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Abstract—The Egyptian Nubian Shield (ENS), the northwestern continuation of the East African Orogen
(EAO), comprises a variety of three lithologically and structurally different tectonic provinces—southern
compressional-, central transpressional/wrench-, and northern extensional- provinces. The extensional tec-
tonic province (ETP) extends from Qena‒Safaga shear belt up to the northern tip of the ENS. Several lines
of evidence indicate extensional regime in the ETP, such as mantle delamination-induced post-orogenic
magmatism and bimodal Dokhan Volcanics, together with the pervasive E‒W dyke swarms and the E‒W (to
ENE‒WSW) oriented extensional fractures. The present work is devoted to carry out the fault striae analysis
and paleostress reconstruction of the northern tectonic province (ENS) in attempt to add more contribution
to the brittle deformation history of the northern EAO. Field measurements collected from six areas (I‒VI) have
been processed using Win-Tensor Software. Analysis of fault-slip data revealed four paleostress tensor stages
(groups or regimes) that prevailed in the ENS. The stress states and related tectonic regimes are characterized
by the stress regime index R' and the horizontal stress axes as follows: 1st stage: transpression (R' = 1.91), E‒W
compression (SHmax = N090°‒270° E); 2nd stage: transtension (R' = 1.16), N‒S compression (SHmax =
174°‒354° E); 3rd stage: transpression (R' = 1.81), NE‒SW compression (SHmax = N053°‒233° E);
4th stage: extension (R' = 0.31), E‒W extension (Shmin = N074°‒254° E). The 1st stage can be related to the
oblique convergence between E and W Gondwanalands. The 2nd stage was probably concurrent with the N-
to NNW-ward migration of the Central Eastern Desert syn-collisional delamination (triggering orogen-par-
allel extensional collapse) to the North Eastern Desert post-collisional delamination. The 3rd stage was con-
trolled by the generally N‒S shortening which affected the northern and central ENS, post-dating the for-
mation of volcanosedimentary Hammamat Basins. The 4th stage is akin to retreat of the Cadomian arc and
the Red Sea rifting.
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INTRODUCTION

The Egyptian Nubian Shield (ENS) covers about
60000 km2 of the total surface area of Egypt [22]. It
extends as a NNW-oriented belt along the western
flank of the Red Sea Rift from lat. 22°00″ (the Egyp-
tian‒Sudanese border) to ~ lat. 28°00″. Regarded
many researches opinion, the Precambrian basement
exposures outcropping at Southern Sinai belong to the
Egyptian Nubian Shield [23]. In the Eastern Desert
(ED), the Egyptian Nubian Shield is traditionally sub-
divided into three main provinces; North Eastern
Desert (NED), Central Eastern Desert (CED) and

South Eastern Desert (SED), each of which has its
own lithological, geological/geomorphological and
structural aspects. These provinces are separated
along two main ENE-oriented shear belts; Safaga-
Qena and Nugrus-Barramiya megashears (Fig. 1).

Recently, the first tectonic map for the Egyptian
Nubian Shield was constructred and discriminated
three structural provinces (from south to north) [25]
(Fig. 1a):

— compressional;
— transpressional;
— extensional.
496
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Fig. 1. (a) Tectonic map and structural provinces of the Egyptian Nubian Shield; (b) the three different plate tectonic far-field
boundary conditions: the 1st kinematic event (between ~800 and 620 Ma) was released by the ~N‒S convergence of Gabgaba–Geb-
eit, Jiddah–Asir terranes and Eastern Desert–Midyan terranes along the the Yanbo-Onib-Sol-Hamid-G erf-Allaqi-Heiani
(YOSH GAH) suture; the 2nd kinematic event (between ~640 and 580 Ma) was released by the Nabitah Orogeny when the
Ad-Dawadimi–Ar-Rayan terranes of the Eastern Arabian Shield accreted to the earlier consolidated arc terranes (Afif and
Tathlith terranes); the 3rd kinematic event (younger than ~580 Ma) was released by the evolution and retreat of the Cadomian
Arc (after [25]).
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These structural provinces have been ascribed to
and interpreted within the frame of boundary condi-
tions and flow fields into three different plate tectonic
far-field boundaries (Fig. 1b):

— the 1st far-field boundary is exemplified by the
Yanbo-Onib-Sol-Hamid-Gerf-Allaqi-Heiani (YOSH-
GAH) suturing, along which the earliest magmatic-
metamorphic-kinematic event (~800 and 620 Ma)
was released by the ~N‒S convergence of Gabgaba-
Gebeit, Jiddah-Asir terranes and Eastern Desert-
Midyan terranes [26].

