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ABSTRACT 
In the present study, an attempt has been made to evaluate the metamorphosed rocks and their 
characteristics in the Moqah area, Taiz region of Yemen, based on the field observations and 
petrographic investigation. The metamorphosed rocks constitute a part of Southwestern Block (SWB) 
with clearly developed NNE-SSW trending foliation, dipping due SE and NW at low to moderate 
angles. These rocks are divided into two main groups viz, gneisses and migmatites. The gneisses 
group is also subdivided into five units: biotite gneisses, hornblende biotite gneisses, 
quartzofeldspathic gneisses, amphibolites and calc silicate gneisses. Different types of migmatites 
were distinguished in terms of their migmatite structures including stromatic, phlebitic, schollen, 
agmatitic and ptygmatic migmatites. The gneisses and migmatites groups are originated from 
sedimentary and igneous protoliths. These groups contain prograde metamorphic minerals such as 
quartz, plagioclase, biotite (bt1), K-feldspar, garnet, sillimanite and hornblende and also display 
retrograde metamorphic minerals like cordierite, biotite (bt2) muscovite, epidote and chlorite. The 
prograde metamorphic minerals indicate a peak metamorphism of upper amphibolite to granulite 
facies conditions while after peak metamorphism minerals and reactions indicate down retrograde into 
lower amphibolite and greenschist facies. 
 
Keywords: Moqah, gneiss, migmatite, protolith, reactions, peak metamorphism. 

 
1. Introduction 

The Arabian-Nubian Shield was identified as a collage of continental fragments and island arcs 
accreted together during the Pan-African Orogeny (900-550 Ma) (Kröner 1985; Kröner et al., 1987). 
The basement rocks in Yemen (a southern part of the Arabian-Nubian Shield) occupies approximately 
105.000 km2, constituting about one fifth of the whole country area. It crops out mainly in two 
regions, the Saddah-Hajah region (northwestern block) (NWB) and in Al-Bayda-Shabwa region 
(Central block) (CB). Numerous small basement outcrops occur scattered throughout Yemen such as 
in Mukalla region (Southern block) (SB) and South Taiz region (Southwestern Block) (SWB) (Fig. 
1a). So far, not much petrological, geochronlogical and quantitative structural works have been 
carried out on the basement rocks in Yemen and the available deals mostly with the CB (eg. (Abdel-
Wahed et al., 2006; Al-Khirbash et al., 2021; Heikal et al., 2014; Whitehouse et al., 2001; Windley et 
al., 2001; Windley, Whitehouse, and Ba-Bttat 1996). A few studies contributed to the local areas 
within NWB (Heikal 1987; Zalata et al., 1983), SB (As-Saruri and Wiefel 2012) and SWB (Abu El-
Rus et al., 2008; Al-Khirbash, Soliman, and O. 1995; Ghaleb 2003; Malek 2006, 2010; Saif 2010; 
Zalata, Shalan, and El-Fawal 1984). According to (Whitehouse et al., 1998; Windley et al., 2001, 
1996) the basement rocks of Yemen are characterized by multiple tectonostratigraphic provinces 
known as terranes. The six terranes distinguished in Yemen comprise basement rocks whose ages 
span from 3000 to 600 Ma. Petrologically, the Precambrian rocks of Yemen are composed of 
metamorphic and intruded igneous rocks and are belonged to three divisions: gnessic group, island arc 
group and late intrusions group. The gnessic group (Asir, Afif, Abas and Al-Mahfid terranes) consists 
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of amphibolite-facies orthogneisses containing belts of supracrustal rocks (rhyolites, schists, 
amphibolites, quartzite tuffs, and marbles). The island arc group (Al-Bayda and Al-Mukala terranes) 
is characterized by greenschist grade island arc- type, rhyolites, andesites, basalts, tuffs and ophiolites. 
The late intrusions group is included late granitic and gabbroic intrusions.  

This study describes the field and petrography of the various metamorphosed rocks exposed in 
the Moqah area located in the extreme northern part of SWB. No obtainable detailed research works 
contributed to the study area, except the regional mapping carried out by some authors (Kruck and 
Schaffer 1996; Robertson Group. PLC 1991). The main aims of this study are to have a clear 
understanding of the field setting, various petrographical aspects and to preliminary evaluate the 
metamorphic conditions and geological structures.  

