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Abstract 

In the late Precambrian history of the Wadi Kid area in the Sinai, Egypt, two deformation phases are clearly 
recognized. The first phase, D1 (pre-620 Ma), produced a steep regional foliation, axial planar to upright F1 folds, 
in rocks of a lower-greenschist grade. This compressional phase of deformation is interpreted in terms of subduction 
in an island-arc setting. The second phase, D2 (post-620 Ma), is mainly expressed by the widespread development 
of sub-horizontal mylonitic zones with a total thickness of 1.5 km. Shear sense indicators give a consistent regional 
transport direction to the northwest, with local indications of reversal to the southeast. This event is associated with 
regional LP/HT metamorphism, indicative of high thermal gradients. Because of the LP/HT metamorphism, the 
change in geochemical nature of the granitoids, and the orientation of the dykes, we interpret the mylonitic zones as 
low-angle normal shear zones related to core-complex development during an extensional event with the transport 
reversal being induced by doming. We postulate that orogenic collapse was responsible for the transition from the 
D1 compressional phase to the D2 extensional phase. 

Introduction 

The nature of the Pan-African orogeny in the Arabo­
Nubian Shield has been subject of debate over the last 
years. Many geologists believe that a compressional 
regime in an island-arc setting was responsible for the 
main tectonic features (e.g. Shackleton et al., 1980; 
Bentor, 1985; Vail, 1985; Ragab, 1993). However, in 
some recent studies large strike-slip zones are regarded 
as being the important tectonic feature; they are asso­
ciated with extensional structures such as sedimentary 
basins and dykes (Stern, 1985; Husseini, 1988). 

The Wadi Kid area in the Sinai, Egypt, was chosen 
as a key area to study the structural geology and tec­
tonics of the Precambrian rocks of the Arabo-Nubian 
Shield. Just as two models exist for the overall evo­
lution of this shield, there are also two different mod­
els for the evolution of the Precambrian in the Sinai. 
Shimron (1980, 1983) interprets the tectonic develop­
ment in terms of a compressional island-arc setting 
with two deformation phases: a syn-sedimentary D1 

phase, responsible for the folding of the bedding (So), 

and a D2 thrust-phase, mainly represented by the sub­
horizontal foliation found throughout most of the Wadi 
Kid area. On the other hand, Reymer (1983, 1984) pos­
tulates that there was a D1 compressional phase which 
took place in an island-arc setting similar to Shimron's 
D1 phase, but he relates the D2 structures to the diapiric 
emplacement of granites. 

The aim of the present study is to investigate in 
particular the D2 phase of deformation in the Wadi Kid 
area. Detailed field mapping, followed by a microstruc­
tural analysis of carefully selected samples, was under­
taken. The combined results indicate that the sub­
horizontal foliations, described by Shimron (1980, 
1983) and Reymer (1983, 1984), are mylonitic in ori­
gin and related to extension. Consequently, we propose 
a radically different tectonic interpretation for the Wadi 
Kid area: that of a widespread core complex, result­
ing from orogenic collapse. The data supporting this 
conclusion are presented and discussed below, along 
with their implications for the tectonic evolution of the 
Wadi Kid area. 
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Figure 1. Generalized geological sketch map of the Wadi Kid area, modified after Shimron (1987). 

Geological background 

The Sinai peninsula consists at the surface mainly of 
sedimentary rocks (80% ), ranging from Cambrian to 
Quaternary age, overlying the Precambrian crystalline 
basement. This basement forms a part of the Arabo­
Nubian Shield, which extends over most of NE Africa 
and Arabia. 

The recent geology of the Sinai is strongly influ­
enced by the rifting of the Red Sea. Two orientations 
of faults are active since the Miocene: a NNE-SSW 
trend and a NW-SE trend. The metamorphic assem­
blages indicate that the total uplift did not exceed 

15 km. The main phase of uplift took place during 
the Cambrian and was responsible for an uplift of at 
least 12 km. The post-Cretaceous tectonics are respon­
sible for block rotation and another phase of uplift of 
3 km (Kohn & Eyal 1981). 

Lithology 

The metamorphic and magmatic rocks making up the 
basement in the Wadi Kid area have been described by 
Shimron (1980, 1983, 1984), Fumes et al. (1985) and 
Reymer (1983, 1984). Their distribution is shown in 
Figure 1. The metamorphic and magmatic rock suites 



are referred to as 'Formations' in the literature and we 
follow this terminology. The Umm Zariq Fm., Mal­
haq Fm., Heib Fm. and Tarr Fm. contain metasedi.­
mentary and metavolcanic rocks. The Quneia Fm. and 
the Sharira Gabbro/Diorite Fm. contain plutonic and 
meta-plutonic rocks. All these formations have been 
intruded by granites. The area is cross-cut by swarms 
of mafic and felsic dykes. The total thickness of the 
Precambrian metamorphic formations in the Sinai is at 
least 1.5 km. 

The Umm Zariq Fm. is a metasedimentary 
sequence, mainly formed by metapelites; it con­
tains also some metapsammites. The schistose 
metapelites contain biotite, muscovite, retrograde 
chlorite and feldspar along with porphyroblasts of gar­
net, andalusite and cordierite, indicating amphibolite 
facies of the low-pressure/high-temperature (LP/HT) 
type. Relict sedimentary structures, such as bedding, 
cross-bedding, slump structures and fining upward 
sequences, are found in the less schistose lenses. The 
rocks of the Umm Zariq Fm. are interpreted as meta­
greywackes. 

The Malhaq Fm. is a metavolcanic sequence 
(Fumes et al., 1985) containing mainly schists and 
minor non-schistose massive equivalents. The schis­
tose metavolcanics consist of feldspars, quartz, biotite 
and hornblende, indicating upper-amphibolite facies. 
The massive equivalents occur as layers and blocks 
within the schists and contain biotite, muscovite, chlo­
rite, some quartz and feldspar. 

The Heib Fm. is a mixed sequence of metased­
iments and metavolcanics. Rhyolitic and andesitic 
volcanics can be recognized. The metasedimentary 
sequence contains conglomerates and turbidites (the 
Beda Turbidites). The rocks display a lower meta­
morphic grade than the Umm Zariq and Malhaq Fms 
and are less deformed. In the more schistose parts, 
biotite and muscovite are observed, indicating a higher 
metamorphic grade. The lower-grade parts overlie the 
higher-grade parts of the Heib Fm. and of the Malhaq 
Fm. The rocks are thought to be of island-arc volcanic 
origin, deposited in a marine environment (Fumes et 
al., 1985). 

