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Abstract: The study area is located between latitudes 24° 44' 33" and 24° 51' 30" N and longitudes
34° 26' 50" and 34° 33' 45° E lying in the boundary of Central and Southern Eastern Desert and
covering about 150 Km . The present work studied the field geologic relationships, petrography,2

geochemistry and metamorphism of the sillimanite-bearing schists located in the eastern side of the
northernmost part of the tonalite dome of Wadi Hafafit culmination Migif-Hafafit area. The 
investigated  area  is  occupied  by the Migif-Hafafit gneisses and schists, dismembered ophiolitic
mélange, island arc and the rock units of the late to post orogenic stage. The Migif-Hafafit gneisses
and schists comprise psammitic and migmatitic gneisses and pelitic and semipelitic schists. The
psammitic gneisses represent the huge masses of Gabal Migif, Gabal Hafafit and its southerly
extension Gabal El Qarn and Gabal Um Karaba and consist of quartz and feldspars. The pelitic and
semipelitic schists are comparable in their geochemical characteristics with active continental margin
sandstones or immature island arc. Field, petrographic and geochemical features of the pelitic and
semipelitic schists favour their sedimentary derivation but an igneous origin is deduced for the
intruded metagabbro-diorite-tonalite and granitic rocks. The pelitic and semipelitic schists include
biotite schists associated with garnet-bearing schists and sillimanite-bearing schists. The ophiolitic
rocks are principally represented by the ultramafic and foliated metagabbros having ophiolitic affinity,
with MORB-type. These are tectonically thrusted over a succession of psammitic gneisses and pelitic
schists. The island arc assemblage represented by the intrusive metagabbro and diorite-tonalite
complexes, occupying the domal structure of Hafafit are of calc-alkaline affinity. The late granitoids
are grouped into two main groups; muscovite and biotite granites. The latest magmatic activity in the
present area is represented by few dykes and pegmatitic veins. Field and petrographic studies revealed
that the pelitic and semipelitic schists and other rock units of Hafafit area were subjected to
polymetamorphic events in the greenschist, amphibolite facies and occasionally reached the granulite
facies. The pelitic and semipelitic schists occur in metamorphic zones of low- to intermediate-pressures
“regional metamorphism” in Hafafit area as follows: - Biotite zone the widest zone in the low-pressure
thermal dome is about 3.5 km wide, and consists of biotite and muscovite schists. With increase of
temperature, almandine zone begins to occur. It is about 500-700 m wide, and comprises garnet,
(approaching almandine in composition) and biotite schists. Almandine sometimes occurs in
porphyroblasts with numerous inclusions of quartz and other minerals. Kyanite zone, with a further
increase of temperature begins to occur, commonly with a porphyroblastic habit. Kyanite and garnet
were microscopically recorded. The sillimanite zone, the main target of the present study is about 4.5
km length and of 20-60 m width. The first appearance of sillimanite occurs at 720°C within the upper
amphibolite facies. These metamorphic rocks are characterized by the presence of sillimanite (25%),
plagioclase, ± biotite, ± potash feldspar; almandine and rare kyanite. Sillimanite zone represents the
upper part of amphibolite facies with lower part of the granulite facies. This zone is detected by field
and microscopic studies with first appearance of potassic feldspar. Since Sillimanite material is prized
for its refractoriness, the record of the Sillimanite rich zone points to the importance of the present
study. However, several mineral processing techniques needed and carried out to separate the
sillimanite material to reach to the international standards of Aluminum Oxide content. The
successfully obtained results will be given in a following paper
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INTRODUCTION

Sillimanite is industrial mineral used in the manufacture of refractory industries. Sillimanite is a sensitive
indicator of the temperature and pressure at which the host rock was formed. Sillimanite minerals are prized
chiefly for their refractoriness and are important components in a broad range of acid refractory products.
Therefore, the present study concerns the geology, petrography, geochemistry and metamorphism of the pelitic
and semipelitic schists bearing sillimanite material and garnet exposed at the eastern side of the northernmost
tonalite dome of Wadi Hafafit Culmination. The study area is located between latitudes 24° 44' 33" and 24°
51' 30" N and longitudes 34° 26' 50" and 34° 33' 45° E lying in the boundary of Central and Southern Eastern
Desert and covering about 150 Km . Many authors studied the area under consideration Hume (1934), El2

Ramly and Akaad (1960), El Ramly and Saleeb (1974), Kroner et al. (1982), El Ramly et al. (1984), Ammar
(1989) and Rashwan (1991). El Ramly et al. (op. cit.) prepared the first detailed map for the whole Migif-
Hafafit area. The exposed rocks from oldest to youngest are Migif-Hafafit gneisses and associated rocks,
ophiolite assemblge, calc-alkaline assemblage, molasses sediments and late granitoids. The rock units cropping
out in the studied area include, psammitic and migmatitic gneisses, pelitic and semipelitic schists, dismembered
ophiolitic melange assemblge, island arc assemblage and rock units of late to post orogenic stage.

Aim and Scope of the Present Work: 

The main objective of the present study is to clarify the geology, petrography, geochemistry and
metamorphism of the pelitic and semipelitic schists bearing sillimanite material well exposed in the
northernmost tonalite dome of the Wadi Hafafit Culmination.

To achieve these goals the following will be carried out:

� Preparation of a detailed geological map for the studied area based on a hard copy photograph of Landsat
Thematic Mapper image (TM) of false color hybrid ratio, 5/7, 5/1 and 4 bands (in RGB).

� Geological field studies and checking of the prepared geological map during two field trips in the years
2005, 2006. 

� A total of 150 bed rock samples were collected from the different rock units, with emphasis on the pelitic
and semipelitic schist (33 samples). 

� A total of representative 90 thin sections were microscopically studied.
� Bulk chemical analysis of 49 selected samples for major oxides was carried out using the X-ray

fluorescence technique at the laboratories of the Central Metallurgical Researching and Development
Institute (CMRDI), Helwan, Egypt. The analyses were carried out using a Philips 1404 computerized X-ray
fluorescence spectrophotometer. Loss in ignition (L.O.I) was determined by ignition in muffle at 1000 ºC
for an hour and calculation of the difference in weight of the sample. 

Geologic Setting and Petrography:

The geology of Migif-Hafafit area and its surrounding was studied by several authors. The most recent
are Hassan and Hashad (Said, 1990), Rashwan (1991), Abdel-Khalek et al. (1992) and Sadek (1994).The
geologic sequence of the eastern side of the northernmost part of the tonalite dome and associated rock units
(Fig. 1) is as follows:-

4- Late to post orogenic stage:

� Dykes and veins.
� Late granitoids.

3- Island arc assemblage:

� Diorite-tonalite complex.       
� Intrusive metagabbros

Dismembered ophiolitic mélange assemblage:

2b- The foliated metagabbros:- 

� Fine-grained metagabbro.
� Layered metagabbros. 
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Fig. 1: Geological map of the northernmost dome of Wadi Hafifit area (modified after Rashwan 1991). 

