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Abstract—The present work illustrates the structural setting in the Hamadat core complex, which located in
the Midyan terrane. It is essential to understand deformational processes and products at different scales,
which depend on the calculation of finite strain. To assess the tectonic development and structures in the
Hamadat core complex, we use field investigation, finite strain analysis and microstructural examination.
The Hamadat core complex employed the Rf/ϕ and Fry techniques for feldspar and mafic grains with 24 col-
lected samples for gneisses, metavolcano-sedimentary rocks from both the Zaam and Baydah groups,
deformed granodiorite for Jar-Salajah intrusion and Qazzaz granite. According to finite-strain data, the var-
ious rock units have moderate to high degree of deformation, and the axial ratios for XZ section vary from 1.80
to 4.50 for the Rf/ϕ technique and from 2.10 to 7.40 for the Fry technique. It concluded that the shortening
axes display the subvertical related to the subhorizontal foliation. The strain data have the same main-phase
foliation and similar deformation behavior. Finite strain acquired through high pressure metamorphism in
this instance suggested that the contacts of nappe developed through the buildup of ductile strains. Also,
during thrusting and intrusions throughout the deformation process, a building of brittle to ductile deforma-
tion was mostly caused by pure shearing in the study area.
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INTRODUCTION
The major exposures of the Arabian‒Nubian

Shield are in the Sinai part and Eastern Desert of
Egypt, Sudan, Jordan, Eritrea, Saudi Arabia and
Yemen. It is made up primarily of low grade metavol-
cano-sedimentary rocks, with a small amount of ophi-
olites from the Mozambique Ocean floor. The
Mozambique Ocean contains the island arcs, which
includes high grade continental rocks in the shield.
The northern Arabian‒Nubian Shield experienced
tectonic expansion between 600 Ma and 550 Ma,
which was followed with granitoids in the Ara-
bian‒Nubian Shield and the crust heating up overall
[13, 21].

The Arabian Shield, which is split into eight areas,
was created by the Neoproterozoic basement complex
[7, 8, 23, 48, 49] (Fig. 1):

— the Midyan, Hijaz, Asir, and Jiddah terranes in
the west-side of the Arabian Shield;

— the Hail, Afif, Ad Dawadimi and Ar Rayn ter-
ranes in the east-side of the Arabian Shield.

These terranes are sutures or shear zones that
divide the small plates from one another.

The Yanbu belt is impacted by tectonic activity
and divides the Midyan and Hijaz areas in the study
region [10].

The Ajjaj, Qazzaz and Hamadat shear zones,
which locate in the Midyan area, have various features
(Fig. 2).

The present region contains the Hamadat complex
and Ajjaj shear zone, which represented ~150 km long
to 35 km wide. The high grade Hamadat complex was
exhumed inside the Ajjaj shear zone from below the
intrusive bodies (Nabt, Jar-Salajah, and Imdan) and
volcano-sedimentary assemblages (Zaam, Baydah
and Al Ays formations) [18, 19].

A variety of approaches have been developed to
estimate finite strain, including the Rf/ϕ [53] and Fry
methods [14]. All techniques that use object or point
displacement aim to calculate the tectonic strain and
changes in the strain ellipse/ellipsoid's form and ori-
entation in 2D and 3D, respectively.

According to research on finite strain, oblate
shapes are particularly evident in natural shear zones
[16, 25‒27, 28, 30, 43]. These oblate shapes can be
produced by volume loss for simple shear or by pure
108
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Fig. 1. Geological map of the Arabian Shield, showing different tectonic terrains and sutures (after [20], modified).
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The importance of finite strain and the degree of
non-coaxiality are assessed for nappe contacts associ-
ated with f latling foliation in several orogen internides.
Furthermore, strain ratio is identified by recognizing
shape ellipsoids and/or division for various rock units
that have been deformed [29, 33, 51, 52].
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This research has been done on the Hamadat core
complex and adjacent area to investigate the micro-
structure, finite strain, and deformation studies.

The purpose of this study is to provide geological
data and tectonic evolution that was gathered from the
collected samples and fieldwork. Additionally, we
examined the kinematic analysis to identify the type of
shear (such as pure shear or/and simple shear) in
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Fig. 2. Overview map of the Najd shear zones and the gneiss complexes in the Arabian‒Nubian Shield (after [3], modified).
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various deformed rocks. Furthermore, analysis per-
formed clarifies the structures involved post-accre-
tionary thrusting in the Hamadat core complex.