— the 2nd far-field boundary is typified by the
Nabitah Suturing, along which the second kinematic
event (between ~640 and 580 Ma) was released when
the Ad Dawadimi‒Ar Rayan terranes of the Eastern
Arabian Shield accreted to the earlier consolidated arc
terranes (Afif and Tathlith terranes).

— the 3rd far-field boundary is represented by the
evolution and retreat of the Cadomian arc during a
younger kinematic event (younger than ~580 Ma).
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Structural fabric elements dominated in the south-
ern compressional structural province include
WNW‒ESE to W–E oriented thrusting and imbri-
cated thrust stacks which are well represented in vicin-
ity of the northern f lank of Wadi Allaqi.

S- (to SSW-) propagation of thrusting resulted in
the formation of eye-catching thrust propagation
folds, such as in Gabal Muqsim, Um Shilman and
elsewhere in this province which extends up to Wadi El
Gemal (south Hafafit) to the north.

In the Central transpressional structural province,
the structures are gradually overprinted by Najd-
related NW‒SE-trending shear belts, thrusts and
folds. Exhumation of the gneissic domes (metamor-
phic core complexes (?)) prevailing in this province
(e.g. Hafafit, Meatiq, and Sibai) are transpressional
shear zone-related. In the northern extensional prov-
ince, a remarkable N‒S extension can be evidenced by
the E–W trending dyke swarms that are best observed
in the voluminous granitoids (e.g. Gabal Shayeb El-
Banat and Gabal Gattar), together with the predomi-
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nance of the mantle delamination-related widespread
post-orogenic magmatism.

Although the northern part of the Egyptian Nubian
Shield (ENS) was the target for many studies, the
deformation history of this Northern Tectonic Prov-
ince (NTP) is still vague. Such situation comes from
the fact that this gigantic province is mainly composed
of voluminous intrusive bodies of post-orogenic gran-
itoids, which were highly obliterating the outcrops and
associated structures of the oldest rock units demar-
cated elsewhere in central- and southern- tectonic
provinces of the ENS.

In addition, the main tectonic structures in the
NEP are faults, extensional and shear fractures, as well
as mesoscopic to minor folding of the volcano-sedi-
mentary Hammamat Group.

As we recognize the presence of various faults and
fractures, we want to elucidate the brittle tectonic evo-
lution of the area in order to highlight what kind of tec-
tonic stresses controlled the development of these
fractures, and the geodynamic causes of these stress
fields.

We intend to provide new insights into the problem
of overprinting tectonic phases/stages deforming the
exposed and unexposed basement units in the north-
ern ENS. We want also to examine the validity of the
widely used concept that the northern ENS is an exten-
sional structural domain based on the mode of forma-
tion and geochemistry of the exposed rock units [11].

To this aim, we will concentrate on the analysis of
the brittle structures (faults and shear fractures/zones)
observed and measured in six representative areas in
the NTP. These fault-slip data (fault striae, shear and
tension fractures) will be analyzed for paleostress
reconstruction, applying the well-known and power-
ful Win-Tensor Software [6, 7].

GEOLOGICAL SETTING
Landsat-Based Lithologic Mapping

Processing techniques are applicable for scene sub-
sets of Operational Land Imager (OLI) aboard on
Landsat 8 [45] and Granule ID using ENVI software,
version 5.1 [44]:

— Granule ID: LC81750412021278LGN00,
Path 175/Row 41, acquired on October 13, 2021;

— Granule ID: LC81740422021287LGN00,
Path 174/Row 42, acquired on October 15, 2021;

— Granule ID: LC81740412021335LGN00,
Path 174/Row 41, acquired on December 09, 2021).

