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Abstract—Estimation of finite strain and microstructural analysis of deformed rocks are keys to better under-
standing deformational processes and related structures in a variety of scales started from microscopic fabric
development to regional-scale structures. In the present work, we carried out the quantitative calculation of
strain using the Rf/ϕ and Fry methods for quartz, feldspar and mafic grains (e.g. biotite and hornblende) from
twenty two collected samples for granitic gneiss, amphibolite and hornblende schist samples from the Um
Junud area situated in south Eastern Desert of Egypt. Forty four thin sections were prepared and measured
by using finite strain methods. The strain data indicate high to moderate ranges of deformation of the amphi-
bolite to granitic rocks. The axial ratios in the XZ section range from 1.74 to 4.37 and 1.50 to 4.46 for the Rf/ϕ
and the Fry methods respectively. The finite strain direction for the long axes displays clustering along N to
WNW trend, and shallow WNW plunging in the majority of the studied samples. The short axes are found to
be subvertical associated with a subhorizontal foliation. It is concluded that finite strain is of the same order
of magnitude for various lithologic units outcropping in the area, and that contacts were formed under semi-
brittle to semi-ductile deformation conditions. Thus, the finite strain accumulated during superimposed
deformation on a previously nappe structure assemblage, which pointed out that these contacts were created
during the accumulation of finite strain. This result is inconsistent with the generally believed that nappe cre-
ation in orogens carried out by simple shear deformation.
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INTRODUCTION
Many authors are conventional that the East African

Orogen (EAO) in the Eastern Desert of Egypt was con-
solidated in the Neoproterozoic by accretion of island
arcs [14, 33, 22]. In the Arabian-Nubian Shield, the
Neoproterozoic rocks are exposed in the Eastern Desert
of Egypt as a result of the Red Sea rift [33, 22]. The
Eastern Desert (ED) is divided into the structural base-
ment and structural cover as major tectonostratigraphic
units (Fig. 1). The structural basement includes
gneisses and related amphibolites rocks [9, 24]. Fur-
thermore, the structural cover (Pan African nappes)
consists of low-grade metamorphosed ophiolite slices
(such as pillow lavas, serpentinites and metagabbros)
and metavolcano-sedimentary rocks [37, 12]. The Pan
African nappes were strongly deformed during oblique

collision of the island arcs with accretion onto the
Saharan Metacraton creating an ophiolitic mélange [4].
Consequently, the development of the Najd Fault Sys-
tem was resulted in its NW-trending and sinistral shear
zones [11, 1–3].

More studies in the Eastern Desert (ED) deal with
Northern Eastern Desert (NED) and Central Eastern
Desert (CED), while the Southern Eastern Desert
(SED) has been less studied. That is reflected onto the
Tectonic scenarios that suggested to the SED which
seems to generally represent a deeper level of exposure
than the CED and was less affected by Najd shearing
[33]. The Um Junud area is located in the SED and
has variety in Neoproterozoic basement rocks and
structures. It is a key area for understanding the tec-
tonic evolution of the SED. During the late Protero-
zoic several suites of volcanic and volcanoclastic rocks
with island arc affinities, granitoid plutons and ophi-1 The article is published in the original.
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Fig. 1. Geological sketch map for the Eastern desert of Egypt (modified [34]).
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olitic blocks were welded together to form a thick con-
tinental crust prior to their accretion onto the ancient
African Craton [13, 7, 14, 31, 5, 16].

In the present work, we are using the finite strain
measurements to determine the magnitude and orien-
tation of the finite strain ellipsoid which is considered
the principal goals of microstructural geology. For
example, it is an important role to investigate the dis-
placement across ductile shear zones including fold
and fault mechanisms, and volume changes during
GEOTECTONICS  Vol. 53  No. 1  2019
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Fig. 2. Geological map of the Um Junud area.
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deformation. Most strain measurement techniques are
useful such as reduction spots, Rf/φ, center-to-center,
Fry methods. The finite strain ratios were measured by
many applications [20, 17, 18]. However, some appli-
cations for absolute finite strains are required. Mea-
surement of finite strains help to detect the objects of
pre-deformation form whereas strain ratios may be
determined if rocks contain objects of known shape or
distribution. In this work, we used the strain technique
to realize the deformed rocks. The current work focuses
on the finite strain, strain variation patterns and micro-
structural analysis for the Um Junud area. Using these
data, we estimate the nature, distribution of strain and
mechanical behavior of the faults and tectonic setting
during deformation in the Um Junud area.

GEOLOGICAL SETTING
The exposed lithologic units in the area are

arranged in a chronologic order from oldest to young-
est as follows: Augen Gneisses, Amphibolites and
Hornblende-Quartz Schist, Sheared granites,
Metagabbro-Diorite Complex, Gneissose granitoids,
Granodiorite with amphibolite Fragments, Tonalite,
Biotite granite, Perthitic leucogranite, Rhyolite and
microgranite, and dykes (Fig. 2).

