Pb (0.035-0.103 ppm), Ta (0.061-5.634 ppm), Th
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(0.07- 6.88 ppm), La (0.003-0.035 ppm), Ce (0.029-0.265 ppm),
Pr (0.02-0.096 ppm), Eu (0.243-0.0.786 ppm), Nd (0.302- 1.468
ppm), Sm (1.407-4.148 ppm), Zr (1.31- 11.72 ppm), and Nb
(0.24-56.14 ppm). In addition, analyzed garnet contains
moderate to high concentration of Tb (27.359-64.781 ppm), Gd
(31.830-79.178 ppm), Lu (49.511-181.066 ppm), Tm (69.237-
218.415 ppm), Ho (147.717- 3630235 ppm), Yb ( 445.240-
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1499.281 ppm), Er (466.916-13210.043 ppm), Dy ( 491.678-
1156.703 ppm), and Y (5722.741-13586.393 ppm).

Chondrite-normalized rare earth element (REE) patterns
(Figure 9) show that Abu Had garnets are characterized by
extremly enrichment of HREE over LREE (Yby/Cen=10974 to
69780) and pronounced negative Eu anomalies (mean

Eu/Eu*=0.13). Figure 9 also shows some within-grain variation,
with garnet rims containing slightly lower REE contents
compared to cores and/or steeper HREE profiles. Similarly, Y
contents are significantly higher in the garnet core than in the
rim (Table 5).
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Figure 7. (a-b) electron-probe micro-analyzer line scan (A-B) and corresponding back-scattered images across garnet from the core zone.
(c-d) electron-probe micro-analyzer line scan (A-B) and corresponding back-scattered image across garnet from the intermediate zone. (e)
electron micro-analyzer line scan across garnet from wall zone. f) electron micro-analyzer linescan across garnet from border zone.
Abbreviations: alm=almandine; sps=spessartine; grs=grossular; prp=pyrobe.

Table 6.Representative major oxides for the chlorite mineral from Abu Had pegmatite, South Eastern Desert, Egypt.

Chlorite Chlorite
Element Core zone Intermediate zone
Sio, 26.42 26.30 27.96 27.90 29.00
Tio, 0.06 1.80 0.00 0.17 0.16
AlL,O; 20.10 20.00 21.10 19.00 19.80
Cr,04 0.01 0.00 0.03 0.00 0.01
FeO 33.00 31.00 27.00 30.80 29.10
MnO 2.30 210 170 1.25 1.08
MgO 7.80 7.70 13.40 11.00 11.10
Ca0 0.07 150 0.01 0.03 0.09
Na,0 0.07 0.00 0.10 0.07 0.00
K0 0.08 0.09 0.01 0.18 0.04
Total 89.92 90.49 91.32 90.40 90.37
Structural formula based on 28 oxygen atom
Si 5.70 5.60 5.70 5.87 6.01
Ti 0.01 0.29 0.00 0.03 0.02
Al 511 5.02 5.07 4.71 4.83
Cr 0.00 0.00 0.00 0.00 0.00
Fe 5.95 5.52 4.60 5.42 5.04
Mn 0.42 0.38 0.29 0.22 0.19
Mg 251 244 4.07 3.45 3.43
Ca 0.02 0.34 0.00 0.01 0.02
Na 0.03 0.00 0.04 0.03 0.00
K 0.02 0.02 0.00 0.05 0.01
Ni 0.00 0.00 0.00 0.00 0.00
Total 19.76 19.61 19.79 19.78 19.55
Fe/(Fe+Mg) 0.70 0.69 0.53 0.61 0.60
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Figure 8. X-ray composition maps for Al, Mn, Fe, Ca, and Mg in the garnet of the intermediate zone from Abu Had pegmatite.

Table 5. LA-ICP-MS trace-element (PPM) of garnet from Abu Had pegmatite.

