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ABSTRACT

Neoproterozoic rocks in the selected area are located southwest of GabalMeatiq, central Eastern Desert
of Egypt display compositional zoning including two distinctive rock suites, outer mafic (gabbro-diorite
suite) and inner felsic (tonalite- granitoid suite).The mafic suite has alkali -calcic affinity while the felsic
suite has calc-alkalic character. Both suites have formed under moderate oxygen fugacity (fO,) and
relatively low pressure. The chemical composition trends are functions of the mineralogical composition.
FeO', CaO, MgO, Ni, Zr and La have well defined trend indicating predominance of fractional
crystallization processes. Trace elements abundance displays slight enrichment of the LILE (Rb, Ba) with
respect to HFSE (Zr and Y). The pattern of the felsic suite displays gradual decrease from Rb, Nb and to
positive Sr anomalies which consistent with accumulation of anorthite in this suite and fractionation of
mafic phases such as amphibole. The enrichment of LILE versus HFSE is a typical signature of
subduction related magmatic rocks. Chemical patterns display enrichment of Sr and marked depletion of
Ba and Nb which characterized magmatic rocks formed during subduction stages with accommodation of
crustal materials. Mafic suite has lower Y REE values against higher Y} REE values of felsic suite. The
thermometric calculations indicated that the original magma has high temperature up to 864°C for mafic
suite and up to 963°C for felsic suite from apatite saturation temperature. The estimated zircon and
monazite temperatures are lower than those obtained by apatite saturation temperature and plagioclase-
hornblende thermometer indicating that the original melt didn’t achieve zircon and monazite saturations.
Petrological and geochemical data postulated the same magmatic origin for the different rocks in the
zoned pluton. The geochemical data support the suggestion that the zoned pluton results in differentiation
of an original calc-alkaline magma. Field and geochemical data are consistent with a mixed fractional
crystallization/assimilation/multiple emplacement mechanisms for producing the diversity of rock types in
the study pluton.

Keywords: Eastern Desert, mafic suite, felsic suite, Rare earth elements, geothermobarometry, fractional
crystallization, assimilation.

INTRODUCTION

The Pan-African late Proterozoic basement rocks in the Eastern Desert of Egypt constitute the northern
part of the Arabian Nubian Shield(ANS) include a suite of granitoidrocks.The Eastern Desert of Egypt is
structurally divided into three distinct domains, the northern, central and southern domains (Stern and
Hedge, 1985). Geologically, thesedomains differ from each other to their main exposed rock types.
Massive and gneissic granitic rocks are widespread in the northern and southern sectors, whereas the
highabundance of ophiolitic rocks occurs in the central Eastern Desert (Stern et al., 1984).The basement
rocks of the Eastern Desert extend as a parallel belt to the Red Sea coast for a distance of about 800 km
between latitudes 22° 00" 00" and 28° 40" 00" N. The rocks are unconformably overlain on their western
and eastern margins by Nubian sandstone, Miocene and younger sediments. The (ANS) was originated as
a result of riftingalong the Red Sea. The main mechanism forthe evolution of the ANS is a lateral crustal
growth through arc accretion (El Gaby et al., 1988; Kroneret al., 1994; Stern, 1994).The ANS represented
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by dismembered Ophiolite assemblage meta-volcanosedimentary suite, metagabbro—diorite complexes
and calc-alkaline granitoids that exposed duringthe pre-collision, i.e., arc, stage, 870-650 Ma ago
(Stern,1994). Between 650 and 620 Ma, Neoproterozoic arc terrains were accreted to the East Saharan
Craton due to metamorphic event (the collision stage). During this stageweakly deformed granodiorites
(665-614 Ma) wereexposed(Stern and Hedge, 1985; Greiling et al., 1994). The Pan-African orogenic
event in Egypt terminated at about 615 Ma,and subsequent crustal uplifting and extensional
collapseoccurred within the 610-550 Ma time span (Stern, 1994;Greiling et al., 1994). This post-collision
stage was characterizedby intrusion of large masses of basic to acidic,K-rich, Dokhan volcanics (610-560
Ma) and A-type granites (610-550 Ma) (Stern and Hedge,1985; Beyth et al., 1994).Several attempts have
been made to classify the basement rocks and to clarify the geologic and tectonic history of the
Precambrianrocks in Egypt. Some of these classifications are based on the geosynclinals theory (e.g.
Hume, 1934; Akaad and El Ramly, 1960; El Shazly, 1964; El Ramly, 1972; Akaad and Noweir, 1969,
1980; Akaad, 1996). Other classifications were suggested based on the plate tectonic theory Egypt, (e.g.
Ries et al., 1983 and El Gaby et al., 1984 and 1988 and Ragab et al., 1993).

The exposed rock suite of the study area belongs to the Pan- African orogeny of the Neoproterozoic
Arabian-Nubian Shield. The suite take the attention of the authors since they have a wide compositional
range from gabbroic to granitic. The selected pluton was chosen for its contrasted outcrops which may
have corresponded to unique stages of petrogenetic evolution.

Several attempts have been made in order to classify the Neoproterozoic gabbroic rocks of Egypt
(Basta and Takla, 1974; Takla et al., 1981; Ghoneim et al., 1992; El-Sheshtawi et al., 1995;Basta, 1998
and Khalil, 2005). These rocks are classified as older and younger gabbros (Takla et al.,1981). The older
gabbros are regionally metamorphosedand are considered as a member of ophiolitic sequence(i.e.
ophioliticmetagabbro: El-Sharkawi and El-Bayoumi,1979) or island arc suites.. The syntectonic gabbro-
dioriteintrusives have a calc-alkaline character and are assumed to be belonging to island arc suites(El-
Gaby et al, 1990). The emplacement of the gabbro-dioritecomplex occurred at around 987-830
Ma(Hashad, 1980; Abdel-Rahman and Doig, 1987). Thus,they represent the earliest phase of crustal
growth in the Nubian Shield of Egypt (Abdel-Rahman, 1990). The younger gabbros occur as small
unmetamorphosed intrusions including norite, norite-gabbro, olivinegabbro and troctolite varieties (Basta
and Takla, 1974).These gabbros mainly represent the late tholeiitic/calc-alkaline, post-tectonic mafic
magmatism of the Pan-African event, which was intruded before the younger granitoids (Hassan and
Hashad, 1990).

Granitoid rocks constitute a major component of the basement outcrop in Egypt (40%). These rocks
aresubdivided into two main distinct types, older and youngergranites (Akaad and Noweir, 1980).
According toHarris et al. (1984) and Stern and Hedge, (1985), the oldergranitoids include syn-tectonic
calc-alkaline tonalite-granodiorite intrusions and rarely granites formed 850-614 Ma. These are also
known as subduction-relatedgranites (Hussein et al., 1982) or granitoid rocks of islandarc stage (Ragab,
1987). The original magmas of the oldergranitoids may be generated by partial melting of mantlewedge
with a relatively little crustal contamination (Husseinet al., 1982) or by anatexis process of
amphiboliticlowercrust (Furnes et al., 1996; Moghazi, 1999) in subductionzones. The younger granitoids
cover a wide compositions ranging from quartz monzonite to alkali granites(Greenberg, 1981) and have a
limited time span of610-550 Ma (Stern and Hedge, 1985).The area under investigation was previously
studied by (Ries et al., 1983; Sturchio et al., 1983;Sultan et al., 1987; Neumayr et al., 1996; Fritz et al.,
1996,2002; Loizenbauer et al., 2001;Andresen et al., 2009 and recently, Hassan et al. 2017).