The augen gneisses occur as a relatively small out-
crop in the southern continuation of Jabal Abu Jurdi
(Fig. 3a). They have a granoblastic texture of sutured,
GEOTECTONICS  Vol. 53  No. 1  2019
mosaicked and stretched-out granulated quartz
masses which are represented quartz ribbons in the
augen gneisses. The amphibolites and hornblende-
quartz schist are cropping out at the central eastern and
western parts of the study area. The amphibolites are
gray to dark gray in color, fine-grained to coarse-
grained and in some places they are characterized by a
conspicuous schistosity resulted from subparallel align-
ment of hornblende, plagioclase and biotite (Fig. 3b).
They are sheared, brecciated, cataclased and occa-
sionally partly migmatized. The sheared granites out-
crop in several locations in the mapped area. They are
showing preferred orientation of quartz and feldspar
minerals. In Nasb Eiqat and Jabal Um Junud, they
show massive appearance, whearas in Jabal Um Dalaq
and to the west of Wadi Abu Diban and Wadi Na’ait
become more sheared, and in Jabal Abu Jurdi appear
remarkably foliated. The metagabbro-diorite complex
rocks have a massive texture and a distinguished
spheroid weathering. In Jabal Almandeet, they are
intruded by rhyolite (Fig. 3c), and in Jabal Lahami are
traversed by mafic dykes, and in places they are
injected by quartz veins.

The gneissose granitoids are encountered at the
northeastern part of the study area forming Jabal
Alhefery. These rocks have an oval outcrop area and
locally form a low to relatively moderate relief country.
They are jointed and dissected by basic dykes which
mainly trend in the N-S to NNE-SSW directions.
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They are exfoliated and include xenolithic enclaves,
which were foreign bodies captured from the sur-
rounding country rocks by the igneous protolith of the
gneissose granitoids. The contacts between the gneis-
sose granitoids and surrounding lithologies are inten-
sively sheared and have subvertical foliations (Fig. 3d).
The granodiorite with amphibolite fragments are
encountered in Jabal Al-Sweekhy and Jabal Abu Mar-
wah. The amphibolite fragments often show a sig-
moidal pattern and their arrangement reflects shear-
ing in the NW-SE direction (Fig. 3e). They are jointed
and intruded by mafic dykes dipping toward eastward.
The tonalite is exposed in the southern continuation of
Wadi Albeday and Wadi Shorok. In the ASTER
image, the tonalite outcrop area shows a sigmoidal
shape with distinctive color inside the enveloping bio-
tite granite. The biotite granite occupies a vast domain
in the southern part of the mapped area. The rock is
medium to coarse grained, gray in color, massive and
exhibits exfoliations (Fig. 3f). It consists of pla-
gioclase, microcline, quartz, biotite and hornblende.
Kaolinite and epidote are secondary minerals. The
perthitic leucogranite is encountered as unmapable
masses at Jabal Almandeet (Fig. 3g).

The rhyolite and microgranite are cropping out in
the southeastern part of the mapped area in the form
of dyke swarms. The study area was traversed by
numerous basic dykes. The most prominent dykes are
in the northeast of the study area, where Dyke swarms
extend to few kilometers. They are trending in various
directions but are commonly orientated in two major
directions NNE-SSW and ENE-WSW. In many
cases, the dykes are fractured, with remarkable epidot-
ization along dyke. It is observed that the effect of
weathering for some dykes is lesser than that the coun-
try rocks, which led to creating well developed ridges
which stand out in relief.

METHODOLOGY

The samples preparation for microstructural inves-
tigation and finite strain analysis involved cutting thin
sections samples along three perpendicular faces par-
allel the XY, YZ and XZ principal planes. The felsic
minerals (such as k-feldspar, plagioclase and quartz)
and mafic minerals were scanned and digitized. Some
programs were used to calculate deformed digitized
ellipse and to detect its orientation and relative posi-
tion. The Um Junud and adjacent areas have been
investigated by collecting samples from different types
of rocks. Thin sections of representative samples from
the Um Junud area were examined using a polarized
microscope to find out the mineral composition and
textures, and to clarify effects of deformation, alter-
ation and metamorphic grade of these rocks.

In the present work, we depend on the THETA
program for the Rf/φ method and the FRY programs
for fry method to measure strain parameters which
were described by [27]. Furthermore, for calculation
and plotting strain data, we used EllipseFit program
with using different parameters, simulated pure shear,
simple shear, and general shear. For Rf/φ analysis, we
measured along the long and short axes for feldspar
and mafic ellipsoids up to 50 grains per polished slabs
and/or thin sections and also calculated the mean
aspect ratio for different ellipsoids for each section. [26]
suggested that the deformation and shape of the feld-
spars and mafic minerals depend on metamorphic
conditions. The deformation for feldspars grains is
characherized at low metamorphic grade by brittle
fracturing and cataclastic f low and at high metamor-
phic grade by ductile deformation. Tectonic strains
were described by the chi-squared minimum of the
Rf/φ techniques [27]. The central points of feldspar
and mafic grains were applied to compute strain for
the Fry analysis. The estimation of strain was per-
formed by calculating the strain ellipsoid along the
modified least-square technique of [25].

