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Abstract The current contribution presents aspects of the
structural style and fault kinematics of the Rus Formation
that expose at Jabal Hafit, Al Ain, United Arab Emirates.
Although the major structure of Jabal Hafit is an anticlinal
fold, fractures (joints and faults) are the prominent structure of the study area. The fractures can be interpreted as
the distributed effect of deep-seated basement fault
reactivation or to be as reactivation of deep-seated basement faults. These fractures were created during two main
tectonic stress regimes. The first is a WNW–ESE SHmax
strike-slip stress regime, responsible for producing E–W
to ESE–WNW joints and E–W dextral strike-slip and
NNE–SSW reverse faults. This stress is interpreted to be
post-Early Eocene in age and related to the second phase
of thrusting in the Oman Mountains in the Miocene. The
second stress regime is a NNE–SSW SHmax transtensional
(strike-slip extensive) stress regime that was responsible
for N–S to NNE–SSW striking joints and NE–SW sinistral strike-slip and N–S normal faults. This regime is
interpreted to be post-Middle Eocene in age. This stress
was the response to the collision of the Arabian–Eurasian
Plates which began during the Late Eocene and continues
to the present day.
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Introduction
Jabal Hafit is located at southeast of Al Ain city, United
Arab Emirates (Fig. 1). It is located at a distance of
about 30 km west from the Oman Mountains front,
being separated from these Oman Mountains by the Al
Jawwa plain. The Oman mountains were formed during
two main orogenic events in Late Cretaceous and midTertiary. The first was the result of Late Cretaceous
(Coniacian–Maastrichtian) obduction of the Semail
Ophiolite, and subjacent sedimentary and volcanic
rocks, onto the eastern margin of the Arabian platform
(Glennie et al. 1973; Coleman 1981; Searle et al. 1983;
Lippard et al. 1986; Nolan et al. 1986; Boote et al.
1990; Robertson et al. 1990). The second tectonic compressive event occurred in the Late Eocene–Miocene
during which the Arabian Plate moved NW ward and
collided with the Eurasian Plate. This event was marked
by folding and reactivation of earlier faults in the Upper
Cretaceous–Tertiary sedimentary rocks including those
of the foreland basin (Boote et al. 1990; Dunne et al.
1990; Searle et al. 1990).
The Jabal Hafit structure has been investigated previously by Warrak (1996), Noweir (2000), Zaineldeen
and Fowler (2007), Ali et al (2009), Searle and Ali
(2009), and Zaineldeen (2011). The aim of the current
work is to present results of a field investigation of
several sites within the Rus Formation of Jabal Hafit
and discuss structural implications of these results. In
addition, to investigate the relationship of the fractures
(faults and joints) with folding of Jabal Hafit. The

Author's personal copy
Arab J Geosci
Fig. 1 Location of the study
area showing the location of the
three sites. Inset Map of the
United Arab Emirates and
surrounding region

carbonate rocks exposed in the Jabal Hafit area are of
Early Eocene to Miocene age. The study area has good
exposure of Lower Eocene carbonate rocks that represented by the upper sections of the Rus Formation.

The study area

Fig. 2 Distribution of stations (JH01–JH15) at site 1 of the study area

Fig. 3 Distribution of stations (JH16–JH31) at site 2 of the study area

The study area is located at Jabal Hafit, southeast of Al Ain,
United Arab Emirates (Fig. 1), where carbonate rocks of the
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Fig. 4 Distribution of stations (JH32–JH56) at site 3 of the study area

Rus Formation are exposed in the core of the Hafit Anticline. Within the study area, three sites were examined
representing a total of 56 separate field stations (Fig. 1).
The first site (Fig. 2) is located on the northwestern foothills
of Jabal Hafit, near a popular locality known as Green
Mubzarrah (15 field stations: JH01–JH15). Higher along
the crest of Jabal Hafit, the second site (Fig. 3) is located
(16 field stations: JH16–JH31). The third site (Fig. 4) is
located farther to the south nearer to the summit of Jabal
Hafit (25 field stations: JH32–JH56).