 
2. Methods 

The study was categorized into four stages; office work stage, field work stage, laboratory work 
stage and data evaluation and interpretation stage. The office work stage consisted of preparatory 
works. In the field work stage, the lithological, mineralogical and structural features of the rock units 
were recorded, the necessary field measurements such as the dips and directions of the rock units and 
geological structures were made. During this stage also the initial field mapping of the rock units in 
the area was carried out and the rock samples were collected from different rock units. In the 
laboratory work stage, the microscopic thin sections were prepared for the different collected rock 
samples and then petrographically studied under the polarizing microscope. Later, above mentioned 
data were analyzed and integrated with the satellite images data and pervious (Geomin 1980) maps to 
deliver the detailed geological map for the study area and evaluate metamorphic reactions and the 
degree of metamorphism that prevailed in the study area. 

 
Fig. 1: (a) A simplified tectonic map shows basement blocks in Yemen and location of Moqah area. 
The rectangle represents the study area. (b) Geological map of the Moqah area. 
 
3. Geologic setting of the study area 

The Moqah area (latitudes 13° 24' 17.28'' N - 13° 20' 57.33'' N, and longitudes 44° 08 '00.67'' E 
- 44° 11' 30.05'' E) is situated at about 40 km south of Taiz city, southwestern Yemen and constitutes 
the extreme northern part of the SWB. It is occupied by metamorphosed, plutonic, sedimentary and 
volcanic rocks (Fig. 1b) (Table1). The present study is focused only on the metamorphosed rocks, 
whereas the other rock groups will be described briefly in order to outline the stratigraphic setting and 
structural evolution of the metamorphosed rocks. The metamorphosed rocks of the studied area form a 
N-S trending highly eroded folded belt composed of various medium to high-grade metamorphic and 
migmatitic rocks, subjected to metamorphism and deformation during the Precambrian time. The 
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most typical lithologies are heterogeneous gneisses, frequently encountered as dykes and veins. The 
metamorphosed belt is covered generally from the E and W by Phanerozoic sediments represented by 
Jurassic Amran limestone and Cretaceous Al-Tawillah sandstone. The northern part of the 
metamorphosed belt is bounded by a high-angle normal fault, which largely controls the orientation of 
the resulted topographic offset ridge or footwall structure (Fig. 2a, b). The dykes in the study area are 
abundant and vary in composition and attitude. They run concordantly and nonconcordantly with the 
regional structures and are petrographically differentiated into granite, pegmatite, diabase and basalt 
dykes.

 
Table 1: Generalized geological events and lithological units in Moqah area 
Chronology Events Lithological units 

Cenozoic 

Quaternary Fluvial activities  Alluvial deposits  

Tertiary 
Volcanism 
Uplifting  
Erosion 

Trap volcanoes 

Mesozoic 
Cretaceous Regression Al-Tawillah sandstone 
Jurassic Transgression Amran limestone 
Triassic   

Paleozoic    

Precambrian 
 Sedimentation, intrusion, metamorphism, 

folding and mylonitization 
High grade metamorphic 
rocks   

4. Field Observations 
The area is drained by main structural valley named "Moqah valley", where the Precambrian 

metamorphosed rocks are exposed on the both sides of the valley as strongly folded bedded sequence. 
The entire succession displays distinct evidences of successive deformation phases accompanied by 
regional metamorphism, such as the compositional layering (S0) of centimetres to ten meters scale, 
and well-developed foliation or rather a gneissosity structure (S1) (Fig. 2c). The exposed 
metamorphosed rocks can be differentiated into two main groups; gneisses and their migmatized 
parts. Both types are intensely folded and are frequently intruded by leucocratic granite and pegmatite 
and mafic veins. In other hands, metamorphosed sequence is locally intruded by mobile 
paratochthonous anatectic granite dykes and veins and infrequently includes gneisses or amphibolite 
xenoliths. 

 
Fig. 2: (a and b) General views of study area showing different rock units in Moqah area, 
M.R=metamorphosed rocks, L.S= limestone, S.S= sandstone, V.R= volcanic rocks and R.S= recent 
sediments: (a) photo looking SW; (b) photo looking E. (c) View shows compositional layering 
(dashed line) in metamorphosed rocks cross cutting by mafic dykes. 
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The following sections describe both groups of metamorphosed rocks distinguished in the field, 
in addition to mafic and felsic dykes. 
 
4.1. Gneisses group 

This group is comprised all metamorphic rocks unaffected by partial melting or that subjected 
only for a minor part of molten at the peak of metamorphism. These rocks represent various types of 
gneisses intruded by a few leucosome streaks and irregular granite, pegmatite and mafic veins and 
dykes. The rocks in this group, which differ in configuration from homogeneous to banded, include 
biotite gneiss, quartzofeldspathic gneiss, hornblende-biotite gneiss and minor amphibolite. The 
gradational boundaries between the various gneisses were commonly observed, however, these 
boundaries are usually not distinct. 
 
