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a b s t r a c t
This paper presents the ﬁrst paleostress results obtained from displacement and fracture systems within
the Lower Eocene sediments at Jabal Haﬁt, Abu Dhabi Emirate, UAE. Detailed investigation of Paleogene
structures at Jabal Haﬁt reveal the existence of both extensional structures (normal faults) and compressional structures (strike-slip and reverse faults). Structural analysis and paleostress reconstructions show
that the Paleogene kinematic history is characterized by the succession of four paleostress stages. Orientation of principal stresses was found from fault-slip data using an improved right-dihedra method, followed by rotational optimisation (TENSOR program).
The paleostress results conﬁrm four transtensional tectonic stages (T1–T4) which affected the study area.
The ﬁrst tectonic stage (T1) is characterized by SHmax NW–SE r2-orientation. This stage produced NW–SE
striking joints (tension veins) and E–W to ENE–WSW striking dextral strike-slip faults. The proposed age of
this stage is Early Eocene. The second stage (T2) had SHmax N–S r2-orientation. N–S striking joints and NNE–
SSW striking sinistral strike-slip faults, E–W striking reverse faults and N–S striking normal faults were
created during this stage. The T2 stage is interpreted to be post-Early Eocene in age. The third stage (T3)
is characterized by SHmax E–W r2-orientation. This stage reactivated the E–W reverse faults as sinistral
strike-slip faults and created E–W striking joints and NE–SW reverse faults. The proposed age for T3 is
post-Middle Eocene. During the T3 (SHmax E–W r2-orientation) stage the NNW-plunging Haﬁt anticline
was formed. The last tectonic stage that affected the study area (T4) is characterized by SHmax NE–SW
r2-orientation. During this stage, the ENE–WSW faults were reactivated as sinistral strike-slip and reverse
faults. NE–SW oriented joints were also created during the T4 (SHmax NE–SW r2-orientation) stage. The
interpreted age of this stage is post-Middle Miocene time but younger than T3 (SHmax E–W r2-orientation)
stage.
Ó 2010 Elsevier Ltd. All rights reserved.

1. Introduction
Jabal Haﬁt is one of the foothills of the Northern Oman
Mountains (Fig. 1) that lie at the eastern extremity of the Arabian
Plate. The mountains formed in response to two main orogenic
events in Late Cretaceous and Miocene. The ﬁrst is represented by
the Late Cretaceous (Coniacian to Maastrichtian) obduction of the
Semail Ophiolite and associated sedimentation of carbonate and
volcanic rocks (Sumeini, Hawasina and Haybi groups) onto the
eastern margin of the Arabian platform (Glennie et al., 1973,
1974; Coleman, 1981; Searle et al., 1983, 2004; Lippard et al.,
1986; Nolan et al., 1986; Boote et al., 1990; Robertson et al.,
1990; Warren et al., 2005). The second compressive event occurred
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in the Late Eocene to Miocene. It was responsible for the formation
of foreland folds (Warrak, 1996) and folding of Maastrichtian–
Paleogene neoautochthonous units in the foredeep (Boote et al.,
1990).
The study area is located at Jabal Haﬁt (Fig. 1) where Lower
Eocene rocks constitute the core of Jabal Haﬁt anticline. The rocks
are well bedded massive limestones with some replacement chert
bands and nodules (Fig. 2). The limestone has been locally
dolomitized.
The Jabal Haﬁt structure was investigated by Warrak (1996),
Noweir (2000) and Zaineldeen and Fowler (2007). It is a doubly-plunging anticline structure. It plunges northward in the United Arab Emirates and southward in Oman. The Haﬁt structure
consists mainly of two en-échelon oriented anticlines (Noweir,
2000), the Haﬁt Anticline to the south and Al Ain Anticline to
the north. The limbs of the Haﬁt Anticline dip to the east and
west. Warrak (1996) concluded that Jabal Haﬁt and other foreland folds in the Northern Oman Mountains formed prior to the
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Fig. 1. Geological map of the northern part of Jabal Haﬁt: see insert for location of study area (modiﬁed from Hunting (1979), Cherif and El Deeb (1984), Hamdan and Bahr
(1992), Noweir (2000)).

main Zagros deformation which began in the latest Miocene and
culminated in the Late Plio-Pleistocene (Stocklin, 1968; Murris,
1980).