During the field trips, twenty two samples were
collected from granite, granitic gneiss, amphibolite
and hornblende schist samples in the Um Junud area
(Fig. 4). The microstructural analysis was performed
for the following rocks: 1 granite, 1 sheared granite,
2 gneiss, 1 granitic gneiss, 11 amphibolite and 6 horn-
blende schist samples. Feldspar (such as plagioclase),
quartz, chlorite and hornblende were analysed by
investigation of thin sections to see whether the defor-
mation history is recorded in the hornblende schist
and amphibolite rocks. In addition, the strain magni-
tude parameter is the same in the different type of
rocks in the studied area (Fig. 4).

MICROSTRUCTURE AND DEFORMATION
In the present work, polished slabs and thin sec-

tions of representative samples were prepared for
mesostructural and microstructural studies. The pre-
pared samples were cut through the XY, XZ and
YZ axes planes using both foliation and lineation [21].
We also carried out a mineralogical study of samples
collected from deformed rocks. The meta-granite is dis-
play medium to coarse grained, gray in color, massive,
Fig. 3. (a) Lens displaying the sigmoidal structure with the monoclinic symmetry in an augen gneiss. (b) Field photograph show-
ing shared granite and amphibolite schist in western Wadi Na’ait. Looking SW. (c) Microgranitic and rhyolitic intrusions within
the metagabbro of Wadi Almandeet. Looking WNW. (d) Subvertical foliation near the outer margins of the gneissose granitoids
in Wadi Lahmi. Looking E. (e) Field photograph showing sigmoidal amphibolite fragments within a granodiorite, Wadi Na’ait.
Looking S. (f) Field photograph showing an exfoliated biotite granite. Wadi Albeday. Looking NE. (g) Field photograph showing
an outcrop of a perthitic leucogranite along the f lanks of Wadi Almandeet. Looking NW.
GEOTECTONICS  Vol. 53  No. 1  2019
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Fig. 4. Landsat map showing the sample location.
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exhibits exfoliations and weakly deformed (Fig. 5a).
Microscopically, it consists of plagioclase, microcline,
quartz, biotite and hornblende. Kaolinite and epidote
are secondary minerals. The microgranite occurs in
the southeastern part of the mapped area in the form
of dyke swarms. These dyke swarms are related to shear
zones, and are oriented in the ENE-WSW. The rock is
pink to red in color is occasionally sheared and trends
in the NE direction with nearly vertical dip. The
microgranite is fine-grained, pink in color and is
highly sheared (Fig. 5b). Microscopically, quartz,
orthoclase and plagioclase are the main components.
The rock shows well developed spherulitic texture
and foliated (Fig. 5b). When grain size is coarser
(microgranite), it shows myrmekite texture due to
the intergrowth between quartz and plagioclase. In
some thin sections, perthitic texture between pla-
gioclase and K-feldspar is observed.

The gneissose granitoids are characterized by exfo-
liated and include xenolithic enclaves. The contacts
between the gneissose granitoids and surrounding lith-
ologies are intensively sheared, moderately deformed
and have subvertical foliations (Fig. 5c). Microscopi-
cally, the gneissose granitoids consist of plagioclase,
quartz, hornblende and biotite. Secondary minerals
are epidote, chlorite. Opaques are accessories (Fig. 5c).
The gneisses have a granoblastic texture of sheared,
mosaicked and stretched-out granulated quartz rib-
bons with deformed granites. They are composed
essentially of plagioclase, quartz, biotite, microcline
and hornblende. The largest, most distinct eyes are
generally plagioclase and quartz. The gneisses are
fine-grained to medium-grained, gray to light pink in
color, with noticeable mica f lakes and medium to high
deformation (Fig. 5d).