4.1.1. Biotite gneisses 

These rocks are predominant in the investigated area. Texturally, these rocks show fine- to 
medium-grained composed of biotite, plagioclase, K-feldspar and quartz. The fine-grained biotite 
gneiss is typically schistose, while the medium-grained variant shows a clear gneissic banding 
(Fig.3a). Foliation is defined by weakly developed compositional banding with planar leucocratic and 
mesocratic bands and by lepidoblastic texture informed by alignment of biotite, especially within 
mesocratic layers. The well-layered biotite gneisses characterized by abundant garnets were observed 
on the eastern part of the investigated area (Fig. 3b). The biotite gneisses rocks show a sharp contact 
with the quartzofeldspathic gneiss and pass transitionally into the hornblende biotite- gneisses. 
 
4.1.2. Quartzofeldspatic gneiss  

The quartzofeldspathic gneiss is medium to fine-grained, homogeneous and typically weakly 
foliated, light grey to reddish in colour, which in places shows a weak small-scale banding of granitic 
composition. Greatly weathered surfaces appear brown to dark yellow (Fig. 3 c). 

 

 
 
Fig. 3: Field photographs of the gneisses observed from outcrop (marker pen ~10 cm for scale). (a) 
Biotite gneiss bands with distinct S1 foliation. (b) Biotite gneiss pitted by garnet crystals (arrow) 
surrounded by K-feldspar and dissected by small-scale shear band. (c) Compositional layering 
consisting of thick quartzofeldspathic bands alternating with thin amphibolite bands. (d) Amphiblite 
encloses calc-silicate gneiss (Note the foliations in calc silicate gneiss are conformable with foliation 
in surrounding amphibolite). 
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4.1.3. Hornblende biotite gneisses  
The hornblende biotite gneisses are characterized by fine- to medium-grained and well foliated, 

composed of plagioclase, dark amphibole, biotite, and quartz, with or without potassium feldspar that 
has much variation in relative proportions. The hornblende biotite gneisses have a distinct foliation 
and shows banding. 
 
4.1.4. Amphibolites 

In the study area, amphibolites vary from massive to slightly foliated. The foliation represents a 
distinct feature at the gneisses contacts. Calc-silicates are observed within amphibolites as elongate 
pods and lenses range in size from 2 cm to 1 m in length (Fig. 3d). The lenses are aligned and 
flattened with the foliation. 

Generally, there are two types of amphibolite in the study area were distinguished, based on 
colour, composition and grain size viz., major amphibolite type which is mappable as geologic unit 
(Fig. 1b) and minor amphibolite type which is too small to be mapped on the selected scale . The later 
type displays as elongate, thin layers, lenses and bods up to some meters in length intercalated or 
included within the gneisses and migmatities (Fig. 3c).  
 
4.2 Group of migmatites  

This group is included all metamorphic rocks melted for a higher part at the peak of 
metamorphism. These rocks are composed mostly of a mafic-rich older component palaeosome, and a 
younger component neosome derived from the melt. The neosome consists of discrete light colour, 
coarse-grained bands (leucosome) as granite form or pegmatites alternating with dark colour bands 
(melanosome) rich in mafic minerals and/or the intermediate bands (mesosome) ( see (Ashworth 
1985; Johannes and Gupta 1982)). The three bands of the leucosomes, melanosomes and mesosome 
are apparent and the migmatization had commonly taken place along the foliation planes where 
discontinuous and continuous leucoratic bands and lenticles, up to few centimeters thick, stretch along 
or locally intersect the S1 gneissose structures (Fig. 4a). Melanocratic bands are thin and wispy, rarely 
exceeding a few ten centimeters in thickness with clear distinct internal foliation, while leucocratic 
bands display change in thickness along their length and lacking internal foliation. Mesocratic and 
melanocratic bands show pinch and swell and discontinuous structures (Fig. 4b). Boundaries between 
darker and lighter bands are sharp, however, the gradational boundaries were also rarely observed in 
surface outcrops. In places, melanocratic bands are isolated as boudins. The leucocratic bands are 
weakly foliated to unfoliated, medium to coarse grained and trondhjemitic to granitic in composition. 
They exhibit equigranular textures, dominated by plagioclase, quartz, microcline and biotite with or 
without garnet porphyroblasts (Fig. 4c). The migmatitic banding is crosscut at various angles by pink 
dike- like leucocratic bodies (up to 70 cm thick) (Fig. 4d). These bodies vary from pegmatitic to 
aplitic and comprise mainly quartz and feldspars. The dominant fabric in migmatites is abundant 
intrafolial recumbent folds with axial planes parallel to the surrounding foliation; indicate that the 
formed fabric by transposition during shortening and partial-melting temperatures was accomplished 
through the regional D1 deformation (Fig. 4e). The migmatitic parts are partly affected by later ductile 
and brittle deformations. This has led to formation of the megascopic and mesoscopic folds and partly 
dislocated by small faults.  