2a- Ultramafic rocks (amphibolites). 
1- Migif Hafafit gneisses and schists: 
b- Pelitic and semipelitic schists:-

� Sillimanite-bearing schists.
� Sillimanite-garnet schists.
� Sillimanite-garnet-biotite schists.
� Garnetiferous schists.
� Biotite schists.

1a- Psammitic and migmatitic gneisses
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The details of the geologic setting and petrographic characteristics of only refractory sillimanite materials
and garnet -bearing schists and gneisses will be discussed.

Migif Hafafit gneisses and schists: 

The Migif-Hafafit gneisses and schists are represented by the following types:-

Psammitic And Migmatitic Gneisses:

The psammitic gneisses encircle the Hafafit anticlinorium from all sides except its south western part and
form summits of the huge masses of Gabal Migif, Gabal Hafafit and its southerly extension Gabal El Qarn
and Gabal Um Karaba. These are the highest peaks in the Wadi Hafafit area. The psammitic gneiss overlies
the hornblende-biotite gneiss and represents the outermost part of Hafafit Dome (Fig.2).  

The psammitic gneisses (potash feldspar-rich, garnet and sillimanite-bearing types) are probably derived
from continental sources (Rashwan, 1991). The main constituents of the psammitic gneisses are quartz,
feldspars, garnet and biotite. The biotite-bearing psammitic gneiss is characterized by well developed foliation;
it is fine-grained and brownish grey in color. The garnet-quartz-feldspathic gneisses are encountered at the
contact between the foliated metagabbros (enclose lenses of ultramafic rocks) and Nugrus granite.

The contact between the psammitic gneisses and the foliated metagabbros is sharp (Fig.3). In some places,
lens-shaped bodies of ultramafic rocks are encountered along the boundary between the psammitic gneiss and
biotite schist. Pegmatite veins sometimes show weak foliation parallel to that of the enclosing rocks, and in
a few spots they exhibit intense bedding similar to ptygmatic folding (Fig.4).

Petrographically these rocks are characterized by the well developed cataclastic textures which are more
intense along the major thrusts and lead to the formation of mylonites (Fig.5). These cataclastic rocks are fine
to medium-grained and show granoblastic texture. 

These rocks are composed essentially of quartz, potash feldspar, plagioclase and minor muscovite and
biotite. Garnet, zircon, riebeckite and iron oxides are accessories (Fig.6). Gneissic texture is moderately
developed in these rocks with the biotite and muscovite arranged in a preferred orientation parallel to the
elongation of quartz and feldspar grains.  

Pelitic and Semipelitic Schists:

The  schists in  the  northeastern  part of the studied area are pelitic and semipelitic. Schists constitute
an  important  unit in the study area where  they cover the great part of the slopes facing the core of the
domal structure and are characterized by the presence of shear pods of the highly altered ultramafic rocks
(Figs.7).These pods are conformable with the foliation planes of the enclosing schists. 

On the eastern side of the dome, granitic and aplitic dykes, which are either parallel to the foliation planes
(Fig.8) or cross-cut them, are intersecting these schists. These schists are fine to medium-grained, showing
strong schistose texture, and are varying in color from grey, greenish grey to brownish grey. They are
commonly characterized by the presence of well-developed garnet, ranging in size from 0.5 mm to 2 cm
across.

The garnet grains are rounded and sometimes altered on the surface. There are three different sizes: fine
(0.1 mm - 0.5mm), medium (0.6 mm - 1.0 cm) and coarse-grained (up to 2.5 cm) garnet. The change in the
direction of the penetrative schistosity round the garnet porphyroblast is well marked. Also, they are commonly
containing grey, dark green, yellowish brown and white long or fibroid sillimanite crystals without distinct
terminations, up to 15 cm length and 5 mm width.

Some varieties possess a pronounced banded structure, where the dark colored minerals are concentrated
in bands, up to 50 mm thick, alternating with others of lighter colored quartzofeldspathic minerals. These rocks
appear to have been derived from pelitic and semipelitic sediments.                         

Since biotite decreases with increase of the grade of metamorphism, the pelitic and semipelitic schists are
subdivided according to biotite relative abundance into five varieties namely, biotite schists, biotite-garnet
schists, sillimanite-garnet-biotite schists, sillimanite-garnet schists and sillimanite-bearing schists.

The XRD analyses indicated that the essential mineral constituents of the pelitic and semipelitic schists
are mica (muscovite & biotite), almandite, albite, quartz, sillimanite, kyanite, chlorite, clinochlore, tremolite-
actinolite, hornblende, kaolinite, K-feldspar, sericite and iron oxides.  

The detailed description of the five varieties, of the pelitic and semipelitic schists are given hereunder.
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Fig. 2: A panoramic view of Hafifit succession biotite schist (Bt. Sch.) with thin hornbiende-rich
intercalations overlain by the sammitic gneisses. 

Fig. 3: Structural contant between the foliated metagabbros and the Hafafit psammitic gneisses (ps. gn.). 

Fig. 4: Ptygmatic fold in quartzofeldspthic gneisses. 
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Fig. 5: Blastomylonite relict foliation and consideration recrystallization C.N. X 2.5 / 0.08. 

Fig. 6: Photomicrograph showing poikiloblastic texture in gamet quartzo-feldspatic gneisses C.N. X 2.5/ 0.08.

Fig. 7: A sheared ultramafic pod within the biotite schit partly altered to actionlite-tremolite along their
margins. 
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Fig. 8: Dyke-like granites parallel to the foliation of the biotite schists. 

Fig. 9: Anticline in quartz-biolite schist showing foliation (cleavage). 

Fig. 10: Structural contacts between the schist and are intruded by tonalite.
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Biotite Schists:

The biotite schists are highly weathered; they are greyish to brownish in color. The increase in the biotite
content makes them acquire darker colors. They are fine to medium-grained and exhibit well developed
schistosity (Fig.9). The biotite schist which overlies the foliated metagabbros is therefore tectonically
overprinted with no observed intrusive contacts (Fig.10). This biotite schist is considered by Rashwan (1991)
of a sedimentary origin. Microscopically, they are composed of biotite, quartz and plagioclase, with subordinate
muscovite and minor iron oxides. The schistosity is usually conformable with the laminations and is marked
by the parallel alignment of the biotite flakes and elongate quartz lenticles (Fig.11). The biotite schists
comprise sphene-biotite-tremolite-actinolite schists and hornblende-tremolite-actinolite schists. The first are
composed of bands of tremolite-actinolite, sphene, biotite, quartz and plagioclase. Iron oxides and apatite occur
as accessory minerals (Fig.12). These rocks are characterized by radiating extinction and deformation bands.
The second is distinguished from the first one by the presence of hornblende instead of sphene and biotite
(Fig.13). The XRD shows that muscovite is present but with traces of sericite mineral (as alteration product).