Garnet
Rim Core
Elements 1 2 3 4 5 6 7
Sc 162.1 119.4 104.1 116.9 164.4 3345 2731
Ti 185.0 4137 499.5 355.5 952.1 629.2 905.1
\Y 0.64 0.49 0.55 0.66 0.72 228 1.39
Cr 0.27 0.40 0.46 0.62 0.59 0.41 0.86
Co 0.17 0.15 0.37 0.50 0.14 3.33 0.65
Ni 0.06 0.03 0.16 0.22 0.36 0.25 0.01
Ga 38.76 33.86 37.89 37.34 36.52 71.50 64.44
Rb 0.86 0.71 0.69 0.79 1.04 1.93 2.01
Sr 0.32 0.27 0.25 0.33 0.46 0.76 0.86
Y 6,426.005 5,720.983 5,722.741 5,762.031 6,997.187 11,220.981  13,586.393
zZr 131 4.65 3.83 1.96 11.72 2.38 9.94
Nb 0.24 1371 4.69 2.52 2752 30.58 56.14
Cs 0.003 0.001 0.001 0.002 0.001 0.019 0.001
Ba 0.016 0.011 0.006 0.008 0.001 0.001 0.013
Hf 0.060 0.364 0.261 0.169 0.672 0.161 0.854
Ta 0.061 1.726 1.056 0.723 2461 5.634 5.225
Pb 0.055 0.035 0.038 0.075 0.041 0.090 0.103
Th 0.070 0.894 0.128 0.059 6.880 0.143 0.274
La 0.003 0.007 0.001 0.007 0.034 0.013 0.035
Ce 0.032 0.078 0.029 0.048 0.265 0.069 0.197
Pr 0.032 0.039 0.020 0.032 0.079 0.055 0.094
Nd 0.509 0.348 0.302 0.675 0.588 1.246 1.468
Sm 1.633 1.407 1.440 1.527 1.956 4.148 3.520
Eu 0.243 0.413 0.39%4 0.258 0.501 0.314 0.786
Gd 36.824 36.461 35.478 31.830 42.480 56.710 79.178
Th 31.904 29.700 29.068 27.359 33.740 49.493 64.781
Dy 561.127 506.344 500.149 491.678 592.889 926.362 1,156.703
Ho 165.617 149.558 147.717 154.550 183.434 301.937 363.235
Er 535.164 469.159 466.916 513.194 665.170 1,073.178 1,321.043
Tm 82.194 69.237 69.381 80.321 109.723 179.383 218.415
Yb 539.657 446.587 445.240 532.172 752.671 1,244.021 1,499.281
Lu 61.794 49,511 50.357 62.963 93.685 152.464 181.066
(La/Sm)y 0.0011 0.0032 0.0006 0.0027 0.0110 0.0020 0.0062
(La/Yb)y 0.000004 0.000011 0.000002 0.000008 0.000031 0.000007 0.000016
Eu/Eu* 0.10 0.17 0.17 0.11 0.17 0.06 0.14

545



Journal of American Science, 2012;8(10)

http://www.americanscience.org

5.4. Chlorite

Chlorite occurs as a secondary mineral within garnet
cracks or associated with garnet rim in the microshear zones in
the intermediate and core zone (Fig.4f). Composition data of
chlorite are listed in Table 6. According to the chlorite

classification diagram of Hey (1954), the studied chlorite has a
composition between brunsvigite- pycnochlorite (Figure 10).
This means that the chlorite is Fe-rich type revealing probably
secondary derivation from garnet.
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Figure 9. Chondrite-normalized rare earth element (REE) patterns of garnet from the intermediate zone of Abu Had pegmatite.
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Figure 10. Nomenclature of chlorites and oxidized chlorites (Hey, 1954).

6. Whole rock chemistry

The results of chemical analyses of the studied granitoids
country rocks are listed in Table 7. The gneissose tonalite-
granodiorite have slightly lower SiO, contents compared to the
leucogranites  (68.85-71.40 wt% vs. 73.36-75.30 wt%).
Following the R1-R2 classification scheme (Figure 1la) of
Batchelor and Bowden (1985), the gneissose granites occupy the
granodiorite and tonalite fields, while the leucogranites straddle
the fields of monzo- to syenogranites. Clark (1992) used A/ICNK
vs. SiO, to discriminate between peraluminous and
metaluminous granites as well as S- and I-type granites. The
studied leucogranite samples are mainly peraluminous due to
increasing A/CNK ratios [mol Al,03/(CaO + Na,0 + K;0)] >1
and plot mainly in the S-type granite field, while the gneissose
tonalite-granodiorite plot in the I-type granite field and mainly
have metaluminous characters (Figure 11b). Compared to
Egyptian granitoids, using the Na-K-Ca ternary diagram
(Figure 11c) designed by Hassan and Hashad (1990), the
gneissose granodiorite-tonalite plot within the field of
trondhjemitic older granitoids and generally follow the
trondhjemitic trend of Barker and Arth (1976). The
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leucogranites plot along the Na;O-K,O line with some samples
plot outside the field designated for the Egyptian younger
granites.