This work intends to reconstruct the paleostress regimes that
pertained during the evolution of the Haﬁt structures. It presents
the ﬁrst results of paleostress investigation of the Haﬁt area, using
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Fig. 2. Well bedded massive limestone (Rus Formation of Lower Eocene) with some
replacement chert bands and nodules.
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2. Reduced stress tensors reconstruction
Reduced stress tensors were reconstructed by inversion of fault
and joint kinematic data to characterize the evolution of Jabal Haﬁt
area. The inversion is based on the assumption that slip on a plane
occurs in the direction of the maximum resolved shear stress (Bott,
1959), and that the apparent slip direction on the fault plane can be
inferred from frictional grooves or slickensides. According to classical procedures as those developed by Angélier and Mechler
(1977), Angélier (1989, 1994) and Dunne and Hancock (1994), fault
and joint data were inverted to obtain the four parameters of the
reduced stress tensor. These are the principal stress axes r1 (maximum compression), r2 (intermediate compression) and r3 (minimum compression) and the ratio of principal stress differences
R = (r2  r3)/(r1  r3). The two missing parameters of the full
stress tensor can be derived from the ratio of extreme principal
stress magnitudes (r3/r1) and the lithostatic load, but these cannot
be determined from fault data alone. The ﬁrst four parameters are
determined successively using an improved version of the rightdihedra method of Angélier and Mechler (1977), and a rotational
optimisation method, using the TENSOR program developed by
Delvaux (1993) and Delvaux and Sperner (2003).
As a starting point, the improved right-dihedra method allows a
ﬁrst estimation of the orientations of the principal stress axes, and
a ﬁrst ﬁltering of compatible fault-slip data. The ﬁltered fault-slip
population and the preliminary tensor will be used as a starting
point in the following inversion procedure by rotational optimisation. The right-dihedra algorithm used in the TENSOR program is
based on the principle developed by Angélier and Mechler
(1977), with signiﬁcant improvements. The original method uses
a reference-computing grid of 384 pre-determined orientations in
a lower hemisphere projection. For each fault, pairs of compressional and extensional quadrants are determined in function of
the orientation of the fault plane, the slip line and direction of slip.
These quadrants are plotted on the stereonet and compared with
the reference grid. All orientations of the grid falling in the extensional quadrants are given a value of 100% and those falling in the
compressional quadrants, 0%. Those values are summed up for
each fault, and then divided by the number of faults. This results
in a ‘‘counting net’’, displaying values between 0 and 100. The area
deﬁned by the orientations of the reference grid which have values
of 0 should contain the r1 stress axis, and the area deﬁned by the
orientations of values 100 should contain the r3 stress axis.
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A ﬁrst improvement is to compute the position of the intermediate axis r2 on the counting net and to infer the values of the
stress ratio R in function of the corresponding value in the counting
net. This appears to be a good estimate of the R ratio for large fault
populations, with a wide variety of spatial orientations.
A second improvement is the development of a compatibility
test, which allows a preliminary ﬁltering of the initial fault population. The counting net of each individual fault is compared with
the ﬁnal counting net and a counting deviation factor is computed,
expressed in percent. This allows to control the compatibility of
each fault with the ﬁnal result, and to reject it if necessary. Using
this system, a ﬁrst dihedral solution is computed on the initial population, and the incompatible faults are rejected. The procedure is
repeated several times until well-deﬁned areas of 0 and 100 values
are obtained in the counting net. The ﬁnal result and the retained
fault population will serve as a starting point for the rotational
optimisation.
The method also allows the use of compressional and tensional
joints for estimating the four parameters of the stress tensors. Tensional joints can be tension veins ﬁlled by minerals or small to
large-scale dykes. Typical compressional joints are stylolites. The
general principle is that, for extensional joints, the extensional axis