The migmatite rocks could have been classified into different types, based on geometrical 
properties of the migmatitic structures. These types are included: stromatolitic (layered), phlebitic 
(vein), schollen, agmatitic and folded, ptygmatic structures (see (Mehnert 1968).  
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Fig. 4: Field photographs of the migmatites, (marker pen ~10 cm for scale). (a) Thick dark coloured 
melanosomes containing thin, light coloured leucosome rich in felsic minerals. (b) Stromatic 
migmatite displaying pinch and swell structure. (c) Leucosome pitted by large garnet crystals 
(arrows). (d) Stromatic migmatites crosscutting by pink colour pegmatites veins. (e) intrafolial fold 
(F1) in the migmatititic biotite gneiss.  
 
4.3. Dykes 

Numerous mafic and felsic dykes which are cutting across the metamorphosed rocks and/or 
Mesozoic sedimentary rocks have been reported in the study area. These are represented by diabase, 
basalts, granites and pegmatites. Some of these dykes are too small to be marked on the geologic map. 
The mafic and felsic dykes are briefly explained below. 
 
4.3.1. Mafic dykes 

Two types of mafic dykes are distinguished, and which are dissected the Precambrian 
basement; Vis., 1) diabase dykes and 2) basaltic dykes. 

The diabase dykes are intruding the Precambrian basement and never into Mesozoic sediments 
found throughout the area. They are commonly characterized by dark gray to dark green in colour, 
thickness ranging from about a few centimeters to 5 m, lengths varied from about a few meters to 
several kilometers, mostly with a NW-SE orientation and do not contain xenoliths or inclusions of the 
country rocks. In some places, the diabase dykes are weathered to a greater extent than adjacent 
gneiss and sometimes oxidized to a reddish colour, but in other places are stand as resistant ridges. 
The diabases are unknown at age, but they are provisionally assigned to the Precambrian; it is later 
than the granite in which it fills vertical fissures.  

Basaltic dykes are abundant and can be easily distinguished from earlier diabase dykes; these 
are black, very fine grained, compact and showing a metalloid luster. These dykes are nearly vertical 
and arranged as a swarm of strongly NW-SE orientations, and extend to several kilometers length. In 
many places, the basaltic dykes are characterized by vesicular structure and porphyritic texture with 
well-developed rectangular jointing pattern. Due to the basaltic dykes are cut across all the rocks in 
the area and injected coeval with Tertiary volcanism, they are considered to be the youngest. 
 
4.3.2. Felsic dykes 

The felsic dykes cross cut the metamorphosed rocks of the study area are broadly classified into 
granites and pegmatites.  
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The granitic dykes are fine- to medium-grained, typically of pink colour, vary from stringers a 
few centimetres to 3 meters wide and some of them can be traced along the strike for a distance of 
500 m. These dykes are oriented NW and as well as NE.  

Pegmatite has a distinctive white colour, occur either as dyke -like bodies have steep contacts 
with adjacent rocks, or as sill-like flat bodies. They consist of quartz, potassium feldspar, plagioclase 
and mica. The relative proportions of the main minerals are highly variable; some varieties are 
composed of nearly pure quartz. 
 
4.4 Phanerozoic cover 

The metamorphosed sequence, flanked on the east and west by unconformable strata of Jurassic 
Amran limestone and Cretaceous Al-Tawillah sandstone, whereas the tectonic contact is usually 
present in the north, against Al-Tawillah sandstone, Tertiary volcanic and Quaternary sediments. The 
later contact is marked by its down faulting along a normal tectonic fault dipping at 65°-75° away 
from the neighboring basement rocks. In the westernmost part of the area, the Tertiary basalt is rest 
unconformably over Al-Tawillah sandstone. The metamorphosed assemblage and its overlaying 
limestone and sandstone are dissected by a late phase of mafic dykes commonly take NW-SE 
trending, may take place associated with the Tertiary volcanism.  
 