Almandine-mica Schists:

These rocks are fine to medium -grained, and of brownish grey color. The almandine forms small
polygonal porphyroblastic crystal (Fig. 14) and sometimes contains inclusions of quartz. These rocks beside
almandine are composed of biotite, quartz, orthoclase, muscovite and plagioclase (Fig.15). Iron oxide and
apatite are minor accessories, while chlorite, sericite and kaolinite are secondary constituents. Porphyroblasts
exhibit tendency to run parallel to the edges of a hexagon with the quartz and feldspar crystals. These crystals
represent a cross section through the rhombic dodecahedron (Fig.16 a, b) which is a common crystal habit of
members of the garnet group of minerals. These rocks comprise three subtypes namely, hornblende-garnet-
biotite schists, allanite-garnet-biotite schists and garnet-bearing schists. The hornblende-garnet-biotite schists
are fine to medium-grained and varying in color from grey, greenish grey to brownish grey. They consist of
hornblende, garnet, biotite, quartz and plagioclase (Fig.17). Zircon and iron oxides are the accessories, whereas
chlorite and epidote are secondary minerals. 

They are commonly characterized by the presence of well-developed garnet, up to 6.0 mm across and
schistose texture. Some varieties possess a pronounced banded structure, where the colored minerals are
concentrated in bands, up to 4 mm thick, alternating with lighter colored quartzo-feldspathic minerals. These
rocks appear to have been derived from pelitic and semipelitic sediments by medium grade regional
metamorphism. Garnet is represented by coarse crystals, therefore the XRD analyses recorded the almandine
type. The allanite-garnet-biotite schists are microscopically; composed principally of allanite, garnet, biotite,
quartz and plagioclase (Fig.18). Apatite, zircon and iron oxides are accessory minerals, whereas chlorite and
muscovite are secondary constituents. The garnet-bearing schists are cropping out mainly in the eastern part
of the study (Fig.14). These rocks are fine- to medium-grained, foliated and pale brown in color.
Microscopically, they consist of garnet, quartz, plagioclase, biotite and muscovite in decreasing order of
abundance. They are richer in garnet porphyroblasts (Fig.19, 20). Iron oxides and apatite are minor accessories,
whereas chlorite and sericite are secondary constituents.

Kyanite-sillimanite-mica Schists:

Comprise several subtypes, viz, kyanite-mica schists, kyanite-sillimanite-almandine-mica schists and
sillimanite-bearing schists. The kyanite-mica schists are fine-grained, strongly schistose and of light grey color.
Microscopically, these rocks consist of kyanite, biotite, quartz and plagioclase (Fig. 21). Iron oxides are widely
scattered or cluster as accessory constituent, whereas apatite and muscovite are minor accessories. Kyanite
occurs typically as a mineral of regional metamorphism of pelitic and semipelitic schists. The zoned mineral
in pelitic assemblages represents a guide mineral of high grade regional metamorphism of clay sediments in
schists. The XRD analyses show a good pattern of kyanite with its all lines.

The kyanite-sillimanite-almandine-mica schists are fine-grained, grey to dark grey in color, and highly
schistose. They are characterized by first appearance of sillimanite with relics of kyanite. Microscopically, they
are composed of kyanite, sillimanite, almandine garnet, quartz, plagioclase, biotite and muscovite (Fig. 22). 
Apatite and iron oxide are common accessories. 

The sillimanite-almandine-mica schists are fine-grained, grey to dark grey in color, and highly schistose.
They are characterized by first appearance of sillimanite with relics of kyanite. Microscopically, they are
composed of kyanite, sillimanite, almandine garnet, quartz, plagioclase, biotite and muscovite (Fig.23). Apatite
and iron oxide are common accessories. 
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Fig. 11: Biotile schist showing clongate biotite flakes in parallel orientation alternating with quartz and
feldspars C.N. X 2.5 / 0.08. 

Fig. 12: Photomicrograph showing a plastically strained plagioclase (PI) crystal between two tremolite-actinolite
(Tre-Act) crystals C.N., X 10 / 0.022. 

Fig. 13: Parallel orientation of hornblende (Hb) prisms associated with tremolite-actinolite (Tre-Act) and
elongate quartz (Qz). C.N., X 2.5 / 0.08. 
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Fig. 14: Garnet crystals showing boundinage texture in gamet-bearing schists. 

Fig. 15: Biotite (Bt) clusters parallel to he foliation C.N., X 2.5 / 0.08. 

Fig. 16: Photograph showing garnet porphyroblasts interstital between fine crystals of quartz and feldspars. 
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Fig. 17: Hornblende (Hb) porphyroblast within garnet (Grt) plagioclase (PI) biotite (Bt) and quartz (Qz). C.N.,
X 2.5 / 0.08. 

Fig. 18: Allanite (Aln) small crystals associated with biotite (Bt). C.N., X 25 / 0.60.

Fig. 19: Large porphyroblast of garnet perforated by quartz and replaced along its cracks by biotite and iron
oxides. . P.P.L., X 2.5 / 0.08.
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Fig. 20: Photomicrograph showing pre-tectonic porphyroblast garnet crystals infiltered by the later fine quartz
crystals. C.N., X 2.5 / 0.08.

Fig. 21: Kyanite (Ky) prisms have well-developed cleavage surrounded by quartz grains in kyanite-mica schist.
C.N., X 25 / 0.60.

Fig. 22: Reaction rims of muscovite (Ms) around fibrolite refer to retograde metamorphism C.N., X 2.5 /0.08. 
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Fig. 23: Tectonically squeezed and plastically deformed fibrolite grains between quartz and plagioclase, C.N.,
X 2.5 / 0.08. 

Fig. 24: Photograph showing large sillimanite crystal in the sillimanitc-bearing schists. 

Fig. 25: Decse aggregates of white grey and yellowish brown sillimanite occurring in sillimanitc-bearinf schists.
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Fig. 26: Sillimanite zone lying between the foliated metagabbros and psammitic gneisses (ps. gn.). 

Fig. 27: A zone of sillimanite-bearing schists 20-60 m think. 

Fig. 28: The sharp contact between sillimanite-bearing schist and Hafafit psammitie gneisses. 
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The sillimanite-bearing schists are strongly foliated, fine to medium-grained and characterized by their
greyish white color and resistance to weathering (Fig.24). The major constituents are sillimanite (more than
25 %), quartz, plagioclase and minor biotite (Fig. 25). Sillimanite differs in color from white, yellowish brown,
greyish green to dark grey. They are the dominant rock variety in this unit, forming a large exposure of low
to moderate relief extending between the foliated metagabbros and Gebel Hafafit  psammitic gneiss towards
the north east (Fig.26).

