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Abstract—The rotation of rigid objects within a flowing viscous medium is a function of several factors
including the degree of non-coaxiality. The relationship between the orientation of such objects and their
aspect ratio can be used in vorticity analyses in a variety of geological settings. Method for estimation of vor-
ticity analysis to quantitative of kinematic vorticity number (W) has been applied using rotated rigid objects,
such as quartz and feldspar objects. The kinematic vorticity number determined for high temperature mylo-
nitic Abt schist in Al Amar area, extreme eastern Arabian Shield, ranges from ~0.8 to 0.9. Obtained results
from vorticity and strain analyses indicate that deformation in the area deviated from simple shear. It is con-
cluded that nappe stacking occurred early during an earlier thrusting event, probably by brittle imbrications.
Ductile strain was superimposed on the nappe structure at high-pressure as revealed by a penetrative subho-
rizontal foliation that is developed subparallel to tectonic contacts versus the underlying and overlying
nappes. Accumulation of ductile strain during underplating was not by simple shear but involved a compo-
nent of vertical shortening, which caused the subhorizontal foliation in the Al Amar area. In most cases, this
foliation was formed concurrently with thrust sheets imbrications, indicating that nappe stacking was associ-

ated with vertical shortening.
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INTRODUCTION

The Neoproterozoic basement rocks outcropping in
both sides of the Red Sea form the Arabian-Nubian
Shield (ANS). The ANS extends over 3500 km north-
south (maximum width ~1500 km), and is traditionally
subdivided into Arabian Shield (AS) located to the east
of the Red Sea and Nubian Shield (NS) occupying the
western flank [66]. It is regarded as a world-class labora-
tory for the study of Neoproterozoic crustal processes
[25]. R.J. Stern and P. R. Yohnson [59] believed that the
ANS constitutes one of the largest best exposed tracts of
juvenile Precambrian continental crust on the Earth
and its history is intimately linked with a Neoprotero-
zoic Supercontinent cycle. The concept of the super-
continent cycle has emerged by [64—66] as a simplistic
initiative, and evolved in the past two decades to more
complicated ideas proved by zircon geochronology, iso-
tope geochemistry, mantle tomography, and ever-more
sophisticated numerical and dynamic modeling [42].
Interactions of the supercontinent cycle and the history
of the Earth’s geosphere, atmosphere, hydrosphere,
cryosphere and biosphere have been documented. With
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respect to the ANS, the cycle began with fragmentation,
rifting and dispersal of Rodina in the early Cryogenian
[40], continued with the opening and closing of one or
two oceanic basins [7, 58], and ended with the conver-
gence of fragments of East and West Gondwana lands
and the formation of Greater Gondwana [58] or Pan-
notia [12]. The ANS is subdivided into a college of tec-
tonic terranes separated by ophiolite-decorated sutures,
high strain transpressional shear zones and post-accre-
tionary fault zones. Older AS terranes include Jiddah
(870—740 Ma; [35]) and Asir (850—750 Ma; [27]),
intermediate terranes include Midayan (780—710 Ma;
[1, 2, 21]), and younger terranes include Ar Rayan
(>670; [55]) and Ad Dawadimi (674 = 6 Ma; [11]).

Many authors have tried to understand the kine-
matics, deformation conditions, and tectonic signifi-
cance of brittle-ductile shear zones [17—20]. General
techniques have been developed to quantitatively eval-
uate both strain and vorticity in deformed rocks [29,
31, 45, 48, 54, 55, 61]. However, a lot of studies have
quantified the strain and vorticity path in naturally
deformed rocks [56, 62]. In the study of deformation
in ductile shear zones, it is commonly assumed that
strain has accumulated by progressive simple shear
[45, 55]. Nevertheless, other types of steady-state pro-
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gressive deformation are also possible. For deforma-
tion with no volume change, three types of plane-
strain steady deformation can be defined: pure shear,
simple shear and general non-coaxial shear that is
intermediate between the other two [3, 16, 28, 34, 45,
48, 54]. For these types of deformation, the differences
in the type of associated flow can be described in terms
of the degree of non-coaxiality [19, 37—39, 44]. The
degree of non-coaxiality of deformation gives a mea-
sure of the relative contribution of rotation to stretch-
ing during deformation. In the analysis of finite defor-
mation, the degree of non-coaxiality is commonly
expressed by the mean kinematic vorticity number;
W,, [45]. The degree of non-coaxiality of deformation
presents a measure of the relative contribution of rota-
tion to stretching during deformation. Additionally,
the Rigid Grain Net (RGN) is used to unify the most
commonly used Wm plots by comparing the distribu-
tion of theoretical and natural tailless porphyroclasts
within a flowing matrix.