GEOLOGICAL SETTING

Within the Ajjaj shear zone, the Hamadat anticli-
norium is considered dome of gneiss and extended 100
km with WNW‒ESE trending. According to [15], it
comprises of tight folds to the NW and more open
folds to the SE. The Ajjaj shear zone cleaved the anti-
clinorium, which contains both intrusive and meta-
morphic rocks. In the present region, the metamor-
phic rocks consist of the Zaam, Bayda and Al Ays
groups, which represented the volcanosedimentary
rocks (Fig. 3).

These rocks have varying degree of metamorphism
and ranging from high grade amphibolite facies to low
grade greenschist facies. The Bayda group is distin-
guished by medium-grade rocks with greenschist
facies [3]. Additionally, garnet-bearing gneisses are
among the metamorphic rocks. The Hamadat core
complex boundary matches with the contact between
the high metamorphic rocks (within Hamadat core)
and the low-grade rocks (greenschist facies) of the
Zaam group (north and south of the Hamadat core),
which show parallel to the borders of the Ajjaj shear
zone (Fig. 3).

Also, the porphyritic and crystal tuffs have under-
gone significant crystal-plastic deformation in the
highly deformed for Zaam group. This group is com-
parable volcano-sedimentary successions that can be
connected on various map sheets [22].

The intrusive rocks show distinct cross-cutting
interactions in Hamadat core complex contain Jar-
Salajah batholiths, Nabt intrusion, Qazzaz granite, and
Rithmah diorite related to the Ajjaj shear zone [22]. The
Jar-Salajah batholiths form tonalite, granodiorite,
diorite, trondhjemite, gabbro, and irregular biotite
granite bodies.

According to [39], the Nabt intrusion is composed
of trondhjemite, tonalite, diorite, and gabbro and
intruded the metavolcano-sedimentary rocks to form
the Hanabiq branch (Fig. 2).

The majority of Qazzaz granite contains Monzo-
granite rocks and intruded the Bayda and Al Ays
GEOTECTONICS  Vol. 58  No. 1  2024



STRAIN ANALYSIS AND MICROSTRUCTURAL STUDY 111

Fig. 3. Lithological map of the Hamadat core complex (after [3], modified).
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groups from the east and northern east in the present
studied (Fig. 3).

Rithmah intrusion is composed of diorite rocks
and found to the east of Jar-Salajah batholiths and the
Ajjaj shear zone with various composition and shape.
Additionally, various grades of deformation are seen in
all of the investigated intrusions. The Hamadat core
complex and Ajjaj shear zone contains some unde-
formed intrusions, whereas other severely deformed
rocks nearby exhibit NW–SE shear fabric with parallel
to the Ajjaj shear zone.

The deformation implicates the boundary of
deformed intrusive massifs and exhibits parallel shear
zone. The Nabt intrusion, Jar-Salajah batholiths, Qaz-
zaz granite, and Rithmah diorite are dated between
740 and 620 Ma, usually these structures offer useful
GEOTECTONICS  Vol. 58  No. 1  2024
geological data to elucidate the history of deformation
for present region.

DEFORMATION HISTORY

On the basis of the existence of band structures, the
high metamorphism rocks are distinguished by using
the enhance LANDSAT images [52] and field obser-
vations to create a regional maps of the deformation
models [18, 19]. The maps show the direction and
strength of foliations that depict the deformation along
the Hamadat shear zone (Fig. 4).

The greenschist and amphibolite facies have grada-
tional contacts that are parallel to bedding plane (S0)
and almost parallel to the trending (NW‒SE) and
W‒E in the Hamadat shear zone [37].
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Fig. 4. Deformation pattern and simplified metamorphic map of the Hamadat core complex was derived from field work in com-
bination with enhanced satellite images (after [19]).

25�30�

37�30�

26�00�

38�00�

20 km0

N

Intrusive rocks Foliation with dip

High grade metamorphic rock

Medium grade metamorphic rock

Low grade metamorphic rock

Shear sense

Shear zone

H
anabiq shear zone

H a m a d a t  c o m p l e x

A j j a j  s h e a r  z o n e

S1

S2
F2

F3S1

S3
Phases of Deformation

It was proposed that four deformation phases (D1–
D4) are used to understand the structural components
of the studied region [18].

Phase D1. The first deformation phase (D1)
formed during the initial foliation (S1). In the Hama-
dat complex, the foliation (S1) strikes NW‒SE with
N‒E dipping and S‒SW with moderate dips, in the
northern part and southern part respectively. High-
grade metamorphosed rocks have bands that are par-
allel to (S1).

Phase D2. In second deformation (D2), foliations
(S1) were folded and created the foliations (S2), which
is parallel to the axial plane of the folds (F2). Folds (F2)
exhibit shallow dipping axial surfaces NW‒SE trending
with the close interlimb angles (Fig. 4).