The sillimanite-bearing schists are found in a large zone extending 4.5 km in length and 20-60 m in width
(Fig. 27). These rocks are extending between the foliated metagabbros and / or in between the foliated
metagabbros and Hafafit psammitic gneisses (Figs. 28 & 29). In thin section, these rocks are fine-grained and
conspicuous schistose texture. They consist of sillimanite, quartz, plagioclase and lesser amounts of garnet,
biotite, muscovite, together with minor amounts of iron oxides (Figs.30, 31 & 32). 

Sillimanite-garnet-biotite Schists:

The rock is mainly composed of biotite, garnet, quartz and sillimanite. Sillimanite is represented by
elongated crystals alternating with medium grains of garnet crystals. Conspicuous coarse-grained crystals of
garnet exhibit a strongly foliated phaneritic rock. There is subtype of sillimanite-mica schist that contains no
developed cylinder crystals of sillimanite due to sillimanitization of biotite (Fig.33). Sillimanite occurs as
aggregates of hair-like needles and fibrous bundles, up to 2.0 cm length and 1.3 mm width. Sometimes it tends
to form swarms of felt-like aggregation. Around the sillimanite occurs an intergrowth of two or more minerals
that are formed due to chemical reaction between the sillimanite and the surrounding minerals. One of these
intergrowth minerals is probably muscovite (Fig.34).

Sillimanite-garnet Schists:

The rock is medium to fine-grained, light grey in color and consists principally of quartz, garnet, and
sillimanite (Fig.35). Iron oxides are present as accessories. They are tectonically overprinted with no observed
intrusive contacts. They are phaneritic, commonly porphyroblastic, and have a weak to well developed
segregation layering of felsic and mafic material that are usually parallel. Microscopically, they are composed
of sillimanite, almandine, quartz, plagioclase, biotite and muscovite. Apatite and iron oxide are common
accessories (Fig. 36).

Mylonitic Pebbly Schists:

This type is distinguished by the microscopic study and is found along major thrusting plane. These rocks
are products of extreme cataclastic deformation of chemically stable rocks that have been ground and milled
between the moving rock masses on opposite sides of a fault zone. The mylonitic pebbly schists are composed
of scattered lenticles or eyes of plagioclase, quartz and uncrushed parent rock (formed of plagioclase and
quartz) sheared with mica flakes. The lenticles are aligned with their long axes in the direction of foliation
(Fig.37). These rocks frequently possess a laminated fabric and marked by different grain-sizes.

Geochemistry of Pelitic and Semipelitic Schists:

The chemical analyses of a total of 33 representative samples of the pelitic and semipelitic schists are
listed in Table 1. The calculated mesonorm composition and the niggli values are given in Tables 2, 3.The
pelitic and semipelitic schists in Hafafit area are represented by biotite schists, amphibolites schists, garnet
schists, kyanite schists and sillimanite schists.

The chemical analyses of pelitic and semipelitic schist rocks shown in Table 1 exhibit wide range in
2 2 3 2 3 2 2 2chemical composition of SiO , Al O , Fe O , FeO, MgO, TiO , MnO , CaO, K O and Na O.  

2The sillimanite-bearing schist the chief target of the present work exhibits a high contents of SiO  (70.20%
2 3 2to 77.62% with an average of 75.53 %), Al O  (13.07 % to 15.56% with an average of 14.14 %) and Na O

2 2 2 5 (2.33 % to 5.53% with an average of 3.93 %) and low contents of FeO, MgO, TiO , MnO, K O and P O
(Table 1).

The Niggli values show the following characteristics:

� Mainly heterogeneous values of the calculated elements with few exceptions.
� Fair medium al, fm, c percentages and low percentages of k, si*, qz.
� High percentages of si and mg are appropriate
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Table 1: M ajor oxide contents (wt %) of the pelitic and semipelitic schists.
Oxides 17 A 17 B 18 A 19 A 19 B 20 A 21 A 21 B 22 A 23 A 24 A 25 A average

2SiO 74.05 79.31 73.76 78.3 77.28 74.35 75.53 65.7 73.17 77 74.95 73.17 73.99
2 3Al O 13 14.59 13.98 13.47 14.4 13.54 13.59 16.49 13.09 13.63 13.85 15.56 14.02

2TiO 0.046 0.05 0.048 0.08 0.05 0.052 0.052 0.05 0.056 0.06 0.13 0.05 0.0623
2 3Fe O 1.16 0.87 1.25 1.01 0.77 1.18 1.3 0.93 1.31 1.29 1.88 1.06 1.237

FeO 1.044 0.78 1.12 0.9 0.69 1.062 1.17 0.84 1.18 1.16 1.69 0.95 1.11
CaO 1.51 1.58 1.33 1.95 1.1 1.47 1.1 1.09 1.42 1.38 0.53 0.88 1.266
M gO 0.31 0.42 0.36 0.99 0.4 0.32 0.37 1.13 0.34 1 1.12 0.92 0.686
M nO 0.01 0.021 0.011 0.012 0.01 0.01 0.01 0.016 0.01 0.015 0.062 0.008 0.0156

2Na O 3.01 3.47 5.53 0.24 3.24 3.27 5.18 0.64 3.24 0.32 0.63 0.43 2.206
2K O 1.1 1.67 1.64 0.7 2.16 1.28 2.15 2.19 1.07 1.88 2.76 2.65 1.742

2 5P O 0.05 0.031 0.05 0.074 0.011 0.05 0.04 0.11 0.05 0.068 0.11 0.062 0.0664
L.O.I. 0.29 0.78 0.45 0.58 0.49 0.36 0.59 5.6 0.42 0.48 4.75 0.85 1.473
Total 95.58 103.6 99.53 98.306 100.6 96.944 101.08 94.28 95.36 98.283 101.5 96.59 97.74
Oxides 26 A 26 B 26 C 26 D 26 E 26 F 26 G 26 H 26 I 26 J average

2SiO 74.35 77.62 76.95 76.96 71.75 77.22 76.27 76.61 70.2 77.42 75.5
2 3Al O 13.9 13.63 14.13 14.59 13.59 15.49 14.67 14.2 13.07 14.21 14.14

2TiO 0.053 0.05 0.06 0.06 0.07 0.06 0.05 0.06 0.07 0.06 0.0593
2 3Fe O 1.04 0.8 0.82 0.82 0.92 0.87 0.79 0.81 0.89 0.91 0.867

FeO 0.94 0.9 0.75 0.74 0.83 0.78 0.71 0.73 0.8 0.82 0.8
CaO 1.31 1.26 1.08 1.1 0.85 0.92 1.04 1.03 1.05 1.06 1.07
M gO 0.35 0.41 0.4 0.45 0.44 0.42 0.45 0.36 0.44 0.43 0.415
M nO 0.01 0.011 0.014 0.013 0.011 0.061 0.012 0.062 0.064 0.032 0.029
Na2O 5.13 3.45 2.98 3.22 2.33 3.05 3.06 3.12 2.66 3.09 3.209