The leucogranite show Rb and Th enrichments (relative to
Nb), and Ce enrichment (relative to Nb and Hf), suggest crustal
involvement (Pearce et al., 1984).

The REE patterns of the tonalite-granodiorite (Figure
12a) have LREE predominance over HREE (La/Yb= 3.21-6.60)
and moderately negative to slightly positive Eu anomaly
(Eu/Eu*= 0.60-1.13). The positive Eu anomaly for the tonalite
sample and the negative Eu anomaly for the studied
granodiorite, reflect that the latter formed through fractional
crystallization for the former.

REE patterns of selected samples of the leucogranites
(Figure 12b) are homogeneous, moderate to highly fractionated
(La/Yb= 9.13-18.85; Table 7) and show marked negative
anomaly (Eu/Eu*= 0.48-0.63). It comparable with the REE
pattern of the Hafafit metasediments of Moghazi et al., 2004 and
also similar to REE pattern of the average upper continental
crust (Taylor and McLennan, 1985).
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Table 7. Chemical analyses of granitoids country rocks from Abu Had area, South Eastern Desert, Egypt.

Lecogranite Gneissose tonalite-granodiorite
Sample S1 S3 S6 S7 S10 Gl G2 G3 G4 G5 G6 G7
Sio, 74.33 74.1 73.8 73.36 75.3 69.88 69.7 7140 6885 70.65 69.1 70.1
Tio, 029 03 026 026 0.3 035 044 048 024 030 037 032
Al,Og 1409 144 1426 146 1401 1425 155 1450 168 1395 137 14.15
Fe,05" 1.37 1.03 0.9 1.2 1.09 3.55 2.2 3.40 1.7 3.30 4.2 3.63
MnO 0.03 0.05 0.04 0.04 0.03 0.08 0.03 0.06 0.04 0.07 0.08 0.08
MgO 0.38 0.28 0.3 0.4 0.36 1.68 1.06 1.10 0.72 1.58 2.7 1.57
cao 075 076 08 088 114 363 31 360 43 354 33 3.7
Na,0 377 35 338 433 388 4.12 54 380 54 436 397 41
K,0 455 522 54 344 34 140 128 101 1.1 127 092 139
P,Og 0.2 0.19 0.16 0.24 0.12 0.08 0.08 0.08 0.06 0.08 0.09 0.08
L.O.L. 077 061 06 08 049 055 045 049 066 063 072 056
Total 100.51 100.44 100.45 99.55 99.88 99.6 99.24 99.9 99.87 99.7 99.15 99.68
A/CNK 114 113 103 118 116 095 096 104 082 094 098 0093
Mgt 019 022 019 022 027 027 022 029 026 028 021 029
Trace elements (ppm)
Rb 300 355 160 280 170 a4 44 38 26 40 30 438
Ba 244 300 525 500 440 218 240 201 251 236 1182 218
Pb 28 36 17 33 22 5 8 11 5 7 3.1 4.6
Sr 80 88 200 160 73 272 330 240 345 285 318 272
Y 17 14 19 1 34 8 13 11 12 8 146 8.1
Th 10 13 12 1 14 1 4 1 9 2 2.9 3
U 4 8 2 6 4 2 2 nd 3 1 1.7 2
zr 100 90 138 126 144 79 135 120 103 62 95 72.3
HF 3 4 6 5 8 4 3.3 8 2.8 2 3.2 3.7
Nb 13 14 6 12 9 4 1 6 1 2 1.4 1
Zn 44 40 33 50 45 a5 31 33 23 30 66.7  45.4
v 12 9 8 13 11 56 25 40 18 48 589  55.6
Ga 21 25 18 23 20 16 18 12 22.3 14 159 159
REE (ppm)
La 221 168 28.9 8.1 28 7.6
ce 44.00  39.20 66.10 21.8 55 19.20
Pr 5.20 4.31 6.85 2.13 10 2.20
Nd 190 165 23.8 9.3 27 8.0
Sm 455  3.99 4.21 2 5 2.00
Eu 065  0.79 0.57 0.4 1.26 0.68
Gd 378  3.65 2.53 1.64 5 1.70
Tb 0.68  0.61 0.49 0.19 1 0.30
Dy 315  3.26 2.48 127 35 2.01
Ho 0.53 0.52 0.44 0.26 0.65 0.47
Er 141 144 1.22 0.74 1.85 1.43
Tm 023 019 0.21 0.1 5 0.26
Yb 1.28 1.32 1.10 0.88 3 1.70
Lu 021 024 0.17 0.12 0.45 0.28
La/Yb 1238 9.13 18.85 6.60 6.42 3.21
La/Sm 314 272 4.43 2.61 2.29 2.45
Eur 0.48  0.63 0.53 0.68 0.60 113
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Figure 11. Geochemical classifications and discrimination diagrams for granitoid rocks of Abu Had area: (a) R1-R2 cationic classification
of De la Roche et al. (1980). (b) A/CNK vs. SiO, diagram (Yuhara et al., (2003). (c) Na20-K20-CaO ternary diagram showing fields of the
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7. Discussion
7.1. Tectonic settings of the granitoid rocks