Stratigraphy of the area
Jabal Hafit comprises the eroded core and limbs of a prominent anticline exposing a section of mainly carbonate sediments dating from Early Eocene to Miocene age. The
deepest units exposed in the core are upper parts of the
Lower Eocene Rus Formation (Fig. 5). This formation hosts

Fig. 5 The Lower Eocene Rus
Formation (a and b) as
observed within the study area

the brittle structures investigated in this study. The Rus
Formation exposed at Jabal Hafit consists of nodular limestones, muddy limestones and yellow marls containing microfossils and representing deposition in an outer shelf
environment. The Rus contains a prominent set of
transported carbonate beds near the top of the formation.
The beds are a few meters thick in the northern part of Jabal
Hafit and thicken to well over 10 m southwards along the
crest of the mountain. These beds are characterized by
coarser grain size including conglomerate horizons, and
abundant transported macrofossils of gastropods, corals
and echinoids, in addition to oolites. The benthonic foraminifer Assilina is also present.
The Rus Formation is overlain by the Middle to Upper
Eocene Dammam Formation which reaches a few hundred
meters in thickness and dominates the limbs of the Hafit
Anticline. The Middle Eocene parts of the Dammam are
composed of thick limestone beds rich in large Nummulites.
These beds are gradational into thick reddish marl layers
with abundant gypsum veining. The Upper Eocene part of
the Dammam is represented by thinly bedded calcarenites
with cross-bedding, ripple marks, and scoured bases. Above
the Dammam Formation are the Oligocene Asmari Formation limestones rich in corals, bivalves, algae, bryozoa, and
foraminifera. These are shoal water deposits with minor
muddy intervals. The Asmari Formation is succeeded by
the poorly exposed Gachsaran Formation of Miocene age.
This unit is poorly exposed and cops out on the eastern limb
of the Hafit Anticline. The Gachsaran is the equivalent of
the widespread Fars Formation gypsiferous sediments.

Structure style, fault kinematics, and tectonic stress
Jabal Hafit is an elongated fold structure trending NNW–
SSE. It represents a doubly plunging anticline with axis
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Fig. 6 3D terrain view
showing the dipping of the
eastern and western limbs of the
anticlinal structure of Jabal
Hafit

plunging NNW at its northern termination in the United
Arab Emirates and SSE at its southern termination in Oman.
It is an asymmetrical anticline with a steeply-dipping eastern
limb and gently-dipping western limb (Figs. 6 and 7). The

Fig. 7 Geological cross-section
across Jabal Hafit (after Searle
and Ali 2009)

dip of the eastern limb ranges between 40° and to 80° while
the western limb ranges between 10° and 50° (Fig. 8). The
bedding planes are dipping west at site 1, north and south at
site 2, and towards all quadrants at site 3 (Fig. 8).
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Fig. 8 Stereographic projection of the bedding planes in the study area; a at site 1, b at site 2, c at site 3, and d at all sites

Warrak (1996) suggested that the Hafit structure is linked
to detachment folding associated with WSW–ENE directed
shortening in the Oman Mountains. The Hafit structure
consists essentially of two en-echelon anticlines (Warrak
1996; Noweir 2000), the Hafit anticline to the south and
Al-Ain anticline to the north. Noweir (2000) suggested a
back-thrust origin along a basal detachment. Sirat et al.
(2007) presented a two-phase tectonic evolution of Jabal
hafit, which encompasses fold formation within an E–W
directed compressional stress regime and fold modification
within a N–S directed compressional–transpressional stress
regime.
Ali et al. (2009) investigated the subsurface structures
and sedimentary sequences of the northern part of Jabal
Hafit by integration of gravity data with subsurface data
from seismic reflection profiles (Fig. 9). They concluded
that the structure is bounded by high-angle listric reverse
faults (Fig. 9) that extend downward into the Mesozoic shelf
carbonates and are interpreted to be related to the inversion
of deep structures.
Although the major structures of Jabal Hafit is an
anticline structure, the dominant deformation style in