2K O 2.27 2.14 2.57 2.61 2.89 2.93 2.53 2.42 2.54 2.49 2.539
2 5P O 0.05 0.1 0.085 0.081 0.1 0.088 0.085 0.061 0.032 0.085 0.076

L.O.I. 0.49 0.89 1.3 1.32 2.43 0.087 1.9 1.7 2.5 1.7 1.4317
Total 99.98 101.3 101.1 102 96.21 102 101.6 98.8 94.31 102.3 99.96
Oxides 27 A 28 A 29 A 30 A 31 A 32 A 33 A 34 A 35 A 36 A 37 A average

2SiO 39.41 62.41 69.82 69.85 73.57 60.62 59.95 76.07 73.85 77.71 73.22 66.66
2 3Al O 7.68 10.73 14.92 11.49 11.47 10.92 11.51 11.46 11.4 11.41 12 11

2TiO 0.74 0.68 0.35 0.69 0.92 0.64 0.71 0.33 0.82 0.31 0.72 0.656
2 3Fe O 5.97 4 4.16 4.42 4.85 5.02 5.29 2.85 4.91 2.64 3.9 4.4

FeO 5.37 3.6 3.74 3.98 4.37 4.52 4.76 2.57 4.42 2.38 3.51 3.95
CaO 2.28 1.79 2.03 1.87 3.17 8.37 8.92 0.25 3.29 2.37 1.68 3.4
M gO 20.3 3.79 1.07 4.57 0.93 8.94 9.49 0.61 1.64 1.1 0.89 5.226
M nO 7.99 7.3 0.084 0.034 0.024 0.065 0.075 0.035 0.012 0.041 0.023 1.56

2Na O 1.23 2.05 0.58 2.46 2.42 1.87 1.95 2.74 2.29 1.83 3.25 2.21
2K O 0.64 1.31 0.27 1.34 1.79 0.4 0.35 3.71 1.02 1.88 1.32 1.38

2 5P O 0.74 0.04 0.15 0.31 0.32 0.05 0.04 0.09 0.04 0.04 0.3 0.17
L.O.I. 7.65 2.27 5.21 2.02 0.84 1.44 1.12 0.82 0.27 1.52 0.82 2.15
Total 100 99.97 100.2 102.7 104.7 102.9 104.2 101.5 102.3 103.2 101.6 102.1

Fig. 29: The structural contact between the foliated metagabbro and sillimanitc-bearing schists. 
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Table 2: Niggli values of the pelitic and semipelitic schists.
M inerals 17 A 17 B 18 A 19 A 19 B 20 A 21 A 21 B 22 A 23 A 24 A 25 A 26 A
si 488.5 474.42 397.8 567.8 483.01 482.6 416.8 409.9 483.9 516.4 476.2 480.9 410.1
al 50.52 51.43 44.41 57.54 52.99 51.74 44.15 60.57 50.97 53.82 51.81 60.2 45.14
fm 14.95 11.97 13.37 22.39 11.22 12.17 14.08 19.5 13.68 26.13 29.49 19.73 11.7
mg 34.47 48.28 36.16 65.9 50.45 34.73 35.83 70.16 4.84 60.25 53.23 63.11 39.63
c 10.67 10.12 7.7 15.14 7.36 10.22 6.49 7.28 10.05 9.9 3.6 6.19 7.73
alk 23.86 26.48 34.54 4.92 28.42 25.87 35.25 12.5 25.27 10.13 15.08 13.86 35.41
K 19.37 24.06 16.33 65.75 30.33 20.52 21.5 69.29 17.88 79.49 74.29 80.25 22.58
si* 195.4 205.92 238.2 119.7 213.68 203.1 241 150 201.1 140.5 160.3 155.4 241.6
qz 293.1 268.5 159.7 448.2 269.33 279.1 175.8 259.9 282.84 375.9 315.9 325.4 168.5
M inerals 26 B 26 C 26 D 26 E 26 F 26 G 26 H 26 I 26 J 27A 28A 29A 30 A
si 482.3 501.7 466 474.7 455.4 475.1 482.8 464.3 478.9 71.11 212 351.4 267.2
al 49.86 54.25 52.01 52.93 53.78 53.9 52.68 50.89 51.75 8.16 21.47 44.21 25.89
fm 12.48 8.67 11.87 13.89 11.94 11.3 11.66 13.87 12.86 8.45 62.42 41.15 54.1
mg 44.49 88.88 51.56 48.24 47.06 47.02 44.7 47.55 47.33 72.88 38.05 33.25 67
c 8.39 7.5 7.13 6.01 5.808 6.88 6.94 7.43 7.02 4.41 6.53 10.94 7.66
alk 29.26 29.53 28.98 27.14 28.46 28.5 28.69 27.79 28.35 2.89 9.58 3.69 12.38
K 29.03 36.25 34.83 44.99 38.78 33.76 33.94 38.68 34.7 25.51 29.61 23.48 26.4
si* 217 317 215.9 208.6 213.8 213.3 214.8 211.2 213.4 111.5 138.3 114.8 149.5
qz 265.3 184.7 250.1 266.1 241.5 259.8 268 253.1 265.5 -40.4 73.66 236.6 117.6
M inerals 31 A 32 A 33 A 34 A 35 A 36 A 37 A
si 317.9 155.9 145.7 433.4 313.2 428.7 353.1
al 29.1 16.54 16.47 38.46 28.48 37.07 34.09
fm 41.2 55.1 55.18 31.41 44.42 32.53 38
mg 27.36 77.65 77.76 29.48 39.74 44.73 34
c 14.67 23.05 23.21 1.53 14.94 14 8.68
alk 15.06 5.31 5.13 28.6 12.17 16.39 19.24
K 32.74 12.35 10.56 47.11 22.67 40.34 21.1
si* 160.3 121.3 120.2 214.4 148.7 165.6 177
qz 157.63 34.61 25.15 219 164.5 252.1 176.1