Several hypotheses were proposed for the debate of mafic-felsic rock association including 1- single
mafic magma fractionation, 2- Simultaneous crystallization of two mafic and felsic magma (Marr, 1970,
1973, Pons 1970 and 3- Mafic and felsic magma mixing(Leterrier, 1972; Paterson and Vernon, 1995 and
Coint et al., 2013). The study pluton is a Neoproterozoic composite intrusion composed of mafic and
felsic rocks situated in the central Eastern Desert, both suites are confined to the same intrusion displaying
zonality. In this contribution we present an integrated geological, petrological and geochemical study in
order to determine the most likely processes attributed for this zonality.
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GEOLOGICAL SETTING

The study area is located in the central Eastern Desert south west of GabalMeatiq,between Lat. 26° 2' -
26° 4'N and long 33° 45' -33° 47' E (Fig.1A). It represents a part of the Arabo-Nubian Shield. The area is
accessible through the Quseir-Qift asphaltic road. Generally, the area is rugged with moderate to high
mountains of elevations. Zoning is easily observed throughout the processed landsat image of the ratio
(5/7, 3/1, 4/3) in RGB as shown in Fig .1B, which allows the studied suites to be easily discriminated as
outermafic and inner felsic suite.
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Fig. 1: A) Landsat image
displaying the location of
the study area., B) Color
ratio composite landsat
ETM" image (5/7, 3/1, 4/3)
in RGB of the study area
MS=mafic suite, FS=felsic
suite. C) Geological map of
the study area modified
after Khyamy et al. (2003).
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The investigated pluton is one of the several zoned syntectonic intrusions of the Eastern Desert of
Egypt (El-Nisr & El-Sayed, 2002). The pluton occupiesan area about 9 km”. The contact of the pluton
with the surroundings is conformable and sharp. The rocks form low to moderate lying terrains displaying
exfoliation and cavernous weathering(Fig. 2A).It forms an oval composite intrusion intrudes Qz-rich
schist to the north and Arikimonzogranite to the East. According to Khyamy et al. (2003), the pluton
intrudes psamitic gneisses of Meatiq group to the south of the study area. The studied pluton could be
discriminated to distinctive suites becoming more felsic towards the inner suite. The outer suite (mafic) is
represented by (diorite-monzodiorite to gabbro) changing into inner suite (felsic) of tonalite- granodiorite
composition. The contact between the two suites is intrusive and sharp. Mafic enclaves of gabbroid and
dioritic composition are recorded in the inner suite(granodiorite - tonalite) especially at the contact zones
(Fig. 2 B&C). Late aplite dykes cross cut the main pluton are recorded (Fig. ).

PETROGRAPHY

The rocks of the outer mafic suite aredarkgraymedium to coarse grained with marked
equigranulartexture. Most of these rocks are devoid of K feldspar crystals. They consist mainly of
plagioclase, biotite, hornblende with subordinate augite. Actinoloite and chlorite are observed as
secondary mineral whereas apatite and titanite present as accessories. Plagioclase occurs as subhedral
tabular crystals usually altered to kaolinite and epidotes. Augite usually replaced by actinolite and
chlorite(Fig. 3A). Hornblende occurs as subordinate aggregates associated with biotite and corroded by
quartz crystals (Fig 3B). Quartz and K feldspar are rare and occur interstially between the essential
plagioclase, hornblende and pyroxene. Titanite and apatite recorded in diorite and usually associated with
hornblende and biotite (Fig. 3C).
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Fig. 2: A. Block
weathering in tonalite. B.
Elongate mafic enclave in
tonalite. C. Elongate
mafic enclave in
granodiorite. D. Aplite
(Ap) dyke cut tonalite.

The rocks of the inner suite are gray in color, coarse to medium grained and composed of plagioclase,
quartz, alkali feldspar, biotite with minor amounts of hornblende. Accessories such as apatite, titaniteand
zircon are variably recorded. The rocks display late magmatic deformation, e.g. quartz wavy extinction
and bending of plagioclase lamellae(Fig. 3D). Plagioclase lathes Angp.79 are recorded and occasionally
altered to kaolenite and epidotes. Quartz occurs as anhedral to subhedral crystals interstially between
plagiocalselathes. Hornblende occurs as subhedral to anhedral twined crystals enclosing apatite and
titanite, biotite occurs as brownish flakes with a pronounced pleochroicformulae. Apatite, titanite, zircon
and iron oxides are usually associated or enclosed in biotite (Fig. 3E) and hornblende. K feldspar crystals
are mainly represented by microcline perthite (Fig. 3F)with subordinate orthoclase. They are occasionally
corroded by quartz.

Fig. 3: A. Microphotograph of gabbro
display altered plagioclase crystals
associated with actinolite (Act) after
augite (Aug).

B. Microphotograph of diorite displaying
hornblende (Hbl) crystals corroded by
quartz crystals.

C. Microphotograph of diorite titanite
(Tit) crystal associated with altered biotite.
D. Microphotograph of tonalite displaying
bending of plagioclase lamellae.

E. Microphotograph of tonalite zircon
crystals enclosed in biotite (Biot). F.
Microphotograph of granodiorite
displaying string type of perthitic
intergrowth.
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MINERAL CHEMISTRY

Representative chemical composition of the essential minerals (Feldspar represented by plagioclase,
amphibole represented by hornblende and biotite) from the investigated samples were determined by
electron microprobe and listed in Tables1,2 and 3. Electron microprobe analyses of mineral phases were
conducted on polished thin sections of representative samples using the GEOL Super Probe at the
University of Nevada at Las Vegas USA. Microprobe analyses were executed on natural and synthetic
mineral standards using WDS spectrometers at a 15 kV accelerating voltage and 15 n A beam current.
Element abundances were computed using the PRZ matrix correction. Analytical precision and accuracy
were monitored by repeated analyses of mineral standards that were treated as unknowns.

Table. 1. Representative electron microprobe analyses of feldspar of the studied samples.