has to be at a high angle (>60°) to the tension plane, and the compressional axis, at a low angle to the plane (<30°). The reverse is
true for compressional joints. It is therefore also possible to deﬁne
on the counting grid, areas in compression (value 0), in extension
(value 100) and intermediate (value 50). These individual-counting
nets can be summed up and averaged as in the case of faults. This
allows the mixing of all the three different types of data (faults,
tension and compression joints).
To avoid a long systematic grid search, the inversion is performed by testing a great number of different stress tensors, with
the aim to minimise a misﬁt function, using an iterative procedure.
The simplest misﬁt function to minimise is the slip deviation a between the observed slip direction and the theoretical shear stress
on the plane. The function used here also integrates the simultaneous minimisation of normal stress and maximisation of shearing
stress magnitudes on each fault planes, in order to favour the faultslip data which have the best chance to be activated.
The inversion procedure consists in successive rotations of the
tensor around the three principal stress axes (r1, r2 and r3). For
each stress axis, the rotation angle is determined for which the
function has its minimum value. The tensor is then rotated accordingly. The same procedure is repeated for the following stress axis.
After rotation around the three stress axes, the R-value is determined in a similar way by testing a range of possible R-values. Each
run involves ﬁrst the adjustment of the stress axes, then the R-ratio. The process is repeated several times until the tensor is stabilised, and that no further rotation or modiﬁcation of the R-ratio
occurred. The aim is to decrease progressively the value of the misﬁt function while increasing the largest possible number of faultslip data. In the ﬁrst run, the tensor is rotated around each stress
axes within a range of rotation angles of ±45° from original
orientation of the tensor, and the full range of R-values is checked
between 0 and 1. During the next runs, these ranges are progressively narrowed, up to ±5° of rotation for the stress axes and ±0.1
for the stress ratio R.
The paleostress tensor obtained is deﬁned strictly from the population of fault-slip data on which it was computed. However, the
raw population of fault-slip data measured on the outcrop is generally not strictly homogeneous, in a sense that all fault-slip data
cannot be attributed to a single stress tensor. Paleostress analysis
involves the separation of fault-slip data into populations, which
can be attributed to a single stress tensor.
A maximum slip deviation a of 30° is set, as a limit for determining if a fault-slip data is compatible to a stress tensor. In the
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rotational optimisation procedure, the separation is performed
progressively during the inversion. This can be done after each
optimisation run rather than after the ﬁnal determination of the
tensor. To ensure an efﬁcient fault separation, the procedure of
tensor optimisation and fault separation is proceeded successively
with a decreasing value of the maximum slip deviation (e.g. from
60° to 30°). As the stress tensor is determined on a particular population, a new stress tensor has to be re-calculated after each modiﬁcation of the fault population. Using this procedure, the ﬁrst
tensor obtained corresponds to the subset, which is represented
in the original population by the greatest number of faults. The rejected faults are then submitted to the same procedure, to extract
the next subset for which all fault-slip data can be attributed to another single stress tensor.
At the end of the procedure, when two or more subsets are separated from the original fault population, it is necessary to test the
stress tensors of each subset on the total fault population, to check
if the fault separation has been done in an optimal way. Effectively,
the fault-slip data are considered compatible with a stress tensor
as soon as the deviation angle a is less than 30°. In the process of
stress tensor inversion and fault separation, a given fault-slip data
is attributed to the ﬁrst population for which it is compatible with
the characteristic stress tensor. But it can be also compatible with
the stress tensors of the other subsets, sometimes with even a
smaller deviation angle a. During the ﬁnal cross-check, each fault
data is attributed to the population for which the slip deviation a
is minimum. Because each subset was modiﬁed, a new optimisation run has to be performed on each subset. This does generally