Batchelor and Bowden (1985) suggested a diagram to
discriminate between the different tectonic setting of granitic
rocks using the multicationic parameters R1 and R2 of De La
Roche et al. (1980). On this diagram (Figure 13a) the majority
of gneissose tonalite- granodiorite plots in the pre-collision
granite (subduction regime), while leucogranite samples plot in
syn-collision granite regime. The studied leucogranites also plot
within the field of S-type granites (Wise et al., 2010; Gharib et
al., 2011). Following the delineated tectonic setting fields of
Maniar and Piccoli (1989) on Figure 13b, the gneissose tonalite-
granodiorite samples lie in the island arc granitoid field, while
the leucogranite plot in the continental collision granite field. In
the standard discrimination diagram of Pearce et al. (1984), the
investigated gneissose tonalite- granodiorite have volcanic-arc
(I-type) characters (Figure 13c), while the leocogranites straddle
the fields of syn-collision and the volcanic arc fields and lie
within the field of S-type granites (Wise et al., 2010; Gharib et
al., 2011).

7.2. Origin of Gneissose tonalite- granodiorite

The Egyptian Eastern Desert granitoids could be intruded
during the pre-, syn- and late-collisional stages of the East
African Orogeny (Moghazi, 2002). He (op.cit.) stressed that the
multi-element abundance spiderdiagrams are proved to be an
effective means for discriminating the tectonic setting of the
Egyptian granitoid rocks, especially the calc-alkaline (I-type)
ones. The pre-collision granitoids in the Eastern Desert of Egypt
are represented by highly deformed trondhjemite-tonalite-
granodiorite suites and were formed during the arc stage of the
Arabian Nubian Shield between 800 and 614Ma (Dixon, 1979;
Stern and Hedge, 1985; Hassan and Hashad, 1990; Greiling et
al., 1994).

The chondrite-normalized spiderdiagrams (Figure 14a) of
the investigated gneissose tonalite- granodiorite are more akin
comparable with the field of pre-collision granites of the Eastern
Desert (Moghazi, 2002) and confirmed with the tectonic setting
data (Figures 13a and c).