The sheared granites are alternated with the
amphibolites. These rocks are of pale brown color,
fine- grained to medium-grained and show a preferred
orientation of quartz and feldspar minerals. They show
a massive appearance with foliated (see Figs. 5e, 5f).
Microscopically, the sheared granites consist of
quartz, K-feldspars (microcline and orthoclase), pla-
gioclase, hornblende and muscovite. Epidote and
chlorite of penninite variety are secondary minerals.
These constituents are occasionally mylonitized and
quartz crystals are frequently highly strained showing
a strong undulatory extinction (Figs. 5e, 5f). Bending,
kinking and crumpling of plagioclase along with bro-
ken K-feldspars are rather evidence supporting a cata-
clastic effect (Figs. 5e, 5f).
GEOTECTONICS  Vol. 53  No. 1  2019
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Fig. 5. Microphotographs of: (a) Weakly deformed granitic rock composed of plagioclase, quartz, and biotite (Sample S12);
(b) Microgranite characterized by fine grains and slight to moderate shearing (Sample S16); (c) Well foliated and sheared gneis-
sose granitoid (Sample S4). (d) Foliated and highly deformed gneiss showing elongated feldspars (Sample S11); (e) Sheared
granitic rock displaying highly elongated potash feldspars (Sample S6); (f) Highly sheared granitic sample (Sample S6).
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The amphibolites occur as alternated bands and lay-
ers with the sheared granites (Figs. 6a, 6b, 6c). The
amphibolites are gray to dark gray in color, fine-grained
to coarse-grained and in some places they are charac-
terized by a conspicuous schistosity resulted from a sub-
parallel alignment of hornblende, plagioclase and bio-
tite (Figs. 6a, 6b, 6c). They are sheared, brecciated, cat-
aclased and occasionally partly migmatized. The
amphibolites are intruded by granite, invaded by quartz
veins and traversed by mafic dykes and veinlets cutting
across sheared varieties (Figs. 6a, 6b, 6c).

Microscopically, the amphibolites rocks consist of
preferably lineated crystals of hornblende, quartz and
plagioclase, with calcite, epidote and opaques miner-
als (Figs. 6a, 6b, 6c). The hornblende-quartz schists
are characterized by fine grains and mylonitized tex-
GEOTECTONICS  Vol. 53  No. 1  2019
tures (Figs. 6d, 6e, 6f). They display a banding parallel
to the gneissosity (Figs. 6d, 6e, 6f). Mica is associated
with hornblende and exists as subidiomorphic f lakes
arranged subparallel to the main planar fabric.

STRAIN MEASUREMENTS
The locations of studied samples for strain analysis

of granitic gneiss, hornblende schist and amphibolite
samples in the Junud area are displayed in Fig. 3. Our
strain data demonstrate that the long axes in granitic
gneiss rocks in the Um Junud area trend West/West-
North-West to West/West-South-West and gently
plunges of about 16° (Fig. 7a). The intermediate Y axes
shallowly plunge to West/West-South-West and
East/East-North-East and shallow plunges of about
8° (Fig. 7b). The short Z axes steeply plunge South-
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Fig. 6. Microphotographs of: (a) Amphibolite displaying linear aggregates of hornblende (Sample S3); (b) Amphibolite consisting
fundamentally of preferably oriented crystals of hornblende (Sample S18); (c) Amphibolite (Sample S21); (d) Hornblende-quartz
schist showing alternated bands and layers (Sample S35); (e) Fine-grained hornblende-quartz schist are characterized by fine
grains and mylonitized textures (Sample S40); (f) Hornblende-quartz schist are characterized by rootless intrafolial folds
(Sample S34).
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East with about 66° (Fig. 7c). As a result, the mean of
short Z axes is associated with vertical to subvertical
and a horizontal to subhorizontal foliation.

The gneisses rocks are composed of quartz, feld-
spar, hornblende and mica which are four mechani-
cally different mineral phases. The deformation
behaviour of K-feldspar and plagioclase is rather sim-
ilar with some difference [26]. In other case, the defor-
mation behaviour of mafic minerals (biotite and horn-
blende) is dissimilar to that of the felsic grains (K-feld-
spar and plagioclase). For example, quartz is the
strongest mineral. The studied samples display that no
major difference in deformation behaviour of the feld-
spar porphyroclasts, amphibole minerals, and the
quartz-mica matrix are observed. In addition, the
investigated samples were undergone by a higher met-
amorphic grade and display a similar deformation of the
same magnitude. Thus, the foliation of the main defor-
mation phase recorded in granitic gneisses, horn-
blende schists and amphibolite samples with compar-
ing to each other, which shows a similar deformation
behaviour in all different types of rocks (Figs. 8, 9).

The measured finite strain data are briefed in the
Table and also plotted in a Flinn diagram [10] in Fig. 10.
Furthermore, the relationship between prolate and
oblate shapes of the strain ellipsoids is an important
information to assume strain type, for example con-
strictional or f lattening deformation. In measured
samples, their strain symmetry is characterized by
oblate strain ellipsoids (Fig. 10). The axial ratios cal-
culated by Rf/φ technique the in XZ sections range
from 1.74 to 4.37 with SX ranging from 1.22 to 1.77
GEOTECTONICS  Vol. 53  No. 1  2019
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Fig. 7. Lower-hemisphere equal-area projections: (a) maximum extension axis (X), (b) intermediate axis (Y), (c) maximum
shortening axis (Z). Contours start at 1% and increment every 3%.
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Fig. 8. Finite strain graphs for sample S39-1: (a) orientation of the X and Z axes in the thin section, (b) center to center graph,
(c) Rf/phi graph, (d) polar graph.
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(Table 1). The axial ratios (XZ) range from 1.50 to 4.46
and SX ranges from 1.16 to 2.37 for the Fry technique
(Fig. 10). The stretches in the Z direction (SZ) range
from 0.40 to 0.70, displaying vertical shortening of
30% to 60% calculated by Rf/φ method and about 0.48
to 0.83, showing vertical shortening of 17 to 52% for
Fry method. SY ranges from 0.70 to 1.46 revealing con-
GEOTECTONICS  Vol. 53  No. 1  2019
traction and extension. Estimations of the deforma-
tion grade made in the field and calculated in thin sec-
tions have the same order in the different lithologies.
Figure 11a, b show that the strain symmetry (K) and
the strain ellipsoids are more prolate and show the
change in stretches Sx and Sy [15]. Our data indicate
that the stretch (Sx) increased and the stretch (SY)
decreased with strain symmetry (K). SZ displays no
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Table 1. Direction of finite strain axes and stretches for samples from um Junud area

