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Abstract This paper aims to simulate the kinematic
evolution of a regional transect crossing the Northern
Emirates in the northernmost part of the Semail Ophiolite
and the Dibba zone, just south of the Musandam Platform
exposures. The studied section comprises, from top to
bottom and from inner to outer zones, (1) the erosional
remnants of the Semail Ophiolite, mainly made up of
serpentinized ultramafics in the west and gabbros in the
east, (2) high-grade metamorphic rocks which are currently
exposed in the core of a nappe anticline near Masafi, (3)
far-travelled Hawasina basinal units and Sumeini paleo-
slope units of the Dibba Zone, (4) parautochthonous
platform carbonates, which are currently well exposed in
the Musandam area, and (5) a flexural basin filled with
uppermost Cretaceous to Neogene sediments. Two main
compressional episodes are generally identified, resulting
first in the obduction of the Semail Ophiolite and then in
the stacking of underlying platform carbonate units of the

former Arabian passive margin, thus accounting for the
present architecture of this transect: (1) first, deformation at
the plate boundary initiated in the Late Cretaceous,
resulting in the obduction of the Semail Ophiolite and the
progressive accretion of the Hawasina and Sumeini tectonic
wedge on top of the Arabian foreland, leading to a
progressive bending of its lithosphere and development of
a wide flexural basin; (2) compression resumed during
the Neogene, leading to the tectonic stacking of the
parautochthonous platform duplexes of Musandam and
Margham trends, the development of out-of-sequence
thrusts and triangle zones, refolding of the sole thrust of
the former Late Cretaceous accretionary wedge and coeval
normal (?) high-angle faulting along the contact between
the Musandam and Dibba zones. However, seismic profiles
and paleo-thermometers also help in identifying another
erosional event at the boundary between the Paleogene
Pabdeh and the Neogene Fars series. Evidenced by the local
erosional truncation of the Pabdeh series in the vicinity of
the frontal triangle zone (i.e. the inner part of the former
Late Cretaceous foredeep), this Paleogene uplift/unroofing
episode is tentatively interpreted here as an evidence for a
continuum of compressional deformation lasting from the
Late Cretaceous to the Middle Miocene although one may
alternatively speculate that it was related to the detachment
of the subducted slab. Although carbonate facies are
usually not suitable for apatite fission track (AFT) studies,
we were able to extract detrital apatites from quartz-bearing
Triassic dolomites in the Musandam area. However, the
yield and the quality were both poor and too few fission
track lengths could be measured, making it difficult to
interpret the meaning of the FT ages. The FT dates obtained
in this study are therefore compared with those existing in
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the literature. Fortunately enough, for each sample, at least
ten apatite crystals could be used for fission track dating,
except for site 6 with only five datable apatite grains. The
obtained apatite fission track dates between 28 and 13 Ma,
much younger than the Triassic age of the series, are taken
to represent reset fission track ages, implying erosion of an
up-to-3-km-thick pile of Jurassic–Cretaceous carbonates
and Hawasina allochthon during the Neogene. Apatite
fission track dates from the ~95 M-old plagiogranites of
the Semail complex (Searle and Cox, Geol Mag 139
(3):241–255, 2002) obtained in this study and compared
with those recently published provide evidences for more
than one cooling event. An early unroofing of the ophiolite
during the Late Cretaceous is revealed in fission track dates
of 72–76 Ma at the top of the ophiolite in the east, which
are coeval and also consistent with the occurrence of paleo-
soils, rudists and paleo-reefs on top of serpentinized
ultramafics in the west. High-pressure rocks at As Sifah in
the southeast near Muscat revealed apatite fission track data
ranging from ~46 to 63 Ma (Gray et al. 2006). The
leucocratic part of the ophiolite (sample UAE 180) yielded
comparable young apatite (40.6±3.9 Ma) and zircon (46.6±
4.3 Ma) FT dates. A Cenozoic (~20–21 Ma) exhumation has
been determined for the Bani Hamid metamorphic sole in
northern Oman, applying low temperature geochronology
and combining apatite FT and apatite (U–Th)/He analyses
(Gray et al. 2006). In this study, young apatite fission track
dates of 20 Ma have also been found but at the base of the
ophiolite near Masafi, in the core of the nappe anticline, thus
indicating a Neogene age for the refolding of the allochthon
and stacking of underlying parautochthonous platform
carbonate units. During the subsequent 2D forward Thrust-
pack kinematic modelling of the regional transect, these AFT
data-set has been used, together with available subsurface
information, to reconstruct the past architecture of the
structural sections through time, accounting for incremental
deformation along the various decollement levels, synoro-
genic sedimentation and erosion, as well as for successive
bending and unbending episodes of the Arabian lithosphere.