The three OLI subsets have been merged in one
mosaic. Then, OLI data has been processed using sev-
eral techniques such as:

— Optimum Index Factor (OIF);
— False Color Composite (FCC);
— Principle Component Analysis (PCA);
— Minimum Noise Fraction (MNF);
— Band Ratioing (BR).
The resulted gray-scale and false colored images

have been interpreted to give information about the
lithology of the rock units which are presented in the
study area.

Optimum Index Factor. Applying the OIF algo-
rithm for the seven OLI reflected (VNIR‒SWIR)
bands led to six color combinations with highest OIF
values. The processed color composites are best to dis-
criminate between the varieties of the rock units and
separate clearly the different lithologies in the study
area (Fig. 2a).

Principal Component Analysis. The Principal Com-
ponent Analysis (PCA) technique illustrates the max-
imum contrast in appearance of features from several
multispectral bands with simply RGB combination of
three PC images. The resulted PCs equal the number
of the analyzed multispectral bands. The RGB color
combination of OLI PC1, PC3, and PC2 clearly dis-
criminates the Dokhan Volcanics with dark blue color
and the younger granitoids with yellowish blue color
(Fig. 2b). The RGB color composite OLI-PC image
(PC1, PC3, and PC5) effectively delineates the undif-
ferentiated Quaternary deposits with yellow color,
Hammamat Sediments with violet color. The younger
granitoids and older granitoids show various degree of
yellowish blue color (Fig. 2c).

Minimum noise fraction. The Minimum Noise
Fraction (MNF) transform is applicable for equalizing
the noise in the imagery data and reducing computa-
tions required for successive image processing
(ENVI). The processed color composite image of OLI
data (MNF1, MNF2, MNF3) obviously discriminates
the older granitoids rocks (greenish color) and the
Dokhan Volcanics with pink color (Fig. 2d).

Band ratioing. Band ratioing is a mathematical
transformation technique dividing the DN values of
pixels in one band by the DN values of equivalent pix-
els in another band [37]. On the OLI FCC image (6/7,
6/2, 6/5∗4/5), older granitoids have dark green color,
younger granitoids show pale green color, while
metagabbro and basic metavolcanics appear with blue
color (Fig. 3a).

On the other hand, ophiolitic metaultramafics and
related talc carbonate rocks are obviously delineated
with red and rose image signatures. The OLI FCC
ratio image (6/7, 5/6, 4/2) of [2] clearly discriminates
the granitoids with violet color, Hammamat Volca-
nosedimentary sequence with greenish yellow and
Dokhan Volcanics with green color (Fig. 3b).

Field Relations and Ground Truth
The geologic map of the concerned area based on

processing of remotely sensed data and ground truth,
is the presented in our work (Fig. 4). Most, but if not
all, litho-units dominated in the ETP are represented.
GEOTECTONICS  Vol. 57  No. 4  2023
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Fig. 2. Landsat-based lithologic discrimination of the study area. (a) Optimum Index Factor (OIF), (b) and (c) Principal Com-
ponent Analysis (PCA), (d) Minimum noise fraction (MNF).
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Based on cross-cutting relations and field observa-
tion the exposed units outcropping at the study area
can be arranged into (from oldest to youngest):

— gneisses, migmatites and gneissose granites
(Figs. 5a, 5b);

— ophiolitic group (metaultramafics and talc car-
bonates, mafic metavolcanics and metagabbros), island
arc suite (volcaniclastic metasediments, metagabbros-
GEOTECTONICS  Vol. 57  No. 4  2023
diorite complex, calc-alkaline granites), Dokhan Vol-
canics (Fig. 5c);

— Hammamat sediments, younger gabbros and
younger granitoids (Fig. 5d).

The previously mentioned lithologies are traversed
by E‒W mafic to acidic dyke swarms.

The gneissose tonalite-granodiorite is remarkably
foliated showing preferred quartz and feldspar mineral
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Fig. 3. Band Ratios: (a) Discrimination of older and younger granitoids, metagabbros and metavolcanics; (b) discrimination of
granitoids, Hammamat Volcanosedimenatry Sequence and Dokhan Volcanics.
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Fig. 4. Geologic map of the study area showing litho-units and main faults, together with the six areas from which the paleostress
data have been collected.
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lineation, shear bands and intrafolial folds. Geochem-
ical studies carried out by many researches [13, 33]
revealed subduction-related volcanic arc origin.

