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Abstract A low-to medium-grade metamorphic belt of a
volcano-sedimentary succession occurs in the eastern side
of South Sinai as a part of the northernmost extension of
the Arabian—Nubian Shield in Egypt. The belt is known as
the Kid metamorphic complex. It is considered as one of
the major belt among the other exposed metamorphic belts
in South Sinai. Here, we detect and investigate the signature
of the Najd Fault system in South Sinai based on detailed
structural analysis in field and digital image processing.
The enhanced satellite image and the geo-spatial distribu-
tions confirm that the Kid belt is essentially composed of
nine Precambrian units. Field relations and geometrical
analysis of the measured structural data revealed that the
study area underwent four successive deformational phases
(D,—D,). D is an upright tight to isoclinal large-scale folds
that caused few F, small-scale folds and a steeply dipping
S, axial plane foliation. The second deformational event D,
produced dominant of sub-horizontal S, foliation planes
accompanied with recumbent isoclinal folds and NW-SE
trending L, lineations. The main sense during D, was top-
to-the-N'W with local reversals to the SE. The third folding
generations F; is recorded as axial plane S;-surfaces and is
characterized by open concentric folding that overprinting
both F, and F, folds and has a flexural-slip mechanism. F;
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fold hinges plunge to the west—northwest or east—south-
east indicate north—northeast—south—southwest shortening
during Ds;. The fourth deformational event D, is charac-
terized by NE plunging open concentric folding overprint
the pre-existing fold generations and formed under flexural
slip mechanism reflecting coaxial deformation and indicat-
ing change in the stress regime as a result of the change in
shortening from NE-SW to NW-SE. This phase is prob-
ably accompanied with the final assembly of east and west
Gondwana. The dextral NW-SE shear zone that bounded
the southwestern portion of the metamorphic belt is prob-
ably related to reactivation of the Najd fault system during
Oligo-Miocene in South Sinai.

Keywords Kid metamorphic complex - Image
processing - Shear zone - Structure analysis - Najd fault
System

Introduction

The Kid metamorphic complex (KMC) is an elongated
NW-trending metamorphic complex of volcano-sedimen-
tary succession. It is located directly to the southeast-
ern part of Sinai between latitudes 28°27" and 28°10" and
longitudes 34°10" and 34°27', covering a surface area of
about 550 Km? (Fig. 1a). It is characterized by a thick suc-
cession of island arc sequence and classified into various
Precambrian tectonostratigraphic units of distinct nature,
contacts and extent (Shimron 1980; Reymer and Yogev
1983; Furnes et al. 1985; El-Gaby et al. 1991; Abu El-Enen
2008; Eliwa et al. 2008; Fowler et al. 2010a, b; Shalaby and
Shawky 2014). The KMC underwent polyphase progres-
sive deformation and metamorphism ranging from green-
schist to upper amphibolite facies conditions (Reymer et al.
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Fig. 1 Location and physiographic maps. a Location map showing
South Sinai metamorphic belts: Taba belt (7B) and Kid metamor-
phic complex (KMC) are located on the Gulf of Aqgaba, Feiran—Solaf
belt (FSB) near the Gulf of Suez, whereas Sa’al Zaghraa belt (SZB) is

1984; Navon and Reymer 1984; Abu El-Enen and Mak-
roum 2003; Brooijmans et al. 2003; Abu El-Enen et al.
2004). In addition, the regional metamorphism reached low
P amphibolite facies conditions during D, (Halpern and
Tristan 1981; Shimron 1984b; Reymer and Oertel 1985;
Blasband et al. 1997; Fowler et al. 2010a, b). It is moder-
ately rugged/mountainous and encompasses several major
peaks (Fig. 1b).

The current study is field-based structural analysis aim-
ing at reconstructing the tectonic history of KMC using
remote sensing techniques. Resolving the extension of NFS
in south Sinai is also considered.

Remote sensing data and enhancement methods

Landsat Enhancement Thematic Mapper Plus (ETMY)
data, ASTER GDEM, and IKONOS images acquired
from Google Earth. These data were digitally processed
using ERDAS imagine 9.2 and ArcGIS 9.3.1 software
to discriminate and map the lithological units and the
structural features. The Landsat ETM™* 7 scene acquired
in the late summer season (September 2000) covering
the investigated area have been radiometrically balanced
and processed. Many techniques of image enhancement
are applied to achieve the best methods used to iden-
tify the different rock units. These methods comprise,
band rationing, convolution filters, principal component
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located in the central part of South Sinai. Lineament pattern shown
on the map is referred to Najd fault system in South Sinai; b Physi-
ographic map of the study area shows the drainage system (Wadis/
valleys; W) and the most peaks/mountain (G)

analysis (PCA), and contrast stretching. On the other
hand, the directional filtering of (ETM* 7) and hill shade
technique and classified elevation of ASTER GDEM and
IKONOS images are used to extract the major lineaments
of the study area. Interpretation of the enhanced space-
borne data depends typically on the spectral signatures of
the earth resources on the land cover and its physical and
chemical composition. The space-born data of the pre-
sent work include a Landsat ETM* 7 dated 2000 for path
174/row 40 with the spatial resolution 15 m after reso-
lution merges of multispectral and panchromatic bands.
The image is cloud free and it was rectified into a UTM
projection.