The present study investigates the effect of different
combinations of pure and simple shears, matrix rheol-
ogy, object aspect ratio and resultant flow perturbation
on the development of shape-preferred orientation of
a population of rigid objects during progressive defor-
mation for the Abt Schist, metasedimentry rocks and
mylonitized granite in the Al Amar area. The study
aims to elucidate the orogenic stages during nappe for-
mation, and to detect the orientation of rigid objects
during progressive deformation.

GEOLOGICAL SETTING

The Neoproterozoic basement rocks exposed in the
area (Fig. 1) are discriminated into three main litholo-
gies; Abt Schist Formation, Al Amar Group and intru-
sive rocks. The Abt Formation is outcropping as a thick
immature sedimentary unit exhibiting low grade green-
schist facies metamorphism and westward facing
(younging) direction. It is foliated, folded and lineated,
and occasionally encompasses small marble bands.
Foliation strikes N-S and dipping towards the W-direc-
tion in moderate to steep angles. It is related to an older
D, deformation phase. During a subsequent D, phase,
tight and intrafolial folds with N-S axial planes are
formed. Under the microscope, the Abt Formation is
discriminated into muscovite-biotite-quartz-feldspar
schist, and feldspathic and volcanic metagreywackes.

The Abt Schist Formation occupies enormous
province in Ad Dawadimi terrane which is covered
also by syenogranite, alkali-feldspar granite, layered
gabbro, and ophiolite mélange zones with forearc
affinity. The juxtaposition of the immature sediments
with forearc units led [11] to conclude that Ad
Dawadimi terrane has many similarities with more
modern accretionary environments such as the Fran-
ciscan Formation of the western United States [5, 6].

Al Amar Group forms one of the major lithologies
exposed at Ar Rayn terrane. It consists of continental-
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margin volcanic arc comprising intermediate to silicic
westward dipping volcanosedimentary sequence and
related volcaniclastics. Because of the effect of tec-
tonism and magmatism in the entire Ar Rayn terrane,
Amar Group is discriminated into seven N-oriented
elongated belts. These belts are intruded by syn- to
post-tectonic intrusives (667—580 Ma) including gab-
bros and extremely sheared granitoids (granite, grano-
diorite, tonalite and trondhjemite). Andesitic and rhy-
olitic flows, paragneisses and limestone close to the
contact between the volcanosedimentary sequence
and the intrusive rocks, especially granitoids.

The mapped area (Fig. 1) lies along the contact
between Ad Dawadimi and Ar Rayn terranes which are
believed to be the youngest terranes in the ANS at all.
Both Ad Dawadimi and Ar Rayn terranes are in direct
contact along Al Amar Fault Zone which is known in
previous literature as Al Amar-Idsas Fault Zone. Al
Amar Fault is a westward steeply dipping N-trending
shear zone extending over ~200 km long, with 0.5—4 km
average width [33]. Because of the presence of relatively
small-sized lensoidal blocks and fragments of ophiolites
and carbonate-altered ultramafic rock (listwaenite and
fuchsite-talc schist), this structure is considered by [4],
and [7] as a suture zone; namely Al Amar Suture Zone.
Of important to denote here that the ophiolitic compo-
nents are not recognized in the mapped area. Elongated
marble outcrops with discrete mineralized quartz veins
(pyrite, calcite, fluorite and copper mineralizations)
can be seen together along the suture zone [14]. The
timing of suturing, trajectory of convergence and sense
of shear along Al Amar Suture Zone are debatable.
P. Yohnson et al. [24] pointed out the unknown sense of
convergence and suggested a dextral horizontal slip
based on the S-C shear fabrics that are restrictedly
observed in few outcrops. They proposed 620 Ma and
616 Ma as ages of deformation-metamorphism and
uplifting, respectively, for both Abt Formation and
Al Amar Group depending upon the 607—565 Ma
emplacement age for post-tectonic granites that intrude
both Ad Dawadimi and Ar Rayn terranes. Within the
frame of these previously mentioned ages, Yohnson
et al. [26] inferred a suturing age of 620—605 Ma and
considered Al Amar Fault as the youngest suture in the
ANS, largely simultaneously with the Keraf Suture in
the Nubian Shield, and also contemporary with the
youngest shearing on the Najd Fault System.