Sample Rock types Method Rx Ry X Y Z XY YZ XZ K r logXY logZY Nadai Lodi

S 3-1 Amphibolite Fry 2.53 2.35 1.4 1.3 0.55 1.08 2.35 2.53 0.06 2.43 0.03 –0.37 0.73 0.841
Rf/ϕ 2.7 1.75 1.61 1.04 0.6 1.54 1.75 2.7 0.72 2.29 0.19 –0.24 0.704 0.127

S 3-2 Amphibolite Fry 3.92 1.16 2.37 0.7 0.6 3.38 1.16 3.92 14.87 3.54 0.53 –0.06 1.06 0.783
Rf/ϕ 1.75 1.69 1.22 1.18 0.7 1.04 1.69 1.75 0.05 1.73 0.02 –0.23 0.443 0.875

S 4-1 Granitic 
gneiss

Fry 1.82 1.53 1.29 1.09 0.71 1.19 1.53 1.82 0.36 1.72 0.08 –0.18 0.436 0.42
Rf/ϕ 1.74 1.68 1.22 1.17 0.7 1.04 1.68 1.74 0.05 1.72 0.02 –0.23 0.439 0.873

S11-1 Gneiss Fry 2.8 1.73 1.65 1.02 0.59 1.62 1.73 2.8 0.85 2.35 0.21 –0.24 0.729 0.065
Rf/ϕ 2.17 2.12 1.3 1.27 0.6 1.02 2.12 2.17 0.02 2.14 0.01 –0.33 0.623 0.94

S11-2 Gneiss Fry 2.93 1.42 1.82 0.88 0.62 2.06 1.42 2.93 2.53 2.48 0.31 –0.15 0.775 0.348
Rf/ϕ 2.15 1.85 1.36 1.17 0.63 1.16 1.85 2.15 0.19 2.01 0.07 –0.27 0.574 0.607

S12-1 Granite Fry 2.42 1.98 1.44 1.17 0.59 1.22 1.98 2.42 0.23 2.2 0.09 –0.3 0.655 0.546
Rf/ϕ 1.84 1.82 1.23 1.22 0.67 1.01 1.82 1.84 0.01 1.83 0 –0.26 0.493 0.964

S13-1 Amphibolite Fry 2.99 1.42 1.85 0.88 0.62 2.11 1.42 2.99 2.63 2.53 0.32 –0.15 0.791 0.36
Rf/ϕ 4.37 3.45 1.77 1.4 0.4 1.27 3.45 4.37 0.11 3.72 0.01 –0.54 1.12 0.679

S13-2 Amphibolite Fry 1.63 1.35 1.25 1.04 0.77 1.21 1.35 1.63 0.59 1.56 0.08 –0.13 0.348 0.228
Rf/ϕ 3.51 3.32 1.55 1.46 0.44 1.06 3.32 3.51 0.02 3.38 0.02 –0.52 1.003 0.911

S15-1 Amphibolite Fry 1.5 1.45 1.16 1.12 0.77 1.03 1.45 1.5 0.08 1.48 0.01 –0.16 0.318 0.833
Rf/ϕ 2 1.99 1.26 1.26 0.63 1.01 1.99 2 0.01 2 0 –0.03 0.564 0.986

S16-1 Granite Fry 1.7 1.39 1.28 1.04 0.75 1.22 1.39 1.7 0.57 1.61 0.09 –0.14 0.379 0.241
Rf/ϕ 1.87 1.79 1.25 1.2 0.67 1.04 1.79 1.87 0.06 1.83 0.02 –0.25 0.494 0.86

S17-1 Amphibolite Fry 2.6 2.1 1.48 1.19 0.57 1.24 2.1 2.6 0.22 2.34 0.09 –0.32 0.709 0.553
Rf/ϕ 2.99 2.84 1.47 1.39 0.49 1.05 2.84 2.99 0.03 2.89 0.02 –0.45 0.874 0.906