The ophiolitic group is dismembered and uncom-
mon in the study area, being represented by metaultra-
mafics and talc carbonates, mafic metavolcanics and
metagabbros. The metaultramafics and metavolcanics
are encountered in the extreme southern part of the
map. They are tectonically mingled with each other.
The metagabbros exist as variably-sized blocks incorpo-
rated within the volcaniclastic metasediments and the
arc metavolcanics. The volcaniclastic metasediments
form small outcrops distributed in the study area. They
comprise greywackes and mudstones, and are slightly
deformed being foliated, lineated and folded.

The older calc-alkaline (island-arc) granitoids are
believed to be emplaced throughout an active subduc-
tion stage (850 Ma (?)‒610 Ma, after [12, 27, 34, 41]).
GEOTECTONICS  Vol. 57  No. 4  2023
They are encountered in the study area in the vicinity
of Safaga-Qena asphaltic road and to the west of Esh
El-Mallaha, as deformed and less deformed verities.
These varieties encompass quartz diorite, granodio-
rite and tonalitie, together with less common monzo-
granite.

Contacts of the older granitoids versus the preexist-
ing litho-units are frequently defined by chilled mar-
gins, off shoots and apophyses. The Dokhan Volcanics
are encountered in the mapped area at their type local-
ity Gabal Dokhan, besides some other mappable and
unmappable outcrops. These volcanics are calc-alka-
line and are regarded to be erupted at the end of the
post-collisional stage in the ENS. They include f lows
and sheets of basaltic andesites, andesites, dacites,
quartz dacites, rhyodacites and rhyolites, interbedded
with pyroclastics (mainly tuffs, welded banded
ignimbrites, volcanic breccia and agglomerates).
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Fig. 5. (a) Migmatitic gneisses with thrust-related folding. (b) ductile normal shear with top-ENE displacement that formed
during transtensional regime; (c) an outcrop of Dokhan Volcanics in northern part of Hamrat Al Jirjab; (d) contact between
younger granitoids and the metavolcanics, ophiolitic mélange rocks exist as low mountainous blocks.
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The late Ediacaran molasse-type Hammamat Sed-
iments (632‒590 Ma, after [24, 29, 42]) exist in vari-
ous isolated post-amalgamation small basins and
exposures, such as those recorded in Esh El-Mallaha
Range, Wadi Dara, Wadi Dib, Gabal Um Tawat and
Gabal El-Urf. They are mainly volcanosedimentary
sequences post-dating (in places synchronous with)
the eruption of the Dokhan Volcanics. The relation
between the Hammamat Sediments and the Dokhan
Volcanics vary from exposure to another. In places the
Hammamat Sediments are unconformably overlain
the Dokhan Volcanics, whereas in others both are
interfingering with each other. The younger gabbros
occur as small exposures in the southern part of the
mapped area and in Wadi Abu Zawal and Wadi Fatira
El-Beida. They are non-deformed, showing sharp
contact against other units.

Voluminous post collisional younger granitoids
occur in the mapped area. These granitoids are chiefly
biotite granite, syenogranite (e.g. 605 Ma Gattar- and
the 595 Ma Abu Harba-syenogranite), monzogranite,
alkali feldspar granite, granodiorite and quartz mon-
zogranite. They intrude the Dokhan Volcanics and the
Hammamat Sediments, as well as the oldest units.
They are themselves intensively fractured, and tra-
versed by dyke swarms of felsic to mafic composition,
and sometimes by pegmatite bodies. Only one small
ring complex (~2 km diameter) occurs near Wadi Dib.

This complex identified for the first time by Francis
[16] and has been the subject matter of numerous stud-
GEOTECTONICS  Vol. 57  No. 4  2023
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ies later on in terms of its tectonic setting. Several stud-
ies [1, 18, 28] proposed an active continental margin
setting during the stages of the Pan-African Orogeny. It
consists of successive incomplete ring sheets (steepen
from margin toward the inner) of syenite and pegma-
titic syenite, encrusting an inner ring of quartz
syenite, with a trachytic intermeditate ring in
between. It is dissected by a number of NNW-ori-
ented dyke swarms (felsic to mafic) nearly parallel to
the Red Sea Rift.