The Tarr Fm., found in the southern parts of the 
Wadi Kid, is dominantly a metasedimentary sequence 
consisting of metaconglomerates, metapelites and 
metapsammites, in which melanges and felsic flows 
can be recognized. The formation displays greenschist­
grade metamorphism which is lower than that of the 
Malhaq and Umm Zariq Fms. 
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Figure 2. P-T-t path for alumino-silicate metamorphic rocks in the 
Wadi Kid area after Shimron (1987). The plot shows a clockwise 
path, starting with LP/LT(M1) and moving to medium P and T. After 
upper greenschist facies was reached (Mia), P remained constant at 
first and then started to go down but T continued to rise. Eventually, 
P and T both decreased during retrograde metamorphism related to 
uplift (Mz). 

The Quneia Fm. consists of foliated and lineated 
diorites and tonalites with occasional biotite-rich xeno­
liths. Identical intrusives occur in the Nuweiba area, 
100 km N of the Wadi Kid Complex, and these were 
interpreted, from geochemical data, as subduction­
related I-type intrusives (Ahmed et al., 1993). Similar 
intrusives in the Timna area, 150 km N of the Wadi 
Kid area, were interpreted as I-type granitoids relat­
ed to crustal thickening in an island-arc environment 
(Beyth et al., 1994). 

Fumes et al. (1985) concluded on the basis of major 
and trace-element studies that the rocks of the meta­
morphic formations, described above, are subduction­
related. 

The Sharira Gabbro/Diorite Fm. occurs as a single 
large intrusive body in the northern part of the Wadi 
Kid Complex. It was described by Fumes et al. (1985) 
as a layered gabbroic and dioritic intrusion. 

The Wadi Kid metamorphic complex is bordered to 
the north, west and south by Younger Granites. Three 
phases of granitoid intrusions were described (Bentor, 
1984; Ahmed et al., 1993). The oldest plutonic rocks 
are the deformed tonalitic to granodioritic rocks of the 
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Figure 3. Map showing structures related to Precambrian tectonics in the Wadi Kid area. 

Quneia Fm. The second phase consists of muscovite 
granites, which only occur in the most northern part 
of the Wadi Kid area. The youngest are the biotite­
rich granites. Geochemical data indicate that the oldest 
granitoids are I-type, the muscovite-rich granites S­
type, and the youngest biotite granites A-type granites 
(Ahmed et al., 1993). The S- and A-type intrusives 
are younger than any of the metamorphic rocks and 
mostly show intrusive contacts with these rocks. Trace­
element studies of late Precambrian A-type granites 
in southern Israel indicate that these were formed in 
a thinned crust due to extension, where mantle melts 
were able to rise near to the surface (Beyth et al. 1994). 

Metamorphism 

Metamorphic grades of the Wadi Kid area range from 
lower-greenschist to amphibolite facies with a gen­
eral trend of increase towards the central and north­
ern parts of the area. Lower-greenschist-facies rocks 
dominate the southern areas. Sillimanite, garnet and 
andalusite porphyroblasts appear in the central Wadi 
Kid Complex where the metamorphic grade reach­
es upper-amphibolite facies. Here, staurolite is over­
grown by andalusite and biotite, which indicates that a 
medium-pressure phase(> 5 kbar) preceded a LP/HT 
metamorphic phase. In the northern part of the area, 
where metavolcanic rocks are found, garnet and horn-



Figure 4. Contoured stereographic plot (equal area) of the poles 
to the S2 foliation in the Wadi Kid area. Contour interval = 2.0%, 
significance level = 3.0. 

blende porphyroblasts occur. In the north-eastern part, 
migmatites are present. 

Reymer et al. (1984) calculated a temperature of 
700 ° C and a pressure of 3 to 4 kbar for the Malhaq and 
Umm Zariq Fms in the central Wadi Kid. Temperatures 
of 300 °C and pressures of 2 kbar have been deduced 
for the lower-greenschist-facies rocks in the southeast­
ern part of the complex. The metamorphic grade in the 
Heib Fm. increases from lower greenschist in the Beda 
Turbidites in the southeast, to higher greenschist in the 
west and north where biotite-schists appear. Reymer et 
al. (1984) estimated that the thermal gradient was high­
er than 50 °C/km in the rocks showing amphibolite­
grade metamorphism. Shimron (1987) constructed a 
clockwise P-T-t path for the metamorphic rocks in the 
Wadi Kid (Figure 2). 

Geochronology 

The limited number of isotopic ages available for the 
wider Wadi Kid area are summarized in Table 1. From 
these data it can be concluded that deposition of sedi­
ments and volcanics took place after 770 Ma and until 
650 Ma ago (Priem et al., 1984), when the metamor­
phism started. The main amphibolite phase of meta­
morphism started at about 620 Ma ago. Pulses of meta­
morphism and the intrusion of granites continued till 
the early Cambrian and were accompanied by the intru­
sion of dykes (Ayalon et al., 1987). 
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Figure 5. Contoured stereographic plot (equal area) of the lineations 
in the Wadi Kid area, showing maxima at NW and SE. Contour 
interval = 2.0%, significance level = 3.0. 

The structural geology 

The late Precambrian tectonic history of the Sinai has 
been divided by most authors (e.g. Shimron, 1980, 
1983; Reymer, 1983, 1984) into two deformation phas­
es, namely D1 and D2 . The results of our structural 
study are presented in Figure 3. Our study focuses on 
the D2 event because of its controversial nature in the 
tectonic models for the Sinai. 

D 1 structures 

The S1 foliation is well developed in the lower-grade 
parts of the Heib Fm., such as the Beda Turbidites in 
the southern Wadi Kid area. The S1 slaty cleavage, 
formed by white micas, is easily recognizable in the 
shaly layers within these meta-turbidites. It is oblique 
to the bedding. Inversion of the bedding can be recog­
nized through bedding and cleavage relationships and 
through sedimentary structures such as cross bedding 
and coarsening upward sequences. Upright isoclinal F1 

folds are thus associated with the formation of the axial 
planar S1 foliation. Shimron (1983) concluded that D1 

has taken place at shallow depth, soon after deposition. 
We agree with this, since the Heib Fm, was interpreted 
to have been deposited in an island-arc environment 
(Fumes et al., 1985), since these rocks display a low 
metamorphic grade where sedimentary structures are 
recognizable, and since accretion is the oldest tectonic 
process recognized in other parts of the Arabo-Nubian 
Shield (Bentor, 1985). The D1 structures were thus 
formed in a compressional island-arc setting. F1 folds 
and the associated cleavage are occasionally recog-
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Figure 6. Photographs. a) Lineated hornblende, Malhaq Fm., northern Wadi Kid area. Area shown in 4.9 mm x 3.4 mm. b) Deformed xenoliths, 
Quneia Fm., NE part of the Wadi Kid area. c) Rotated clast with pressure shadows indicating sinistral sense of shear, Malhaq Fm., central Wadi 
Kid area. Area shown is 4.9 mm x 3.4 mm. d) Macroscopic extensional crenulation cleavage, indicating sinistral sense of shear, Umm Zariq 
Fm., central Wadi Kid area. 

nized in the Umm Zariq Fm., with a steep foliation 
formed by muscovite and biotite. The D1 structures in 
this formation were overprinted by a later foliation. 