METHODOLOGY

A measure of the orientation and aspect ratios of
rigid porphyroclasts rotating in a homogeneously
deforming ductile matrix can provide an estimate of
both strain path and kinematic vorticity number (W,,)
[45, 55, 68]. The basis for this method is the theoretical
work of [15, 16, 25, 45] which describes the motion of
rigid ellipsoidal particles in a steady non-coaxial flow
field. Rigid porphyroclast systems displaying asymmet-
ric recrystallized tails in mylonites are extremely useful
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Fig. 1. Geological sketch map of Al Amar area showing sample locations, modified after [12]. /—Felsic volcanic rocks; 2—mafic
volcanic rocks; 3—carbonates and cinerite; 4—Abt Shist Formation; 5—fault; 6—ancient working; 7—agranite, granodiorite,
trondhjemite; &—mafic intrusive rocks; 9—undifferentiated metamorphosed volcanic rocks.

for determining shear sense [57] and are also indicators
of incremental strains, ductile flow, and finite strain.
Using these systems in kinematic vorticity studies
depends on the recognition of microstructures that
reveal the rotation history of the clasts. The correct iden-
tification of clasts that have rotated forward versus those
that have rotated backward and those in their stable end
orientations is critical for determining the orientation of
the eigenvectors of flow. A wide range of clast shapes and
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orientations are needed. The eigenvector that is inclined
relative to the flow plane separates fields of back-rotating
versus forward-rotating grains [55]. Backward-rotated
objects are generally possible in homogeneous flow
regimes only if there is a significant deviation from sim-
ple shear and the rotating objects are rigid and more
elongate than some critical value [55, 62].

Methods for estimation of kinematic vorticity
number (W,,) have been made using rotated rigid
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Finite strain data and mean kinematic vorticity number for samples from in the Al Amar region

Sample Rock type R; | Wy, (mean values) | R,, Ry, R,, S, Sy S, K

ALMI1 | Granodiorite — — 1.05 | 1.07 | 1.12 | 1.05 | 1.01 | 0.94 | 0.67
ALM?2 | Granodiorite — — 1.13 | 1.23 | 1.39 | 1.16 | 1.03 | 0.84 | 0.57
ALM3 | Abt Schist 5.44 0.97 1.33 | 2.49 3.3 1.64 | 1.23 | 0.50 | 0.22
ALM4 | Abt Schist 6.04 0.97 1.35 | 2.58 | 3.49 | 1.68 | 1.24 | 048 | 0.22
ALMS | Abt Schist 3.3 0.91 1.40 | 3.56 | 499 | 1.91 1.36 | 0.38 | 0.16
ALMG6 | Abt Schist 3.7 0.93 1.89 | 2.19 | 4.13 | 198 | 1.05 | 0.48 | 0.74
ALM?7 | Metavolcano-sedimentary — — 2.18 | 1.82 | 396 | 2.05 | 0.94 | 0.52 | 1.43
ALMS | Metavolcano-sedimentary — — 2.42 1.71 | 4.14 | 2.16 | 0.89 | 0.52 | 2.00
ALMY | Mylonitized granite — — 1.16 | 1.03 | 1.19 | 1.11 | 0.96 | 0.93 | 5.18
ALM10 | Mylonitized granite — - 1.21 1.23 | 149 | 1.22 | 1.01 | 0.82 | 0.92
ALMI11 | Abt Schist 4.7 0.95 1.47 | 2.25 | 3.31 1.09 | 1.15 | 0.51 | 0.38
ALM12 | Metavolcano-sedimentary — — 1.34 | 2.38 | 3.19 1.62 1.21 | 0.51 | 0.25
AL7 Abt Schist 3.00 0.89 1.40 | 1.79 | 2.50 | 1.52 | 1.09 | 0.61 | 0.50
AL 8 Abt Schist 3.51 0.92 1.41 1.53 | 2.15 | 1.45 | 1.03 | 0.67 | 0.76
AL9 Abt Schist 3.9 0.93 1.75 | 1.98 | 3.47 | 1.83 | 1.04 | 0.53 | 0.77
AL 10 | Abt Schist 4.5 0.95 1.33 | 1.74 | 2.32 | 1.46 | 1.09 | 0.63 | 0.45
AL 11 | Abt Schist 4.9 0.96 1.61 | 2.56 | 4.13 | 1.88 | 1.17 | 0.46 | 0.39
AL 12 | Abt Schist 4.00 0.93 1.85 | 2.03 | 3.75 | 191 1.03 | 0.51 | 0.82