Table 3: M esonorm values of the pelitic and semipelitic schists.
M inerals 17 A 17 B 18 A 19 A 19 B 20 A 21 A 21 B 22 A 23 A 24 A 25 A
Qtz 49.04 45.49 30.39 69.57 44.91 46.47 32.43 60.86 47.24 64.53 59.23 59.69
C 5.09 4.71 0.98 10.53 5.29 4.95 1.01 16.08 6.65 10.26 10.81 13.18
Or 5.5 9.75 8.15 1.33 11.56 6.49 10.31 14.9 3.9 8.59 12.2 13.93
Ab 29 30.8 50 2.3 29.75 31 46.4 6.6 31.25 3.05 6.02 4.18
An 7.5 7.38 6.15 9.7 5.3 7.15 4.95 0.95 6.95 6.6 1.57 2.45
Bt 2.9 0.84 2.64 4.92 2.23 2.42 3.73 6.8 4.64 5.22 6.38 4.75
Tn 0.102 0.102 0.99 0.18 0.105 0.12 0.11 0.12 0.136 0.01 0.29 0.11
M t 1.305 3 1.32 1.13 0.816 1.31 1.36 1.11 1.47 1.46 2.09 1.2
Ap 0.106 0.064 0.106 0.16 0.021 0.11 0.082 0.24 0.11 0.15 0.24 0.14
M inerals 26 A 26 B 26 C 26 D 26 E 26 F 26 G 26 H 26 I 26 J
Qtz 31.1 44.12 45.2 43.43 46.14 43.07 44.31 44.76 44.23 44.98
C 1.01 4.036 5.31 5.412 6.46 6.43 5.87 5.28 5.12 5.28
Or 11.96 11.13 13.99 14 16.91 15.74 13.7 13.22 14.74 13.35
Ab 46.35 31.35 27.25 29.2 22.75 27.3 28 28.6 26.5 28.05
An 5.99 5.51 4.7 4.32 3.58 3.8 4.55 4.7 5.27 4.6
Bt 2.46 2.66 2.33 2.48 2.7 2.42 2.42 2.21 2.82 2.5
Tn 0.11 0.102 0.126 0.13 0.16 0.12 0.105 0.12 0.15 0.12
M t 1.1 0.846 0.873 0.464 1.035 0.9 0.84 0.855 1.02 0.96
Ap 0.1 0.208 0.178 0.17 0.141 0.16 0.16 0.1 0.07 0.16
M inerals 27A 28A 29A 30 A 31 A 32 A 33 A 34 A 35 A 36 A 37 A
Qtz -10.9 31.06 57.4 41.82 44.24 4.12 0.87 43.33 45.72 52.24 44.74
C 4.14 4.24 12.81 4.65 1.83   -   - 3.27 1.85 2.83 4.24
Or   -   - 1.7   - 5.6   -   - 19.29   - 7.13 3.55
Ab 11.75 19.65 5.65 22.5 22 16.75 17.15 25.2 20.75 16.8 29.95
An 4.1 6.72 8.5 5 10.6 20.22 21.22   - 13.34 10.7 4.05
Bt 6.4 13.2 2.72 12.8 8.08 3.76 3.28 5.07 9.76 6.75 7.13
Act   -   -   -   -   - 28.92 29.47   -   -   -   -
Ol 93.32   -   -   -   -   -   -   -   -   -   -
Ne 12.31   -   -   -   -   -   -   -   -   -   -
Sp 47.6   -   -   -   -   -   -   -   -   -   -
Tn 1.65 1.5 0.78 1.47 1.92 1.35 1.44 0.69 1.74 0.66 1.53
M t 6.65 4.47 4.71 4.7 5.11 5.25 5.43 3 5.17 2.85 4.185
Ap 1.65 0.088 0.33 0.66 0.66 0.1 0.08 0.19 0.082 0.085 0.64
Hy 72.72 21.6 9.62 6.4   - 6.16 7.34   - 0.71   -   -
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Fig. 30: Sillimanite aggregates of hair-like shape and fibrous bundles, parallel to the foliation in the
sillimanic-bearing schists C.N., X 2.5 / 0.08. 

Fig. 31: Photomicrograph showing sheave of fine fibers with cross-fractures, the sillimanite crystals up to 10
min in long and 5 min in width, C.N., X 2.5 / 0.08. 

Fig. 32: Matted fibrolite. Contortion is probably due to growth and not to deformation. C.N., X 2.5 / 0.08. 
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Fig. 33: Dyke-like granites parallel to the foliation of the schists. 

Fig. 34: Photomicrograph showing oriented biotite flakes interstitial between fine crystals of quartz and
prophyroblast of showing poikiloblastic texture. C.N., X 2.5 / 0.08. 

Fig. 35: Small garnet spots and white sillimanite cry are present in the sillimanite-garnet schists. 
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Fig. 36: Tectonically squeezed and plastically deformed fibrillite grains between quartz and plagiocalse. C.N.,
X 2.5 / 0.08. 

Fig. 37: Fibrlite needle penetrate and to take the place of an augen quartz crystal which is surrounded by a
contorted and matted felt of fibrolite. C.N., X 2.5 / 0.08.

The mesonorm values show the following characters:        

� High percentage of Quartz (31.10-69.57%).
� Relatively high percentage of Albite (2.30-50%) and Biotite (2.46-6.80%).
� Sphene, Magnetite and Apatite are present in low percentages.
� The normative percentages of plagioclase (Ab and An) in which Ab is higher than An indicate sodic

nature of the rocks.
� Most of the studied samples are peraluminous with moderate percentage of corundum (0.98-16.08%):

Biotite schists (17 A, B, 19 A), Almandine-mica schists (20 A, 21 A, 22 A, 24 A), Sillimanite-almandine-
biotite schists (18 A, 19 B, 25 A), Sillimanite-kyanite-almandine-mica schists (21 B), Kyanite-mica schists
(23 A), Sillimanite-bearing schist (26 A, B, C… J), Vermiculite schists (27 A), Allanite-spessartine-biotite
schists (31 A), Garnet-bearing schists (36 A, 37 A), Biotite schists (34 A), Almandine-mica schists (28
A, 33 A), Hornblende-garnet-biotite schists (29 A, 35 A), Tremolite-actinolite-hornblende-sphene schists
(30 A) and Tremolite-actinolite-biotite-sphene schists (32 A).

On the ACF diagram (Fig. 38) proposed by Winkler (1976) the data points of the studied sillimanite-
bearing schists and the biotite schists lie in and outside the field of Al-rich clays and shales (I A) and towards
the AC rather than AF side, except four samples (No. 27, 28, 29 and30). Two of these samples fall in the field
of clays and shales either free of carbonate or containing up to 35% carbonate (marls contain 35-65%
carbonate). The other two samples of amphibole and garnet-biotite schists fall outside the field of greywacke.
This supports the sedimentary origin of the rocks.
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On the ACF diagram of Fyfe et al., (1958) which distinguished five chemical groups of metamorphic
rocks, the plots of the analyzed samples are concentrated in the field of pelitic schist except only three samples
that fall in the quartzo-feldspathic and magnesian hornblende fields.

2 2On the MgO-K O-Na O ternary diagram (Fig. 40, De La Roche., 1966), the majority of the data points
of the 23 samples of sillimanite-bearing schists, garnet-bearing schists, biotite schists and allanite-spessartine-
biotite schists (Fig. 39) fall in and around the field of sandstones and arkoses. The other 10 samples plot in
and beside the fields of shales and clays (5 samples) and of greywackes (4 samples). This variation is due to

2 3 2 2variable contents of MgO and (FeO + Fe O ) on one hand and (K O+Na O) on the other hand which reflect
its mélange nature.