Band ratios are utilized for the rock unit identification
in a space-borne data where the various minerals reflect
more brightly at various wavelength and exact ratios
can identify the relative dissimilarity in reflectance val-
ues (Sultan et al. 1987a, b; Kusky and Ramadan 2002;
Inzana et al. 2003; Gad and Kusky 2006; Gad 2007; Sul-
tan 2011; Arnous and Sultan 2014; Arnous 2016). The
specific band ratios such as (3/4, 5/4, 5/7, and 5/1) are
affected by the physical and chemical composition of the
constituents rock minerals (Sultan et al. 1987a, b). The
IKONOS images are used in the current study as base
maps for detailed field investigation. They also used to
verify the geological contacts of enhanced ETM* 7 and
to extract structural lineaments.
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Image processing analysis

The correlation coefficient and the scatterograms of the
study area show that the lowest correlation is between
bands 1 and 7 followed by bands 1 and 5. On the other
hand, the correlation between the two infrared bands 5 and
7 is very strong; therefore, band 5 is excluded. Obviously,
the correlation among the three, visible bands 1, 2, 3 are
very high as a true color composite image in RGB. There-
fore, bands 2 and 3 are also excluded. Correlation between
band 1 and band 4 and also between band 7 and band 4
are weak. Consequently, the optimum triple band combi-
nation that is less correlated and contains abundant infor-
mation with lowest or no redundancies are bands 7, 4, 1
that are assigned to RGB pseudocolor band combination,
respectively. Different rock units are expressed by different
colors; for instance, granitoids appear as yellowish brown
(2 in Fig. 2), whereas metavolcanics and metasediments
appear as reddish brown (1 in Fig. 2), while the pyroclas-
tics appear as green color (Fig. 2).

Principal component analysis

The eigenvectors results of the six principal components
(PCs) of the enhanced ETM* image (Fig. 3) clarify that
the (PC4) is highly loaded with band 7 (66%) and also
(PC5) is highly loaded with band 4 (66%). The visual view
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Fig. 2 Landsat ETM* 7 (FCC) image (bands 7, 4, I in R, G, B) of
the Kid metamorphic complex
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Fig. 3 Statistical relationship between eigenvectors of six principal
components of the enhanced Landsat ETM* 7 image

of the fifth principal component is excluded, because it is
failed to discriminate the different types of the metamor-
phic rocks (Fig. 4). The third principal component is highly
loaded with band 4 (55%) and the (PC2) is highly loaded
with band 1 (47%). On the other hand, the visual compari-
son of each principal component image confirms the results
of the eigenvectors, in which PC4, PC3, and PC2 in RGB
respectively are the best principal components for litho-
logic mapping.

The composite image (Fig. 5) of PC4, PC3, and PC2
in RGB discriminates the mapped rock units in KMC
area, where the metavolcanics have reddish brown color,
the metasediments appear in bluish green to pale light tan
color, the Dokhan volcanics appear in dark reddish brown
color, the metadiorite appears in yellowish green color,
metagabbro-diorite complex appears in pale reddish green
color, granitic orthogneiss appear in sky blue color, the
quartz diorite and gabbro appear in purple color, the calc-
alkaline appears in sky blue color, and the alkali granite
appears in purple to white blue color (Fig. 5).

Band ratio

Band ratio combination 4/2, 5/4, 7/5 in RGB and band
ratio combination 5/7, 4/5, 3/1 in RGB are respectively uti-
lized to display different lithological units and depict sharp
contrast among them. The band ratio 4/2, 5/4, and 7/5 in
RGB (Fig. 6) clearly display and increase the number of the
exposed rock units. In Fig. 6, the metasediments appear as
pale sky blue to pale green color, the metavolcanics appear
in dark blue, the Dokhan volcanic appears in dark red, the
metadiorite appears in blue, metagabbro-diorite complex
appears in pinkish blue, granitic orthogneiss appear in
greenish yellow, quartz diorite and gabbro appear in pale
blue, the calc-alkaline appears in yellow to greenish yellow,
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Fig. 4 Landsat ETM™" 7 of the PCA enhanced images of the Kid metamorphic complex
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Fig. 5 Landsat ETM™ 7 principal component image (PC4, PC3, and
PC2 in RGB) of the mapped area

and the alkali granite appears in pink color, while the band
ratios 5/7, 4/5, and 3/1 in RGB (Fig. 7) are successfully dis-
criminate the different rock units shown in Fig. 6. Whereas,
metavolcanics have green to dark green color, the metasedi-
ments appear in dark reddish blue, the Dokhan volcanics
appear in yellow, the metadiorite appears in pale green to
dark green, metagabbro-diorite complex appears in pale
green to pale blue, granitic orthogneiss appear in red,
quartz diorite and gabbro appear in pale green to pale blue,
the calc-alkaline appears in purple to red, and the alkali
granite appears in blue color.