Dz structures 

S2 foliation 
The S2 foliation is widely developed and dominates the 
studied area. It is flat-lying to gently dipping ( < 30°, 
Figure 4) and in most areas it totally masks the ear­
lier foliation. It is a disjunctive and sometimes ana­
stomosing foliation, formed by biotite, muscovite and 
chlorite. The grains in the microlithons show a rather 
strong preferred orientation. 

The general trend in the Wadi Kid Complex is that 
S2 is better developed to the west and north. S2 is 
best developed in the Malhaq, Umm Zariq and Quneia 
Fms. It is continuous through the higher-grade parts 
of the Heib Fm. into the Quneia Fm., indicating that 

the deformed tonalites and diorites of the Quneia Fm. 
were intruded before the development of S2 . Rocks 
containing D1 structures overlie rocks displaying D2 
structures. Slightly foliated granites were observed in 
the western part of the Wadi Kid Complex. These intru­
sives were dated at 580- 530 Ma as the youngest rocks 
of the Sinai basement (Bielski, 1982) and are thus crit­
ical for the timing of the deformation. 

Lineations associated with S2 

A lineation is associated with the S2 foliation and arises 
from an alignment of minerals such as andalusite and 
hornblende or from elliptical objects such as elongate 
xenoliths and pebbles. The lineation is sub-horizontal 
( < 30°), plunging either NW or SE (Figure 5), that is in 
opposite directions due to later folding. The two trends 
reflect one strain regime. 

The mineral lineation is best developed on the S2 

plane in the schists. It is mainly defined by individual 
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Table 1. Summary of isotopic ages of Precambrian rocks in the wider Wadi Kid area. Bio, biotite; WR, whole rock; Zr, 
zircon. 

Formation Metamorphic grade 

Heib Fm. (rhyolitic flow) 

Heib Fm. (granitic pebbles) 

Tarr Fm. upper greenschist 

Umm Zarig Fm. amphibolite 

Malhaq Fm. amphibolite 

Metavolcanic Ataqa schists lower amphibolite 

(10 km N of Wadi Kid area) 

Def. diorite/tonalite 

Monzodiorite 

(150 km N of Wadi Kid area) 

Dykes 

Younger Granite 

minerals that grew in one uniform direction: amphi­
holes, sillimanite, andalusite, quartz and feldspar. 
Some mineral lineations are formed by elongated pods 
of biotite, muscovite and by quartzo-feldspathic seg­
regations. At some places the mica pods, andalusites, 
quartz and feldspars are mechaically elongated and 
define a stretching lineation (Figure 6a). It is conclud­
ed that the lineation was formed partly by stretching, 
partly by orientated growth. The stretching lineation 
indicates an extensional strain in NW-SE direction; this 
will be discussed later. In a number of cases the elon­
gated minerals, mainly andalusites and hornblendes, 
grew in random directions; this was observed in the 
Umm Zariq and Malhaq Fros. Their significance will 
likewise be discussed later. 

Elongated pebbles were found in the conglomerates 
of the high-grade parts of the Heib Fm., and elongated 
xenoliths in the deformed intrusives of the Quneia Fm. 
They are parallel to the general trend of the mineral 
lineation. 

Dykes 
The area is cross-cut by vertical felsic and mafic dyke 
swarms of Precambrian age. They are sub-parallel and 
strike 35 to 50°, i.e. NE-SW (Figure 7). Both types of 
dykes intruded at 590- 580 Ma (Halpern, 1980; Stern & 
Manton, 1987). This age is close to the D2 ages. Along 
with their orientation, the contemporaneity suggests 
that the intrusion was related to the Dz phase. 

Dyke swarms require lateral extension in the crust 
and the intrusion plane will be perpendicular to a-3 , 

the direction of greatest extension (Price & Cosgrove, 

Age in Ma Technique Reference 

770 ± 150 U-Pb (Zr) H.N.A. Priem (unpubl. data) 

848 ± 61 U-Pb (Zr) H.N.A. Priem (unpubl. data) 

735 ± 25 U-Pb (Zr) H.N.A. Priem (unpubl. data) 

616 ± 30 Rb-Sr (Wr) Halpern & Tristan (1981) 

609 ± 12 Rb-Sr (Wr) Bielski (1982) 

609 ± 12 Rb-Sr (Wr) Bielski (1982) 

600 ± 10 Rb-Sr (Wr) Ayalon et al. (1987) 

566 - 529 K-Ar Ayalon et al. (1987) 

608 ± 7 Rb-Sr (Wr) Siender et al. (1974) 

625 ± 5 U-Pb (Zr) Beyth et al. (1994) 

591±9 Rb-Sr (Wr) Stern & Manton (1987) 

580 - 530 K-Ar (Bio) Bielski (1982) 

Circle= 27 % 

Figure 7. Rose diagram of the orientation of the mafic and felsic 
dykes in the Wadi Kid area. 

1990). The dykes thus indicate extension in the NW­
SE direction at the time of Dz, the same direction as 
can be deduced from the stretching lineation. 

Evidence of non-coaxial strains during Dz 

Previously, Dz-structures have been interpreted as due 
to an irrotational and a coaxial strain regime (e.g. 
Reymer, 1983, 1984; Shimron, 1983, 1984). However, 
in the course of this study we consistently found that 
rotational strains were present. Several possible indica­
tors of non-coaxial strain were observed: extensional 
crenulation cleavage, S-C shearbands, rotated clasts 
with pressure shadows, asymmetric folds, deformed 
elliptical objects and quartz c-axis fabrics. The impor-
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Figure 8. R1!<P plots of deformed xenoliths, Quneia Fm., NE part of Wadi Kid area. a) The X-Z section reveals the asymmetry with respect to 
iP = 0 and the internal asymmetry. b) In the Y-Z section no asymmetry is visible. 

tance and reliability of these indicators will be dis­
cussed below. 

Figure 3 shows the distribution of shear indicators 
with the sense of shear and the recorded stretching 
and mineral lineations. The strain was evaluated for 
elliptical markers. 

Finite strain markers 

Throughout the Wadi Kid area, elliptical markers, 
namely xenoliths, conglomerate pebbles and boudins, 
were found. They can be used for a qualitative and 
quantitative strain analysis. These markers are regard­
ed as good indicators of the total finite strain (Lisle, 
1985), which is very useful in areas with a complicat­
ed strain history. Different methods were developed to 
determine the strain of deformed elliptical objects, tak­
ing into account that the initial shape was not spherical 
and that the markers had a non-random initial orienta­
tion. 

The tests for non-coaxiality were performed 
on deformed xenoliths, conglomerate pebbles and 
boudins. The xenoliths were used to perform a 
strain analysis with the R1/<I> method (Dunnet, 1969; 
Lisle, 1985). The deformed conglomerate pebbles and 
boudins were used for qualitative analysis and in this 
framework their relationships with other structural fea­
tures were studied. 