S17-2 Amphibolite Fry 2.4 1.76 1.48 1.09 0.62 1.36 1.76 2.4 0.48 2.12 0.13 –0.25 0.628 0.291
Rf/ϕ 2.84 2.62 1.45 1.34 0.51 1.08 2.62 2.84 0.05 2.7 0.04 0.42 0.821 0.846

S18-1 Amphibolite Fry 3.14 1.63 1.82 0.95 0.58 1.93 1.63 3.14 1.47 2.56 0.28 –0.21 0.812 –0.146
Rf/ϕ 2.61 1.77 1.57 1.06 0.06 1.47 1.77 2.61 0.62 2.24 0.17 –0.25 0.682 0.19

S21-1 Amphibolite Fry 2.71 2.18 1.5 1.21 0.55 1.24 2.18 2.71 0.21 2.42 0.09 –0.34 0.741 0.536
Rf/ϕ 3.3 2.3 1.68 1.17 0.51 1.43 2.3 3.3 0.33 2.73 0.16 –0.36 0.866 0.395

S34-1 Amphibolite Fry 3.03 2.47 1.55 1.26 0.51 1.23 2.47 3.03 0.15 2.7 0.09 –0.39 0.834 0.631
Rf/ϕ 3 2.6 1.51 1.31 0.5 1.15 2.6 3 0.1 2.75 0.06 –0.41 0.845 0.739

S34-2 Amphibolite Fry 2.47 1.71 1.53 1.06 0.62 1.44 1.71 2.47 0.63 2.15 0.16 –0.23 0.643 0.187
Rf/ϕ 2.88 2.46 1.5 1.28 0.52 1.17 2.46 2.88 0.12 2.63 0.07 –0.39 0.807 0.702

S34-3 Amphibolite Fry 2.33 1.69 1.48 1.07 0.63 1.38 1.69 2.33 0.55 2.07 0.14 –0.23 0.604 0.241
Rf/ϕ 2.79 2.44 1.47 1.29 0.53 1.14 2.44 2.79 0.1 2.58 0.06 –0.39 0.789 0.739

S34-4 Amphibolite Fry 2.18 1.51 1.47 1.02 0.67 1.44 1.51 2.18 0.87 1.95 0.16 –0.18 0.551 0.058
Rf/ϕ 2.73 2.39 1.46 1.28 0.54 1.14 2.39 2.73 0.1 2.53 0.06 –0.38 0.771 0.735

S34-5 Amphibolite Fry 1.98 1.49 1.38 1.04 0.7 1.33 1.49 1.98 0.67 1.82 0.12 –0.17 0.485 0.168
Rf/ϕ 2.65 2.22 1.47 1.23 0.55 1.19 2.22 2.65 0.16 2.41 0.08 –0.35 0.734 0.637

S35-1 Hornblend 
Quartz schist

Fry 4.46 1.77 2.24 0.89 0.5 2.52 1.77 4.46 1.97 3.29 0.4 –0.025 1.067 –0.236
Rf/ϕ 2.21 2.04 1.34 1.23 0.61 1.08 2.04 2.21 0.08 2.12 0.03 –0.31 0.617 0.798

S35-2 Hornblend 
Quartz schist

Fry 4.15 1.47 2.27 0.8 0.55 2.82 1.47 4.15 3.88 3.29 0.45 –0.17 1.041 –0.459
Rf/ϕ 2.12 2.03 1.3 1.25 0.61 1.04 2.03 2.12 0.04 2.07 0.02 –0.31 0.597 0.885
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correlation between strain value (K) and vertical
shortening (Fig. 11c). The strain analysis depends on
the three principal stretches, which can indicate the
positive and negative correlations for SX and SY related
to the K value. In other case, the correlation between
strain magnitude (Et) and strain value K is not identi-
fied in the regional maps.

DISCUSSION

The Neoproterozoic evolution of the Arabian-
Nubian Shield (ANS) has been the subject matter of
detailed discussions in many published works. The
GEOTECTONICS  Vol. 53  No. 1  2019
ANS tectonic evolution is traditionally subdivided into
two main orogenic stages.

(1) The first stage occured from ca. 870 Ma to 650
Ma and was well developed in belts with oceanic affin-
ity. [33] suggested that the sequence of tectonic events
was started by the sea-floor spreading and formation of
forarc and back-arc basins and followed by the accre-
tion of these cells into juvenile crust.