Phase D3. In the third deformation phase (D3), the
Najd fault system is trended into NNW‒SSE, which is
parallel with various dipping axial surfaces for the open
to close folding style of the second folding phase (F3).
The second folding phase (F3) changed the foliation
(S1) and the first folding phase (F2) axial planes (S2),
which is as well related to a third group of foliation
(S3) with NNW‒SSE trending parallel to the axis of
F3 folds. In the eastern side of the Hamadat complex,
fold interference patterns that were created in the foli-
ation (S1) by the superposition of folds F2 and F3 are
observed (Fig. 4).

Phase D4. The fourth deformation phase (D4) was
formed by a mineral lineations (L4) through the shear-
ing. The majority of lineation in the Hamadat com-
plex is located on the foliation planes (S1) and (S2)
and sub-horizontal with plunging in the south part.
The lineation (L4) follows the WNW‒ESE trend of
the northern part of Hamadat complex and Ajjaj shear
zone. There is a left-lateral shear sense, according to
kinematic indications. However, the mineral linea-
tions (L4) occurred in the S1 and S2 planes visible
inside the anticlinorium [9].
GEOTECTONICS  Vol. 58  No. 1  2024
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Fig. 5. Landsat map views the sample location and major structural for studied area.
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It is crucial to point out that structural compo-
nents S2, F2, S3, and F3 are too found in displaying
distant from the Hamadat anticlinorium.

ANALYTICAL TECHNIQUE
The samples were cut along two perpendicular axis

planes known as the XZ and YZ, which defined the
major strain planes [35, 43]. The XZ planes are parallel
to mineral lineations and perpendicular to foliations,
whereas the YZ planes are perpendicular to both min-
eral lineations and foliations [35, 43, 52]. Strain analysis
is a mathematical approach for estimating the strain
ratios (Rs) using a wide range of strain indicators [40].

Some of the strain factors that are frequently
assessed in strain analysis contain strain ratios (Rs),
stretching, shortening, and strain ellipsoids for major
axes (such as X, Y, and Z, k values). Flinn diagram is
often utilized to depict the strain ellipsoids shape and
indicate deformation types [4, 12, 32].

The Rf/ϕ and Fry procedures were also utilized to
compute the RXZ and RYZ for samples. The minerals
individually are digitized for felsic and mafic grains.
Strain indicators such as feldspar, quartz, biotite, and
hornblende were utilized to evaluate the strain analysis
for collected samples. Following that, the outlines
were digitized. The long axes and short axes of about
60 grains per section were evaluated on quartz and
feldspar grains for Rf/ϕ analysis, and the average of
GEOTECTONICS  Vol. 58  No. 1  2024
the aspect ratio for each section was determined in the
current study.

The strain for Fry analysis was calculated using the
centre points of over 100 quartz, feldspar, biotite, and
hornblende per section. Many authors developed and
investigated these methodologies, which are critical
and widely utilized to determinate strain analysis [17,
24, 34]. In this study, the finite strain (RSXZ and RSYZ)
was determined using Ellipse Fit v.3.2.2 software [50],
and the “K” values were discovered using Strain Cal-
culator v3.2 software [53].

The 24 samples collected from Hamadat core com-
plex which deal gneisses rocks, metavolcano-sedi-
mentary rocks from both the Zaam and Baydah
groups, deformed granodiorite for Jar-Salajah and
Qazzaz granite (Fig. 5).

The majority of field samples gathered show
NW‒SE direction with the modest to steep dip for
Hamadat core complex, and these samples were the
next (Fig. 5):

— 10 gneisses rocks;
— 4 metavolcano-sedimentary rocks from the

Zaam group;
— 3 metavolcano-sedimentary rocks from the Bay-

dah group;
— 3 weakly deformed granodiorite from Qazzaz;
— 4 highly deformed granite from Qazzaz.
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Fig. 6. (a) Field photo shows general view for tectonic
contacts for various rock units; (b) decimetric photo for
metavolcano-sedimentary rocks show foliation planes;
(c) open-parallel folds at the zone margin to tight-f lat-
tened profiles.
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These ellipsoids display heterogeneously deforma-
tion for varied rocks in order to estimate the finite
strain in the Hamadat core complex (Fig. 5).

MICROSTRUCTURAL ANALYSIS
Gneisses rocks, metavolcano-sedimentary rocks

from the Zaam and Baydah groups, granodiorite for
the Jar-Salajah, and Qazzaz granite make up the
Hamadat core complex (Fig. 6a).

They are identified by their dominant slightly
SW‒NE dipping mylonitic foliation and their gently
plunging stretching lineations that run either NW‒SE
or slightly N‒S. The recrystallization of quartz and
feldspar were utilized as a guide to assess the metamor-
phic grade of mylonitization using the microstructure
investigation of the study area. Locally, the Hamadat
core complex and shear zones underwent varying
degrees of metamorphism from greenschist facies to
amphibolites-grade metamorphosis. The metavol-
cano-sedimentary rocks are foliated and sheared in
the northwest direction with vertical dipping (Fig. 6b).