In the northeastern part of the Wadi Kid area, ellipti­
cal mafic xenoliths were found in a foliated and lineated 
syn-kinematic diorite which intruded during Dz (Fig­
ure 6b ). The foliation in the schistose xenoliths contin­
ues into the diorite. The stretching lineation of horn­
blendes in the diorite is sub-parallel with the longest 
axes of the xenoliths. 

The basic method, used to compute the strain, is 
that of Ramsay-Dunnet modified by Lisle (1985) for 
elliptical markers with an initial ellipticity (Ri)· This 
is a graphical method to compute the ellipticity of the 
strain ellipse (Rs) from Rt (the final ellipticity) and 
the angle between the long axis of the elliptical marker 
and the orientation plane, in the deformed state, <I> s. 

The results of the R1! <I> method were compared to the 
harmonic mean, H, which gives a good approximation 
of Rs (Lisle, 1977). 

The xenoliths in the Wadi Kid area have an elliptical 
form and show a uniform direction of their principal 
axes, with the longest axis (X-axis) sub-parallel with 
the mineral lineation. The Z-axis is the axis of greatest 
shortening, so that X > Y > Z. The foliation was chosen 
as the reference plane. The X : Z ratio was measured 
on a plane parallel with the lineation and perpendicular 
to the foliation. <I> 8 is the angle between the X-axis and 
the foliation in the case of the X-Z section, and that 
between the Y-axis and the foliation in the case of the Y­
Z section. <I> s was chosen positive when the orientation 
of the X-axis was dipping steeper to the southeast than 



the reference plane. The Y : Z ratio was measured on a 
plane perpendicular to the lineation and perpendicular 
to the foliation. 

Eighty-five measurements were made on the X-Z 
plane. The final ellipticity, Rf, for X-Z ranges from 
l.5S to 13.5. Figure Sa shows the R1/<I> plot for X-Z. 
The plot shows an asymmetric distribution of points 
around the mean vector <I>= 3.41°. From the R1/<I> dia­
gram, values for Rs = 4.6 and Ri = 2-2.5 are deduced. 
The harmonic mean, H, is 4.71. From Hand the R1!<I> 
plot it can be concluded that Rs = 4.6-4.7. The mean 
vector, <I>, is 3.41° and so the distribution of points is 
asymmetric with respect to <I> = 0. The longest axis of 
the plot is not parallel to the vertical base axis, reveal­
ing an internal asymmetry. 

Forty measurements were made on the Y-Z plane. 
The R1 for Y-Z ranges from 2.167 to 11. Figure Sb 
shows the R1/<I> diagram for Y-Z. The distribution of 
the points is symmetrical around the <I> = 0 axis. From 
the diagram, values for Rs = 4.?. ::inci Ri = 1.5-2.0 
are deduced. The harmonic mean, H, gives a value of 
3.95. Since His expected to give lower values than Rs 
(Lisle, 1977), 3.95 should be a good indication for the 
maximum of Rs in the Y-Z plane. 

Other deformed elliptical objects, such as elongat­
ed conglomerate pebbles and asymmetric elongated 
boudins, occur throughout the Wadi Kid area. The for­
mer were found in the relatively high-grade parts of 
the Heib Fm. in the central Wadi Kid area and the lat­
ter where S2 was developed. These elliptical objects 
have their longest axis sub-parallel with the mineral 
lineation and plunge slightly steeper to the southeast 
than the foliation, thus showing the same structural 
relationships with the lineation and the foliation as the 
xenoliths. The deformed conglomerates and boudins 
show, like the deformed xenoliths, a movement of the 
top block to the northwest. The identical morphology 
and structural relations of all the deformed elliptical 
markers indicate a similar deformation history for all 
the total finite strain markers. 

Conclusions on finite strain markers. The R1/<I> 
method is a suitable method to analyse the strain of 
the xenoliths, but additional data from statistic and 
geometrical methods are required to obtain a precise 
indication of the amount of strain and the initial form. 
Lisle (19S5) showed that H gives a good approximation 
for Rs and used this method in cases of asymmetric 
distribution in R1!<I> plots. Best values for the X : Y: Z 
relationship were calculated to be 4.6 : 3.95 : 1. From 
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this relationship it is clear that a large component of 
flattening is present. 

The mean vector of the X-Z plane is 3.41° and thus 
asymmetric with respect to <I> = 0. The R1/<I> plot for 
this plane also shows an internal asymmetric distribu­
tion. The mean vector <I> for the Y-Z plane is close to 
0° and the R1/<I> plot shows a symmetric distribution, 
and thus no asymmetry with respect to the reference 
plane exists. Internal asymmetries in R1!<I> plots are 
ascribed to a preferred initial orientation of the ellip­
tical objects (Lisle, 19S5), which can be explained by 
the fact that xenoliths in syn-kinematic intrusions will 
have a preferred initial orientation. The asymmetry 
with respect to <I> = 0 is best explained as due to non­
coaxial deformation (Le Theoff 1979, Choukroune et 
al. 19S7). The X-axis is parallel to the stretching lin­
eation but plunges steeper to the southeast than the 
foliation and lineation, and thus the finite strain mark­
ers indicate a NW-vergent movement of the top block 
riming ::i ree;ion::il she::ir event. 

The deformed pebbles, xenoliths and boudins show 
the same relationships with other structural features: 
lineation and foliation. Since they were deposited or 
initially formed under different conditions, their final 
stage of deformation must have been similar. The 
asymmetry is found in the X-Z plane, parallel with the 
lineation and the movement direction. No asymme­
try was observed in the Y-Z direction. This indicates 
non-coaxial deformation with the axis of rotation per­
pendicular to the X-Z section and movement of the top 
block to the northwest. 

Kinematic indicators 

Rotated clasts 
Rotated clasts with asymmetric pressure shadows were 
observed in a number of thin sections from the Wadi 
Kid area (Figure 6c ). They are regarded as good indica­
tors of the sense of displacement (Simpson & Schmid, 
19S3) if applied as indicated by Ten Brink (1996). 
The rotated pressure shadows are of the displacement­
controlled type with deformable fibers. These fibers 
indicate relatively high temperatures, allowing dynam­
ic recrystallization. Table 3 and Figure 3 show that 
shear took place in two opposite directions, with the 
top-to-the-NW direction dominating. Some clasts are 
accompanied by symmetric pressure shadows. This 
can indicate a component of coaxial deformation, or a 
reversal of the shear direction, re-deforming the fibers. 
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Table 2. Results of quartz c-axis study of samples from the Wadi Kid area. For locations see Figure 9. 

Sample Rock type Metamorphic Fabric Likely slip system Movement Movement Comments 

grade group deduced deduced from 

(see text) from other features 

quartz 

c-axis 

fabrics 

B 18 hbl-bio schist amphibolite 3 basal <a> and ± NW NW (e.c.c. and A component 

rhomb <c +a> rotated clasts) of flattening 

B20 hbl-bio schist amphibolite 2 prism <a> with basal SE NW (e.c.c.) 