study sites is fracturing. The main fractures present at
the three sites are faults and joints, indicating brittle
deformation. The faults include strike slip (dextral and
sinistral) faults and dip-slip (normal and reverse) faults.
The common trends of the faults are N–S to NNE–SSW
and E–W as shown in Fig. 10. The joints are mainly
strike N–S and E–W to WNW–ESE as shown in
Fig. 11. Most of them show opening displacement filled
with calcite with no observable shear movements.
Hence, they can be classified as veins. Most of the
faults and joints are nearly vertical and have been
locally filled with calcite veins or fault breccia
(Fig. 12). Some fractures are traceable for several hundreds of meters (Fig. 12).
The trends of Fractures in the study area and not
either parallel or perpendicular to the trend of the fold
axis of Hafit Anticline. Lacombe et al. (2011) proposed
that fractures trends parallel to the fold are interpreted to
be fold-related. Moreover, fracture sets, either bedperpendicular or not strictly perpendicular, were considered pretilting (or possibly syntilting if perpendicular to
the fold axis). Taking this assumption into account,

Author's personal copy
Arab J Geosci
Fig. 9 Seismic profile across
Jabal Hafit showing a series of
high-angle listric reverse faults.
a uninterpreted profile, and b
interpreted profile (after Ali et
al. 2009)

fractures are interpreted to be unrelated to the folding
of Jabal Hafit. Therefore, they can be interpreted as
the distributed effect of deep-seated basement fault
reactivation or to be as reactivation of deep-seated basement faults.
Fault planes observed in the study area reveal a polyphase of deformation history for the Jabal Hafit area. Dextral and sinistral of strike-slip faults and normal and reverse
of the dip-slip faults have been observed in the area (Fig. 12).
All fractures in the study area were formed by tectonic
stresses. The field measurements of these fractures provide
an opportunity to construct the paleostress tensors that
affected the area.
The paleostress tensors for the Hafit study area have
been constructed by using the TENSOR program developed by Delvaux (1993) and Delvaux and Sperner (2003).
Stress inversion of the fault-slip data and joints was
performed using an improved Right–Dieder method,
followed by rotational optimisation. Reduced stress tensors were reconstructed by inversion of fault and joint
kinematic data. These data were inverted to obtain the

four parameters of the reduced stress tensor. These are the
principal stress axes σ1 (maximum compression), σ2 (intermediate compression), and σ3 (minimum compression)
and the ratio of principal stress differences R=(σ2−σ3)
/(σ1−σ3).
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 faultslip data into populations, which can be attributed to a single
stress tensor.
The reduced stress tensors are classified into three major
stress regimes, according to the nature of the vertical stress
axes: extensional (σ2 SHmax) when σ1 is vertical, strike-slip
(σ1 SHmax) when σ2 is vertical and compression (σ1 SHmax)
when σ3 is vertical. The intermediate stress regimes are
sometimes also named “transtension” for transition between
extension and strike-slip and “transpression” for the transition between strike-slip and compression. The tensors are
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Fig. 10 Rose diagram for the direction of the faults and the striations at each site; a at site 1, b at site 2, c at site 3, and d at all sites

grouped according to their similarities as a function of stress
axes orientation (SHmax) and stress regime index (R′) as
preferred by Delvaux and Sperner (2003). The relative age
of a stress tensor is determined from crosscutting relationships of striations and fault planes (fault-slip data).
The results of the stress inversion method indicate
two stress regimes, the first involving a WNW–ESE
direction of SHmax, and the second with SHmax oriented
NNE–SSW (Fig. 13). These two stress regimes are
responsible for the formation of all of the fractures at
the study sites. The relative age of a stress tensor is
estimated from cross-cutting relationships of striations

and fault planes. These two stress regimes were
constructed from the joints (veins) and fault-slip data
(fault plane and striations). The Right–Dieder method
was used to construct the tensors from the joints while
the rotation optimization method was used to construct
the tensors from the fault-slip data.
The WNW–ESE-oriented joint has been used to construct the stress tensor using the Right–Dieder method
(Fig. 13a). The mean orientations of the stress axes for this
tensor are σ1 at 64/327, σ2 at 22/112, and σ3 at 14/208. The
tensor is a strike-slip extensive (transtensional) stress regime
and has SHmax oriented WNW–ESE.
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Fig. 11 Rose diagram for the direction of the joints; a at site 1, b at site 3, and c at all sites