Compositional differences of granitic melts produced by
partial melting of various source rocks under variable melting
conditions can be distinguished in terms K,O vs. SiO, (Gerdes et
al., 2000). For the studied gneissic tonalite- granodiorite rocks,
these major element ratios (Figure 15a) indicate that these rocks
could be derived from partial melting of amphibolites source.
The amphibolites source also proved from plotting the gneissic
tonalite- granodiorite on the compositional fields of
experimental melts derived from melting of felsic pelites
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(muscovite schists), metagreywackes and amphibolites (Patifio
Douce, 1999) (Figures 15b, ¢ and d). The slightly Y enriched
patterns of the chondrite-normalized spiderdiagrams generally
observed in the gneissose granitoids (Figure 14a) proved an
amphibole-bearing, garnet-free, source. In addition, the negative
Nb and Ti anomalies can also be explained by the presence of
hornblende in the source. This support that gneissose tonalite-
granodiorite wasderived by partial melting of a slightly LILE-
enriched, garnet-free and amphibole-bearing (i.e., hydrated)
mafic source. The experimental data obtained by Rapp and
Watson (1995) on dehydration melting of metabasalts are in
agreement with this hypothesis

7.3. Origin of Leucogranite

S-type granites are strongly peraluminous granitoids
(ASI>1) result from the partial melting of aluminous
metasediments (Chappell, 1984; Chappell and White, 1992;
Chappell, 1999; Collins and Hobbs, 2001; Clemens, 2003;
Dahlquist et al., 2007; Burda et al., 2009). Partial melting of
metasedimentary composition is always produced leucogranite
with FeO+MgO contents below 4 wt.% (e.g. Montel and
Vielzeuf, 1997). Some authors believed that S-type granite to be
the products of incongruent fluid-absent melting of biotite in
aluminous sources (Le Breton and Thompson, 1988; Clemens,
1992; Vielzeuf and Montel, 1994; Patino-Douce and Beard,
1995; Montel and Vielzeuf, 1997). Experimental data from
previous studies on the fluid-absent melting
of metapelites (Vielzeuf and Montel 1994; Patino-Douce and
Beard 1996) have demonstrated that the melts produced via the

anatexis of metapelites and metagreywackes are limited to
leucocratic granitic compositions, particularly if it is considered
that temperatures within the metamorphic crust only rarely
exceed 900°C (Harley, 1998).

The studied leucogranite are strongly peraluminous (ASI
>1), K-rich granites with a substantial range in total FeO +MgO
values (between 1.11 and 1.61 wt%) and have low Mg# range
between 0.19-0.27 (Table 7). The presence of garnet, muscovite
beside the high peraluminous nature in the studied leucogranite
confirms the inference of an aluminous metasedimentary source.
The low content of Fe and Mg in the leucogranite probably
shows that the anatectic temperatures were mostly below the
biotite solidus or that the source rocks themselves had a low
content of biotite. Plotting the leucogranite on the Normative
Qz-Ab-Or ternary diagram (Fig.16) proved moderate to low
pressure of formation for these rocks which ranges between 1-
10kbar in anhydrous system, and to the right of the cotectic
eutectic minima of the H,O saturated haplogranite system,
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a common feature for low temperature granites (Johannes and
Holtz, 1996; Kalsbeek et al., 2001; Moghazi et al., 2004). The
partial melting of metagreywake and metapellite source rocks is
also proved by plotting the studied leucogranites on the fields of
experimental melts derived from partial melting of different
sources Figures 15a,b,c and d). Comparing the chondrite-
normalized spiderdiagrams of the studied leucogranite with
spiderdiagrams of Hafafit metasediments and the average of
upper continental crust of Taylor and McLennan, 1984 (Figure
14b), shows enrichment of the leucogranites in K, Rb and
depletion in Ba, Ce, Zr, Ti and Y suggest that the metasediment
or the upper crust may be the source rock (Villaseca et al.,
2007).

According to Clemens, 1992; Clemens, 2003; Petford,
2003, the formation of high-level S-type granites can be
summarized in four main stages; 1) Melting of a clastic
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metasedimentary source through a fluid-absent partial melting
reaction, 2) The segregation of the magma from the residuum of
its source, 3) The transport of the magma towards the future
emplacement of granite, and 4) The crystallisation and
emplacement of the granite. Accordingly, crustal thickening
during the collision stage of the ANS led to a widespread
partial- melting of a plagioclase-rich metasedimentary source
(metagreywacke) and other associated crustal rocks. Crustal
heating, caused by decompression along the NW- SE Wadi El
Gemal major thrust or shear zones, facilate the source of heating
and production of these leucogranitic melt. The melt then, at
least partly, migrate along listric faults to higher levels in the
crust due to pressure gradients generated by buoyancy and
tectonic stresses (Nabelek et al., 2001; Brown and Solar, 1998
a,b; Solar et al., 1998, Moghazi et al., 2004 ).
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Figure 15. a) Discriminant diagrams for partial melts from various sources of Gerdes et al. (2000). (b, ¢ and d) Compositional fields of
experimental melts derived from melting of felsic pelites (muscovite schists), metagreywackes and amphibolites (Patifio Douce, 1999).