The shear zone trending is characterized by various
movements with progressively modification of the fold
shapes and by open parallel folds at the outer zone to
tight f lattening at the center (Fig. 6c).

The gneiss rocks in the Hamadat complex have high
and medium grades of metamorphism rocks grade.

The extensive recrystallization and metamorphism
obscure the intermediate to mafic intrusive and basic
tuffaceous or volcanic character of the protoliths of
metamorphic rocks [39]. The high grade rocks contain
feldspar, quartz, garnet, micas, chlorite, and ilmenite
(Fig. 7a).

The foliations are folded and the rock consists of
mica, albite, ilmenite, chlorite and biotite. The devel-
opment biotite and white mica indicates the microfold
axial planes (Fig. 7b).

The medium grade rocks are not substantially
diverse from the high grade rocks in terms of petrogra-
phy. Leucosome bands, however, are exclusively
found in the high level rocks of the study region and
may be utilized to identify them in the field (Fig. 7b).

The foliation of the medium level rocks contains
epidote (Fig. 7c).

The epidote grains are easily recognized by their high
relief and range in color from colorless to light green.
Similar to the high level rocks, the mica foliation is over-
grown by the garnets in the medium level rocks (Fig. 7d).

While K-feldspar was just noticed, plagioclase
grains are distinguished from medium level rocks
including anorthite and albite.

The metavolcano-sedimentary rocks are located in
the Zaam and Baydah groups. The metavolcanic sam-
ples are black in color, fine-grained, and medium to
high sheared in the study region (Figs. 7e, 7f).

Quartz, potash feldspars, and plagioclase are its
principal constituents at the microscopic scale. These
rocks have well-elongated minerals, occasionally with
garnet inclusions (Fig. 7e).

Additionally, the metasedimentary rocks are sheared
in a vertical dipping, N‒W-trending orientation.
GEOTECTONICS  Vol. 58  No. 1  2024
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Fig. 7. (a) Microphotographs showing high grade metamorphic rocks contain feldspar, quartz, garnet, micas, chlorite, and
ilmenite (Sample Ha-5); (b) foliation and lineation for gneissic rock with the microfold axial planes for biotite and white mica
(Sample Ha-6); (c) the foliation of the medium grade rocks contains epidote for gneisses samples (Sample Ha-2); (d) the mica
foliation is overgrown by the garnets in the medium grade rocks (Sample Ha-8); (e) the metavolcano-sedimentary rocks for
the Zaam group are well-elongated minerals (Sample Za-3); (f) the metavolcano-sedimentary rocks for the Baydah group are
fine-grained, and medium to high sheared (Sample Ba-2).
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K-feldspar, quartz, and plagioclase make up its fine
and dark-colored grains (Fig. 7e).

It appears that finely foliated and opaque minerals,
with epidote acting as a minor mineral, are utilized as
accessories in certain thin portions. Plagioclase may
be seen breaking into K-feldspars and bending and
GEOTECTONICS  Vol. 58  No. 1  2024
kinking in certain thin slices, which is a faint sign of
cataclastic activity (Fig. 7f).

The intrusive rocks split into three major types due
to the degree of deformation: undeformed granite,
deformed granodiorite, and mylonitized granite. The
intruding undeformed granite shows a post-deforma-
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Fig. 8. (a)‒(e) Microphotographs showing: (a) Undeformed granite shows and contain quartz, potash feldspars and plagioclase
(Sample Q-4); (b) slightly granite has alkali feldspar, plagioclase, quartz and mafic minerals (Sample Q-1); (c) mylonitic granite are
contained elongated quartz aggregates and biotite (Sample Q-3); (d) deformed granodiorite displays plagioclase, quartz, hornblende
(Sample Jar-3); (e) the deformed granodiorite is medium sheared with medium to coarse grained (Sample Jar-2); (f) field photo-
graph exhibits that mylonitized granite rocks with numerous quartz stringers and feldspar augen with elliptical-shaped.
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tion cross-cutting interaction between it and the shear
zone for deformed rocks (Fig. 8a).

The undeformed granite typically has microper-
thite of alkali feldspar, plagioclase, quartz, biotite and
hornblende. It is also homogeneous, coarse grains,
equigranular that is porphyritic in certain localized
areas (Fig. 8b).