<a> 

B29 hbl-bio schist upper greenschist - 2 prism <a> with basal SE SE (rotated cl as ts) A component 

lower amphibolite <a> and rhomb <a> of flattening 

p 61 hbl-bio schist upper amphibolite 3 basal <a> and ± NW NW (e.c.c.) A small component 

rhomb <c +a> of flattening 

p 16 and-gnt-bio schist amphibolite 3 basal <a> and ± SE NW (e.c.c.) Outcrops in this area 

rhomb <c +a> show SE shear 

p 17 sill-gnt-bio schist amphibolite 3 prism <a> with basal SE SE (e.c.c.) A component 

<a> of flattening 

p 17 rle.fmme.rl ton"lite. - 2 prism <a> with basal NW NW (deformed A small component 

<a> xenoliths) of flattening 

P39 deformed tonalite - 3 prism <a> and ± NW A component 

<c +a> of flattening 

WJ9 and-gnt-bio gneiss amphibolite basal <a> and minor NW NW (e.c.c.) 

prism and rhomb <a> 

WJ22 deformed granite basal <a> with NW Deformed younger 

significant rhomb <a> granite 

WJ29 bio schist greenschist 2 prism <a> with basal NW NW (e.c.c.) A component 

<a> of flattening 

WJ 42 bio schist greenschist basal <a> SE NW (rotated cl as ts) -

Extensional crenulation cleavages 
Throughout the area, extensional crenulation cleavages 
( e.c.c.) were observed. They develop in the late stages 
of shear zone activity (Platt & Vissers, 1980) and are 
regarded as a good indication of local shear movement. 

phism and so the SE sense of shear postdated the NW 
sense of shear. 

The e.c.c.'s in the Wadi Kid are found both on 
mesa-scale (Figure 6d) and on micro-scale. They con­
tain biotites, white micas, hornblendes and andalusites, 
depending on the metamorphic assemblage in the 
country rock. Table 3 and Figure 3 show that the 
e.c.c.'s, like the rotated clasts, display top-to-the-NW 
as well as a top-to-the-SE shear, with the NW transport 
dominating. Hornblende occurs mostly in the e.c.c.'s 
with a sense of shear to the northwest. White mica 
appears in e.c.c.'s with a NW sense of shear as well 
as in e.c.c.'s with a SE sense of shear, but is relatively 
abundant in the latter e.c.c.'s. We relate the formation 
of the white mica with a phase of retrograde metamor-

Asymmetric folds 
Although asymmetric folds can be used as shear indi­
cators, they are not very reliable (Bell & Hammond 
1984). Their reliability improves when they are viewed 
perpendicular to the stretching lineation, as was done 
in this study. During progressive deformation, fold 
axes tend to rotate parallel to the movement direction 
and are thus of little value in determining the sense of 
movement. The few asymmetric folds that were found 
in the Wadi Kid area indicate a NW sense of shear. 

Quartz c-axes as indicators for non-coaxial 
deformation 

Quartz fabrics record deformation caused by plastic 
deformation mechanisms and can give information 
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Figure 9. Locations and quartz c-axis fabrics of the studied samples listed in Table 2. Contour interval = 2.0%, significance level = 3.0. 

about the type and conditions of deformation (Price, 
1985). Coaxial deformation produces symmetrical pat­
terns with respect to the principal axes of finite strain 
and thus with respect to the foliation, whereas non­
coaxial deformation produces an asymmetric fabric. 
The latter points to a mylonitic origin of a schistose 

rock. The type of slip system in the quartz grains can 
be deduced from the quartz c-axis fabric, thus provi­
ding an indication of the relative temperature at which 
the deformation took place. 

The samples used in the quartz c-axis studies were 
cut parallel to the lineation and perpendicular to the 
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SE 

S2 foliation 

Figure 10. Positions of the different maxima in the quartz c-axis 
plot. 

foliation. Twelve samples were chosen from the Wadi 
Kid Complex. A minimum of 125 grain measurements 
were made on each sample. Figure 9 shows the loca­
tion and quartz fabrics of the studied samples. Figure 
10 shuws lh1;; position of the different maxima in a 
quartz c-axis plot (after Fueten et al. 1991); this plot 
was used for the interpretation of the fabrics. Table 2 
summarizes the results of the quartz c-axis studies. On 
the basis of their patterns, the quartz c-axis fabrics were 
divided into three groups. These groups indicate differ­
ent slip systems and consequently different conditions 
of deformation. 

Samples WJ 9, WJ 22 and WJ 42 belong to the first 
group. Their fabrics display single girdles and maxi­
ma are best developed at I or II. The maxima are at 
angles of 30° with the lineation. This fabric indicates 
slip along the basal plane in the <a> direction plus 
minor activity on the rhomb and prism in an <a> direc­
tion and is indicative of relatively low temperatures of 
deformation (Jessel & Lister 1990). 

WJ 42 comes from the transitional area between 
low-grade and high-grade Heib Fm. and formed at rel­
atively low temperature. The fabric asymmetry indi­
cates top-to-the-NW movement. Rotated clasts in this 
sample show a reverse shear direction. Quartz c-axis 
fabrics will, in most cases, record the last stages of 
deformation (Lister & Hobbs 1980) and it is also like­
ly that the last increments of deformation will be con­
centrated in the quartz-rich bands. The rotated clasts 
are thus indicative of the earlier stages of deforma­
tion and the quartz fabric of WJ 42 is reflecting a later 
overprint. Sample WJ 9 shows the same characteristics 
of deformation as WJ 42, but the mineralogy of this 
rock indicates a higher metamorphic grade. The fab­
ric shows movement of the top block to the northwest 
indicating deformation after peak metamorphism. 

Sample WJ 22 did not show any macroscopic or 
microscopic shear indicators, but a clear quartz fab­
ric asymmetry was observed, indicating movement of 
the top block to the northwest. The c-axis fabric indi­
cates basal <a> slip with a significant rhombic compo­
nent, which takes place at low to medium temperatures. 
From WJ 22 it can be concluded that deformation con­
tinued to take place until the later stages of cooling 
and thus relatively late in the development of the Sinai 
basement. 

The second group of quartz c-axis fabrics is distin­
guished from other groups by the fact that the fabrics 
contain a maximum at III. This maximum is connected 
with the maxima and I and/or II via a girdle, depending 
on the shear-direction. The maximum at III indicates 
that the prism <a> slip system was active, which indi­
cates that deformation took place at medium tempera­
tures (Tullis et al. 1973, Schmidt & Casey 1986). The 
basal <a> and prism <a> slip systems are thus active 
in this group. 