not change signiﬁcantly the stress tensors, but it ensures an objective separation of fault populations.
Tensors can be classiﬁed as function of the orientation of the
principal horizontal stress axes (SHmax and Shmin). The stress inversion technique applied here results allow the deﬁnition of four
paleostress stages (T1–T4). The tensors are grouped according to
their similarities as a function of stress axes orientation (SHmax)
and stress regime index (R0 ) as preferred by Delvaux and Sperner

Fig. 3. Fault plane with slip lines (slickensides) observed in limestone of the study
area.

Table 1
Paleostress tensors from joint (a) data and fault-slip data (b). r1, r2 and r3 = plunge and azimuth of principal stress axes; R = stress ratio; a = mean slip deviation; Q = quality
ranking; R0 = stress regime index.

r2

r3

R

a

Q

R0

Tensor type

T1a: SHmax NW–SE
JH05
88/037
JH06
73/054

00/302
07/300

02/212
15/209

1.0
1.0

05.7
05.6

D
C

1.0
1.0

Strike-slip extensive
Strike-slip extensive

T1b: SHmax NW–SE
JH05
10/291
Mean
80/045

79/130
04/300

03/022
10/209

0.64
1.0

13.48

D

1.36
1.0

Pure strike-slip
Strike-slip extensive

T2a: SHmax N–S
JH03
JH05
JH06
JH07

80/281
80/353
74/208
67/002

01/015
10/167
14/001
23/190

10/105
01/257
07/093
03/098

1.0
1.0
1.0
1.0

06.5
05.6
09.4
05.3

B
D
D
C

1.0
1.0
1.0
1.0

Strike-slip
Strike-slip
Strike-slip
Strike-slip

T2b: SHmax N–S
JH05
JH06
JH07
Mean

29/171
30/180
71/120
81/348

58/015
19/078
13/349
09/184

10/267
53/320
14/256
02/094

0.29
0.44
0.28
1.0

12.23
03.14
10.24

C
D
D

1.71
2.44
0.28
1.0

Compressive strike-slip
Pure compressive
Pure extensive
Strike-slip extensive

T3a: SHmax E–W
JH03
JH05

72/149
37/265

11/273
53/081

14/006
02/174

0.87
1.0

09.1
07.7

D
D

0.87
1.0

Strike-slip extensive
Extensive strike-slip

T3b: SHmax E–W
JH01
JH04
Mean

32/088
05/083
70/305

53/234
26/350
14/079

16/347
64/183
14/172

0.18
0.01
0.94

13.52
12.5

C
C

1.82
2.01
0.94

Compressive strike-slip
Strike-slip compressive
Strike-slip extensive

T4a: SHmax NE–SW
JH02
55/050
JH03
76/163
JH04
57/138
JH05
28/056

35/233
09/034
03/044
62/236

01/142
11/302
33/312
00/146

1.0
1.0
1.0
1.0

06.6
09.4
06.1
08.6

B
D
D
D

1.0
1.0
1.0
1.0

Strike-slip extensive
Strike-slip extensive
Strike-slip extensive
Extensive strike-slip

T4b: SHmax NE–SW
JH02
09/041
JH03
15/218
Mean
74/004

67/152
64/092
10/235

21/308
20/314
12/143

0.07
0.19
1.0

08.97
08.18

C
B

1.93
1.81
1.0

Compressive strike-slip
Compressive strike-slip
Strike-slip extensive

Site

r1

extensive
extensive
extensive
extensive
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Fig. 4. Weighed mean tensors for all tensor groups (T1–T4). (Equal area projection, lower hemisphere) (circles = r1, triangles = r2 and squares = r3); S1, S2 and S3 = the three
principal stress axes (r1, r2 and r3 respectively); R = stress ratio.

Fig. 5. Stress inversion results for T1a. Stereograms (Equal area projection, lower hemisphere) with trace of joints; histogram of counting deviation percent (CD%) for each
joint.
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(2003). SHmax for each stage was determined according to the world
stress map data base (Muller et al., 1997). All stress tensors are
listed in Table 1 and are displayed on structural maps for each
paleostress stage. Some sites exhibited more than one tensor, indicating the effect of more than one stage of deformation.
The TENSOR program has been performed successfully in many
regions Delvaux (1993), Delvaux et al. (1995,1997a,b), Zaineldeen
et al. (2002), Dehandschutter et al. (2005), Foeken et al. (2006),
Peskova et al. (2006), Cerrina et al. (2008), Zaineldeen and Fowler
(2009).
The reduced stress tensors are classiﬁed into three major stress
regimes, according to the nature of the vertical stress axes: extensional (r1 vertical), strike-slip (r2 vertical) and compression (r3
vertical). The intermediate stress regimes are sometimes also
named ‘‘transtension’’ for transition between extension and
strike-slip and ‘‘transpression’’ for the transition between strikeslip and compression. The stress regime is further classiﬁed by

its stress ratio R: radial extension (r1 vertical, 0 < R < 0.25), pure
extension (r1 vertical, 0.25 < R < 0.75), transtension (r1 vertical,
0.75 < R < 1.0 or r2 vertical, 1.0 > R > 0.75), pure strike-slip (r2 vertical, 0.75 > R > 0.25), transpression (r2 vertical, 0.25 > R > 0 or r3
vertical, 0 < R < 0.25), pure compression (r3 vertical, 0.25 < R <
0.75) and radial compression (r3 vertical, 0.75 < R < 1.0). The stress
regime index (R0 ) deﬁned from a combination of the stress ratio (R)
and the nature of the most vertical principal stress axis (as in Delvaux et al. (1997b), Delvaux and Sperner (2003)). It is ranging from 0
to 3 as follows: R0 = R when r1 is vertical (extensional stress regime), R0 = 2  R when r2 is vertical (strike-slip stress regime)
and R0 = 2 + R when r3 is vertical.
Quality ranking has been deﬁned by Delvaux and Sperner
(2003) and Sperner et al. (2003) through the following criteria:
number of fault-slip data (n) used in the inversion, ratio of faultslip data used relative to the total number measured (n/nt), deviation between observed and theoretical slip directions (aw) and slip
sense conﬁdence level for individual faults (Clw). These criteria are
part of the output of the TENSOR program. The quality ranking
ranges from A to E (A: excellent, B: good, C: medium, D: poor, E:
to be rejected).
The relative age of the stress tensor is estimated from the crosscutting relationship of joint data and fault-slip data (slickensides
and fault plane).
3. Paleostress analysis from fault-slip data