(2) The second stage happened between 650 Ma to
550 Ma and was characterized by belts of continental
affinity. In the second stage, metamorphism and
deformation occurred 650–620 Ma ago and charac-
terize as a feasible collisional stage through the accu-
mulated Pan-African terranes accreted to the East
S35-3 Hornblend 
Quartz schist

Fry 3.17 1.34 1.96 0.83 0.62 2.37 1.34 3.17 4.02 2.71 0.37 –0.13 0.848 –0.493
Rf/ϕ 2.11 2.01 1.3 1.24 0.62 1.05 2.01 2.11 0.05 2.06 0.02 –0.03 0.591 0.87

S35-4 Hornblend 
Quartz schist

Fry 3.16 1.22 2.02 0.78 0.64 2.59 1.22 3.16 7.23 2.81 0.41 –0.09 0.87 –0.654
Rf/ϕ 2.06 1.98 1.29 1.24 0.63 1.04 1.98 2.06 0.04 2.02 0.02 –0.3 0.575 0.89

S35-5 Hornblend 
Quartz schist

Fry 2.34 1.06 1.73 0.78 0.74 2.21 1.06 2.34 20.13 2.27 0.34 –0.03 0.672 0.863
Rf/ϕ 2.04 1.87 1.31 1.2 0.64 1.09 1.87 2.04 0.1 1.96 0.04 –0.27 0.55 0.756

S35-6 Hornblend 
Quartz schist

Fry 2.25 1.05 1.69 0.79 0.75 2.14 1.05 2.25 22.86 2.19 0.33 –0.02 0.643 –0.88
Rf/ϕ 2.04 1.83 1.32 1.18 0.64 1.11 1.83 2.04 0.14 1.94 0.05 –0.26 0.543 0.695

S37-1 Amphibolite Fry 2.84 1.48 1.76 0.92 0.62 1.92 1.48 2.84 1.91 2.4 0.28 –0.17 0.746 –0.249
Rf/ϕ 1.99 1.89 1.28 1.22 0.64 1.05 1.89 1.99 0.06 1.94 0.02 –0.28 0.542 0.85

S37-2 Amphibolite Fry 2.11 1.37 1.48 0.96 0.7 1.54 1.37 2.11 1.46 1.91 0.19 –0.14 0.53 –0.157
Rf/ϕ 1.97 1.87 1.28 1.21 0.65 1.05 1.87 1.97 0.06 1.92 0.02 –0.27 0.534 0.846

S37-3 Amphibolite Fry 1.54 1.13 1.28 0.94 0.83 1.36 1.13 1.54 2.79 1.49 0.13 –0.05 0.315 –0.434
Rf/ϕ 1.94 1.84 1.27 1.2 0.65 1.05 1.84 1.94 0.06 1.89 0.02 –0.26 0.521 0.84

S39-1 Amphibolite Fry 2.77 2.13 1.53 1.18 0.55 1.3 2.13 2.77 0.27 2.43 0.11 –0.33 0.748 0.484
Rf/ϕ 2.72 2.34 1.47 1.26 0.54 1.16 2.34 2.72 0.12 2.5 0.07 –0.37 0.763 0.699

S39-2 Amphibolite Fry 2.7 1.94 1.55 1.12 0.58 1.39 1.94 2.7 0.42 2.33 0.14 –0.29 0.715 0.334
Rf/ϕ 2.69 2.34 1.46 1.27 0.54 1.15 2.34 2.69 0.11 2.49 0.06 –0.37 0.757 0.718

S39-3 Amphibolite Fry 2.33 1.93 1.41 1.17 0.61 1.21 1.93 2.33 0.22 2.14 0.08 –0.29 0.628 0.555
Rf/ϕ 2.38 2.31 1.35 1.31 0.57 1.03 2.31 2.38 0.02 2.34 0.01 –0.36 0.696 0.931

S39-4 Amphibolite Fry 2.3 1.83 1.42 1.13 0.62 1.26 1.83 2.3 0.31 2.09 0.1 –0.26 0.609 0.451
Rf/ϕ 2.36 2.24 1.35 1.29 0.57 1.05 2.24 2.36 0.04 2.29 0.02 –0.35 0.681 0.878

S40-1 Amphibolite Fry 3.87 2.39 1.84 1.14 0.48 1.62 2.39 3.87 0.45 3.01 0.21 –0.38 0.97 0.288
Rf/ϕ 2.95 2.58 1.5 1.31 0.51 1.14 2.58 2.95 0.09 2.72 0.06 –0.41 0.834 0.752

S40-2 Amphibolite Fry 3.52 1.68 1.95 0.93 0.55 2.1 1.68 3.52 1.61 2.78 0.32 –0.23 0.894 0.176
Rf/ϕ 2.93 2.56 1.5 1.31 0.51 1.14 2.56 2.93 0.09 2.7 0.06 –0.41 0.828 0.749

S67-1 Sheared 
Granite

Fry 3.83 2.38 1.83 1.14 0.48 1.61 2.38 3.83 0.44 2.99 0.21 –0.38 0.963 0.291
Rf/ϕ 1.87 1.75 1.26 1.18 0.67 1.07 1.75 1.87 0.09 1.82 0.03 –0.24 0.486 0.788

S67-2 Sheared 
Granite

Fry 2.86 1.16 1.92 0.78 0.67 2.47 1.16 2.86 9.16 2.63 0.39 –0.06 0.804 0.718
Rf/ϕ 1.75 1.67 1.22 1.17 0.7 1.05 1.67 1.75 0.07 1.72 0.02 –0.22 0.439 0.833