STRUCTURE
Structural field investigations reveal the presence

of different kinds of faults that traverse most of the
previously mentioned lithologic units, particularly
gneisses and gneissose granites, ophiolitic group, and
older and younger granitoids, with widespread slip lin-
eations and kinematic indicators (en-echelon frac-
tures, duplex, relay ramps), alterations and element
mobilization (epidotization to quartz veining and
brecciation and cataclasis). These structures are
mainly strike-slip and normal faulting that sometimes
exist as conjugate pairs (Figs. 6a, 6b).

Some of them show a remarkable slip, whereas oth-
ers are mostly reactivated. Among evidence supporting
reactivation are the overprinting of the subhorizontal
slickenlines by nearly vertical ones and the presence of
sheared mineral (mainly calcite and tremolite) fibers
with chatter marks. Besides, f lower structures are
occasionally observed along some fault zones, mainly
at stepover and tip zones.

They are generally negative, with concave-upward
shape and rarely positive (with convex-upward shape)
(Figs. 5d, 6c). Parallel to some faults are joints with
plumose structures on their surfaces. Moreover, fault-
related folding is infrequently recorded, especially in
the southern part of the mapped area.

Based on the geometry of faulting and the observed
cross-cutting and overprinting relations, we can see
that we have a combination of normal faulting and
strike-slip faulting. The dominant fault trends can be
arranged from oldest to youngest into NNW‒SSE (to
NW‒SE), E‒W and NNE‒SSW and NE‒SW, and
N‒S to NNW‒SSE (Figs. 7, 8a). The NNW‒SSE (to
NW‒SE) faults are Najd-related Shear System,
exhibiting sinistral sense of shearing (Fig. 8b).

In these faults, a combination of subhorizontal
slickenlines with dip-slip to oblique-slip slickenlines
with reverse movements can easily be recorded.
Sometimes, they are associated thrust-related minor
folding. The E‒W and NNE‒SSW faults dextrally
displaced the NNW‒SSE (to NW‒SE)-oriented
dykes, and quartz and pegmatite veins. These faults
remarkably traverse the previously mentioned fault-
ing trends. On the map scale, effect of these faults
can easily be confirmed where the eastern edges of
the Neoproterozoic belt are emerging along the
planes of these faults.
GEOTECTONICS  Vol. 57  No. 4  2023
METHODOLOGY 
OF PALEOSTRESS RECONSTRUCTION

Fault-slip data have been investigated in six distinct
areas in order to analyze the fault kinematics and
reconstruct the tectonic stress that prevailed during
faulting (Fig. 4).

There is a long-standing debate whether the inter-
pretation of fault slip data in terms of strain or stress
[31, 36, 38]. Following a purely kinematic approach,
strain or strain rate are determined rather than stress.
But the limitation of this method is that we do not
have indications on the amount of displacement on
each measured fault. Following the dynamic
approach, reduced paleostress tensors are recon-
structed from the fault-slip data under a series of
assumptions [14]. It should be clear that the stress is an
instantaneous physical quantity that cannot be derived
from solely kinematic studies. However, from fault slip
data as presented here the 4 components of the
reduced stress tensor, orientation of principal axes and
their relative magnitude can be derived.

We used the classic method for paleostress recon-
struction based on rock mechanics [4, 10, 31, 35]. It
relies on the fact that the geometry of faulting is deter-
mined by four parameters of the stress tensor that gen-
erated them: the orientation of the three principal
stress axes σ1, σ2, σ3 and the ratio of their relative
magnitude R (σ2–σ3/σ1–σ3) [5]. Inversely, knowing
a set of diversely oriented faults and fractures, it is pos-
sible to reconstruct these four parameters which form
the reduced paleostress tensor. We used the Win_Tensor
program [6, 7] with the methodology described in [9]
and applied in many case studies [8, 30].

In Win_Tensor [6, 7], the rotational optimization
iterative method was used with the F5 function which
simultaneously minimizes the angular deviation
between the observed and resolved slip direction and
promotes slip on fault planes. An advantage of this
technique, implemented in the Win_Tensor program
[6, 7], is that incompatible datasets can be sorted out
from the bulk of data and hence different populations
of faults and slickensides i.e. different stress regimes
can be extracted.