Analyses pllazg p11a3g pllzzg pllasg plellg plag-2 plgg plag-4 plaslg plag-6 pl;g plag-8 pllaog pllalg

Samples Mafic Suite Felsic Suite

Si02 48.75 | 46.04 | 47.46 | 46.40 | 59.44 | 60.72 59.99 | 60.03 58.59 | 61.96 60.90 | 60.48 58.28 | 62.06

TiO2 - - 0.01 - 0.01 0.01 0.02 - 0.01 - 0.03 0.03 0.03 0.03

Al203 26.10 | 36.10 | 35.20 | 35.40 | 25.14 | 24.40 25.05 | 25.42 26.16 | 23.75 24.36 | 24.19 26.05 | 23.48

FeO 0.16 0.13 0.12 0.21 0.12 0.28 0.13 0.08 0.21 0.14 0.13 0.18 0.14 0.16

MnO 0.01 -- 0.03 0.03 0.02 0.01 0.01 -- -- - 0.02 0.02 0.02 0.01

MgO 0.06 0.03 -- 0.05 0.02 0.01 0.02 - 0.01 -- 0.01 0.01 0.01 0.01

CaO 21.06 | 17.05 | 16.95 | 16.92 | 6.56 5.67 6.40 6.47 7.49 4.96 5.71 5.70 7.68 4.82

Na20 2.76 1.94 2.21 2.17 7.90 8.40 8.12 7.96 7.19 8.45 8.47 8.26 7.29 8.96

K20 0.16 0.06 0.03 0.13 0.27 0.35 0.31 0.26 0.39 0.25 0.36 0.40 0.29 0.42

Total 99.5 99.9 100.1 | 100.2 | 99.5 99.9 100.1 | 100.2 100.1 | 100.0 100.1 | 99.3 99.9 100.0

Number of Cations on the basis of 8 oxygens

Si 4.91 4.16 4.27 4.21 5.34 5.43 5.36 5.34 5.24 5.51 5.44 5.44 0.15 5.53

Al 3.09 3.84 3.73 3.79 2.66 2.57 2.64 2.66 2.76 249 2.56 2.56 7.85 247

Fe 2+ 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.02 0.01 0.01 0.01 0.00 0.01

Mg 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ca 2.27 1.65 1.63 1.65 0.63 0.54 0.61 0.62 0.72 0.47 0.55 0.55 0.02 0.46

Na 0.54 0.34 0.39 0.38 1.38 1.46 1.41 1.37 1.25 1.46 1.47 1.44 0.04 1.55

K 0.02 0.01 0.00 0.02 0.03 0.04 0.04 0.03 0.05 0.03 0.04 0.05 0.00 0.05

Ab 19 17 19.1 18.7 67.5 71.4 68.5 68 62.1 74.4 71.4 70.8 62.1 753

An 80.2 82.6 80.8 80.6 31 26.6 29.8 30.5 35.7 24.2 26.6 ird36. | 36.2 22.4

Or 0.7 0.4 0.1 0.7 1.5 2 1.7 1.40 2.2 1.4 2 2.3 1.7 2.3

Table 2. Representative electron microprobe analyses of amphibole of the studied samples.

Analyses ?lzag_ 11)1;%_ ﬂag— ];lsag_ plag-1 | plag-2 | plag-3 | plag-4 | plag-5 | plag-6 | plag-7 | plag-8 | plag-10 | plag-11
Samples | Mafic Suite Felsic Suite
Si02 48.75 46.04 | 47.46 | 46.40 | 59.44 60.72 59.99 60.03 58.59 61.96 60.90 60.48 58.28 62.06
TiO2 -- -- 0.01 -- 0.01 0.01 0.02 -- 0.01 -- 0.03 0.03 0.03 0.03
Al203 26.10 36.10 | 35.20 | 35.40 | 25.14 24.40 25.05 25.42 26.16 23.75 24.36 24.19 26.05 23.48
FeO 0.16 0.13 0.12 0.21 0.12 0.28 0.13 0.08 0.21 0.14 0.13 0.18 0.14 0.16
MnO 0.01 -- 0.03 0.03 0.02 0.01 0.01 -- -- -- 0.02 0.02 0.02 0.01
MgO 0.06 0.03 - 0.05 0.02 0.01 0.02 - 0.01 - 0.01 0.01 0.01 0.01
CaO 21.06 17.05 16.95 16.92 | 6.56 5.67 6.40 6.47 7.49 4.96 5.71 5.70 7.68 4.82
Na20 2.76 1.94 2.21 2.17 7.90 8.40 8.12 7.96 7.19 8.45 8.47 8.26 7.29 8.96
K20 0.16 0.06 0.03 0.13 0.27 0.35 0.31 0.26 0.39 0.25 0.36 0.40 0.29 0.42
Total 99.5 99.9 100.1 100.2 | 99.5 99.9 100.1 100.2 100.1 100.0 100.1 99.3 99.9 100.0
Number of Cations on the basis of 8 oxygens
Si 491 4.16 4.27 4.21 5.34 5.43 5.36 5.34 5.24 5.51 5.44 5.44 0.15 5.53
Al 3.09 3.84 3.73 3.79 2.66 2.57 2.64 2.66 2.76 2.49 2.56 2.56 7.85 247
Fe 2+ 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.02 0.01 0.01 0.01 0.00 0.01
Mg 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 2.27 1.65 1.63 1.65 0.63 0.54 0.61 0.62 0.72 0.47 0.55 0.55 0.02 0.46
Na 0.54 0.34 0.39 0.38 1.38 1.46 1.41 1.37 1.25 1.46 1.47 1.44 0.04 1.55
K 0.02 0.01 0.00 0.02 0.03 0.04 0.04 0.03 0.05 0.03 0.04 0.05 0.00 0.05
Ab 19 17 19.1 18.7 67.5 71.4 68.5 68 62.1 74.4 71.4 70.8 62.1 753
An 80.2 82.6 80.8 80.6 31 26.6 29.8 30.5 35.7 24.2 26.6 27 36.2 22.4
Or 0.7 0.4 0.1 0.7 1.5 2 1.7 1.40 2.2 1.4 2 2.3 1.7 2.3

T(°C)* Hornblende-plagioclase thermometer of Blundy and Holland (1990) and Holland and Blundy (1994). P(kbar)* of Schmidt (1992).
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Table .3: Representative electron microprobe analyses of biotite in the studied samples.

Analyses Bio-10 | Bio-11 | Bio-1 | Bio-2 | Bio-3 | Bio-4 | Bio-5 | Bio-6 | Bio-7 | Bio-8 | Bio-9
Samples Mafic suites Felsic suite

SiO, 35.84 | 36.33 | 35.89 | 36.92 | 36.17 | 35.70 | 36.30 | 35.43 | 33.37 | 36.79 | 36.54
TiO, 3.71 3.94 376 | 399 | 373 | 3.28 | 3.59 | 3.03 | 2.28 | 3.03 | 291
ALO, 14.09 | 13.70 | 13.70 | 13.89 | 13.98 | 13.92 | 14.30 | 14.40 | 14.79 | 13.97 | 14.37
Cr,04 -- - 0.01 | 0.03 | 0.03 - 0.03 | 0.01 | 0.02 - 0.01
FeO 19.52 | 18.99 | 19.73 | 19.77 | 19.35 | 19.71 | 19.45 | 20.15 | 21.73 | 19.62 | 19.51
MnO 0.22 0.22 031 | 033 | 032 | 037 | 035 | 042 | 040 | 041 | 042
MgO 1296 | 1244 | 1145 | 11.78 | 11.64 | 11.94 | 12.19 | 1241 | 14.15 | 11.83 | 11.88
BaO -- -- 0.08 | 0.10 | 0.14 | 0.04 | 0.04 | 0.18 | 0.09 | 0.21 | 0.0l
CaO 0.04 0.13 0.04 | 0.02 | 021 | 0.04 | 0.15 | 040 | 021 | 0.01 | 0.21
Na,O 0.12 0.16 027 | 0.14 | 0.18 | 0.18 | 0.19 | 0.16 | 0.14 | 0.16 | 0.13
K,0 8.80 8.45 848 | 891 | 804 | 804 | 791 | 7.14 | 4.09 | 896 | 843
Total 9529 | 94.36 | 93.36 | 95.88 | 94.18 | 93.22 | 94.5 | 93.73 | 91.27 | 94.99 | 94.64
Chemical formula on the basis of 22 oxygens