The discriminated rock units were verified in the field.
The enhanced images carried out during the present study
are visibly discriminate between metavolcanics and meta-
sediments occupied to the northern part of the KMC area.
The enhanced ASTER images of Gad and Kusky (2006)
and Gad (2007) interpreted some of the granitic bodies as
meta-pyroclastic. The ETM™ 7 satellite image used in this
study discriminates between them easily.

Lineament extractions

Lineaments are extracted and analyzed based on the
enhanced space-borne data, GIS, and integrated with the

Gulf of Aqaba

4 L
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Lithologic units
Acidic metavolcanics and
‘II Metadiorite Dokhan volcanics
E Graniticorthogneisses: Quartz diorite and gabbro
[73 "] Metagrabbro-diorite complex Calc-alkaline granites 0 2 4 6 8 10
————

Basic and intermediate
2] atavalEanlis Alkali granites Km
[ Metasediments Wadi deposits

Fig. 6 Enhanced band ratio Landsat ETM™* 7 image (4/2-5/4-7/5 in
RGB) of the mapped area

geometric approaches of structural geology (Fig. 8a). The
Landsat 7 ETM* and the IKONOS satellite images are
utilized in the current work to conduct detailed analysis
of structural lineaments such as dikes and faults. Differ-
ent convolution kernels are applied to the satellite images
to extract the major and minor structural lineaments such
as low-pass frequency, directional filters, and compass
gradient convolutions (Siizen and Toprak 1998; Koike
et al. 1995; Mah et al. 1995; Novak and Soulakellis 2000;
Arnous and Green 2011; Arnous 2011). For lineaments
extraction, the ETM" 7 image is first smoothed with an
average low-pass filter to reduce the noise. Following the
smoothing process, directional filtering method is selected
for lineament extraction, because the directional nature
of Sobel kernels generates an effective and faster way to
evaluate the lineaments in four principal directions (Siizen
and Toprak 1998). The Sobel kernels in four principal trend
directions in the processed images of the study area are
given in Table 1.

The enhanced satellite data was calibrated by field data
and then combined to prepare the digital geological map of
KMC. The structural lineaments of KMC were extracted
and digitized throughout various enhanced space-borne
data (Fig. 8a). The lengths of the extracted structural
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lineaments are measured and interpreted. On the other
hand, the lithologic units were digitally processed within
the ARC GIS software. The linear features such as the geo-
logic contacts between adjacent lithologic units, folding
axial traces, regional faults, fractures, and bedding planes
can be recognized on the enhanced filtering images.

The extracted lineament are plotted on the rose diagram
for displaying the dominant fracture sets (Fig. 8b). They are
trending towards N30°—40°E, N40°-50°E, N50°-60°E and
N40°-50°W. The NE-trends are delineate the dike swarms
that crosscut the entire KMC and the surrounding grani-
toids, while NNE and NW trends are mainly fault linea-
ments and major fold axial traces.

Geological setting

The Kid metamorphic complex is composed essentially of
nine lithological units based on the enhanced ETM images,
their spatial distribution, and the structural patterns. The
geological map was created previously by many authors
such as Shimron (1980, 1984a), El-Metwally et al. (1999)
and El-Bialy (2010). The accurate of the constructed geo-
logical map of the present study is well matched to the
geological map of El-Bialy (2010), in which the metasedi-
ments, metavolcanics, metadiorite, and granitoids are near
to be with the same distribution. The stratigraphic suc-
cession is arranged based on the field relationships into:
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Fig. 8 a Structural lineaments map of the entire Kid area interpreted from enhanced ETM* 7 and IKONOS satellite images; b rose diagram

showing trends of fracture lineaments extracted from satellite images
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Table 1 Sobel kernels in four N-S NE-_SW E-W NW-SE

principal directions
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Fig. 9 Geologic map of the Kid metamorphic complex showing the
major faults (rock units nomenclatures are modified after El-Bialy
2009)

metasediments, basic and intermediate metavolcanics,
acidic metavolcanics, metagabbro-diorite complex, meta-
diorite, orthogneisses, calc-alkaline granitoids, dokhan
volcanics, alkaline granites, and associated dike swarms
(Fig. 9).

Metasediments represent about 50% of the exposed
units. These were designated by El-Metwally et al. (1999)
as meta-calcpelites and meta-psammopelites. Meta-cal-
cpelites comprise banded para-amphibolites, and horn-
blende and chlorite schist, while meta-psammopelites
contain garnetiferous biotite schist and phyllite. The
above-mentioned metasediments comprise Umm Zariq
Formation (Furnes et al. 1985; Abu El-Enen et al. 2003),

Heib Formation, and most of Malhaq Formation (Shim-
ron 1980). On the other hand, the metasediments exposed
around the downstream of W. Kid (Fig. 9) are prevailing
a metasedimentary sequence of low-grade schists, meta-
conglomerates, metamudstones, and metasandstones.
This sedimentary sequence was referred to as Tarr For-
mation by Shimron (1980, 1983).

The intermediate and basic metavolcanic rocks are of
greenschist to amphibolites facies. They were originally
lava flows, ranging from basalts to andesites (Furnes
et al. 1985) (Fig. 10). In hand specimen, they are either
aphyric or fairly porphyritic with scattered plagioclase
phenocrysts (andesites). The lower lava flow sheets in
this unit are interbedded with and overlying the above-
mentioned thick metasedimentary succession (Fig. 10a).
The grade of metamorphism decreases upward in these
metavolcanics, and the rocks of the upper horizons are
relatively fresh or weakly metamorphosed to the lower
greenschist facies (Hassanen 1992).