The stress orientation is plotted on the figures as
the horizontal stress orientation, SHmax for the maxi-
mal horizontal stress or Shmin for the minimum hor-
izontal stress as computed following [32].

The global stress pattern or stress regime is based
on the relative stress magnitudes which determine the
type of deformation [43]. In function of the nature of
the vertical stress axis (Sv), the latter is defined as nor-
mal, strike-slip and reverse/thrust faulting [3].

Using the 4 parameters of the reduced stress tensor,
we compute the parameter R′ [8] which is an elegant
way to display R-values for different tectonic stress
regimes where R′ = R for normal faulting regimes
when σ1 is vertical, R′ = 2 – R for strike-slip regimes
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Fig. 6. (a) NW‒SE to NNW‒SSE faulting in Gabal Abu Harba (area IV): the fault planes are marked by intensively weather
dykes; (b) well-developed conjugate pair of NNW‒SSE faulting in the alkaline granitoids of Hamrat Al Jirjab (area II); (c) neg-
ative f lower structure in the younger granitoids outcropping at the (area I); (d) NW‒SE normal faulting (area II).

(a)

(b)

(c)

(d)

ENE

ENE

ENE

SE
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Fig. 7. (a) Subhorizontal slickenlines recorded along the NE‒SW oriented minor fault planes reflecting dextral sense of shearing
in area VI, (b) dextral offsetting of leucocratic granitic dykes (top view); (c) slickenlines exhibiting sinistral sense of shearing along
the NNW‒SSE fault plane: the switching of these lineations from nearly horizontal (left view) to oblique (right view);
(d) sigmoidal kinematic indicators with monoclinic symmetry reflecting extensional setting.

(a) (b)

(c)

(d)

NE

SSE
(σ2 is vertical) and R′ = 2 + R for reverse/thrust fault-
ing regime regimes (σ3 is vertical).

A shape factor R = 0 (R′ = 0 or 2) defines a prolate
shape of the stress ellipsoid, R = 1 (R′ = 1 or 3), an
oblate shape of stress ellipsoid and intermediate val-
ues, a tri-axial geometry. A strike-slip stress regime
with oblate shape of the stress ellipsoid has the form
SHmax @ Shmin = Sv and can produce a combination of
strike-slip and thrust faulting, whereas a stress field of
GEOTECTONICS  Vol. 57  No. 4  2023
the form SHmax @ Shmin = Sv and produces a combina-
tion of strike-slip and thrust faulting [43].

As we know from field observations that the fault
data belong to different subset, we separate the data
into subsets on the basis of which a separate stress
inversion was performed for each subset. This was
done in an iterative way, using the initial stress tensor
as note to attract compatible data.
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Fig. 8. (a) The domino structure reflecting dextral sense of shearing along a NE‒SW oriented fault zone (top view); (b) Oblique
striations indicating sinistral sense of shearing along the NW‒SE Najd-related fault zone.

(a) (b)
NE SE
The stress tensor is differentiated not only on the
basis of the orientation of the stress axes, but also on
then stress ratio R. After the final determination of
fault subset and their stress tensor, we made a cross-
check to verify that the fault-data have been attributed
to the correct subset by applying the related stress ten-
sor to the data and calculating the resolved normal and
shear stress magnitudes and orientations. As a starting
point, we used the field observations (e.g., cross cut-
ting and overprinting relationships) to build the initial
subsets.

FAULT KINEMATIC ANALYSIS
AND PALEOSTRESS RECONSTRUCTION

A total of 245 fault surfaces have been measured in
6 different field areas. Faults of each area have been
processed independently. They have been separated in
homogeneous and compatible subsets during the
inversion process manually, in an iterative way and
with cross-check to verify the fault separation. The rel-
ative chronology was established using fault and striae
cross-cutting relationships. A total of four successive
paleostress states have been identified.

Only in one case (Area V, 1st stage), we used the
PBT method implemented in Win_Tensor [6, 7]
because the data set contain only one group of simi-
larly oriented faults and striae (Table 1). It is a purely
kinematic approach using the P and T axes associated
to each fault, for which strain rather than stress is
derived [39]. In most cases, the strain axes obtained by
the PBT method are similar to the ones derived by
stress inversion [14]. In this case, the stress tensor
inversion cannot be applied and PBT method provides
a good estimation instead.