Si 5.51 5.65 567 | 570 | 567 | 561 | 561 | 549 | 5.07 | 573 | 5.68
AlY 2.49 2.35 234 | 230 | 233 | 239 | 239 | 251 | 2.65 | 227 | 232
Al 0.06 0.16 021 | 023 | 025 | 0.18 | 021 | 0.12 | 0.00 | 0.29 | 0.31
Ti 0.43 0.46 045 | 046 | 044 | 039 | 042 | 035 | 026 | 036 | 034
Fe* 2.51 2.47 261 | 255 | 254 | 259 | 251 | 261 | 2796 | 2.56 | 2.54
Mn 0.03 0.03 0.04 | 0.04 | 0.04 | 0.05 | 0.05 | 0.06 | 0.05 | 0.05 | 0.06
Mg 2.97 2.88 269 | 271 | 272 | 280 | 2.81 | 2.87 | 321 | 2.75 | 2.5
Ba 0.00 0.00 0.01 | 0.01 | 0.01 | 0.00 | 0.00 | 0.01 | 0.01 | 0.01 | 0.00
Ca 0.01 0.02 0.01 | 0.00 | 0.04 | 0.01 | 0.03 | 0.07 | 0.03 | 0.00 | 0.04
Na 0.04 0.05 0.08 | 0.04 | 0.06 | 0.06 | 0.06 | 0.05 | 0.04 | 0.05 | 0.04
K 1.73 1.68 1.71 1.76 | 1.61 1.61 | 1.56 | 141 | 0.79 | 1.78 | 1.67
Fe’'/Fe” +Mg | 0.46 0.46 049 | 048 | 048 | 048 | 047 | 048 | 046 | 048 | 048
Mg# 0.54 0.54 051 | 052 | 052 | 052 | 0.53 | 0.52 | 0.54 | 0.52 | 0.52

The chemical formula of the Plagioclase feldspar crystals were computed on the basis of (8) oxygen
atoms using Minpet software after Richard (1995). The feldspars are represented by bytonwnite reaches
(Abig1 Angyg) in mafic suite and oligoclase to andesine in felsic suite reaches (Abzss Ang,). The
classification of feldspar according to the postulated nomenclature triangle diagram of Deer et al. (1966) is
displayed (Fig.4).Amphiboles of the studied granite are represented by hornblende as the main essential
mafic mineral. The classification and nomenclature is following Hawthrone (1981) (Figs. 5&6).

Or 2
Alkali
Mafic Suites ©
Felsic suites O % Na-Ca
Fe-Mg-Mn
*
I * Calcic 3
Anorthjte 0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
An 0 2
Ab BCat+BNa
Fig. 4: Feldspar chemistry in the Or- Ab- An Fig. 5: BNa vs BCa+BNa classification of
diagram for the study samples of Deer et al. amphibole diagram of the studied rocks after
(1966). Leake et al. (1997). Symbols as shown in Fig.4.

The chemical composition of hornblende is listed in Table.2.The number of cations for hornblende was
computed on the basis of 23 oxygens. Z, Y, X and A sites in the hornblende following the empirical
formula Ay X3 Ys Zg Op (OH, F, Cl), of Leake (1978). Ferric ion content is calculated on the basis of
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13 cations exclusive of Ca, Na, and K and 23 per formula unit according to Stout (1972). It is noted that
Mg and Fe concentrations are the main controls of hornblende structure. According to Leake et al. (1997)
the studied samples are plotted in the calcic amphibole group. Further subdivision of the amphiboles on
the basis of the plot Mg/ (Mg+Fe®") against TSi after leake (1978) is given in Fig. 6 which indicates that
most of the analyzed mafic suite plotted in the field of magnesio-hornblende and less extend to actinolite ,
while the felsic suite mostly lies in ferr-hornblende field and less extend to Fe-actinolite field. Moreover,
considering the amphibole nature, the analyzed amphiboles of both suites are plotted within the igneous
field using TSi versus CTi diagram of Leake (1965)(Fig.7);hence the possibility of crustal source as the
original magma is discarded.
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TSi Si
Fig. 6: Diagram showing the classification of Fig. 7: Relation between TSi vs. CTi (apfu) diagram
amphiboles according to the nomenclature of for the studied amphiboles of after Leake (1965).

Leake et al. (1978). Symbols as shown in Fig. 4 Symbols as shown in Fig.4.

Based on hornblende chemical composition, the studied rocks have formed under moderate oxygen
fugacity (fO,) conditions according the relation postulated by Anderson and Smith, 1995(Fig.8).According
to the diagram Fe/(Fe+Mg) versus AlIV+ AIVI of Schmidt (1992), the amphiboles in the study samples
are mostly plotted in the field3-5 kbar (Fig. 9).
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Fig. 8: Fe/Fe+Mgvs Al (iv) diagram of Anderson  Fig. 9: Plotting of Fe/(Fe+Mg) vs AlIIV)+AI(VI) of
and Smith (1995) based on amphibole chemical hornblende from the studied rocks. Isobars are based
analysis of the study samples Symbols as shown on the calibration of Schmidt (1992). Symbols as
in Fig. 4. shown in Fig. 4.

Chemical analyses of biotite from the studied samples are listed in Table.3. The chemical formula was
calculated on the basis of (24) oxygen atoms and ignoring of H,O using Minpet Software after Richard
(1995).Fe*"/(Mg+Fe*") Versus Al" diagram for mica nomenclature after Deer et al. (1966) shows that all
the analyzed biotites of both suites have the chemical composition of biotite domain (Fig. 10).Troger
(1969) classified the biotite group according to the percentage of their magnesium number into four types
namely; phlogopite, meroxene, lepidomelane and sideropgylite as following:
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Mg 100% Mg 80% Mg 50% Mg 20% Mg 0.0%

Fe 0.0% Fe20% Fe50% Fe 80% Fe 100%

Accordingly, the chemical compositions

of Dbiotite crystals

in both suites fall within

meroxenefield(Fig.11).The plot of ALO; versus FeO' diagram and FeO-MgO-Al,Ostrianglar diagram
(Figs. 12&13) of Abdel Rahman (1994) indicates that the biotite composition reflects a calc-alkaline

affinity for both suites.
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Fig. 10: Composition of biotite in the terms of Al'Y

(apfu) vs. Fe*"/(Mg+Fe®") diagram of Deer et al.
(1966). Symbols as shown in Fig.4.
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WHOLE ROCK CHEMISTRY