Samples B 20, B 29, P 37 and WJ 29 belong to this 
group. In sample B 29, c-axes appear between III and 
I, indicating that also the rhomb <a> slip system was 
active and that deformation took place at intermediate­
high temperatures. This sample indicates a movement 
of the top block to the southeast. Sample WJ 29 is a 
biotite schist from the high-grade part of the Heib Fm. 
near the contact with granitoid rocks. It displays a NW­
vergent sense of shear. Sample B 20 is from the relative­
ly high-grade rocks of the Malhaq Fm. and indicates 
a top-to-the-SE movement. Sample P 37 comes from 
the slightly foliated tonalites in the Wadi Quneia/Wadi 
Ratma area and displays a movement of the top-block 
to the northwest. It shows less evidence for rhomb slip, 
as the prism and basal sections are more isolated. 

The samples of the third group have strong maxima 
at I and at II, but in all cases one of the two maxima 
was better developed than the other and no maxima are 
found in III. The angles between the I and II maxima 
are 50°. They resemble small-circle girdle fabrics and 
are a special case of type-I crossed girdles (Schmidt 
& Casey 1986). This fabric shows strong flattening. 
The active slip systems were basal <a> with rhomb 
<c+a>, indicative of deformation at medium to higher 
temperatures. 

Samples B 18, B 61, P 16 and P 39 belong to this 
third group. Samples B 18 and B 61 are from the high­
grade biotite schists of the Malhaq Fm. Both show 
a NW sense of shear with a rather strong flattening. 
Sample P 16 is from the high-grade metapelites of the 
Umm Zariq Fm. The fabric indicates movement to the 



southeast but other shear indicators in this sample show 
a NW movement. At other outcrops in this area SE­
vergent shear indicators were observed. Sample P 39 
is from the gneissic tonalites of the Quneia Fm., and 
displays a NW sense of shear. 

All studied samples show a well-developed quartz 
c-axis fabric. The individual fabrics display an asym­
metry, indicating non-coaxial deformation. The three 
groups were distinguished on the basis of the fab­
ric, which is related to the temperature of deforma­
tion. Deformation temperatures vary from n~lative­

ly low to intermediate-high metamorphic conditions. 
The single-girdle fabrics (group 1) come from the 
lower-grade rocks, which are found at the upper struc­
tural levels. Higher-grade rocks (groups 2 and 3) were 
deformed at higher temperatures and are from a struc­
turally lower level throughout the complex. These 
high-grade samples show a more coaxial type of defor­
mation. Movement reversals appear also in the quartz 
c-axis fabrics and will he discussed later. 

Sample WJ 22 shows non-coaxial deformation in a 
relatively late granite (530 Ma, Bielski 1982) implying 
that the deformation continued after the intrusion of 
this body. 

Discussion 

Interpretation of regional structural data 

Our study indicates that in the Wadi Kid area a clear 
distinction can be made between D1 and D2 structures 
on the basis of the types of structures and their meta­
morphic grades. The D1 structures consist of an axial 
planar slaty cleavage, namely S1 foliations related to 
F1 isoclinal folds. The F1 folds in lower-grade rocks 
were formed in a compressional regime. No indicators 
of non-coaxial deformation were observed in these rel­
atively low-grade rocks. 

The second deformation phase, D2, formed a flat­
lying foliation (S2) which is the most important struc­
ture in the area. The abundant evidence of asym­
metry indicates that the areas of intense foliation­
development mark D2 shear zones. 

The elongated minerals, formed on S2 surfaces, 
are mostly orientated in NW-SE direction. Stretch­
ing of the elongated minerals indicates that peak­
metamorphism started before or during D2 . The 
growth in a preferred parallel orientation of horn­
blende, andalusite and sillimanite indicates that peak­
metamorphism continued during D2 . Randomly orien-
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tated hornblendes and andalusites were also found and 
could indicate either that peak-metamorphism outlast­
ed D2 or that the randomly orientated minerals grew 
in low-strain pockets, implying that the strain regime 
was not active through the whole shear zone during 
the entire deformation phase. The latter interpretation 
seems to fit best the observations in the Wadi Kid area. 

The Wadi Kid area is cross-cut by dykes in NE­
SW direction, perpendicular to the NW-SE trending 
lineation. This indicates that extension took place in 
NW-SE direction. 

The indicators of non-coaxial strain were only 
found in the areas where S2 was developed. Table 3 
summarizes the different types of shear indicators with 
the sense of movement. Deformed pebbles, boudins 
and xenoliths are indicators of total finite strain and 
all show a non-coaxial deformation with movement 
of the top block to the northwest. Other non-coaxial 
shear indicators, such as rotated clasts with pressure 
shadows, extension;:il crem1fation de;:iv;:iges ;:ind q1rnrtz 

c-axis fabrics, predominantly produce a NW sense of 
shear but some indicate the reverse direction. From the 
structural map (Figure 3) it is difficult to indicate cer­
tain areas with one sense of shear and other areas with 
the reverse sense, but it was rare that within one outcrop 
(i.e. on a metre scale) shear indicators with opposite 
sense were found. The distribution of the sense of shear 
is thus heterogeneous. 

The duality in shear sense may be ascribed to coaxi­
al deformation when flexural slip took place in different 
limbs of a fold. However, this does not agree with the 
trend of the S2 foliation and the direction of extension, 
nor with many of the asymmetric features. Because 
these latter features are abundant and form synthetical­
ly a well-developed stretching lineation, the foliation 
can be interpreted as a mylonitic foliation resulting 
from flat-lying shear zones. The main movement of the 
top block in the Wadi Kid area was interpreted to be 
to the northwest, since finite strain markers and some 
70% of the shear indicators were found to indicate a 
NW sense of shear. 

A core-complex model for the Wadi Kid area 

A cross section of the Wadi Kid area according to 
our interpretation is shown in Figure 11. The relation­
ship between the sub-horizontal mylonitic sequences 
formed in an extensional regime, the upper-crustal low­
grade rocks related to an early compressive tectonic 
phase, the high metamorphic gradients, and the syn­
tectonic granitoids as observed in the area, indicate 



260 

Wadi Kid Complex 
SE NW 

Shear reversal due to doming 
(shear to SE) 

·~ 

/ 

P' 

Mylonitic formations 
(e.g. Malhaq Fm.) 

Granite 

Contact low- and high­
grade rocks (detachment 
fault) 

D 

Low-grade formations 
(e.g. Beda Turbidites) 

Post-Precarn brian 
sedimentary cover 

Main ahcar direction 

P' 

Defonned intrusives 
(Quneia Fm.) 

FJ folds and 

S1 foliation 

Figure 11. Schematic interpreted cross-section through the Wadi Kid Complex. High-angle normal faults were formed during the opening of 
the Gulf of Aqaba in the Miocene. The sedimentary cover is found to the northwest of the Wadi Kid area mapped in Figure 1. Length of section 
is approximately 50 km, height is approximately 10 km. 

Table 3. The numbers and senses of movement of the different 
shear indicators, observed in the Wadi Kid area. The majority of 
them indicate a NW-vergent sense of shear. 

Type of shear sense indicator Macro. Micro. 