objects [10, 45—51], deformed vein sets [46, 62], the
stretch and rotation of material lines [48] and curved
fibres around quartz and feldspar objects [52, 53]. For
quantifying the degree of non-coaxiality from rotated
rigid objects, the equations governing the rotation of
rigid objects in a flowing viscous medium were used
[16, 23, 45]. As shown by [16], the sense and rate of
rotation of a particle depend on its orientation, axial
ratio (R) and the ratio between the elongation in the
shear plane and shear strain. For W, = 1, i.e. simple
shear, all particles which behave as active markers with
R > 1 will rotate freely as the shear strain increases and
the rate of rotation equals the rate of stretching. If W,
is lower than 1, i.e. a component of pure shear accom-
panies shearing (general or sub-simple shear of [55]
and the rotation of particles with progressively smaller
aspect ratios is subdued [10]. For any flow regime with
W,, <1, not all rigid particles are free to rotate contin-
uously. Particles with an aspect ratio above a certain
critical value, R, will rotate until they reach a stable
orientation. For aspect ratios less than the critical
value, rotation is unrestricted. The value of R, that
divides freely rotating objects from those that have
reached a stable orientation is a function of the degree
of non-coaxiality:

W, = (Ri—1)/(R}+ 1) [40].

For successful flow-path analysis, we used the fol-
lowing requirements [40]: (1) largely homogeneous
deformation at the sample scale, (2) the grain size of
the matrix should be significantly smaller than the
grain size of the porphyroclasts, (3) finite strain should

be high, (4) object shape should be regular and close to
orthorhombic symmetry, and (5) the sample should
contain a large number of the spatially well-dispersed
objects.

O. M. K. Kassem and Z. Hamimi [30] quantified
the finite strain for different deformed rocks in the Al
Amar area. Eighteen oriented samples were collected
(Fig. 1 and table). The samples include 11 Abt Schist
samples, 2 granodiorite samples, 3 metavolcano-sedi-
mentary samples and 2 metagranite samples. The Ry/¢
method was applied on the quartz and feldspar por-
phyroclasts and mafic grains to determine the strain
recorded in the gneisses [49, 50]. The deformation
behavior of plagioclase and K-feldspar is rather similar
and therefore feldspar grains are treated together. In
other case, the deformation behavior of mica minerals
deformed only by slip and amphiboles deformed by
twinning and slip on [47]. Felsic minerals are more
rigid than some mafic minerals. Therefore, we mea-
sure felsic minerals separately from mafic minerals to
show the difference between felsic and mafic minerals
to the Ry/¢ analysis.

MICROSTRUCTURE INVESTIGATION

All samples used were collected from Abt Schist For-
mation, metavolcano-sedimentary and metagranite
rocks that exhibit well defined planar and linear fabric
elements. Microstructural investigations were made on
thin sections cut parallel to the foliation (XY), normal
to the foliation and parallel to the lineation (XZ) and
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normal to the foliation and lineation (YZ). Microstruc-
tures and thermobarometric data indicate that feldspar
ductility occurs only during high-pressure metamor-
phism at temperatures >450°C, along a major thrust
plane [7, 8]. The shear zone extends along Al Amar
Fault Zone, which is a N-trending shear zone, steeply
dipping westward. The Abt schist exposed in the eastern
part of Al Amar Fault Zone and acquires mainly North-
South trend with moderately to highly dipping vertical
foliations as a result of moderately to highly deformed
and well oriented clasts of metsediments (Fig. 2a,b) and
fragments of mélange of metavolcanic rocks (Fig. 2c,d).
The deformation of the Abt Schist rocks increases
towards the shear zone in Al Amar Fault Zone.
Deformed samples have elongated felsic and mafic
minerals. Felsic minerals are represented by quartz and
feldspars, whereas mafic mineral are classified as horn-
blende, biotite and muscovite (Fig. 2a,b). In some sam-
ples, mineral lineations plunge towards the northwest
direction. Figure 2a-c shows the quartz—K-feldspar
schist. This rock occasionally exhibits rotated felsic rock
fragments enclosed in the foliated matrix which consists
of elongated hornblende and chlorite.