Fig. 6. Stress inversion results for T1b tensor group. Equal area projection, lower
hemisphere with traces of fault planes, observed slip lines and slip senses; circles,
triangles and squares = symbols of stress axes r1, r2 and r3 respectively; S1, S2 and
S3 = the three principal stress axes (r1, r2 and r3 respectively); R = stress ratio;
a = slip deviation; histogram of observed slip-theoretical shear deviation a for each
fault plane.

Mesostructures are relatively robust indicators of stress orientation and can provide information about successively evolving
fault pattern including orientation and ratios of principal stress
axes. The orientation of the stress ﬁeld was determined by selecting those measurements of mesostructures with a clear sense of
movement. Seven measurement sites were investigated within
the study area. The sites are located on exposures of Lower Eocene
rocks (Fig. 2). From each site, brittle structures (fault-slip data)
were measured. They include fault planes with slip lines (slickensides) and indication of slip sense (Angélier, 1989), and also other
small-scale brittle microstructures, such as tension joints (Delvaux
and Sperner, 2003). Slickensides (Fig. 3) and steps observed on the
faults surfaces were used to determine the sense of movement. All
outcrops show very clear shear sense indicators.

55o 45.56\
JH02

N
N

JH01
JH04

JH05 (T1a)

JH05

24o 06\

JH03
JH06
JH07

JH05 (T1b)

JH06 (T1a)
Fig. 7. Lineament map with paleostress tensor group T1 (NW–SE SHmax).
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Since the study area is covered only by Lower Eocene rocks, it is
difﬁcult to provide age information for each stage. The cross-cutting relationship of the joints was used to determine the relative
age for the tensor stages. The stress regime type deﬁnes SHmax
and Shmin for the principal stress axes, in strike-slip regime r1 is
SHmax and r3 is Shmin; in compression regime r1 is SHmax and r2
is Shmin; in extensional regime r2 is SHmax and r3 is Shmin. According
to this deﬁnition, the tensors have been classiﬁed into four groups.
The paleostress directions are as follows: T1: SHmax NW–SE r2-orientation; T2: SHmax N–S r2-orientation; T3: SHmax E–W r2-orientation and T4: SHmax NE–SW r2-orientation.
Each group was divided into two sub-groups (a) and (b). Subgroup (a) is related to the joints (tension veins) while sub-group
(b) is related to the faults planes and slip lines orientations. For
each group, the mean orientation of the stress axes (r1, r2 and
r3), the mean stress ration (R), slip deviation (a), quality rank (Q)
and stress regime are presented in Table 1. The mean orientations
of the three principal stress axes for each group are shown in Fig. 4.
These orientations were calculated for each stage by CONVERSE
Program (it is a program associated with TENSOR Program). The
mean value for each axis of the three principal axes was calculated
separately. The horizontal axes were calculated separately together
to give the mean value of it. The same was done to the vertical
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axes. All stress tensors at each location site are displayed on a
structural map for each paleostress stage.
3.1. T1: SHmax NW–SE r2-orientation
The oldest tectonic stage recorded in the study area refers to
NW–SE maximum horizontal stress. The mean orientation of the
principal stress axes for this group is shown in Fig. 4. The stress
ﬁelds have sub-vertical r1-axis and sub-horizontal r2- and r3axes. The mean orientations of these axes are r1 at 80/045, r2 at
04/300 and r3 at 10/209. The stress ratio R is 1.0 indicating a
extensional stress regime. This group is subdivided into two subgroups T1a and T1b.
T1a sub-group was reconstructed from the NW–SE striking
joints. The ﬁeld observations show that these joints are the oldest
ones in the study area. Two very similar tensors have been obtained for this sub-group and gave NE–SW extension. The calculated results are listed in Table 1 and shown in Fig. 5. T1b subgroup was reconstructed from the faults that have slip orientation
and sense of movement. Only one tensor has been obtained for this
sub-group that gave strike-slip with r3 trending horizontally NE–
SW. It is listed in Table 1 and shown in Fig. 6. The projections of
stress tensors for the T1 stage are plotted in Fig. 7.