Fifteen samples representing the mafic and the felsic suite were selected and chemically analyzed and
listed in Table 4 and 5. Major oxides data were obtained by XRF and ICP-MS is used to obtain trace and
rare earth elements in Acme analytical Laboratory LTD., Vancouver, Canada. The studied rocks display
wide range composition of major oxides. The mafic suite has SiO, % (47.51-57.43), ALLO; % (14.42-
15.78) CaO0% (5.77-12.54), MgO %(3.21-9.05) and restricted low range of Na ,0% (1.18-4.58). K,O %
(1.6-2.4). Meanwhile the felsic suite has SiO, % (59.33-69.27), ALO; % (14.75-16.78) Na,0% (4.23-
5.05) and restricted low range of MgO% (1.31-2.45). Mafic suite has the highest content of MgO, Fe,0;
and CaO. They have higher Mg# values (Av 53.9). High Mg# values accompanied by high Fe,O;
concentrations arethe result of high normative mafic contents.
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On the R;-R; classification diagram of De La Roche et al. (1980), where R; = 4Si-11 (Na+K) -
2(Fe+Ti) and R, = 6Ca +2Mg +Al, the mafic suite are represented by gabbro, gabbro- norite, monzodiorte
and monzonite while and the felsic suite are represented by tonalite and granodiorite (Fig.14). According
to the chemical classification diagram using total alkalis versus silica (TAS) of Middlemost (1985), the
mafic suite are discriminated to gabbro, diorite, monzonite and gzmonzonite while the felsic suite are
mostly classified as granodiorite (Fig.15). Plot of A/NK (molecular Al,03/Na,O+K,0) versus A/CNK
(molecular CaO+Na,0+K,0) to distinguish peraluminous, metaluminous, and peralkaline rock affinity
(Maniar and Piccoli (1989) shows the study samples occupy metauminous field for both suites (Fig.16).

According to their FeOY/(FeO' + MgO) versus SiO, and their (Na,0 + K,0 - CaO) versus SiO,
discrimination diagrams of Frost et al. (2001) (Fig. 17A), the study samples of the two suites are plotted in
magnesian field where Fig 17B illustrated that the mafic suite has alkali -calcic affinity while the felsic
suite has clac-alkalic character. The magnesian character of both suites favors their comagmatic origin.
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According to the tectonic discrimination diagrams of Pearce et al (1984), the studied samples fall in
Volcanic Arc Granite field (Fig. 18 A&B). Harker variation diagrams (Figs 19&20) illustrated that
chemical composition trends of the studied samples are function of their mineralogical composition. FeO',
CaO, MgO, Ni, Zr and La have well defined trend indicating predominance of fractional crystallization
processes while , TiO,, AL,O;, Na,0O, K,0,Ca0, Ba, Rb, Sr and Ce display scatter relationships referring to
crustal contamination during magma generation or any process of assimilation.

Table 4.Major oxides, trace elements, and CIPW norms of the studied rocks.Fe,Oz* = total iron

Sample ng/ll W?/ll Wg/ll WM2 le\/ll WM3 W13\/11 WM5 | WM9 | WM6 | WM4 | WM8 | WM7 Wi/ll Wl(;/ll
Rock Mafic Suite Felsic suite
type Gabbro Monzonite Tonalite granodiorite
SiO, 47.51 | 47.74 48.68 | 56.37 | 56.83 | 57.07 | 5743 ] 59.33 | 60.70 | 62.12 | 63.11 64.21 65.59 | 66.68 | 69.27
TiO, 0.36 0.44 0.53 0.87 0.85 0.73 0.73 0.78 1.16 0.81 0.81 0.59 0.64 0.53 0.43
AlLO; 18.61 | 15.02 16.23 16.39 | 16.90 | 16.20 | 15.78 16.24 | 16.65 16.77 16.78 | 16.08 15.09 | 15.15 14.57
Fe,03* 7.59 8.57 9.30 7.14 6.68 6.58 6.67 4.73 6.42 5.13 5.00 4.20 4.43 3.66 2.96
MnO 0.18 0.18 0.17 0.18 0.14 0.18 0.18 0.09 0.12 0.10 0.10 0.11 0.09 0.08 0.07
MgO 7.33 9.05 8.09 435 3.21 4.66 4.81 2.27 2.35 2.12 1.87 2.39 2.45 1.63 1.31
Ca0 11.89 | 1245 9.96 5.77 5.68 5.89 5.77 3.84 4.65 4.39 3.94 447 4.17 3.73 3.14
Na,O 1.18 1.00 1.92 4.58 4.7 4.38 4.30 4.52 4.52 4.65 5.05 4.81 4.03 4.38 4.23
K,O 1.75 1.63 1.60 2.34 24 2.31 2.33 2.06 1.68 1.99 2.12 1.68 2.20 1.83 2.54
P,0s 0.26 0.24 0.28 0.29 0.23 0.22 0.22 0.26 0.40 0.30 0.29 0.19 0.18 0.16 0.12
LOI 3.04 3.77 3.11 1.41 2.11 1.11 1.61 2.21 1.01 1.21 0.61 1.01 091 1.41 1.21
Total 99.7 100.09 | 99.87 | 99.69 | 99.73 | 99.33 | 99.83 ] 96.33 | 99.66 | 99.59 | 99.68 | 99.74 | 99.78 | 99.24 | 99.85
Trace elements
Ni 82 95 73 53 26 102 98 50 21 19 22 24 26 24 23
Sc -- -- - 17 19 18 17 21 14 11 12 11 13 10 7
Ba 85 67 42 790 827 700 690 863 636 887 1008 572 689 855 837
Co 336 159 384 125.1 106.1 | 567.6 | 64.4 2582 135.9 | 207 113.6 129.5 112.7 | 6854 | 81.3
Ga 35 44 41 18 20.8 194 19.4 21.1 22.9 22 22.4 19.60 | 19 18.5 18.1
Hf -- -- - 44 4.6 4.8 4.7 6.4 7.8 7.2 8.6 4.6 6.3 5.9 4.8
Nb 3 2 6 14.7 16.9 12.7 12.1 15.9 124 11.7 12.6 17 10.8 10.2 13.1
Rb 41.00 | 31 42 51.3 62.5 57.2 57.8 56.6 46.1 50.9 60.7 37.2 55.6 48.5 70.8
Sr 554 345 485 390.8 | 507.6 | 3764 | 380.7 | 654.7 | 7749 | 6419 | 7183 | 504.5 | 446 426.2 | 356.4
Ta 22.4 23.9 21.9 3 3 7 2.2 25 32 4.3 3.40 3.8 2.9 10.1 2.9
Th -- -- -- 8.20 7.9 7.30 7.80 5.6 6.2 7.7 8.8 9.8 6.4 5.8 11
\ 141 143 128 127 81 96 90 85 81 90 55 45
W -- - - 867.60 582.10 3258.7 336.3 - 1019 1622.5 937.6 1043.6 864.9 4785.7 622.4
Zr 37.00 | 19 38 117.6 | 141.8 1444 | 1504 | 229 303.7 | 266.7 | 303.1 133.3 182 192.5 143.5
Y 6 4 7 30.1 29.7 2740 | 2440 | 17.10 | 31.90 | 1520 | 28.90 | 23.30 | 23.10 | 18.10 | 16.90
Cu 33 29 36 7821 | 46.21 | 36.61 | 32.41 | 52.61 3321 | 2471 15.81 3.91 3.51 9.91 6.41
Pb -- -- -- 2.71 5.41 2.01 2.71 4.71 1.91 2.81 2.21 2.11 1.31 2.61 3.41
Zn 69.00 | 77.40 75.00 | 42.01 35.01 | 47.01 | 47.01 62.01 69.01 60.01 66.01 41.01 34.01 39.01 33.01
CIPW
Q 1.94 2.35 2.37 4.79 5.89 5.98 6.81 14.28 15.7 1591 15.38 17.98 | 22.28 | 2448 | 26.93
Or 10.34 | 9.63 9.46 13.83 14.18 | 13.65 13.77 | 12.17 | 9.93 11.76 | 12.53 | 9.93 13.00 | 10.82 15.01
Ab 9.99 8.46 16.25 | 38.76 | 39.77 | 37.06 | 36.39 | 38.25 | 38.25 | 39.35 | 42.73 | 40.7 34.10 | 37.06 | 35.79
An 40.31 | 31.68 30.94 17.25 17.93 17.72 | 16.87 17.35 | 20.18 19.01 16.86 17.32 | 16.59 16.27 | 13.27
Di 12.79 | 21.56 12.04 | 5.57 4.93 6.40 6.60 0.00 0.00 0.00 0.00 1.55 0.82 0.00 0.24
Hy 12.33 | 12.55 14.57 | 8.25 5.71 8.64 8.92 5.65 5.85 5.28 4.66 5.24 5.72 4.06 3.15
11 0.39 0.39 0.36 0.39 0.30 0.39 0.39 0.19 0.26 0.21 0.21 0.24 0.19 0.17 0.15
Hm 7.59 8.57 9.30 7.14 6.68 6.58 6.67 4.73 6.42 5.13 5.00 4.20 4.43 3.66 2.96
Tn 0.39 0.58 0.83 1.64 1.70 1.30 1.30 0.00 0.20 0.57 0.56 1.14 1.32 0.84 0.86
Ap 0.62 0.57 0.66 0.69 0.55 0.52 0.52 0.62 0.95 0.71 0.69 0.45 0.43 0.38 0.28
Sum 96.68 | 96.34 96.78 | 98.30 | 97.63 | 98.23 | 98.23 ]| 94.14 | 98.67 | 9840 | 99.09 | 98.74 | 98.88 | 97.84 | 98.65