The volcano-sedimentary sequence encountered
in the western part of Al Amar Fault Zone and com-
prises of weakly to moderately deformed mineral con-
stituents. The weakly deformed volcanic rocks (dacite)
contains sanidine, oligoclase and hornblende phenoc-
rysts embedded in crystalline groundmass composed
of the same composition associating some quartz crys-
tals (Fig. 2¢). The moderatly deformed volcanic rocks
(rhyolite) is composed of quartz, K-feldspars (mainly
sanidine), and rarely plagioclase phenocrysts enclosed
in foliated groundmass of the same composition asso-
ciating muscovite and biotite (Fig. 2d).

The metagranite is moderately to highly foliated,
with a well-developed granoblastic-polygonal texture
(Fig. 2e, f). In some places, it displays a weak deforma-
tion (Fig. 2g, h) increasing towards Al Amar Fault
Zone. Figure 2e, f show elongated feldspars with
biotite and hornblende. The highly deformed quartz-
rich samples, and the elongated hornblende and chlo-
rite are clearly observed in Fig. 2f. Some granitic rocks
are medium to coarse grained and weakly foliated
(Fig. 2g, h).

The Abt Schist Formation, metavolcanico-sedi-
mentary and metagranite rocks are composed of dif-
ferent mechanical phases: feldspar, quartz, horn-
blende and mica. In most situations, feldspar and
quartz are the strongest phase while mica is the weak-
est. Thus strain estimates based on the shapes of feld-
spar, quartz and mafic grains are suitable for finite
strain ellipsoids and the matrix approximates whole
rock strain at the scale of thin section or handspeci-
men. The studied samples reveal that there is no signif-
icant difference in deformation behavior between the
quartz-mica matrix, the feldspar porphyroclasts and
amphibole grains during the accumulation of finite
strain at peak metamorphic conditions. Furthermore,
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finite strain in all types of rocks is of the same order of
magnitude. The main-phase foliation is similar in Abt
Schist Formation and metavolcanosedimentary rocks,
suggesting similar metamorphic behavior in both
lithologies.

STRAIN MEASUREMENTS

The field orientations and sample locations for
finite strain analysis for Abt schist, metavolcano-sedi-
mentary and deformed granite rocks in the Al Amar
area are shown in Fig. 1. The obtained strain data indi-
cate that the long axes of the finite strain ellipsoid
(Maximum Extension Direction X axes) in mylonitic
rocks in the Al Amar area plunges gently to moderately
towards WNW-ESE (Fig. 3). In particular, the mean
value for the long axes in all investigated samples dis-
plays WNW-ESE trend with a plunge of about 45°
(table). The intermediate Y axes trend ENE-WSW
with moderate angle of plunges (Fig. 3). In these
rocks, the maximum shortening direction (Z) axes
steeply plunges towards NNW-SSE (Fig. 3). Thus, the
mean finite shortening axes are subvertical and associ-
ated with a subhorizontal foliation [33].

The Abt Schist Formation, sheared granitoids and
metavolcano-sedimentary rocks are composed of four
mechanically different phases: feldspar, quartz, horn-
blende and mica. The deformation behavior of plagio-
clase and K-feldspar is rather similar. On the other
hand, the deformation behavior of micas differs from
those of the felsic grains. Otherwise, quartz is the
strongest phase. The studied samples show that there
was no significant difference in deformation behavior
between the quartz-mica matrix, the feldspar porphy-
roclasts and amphibole grains during the accumula-
tion of finite strain at peak metamorphic conditions.
Furthermore, finite strain in the all types of rocks is of
the same order of magnitude. The main-phase folia-
tion is similar in different type of samples, suggesting
similar deformation behavior in all rocks types.