7.4. Origin of garnet

Garnet of Abu Had pegmatite have certain petrographical
features like those of magmatic garnets which crystallize in
granitoids, they tend to be eu- to subhedral, are commonly zoned
and free or relatively free of inclusions, and are generally finely-
crystalline (Allan and Clarke, 1981; Clemens and Wall, 1984;
Wall et al., 1987; Harrison, 1988; Speer and Becker, 1992;
Macleod, 1992; Whitworth, 1992). Chemically, they are
spessartine-almandine rich type and plotted in the field outlined
by Miller & Stoddard (1981) for magmatic garnet (Figure 6),
and in particular similar to garnet from peraluminous granitoids
reported by du Bray, 1988 and Dahlquist et al., 2007.

The compositional zoning of magmatic garnet is distinct
from that of metamorphic garnet with high spessartine contents
and typical spessartine-decreasing profiles from core to rim
(Leake, 1967; du Bray, 1988). The crystallization of magmatic
rocks takes place as temperature decreases, so that magmatic
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garnet generally display reversal zoning “spessartine inverse
bell-shaped profile” with almandine-rich cores and spessartine-
rich rims (Leake, 1967; du Bray, 1988; Dahlquist et al., 2007;
Villaros et al., 2009). Consequently, the spessartine inverse bell-
shaped profile for the studied garnets (Figures 7a-e and Figure
8) supporting their magmatic origin.

The strong enrichment of HREE over LREE, almost flat HREE
patterns, profoundly negative Eu anomalies on the chondrite-
normalized REE plots for the studied garnet (Figure 9), that are
characteristic features of spessartine-rich garnet crystallized
from silisic melts and of garnet in peraluminous granites and
migmatites (Irving and Frey, 1978; Harris et al., 1992; Bea et
al., 1994; Bea, 1996; Villaseca et al., 2003). These REE patterns
are also consistent with the REE patterns of magmatic garnet
(Habler et al., 2007; Jung et al., 2009; Villaros et al., 2009; Xia
et al., 2012). In contrast, negative Eu anomalies are not apparent
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in metamorphic garnets formed by sub-solidus reactions (Harris
etal., 1992).

Magmatic garnet in igneous rocks can be classified into
three groups: (1) it occurs in strongly peraluminous S-type
dacites-rhyolites or granites and crystallized under low pressure
in the upper crust with high FeO contents > 30 wt%) (Clemens
and Wall, 1981, 1984; Gilbert and Rogers, 1989; Lackey et al.,
2006; René and Stelling, 2007; Mirnejad et al., 2008); (2) occurs
in basalts, andesites, dacites, rhyolites or tonalitic and
granodioritic porphyries and crystallized under high pressure in
the lower crust or mantle with FeO from 20-30 wt%, MgO from
5-10 wt%, and CaO about 5 wt% (Green and Ringwood, 1968;
Hamer and Moyes, 1982; Day et al., 1992; Harangi et al., 2001;
Aydar and Gourgaud, 2002; Patranabis-Deb et al., 2009; Yuan
et al., 2009); and (3) occurs in pegmatites, aplites, and granites
and crystallized from post-magmatic fluids or highly
fractionated magma with MnO reach about 30 wt% (Speer and
Becker, 1992; Whitworth, 1992). Thus, data of garnet of Abu
Had pegmatite is conformable with magmatic origin crystallized
from highly fractionated granites.