Trace elements normalized pattern of Pearce et al., 1984 (Fig.21) displays slight enrichment of the
LILE (Rb, Ba) with respect to HFSE (Zr and Y). The pattern of felsic suite display gradual decrease from
Rb, Nb and to positive Sr anomalies (Fig.22) which consistent with accumulation of anorthite in this suite
and fractionation of mafic phases such as amphibole. The enrichment of LILE versus HFSE is a typical
signature of subduction related magmatic rocks (Pearce, 1982).
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Table 5: Rare earth elements of the studied rocks.

The origin of zoned Neoproterozoic igneous suites

Sample ng/ll Wg/ll Wg/ll WM2 W12\/11 WM3 Wl;/ll WMS | WM9 | WM6 | WM4 | WMS | WM7 Wi/ll Wl(;/ll
Rock Mafic Suite Felsic suite
type
Rare Earth Elements
La 7.12 5.47 8.32 23.81 2491 21.41 18.41 24.51 28.01 27.41 31.91 29.21 23.51 21.31 23.51
Ce 15.72 | 12.32 18.92 56.11 58.41 56.71 50.11 4791 65.71 52.11 72.41 63.61 49.21 43.61 4521
Pr 2.19 1.62 2.61 7.2 7.18 6.87 6.14 5.74 9.08 5.84 9.6 7.48 6.23 4.89 4.8
Nd 9.62 7.62 11.62 26.01 27.81 28.01 24.41 23.81 40.21 22.81 4141 29.41 2491 17.61 17.01
Sm 2.47 2.02 3.11 5.40 5.43 4.93 4.34 4.37 8.33 4.01 7.87 5.05 5.02 3.25 2.90
Eu 0.76 0.73 1.05 1.19 1.18 1.17 1.08 1.22 2.02 1.38 1.86 1.25 1.09 0.86 0.69
Gd 2.47 2.31 2.99 4.50 4.74 4.33 3.83 3.63 7.25 3.36 6.51 3.89 4.22 2.93 2.5
Tb 0.43 0.42 0.51 0.85 0.81 0.75 0.66 0.56 1.11 0.49 1.00 0.65 0.70 0.50 0.43
Dy 2.37 2.21 2.88 4.17 4.84 4.39 3.61 2.93 5.86 2.52 5.26 3.62 3.87 2.85 2.43
Ho 0.46 0.48 0.64 0.99 0.99 0.88 0.81 0.59 1.12 0.50 1.03 0.76 0.79 0.58 0.50
Er 2.00 1.03 1.43 2.75 2.78 2.74 2.36 1.59 3.06 1.38 2.84 2.32 2.18 1.75 1.49
Tm 0.83 0.60 0.62 0.48 0.45 0.43 0.38 0.25 0.45 0.23 0.42 0.37 0.34 0.28 0.25
Yb 1.95 1.80 2.34 3.04 2.76 2.79 2.4 1.51 2.55 1.54 2.53 2.40 2.03 1.77 1.58
Lu 1.23 1.10 0.95 0.49 0.43 0.43 0.39 0.23 0.38 0.26 0.38 0.39 0.31 0.28 0.25
mg_# 65.67 | 67.66 63.28 54.69 48.77 58.39 58.82 | 48.74 | 42.03 45.02 | 42.56 52.99 52.28 46.87 46.72
A/NK 4.85 4.41 3.32 1.63 1.64 1.67 1.64 1.68 1.80 1.71 1.58 1.65 1.67 1.65 1.50
A/CNK | 0.73 0.58 0.71 0.80 0.82 0.79 0.79 0.98 0.94 0.94 0.94 0.90 0.91 0.95 0.95
K,0/Na,0 1.48 1.63 0.83 0.51 0.51 0.53 0.54 0.46 0.37 0.43 0.42 0.35 0.55 0.42 0.60
Ce/Yb 2.24 1.90 2.25 5.13 5.88 5.65 5.8 8.81 7.16 9.40 7.95 7.36 6.73 6.84 7.95
Tb/Yb 1.00 1.06 0.99 1.27 1.33 1.22 1.25 1.69 1.98 1.45 1.80 1.23 1.57 4.67 5.13
La/Yb 2.62 2.18 2.55 5.62 6.47 5.50 5.50 11.64 7.88 12.77 9.05 8.73 8.31 5.51 4.58
Gd/Yb 1.05 1.06 1.06 1.22 1.42 1.28 1.32 1.99 2.35 1.80 2.13 1.34 1.72 4.55 3.69
La/Sm 1.86 1.75 1.73 2.85 2.96 2.80 2.74 3.62 2.17 4.41 2.62 3.73 3.02 2.69 2.6
Eu* 13.93 | 12.18 17.20 | 27.8 28.61 26.06 | 22.99 | 22.46 | 43.83 | 20.70 | 40.37 | 25.00 | 2596 | 3.13 3.29
Eu/Eu* 0.94 1.03 1.05 0.74 0.71 0.77 0.81 0.94 0.79 1.15 0.79 0.86 0.72 0.85 0.78
SREE [ 49.62 [39.73 [57.99 | 13699 | 14272 [ 13584 [ 11893 | 118.85 | 175.14 [ 123.84 | 185.03 | 150.41 | 124.41 | 102.47 | 103.55
%zr(c;))n 586.8 | 517.5 586.5 695.5 715.6 711.8 714.4 790.4 808.3 799.9 812.6 738.9 769.2 782.5 760.8
%‘éﬁ;‘me 556.2 | 4703 | 550.4 | 660.6 | 676.4 | 660.5 | 649.1 | 724.4 | 739.2 | 720.5 | 750.7 | 724.8 | 7143 | 7159 | 720.3
?(pg:;te 709.9 | 704.2 740.0 864.0 841.4 839.3 844.2 889.7 963.0 942.2 949.5 911.2 920.5 919.1 915.4
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The multi-element normalized pattern of Sun and McDonough (1995) to Primitive mantle composition