The results are presented for each area and orga-
nized in function of the identified stress stages. They
are presented in stereograms for the directional part
and in Mohr circles for the relative stress magnitudes
on the fault-data. The stereograms represent the fault
planes as great circles and their slickenlines as white
dots with arrows. The resolved shear stress obtained
by the application of the best-fit stress tensor on the
fault population is displayed as purple striae. The red
sector arc displayed on the external circle of the ste-
reogram show the 1 sigma uncertainty in the orienta-
tion of the horizontal principal stress (SHmax). The
histograms represent the distribution of the values of
the misfit function F5. The stress axes are shown as
filled circles in a red circle for σ1, red triangle for σ2
and red square for σ3. The arrows represent the hor-
izontal stress axes, red for the minimum stress (ten-
sion), green for the intermediate stress and blue for
the maximum stress (compression). The triangular
Frohlich diagram [17] shows the type of fault (black
dots) and the stress regime of the best-fit tensor
GEOTECTONICS  Vol. 57  No. 4  2023
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(green filled dot). During inversion, care was taken to
select faults which plot above the line of initial fric-
tion in the Mohr diagrams (oblique line with an
assumed initial friction angle of 17°).

In the six different areas, different stages of faulting
and related paleostress regimes have been identified
(Suppl. 1: Figs. S1‒S6). The regional integration of
the results allows us to identify four stages that can be
correlated throughout the six areas. Note that all stress
stages have not been identified in each area.

In order to get a regional representation of the
stress regimes, we further processed together all the
fault data attributed to each of four stress stages, with-
out performing additional data separation (Fig. 9,
Table 1). The regional stress regimes are characterized
by the stress regime index R' and the horizontal stress
axes as follows:

1st stage: transpressional regime with a prolate
shape of the stress ellipsoid (R′ = 1.91) and E‒W
SHmax (SHmax = N090° E);

2nd stage: transtensional regime with oblate shape
of the stress ellipsoid (R' = 1.16) and N‒S SHmax
(SHmax = N174° E);

3rd stage: transpressional regime with prolate
shape of the stress ellipsoid (R' = 1.81) and NE‒SW
SHmax (SHmax = N053° E);

4th stage: extensional regime (R' = 0.31) with E‒W
SHmin (Shmin = N074° E).

In the case of a prolate shape of the stress ellipsoid,
the strike-slip faulting is associated with a thrust fault-
ing component while in the case of an oblate shape of
the stress ellipsoid, the strike-slip faulting is associated
with a normal faulting component.

GEODYNAMIC INTERPRETATION
The 1st stage fault structures are found in most of

the investigated areas (I, III, IV, V and VI). The dom-
inant fault system in all study area includes steep
NNW‒SSE sinistral and WSW‒ENE dextral trend-
ing faults with subhorizontal striations. Area IV, V, VI
are somewhat different in such the NE to ENE trend-
ing faults are more common. The fault pattern is best
interpreted as conjugate set with subhorizontal princi-
pal stress axis trending c. west‒east (maximum) and
north‒south (minimum). The shape factor for the
combined data associated with this stress field is
around 0.1 although variable values have been derived
from individual areas.

Such a stress field releases the above described
strike-slip faults as seen in areas I, III and east of area
IV (NNW and WSW trending) and tension gashes, in
case of prolate stress, that are expected to trend c.
west-east at variable dip. This stress field and related
strain is compatible with the sinistral wrench tectonic
regime as described from the Eastern Desert and cor-
related with this late Neoproterozoic deformation.
It was concomitant with the assembly of Gondwana-
land (D1: Syn-accretion phase in [21]; the first far-
field boundary condition in [25]).

The 2nd stage fault pattern includes NE trending
sinistral and NW trending dextral faults best seen in
areas II, III, IV and VI. The sub-horizontal principal
stress axis trend N‒S and the shape factor R is
between 0.6 and 0.8 (R′ = 1.16 in the average stress ten-
sor), meaning triaxial to oblate stress axes ratios. Such
a stress field with similar σ1 and σ2, and well-defined
σ3 would release uniformly N‒S trending tension
gashes and the described sinistral and dextral shears.
Such deformation was characterized by the “exten-
sional collapse” that was kinematically akin to the
NNW-ward extrusion of the CED and NED, respec-
tively. The fault-controlled Hammamat basins were
formed in pull-apart grabens and fault-related down-
sag areas (D2: post-accretion phase in [21]; the second
far-field boundary condition in [25].