The acidic metavolcanics are of greenschist facies
silicic porphyritic volcanics (typically rhyolites). They
include lavas, ignimbrites, and lapilli tuffs. The met-
agabbro-diorite complex (Fig. 9) occurs as a single large
intrusive body in the northern part of the Kid-Malhaq
region. It was namely as “Shahira gabbro and diorite
complex” by Furnes et al. (1985) who described it as a
layered gabbroic and dioritic layered intrusive massif
of at least 2000 m thick and was dated at 570 +4 Ma by
Moghazi et al. (1998).

Metadiorite located in the SW and NE borders of the
KMC. It consists of foliated and lineated diorite and grano-
diorite with occasional mafic-rich xenoliths and locally
mylonitized (Fig. 11). These gneisses were referred to as
Qenaia Formation by Bentor and Eyal (1987) and are con-
sidered of plutonic origin (Brooijmans et al. 2003 and;
Be’eri-Shlevin et al. 2009) and intruded during the peak
of high grade metamorphism (Reymer and Yogev 1983;
Fowler et al. 2010). The metadiorite exposed along W.
Retema was sinistraly separated into two blocks by the
Qenaiyah Fault (Fig. 9).

Granite orthogneisses are highly metamorphosed
orthogneisses and locally exposed in the eastern side of W.
Malhaq nearby the metadiorite (Fig. 9). The calc-alkaline
granites intruded and bounded the volcano-sedimentary
successions (Fig. 9). Monzogranite and syno-granite
were emplaced within the successions in W. Qabiliya and
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Fig. 10 Field photographs of the common metamorphic rocks and the associated granitic bodies. a Metasediments (M) intercalated with meta-
volcanics (MV); b metavolcanics (MV), intruded by G. Ghazalah calc-alkaline granitoids (G)

Fig. 11 Field photographs of metadiorites: a well-developed gneissic banding in metadiorite, W. Retema; b stretched mineral lineations in meta-

diorite, W. Retema. Scale coin=2.0 cm diameter

dislocated by dextral fault associated with the Gulf of
Agqaba-Dead sea transform fault.

The Dokhan volcanics in the KMC area are located
with the acidic metavolcanics (Fig. 9). They consist of
unmetamorphosed, vary colored, succession, and are por-
phyritic lava flows and generally felsic (El-Metwally et al.
1999). They are interlayered with compositionally equiva-
lent pyroclastic beds (dominantly ignimbrites). Lava flows
predominate in this volcanic suite, comprising chiefly of
rhyolites with subordinate dacites and trachydacites. They
intruded at 609+12 Ma (Bielski 1982) and display geo-
chemical characteristics of both orogenic arc-type and an
orogenic within plate environments, suggesting eruption
in a transitional “post-collisional tectonic setting (El-Bialy
2010).

Alkaline granites are the youngest plutonic intrusion
in the mapped area (Figs. 9, 12a). It is exposed in several

@ Springer

locations intruding and along the boundary of the meta-
morphic complex. In general, the KMC is dissected by
vertical felsic and mafic dike swarms of Precambrian age.
They strike N30°E-N60°E (Fig. 12b). Both types of dikes
intruded at 590-580 Ma (Halpern 1980; Stern and Manton
1987).

Metamorphism

Metamorphic grades of the Wadi Kid area range lower
greenschist to amphibolite facies with a general increas-
ing trend towards the central and northern parts of the
mapped area. Lower—greenschist—facies rocks dominate
the southern part. While in the central part of the mapped
area, the sillimanite, garnet, and andalusite porphyroblasts
were detected and the metamorphic grade reaches upper



Int J Earth Sci (Geol Rundsch) (2017) 106:2817-2836

2825

Fig. 12 Granitic intrusion and dike swarms: a metavolcanics (MV) intruded by calc-alkaline granitoids (CA) at the upstream of W. Kid; b
IKONOS image of metasediments and metavolcanics intruded by NE-trending dike swarms

amphibolite facies (Blasband et al. 2000). The metavol-
canic rocks are exposed at the northern part of the area and
have garnet and hornblende porphyroblasts. The central
part of the mapped area attained a temperature of 700 °C
and a pressure of 3—4 kbar (Blasband et al. 2000). The
metamorphic grade increases in the biotite-schists from
lower to higher greenschist facies. Migmatites are exposed
locally in the north-western part of the mapped area at the
upstream of W. Kid and W. Retema nearby the alkali gran-
ite (Fig. 9).

Structural setting of the KMC

The area under study has a complex tectonic history and
different structural elements. These elements are used to
construct the evolution history of the area. Foliations, line-
ations, faults, folds, and shear zones are the main recog-
nized structural features (Fig. 13).