2 2 2The Raymond ternary diagram of SiO -(CaO+Na O+K O)-(FeO*+MgO+MnO), (1995, Fig. 41) shows that
most of the data points of the studied rocks fall in the fields of siliceous and aluminous rocks due to the high

2 2 3 percentage of SiO  and Al O  that confirms its pelitic nature. The vermiculite schists fall in the field of
ultrabasic silicate rocks, due to the high values of iron and magnesium oxides reflecting the mafic-ultramafic
nature of the source rocks. 

In AKF ternary diagram the samples of sillimanite-bearing schists fall in the field of muscovites. This
refers to that sillimanite is derived from the breakdown of muscovite by regional metamorphism (Deer et al

1962; Fig.42). Another samples of types fall nearby the metapelites.
2 2 3In the SiO -MgO-Al O  ternary diagram (Fig.43, after Dana, 1985), the plotted data fall between the

minerals of pyrophyllite and kaolinite. This is due to the effect of retrograde metamorphism on pelitic schists.
The alteration products of retrograde metamorphism of pelitic and semipelitic minerals include muscovite,
sericite, pyrophyllite, kaolinite, montmorillonite and kyanophyllite (Alderman, 1950; Rao, 1955)

Unlike many igneous rocks it is difficult to get a simple relationship between the mineralogy of sandstones
and their chemical composition (Rollinson, 1993). For revealing the chemical maturity and indices, the
classification of Pettijohn et al. (1972, modified by Herron, 1988, Fig.44) for terrigenous sands is used.
Although they state that their diagram is not practically useful for naming purposes but simply shows some
of the relationships between elemental composition, mineralogy and rock type, it is widely used. The plots of
the present data show that these rocks are subarkose sandstones.

2 3 2Herron (1988) modified the diagram of Pettjohn et al. using log (Fe O / K O) along the y-axis instead
2 2 3of log (SiO  / Al O ) (Fig.45). On this diagram, all the points of the analyzed sillimanite-bearing schists, biotite

schists, kyanite-mica schists, sillimanite-kyanite-garnet-mica schists and vermiculite schists plot in the field of
subarkoses and sublitharenite. The amphibole-garnet-sphene-biotite schists lie in Fe-sand field, it is rich in iron.

The AFM diagrams derived by Thompson (1975) are particularly well suited to show the dependence of
the mineral assemblages of the pelitic rocks on their chemical composition. The analyses of the sillimanite-
bearing schists in figure 46 fall near the field of aluminum silicates (sillimanite). The vermiculite schists fall
near the field of chlorite which has the same chemical composition of vermiculite but differs in elements
percentages. The other types of the pelitic schists are lying in the staurolite of hydrous iron magnesium
aluminum silicates field.

2 2The (FeO*+MgO)-Na O-K O ternary diagram was used by Pettijohn et al (1972) to distinguish between
lithic sandstones, greywacke and arkoses (Fig. 47). The majority of the samples of the sillimanite-bearing
schists, biotite schists and garnet-bearing schists fall in the field of greywacke, which refers to sodic-silica
metasomatism led to the formation of soda-rich minerals in the studied pelitic schists as explained by El Ramly
and Saleeb, (1974).

Origin of the Pelitic and Semipelitic Schists:

2 2 2 5 2 2 3Four discriminated diagrams viz; {TiO -K O-P O  ternary diagram, SiO  versus (FeO + Fe O ) variation
2 5 2 2 2  diagram, P O / TiO  versus MgO / CaO variation diagram and TiO  versus SiO variation diagram} are used

hereunder to identify the origin of the pelitic and semipelitic schists. 
2 2 2 5The analyses plotted on TiO - K O-P O  diagram of Pearce et al; (1975, Fig.48) show probable continental

origin. 
2 2 3The relationship between SiO  and total iron (FeO+Fe O ) was used by Jarrar (1985) to differentiate

between the metasedimentary and meta-igneous rocks of Wadi Araba, SW Jordan. He recognized four
2 compositional fields (Fig.49) and noted that there is a clear decrease in total iron with increasing SiO starting

from the schists towards the gneisses. On this diagram most of the data points of the studied sillimanite-bearing
schists and garnet-bearing schists fall in the fields of paragneisses and biotite plagioclase gneisses. The other
types of the studied pelitic and semipelitic schists fall outside and nearby the fields of the sillimanite,
andalusite, almandine and staurolite schist and the biotite, almandine and fibrolite schist. The shift of the plots

2outside the fields is due to the extremely high SiO  content (from 76 % to 85%). This confirms the
sedimentary origin of these rocks (Quartz, 52.24 - 59.69). 
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2 2On the TiO -SiO  binary diagram suggested by Tarney (1976) to discriminate effectively between pelitic
and semipelitic rocks of igneous and sedimentary origin, the majority of the samples lie near the boundary line
separating the meta-sedimentary and meta-igneous fields (Fig.50). 

The plotting of the samples in both fields can be understood considering that these analyzed samples
represent mélange rocks. 

Metamorphism and Metamorphic Zones:

Pelitic and semipelitic schists occupy in Hafafit area metamorphic zones of low- to intermediate-pressures
“regional metamorphism”. 

In metamorphic Hafafit terranes, continuous reactions occur within mappable metamorphic zones separated
by continuous and discontinuous reactions marking isograds. 

The schists in the study area were subjected to low to medium -pressure metamorphism. They are
represented to a large extent by pelites and semipelites layer. All rock varieties representing the different grades
of metamorphism occur in the study area. The studied pelitic and semipelitic rocks in the zone of low-pressure
metamorphism are characterized by the presence of biotite and in the zone of medium temperature by the
garnet, and in the high temperature zone by sillimanite plus potash feldspars.

The studied eastern side of domal tonalite structure comprises several medium to-low pressure metamorphic
zones. The pelitic and semipelitic schist under consideration had been subdivided into five successive
metamorphic zones arranged in order of increasing temperature and marked by the first appearance of the index
minerals biotite (low pressure), almandine and kyanite (medium pressure), sillimanite and sillimanite plus
potash feldspar (high pressure).

The characteristic features of each zone are summarized in the following :-

The biotite zone in the low-pressure thermal dome is about 3.5 km wide. It comprises biotite and
muscovite schists (Figs. 2, 8, 9). Mineral assemblages are biotite, phengite (muscovite), chlorite, quartz and
albite. Sometimes the amount of biotite may be very small. 

With increase of temperature, almandine zone was formed. It is about 500-700 m wide, and is composed
of garnet (approaching almandine in composition) and biotite schists. Almandine garnet is easily distinguished
by reddish brown patches sometimes occur in porphyroblasts with numerous inclusions of quartz and other
minerals (Figs.19, 20, 34). The mineral assemblage is almandine, biotite, chlorite, muscovite, quartz, albite and
epidote. This schist is fine-grained but relatively coarser than the biotite schist and the schistose texture is less
pronounced (Fig.16). Presence of almandine garnet is characteristic for this zone; the garnet can be seen by
the naked eye (Fig. 14).