5. Petrography  
5.1. Gneisses 

The Moqah area is mainly occupied by gneisses. The gneisses are more heterogeneous varying 
in composition from high concentration mafic minerals to high concentration felsic minerals. It is 
chiefly a biotite gneisses and hornblende biotite gneisses; however, the quartzofeldspatic gneisses, 
calc-silicate gneisses and amphibolite are also found. 
 
5.1.1. Biotite gneisses 

Microscopically, the biotite gneisses are essentially composed of quartz + plagioclase + 
microcline + biotite with minor muscovite + titanite + epidote. Garnet + Cordierite + silliminite are 
also frequently observed in some thin sections. Iron oxides + apatite + allanite + zircon are occurred 
as accessories. Quartz is characterized by subidioblastic to xenoblastic crystals with undulose 
extinction and elongate parallel to gneissose banding. Microcline crystals are usually xenoblastic and 
often show cross-hatched twining, some boundaries between quartz and microcline overprinted by 
myrmekitic intergrowths. Plagioclase occurs as subidioblastic plates and displays evidence of strain, 
such as elongation, tapering deformation twins and bent twins. Plagioclase augens occur as flattened 
porphyroblasts set in a fine-grained schistose matrix of biotite, quartz, plagioclase and microcline 
(Fig.5a). Biotite flakes (bt1) are commonly characterized by subidioblastic oriented parallel to 
gneissosity and strongly pleochroic with Z= Y=dark brown and X= honey yellow (Fig. 5b). The 
biotite encloses titanite, orthite and zircon, which is sometimes show pleochroic haloes around 
radioactive inclusions.  

Garnet appears as highly fractured idioblastic to xenoblastic, with moderate relief and shows 
light to dark brown colour porphyroblasts. The garnet porphyroblasts are characterized by sieve 
structure as they contain randomly oriented inclusions of quartz, plagioclase, biotite, iron oxide and 
muscovite (Fig. 5c). They are usually warped with biotite folia forming augen structure. Few garnet 
crystals show alteration to biotite (bt2). Sillimanite is present as colourless long prismatic crystals and 
as fibrolite aggregates. It is frequently appear an affinity to replace the biotite in the groundmass and 
variable degrees of retrogressive transformation to muscovite (Fig. 5d). Cordierite occurs either fresh 
(colourless) or chloritized cordierite (yellow to light brown colour) (Fig. 5 e and f).  

 Cordierite is present as less continuous rims around the garnet porphyroblasts.  
 
5.1.2. Quartzofeldspatic gneisses 

Quartzofeldspatic gneisses are fine to medium grained. They contain the assemblage quartz + 
microcline + plagioclase +biotite ± muscovite ± titanite with weakly foliation. These gneisses are 
characterized by felsic minerals and the percentages of mafic minerals are less in comparison to that 
of other gneisses. Foliation is pronounced by developed compositional banding with planar 
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leucocratic and mesocratic bands and by lepidoblastic texture informed by the preferred orientation of 
biotite, especially within mesocratic layers. Quartz grains are xenoblastic with undulose extinction 
interlocking with microcline and plagioclase and elongate parallel to foliation. Microcline is present 
as xenoblastic as streaks stretched parallel to the foliation. Microcline crystals frequently exhibit 
perthitic texture and are sometimes penetrated by myrmekite overgrowths, especially at the contact 
with plagioclase. Quartz, biotite and plagioclase are common inclusions in microcline. Plagioclase 
occurs as xenoblastic to subidioblastic plates, mostly clouded due to alteration to sericite and calcite 
(Fig. 5g). Most plagioclase crystals are untwinned but some crystals show twinning according to the 
albite law. Biotite occurs as subidioblastic discrete flakes and aggregates forming streaks running 
parallel to the foliation. It is yellow-brown to brown-green in colour, strongly pleochroic (X = pale 
yellow, Y = Z=brown-green) and frequently altered into chlorite and iron oxide. Zircon occurs as long 
euhedral prismatic crystals enclosed within plagioclase, microcline, quartz, and biotite. The large 
zircon crystals are frequently zoned and sometimes enclose tiny inclusions of unknown minerals (Fig. 
7h).  