The mylonitized granite rocks exhibit numerous
quartz stringers and feldspar augen with elliptical-
shaped (Fig. 8c).
GEOTECTONICS  Vol. 58  No. 1  2024
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Fig. 9. Lower hemisphere for equal area projections for 24 collected samples showing: (a) Maximum extension direction (X);
(b) intermediate direction (Y); (c) maximum shortening direction (Z). Contours start at 3% and increment every 5%; red squares
in the stereographic projections represent mean values of tensor averages. Gneiss rocks are shown by grey squares; metavolcano-
sedimentary rocks from the Zaam group are red circle; metavolcano-sedimentary rocks from Baydah group are blue triangle; gra-
nodiorite rocks are black triangle; Qazzaz Granite rocks are green rhombus.
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It is described by the augen of K-feldspar or asym-
metrical porphyroclasts and plagioclase with blasto-
mylonitic texture. The mylonitic granite are contained
elongated quartz aggregates and biotite with fine to
medium grains in matrix (Fig. 8d).

Deformed granodiorite displays a number of intru-
sive bodies with compositions ranging from tonalite to
granodiorite. These bodies typically form concordant
contact related to the foliations for the shear zone.
Although, it is difficult to see deformation in the field,
it is visible only in thin sections (Fig. 8e).

The majority of the rock units are uniform,
medium to coarse grains, and occasionally porphy-
ritic. They are made of quartz, plagioclase, horn-
blende and biotite and also contain a bimodal grains
size distribution. Zircon, opaque minerals, and epi-
dote are examples of accessory minerals (Fig. 8f).

FINITE STRAIN RESULTS
Direction of Finite Strain

The strain measurements reveal that in the Hama-
dat core complex, the long axes (X-axes) of the finite
strain grains trend NW to SE with tiny dips for gneisses
rocks, metavolcano-sedimentary rocks from the Zaam
and Baydah groups, granodiorite for the Jar-Salajah,
and Qazzaz granite (Fig. 9).

The mean value for the long axis for different lith-
ologies is found to be clustering along a NW to SE
trending with 10°dip. The intermediate direction
(Y-axis) is also represented in figure 9 with E/ENE
and W/WSW directions and medium dip. The mean
value for different lithologies exhibits the NE/SW
trending and plunging around 35°.

Additionally, it is subvertical behavior for the X direc-
tion. The subhorizontal foliation is parallel to the max-
imum shortening direction (Z-axis), which steeply
GEOTECTONICS  Vol. 58  No. 1  2024
plunges to the WSW/ENE trending (Fig. 9). The max-
imum contoured data (Z-axis) is 200°/65°.

Strain Symmetry
The Flinn diagram depicts the strain results, which

we summarized [11] (Fig. 10, Table 1). The relative
strain ellipsoids shape such as prolate versus oblate, is
crucial for identifying the strain type, for example,
constructional versus f lattening. The strain ellipsoids
show oblate strain symmetry (Fig. 10).

The “K” value is shown to be the strain symmetry
in the various lithologies and to identify the tectonic
contacts in the Hamadat core complex [44]. It ranges
from 0.05 to 0.65 for the Rf/ϕ technique and from 0.02
to 0.76 for the Fry technique [17] (Tabl. 1). Because of
this, the strain measurements in the Hamadat core
complex indicate oblate strain symmetry for gneisses
rocks, metavolcano-sedimentary rocks from the Zaam
and Baydah groups, granodiorite for the Jar-Salajah,
and Qazzaz granite (Figs. 10a, 10b).

The Fry strain results are roughly more than the
Rf/ϕ strain results and do not differ significantly for
different rock units, proving that there is no visible dif-
ference between the two sets of observations. The bulk
of the samples that were assessed appeared to be f lat-
tening (Fig. 10).

According to the Rf/ϕ and Fry techniques, the
stenches X-axes (SX) and strain symmetry (K) display
a favourable association (Figs. 11a, 11b).

However, there is also a negative link between the
strain symmetry (K) and the stenches Y-axis (SY)
(Figs. 11c, 11d).

Additionally, there is no obvious correlation and typ-
ically continuous relationship between the strain sym-
metry (K) and the stenches Z-axis (SZ) (Figs. 11e, 11f).
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Fig. 10. Flinn diagram ([11]) for strain symmetry: (a) Rf/ϕ
method; (b) Fry method. Gneiss rocks are shown by grey
squares, metavolcano-sedimentary rocks from the Zaam
group are red circle; metavolcano-sedimentary rocks from
Baydah group are blue triangle, granodiorite rocks are
black triangle; Qazzaz Granite rocks are green rhombus.

Constr
ict

ion str
ain

4

3

2

1 2 3 4

(a)

R Y/Z

K =
 1,

 � =
 0

R
 X

/Y

Flat
ten

ing s
tra

in

Constr
ict

ion str
ain

7

5

3

6

4

2

1 3 5 72 4 6

(b)

R Y/Z

K =
 1,

 � =
 0

R
 X

/Y

Flat
ten

ing s
tra

in
Also we provided strain data that was used to cre-
ate the Flinn diagram to help visualize our findings
(Figs. 10, 11).