Keywords Kinematic modeling . Oman Mountains .

Fission tracks . Tectonics

Introduction

The Oman Range and northern Emirates foothills constitute
a rather frontier area for petroleum exploration. However, a
better understanding of thermal and subsidence versus
uplift evolution of this foreland fold-and-thrust belt was
required to address properly its petroleum appraisal and
evaluate the exploration risks related to specific parameters
such as the occurrence of potential traps, the timing of

structural closures, source rock maturation and hydrocarbon
migration and charge, as well as the distribution of potential
source rocks, reservoirs and seals.

In this scope, four deep seismic profiles, i.e. two dip and
two strike profiles, were recently recorded by Western-Geco
on behalf of the Ministry of Energy of the UAE, extending
onshore of the Northern Emirates, mainly in the foothills part
of the Oman Range (Styles et al. 2006) (Fig. 1). Because only
a portion of the autochthonous foredeep basin develops onshore
(western portion of D1 and D4 lines), industry lines provided
by Sharjah and Dubai Ministries from the Arabian Gulf
offshore have also been integrated in this study in order to get
a better control on the evolution of the Late Cretaceous flexural
basin. Industry lines provided by the Ministry of Fujairah were
also integrated in this project in order to get some control on the
architecture of the hinterland, in the Fujairah offshore.

These deep seismic profiles were depth-migrated and
combined with industry lines, wells data and outcrop
studies, the two dip lines D1 and D4 being then used to
constrain structural sections along two regional transects
crossing the Oman Range and their adjacent foreland from
the Oman Gulf in the east up to the Arabian Gulf in the
west. Upon restoring the transects to pre-obduction times,
forward coupled kinematic and thermal modelling using the
Thrustpack software (last detailed description of Thrustpack
in Sassi et al. 2007), was subsequently performed along
them in order to propose realistic scenarios for the burial of
Mesozoic source rocks and reservoirs and to better
understand the evolution of the plumbing system (migration
pathways for the hydrocarbons between mature kitchens
and potential traps; Roure et al. 2006).

This paper focuses on the northernmost profile (D4) and
aims at discussing its present architecture and presenting the
results of its Thrustpack forward kinematic modelling as well
as apatite fission track analyses (AFT) performed at VU-
Amsterdam that were done according to standard procedures
and techniques described in, for example, the PhD thesis of
Necea (2010). The FT zircon age determination was done
according to standard techniques using EDM and revealing
fission tracks in zircon using chemical etching of KOH–
NaOH eutectic melt at 220°C for 36 h. Fluid flow modelling
performed with Ceres 2D along the same transect is
discussed in a companion paper (Callot et al. 2010).

Regional geological background and overall
architecture of the cross-section

The northern Emirates comprise various tectono-
stratigraphic domains (Figs. 1 and 2):

– (1) The Paleozoic and Mesozoic series of the former
passive Arabian margin, which comprise thick platform
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reservoir carbonates ranging from Permian (Khuff) to
Middle Cretaceous (Thammama) and intervening
source rock and local evaporites (Robertson and Searle
1990).

– (2) A Late Cretaceous–Cenozoic foreland basin made
up of Late Cretaceous (Aruma Group), Paleogene
(Pabdeh) and Neogene (Fars) clastics, separated by an
evaporitic interval (Massive and Cyclic Salt forma-
tions) which covers the western onshore province
(lowlands) and adjacent offshore of the Arabian Gulf
(Patton and O’Connor 1986; 1988; Boote et al. 1990;
Warburton et al. 1990; Béchennec et al. 1995).