 
 
Fig. 5: Photomicrographs in gneisses (abbreviations after (Kretz 1983; Siivola and Schmid 2007). (a) 
Plagioclase augen porphyroblasts (pl) surrounded by aggregates of biotite (bt) (C.N). (b) Biotite folia 
(bt) alternating with quartz-feldspar bands (note aggregates of muscovite (ms) formed at the expense 
of K-feldspar) (C.N). (c) Garnet porphyroblast (grt) crowded with plagioclase inclusions (note the 
plagioclase (pl) of the groundmass is clearly replaced by larger microcline (mc) crystal) (C.N). (d) 
The sillimanite bundle (sil) marks the position of predating biotite (N.L). (e) Cordierite (crd) replacing 
garnet (grt) (C.N). (f) The replacement of garnet (grt) by chloritized cordierite (crd) (N.L). (g) 
Optically continuous calcite remnants (cal) within plagioclase (pl). (h) A zoned euhedral zircon (zrn) 
crystal (C.N).  
 
5.1.3. Hornblende biotite gneisses  

Microscopically, these rocks consist mainly of plagioclase +hornblende +biotite. Quartz and 
microcline are slightly more abundant in some hornblende biotite gneisses and rare in amphibolites. 
Clinozoisite + epidote + iron oxide + mphene + allanite + apatite are usually minor. Plagioclase 
occurs as subidioblastic to xenoblastic tabular as well as poikiloblastic crystals commonly twinned 
according to the albite and carlsbad laws and usually ordered with their longer dimensions parallel to 
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the general foliation. It is slightly saussuritized, especially at the inner cores. Hornblende occurs as 
xenoblastic to idioblastic crystals, showing strong pleochroism from Z = dark green, Y = yellow green 
to X=greenish- yellow, which are commonly bladed and elongated, imparting the rocks their 
noticeable S1 foliation and define nematoblastic textures. It frequently forms lensoidal aggregates 
granulated in ordered parallel to S1 foliation. Hornblende is sometimes replaced by biotite and epidote 
as alteration products and commonly contains titanite and iron oxides as inclusions. Biotite is present 
as subidioblastic flakes, showing parallel to subparallel arrangement. It is strongly pleochroic with Z 
= Y = brown, X honey yellow. It commonly contains titanites, iron oxides and fine zircon inclusions 
without pleochroic haloes. Quartz occurs as xenoblastic crystals display wavy extinction due to strain 
effect. Minute quartz crystals are sometimes found as inclusions in some plagioclase and microcline 
crystals. Microcline is present in some samples as xenoblastic plates sometimes mantling plagioclase, 
indicating its crystallization after plagioclase. It encloses quartz, plagioclase and biotite as inclusions. 
 
5.1.4. Amphibolites 

Amphibolites are composed essentially of hornblende and plagioclase with variable amounts of 
biotite, diopside quartz and titanite. Iron oxide and apatite are accessories. Calcite, epidote and sericite 
are secondary minerals. Hornblende occurs as subidioblastic to idioblastic crystals with the following 
pleochroism: Z = dark green, Y = green and X=greenish-yellow. They are usually replaced by 
epidote, biotite and titanite, especially along cleavage planes, fractures and grain boundaries. Some 
hornblende crystals contain exsolved phases of iron oxides. Plagioclase occurs as subidioblastic plates 
commonly weakly saussuritized and has a twinning according to the albite and carlsbad laws. Fine 
crystals of plagioclase also occur as inclusions within the hornblende. Biotite, shows distinct cleavage 
and pleochroism from light yellow to brown. Biotite is the commonest alteration product of 
hornblende, rich in titanite and iron oxide inclusions, and partly altered to chlorite. Quartz is seen in a 
few samples as colourless, anhedral grains and sometimes exhibit undulatory extinction. Diopside 
occurs as xenoblastic pale green nonpleochroic crystals in some samples, generally confined to the 
diopside-rich bands alternating with hornblende-rich bands. The Diopside is frequently replaced by 
green hornblende. The diopside altered to epidote is also seen in some thin sections. 
 
5.1.5. Calc-silicate rocks 

Calc silicate rocks are fine to medium-grained, green-coloured rocks and usually have a weak 
foliation. The mineral assemblage of the calc silicate rocks can be represented by diopside, 
plagioclase, actinolite, calcite and quartz. Titanite, iron oxide and apatite are found as accessories, 
while epidote and chlorite are secondary minerals. The subidioblastic pale green nonpleochroic 
crystals of diopside were observed. They generally show variable degrees of alteration to green 
actinolite or replaced by epidote and chlorite. Inclusions of plagioclase, titanite and iron oxides are 
common (Fig. 6a).  

 
Fig. 6: Photomicrographs in calc-silicate (abbreviations after (Kretz 1983; Siivola and Schmid 2007). 

(a) remnants of Plagioclase (pl) enclosed within diopside (Di) crystals (C.N). (b) diopside 
crystals(Di) devoid of inclusions associated with lozenge shaped titanite (Ttn). 