Finite Stretches
The strain values for gneisses rocks, metavolcano-

sedimentary rocks, granodiorite and Qazzaz granite in
the Hamadat core complex was displayed (Table 1).
According to the Rf/ϕ method, the axial ratio (XZ sec-
tion) ranges from:

— 2.20 to 4.5 for gneisses rocks;
— 1.90 to 2.10 for Zaam group metavolcano-sedi-

mentary rocks;
— 1.80 to 2.10 for Baydah group metavolcano-sed-

imentary rocks;
— 2.00 to 2.30 for Jar-Salajah granodiorite;
— 1.90 to 2.10 for Qazzaz granite.
As well, SX sections for gneisses rocks, metavol-

cano-sedimentary rocks vary from (Table 1):
— 1.61 to 2.24 (gneiss rocks);
— 1.36 to 1.72 (Zaam groups metavolcano-sedi-

mentary rocks);
— 1.59 to 1.76 (Baydah group metavolcano-sedi-

mentary rocks);
— 1.38 to 1.65 (Jar-Salajah granodiorite);
— 1.28 to 1.48 (Qazzaz granite).
Using the Fry approach, the axial ratios (XZ) for

different rock units range from 3.30 to 7.40, 2.50 to
3.40, 2.90 to 3.50, 2.40 to 3.60 and 2.10 to 2.60,
respectively.

Additionally, SX sections range from (Table 1):
— 1.65 to 2.26 for gneisses rocks;
— 1.42 to 1.74 for metavolcano-sedimentary rocks

from the Zaam group;
— 1.67 to 1.80 for metavolcano-sedimentary rocks

from the Baydah group;
— 1.35 to 1.42 for granodiorite rocks;
— 1.30 to 1.43 for Qazzaz granite rocks.
Stretches (Sz) for the Rf/ϕ method in all examined

samples range from 0.31 to 0.64, suggesting a vertical
shortening of 36 to 69%. Stretches (Sz) using the Fry
procedure vary from 0.29 to 0.62, indicating vertical
shortening of 38 to 71% for gneisses rocks, metavol-
cano-sedimentary rocks from the Zaam and Baydah
groups, granodiorite, and Qazzaz granite. In addition,
the SY ranges for the Rf/ϕ and the Fry methods were
1.06 to 1.52 and 1.04 to 1.60, respectively (Table 1).

Our analysis shows that the stretching axis of both
approaches is comparable. The strain records a little
difference in the deformation behavior between both
approaches, in addition to the similar deformation in
the different lithologies. The measured samples
demonstrate that there is no discernible difference in
the deformation attitude of various rocks. Addition-
ally, under the metamorphic conditions, the analyzed
samples suffered equal deformation of the strain mag-
nitude. Therefore, the most crucial step of foliation is
the mode of deformation throughout all lithologies
(Figs. 12, 13).

Strain Magnitude

The Nadai parameter referred to as the strain mag-
nitudes for samples of gneisses rocks, metavolcano-
sedimentary rocks from the Zaam and Baydah groups,
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Fig. 11. Flinn diagram ([11]) showing relative strain or strain symmetry: (a) SX vs. K showing a positive correlation for Rf/ϕ
method; (b) SX vs. K showing a positive correlation for Fry method; (c) SY vs. K showing a pronounced negative correlation for
Rf/ϕ method; (d) SY vs. K showing a pronounced negative correlation for Fry method; (e) SZ vs. K showing no obvious correla-
tion for Rf/ϕ method. (f) SZ vs. K showing no obvious correlation for Fry method. Gneiss rocks are shown by grey squares,
metavolcano-sedimentary rocks from the Zaam group are red circle; metavolcano-sedimentary rocks from Baydah group are blue
triangle; granodiorite rocks are black triangle; Qazzaz Granite rocks are green rhombus.
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Fig. 12. For XZ: (a) Micrograph; (b) Center to center graph; (c) Rf/phi graph; (d) Polar graph (for XZ plane at sample Ha-7).
Measured grains (blue dots); mean value for grains (red dot).
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granodiorite, and Qazzaz granite in the Hamadat core
complex. The strain magnitudes are depended on the
Lode shape for the rate of strain ellipsoids (Fig. 14).

According to [38], the chart displayed a plot based
on the circle 60° sector. The Lode factor can be iden-
tified by varying the direction of radial line in accor-
dance with the magnitude factor that has been mea-
sured [44].