that each suite has its particular pattern (Fig. 22). Obviously, the pattern displays enrichment of Sr and
marked depletion of Ba and Nb which characterized magmatic rocks formed during subduction stages
with accommodation of crustal materials (e.g. Zartmanand Doe, 1981; Saunders et al., 1991; Pearce, 1983;
Wilson, 1989; Rollinson, 1993).

The chondrite normalized pattern of the studied rocks (Fig. 23) displays slight enrichment of LREE

against decrease of HREE and negligible Eu anomaly which decrease towards the felsic suite indicating
that the mafic suite has low fractionated pattern. Mafic suite has lower Y} REE values against higher Y REE
values of felsic suite. The LILE- and LREE-enriched mafic source component associated with the study
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pluton may attributed to a melting of subduction-metasomatised (enriched) mantle (Shirey& Hanson,
1984; Stern & Hanson, 1991), which would also explain the elevated values of Ni, Co and Mg#.
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Fig. 22: Multi-element diagram of trace element
abundances for the investigated samples
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McDonough and Sun, 1995).Symbols as shown in
Fig.14.

Fig. 21: Multi-element diagram of trace element
abundances for the investigated samples
(Normalized values are of oceanic ridge granite of
Pearce et. al, 1984). Symbols as shown in Fig.14.
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Fig. 23:Chondrite normalized REE
patterns for the studied samples.
Normalized valuesare after Boynton,
1984. Symbols as shown in Fig.14.
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GEOTHERMOBAROMETRY

Crystallization conditions for the studied rocks have been estimated using the following
geothermobarometric formula 1- Zircon-saturation temperatures, 2- Monazite saturation temperatures, 3-
apatite saturation temperatures and 4- hornblende-plagioclase geothermometer of Blundy and Holland
(1990) and Holland and Blundy (1994).

Zircon-saturation temperatures

Geothermometer from Waston and Harrison (1983) calculates the temperature at which zircon
fractionates and the amount of Zr needed to saturate and fractionate zircon in the rock from which the
zircon was precipitated. Zircon saturation temperatures of mafic suite (Table 4) were calculated based on
the equation postulated by Waston and Harrison (1983) as:

Dzr Zircon/melt= {-3.8-[0.85(M-1)]}+12900/T

WhereDzr (Zircon/melt) is the concentration ratio of zirconium in the stoichiometric zircon to that in
the melt, T is the absolute temperature, the estimated temperatures are considered as the minimum
temperature of the melt if the composition of metaluminous rock is saturated in zircon. Zircon/melt is the
concentration ratio of Zr in the stoichiometric zircon to Zr in the melt, T is the absolute temperature and M
is the cation ratio (Na + K + 2Ca)/(Al/Si).

For the mafic suite, temperature estimates range between 517°C and 715°C, with average temperature
of 646°C and the felsic suite, temperature estimates range between 760°C and 812°C, with average
temperature of 782°C.

Monazite saturation temperatures

Monazite solubility is a function of water content of the original magma (Montel, 1993). Monazite
saturation temperatures (Montel, 1993) are computed according to the following formula:

LREE = Y ((REEi/weight (REEQ)))/Xmz

Dmz = 100 (Na + K + 2Ca/Al).1/Al + Si)
13.318

Tmz.sat.C = { + 2.3Dmz + 0.3879(H20)0.5 — In(REE)} —273.15

For the mafic suite, temperature estimates range between 470°C and 660°C, with average temperature
of 603°C and the felsic suite, temperature estimates range between 714°C and 750°C, with average
temperature of 726°C.

Apatite-saturation temperatures
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Calculation of apatite crystallization temperature can be gained by comparing natural and experimental
systems. Harrison and Watson (1984) have conclude that for melts of a wide range of compositions
(basic—felsic) and water contents (<10 wt%) and for the range of pressures predictable in the crust, the
solubility of apatite is controlled by temperature, and the concentrations of SiO, and P,Os at which the
apatite differentiated. Unlike monazite thermometer, the effects of H,O content, pressure and the
concentration of Ca in apatite solubility were not significant independent controls on apatite solubility
within the rather narrow basalt—dacite—rhyolite composition-temperature spectrum and the limits of
precision of their experiments. Harrison and Watson (1984) have postulated the following equation:

D7t = [(8400 + ((Si0; — 0.5)2.64 x 10*)) T| - [3.1 + (12.4(Si0, — 0.5))]

P205 HW = 42/Dgpatite/melt

Apatite/melt is the distribution coefficient for P concentration between apatite and melt, and T is the
absolute temperature. This equationwas adapted only for metaluminous rocks, i.e. A/CNK < 1, (Bea et al.,
1992; Pichavant et al.,1992). Bea et al. (1992) have reformulated the latter equation for peraluminous
rocks (A/CNK > 1) as follows:

PZ Ogorrected P2 05 HW66429(ﬁ—1)/(T—279.15)

According to the normative composition and A/CNK ratios, all the study samples of both suites are
metaluminous; consequently, the apatite saturation temperatures have been estimated using the suitable
equations according to the alumina saturation index (A/CNK) of the sample. The apatite saturation
temperatures over which apatite has crystallized in the mafic suite are 704°C -864°C average = 791°C and
889°C -963°C, average= 926.for felsic suite. Such estimated apatite temperatures are higher than those
obtained from the zircon and monazite saturation, thermometers for the same rock samples by
nearly150°C.