Foliations

The foliation planes preserved in the metasedimentary
units are penetrative and defined by the preferred orienta-
tion of micas and/or amphiboles. It is developed with vary-
ing intensity from slaty cleavage to schistosity (Fig. 14).
Metavolcanics and metatuffs exhibit less developed folia-
tion. These foliations describe the S, where S, foliations
are weak (Fig. 14a), and found only in the hinge zones of
the major F, folds. The S, foliations are flat-lying to gen-
tly dipping <30° (Fig. 14b). The S, foliations are extended
through the metadiorite, indicating that the metadiorite
was intruded before the development of S, (Blasband et al.

34°12'E 34°15'E 34°18E
I 1 1

28°19'N

28°16'N

T
34°12'E

b s2 Foliations <==— Dextral fault
4 Fold axis ==— Sinistral fault

a_n Reactivation of 0 1 2 3

T Stretching lineation S Najd Shear Zone

Normal fault Km

Fig. 13 Structural map of the Kid metamorphic complex showing
the main structural elements

1997). It is produced by pure flattening strain (Reymer and
Oertel 1985; Fowler et al. 2010a, b).

Geometrically, the poles of S,-surfaces; the main folia-
tions in the study area are measured in the KMC and pro-
jected and contoured on an equal-area stereoplot using a
constant contour interval (Fig. 15). Poles to S,-surfaces
are represented by one maximum and reflecting the sub-
horizontality of S, foliations (Fig. 15).
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Fig. 14 Field photographs of S, and S, foliations: a NE-striking and steeply SE dipping S, foliations in slate, W. Beda (width of view is 40 m);

b sub-horizontal S, foliations (dashed line) in schist; looking NW
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Fig. 15 Lower hemisphere equal-area projection. a Pole diagram of the measured S, foliation planes in the KMC; b contour equivalent shows

gently to sub-horizontal NE-SW striking foliations planes

Shear zones and shear sense indicators

Ductile and brittle shear zone with several shear sense
indicators are recorded in the study area. They are low
angle shear zones of the second deformation and display
a dominant dextral NW Shear sense indicators, and they
are representing the late stage of shearing event over-
printing the early coaxial development of S, foliations.
The sense of shear was determined through porphyro-
clasts (as in Mukherjee 2010a, b, 2013a, b, 2014a, 2015;
Mukherjee and Koyi 2010a), rotated boudin lines (see
Mukherjee 2014b), and asymmetric folds (as in Mukher-
jee et al. 2015). These asymmetric structures display the
movement direction either top-to-the-NW (Fig. 16a) or
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top-to-the-SE (Fig. 16b). Reverse shear sense with shear
zone seems to be not uncommon (as in Mukherjee and
Koyi 2010b). The thrust-related ductile shear zones with
top-to-the-NW are characterized by s-shaped structures
(Fig. 16a), o-type (Fig. 16b), and local synthetic minor
faults associated with asymmetric boudins (Fig. 16c¢).
The thrust-related ductile shear zones with top-to-the-
SE are characterized by o-type (Fig. 16d). Symmetric
structures not containing any shear sense exist (as in
Mukherjee 2016), but those are not described here. Duc-
tile shear bands (Fig. 17a) in metasediments and en-ech-
elon quartz vein array (Fig. 17b) indicating dextral brit-
tle shear movement direction in the metasediments with
top-to-the-SE.
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Fig. 16 Field photographs of thrust-related ductile shear zones with
top-to-the-NW. a o-Type porphyroclast showing sinisterly sense
of shear; b o-type porphyroclast showing dextral sense of shear in
metasediments; ¢ synthetic microfaults "white circle" and the asso-

ciated asymmetric boudins indicating sinistral ductile shear zone in
metasediments; d deformed quartz vein showing c-type boudin lines
with dextral ductile shearing in metasediments "top-to-the-SE". Scale
coin=2.0 cm diameter

Fig. 17 Field photographs of ductile and brittle shear. a Sub-parallel amphibolite shear bands in metasediments; b en-echelon quartz vein array
indicating dextral brittle shear in metasediments with top-to-the-SE. Looking NE
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Hanging wall block

Fig. 18 Field photographs of different types of faults cross cut the
Kid metamorphic complex. a NW-dipping normal fault in metased-
imnets, width of view is about 100 m; b slickensides of left lateral
NW strike-slip fault in metasediments; ¢ side view wall of W. Qabil-

Faults

The rock units of the mapped area are dislocated by varie-
ties of faults (Fig. 9). Several high angle normal faults strik-
ing NNE to NE crosscutting the S, foliations (Fig. 18a). A
group of sinistral and dextral strike-slip faults cross cut the
investigated area, both at macroscopic (Fig. 18b, c¢) and
mesoscopic scale (Fig. 18d). The strikes of the sinistral
faults are sub-parallel to the Gulf of Agaba transform fault
as in W. Mahlaq, while there conjugate dextral faults strik-
ies normal to the Gulf of Agaba as in W. Qabiliya (Figs. 9,
13).