The mean orientations of the principal stress axes for
the first stress tensor that obtained from the fault-slip
data are σ1 at 09/115, σ2 at 58/009, and σ3 at 31/211
(Fig. 13c). The tensor has orientation of SHmax to WNW–
ESE and defined as a strike-slip stress regime. This tensor
is compatible with the tensor obtain from the WNW–ESE
joints since the orientations of SHmax are the same. Therefore, the two tensors are related to each other and related
to the first stress regime that affected the area. This stress
regime is responsible for producing E–W to ESE–WNW
joints and E–W dextral strike-slip faults and NNE–SSW
reverse faults. A similar stress regime was recorded by
Noweir and Eloutefi (1997) at Malaqet–Mundassa area,
which they interpreted to have existed during Late Cretaceous–Paleogene times. It was also recorded by Noweir
and Alsharhan (2000) at the Jabal Huwayyah anticline
(NE of Al Ain) that existed in post-Middle Eocene time.
Therefore, this stress regime is interpreted to be post-Early

Eocene in age and related to the second phase of thrusting
of the Oman Mountains in the Eocene–Miocene (Searle et
al. 1983, 1990; Searle 1985).
The second tensor that obtained from the N–S to
NNE–SSW trending joint (Fig. 13b) has mean orientations of the stress axes of σ1 is 73/089, σ2 is 08/206,
and σ3 is 14/298. The tensor is strike-slip extensive
(transtensional) stress regime with SHmax orientation of
NNE–SSW. The mean orientations of the principal stress
axes for the second stress tensor obtained from the faultslip data are σ1 at 68/215, σ2 at 20/010, and σ3 at
09/104 (Fig. 13d). It has orientation of SHmax to NNE–
SSW. This is a transtensional (strike-slip extensive) stress
regime. This tensor is compatible to the one obtained
from the N–S to NNE–SSW oriented joints since they
have the same orientation of SHmax. Therefore, these
tensors represent the second stress regime. This stress
regime responsible for forming N–S to NNE–SSW
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Fig. 12 Faults and joints as
observed in the study area; a
and b near vertical joints with
calcite coating, c and d faults, e
slickensides on a fault plane, f
fault breccia, g major fault, and
h graben structure
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Fig. 13 Stress inversion results. a and b The stereographic projection
results of the right dihedal method for the joints while c and d represent
the stereographic projection results of rotational optimization method
for the fault-slip data. a and c The first stress regime with a WNW–
ESE SHmax while b and d represent the second stress regime with a
NNE–SSW SHmax. Stereograms (Schmidt net, lower hemisphere) with

trace of fault planes, observed slip lines and slip sense; circles, triangles, and squares symbols of stress axes σ1, σ2, and σ3, respectively; S1, S2, and S3 the three principal stress axes (σ1, σ2, and σ3,
respectively); R stress ratio, α slip deviation; histogram of observed
slip-theoretical shear deviation α for each fault plane

striking joints and NE–SW sinistral strike-slip faults and
N–S normal faults. A similar stress regime was recorded
by Zaineldeen (2011), who interpreted it to be post Early
Eocene in age. The interpretation of Warrak (1996) on
the Hafit anticline involved initiation of folding just
before the Middle Eocene and continuing synchronously
with sedimentation until the end of Miocene time. Therefore, this stress is interpreted to be post-Middle Eocene
in age and related to the collision of the Arabian and
Eurasian Plates which began during the Late Eocene and
continues to the present day.

Conclusion
The fractures patterns affected the Lower Eocene Formation
allow to construct the paleostress regime in the study area at
Jabal Hafit. These fractures (faults and joints) were created
during two main tectonic stress regimes. The first one has
WNW–ESE SHmax. It created E–W to ESE–WNW joints
and E–W dextral strike-slip faults and NNE–SSW reverse
faults. While the second stress regime has an orientation of
SHmax to NNE–SSW. This stress regime was due to the
collision of the Arabian and Eurasian Plates which began

Author's personal copy
Arab J Geosci

during the Late Eocene and continues to the present day. It
created N–S striking joints and NE–SW sinistral strike-slip
faults and N–S normal faults. The fractures observed in the
Lower Eocene Rus Formation have been interpreted as the
distributed effect of deep-seated basement fault reactivation
or to be as reactivation of deep-seated basement faults.
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