Fig. 8. Stress inversion results for T2a. Stereograms as in Fig. 5.

Author's personal copy

330

U.F. Zaineldeen / Journal of African Earth Sciences 59 (2011) 323–335

3.2. T2: SHmax N–S r2-orientation
This stage is younger than T1 stage. It is characterized by SHmax
N–S r2-orientation. The mean orientation of the principal stress
axes are r1 at 81/348, r2 at 09/184 and r3 at 02/094. The stress ratio R is 1.0 indicating a extensional stress regime. This group is also
subdivided into two sub-groups T2a and T2b.
T2a sub-group was reconstructed from the N–S striking joints.
These joints are younger than the NW–SE striking ones. Four very
similar tensors have been obtained for this sub-group (Fig. 8).
These tensors are listed in Table 1. The T2b sub-group was reconstructed from the faults. Three tensors have been obtained for this
sub-group (Fig. 9). All tensors are listed in Table 1 and plots for
these tensors are shown in Fig. 10.
3.3. T3: SHmax E–W r2-orientation
This stage was reconstructed from the E–W striking joints (T3a)
and from the fault-slip data (T3b) at different location sites in the
study area. This stage represents four tensors. Two of them relate
to the T3a sub-group (Fig. 11) and the other two relate to the
T3b sub-group (Fig. 12). The results show that the maximum horizontal stress (SHmax) which is here r1 is oriented E–W. The mean
orientation of the principal stress axes are r1 at 70/305, r2 at 14/
079 and r3 at 14/172. The results indicate that r1 is sub-vertical,
r2 and r3 are sub-horizontal and the stress ratio R is 0.94 indicat-

ing a transtensional stress regime. All stress tensors for this group
are listed in Table 1. The projections of stress tensors for the T3
stage are plotted in Fig. 13.
3.4. T4: SHmax NE–SW r2-orientation
This stage represents the youngest tectonic stage recorded in
the study area. It is consistent with NE–SW r2-orientation
(Fig. 4). The paleostress tensors deﬁne a extensional stress regime
with NE–SW r2-orientation (SHmax). The mean orientation of the
principal stress axes are r1 at 74/004, r2 at 10/235 and r3 at 12/
143.
Six tensors have been obtained for this group. Four tensors from
the NE–SW directed joints (T4a) and only two tensors from the
faults (T4b). These tensors are listed in Table 1 and shown in Figs.
14 and 15 respectively. Plots for these tensors are shown in Fig. 16.

4. Discussions
The reconstruction of the joints and fault-slip data allow identiﬁcation of four paleostress stages. These stages are of transtensional stress regimes with different orientation of intermediate
principal stress axes of compression. They are: (T1) SHmax NW–SE
r2-orientation; (T2) SHmax N–S r2-orientation; (T3) SHmax E–W
r2-orientation and (T4) SHmax NE–SW r2-orientation.

Fig. 9. Stress inversion results for T2b tensor sub-group. Stereograms as in Fig. 6.
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Fig. 10. Lineament map with paleostress tensor group T2.

Fig. 11. Stress inversion results for T3a sub-group. Stereograms as in Fig. 5.

The sequence of stages and their age constraints are discussed
below. Since the area is restricted to Lower Eocene rocks, it is difﬁcult to provide a deﬁnite age for each tectonic stage. So, the current tectonic stages are compared to other stages elsewhere in the
Northern Oman Mountains.
4.1. T1: SHmax NW–SE r2-orientation
The oldest tectonic stage affected the study area is characterized by a extensional stress regime with SHmax (r2-orientation) ori-

ented NW–SE. This tectonic stage produced NW–SE striking joints
(tension veins) and E–W to ENE–WSW dextral strike-slip faults.
The same direction of NW–SE r2-orientation was reported in the
Northern Oman Mountains at Jabal Al Fayah (Abd-Allah, 2001)
and at Wadi Ham (Zaineldeen and Fowler, 2009). It took place at
the Late Paleocene–Early Eocene. The effects of this compression
is widespread along the western margin of the Oman Mountains
(Glennie et al., 1974; Hunting, 1979; Cherif and El Deeb, 1984;
Warrak, 1996). Therefore, an Early Eocene age is proposed for the
ﬁrst tectonic stage (T1) in the study area.
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Fig. 12. Stress inversion results for T3b sub-group. Stereograms as in Fig. 6.
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Fig. 13. Lineament map with paleostress tensors for T3 group.