Igneous garnet with distinct chemical composition can
crystallize from either an I, M, A and S type granites.
Compositions of magmatic garnet from granites might provide
information about the classification of their host (Zhang et al.,
2012 and references there in). Plotting the studied garnet on the
diagram of magmatic garnet from various granite types (Figure
17), the Abu Had garnet is distributed mainly within the field of
S-type granites confirming the peraluminous characters of the
studied pegmatite which also attributed from the presence of
abundant garnet and muscovite. Enrichment of many samples of
Abu Had garnet in Mn contents relative to the S-granite type
(Figure 16) probably related to more fractionated magma. The
increase in Mn content could be not only related to magma
cooling, but also to different hydration conditions (Robinson,
1991), which could be diverse in highly fractionated acid
magmas. Thus, Enrichment of grossular contents in the studied
garnet from the pegmatite core zone relative to the outer zones
probably due to increasing H,O in the magma (Green, 1992).

Ab

I ) ) ) -

Or

Figure 16. Plot the leucogranite in CIPW-normative Q—Ab—Or diagram with low temperature melt compositions at 1, 5 and 10 kb (Johannes

and Holtz, 1996).

FeO ¢

M-type granites

__—A-type granites

Y MnO

Figure 17. FeO-10 MgO-MnO triangular diagram of garnet from various genetic granites. I-type, S-type, A-type, and Mantle represent
garnet from I-type granites, S-type granites, A-type granites, and igneous rocks originating from mantle. Major elements of garnet are from:
I-type granites, Wu et al. (2004) and Yu et al. (2004); S-type granites, Plank (1987), Kebede et al. (2001), Jung et al. (2001), Jung and
Hellebrand (2006), and Dahlquist et al. (2007); A-type granites, du Bray (1988), Wu et al. (2004), Wang et al. (2003), Zhang et al., 2011;
igneous rocks originating from mantle, Chen and Zhao (1991), Harangi et al. (2001), Kawabata and Takafuji (2005).
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7.5. Petrogenesis of Abu Had pegmatites

Textural features of the studied garnet-bearing pegmatites
such as micrographic intergrowth and absence of myrmekite,
beside the data of mineral chemistry for the fresh rock-forming
minerals support the magmatic origin for these pegmatites.
Compositional data of garnet and muscovite from the Abu Had
pegmatite proved peraluminous source rocks similar to those
derived from the S-type granite magmas. As no samples from
gneissic  tonalite-granodiorite contain garnet beside the
metaaluminous characters of these granitoids, it is difficult to
link these rock types and the garnet bearing pegmatite through
partial melting or fractional crystallization of
garnet-bearing cumulates. The close spatial distribution of the
pegmatites to the leucogranite bodies, textural and mineralogical
similarity between the leucogranite and the neighboring
pegmatites, beside the whole rock composition of the
leucogranite probably indicate that these rocks are direct
precursors to the garnet- bearing pegmatites of Abu Had area.

Spessartine-rich  garnet  generally crystallized in
equilibrium with S-type, aluminum- and manganese-rich
granitic magma at relative low pressures (Green, 1977; Abbott,
1981; Allan and Clarke, 1981; Stone, 1988; Dahlquist et al.,
2007). In contrast with those in S-type granitic plutons, garnet
in metaluminous intrusions is characterized by Ca-rich, Mn-
poor almandine and generally forms under relatively high
pressure conditions, mostly corresponding to the depth of the
crust-mantle transition zone (Day et al., 1992; Green, 1992;
Harangi et al., 2001). Experimental studies of garnet stability
(Weisbrod, 1974;Green, 1977; Clemens and Wall, 1981) have
shown quite deafly that Mn-rich Fe-Mn garnets may be stable
within a granitic melt at pressures below 5 kbar, and, with ever
increasing Mn contents, may be stable at lower pressures
(down to below 1kbar at 750°C Weisbrod, 1974).
Consequently, it is quite clear from experimental evidence that
Mn rich garnets may crystallize directly from granitic magmas
and pegmatitic liquids under conditions believed to obtain at a
late magmatic stage. Miller and Stoddard (1981) stated that
garnet could crystallize at the expense of biotite in MnO- and
Al,Os-rich evolved magma. Many authors suggested that Mn-
rich garnets crystallize from magmas enriched in volatile
constituents (e.g. Baldwin and von Knorring, 1983; Bogoch et
al., 1997). Accordingly, the studied MnO-rich garnet relative to
the typical S-type granite field (Zang et al., 2011)( Figure 16),
beside the complete absence of biotite in the studied
pegmatites, support that the Abu Had garnet-bearing pegmatite
crystallized from a highly evolved MnO-rich peraluminous
magma. Consequently, Garent-bearing pergmatite of Abu Had
area probably represent fractional crystallization for the same
magma formed the associated leucogranites.