– (3) A Late Cretaceous–Cenozoic fold-and-thrust belt,
which accounts for the current elevated topography of
the Oman Range (Glennie et al. 1973, 1974; Graham
1980a; Ricateau and Riché 1980; Lippard et al. 1982;
Searle et al. 1983; Searle 1985, 1988a, b; Gass and

Shelton 1986; Hanna 1986, 1990; Dunne et al. 1990;
Le Métour et al. 1990; Robertson et al. 1990; Warrak
1996; Breton et al. 2004; Glennie 2005). This belt
extends over the eastern portion of the Emirates, with
wide exposures of peridotite in the south (Semail
ophiolite; Gealey 1977; Coleman 1981; Goodenough
et al. 2010), dominantly Permian to Cretaceous
platform carbonate outcrops in the north (Musandam
Peninsula, partly in Oman) and an intervening domain,
the Dibba Zone, where Mesozoic Sumeini slope and
Hawasina basinal units are still locally preserved
(Graham 1980b; Watts 1985, 1990; Watts and Garrison
1986; Bernoulli and Weissert 1987; Béchennec et al.
1988, 1990; Watts and Blome 1990; Eilrich and
Grotsch 2003). Along the southeastern border of the
Musandam carbonate units, thick Upper Cretaceous
(Cenomanian to Campanian?) carbonate breccias of the

Fig. 1 a Structural map of the Emirates and Oman Range (after Bois
et al. 1990). Isobaths (metres) are an estimate of the depth to the
foreland base. b Structural map of the Northern Emirates outlining the
location of the D1 and D4 seismic traverses as well as the location of

the AFT samples. Notice the regional unconformity at the base of the
Cretaceous breccia, which rests unconformably on top of underlying
Lower Cretaceous, Jurassic, Triassic and even Permian series
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Ausaq Formation rest unconformably on top of older
Jurassic, Triassic and even Permian series, in the
footwall of the Sumeini–Hawasina allochthon (Ellison
et al. 2006; Phillips et al. 2006), indicating that uplift
(of at least part of the foreland) took place before the
obduction of the Semail ophiolite. Whether this
unconformity is genetically related to an early inver-
sion of the Arabian plate, flexural bulging with/without
a eustatic sea level drop or others remains unknown.

– (4) A Late Cretaceous–Cenozoic hinterland basin
(Coffield 1990), dominantly filled with the erosional
products of the Oman Range, which extends in the
Fujairah offshore and laterally connects with the

oceanic domains of the Gulf of Oman and Indian
Ocean.

The overall structural style of the Oman foothills is well
documented along profile D4, with a major decoupling
occurring between the far-travelled basinal Hawasina–
Sumeini allochthon and underlying platform carbonate
units (Figs. 3 and 4). A major regional backthrust (frontal
triangle) develops within the dominantly ductile Late
Cretaceous–Cenozoic clastics of the flexural series in the
foredeep basin, which becomes progressively tilted and
uplifted by the underlying tectonic wedge made up of
brittle carbonate units (Figs. 3, 4 and 5).

Fig. 1 (continued)
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Cenozoic up-thrusts made up of platform carbonates are
well imaged in the central part of profile D1 near Sajaa and
on profile D4 just to the east of intersection with D3, where
they account for the refolding of the former sole thrust of
the Sumeini–Hawasina allochthon. In addition, deep car-
bonate duplexes are also imaged beneath the Musandam
unit in the central portion of D4, as well as on orthogonal

industry profiles, implying a local tectonic duplication of
the Arabian platform (Figs. 3 and 4). These duplexes can
still be followed toward the south on line D1 and industry
profiles, with a progressive decrease in the amount of
horizontal offset. This trend is reflected in topography by
the high elevation, up to 1,500 m above sea level, of the
currently exhumed Musandam unit in the north, whereas

Fig. 3 Stratigraphic and structural interpretation of profile D4 (time section)

Fig. 2 Synthetic diagram outlining the architecture of the main tectono-stratigraphic units of the Northern Emirates (after Bois et al. 1990)
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similar platform carbonate units still remain deeply buried
farther to the south.