4.2. T2: SHmax N–S r2-orientation
This tectonic stage is also characterized by a extensional stress
regime but with SHmax N–S r2-orientation. This stage is well constrained by seven stress tensors. Stage T2 produced N–S striking
joints, NNE–SSW sinistral strike-slip faults, E–W reverse faults
and N–S normal faults.
The same N–S r2-orientation were reported by Warrak (1986)
and Zaineldeen and Fowler (2009). They reported the evidence
for this stage at the southern part of the Northern Oman Mountains
front and interpreted to be Late Cretaceous that includes the time
of the emplacement of the allochthonous units in the form of
thrust sheets. It is believed that T2 tectonic stage was reactivated
during Paleogene time. Warrak (1996) interpreted the Haﬁt struc-

ture as having been initiated just before the Middle Eocene and as
having grown synchronously with sedimentation till the end of
Miocene time. Therefore, T2 tectonic stage is interpreted to be
post-Early Eocene time since the study area is covered only by
Lower Eocene rocks.

4.3. T3: SHmax E–W r2-orientation
The reconstruction of paleostress tensors from brittle structures
indicate the third tectonic stage affected the study area has an E–W
r2-orientation. This stage created E–W striking extensional joints
and NE–SW reverse faults and reactivated E–W striking faults as
sinistral strike-slip faults.
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Fig. 14. Stress inversion results for T4a sub-group. Stereograms as in Fig. 5.

Fig. 15. Stress inversion results for T4b sub-group. Stereograms as in Fig. 6.
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Fig. 16. Lineament map with paleostress tensor group T4.

The collision of the Arabian plate with Iran initiated a second
phase of thrusting and folding of the Oman Mountains in the Miocene (Warrak, 1996). The direction of the T3 compression is compatible to the direction of the Malaqet – Mundassa fold which is
interpreted to have been formed during Late Cretaceous – Paleogene time (Noweir and Elouteﬁ, 1997). The T3 compression is also
compatible with the trend of the Jabal Huwayyah anticline that
formed in post-Middle Eocene time (Noweir and Alsharhan,
2000). It is also compatible with the third deformational phase recorded by Warrak (1986) which produced minor and major folds
trending in NNW–SSE direction. These folds developed during a
long period of time from just before the Late Maastrichtian until
after the Miocene. Lippard et al. (1986) pointed out that the Lower
Tertiary sediments were deformed during mid-Tertiary, post-Middle Eocene time. Therefore, the proposed age for the T3 tectonic
stage is post-Middle Eocene time.
The trend of the fold hinge of the Haﬁt anticline is the NNW
direction. This direction is compatible with the current T3 tectonic
stage. It is believed that the Haﬁt anticline was a result of the T3
stage in post-Middle Eocene.

sis and paleostress reconstructions for Jabal Haﬁt allow the recognition of four major stress stages.
Paleostress stage T1 corresponds to a NW–SE r2-orientation.
This stage is interpreted to be Early Eocene in age. T2 tectonic stage
corresponds to an N–S r2-orientation. This stage is believed to
have affected the area in post-Early Eocene time. The T3 stage corresponds to an E–W maximum horizontal shear. The proposed age
for the T3 stage is post-Middle Eocene time. The Haﬁt anticline is
believed to have formed during the T3 stage. The last tectonic stage
(T4) affecting the study area corresponds to a NE–SW r2-orientation. It is also interpreted to have occurred after Middle Eocene
time but younger than T3 tectonic stage.
Acknowledgments
The author wishes to thank the United Arab Emirates University
for the ﬁnancial support given to the author for his stay in Al Ain
while conducting ﬁeld work, and for providing transportation to
the ﬁeld. Special thanks go to Prof. Dr. Haidar Anan, Al Azhar University – Gaza, and Dr. Abdurahman Fowler, United Arab Emirates
University, for their reviews of the manuscript.

4.4. T4: SHmax NE–SW r2-orientation
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