Stretching lineations

The stretching lineations are well developed on S, folia-
tion planes. The lineations is sub-horizontal (<30°),
plunging either NW or SE due to the effect of later fold-
ing (Fig. 19). The two trends reflect one strain regime.
The stretching lineation throughout the mapped area are
defined by the long axes of the stretched minerals or
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iya showing slicken sides of right lateral strike-slip fault in metasedi-
ments; d right lateral NE-SW strike-slip fault of a NW-SE dike in
the metasediments

pebbles (Passchier and Trouw 1996). Geometrically, the
attitude of stretched pebbles and mineral lineations are
plotted and contoured on a stereogram (Fig. 20). The ste-
reogram shows two maxima, the first one plunging 9° on
a bearing N44°W, while the second maximum plunging
4° on a bearing S47°E. Shear sense indicators reveal that
the NW-SE stretching lineations define the orientation of
thrust-related ductile shear zones indicating a compres-
sional tectonics (Fig. 19a). A contour diagram (Fig. 20a)
shows the NW-SE trends of the plotted stretched line-
ations. Small folds are separated into four generations
(F,-F,) based on the field interference pattern. The first
one is very scarce and it is not plotted. The second gen-
eration of folding is a non-cylindrical fold and shows
random distribution (Fig. 20b). The third generation of
folding shows two groups, the first one has gentle plunge
towards WNW, and the second one plunge gently towards
the ESE (Fig. 20c). They are scattered by the effect of
one more folding phase which is F,. The plotting of F,
folds shows one cluster; they plunges gently towards the
NNE (Fig. 20d).
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Fig. 19 Field photographs of lineations. a Stretched mineral lineations in metasediments. Scale coin=2.0 cm diameter; b rod structure in meta-
sediments developed steeply on the S, foliations. Width of view about 75 cm

Fig. 20 Stereoplots of the main linear elements in the study area. a Contour diagram of the stretching lineations; b contour diagram of F, fold
hinges; ¢ point diagram of F; fold hinges; d point diagram of F, fold hinges
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Fig. 21 Field photograph of F, fold a F, isoclinal fold in metasediments.

NE-trend F, fold and S, foliations

Fold generations

Four phases of folding are recognized within the entire
mapped area. The oldest phase of folding is F,. It is char-
acterized by upright tight to isoclinal folds with sub-ver-
tical S, foliations (Fig. 21). The second phase of folding
F, is common and is represented by non-cylindrical semi-
recumbent tight to isoclinal folds (Fig. 22). The hinges
of the folds are gently plunging and have variable trends
(Fig. 22). The third phase of deformation is described
as open concentric folds (Fig. 23); it has a flexural slip
nature and overprinting both F; and F, folds. The fourth
phase of folding has also described as open concentric
folds (Fig. 23c) and overprinting the early formed folds of
F,, F,, and Fs; it has also a flexural slip mechanism. The
area under investigation shows few interference patterns

/ )
®

b Traced sketch of (a) showing NE-SW S, axial plane foliation of the

(Fig. 23d) where F, recumbent isoclinal folds refolded by
F; open concentric folds.

Tectonic evolution of KMC

Based on field relations and geometrical analysis of the
recorded structural elements in the KMC area, it may
conclude that the tectonic history is passed through four
successive deformational phases (D;-D,; Fig. 24). D, is
broadly considered as an upright tight to isoclinal mac-
roscopic folding with F; mesoscopic folds and sub-verti-
cal S, axial plane foliation. This phase is thought to have
been related to arc-accretion. The second deformational
event D, is characterized by the regionally dominant
shallow dipping S, foliation planes accompanied with

Fig. 22 Field photographs of F, folds in metasediments. a Recumbent isoclinals F, fold terminated by S,-surfaces; b side view showing F,
recumbent isoclinals fold and an asymmetrical s-shaped fold “top-to-the-NW”. Scale coin=2.0 cm diameter
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Fig. 23 Field photographs of F; and F, open concentric folds in
metasediments a F; open concentric fold, view hight about 10.0 m;
b F; open concentric fold of boudinaged quartz, view height about

recumbent isoclinal folds followed by the development
of thrust shear zones that verge mainly due NW and
rarely due SE. The early deformational events are charac-
terized by E-W pure coaxial shear of progressive defor-
mation, whereas the shear zones that formed in the later
stages of D, indicate a simple non-coaxial shear model
as mentioned also by Fowler et al. (2010a). D, is related
to NW-SE compressional stress due to Neoproterozoic
collision between east and west Gondwana. F; folds are
resulted from D; and is characterized by the presence
of S; axial planes. It is characterized by open concen-
tric folds overprinting both F, and F, formed by flexural
slip. The fold hinges plunge to the west-northwest or
east-southeast indicate north—-northeast—south—southwest
shortening. The fourth deformational event D is charac-
terized by NE plunging open concentric folds (F,) which
overprint the pre-existing folds and formed by flexural-
slip mechanism during coaxial deformation. It is indicat-
ing change in the stress regime as a result of the change
in shortening from NE-SW to NW-SE (Fig. 24). This
phase probably accompanied with the late stage plutonic

155 m; ¢ F, open concentric fold located at the entrance of W. Kid,
width of view about 45 m; d F, recumbent isoclinals fold refolded by
F; open concentric fold, width of view about 18 m

emplacement. Shortening during D, is probably related
to the final assembly between east and west Gondwana
(Kroner and Stern 2005). This stage is also characterized
by the emplacement of the alkaline suite.