 
Actinolite is present as xenoblastic pale green crystals of weak pleochroism. It is commonly replaced 
by epidote and calcite. Plagioclase occurs as variably sericitized intergranular crystals. It commonly 
exhibits lamellar twinning according to the albite law. Calcite is characterized by high relief, 
symmetrical extinction with well-developed rhombohedral cleavages. Epidote is seen as yellow-green 
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crystals. It succeeds actinolite in sequence of crystallization as it forms myrmekitic outgrowths around 
actinolite. Epidote also replaces diopside and plagioclase. Quartz occurs as intergranular xenoblastic 
strained crystals or as ribbons parallel to the foliation. Titanite is found as pale brown crystals and 
aggregates. Well-developed lozenge shaped titanite crystals are also observed (Fig. 6b) associated 
with epidote.  
 
5.2. Migmatites 

The migmatitis constitute of alternating melanocratic bands and leucocratic lenticles or bands 
commonly having irregular sharp contacts (Fig. 7a). A banded structure formed of discontinuous, 
unfoliated coarse-grained leucosomes, alternating with dark, fine-grained foliated paleosomes. The 
melanosome is foliated to nonfoliated (Fig.7b.), rich in mafic minerals, which sometimes, are 
clustered together forming a glomeroporphyroblastic texture (Fig. 7c), whereas the leucosome is a 
granoblastic composed mainly of quartz, plagioclase, microcline and biotite. Garnet, muscovite, 
sillimanite, iron oxides and zircon are present in subordinate amounts some samples. In these rocks 
the garnet in the leucosomes are highly fractured pale-brown crystals and inclusions-free, which are 
usually replaced by fine biotite and plagioclase aggregates (Fig. 7d). Sillimanite occurs as small 
isolated prisms and needles scattered between and inside the quartz grains. It is highly replaced by 
muscovite. Zircon occurs as large euhedral crystals indicate their crystallization in the presence of a 
melt phase. 

 
Fig. 7 : Photomicrographs in migmatites (abbreviations after (Kretz 1983; Siivola and Schmid 2007).. 
(a) Sharp contact between melanosome (below, left) and leucosome (above, right) (N.L). (b) Non-
foliated texture in melanosome (C.N). (c) Hornblende crystals clustered together forming a 
glomeroporphyroblastic texture (C.N). (d) Remnants of garnet crystals within leucosome (the 
secondary minerals after garnet comprise plagioclase, quartz and biotite) (C.N). 
 
6. Discussion 
6.1. Protolith of gneisses 

The metamorphosed rocks of the Moqah area are made up of conformable layers of biotite 
gneisses intercalated with subordinate layers of hornblende-biotite gneisses, quartzofeldspathic 
gneisses, amphibolites and calc silicates which are intruded by numerous post-metamorphic granites 
and mafic dykes. The protoliths of these gneisses were most probably metasedimentary rocks 
characterized by numerous metapelitic horizons composed of aluminosilicate minerals (sillimanite 
with garnet and cordierite), transition zones with semipelitic horizons (contain garnet without 
aluminosilicate minerals) and greywackes horizons (devoid of aluminosilicate minerals). The 
quartzofeldspathic gneisses differ from the other gneisses by their light colour due to the high 
concentration of feldspars and quartz and the poverty in ferromagnesian minerals, which favor the 
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granitic origin for the gneisses. The amphibolites are rich by ferromagnesian minerals such as 
hornblende, iron oxides and/or biotite; which may be attributed to their mafic igneous rocks protolith. 

 
6.2. Metamorphic reactions 

The mineral assemblages, textures and parageneses of gneisses and migmatites in Moqah area 
are suitable parameters for semi-quantitative estimating the metamorphic conditions during and after 
the peak of metamorphism. Of the different units described above, the biotite gneisses contain mineral 
assemblages and textures are appropriate for estimating the metamorphic conditions, i.e. quartz + 
plagioclase + biotite + microcline ± garnet ± sillimanite ± cordierite ± muscovite. The occurrence of 
aluminum-silicate minerals in biotite gneisses are commonly viewed as evidence for a sedimentary 
protolith of pelitic to semipelitic origin and the muscovite was almost certainly present, before the 
metamorphism reached the peak. The distinctive assemblages or reactions that closely constrain 
metamorphic conditions are absent in other gneisses and amphibolites absence. 