The strain data are summarized in table which
shows the relative shapes of the strain ellipsoids, i.e.
prolate vs oblate. Information on volume strain is
needed to infer strain type, i.e. constrictional vs flat-
tening. The strain ellipsoids have oblate strain symme-
try. The axial ratios in XZ sections range from 1.70 to
4.80, with Sy ranging from 1.21 to 1.95 for Ry/¢
method (table) [33] indicated that the axial ratios in
XZ sections range from 1.20 to 4.50 and Sy ranging
from 1.09 to 1.93 for the Fry method. The stretches in
the Z direction, S, range from 0.41 to 0.73, indicating
vertical shortening of 27 to 59%. The SY ranges from
0.93 to 1.26 for the R;/¢ method, and from 0.93 to 1.26
for the Fry method, showing contraction and exten-
sion in this direction. The strain data show the same
order of deformation in all rock type, as consistent
with qualitative observations in the field and in thin
section. With increasing stretch in the X direction and
decreasing Sy, the strain symmetry [22] becomes more
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Fig. 2. Microphotographs showing kinematic indicators along Al Amar Suture Zone. a— Highly deformed Abt Schist rocks com-
posed of quartz, K-feldspars, plagioclase and biotite (Sample AL7); b—Well oriented clasts hornblende and biotite grains for Abt
Schist rocks associated with rotated quartz grain (Sample ALS8); c— Deformed metavolcanic rocks associated with porphyroclasts
grains (Sample ALMS5); d—Meta-andesite shows porphyritic K-feldspars and plagioclase phenocrysts embedded in a fine
grained matrix (Sample ALM6); e—Moderately deformed biotite quartz diorite rocks composed of elongated grains of quartz,
K-feldspars, plagioclase and biotite (Sample ALM9); f—Moderately to highly deformed metagranite rocks consisting of quartz,
plagioclase and feldspars, with some mafic minerals such as hornblende and biotite (Sample ALM9); g—Weakly foliated samples
contain quartz, hornblende, biotite and chlorite in granodiorite rocks (Sample ALM 1); h—Weakly deformed samples containing
quartz, feldspars and mafic minerals in granodiorite rocks (Sample ALM?2).

prolate (Fig. 4a, b). S, shows no obvious correlation
between vertical shortening and K (Fig. 4c). Because
deviatoric strain depends on all three principal
stretches, the positive and negative correlation of Sy
and Sy with the K value does not affect in a correlation
between strain magnitude (E,) and K on the maps [33].

FLOW PATH ANALYSIS

0. M. K. Kassem [32] pointed out that finite-strain
data from the same lithology in conjunction with the
chemical data (XRF analysis) indicate flattening strain
type, suggesting that deformation deviated from sim-
ple shear. To quantify the degree of non-coaxiality, a

GEOTECTONICS Vol. 49 No.5 2015
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Fig. 3. Orientational data (lower hemisphere equal area projection) showing maximum extension direction (X); intermediate
direction (Y) and maximum shortening direction (Z). Contours start at 3% and increment every 3% Legend see on Fig. 1.

flow-path analysis was carried out by using rotated
rigid objects [45]. In samples with large equal-sized
quartz, plagioclase and hornblende porphyroclasts,
grains were measured for the rotation analysis. The
vorticity data are shown in Figs. 5 and 6.

In the diagrams shown in Fig. 5, a distinction can
be made between measurements of relatively low
aspect ratio that scatter across a wide range of orienta-
tions and those with higher aspect ratio, which have a
2015

GEOTECTONICS WVol.49 No. 5

more restricted range of orientations. The critical val-
ues for Rc in investigated samples range from ~3.0 to
~6.04 (table). These values are interpreted as the crit-
ical values for Rc separating porphyroclasts that
rotated freely from those which have attained a stable
position during deformation. Accordingly, Wm ranges
from 0.89 to 0.97 (table). The Hafafit gneisses rocks
typically have feldspar porphyroclasts with aspect
ratios of 1.12—4.99 in XZ sections. Low aspect ratio
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Fig. 4. Flinn diagram showing relative strain or strain sym-
metry as obtained by the R¢/¢p method (Black Square) and
Fry method (grey circle). a—Sy vs K showing positive cor-
relation; b—Sy vs K showing pronounced negative corre-
lation; c—S vs K depicting no obvious correlation.
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for some samples is inclined at angles close to 45° to
the mylonitic foliation and others are densely packed.
With increasing aspect ratio, the angle of inclination
decreases (Fig. 5). These values of aspect ratio are in
harmony with flattening strains and also indicate ver-
tical shortening normal to the main-phase foliation in
the Abt Schist rocks.