NW SE NW SE 

Deformed elliptical objects 10 

Rotated clasts 5 4 12 5 

Extensional crenulation cleavage 20 11 21 8 

S-C fabrics 1 
Asymmetric folds 6 

Quartz c-axis fabrics 7 5 

together a core-complex development. This is inves­
tigated below. Much has been published about core 
complexes in a variety of localities such as the Basin 
and Range province, U.S.A. (Davis 1980, Davis & Lis­
ter 1988), the Canadian Cordillera (Malavieille, 1987; 
Liu & Furlong, 1993), the Aegean Sea, Greece (Lister 
et al., 1984), and Variscan core complexes in the Mas­
sif Central, France (Malavieille 1993). Below, some of 
the most important characteristics found in these core 
complexes are reviewed and compared to those of the 
Wadi Kid Complex. 

The ideal core complex consists of a core of grani­
toids, gneisses and other lower crustal rocks, overlain 
by a major mylonite zone. Relatively low-grade rocks, 
preserving relicts of an earlier deformation phase, over­
lie this zone. The mylonite zone tends to be sub­
horizontal with a near-constant direction of the stretch­
ing lineation through the whole area (Davis, 1980). 
The mylonites form at depths of at least 10 km and at 
temperatures of at least 500 °C, with a thermal gradi­
ent of 2 50°/km, and at pressures of 3.5 to 4.5 kbar 
(Davis & Lister 1988). The mylonitic zones normally 
have a thickness of about 1 km but may reach a thick­
ness of 3.5 km (Davis & Lister 1988). The mylonitic 
rocks are generally interpreted as gently dipping low­
angle normal shear zones of the type envisaged by 
Wernicke (1985), and are related to continental exten­
sion. The mylonites contain indicators of non-coaxial 
deformation which show the general direction of move­
ment. However, in many cases a mixed mode of defor­
mation, i.e. non-coaxial and coaxial deformation, is 
found and reversal of the sense of shear is observed 
(Malavieille 1993). The complicated deformation his­
tory makes kinematic interpretation difficult but this is 
characteristic of strain development in an extensional 
core-complex setting (Malavieille 1993). Undeformed 



younger intrusives cross-cut all other sequences of the 
complex. 

The core in the Wadi Kid metamorphic complex 
consists of deformed tonalites and diorites of the 
Quneia Fm., which have a gneissic appearance. Gneis­
sic rocks were also described in other parts of the Sinai 
(Shimron 1980, Stern & Manton 1987). The mylonitic 
Malhaq and Umm Zariq Fms and the northern and 
western high-grade parts of the Heib Fm. form the 
mylonitic drape over the core. This drape is approxi­
mately 1.5 km thick. These formations contain a sub­
horizontal foliation with a constant NW-SE trending 
stretching lineation. The low-grade rocks of the Heib 
Fm., overlying the mylonitic formations, form the 
upper part of the core complex, with the D1 com­
pressive phase as a relict of an earlier deformation 
event. Metamorphism in the mylonitic formations is of 
a LP/HT type (Shimron 1987). The thermal gradient 
was:'.'.'. 50° /km and the foliated formations were formed 
at a depth of at least 10 km (Reymer et al. 1984). 

In the Wadi Kid area a large variety and large num­
ber of shear sense indicators were observed. The axis of 
rotation of the sense of asymmetry from the kinematic 
indicators is always perpendicular to the stretching lin­
eation. About 70% of the shear sense indicators show 
movement of the top block to the northwest; the rest 
shows movement to the southeast (Table 3). Part of 
the non-coaxial strain markers show a coaxial com­
ponent. All the finite strain markers, indicators of the 
total strain, point to a sense of shear to the northwest. 
For this reason the mylonitic formations are interpreted 
as low-angle shear zones with a movement of the top 
block to the northwest. 

The formation of core complexes is accompanied 
by extensive magmatism. Basaltic intrusives and syn­
kinematic dykes intruded perpendicular to the direc­
tion of extension (Anderson & Cullers 1990, Hazlett 
1990). Diorites and granodiorites, often syn-kinematic, 
are the oldest intrusives in core complexes (Barton 
1990, Anderson & Cullers 1990). Younger granitoids, 
intruded during the extensional phase, have a more 
alkaline granitoid composition (Barton 1990, Ander­
son & Cullers 1990). In the Wadi Kid area the dykes 
strike NE-SW, perpendicular to the lineation and thus 
indicating extension in the NW-SE direction during D2• 

The older intrusives are I-type granitoids, and younger 
intrusives are A-type alkaline granites (Ahmed et al. , 
1993). In other parts of the Arabo-Nubian Shield the 
older I-type granites are interpreted to have been relat­
ed to a phase of crustal thickening during orogenic 
compression, while the A-type granites are interpreted 
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to have been related to extension and crustal thinning 
when melts were arising from the mantle (Beyth et al. 
1994, Greiling et al. 1994). 

The features observed in core complexes such as 
that in the Wadi Kid area, are best explained as deve­
loping during orogenic collapse (Dewey 1988). The 
orogenic history starts with a period of compression 
and crustal thickening. When convergence slows down, 
thermal re-equilibration will start. Erosion and convec­
tive thinning of the root will cause extension and asso­
ciated with this, there will be an increase in magmatic 
activity. The thermal gradient will increase rapidly. 
The extension may be accommodated by low-angle 
shear zones (Wernicke 1985). The metamorphism will 
show a clockwise P-T-t path, characterizing uplift in 
an extensional setting after a compressional phase, as 
is the case in the Wadi Kid area. 

Reversal in the sense of shear and coaxial overprint 
in core complexes 

The presence of opposing senses of shear and of com­
ponents of coaxial deformation posed problems in the 
kinematic interpretation of the Wadi Kid area, where 
some 70% of the shear indicators show a top-to-the­
NW movement and the rest shows movement to the 
southeast. Since all finite strain markers show the top­
to-the-NW movement, the main deformational event 
is interpreted to have this sense of shear. Reversal of 
shear sense and minor components of coaxial defor­
mation are regarded as characteristic features of core 
complexes (Malavieille 1987, 1993, Davis & Lis­
ter 1988, Spencer 1984, Reynolds & Lister 1990, 
Gautier & Brun 1994). Reynolds & Lister (1990), 
Malavieille (1993) and Gautier & Brun (1994) sug­
gested that upward bending of the lower plate as an 
isostatic response to tectonic denudation and doming 
above plutons can cause shear reversal. In such cas­
es the shear zone will undergo uplift and flexure, and 
parts of the shear zone will eventually dip to the oppo­
site direction. Movement in the initial direction will 
stop in these parts of the shear zone, and reverse move­
ment will start. The reverse sense of shear is thus a 
later overprint feature. 