 
6.2.1. Reactions before and during peak metamorphism 

At the lowest grades of metamorphism, clay minerals in pelitic rocks are replaced by very fine 
muscovite, known as sericite, composed dominantly of phengite molecule (Yardley 1989). The 
absence of this muscovite and the existence of K-feldspar and sillimanite in the biotite gneiss 
indicates the muscovite break-down reactions at the upper amphibolite facies (Breton and Thompson 
1988; Neogi, Dasgupta, and Fukuoka 1998; Spear, Kohn, and Cheney 1999; Vielzeuf and Holloway 
1988).  

 
Muscovite + plagioclase + Quartz = Aluminosilicate + K-feldspar + H2O………..…………….….(1a) 
Muscovite + Plagioclase + Quartz = Aluminosilicate + K-feldspar + melt…………….….…….….(1b) 

 
(Spear et al., 1999) found that dehydration reaction (reaction 1a) results in the crystallization of 

significant amounts of K-feldspar. In contrast, melting reaction (reaction 1b) does not generate 
abundant K-feldspar because K-feldspar is an essential part of the anatectic melt. Water liberated is 
dissolved in the melt and is consequently available for subsequent retrograde reactions. Melt 
generated by 1b reaction is water-saturated, very small in amount (~ 1 - 4 %), and largely proportional 
to the amount of muscovite in the protolith (Brown 2002; Vielzeuf and Holloway 1988). 

The presence of cordierite contains biotite inclusions is an indicator of action of the continuous 
biotite-dehydration melting reactions. 

  
Biotite + Aluminosilicate + Quartz = Cordierite + K-feldspar+ Melt …………………...…….....….(2) 
(Neogi et al., 1998; Thompson 1976). 

 
The occurrence of garnet associated with K-feldspar with elimination of sillimanite can be 

related to the following reactions: 
 
Biotite + Aluminosilicate + Plagioclase + Quartz = Garnet + K-feldspar +Melt ……………..……. (3)  
(Breton and Thompson 1988; Vielzeuf and Holloway 1988). 

 
Thus, the wide variations in migmatization of biotite baring gneisses can be attributed to the 

variation in melt amount generated from melting reactions above, which is largely controlled by the 
amount of biotite in the protolith, the temperature range over which melting occurs, bulk rock XMg, 
and the solubility of water in melt, which itself is a function of pressure (Breton and Thompson 1988; 
D. P. Carrington and Harley 1995; D.P. Carrington and Harley 1995; Clemens and Vielzeuf 1987; 
Patiño Douce and Johnston 1991; Vielzeuf and Holloway 1988) Experimental results demonstrate that 
the biotite dehydration-melting is likely to occur at temperatures > 800 C and at pressure > 7-8 kbar 
(Breton and Thompson 1988; D.P. Carrington and Harley 1995; Clemens and Vielzeuf 1987; Vielzeuf 
and Holloway 1988). 
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6.2.2. Reactions after peak metamorphism 
Several mineral assemblage and textural changes in biotite gneisses of Moqah area are related 

to the change in the physicochemical conditions after the peak of metamorphism. The prominent 
expression of re-equilibration during cooling after the peak of metamorphism is the replacement of 
anhydrous minerals by hydrous mineral assemblages, such as replacement of garnet by biotite, 
replacement of garnet and biotite by chlorite and replacement of sillimanite by muscovite.  
 

7. Conclusions 
The present study focuses on characterization of metamorphosed rocks located in the Moqah 

area as part of SWB. The results obtained from this study bring new understandings in protolith, 
geological evolution of a metamorphic conditions and deformation phases. It allows us to draw some 
conclusions as follows:  
1- The metamorphosed rocks in the Moqah area form part of Precambrian rocks of SWB.  
2. The heterogeneity of their mineral composition may reflect differences in the source of precursor 

material and modification during metamorphism. 
3- Field and petrographic studies of the Moqah area reveal that the parent protoliths of the 

metamorphosed sequence exhibit conformable bedded nature (S0) of pelitic, semipelitic and 
impure calcareous sediments, which occasionally intercalated with basic and acidic flows and 
intrusions. 

4- The metamorphic rocks have undergone partial melting, resulting in the formation of abundant 
leucosomes, which commonly run parallel to the foliation of the host rocks. 

5- The mineral assemblages indicate that the metamorphism peak has taken place in the sillimanite 
stability field (upper amphibolite to granulite facies conditions). After that, the rocks underwent 
cooling and re-equilibration, which is commonly indicated by bordering of garnet by cordierite or 
biotite + plagioclase +quartz ± muscovite and replacement of K-feldspar and/or sillimanite by 
muscovite and biotite by chlorite. 
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