Hornblende- plagioclase geothermobarometry

Pressure and temperature of magma are mainly controlled by ions distribution between mineral crystal
sites and the re-distribution of the ions between co-existing minerals. The ions exchange between co-
existing hornblende and plagioclase minerals will be used to determine pressure and temperature
conditions of crystallization. Generally, crystallized hornblende under a relatively high fO, gives better
and more reliable geothermobarometry result than those developed under low fO, (Stein and Dietl,
2001).Anderson and Smith (1995) concluded that temperature and, in particular, fO,are the parameters
that should be carefully evaluated before the application of a given geobarometer).Based on hornblende
chemical analyses, the studied suites have been formed under moderate oxygen fugacity (fO,) conditions
(Fig.8).Temperature calculations are based on the hornblende-plagioclase, the presence of plagioclase
andhornblende in the samples permits the use of the thermometer of Blundy and Holland (1990) and Hol-
land and Blundy (1994) based on the reaction edenite + 4 quartz = tremolite + albite. This thermometer
can also be used for samples without quartz, as (Blundy and Holland, 1994) specified that the silica
activity does not in the calibration.

Calculations of the temperatures of the studied rocks after Holland and Blundy (1994) thermometer
equations have been followed up:

M4] [M2] [T1] [A]
7944 +Y —33.6 X[ —(66.8 —2.92P)X + 78.5X +9.4X
T = Ab — An Al ( ) Al Al Na
0.0721 —R 1 (27X[l\£:l Xn;il] Xls‘}’
. — R In(—=2——=2
[M4] [T1], P
64X "ca X a1 Xab
where, T is expressed in °C, R = 0.0083144 kJ/K/mol, Y,,= 0 for Xill)>0'5 or else
T1] _ . [M2] _ .
xIT1 _ g gi/a X = (A1+Si-8)/2
Al (8-Si/4) Al (AI+Si-8)/
XAl —g xAl Z3.ca-NaK-Cm
K vac
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Al _ coinarom2xM4] o o
XNa Cat+Na+Cm~“X Na (2-Ca-Cm)/2
xM4 _ o
Ca
Cm = Si+Al+Ti+Fe* +Fe*'+Yab = 12.0 (1- X:tl)) 2-3.0 KJ and various X terms

Molar fractions are defined by Holland and Blundly (1994).The calculated temperature for amphiboles
of the study samples are listed in Table2.The thermometric calculations indicated that the original magma
has high up to 864 °C for mafic suite and up to 963°C from apatite saturation temperature. The
convergence values of monazite, apatite saturation temperature and those obtained from plagioclase-
hornblende thermometer suggested that the original melt was saturated in monazite and apatite. The
estimated zircon and monazite temperatures are lower than those obtained by apatite saturation
temperature and plagioclase- hornblende thermometer indicate that the original melt didn’t achieve zircon
and monazite saturations.

Al-content in hornblende geothermobarometry could be suitable in the presence of quartz, plagioclase,
biotite, hornblende, titanite and magnetite (Leake and Said, 1994).In the studied thin sections, quartz +
plagioclase + hornblende + biotite + titanite + magnetite or ilmenite represents a magmatic equilibrium
assemblage, which allows the aluminum-in-hornblende barometry to be applicable. The pressure of
crystallization of the magma was calculated according to the following formulae (Schmidt, 1992):

P (+0.6 Kbar) = - 3.01+4.76 Al (T)

Where, P is in Kbar and Al (T) is the total Al content of hornblende in atoms per formula unit (apfu).
Table 2 displays the results of crystallization pressures estimated from hornblende composition.
According to the estimated pressure mafic suite have relatively higher pressure (average=2.01kbar)
corresponding to felsic suite(average 1.97Kbar).

DISCUSSION

Several criteria supported that simple fractional crystallization processes are the main controllers for
the generation of mafic-felsic magma, which supported by (1) reasonable fractionation trends in major and
trace element abundances within the rock suite (Figs. 3 & 4); (2)a strong similarity of REE patterns and
incompatible element ratios between both felsic and mafic suite.(3) Increase of LREE from mafic suite to
felsic suite and the continuous development of Eu anomaly from less differentiated mafic suite to
relatively high differentiated mafic suite.

The most of linear trends and the compatible relative degrees of fractionation between the mafic and
felsic suite on Harker variation diagrams (Fig. 19&20), may be attributed to a same magmatic source for
these rocks as a result offractional crystallization processes.

The variation of Mg# numbers {molecular 100(Mg/(Mg+Fe)} of 48.8—-67.7 for the mafic suite support
mantle source pyroxene (Frey et al. 1978 and Wilson 1989).

The plotting of chemical composition for the rock forming minerals of both suites in the same fields
can be used as indicator of comagmatic source of the study rocks. The presence of igneous amphibole type
in both suites suggests fractional crystallization rather than partial melting origin, where process of magma
mixing is observed in the field (Fig. 2B & C).

CONCLUSIONS

1- The studied pluton represents a zoned typical syntectonic intrusion composed of outer mafic suite and
inner felsic suite. Field observation indicated that the intrusion sequence is started with the intrusion of
mafic suite followed by felsic suite.

2- According to the mineral chemistry calculations, the parental magma was hot (up to 846°C and
generated under low to moderate water pressures with the prevailing of moderate oxygen fugacity
conditions.
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3- The multi-element normalized pattern displays enrichment of Sr and marked depletion of Ba &Nb
which characterized magmatic rocks formed during subduction stages with accommodation of crustal
materials.

4- The chondrite normalized pattern of the studied rocks display slight enrichment of LREE against
decrease of HREE and negligible Eu anomaly which increase towards the felsic suite indicating that
the mafic suite has low fractionated pattern. Mafic suite has lower > REE values against higher > REE
values of felsic suite.

5- Petrological and geochemical data postulated the same magmatic origin for the different rocks in the
zoned pluton. The geochemical data support the suggestion that the zoned pluton results in
differentiation of an original calc-alkaline magma. Field and geochemical data are consistent with a
mixed fractional crystallization/ assimilation/ multiple emplacement mechanisms for producing the
diversity of rock types in the study pluton.

6- Petrological and geochemical investigations suggest a comagmatic origin for the different rocks in the
zoned pluton. The presence of locally sharp contacts, gabbroic and dioritic enclaves in the felsic suite,
and rapid variations in composition of mafic magma and inward fractionation towards felsic
composition gradient suggest the prevailing of fractional crystallization and assimilation processes
during in the emplacement of the study pluton.

7- Geochemical data indicates that fractional crystallization of amphibole and plagioclase played an
important role in the evolution of the intrusion.

8- The most realistic model for the evolution of the study zoned pluton is that the pluton generated from a
single batch of gabbroic magma that intruded in a closed system within an extensive magma chamber.
The magma were generated in the mantle wedge above the subducted oceanic plate, and their ascent
into the lower to middle crust and the sequence of crystallization there would be, the gabbroic magma
was intruded firstly and crystallized to form the diorite. The assimilated gabbroic to dioritic materials
by tonalite were occurred. The melt continued to fractionate at depth and after a further interval, a
granodioritic melt was intruded through the largely crystallized tonalite to form the inner part of the
pluton.

9- Additional studies, especially on mineral chemistry of the enclosed mafic microgranular enclaves and
Sr and Sm—Nd isotopes and U-Pb zircon dating, are needed to complete the petrogenetic model of this
composite pluton.
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