The 3rd stage is largely represented in the areas II,
V and VI by conjugate system of steep NNE trending
dextral and ENE sinistral faults, most of the data
derived from area V where a bundle of NE trending
dextral shears have been mapped (Fig. 4). It is related
to the N to NNE shortening phase that was affecting
the Hammamat basins with folding and strike-slip
deformation and is defined as the post-Hammamat
compression or second phase of shortening in the
ENS [15, 19, 20].

The 4th stage is the only stress field with vertical σ1
and W‒E to ENE‒WSW oriented σ3. This stress field
is derived from ENE‒WSW oriented normal faults
and few strike-slip faults exposed in areas I, II, III. In
the area II, the orientation of σ3 N‒S, while in areas I
and III, they are ENE‒WSW. Since those faults are
common in rift-related graben (e.g. area II) correla-
tion with Miocene tectonics in very plausible.

This tectonic phase can depict the retreat of the
Cadomian arc [25] particularly in area II and the Red
Sea rifting (Oligocene‒Miocene) as in areas I and III.
The structures formed during this deformation stage
are the N- to NNW- striking faults which obviously
affected the eastern margin of the Neoproterozoic
northern ENS that occupying the western shoulder of
the Red Sea-Gulf of Suez rift.

DISCUSSION
The processing of Landsat 8 images using different

remote sensing techniques (FCC, OIF, PCA, MNF
and BR) indicates the predominance of post-orogenic
granitoids, Dokhan Volcanics and Hammamat molasse
sediments, dissected by dyke swarms and extensional
fractures, veins and pegmatites. This lithology led
many authors to consider the northern ENS as an
extensional domain, based on the mode of occurrence
and the formation conditions of the previously men-
tioned rock units [11].
GEOTECTONICS  Vol. 57  No. 4  2023
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Fig. 9. Stress stages 1st‒4th obtained from the processing of all fault data collected from areas I‒VI.
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However, we suggest an alternative model for the
northern province of the ENS. According to our
results, the area north of Safaga‒Qena deforma-
tion/shear belt until the tip of the Neoproterozoic
ENS is characterized by a protracted brittle-ductile
deformation history. Although the old structures and
rock collages are entirely masked by voluminous
masses of different types of granitoids, Dokhan Volca-
nics and Hammamat Sediments, the fault striae anal-
ysis and paleostress reconstruction performed here
demonstrate that four successive brittle deformational
stages affected the entire province.

The general idea that the NED is a pure extensional
domain must therefore be modified. We propose
instead that the NED is a complex tectonic province
that has been deformed by two strike-slip faulting
stress stages with prolate shape of the stress ellipsoid
separated by a slip faulting stress stage with oblate
shape of the stress ellipsoid (transtensional phase). It
was later affected by normal fautling during both late
Neoproterozoic-Cambrian time (retreat of the Cado-
mian arc [40]) and the Oligocene-Miocene rifting
along the Gulf of Suez and Red Sea.

CONCLUSIONS

(1) The northern tectonic province of the ENS has
experienced four successive phases of deformation
which are successfully restored using fault striae anal-
ysis and paleostress reconstruction methods. The field
geology supplemented by LANDSAT-based lithologi-
cal mapping techniques support the general agreement
that the northern ENS developed through a regional
phase of extensional tectonic deformation. The
obtained results indicate a sequence of transpressional
and transtensional deformational stages, followed by a
normal faulting one.

(2) The strike-slip faulting regime stages reflect
successively regional SHmax patterns oriented N090° E,
N174° E and N053° E. The normal-faulting regime
correspond to a regional Shmin oriented N074° E. Such
deformational regimes have been concurrently associ-
ated with four tectonic events; E‒W shortening due to
oblique convergence between E and W Gondwana,
northward migration of the CED and NED causing
orogen-parallel extensional collapse, N‒S shortening
post-dating the Hammamat sedimentation and nor-
mal faulting related to the retreat of the Cadomian Arc
and afterwards the Red Sea-Gulf of Suez rifting.
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