Gravimetric and aeromagnetic studies indicate the 
presence of elongate NE-SW trending intrusive bodies 
in the Sinai (Folkman & Assael 1980a, b, Ghazala 
1995). The reversal of shear sense took place in the 
later stages of the development of the Wadi Kid area 
and is thus related to the intrusion of the younger NE­
SW trending granitic plutons near this area, when uplift 
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Figure 12 . Model for the different stages of the formation of the Wadi Kid Core Complex. At stage A, shortening took place with subduction in 
an island-arc setting, and extensive crustal thickening (D1). At stage B, convection at the root initiated extension. At C the actual collapse started 
with the formation of low-angle normal faults, including the detachment fault (D2a)· At stage D granitoids intruded, causing local reversal of 
the sense of shear due to upwarping of the detachment fault (D2b) · Stage E shows the situation as observed today (Figure 11) with the late 
Precambrian shear directions. Ages are interpreted from literature data (Table 4). 
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Table 4. Timing of the different phases of metamorphism and deformation in the Wadi Kid area 
as deduced from the literature (see 'Geological background'). 

Age Deformation Deformation features Metamorphism (facies) 

pre-620 Ma* 

620-560 Ma* 

Di S1, F1 folds Mi (lower greenschist) 

Mz (upper greenschist to 

amphibolite) 

Dz (Main phase) S2, lineation, deformed 

elliptical objects, rotated 

clasts, e.c.c.'s, asymmetric 

folds, quartz c-axis fabrics 

post-560 Ma Dz (Shear sense 

reversal) 

• In the literature (e.g. Bielski 1982, Halpern & Tristan 1981) some Dz rocks were dated pre-620 
Ma, whereas D1 was also dated at pre-620 Ma. To the north, older ages were recorded for D1. No 
dates are available for the low-grade rocks in the Wadi Kid area (e.g. the Beda Turbidites). These 
dates, interpreted by Bielski (1982) and Halpern & Tristan (1981) as Di , may very well reflect 
D2 ages. Mafic xenoliths resembling rocks of the Malhaq and Heib Fms were found in deformed 
diorites dated at 620 Ma and indicate that volcanism took place well before 620 Ma ago. 

at LP /HT conditions occurred. These intrusions caused 
the uplift and flexure of the shear zone, and normal 
movement to the southeast started at their southeasterly 
sides. The SE movement, as recorded in some 30% 
of the shear indicators, is thus an overprint. This is in 
accordance with our metamorphic studies, which show 
that white micas are predominantly present in the SE­
vergent shear-indicators. The SE movement was due to 
normal movement in a shear zone along the SE side of 
an intruding granite, northwest of the Wadi Kid area, at 
the later stages of the formation of the core complex. 
Ayalon et al. (1987) found evidence in amphibolite 
schists for a second thermal pulse at 560- 530 Ma, after 
the main phase at 600 Ma. This phase can be related 
to the intrusion of younger plutons and so the shear 
reversal event can be dated at 560- 530 Ma. 

The general trend of the quartz c-axis fabrics shows 
a transition from a stronger coaxial component at the 
lower structural levels to a stronger non-coaxial com­
ponent at higher structural levels. This is in agreement 
with findings of Malavieille (1993) for quartz c-axis 
studies of the core complexes in the Basin and Range 
province, U.S.A. He concluded that low-angle normal 
shear zones will show a strain distribution through such 
a shear zone as described above for the quartz c-axis 
fabrics, contrary to compressional settings, where a 
homogeneous distribution of strain is to be expected 
(Malavieille 1993). He attributes this variation in the 
style of deformation through extensional shear zones 
to the different amount of rotational strain between the 
highly deformed upper crustal rocks of the hanging 
wall and the less deformed basement in the footwall, 
below the shear zone. This 11lso explains the coaxial 

component of strain, as observed in the deformed xeno­
liths within the gneissic lower-crustal diorites. Male­
vieille (1993) also demonstrated that deformation, in 
the shearzone, will be increasingly non-coaxial away 
from the axis of the dome. This all explains the com­
plex strain patterns in the Wadi Kid area. 

A model for the tectonic history of the Wadi Kid area 

Our model for the tectonic development of the Wadi 
Kid area in the late Precambrian is summarized in Fig­
ure 12 and Table 4. In an island-arc setting, volcanics of 
the Heib and Tarr Fms were deposited prior to 620 Ma. 
In this period, compression caused by the subduction 
was responsible for the D1 deformation phase. At the 
same time, or slightly afterwards, I-type granitoids 
intruded. After a phase of crustal thickening related to 
the subduction of an oceanic plate, orogenic collapse 
started with extension in NW-SE direction, starting at 
620 Ma. The schistose units of the Malhaq, the Umm 
Zariq, and the northern and western Heib Fms, and 
the deformed tonalites and diorites testify to the low­
angle shear zone. During the extensional phase, dyke 
swarms intruded with a NE-SW strike. All the units 
were intruded by granites. The main movement along 
the shear zone was to the northwest, as deduced from 
the indicators of finite strain. Doming of younger NE­
SW trending granitoid bodies near the Wadi Kid area 
caused upwarping of the main shear zone and reversal 
of the sense of shear. The heterogeneous strain dis­
tribution through the shear zone was responsible for 
the coaxial component as observed in the deformed 
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xenoliths and the c-axis fabrics. Deformation contin­
ued until after intrusion of the late granites. 

The core-complex model explains why the D1 

shortening phase is only found at the upper crnstal lev­
els, while the horizontal cleavage is observed at lower 
crustal levels. 

Conclusions 

The Precambrian rocks in the Wadi Kid area display 
two main phases of deformation: D1 and D2 . The 
present study offers new data and interpretations and 
leads to the following conclusions: 

1) D1 is a compressional phase related to island-arc 
subduction as recorded from F1 folds and the S1 

foliation. It took place before 620 Ma. 

2) A D2 deformation phase, dated at 620- 580 Ma, 
was responsible for the main structural features in 
the area, i.e. the sub-horizontal foliation and the 
well-developed stretching lineation. The foliation 
was formed due to mylonitization in a low-angle 
normal shear zone. The mineralogy indicates that 
the deformation took place at LP/HT conditions. 

3) Shear indicators and quartz c-axis fabrics confirm 
that non-coaxial deformation took place. Finite 
strain markers such as deformed xenoliths and peb­
bles indicate a movement of the top block to the 
northwest in the shear zones. Most of the shear indi­
cators, such as rotated clasts with pressure shad­
ows, extensional crenulation cleavage, and quartz 
c-axis fabrics also indicate NW-vergent shear, but 
some indicate movement to the southeast. 

4) The reversal of movement along mylonites was 
caused by upwarping due to the intrusion of gran­
itoid bodies near the Wadi Kid area at the latest 
stages of the Pan-African orogenesis, 560- 530 Ma 
ago. 

5) Dyke swarms, dated at 590-580 Ma, striking NE­
SW and perpendicular to the lineation indicate 
extension in NW-SE direction. 

6) The structures and metamorphism observed, sup­
port a core-complex model for the Wadi Kid area. 

7) The transition from the D1 compressional regime 
to the D2 extensional regime was due to orogenic 
collapse. 
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