Sample Rock types Method Rx Ry X Y Z XY YZ XZ K r logXY logZY Nadai Lodi

Table 1.   (Contd.)
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Fig. 9. Finite strain graphs for sample S39-1: (a) orientation of the Y and Z axes in the thin section, (b) center to center graph,
(c) Rf/phi graph, (d) polar graph.
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Saharan Craton (ESC) [30, 35]. R.Stern [33] believed
that the collision event was contemporary with the
collision between East and West Gondwanalands.
Many authors think that the extension is followed at
Fig. 10. Flinn diagram [10] showing relative strain or strain
ellipsoid shape as obtained from twenty samples by the
Rf/φ method (gray square) and Fry method (black square).
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the Neoproterozoic-Cambrian boundary by the colli-
sion in the ANS and was concomitant with early
breakup of the continent of Gondwana [33, 8, 11]. For
example, the Najd Fault System formed 630–540 Ma
ago during an extensional phase [34, 36].

In the present study, the obtained data show that
the granitic gneiss, hornblende schist and amphibolite
were thrusted from the WNW to the ESE trend. The
lineations in the studied area trend W to WNW during
thrusting and are related to kinematic indicators
enrollment WNW tectonic transport. In this case, we
argue that the tectonic setting resulted in conditions
that favoured the developmant of the subhorizontal
main-phase foliation that is parallel to subparallel to
the contact for granitic gneiss, hornblende schist and
amphibolite rocks in the entire Um Junud region. The
axial ratios in XZ sections indicate low to medium val-
ues in the various lithologic units of the Junud area.
We consider that the ductile strain characterized by the
varying XZ axial ratios (up to ∼10) was superimposed
heterogeneously on the current nappe structure [21].
Furthermore, in the present area, we suggest the con-
siderable movement at the bounding faults, at least in
part, before the high strain accumulation.
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Fig. 11. Flinn diagram [10] showing relative strain or strain
ellipsoid shape as obtained by the Rf/φ method (gray
Square) and Fry method (black rhomb). (a) SX vs K show-
ing positive correlation, (b) SY vs K showing pronounced
negative correlation, (c) SZ vs K depicting no obvious cor-
relation.
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During the regional thrusting event documented in
the vicinity of the Junud area, low grade rocks similar
to those dominating the present area were thrusted
and themselves were deformed by minor local thrusts.
Thus, the presence of pre-high-pressure tectonics
near to the contacts of nappes was valuable due to the
nappes formed during thrusting by brittle imbrication.
This indicates that extremely heterogeneous strain
affected the pre-existing structures in the greater extent
and some domains in and between shear zones in a
lesser extent. The strain type in the present work which
is expressed by the strain ellipsoid shape (K value) does
not display any distinct pattern in the area. Also, the
K value suggests that the thrusting was associated with
vertical shortening and it displays the f lattening strain
GEOTECTONICS  Vol. 53  No. 1  2019
type in large parts of the concerned area. Thus, we
suggest that the nappe contacts were shaped during a
progressive overthrusting under semi-brittle to semi-
ductile conditions predating metamorphism.

Our conclusion is in harmony with that given by
[21] that in the high-grade metamorphic rocks, minor
or no volume changes was detected due to the porosi-
ties remain very low during deformation. The strain
data show that the majority are of oblate strain and a
few indicate prolate strain in the Um Junud region. In
this work, we suggest that the vertical shortening
played its role by pure shearing and the simple shear-
ing during thrusting with accumulation of ductile
deformation. It is concluded that the vertical shorten-
ing resulted to the subhorizontal foliation in the stud-
ied area. In other words, pure shear was related to the
vertical shortening and produced the subhorizontal
foliation in the studied locality [28, 19, 6]. R. Law [23]
explained that the shearing conditions which were
represented by pure and/or simple shear components,
have a non-linear relationship and create the same
contributions to the overall deformation at Wm = 0.71.
The average kinematic vorticity is 0.5–0.6 as is sug-
gested by the fabric skeleton of quartz c-axis fabrics
[23]. These averages show a pure shear-dominated
bulk deformation during nappe emplacement which is
thus characterized by dominating of the ductile
nappe-emplacement-related deformation.

CONCLUSIONS

The main concluding remarks obtained from the
microstructural investigation and quantitative strain
analysis of the deformed lithologies outcropping at the
Um Jund area are the next.

(1) The finite strain determined in the majority of
the studied samples is characterized by the oblate
shape of the strain ellipsoid; the prolate shape was
established only in several samples.

(2) The principal strain axes displays a clustering
along N-WNW trend, and shallow WNW plunging in
the majority of the studied samples.

(3) The strain magnitude has the same order in var-
ious lithologic units and formed under semi-brittle to
semi-ductile conditions.

(4) According to the microstructural analysis data,
ductile strain accumulated during thrusting.
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