For the Rf/ and Fry techniques, the examined
strain magnitude samples range from 0.546 to 1.451
and from 0.587 to 1.528, respectively (Table 1).

The obtained data are heterogeneous deformation.
Additionally, the strain magnitude indicates that
increased with the reduction of the Lode’s factor in
various rocks. In the current area, the strain magni-
tude also identified the impact of structural contact
and strain intensity (Fig. 14).

Volume Deformation

The strain ellipsoid shape revealed the strain type
and exposed constrictional and flattening form, as well
as the volume strain. High grade rocks may show min-
ute volume changes throughout the deformation [25,
35]. The logarithmic strain graph was created by [53] to
show the volume change and accompanying deforma-
tion. The ln Y/Z and ln X/Y values are shown on an X‒Y
chart for the logarithmic strain graph (Fig. 15, Table 1).

The real f lattening and constriction producing
from volume losses for the deformation are divided by
Δ = 0%, Δ = 20%, and Δ = 40%, respectively, accord-
ing to the straight-line logarithmic strain graph.

The measured samples for gneisses rocks, metavol-
cano-sedimentary rocks from the Zaam and Baydah
groups, granodiorite, and Qazzaz granite in the
Hamadat core complex are represented as f lattened
ellipsoids. Additionally, for ellipsoids, the volume loss
varies between 0 and 40% (Fig. 15).

DISCUSSION

Several arc-terranes create the Arabian Nubian
Shield. The boundaries of these terranes are clearly
delineated, somewhere arc-continental and arc‒arc
sutures split them [21].

According to [2], ophiolitic and serpentinites iden-
tify the sutures.

Arc‒arc accretions were a multistage development
that resulted in successive overprinting of the tectonic
evidence of the earlier steps, according to evidence
from the Arabian‒Nubian Shield [3].
GEOTECTONICS  Vol. 58  No. 1  2024
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Fig. 13. For YZ: (a) Micrograph; (b) Center to center graph; (c) Rf/phi graph; (d) Polar graph (for YZ plane at sample Ha-7).
Measured grains (blue dots); mean value for grains (red dot).

(a)

(b)

(c)

(d)

Z

400 �m

Y

15

1
–90� 0� 90�

90�

R

�

45�

R = 15
� = 0�

135�
The Yanbu suture divided into the Hijaz terrain (in
the south) and the Midyan terrain (in the north) [1].
There were four deformation stages in the research
region, with the first and two deformations
ENE‒WSW to E‒W shortening times being associated
to the subduction and collision phase between the Hijaz
and Midyan terranes [18, 19]. The third deformation is
associated with an oblique transpression control with
left-lateral progress, whereas the fourth deformation
time partly evolved as thrust lines between the intrusion
of granitic and the surrounding rocks.

It is not well known how the polarity of the subduc-
tion changed during the first and two events collision
occurrences between the Hijaz and Midyan terranes.
But the study of dipping thrust planes on SE to S/SE
suggested that the Midyan terrain may have subducted
below the Hijaz terrain [21].

The most NW of these terranes are represented the
Midyan terrane. It also contains metavolcano-sedi-
mentary and intrusion rocks with volcanic rocks and
later molasse sediments. The Najd fault system is a
massive shear zone that trends NW‒SE direction [47].

Early shear for the Najd fault system was ductile
and took place in the depths with an amphibolite
GEOTECTONICS  Vol. 58  No. 1  2024
facies. Brittle shearing occurred in the shallow strata of
this system [13, 21].

The high-grade metamorphic complexes as Hama-
dat complexes were found in the Midyan terrane
beside large-strands of the Najd system that comprise
the three shear zones (Qazzaz, Ajjaj, and Hanabiq
regions). The majority of the metamorphic complexes
have NW–SE trend, or parallel to the direction of
shear zones [2].

The Najd fault system is visible throughout much
of the Arabian‒Nubian shield. However, space imag-
ery [41] reveals that the Ajjaj‒Qazzaz‒Hamadat
regions are its mainly spectacular sector, explaining a
variety of timing associations related to intrusion rocks
[18, 19].

The NW‒SE direction branches of the Najd Fault
System’s shear zones display left-lateral shear, whereas
related N‒S and NE‒SW striking directions exhibit
right-lateral movement. The all different units create a
network of planar anastomoses that distinguished a
huge with less deformed fish-shaped parts [15].