In the present work, using the RGN is compared
with existing methods. The ease of its use, ability for
comparing natural data sets to theoretical curves,
potential to standardize investigations and ability to
limit ambiguity in estimating Wm, the RGN makes an
important new contribution that advances the current
methods for quantifying flow in shear zones. Six sam-
ples were selected for the RGN method; thee of them
differ from those used in Passchier method. The values
of the Wm for RGN range from 0.88 to 0.97 (Fig. 6).
The Wm values obtained are same using the two meth-
ods (Figs. 5 and 6) and confirm the correctness of the
flow path analysis.

DISCUSSION

Because of isochoric deformation the strain data
reflect flattening strain type. The finite strain data
show oblate strain symmetry in the studied
mylonitized granite and metasedimentary rocks [29—
31, 33, 34]. This indicates that the accumulation of
ductile deformation during thrusting was not by sim-
ple shear but it involved vertical shortening produced
by a component of pure shear. Pure shear-related ver-
tical shortening caused the subhorizontal foliation in
the thrusted Al Amar region. Pure and simple shear
components have a non-linear relationship and make
equal contributions to the overall deformation at W, =
0.71 [36]. Using the fabric skeleton of quartz c-axis
fabrics and the maximum strain ratio reveals average
kinematic vorticity numbers of 0.5—0.6. These values
indicate 60% pure shear component (for relationships,
see [36]), which thus dominates the ductile nappe-
emplacement-related deformation. O. M. K. Kassem
and U. Ring [34] suggested that subhorizontal folia-
tion by simple shear nappe stacking alone appears to
be an unreasonable alternative, since it demands very
high shear strains of the order of >10. Also, the rota-
tion of elongate crystals into a subhorizontal position
would lead to strain ellipses with aspect ratios of
~100 throughout the entire thickness of the nappes.
Such high strains of ~100 have never been reported in
the Eastern Desert of Egypt. [31] envisaged that nappe
imbrication associated with a component of pure
shear flattening is a general process causing flat-lying
foliations. The rotation of objects by pure shear is
faster than in simple shear and thus makes a pure shear
component of deformation more likely for producing
subhorizontal foliations across nappes. The data show
oblate strain symmetry (flattening strain) in the Abt
Schist Formation and metavolcanosedimentary rocks.
This indicates that the time of deformation represents
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the accumulation of ductile to brittle deformation
during thrusting of the Abt Schist and metavolcano-
sedimentary sequences of the Ad Dawadimi region
over the granite and volcanic rocks of Ar Rayn region
and followed by strike-slip shear. We do believe that the
Al Amar fault was associated with, or followed by, flat-
tening strain that might be a general process causing

GEOTECTONICS Vol. 49

No. 5 2015

flat-lying foliations. The average kinematic vorticity
numbers of the Abt Schist samples represent approxi-
mately the same values in the Al Amar area. Further-
more, finite strain in the Abt Schist Formation and
metavolcano-sedimentary rocks are of the same order
of magnitude as those from mylonitized granite rocks.
Therefore, it is suggested that the various lithologies
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Fig. 6. The Rigid Grain Net method (RGN); porphyroclast analyses of quartz and feldspar grains.

outcropping in the study area (Abt Schist, mylonitized
granite and metavolcanosedimentary rocks) are
affected by the same deformation at the same time. In
this case, stretching lineations during thrusting trend
W/WNW and associated kinematic indicators record
top to the west tectonic transport.

CONCLUSIONS

—The kinematic vorticity number obtained from
the high temperature mylonitic Abt Schist in Al Amar
area ranges from ~0.8 to 0.9.

—The values of the Wm for RGN range from 0.88
t0 0.97.

—Results obtained from vorticity and strain analy-
ses indicate that deformation in the area deviated from
simple shear.

—The exposed lithologies in the area suffered the
same deformation.

—The tectonic transport direction in the area is
proposed to be towards the west.
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