Expression of Najd fault system in northern Arabian—
Nubian Shield

The Arabian—Nubian Shield (ANS) forms one of the larg-
est exposures of juvenile continental crust on Earth, com-
prising ~3x 10° km? (Bentor 1985) (Fig. 25). The Shield
was evolved during the Neoproterozoic East African orog-
eny (900-550 Ma) and is generally viewed as a group of
juvenile volcanic arc terranes and ophiolite remnants that
were amalgamated during the assembly of the eastern part
of Gondwana (Bentor 1985; Stern 1994, 2002; Stein and
Goldstein 1996; Jarrar et al. 2003; Meert 2003; Stoeser and
Frost 2006).

The Najd fault system (NFS) was first recognized by
Brown and Jackson (1960), which is a major transcurrent
fault system of Late Proterozoic. It is an NW-SE structure
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Fig. 24 3D cartoon showing the Najd fault overprints the early fold-
ing generations at the Kid metamorphic complex of south Sinai. D,
is an upright tight to isoclinal large-scale folds that caused few F,
small-scale folds and a steeply dipping S, axial plane foliation. D, is
characterized by the dominant of sub-horizontal S, foliation planes
accompanied with recumbent isoclinal folds and NW-SE trending L,
lineations. Fj is recorded as an axial plane S;-surfaces and is charac-
terized by open concentric folding that overprinting both F; and F,
folds; plunging of F; fold hinges indicate NNE-SSW shortening dur-
ing D;. D, is characterized by NE plunging open concentric folding
overprint the pre-existing fold generations

32°E 37°E 42°E
1 ! 1

inai. 4~
A R\ S . ~The study area
\, s\.

27°N

27°N

22°N

17°N

Z | [[_] Arabian Nubian Shield
|:| Gneissic complexes
Phanerozoic sequence
Tertiary basalt A
Najd fault system
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T T T
32°E 37°E 42°E

Fig. 25 Metamorphic gneiss complexes, Najd fault system of the
northern part of the Arabian—Nubian Shield. (Compiled from Abdel-
salam and Stern 1996; Fritz et al. 1996; Johnson 1998; Andresen
et al. 2010)
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corridor of sinisterly strike-slip faults and plastic shear
zone (Brown and Coleman 1972). It is mainly recog-
nized in Saudi Arabia and Egypt. NFS runs through the
Precambrian rocks of the ANS and is considered as one
of the major longest shear-related structures (1500 km
length and about 300 km in width) on Earth. It displays a
complete pattern of secondary extensional and compres-
sional structures as an indication of a major transconti-
nental fault system (McMahon Moore 1979). Deforma-
tion style began about 640 Ma ago as a dextral phase of
a ductile to brittle regime developed as pull-apart basins
(Stacey and Agar 1985; Agar 1986). It started with a dex-
tral sense of shear and changed to sinistral strike-slip sys-
tem (~620 Ma). A conjugate system with the dominant
NW-SE set is probably associated with the NFS (Davies
1984). On the other hand, Abdelsalam (1994) suggested
that the NFS formed due to collisional tectonic between
east and west Gondwana causing an east-west shorten-
ing and the formation of zones of high shear strain in a
region inserted between the Nile Craton in the west and
the Ar Rayn micro-plate to the east.

Structural elements and the tectonic evolution of Sinai
Peninsula (Sultan 2011) is consistent with that of the
northern Eastern Desert of Egypt as they exhibit exten-
sional-related tectonic fabric and also intruded by exten-
sive plutonic, volcanic and dike swarms between 800 and
530 Ma (e.g. Bielski 1982; Halpern and Tristan 1981;
Kroner et al. 1990, 1994; Moghazi et al. 2012; Eyal et al.
2014). The igneous rock groups in Sinai represent ~70%
of the total exposed crystalline rocks. Those are mostly
composed of granite with minor occurrences of gabbroic
and volcanic rocks. The Granitoids were grouped into
two main suites: (1) syn- to late-orogenic I-type and (2)
post-orogenic, A-type, the transition between the two
types occurred at ~610-600 Ma (Beyth et al. 1994; Stern
1994; Garfunkel 1999; Jarrar et al. 2003; Moussa et al.
2008). On the other hand, the recognition of a widespread
high-K calc-alkaline suite, formed at about the time of
this transition, and partially overlapping the beginning
of alkaline A-type magmatism probably redefines differ-
ent stages of calc-alkaline magma production in Sinai
(Be’eri-Shlevin et al. 2009).

Polyphase deformation associated with compression-
related regime is documented within the metamorphic
complexes with metamorphic grade range from greenschist
to upper amphibolites facies. The metamorphic belts of
South Sinai comprise two groups based on structural, meta-
morphic, compositional and geochronological data: (1)
the medium-to-high grade amphibolite faces including the
Feiran—Solaf metamorphic complex (FSB) and the Taba
metamorphic complex (TB); (2) the low-grade greenschist
facies complexes comprising the Sa’al-Zaghra metamor-
phic complex (SZB) and the Kid metamorphic complex
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Fig. 26 Google image showing dextral reactivation and the extension of the Najd fault system during Oligo-Miocene along W. Qenaiyah, Kid

area of South Sinai

(KMC) (Fig. 1a). Local amphibolite facies rocks are also
recognized either at SZB and KMC (El-Shafei et al. 1992;
Sultan 2011).