The N‒S trend for Hanabiq shear zone is a branch
of the Ajjaj shear zone. Inside the Ajjaj shear zone, the
Hamadat complex is a exhumed of gneiss dome. Both
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Fig. 14. Nadai’s diagram vs. Lode’s parameter for the the
Hamadat core complex region (a) refer to Rf/ϕ methods
and (b) refer to Fry methods. Gneiss rocks are show by grey
squares; metavolcano-sedimentary rocks from the Zaam
group are red circle; metavolcano-sedimentary rocks from
Baydah group are blue triangle; granodiorite rocks are
black triangle; Qazzaz Granite rocks are green rhombus.
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Fig. 15. Logarithmic strain diagram; Straight lines char-
acterized the plane strain for 0, 20, and 40% volume loss;
[K = ln(X/Y)/ln(Y/Z)]. (a) refer to Rf/ϕ and (b) refer to
Fry method. Gneiss rocks are show by grey squares,
metavolcano-sedimentary rocks from the Zaam group
are red circle, metavolcano-sedimentary rocks from Bay-
dah group are blue triangle, granodiorite rocks are black
triangle, and Qazzaz Granite rocks are green rhombus.
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intrusive and metamorphic rocks form the Hamadat
complex.

Researchers [18, 19] utilized the intrusive rocks to
restrict the Ajjaj shear zone activity to activity based on
their various cross cutting connections to the shear zone.

In the current study, the Hamadat core complex
shows gneisses, metavolcano-sedimentary rocks from
the Zaam and Baydah groups, granodiorite, and Qaz-
zaz granite. These metamorphic rocks contain garnet,
muscovite, biotite, feldspar, and quartz, which repre-
sented the peak of metamorphism. The garnet por-
phyroblasts are characterized by invading the foliation
that post-deformational conditions were satisfied for
peak metamorphism. Additionally, the Hamadat core
complex activity terminated before the chlorite cre-
ated, static retrograde chlorite appears to be overprint-
ing the peak metamorphic assemblages [18, 19, 37].

The lineations in the Hamadat core complex that
are trending northwest to southeast are also connected
to kinematic markers that demonstrate this direction
of tectonic movement. In this instance, we found that
the subhorizontal main phase foliations controls tec-
tonic background in the study region.

For different lithologies, the main phase foliations
run parallel to subparallel to the tectonic contact. Based
on the strain measurements, the axial ratios (XZ) in the
GEOTECTONICS  Vol. 58  No. 1  2024
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various rocks in the Hamadat core complex exhibit
metamorphism rocks from medium to high strains.

In the present results, the nappe structure was het-
erogeneously deformation under ductile strain. Addi-
tionally, the current region highlights the substantial
strain accumulation that was caused by tectonic move-
ments at the strike slip fault [5, 31].

Our study suggested that if the high grade rocks
porosities stay extremely low through deformation,
relatively small or no volume changes may be envis-
aged [35]. The Hamadat core complex displays oblate
strain symmetry, according to the strain measure-
ments.

In addition to pure shearing, vertical shortening
also contributed to the development of ductile defor-
mation during sinistral shear. There is no clear pattern
for the “K” value, which represents the strain type. It
is indicated how the significant amount exhibits the
flattening strain as a result of vertical shortening,
which was connected to thrusting of the study area.

Therefore, we proposed that the nappe contacts
were shaped by growth overthrusting through brittle to
ductile conditions before metamorphism and defor-
mation. It was discovered that the subhorizontal folia-
tion in the examined area contributed to the vertical
shortening. The vertical shortening is in conjunction
with pure shear due to the subhorizontal foliation
under investigation area [6, 45].

The ductile feldspar is produced as a result of the
thrusting-stimulated deformation for the Rf/ϕ and fry
strains. It showed that the pre-existing structures
remained in low strain regions between shear zones
due to exceptionally high strain. Furthermore, it
demonstrated how thrusting and intrusions cause
deformation times with finite strain accumulations via
brittle to ductile deformations. The nappe contacts
and sinistral shear indicators in the Hamadat core
complex were caused by the single deformational
event, according to the conclusions of the strain data.

CONCLUSIONS
Our research results leads to the summary of the

finite strain and deformation data for the Hamadat
core complex region.

(1) The different rocks such as gneisses, metavol-
cano-sedimentary from the Zaam and Baydah groups,
granodiorite, and Qazzaz granite for the Hamadat
core complex region were subjected to the same defor-
mation events at around the same events.

(2) Our results showed flattening strain type and
oblate strain symmetry in the Hamadat core complex
region. Additionally, it concluded that during thrust-
ing and intrusions throughout the deformation pro-
cess, and building of brittle to ductile deformation was
mostly caused by pure shearing in studied area.

(3) It concluded that the shortening axes are sub-
vertical related to the subhorizontal foliations. The
GEOTECTONICS  Vol. 58  No. 1  2024
strain data have the same main-phase foliation and
similar deformation behaivour. Finite strain acquired
all through high pressure metamorphism in this
instance suggests that the nappe boundaries developed
during the buildup of ductile strain and, consequently,
brittle strain through the intrusions.
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