Field and petrographical observations indicate that the
garnet-bearing pegmatite affected by post magmatic deformation
and metasomatism which often restricted to the microshear
zones and fracture sets associated with them. Growth of
secondary muscovite or sericite along microcracks or cleavage
planes, transformation of plagioclase to secondary albite and
sericite and break down of garnet at the grains peripheries and
along garnet fractures to chlorite and iron oxide, perhaps
assisted by post magmatic aqueous fluid derived along active
shear zones. Finally, pinch and swell of the pegmatite dyke
(Figure 2a), beside cracking and stretching of some garnet
crystals in direction perpendicular to the microshear zone
(Figures 4g and h), prove that the study pegmatite and the
associated country rocks exposed to extension tectonic event
post-date the formation of garnet and the associated primary
minerals.

7.6. Evolution of the study granitoids and pegmatites in
relation to the regional tectonics of the ANS

Three geological stages were proposed for the tectonic
evolution of the studied granitoids and garnet-bearing
pegmatites. The first stage started at about 680 Ma (the
estimated age for crystallization of the gneissose granite at
Hafafit area; Stern and Hedge, 1985) with subduction and
emplacement of subduction-related granitoids. This magmatism
in the studied area is represented by the magma produced
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tonalite and granodiorite (precursor of the gneissose granites).
Subduction was terminated by collision and NW-SE Wadi El
Gemal thrusting. Geochemical data of the studied peraluminous
leucogranites proved their formation during the collision stage
of the ANS. These leucogranites were derived through partial
melting of predominantly pelitic sources along thrust zones .
Previous age dating studies indicate that the time of accretion or
collision of ANS toward the Saharan Metacraton during the
closure of Mozambique Ocean ranged between 620 and 600 Ma
(Greilling et al., 1994; Finger and Helmy, 1998; Cosca et al.,
1999; Fritz et al.,, 2002). This geochronological data is in
accordance with whole rock Rb-Sr ages for the peraluminous
leucogranites from two different localities in Sikait area (about
20km north east of the studied area) which ranges between
610+20 and 594+ 12Ma and interpreted as emplacement ages
for these granites (Moghazi et al., 2004). Crustal thickness
during the collision of the ANS brings these metasediments and
other associated crustal rocks in the study area close to their
partial melting. Crustal heating, caused by decompression along
the NW- SE Wadi EI Gemal major thrust facilitate the source of
heating and production of these granitic melt. Once generated,
the leucogranite magma migrate along listric faults to shallower
levels in the crust due to pressure gradients generated by
buoyancy and tectonic stresses (Nabelek et al., 2001; Brown and
Solar, 1998 a,b; Moghazi et al., 2004). Garent-bearing pegmatite
of Abu Had area represents fractional crystallization for the
same magma. At this stage, rocks of Hafafit unit including the
study area were subjected to intense deformation and
metamorphism in amphibolite facies which proved from the
recorded Sm-Nb and Rb-Sr ages for this event (~600 Ma; Abd
El-Naby et al., 2008). Thus, generation of the leucogranite along
thrust zones is related to this phase of metamorphism of Hafafit
rocks. This interpretation is supported by the similarity between
metamorphic age and granite emplacement age.

The third stage of evolution of the studied area is related
to the late-orogenic extension and crustal thinning that was
controlled by the Najd transform faults. Generally, the Najd
fault system or shear zone regarded as the last significant
structural event affected the Precambrian rocks in Egypt and
Saudi Arabia (Stern 1985, 1994; Abd El-Wahed 2007, 2008,
2010; Abdeen et al., 2008). It was developed during the interval
620-540 Ma (Stern, 1985). Fritz et al. (2002) reported the ages
of 586 Ma for the NE extensional faults related to Najd fault
system in WHC. The post magmatic deformation in the
pegmatite and the leucogranite country rocks of the studied area
with the abundant of microshear zones and related fractures
probably related to this stage.
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