In the KMC, the dextral NW-SE shear zone along W.
Qenaiyah that bounded the south western portion of the
complex is probably related to reactivation of the NFS dur-
ing Oligo-Miocene (Fig. 26). The existence of the Dokhan
volcanics in South Sinai as noted by Moghazi (2003) and
El-Bialy and Ali (2013) also gives a good indication of
their eruption during the motivation of NFS. At the Central
Eastern desert of Egypt, D; deformation is characterized by
an overall northwest trending, sinistral transpression regime
(Loizenbauer et al. 2001). This event is formed associated
with the NFS and the formation and exhumation of the core
complexes (Fritz et al. 1996, 2013).

Concluding remarks

Based on both detailed field investigations and image pro-
cessing analysis carried out during this study, the following
concluding remarks are formulated:

1. Kid metamorphic complex is characterized by low-
to-medium-grade volcano-sedimentary metamorphic
sequence. A complex structure pattern is preserved
within the complex as an indicative of long and con-
tinuous deformational history.

2. The current study started with applying the modern
image processing techniques to discriminate, extract,
and mapping the different rock units and structural

lineaments. Applying the PCA technique for the ETM*
7 images, where PC4, PC3, and PC2 in RGB used to
discriminate the different rock units in the investigated
complex. Every single rock unit has its own spectral
signature and consequently has specific false color that
used to distinguish and allocate the geologic contacts.
Band ratio combinations 4/2, 5/4, 7/5 in RGB and 5/7,
4/5, 3/1 in RGB are utilized to display different geo-
logic information and depict sharp contrast among var-
ious lithologies. In KMC, the band ratio 4/2, 5/4, and
7/5 in RGB has been applied and discriminate among
the exposed rock units including metasediments,
metavolcanics, metagabbro-diorite complex, granitic
orthogneisses, metadiorite, Dokhan volcanics, quartz
diorite and gabbro, calc-alkaline granites, and alka-
line granite. The metasediments have a pale sky blue
to pale green color, whereas the metavolcanics appear
in dark blue color, the Dokhan volcanic appears in dark
red color, the metadiorite appears in blue color, met-
agabbro-diorite complex appears in pinkish blue color,
granitic orthogneiss appear in greenish yellow color,
quartz diorite and gabbro appear in pale blue color,
the calc-alkaline appears in yellow to greenish yellow
color, and the alkali granite appears in pink color. The
discriminated rock units were verified in the field.

The present enhanced images discriminate for the first
time between the metavolcanis and the metasediments
of the northern Kid complex. In addition, ETM* 7 are
used to differentiate between some granitic bodies and
metvolcanic rocks better than ASTER used previously
by Gad (2007).
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5. In general, the Landsat ETM* 7 and the IKONOS
satellite images are used in the present study to
extract detailed structural lineaments such as joints,
dikes, and faults. Based on the lineament azimuth
frequencies interpreted from the enhanced satel-
lite images, it is concluded that the dominant fracture
sets are 30°N—40°E, 40°N-50°E, 20°N-30°W, and
50°N-60°W, respectively. The NE-trending defines the
dike swarms that crosscut the surrounding granitoids
where the other directions are mostly fault lineament.

6. Structurally, the KMC has reached its present situation
through four deformational events (D,—-D,) (Fowler
et al. 2010a, b; Sultan 2011). In the present study, the
D, and D; are dominantly represented, while D; and D,
are rarely recorded in the investigated area. D, event is
expressed by the compressional tectonic regime and is
expressed by upright tight to isoclinal large-scale folds
that produced few F; small-scale folds and a steeply
dipping S, axial plane foliation. This phase is thought
to have been related to subduction-related island arc
between 740 and 870 Ma (Be’eri-Shlevin et al. 2009).
The second deformational event D, comprises a non-
coaxial deformation of the contractional regime and is
related to NW-SE compressional thrust tectonics. D,
is related to the Neoproterozoic collision and accre-
tion of the east and west Gondwana (650-625 Ma,
Be’eri-Shlevin et al. 2009). This phase is characterized
by S, foliations and NW-SE trending L, lineations.
The main sense of movement was top-to-the-NW and
locally directed towards the SE. The third folding gen-
eration F; is recorded as axial plane S;-surfaces and is
characterized by open concentric folding overprinting
both F, and F, and has a flexural-slip nature. F; fold
hinges plunge to the west-northwest or east-southeast
indicate north—northeast—south—southwest shorten-
ing during D;. The fourth deformational event D, is
characterized by NE plunging open concentric folding
overprint the pre-existing fold generations and formed
under flexural slip mechanism reflecting coaxial defor-
mation and indicating a change in the stress regime as
a result of the change in shortening from NE-SW to
NW-SE. This phase is probably accompanied with the
final assembly of east and west Gondwana.

7. The dextral NW-SE shear zone recognized in this
study along W. Qenaiyah in the south western portion
of the KMC is probably the north-western extension
related to the reactivation of the Najd Fault System
during Oligo-Miocene in South Sinai.
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