Increasing temperature leads to the disappearance of staurolite in the studied pelitic rocks, this took place
within the stability field of sillimanite. The following reactions suggested by Bhaskar Rao (1986) representing
amphibolite facies are probably significant:

6 Staurolite + 4 muscovite + 7 quartz 4 31 sillimanite 
2                 +4 biotite + 3 H O.

3 Staurolite + 4 quartz 4 2 almandine + 4 sillimanite or 
2                     Kyanite + 6 H O.

2    Staurolite + biotite + quartz 4 almandine + muscovite + H O 

However at some higher pressure the reaction 

2Staurolite + muscovite + quartz 4 kyanite + almandine +biotite + H O (Thompson and Norton, 1968) is
more complex and probably more realistic. 
The reaction,  Staurolite + sodic muscovite + quartz 4 sillimanite + biotite + K-richer muscovite + albite +

2almandine + H O is given by Guidotti (1970).

With a further increase of temperature and medium pressure, kyanite zone began to occur, commonly with
a porphyroblastic habit in the lowest amphibolite facies (Miyashiro, 1965). The formed kyanite schists are
characterized  by  the presence of kyanite,  muscovite  and  small amounts of almandine garnet and biotite
(Fig. 21). The mineral assemblage is kyanite, almandine, biotite, muscovite, quartz and plagioclase.

Kyanite first appears at about 550 º C. The reactions that are generally credited for the appearance of
kyanite in pelites involve the breaking of the staurolite. (Staurolite + chlorite + muscovite + quartz 4 kyanite

2 5 + biotite + H2O). Continued production of this Al SiO polymorph through the kyanite zone is accomplished
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by  the continuous reaction (Chlorite + 7 muscovite + quartz 4 4 kyanite + biotite + 3 H2O, after Bhaskar
Rao, 1986).

The sillimanite zone is 4.5 km in length and 20-60 m in width. The first appearance of sillimanite is at
720°C of the upper amphibolite grade. The rocks of this zone are characterized by the presence of fibrous
aggregates of sillimanite (25%, 15 cm in length and 4 cm in width), plagioclase, ± biotite, ± potash feldspar;
almandine is recorded, while kyanite is rarely present (Figs. 22, 23, 24, 25). 

Much of the sillimanite is derived from the breakdown of muscovite and biotite, often giving rise to the
association sillimanite-potassium feldspar found in the sillimanite-almandine subgrade at the top of the
amphibolite grade and continues into the granulite grade.

The crystals of sillimanite surrounded by reaction rims of muscovite reflect retrograde metamorphism
occurred in the study area.

The differing assessment of Al mobility in metamorphism is also evident from the interpretation of the
formation of sillimanite nodules in rocks of the amphibolite facies (Sun, 1983). According to Losert (1968),
the nodules were formed in the closing stage of the process as a result of metamorphic differentiation after
the principle solubility and, according to the principle of concentration, in the case that Al was supplied from
the neighboring rock. Dealkalization (decomposition of feldspars) and the differentiation of quartz and
sillimanite represent a uniform process of the constitution of the composition and texture. Both Losert (1968)
and Eugster (1970) consider the removal of alkalis to be a prerequisite to the formation of sillimanite, whereas
Francis (1956) assumed a supply of Al. Shelley (1968) demonstrated that the changes of bulk chemistry in the
formation of sillimanite to the detriment of biotite are not necessary, and that the growth of K-feldspar may
be brought about (as also evidenced in the given case by the textural relationship of minerals) by the
breakdown of biotite if quartz is present:

2 5 4 5 3 2 2 3 8 2 5 2K Fe Al (OH)  Si Al O  +2SiO  �2KAlSi O  + Al SiO  +2H O + 5FeO.  

Rather, fine needles and bundles of sillimanite called fibrolite commonly nucleate within or on muscovite
or especially biotite (Figs. 36, 37). With increasing temperature into the zone more robust prisms of sillimanite
developed (Figs. 30, 31). 

The prevailing pressure about 6 Kbar during metamorphism allowed the almost coincidental destruction
of staurolite at the sillimanite isograd according to the discontinuous reaction:

2Staurolite + muscovite + quartz 4 sillimanite + biotite + garnet + H O. 

This reaction gives reason for the disappearance of staurolite in the study area.

In a part of the sillimanite zone, muscovite reacts with quartz as shown schematically by the equation:
2Muscovite + quartz 4 orthoclase + sillimanite + H O. Muscovite and orthoclase contain some Na, and hence

the real reaction is more complicated (Miyashiro, 1965).
As temperatures rise to above 750ºC, muscovite solid solutions react with quartz to form according to Best

(2003)  potassic alkali feldspar plus sillimanite (Figs. 27, 28).
2Muscovite + quartz 4 K-feldspar + sillimanite + H O.

This zone represents the upper part of amphibolite facies with lower part of the granulite facies and is
detected by appearance of potassic feldspar. Mineral assemblage is quartz, plagioclase, potassic feldspar, garnet
and occasionally sillimanite. The original sedimentary texture is completely obliterated. The appearance of
sillimanite plus potash feldspar through the dissociation of muscovite marks the onset of anatexis (Winkler,
1976). Migmatites and other anatectic rock types present in this zone contain quartz, plagioclase, K-feldspar,
sillimanite and little kyanite or garnet. The tendency of the constituting minerals to segregate into alternating
felsic and mafic bands, i.e. leucosome and melanosome, is pronounced. The above mentioned mineral
assemblage is characteristic of low- to intermediate-pressure metamorphism (Miyashiro, 1973) or Buchan type
of metamorphism (Read, 1952).

Conclusion:

� The pelitic and semipelitic schists include biotite schists associated with garnet-bearing schists and
sillimanite-bearing schists. The pelitic and semipelitic schists occur in metamorphic zones of low- to
intermediate-pressures “regional metamorphism” in Hafafit area as follows: - biotite zone, almandine zone,
kyanite zone, sillimanite zone
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� Field, petrographic and geochemical features of the pelitic and semipelitic schists favour their sedimentary
derivation.

� The pelitic and semipelitic schists are comparable in their geochemical characteristics with active
continental margin sandstones or immature island arc.

� These rocks are characterized by the presence of sillimanite (25%), plagioclase, ± biotite, ± potash
feldspar; almandine and rare Kyanite. 

� Sillimanite zone represents the upper part of amphibolite facies and the lower part of granulite facies
The recorded Sillimanite rich schists represent an important target for undertaking processing techniques

to separate the sillimanite material prized chiefly for their refractoriness and acid refractory products.
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