The Hawasina–Sumeini allochthon as well as its post-
obduction sedimentary cover is intensively deformed by
west-verging out-of-sequence thrust faults. Actually, the
detailed structural architecture changes from north to south,
i.e. from D4 to D1: In the north (profile D4), a tectonic
outlier made up of Hawasina–Sumeini material is carried
passively above a deeper decollement, in front of the still
advancing Musandam unit, both units being truncated by an
Early Miocene unconformity, whereas in the south (profile
D1) the lateral equivalent of Musandam parautochthonous
unit is overlain by an older out-of-sequence contact
involving the Hawasina–Sumeini allochthon and uncon-
formable Upper Aruma and possibly even Paleogene cover.

Ultimately, a regional east-dipping high-angle normal
fault is interpreted in the central part of profiles D1 and D4,
accounting for a steep vertical offset of Mesozoic carbo-
nates along the southeastern border of the Musandam
outcrops (Figs. 3 and 4). This fault becomes listric at depth,
where it roots down to the basal decollement. However, as
we did not observe directly the fault scarp at the surface, we
cannot preclude that this fault had also an out-of-the plane

transport component. It is likely that this fault also acts as a
tear fault or lateral ramp, thus accounting for a dominantly
right-lateral strike–slip motion at the boundary between the
Hawasina–Sumeini far-travelled basinal allochthon of the
Dibba Zone and the adjacent, only moderately transported
Musandam platform carbonate units.

New constraints on the tectonic deformations

The seismic profiles D1 and D4 provide a continuous and
clear image of synorogenic sediments which are still
preserved west of the Musandam carbonates and Semail
Ophiolite. The internal architecture of seismic reflections
outlines a number of tectonic imbrications, unconformities
and growth strata that have been calibrated at a regional
scale using several exploration wells, thus providing an
accurate tectonic insight.

New apatite fission track dating has been dedicated to
the Musandam carbonates and plagiogranites (with one
zircon FT analysis) exposed within the Semail Ophiolite,
thus providing additional constraints on the timing of
tectonic uplift and erosional unroofing of the foothills.

Fig. 4 a Present-day architecture of the regional transect D4, as derived from the interpretation of the depth-migrated seismic profile. b Result
section of the Thrustpack model
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Synflexural and synkinematic sedimentation and timing
of the deformation

Seismic stratigraphy on profile D4 (Figs. 3 and 5) and wells
calibration (e.g. Jiri well) provide key information on the
overall tectonic history of the Northern Emirates. The
numbers in the text below refer to stratigraphic codes used
in Figs. 3 and 5:

– In all the foreland part of the sections, the top of
platform carbonates of the Hajar Supergroup (Lower
Cretaceous, labelled as number 3) is well imaged,
accounting for highly reflective horizons dipping
slightly to the east, thus outlining the foreland regional
flexure.

– During Aruma time (Upper Cretaceous, horizons
labelled 4 and 5), a flexural sequence develops in the
foreland, accounting for a progressive eastward thick-

ening of both the Lower and the Upper Aruma (4 and
5) in the autochthon. In the foothills domain, in
contrast, Aruma stage records the initial thrust em-
placement of the Hawasina–Sumeini allochthon
(labelled 10 and 11), which is partly overriding the
Lower Aruma sequence (Santonian, labelled 4) but is
also unconformably overlain by the Upper Aruma
sequence (Campanian–Maastrichtian, labelled 5) or
rests locally on top of Semail ophiolite farther to the
south along profile D1.

– During Pabdeh time (Paleocene to Oligocene, horizons
labelled 6), two different interpretations are still
debated:

(1) In the first interpretation, internal imbrications could
predate the overlying Neogene unconformity, thus
accounting for the continuous shortening and stack-
ing of basinal units and the early development of a

Fig. 5 Extract from seismic profile D4 (time section) outlining the main
synorogenic series as well as the architecture of the frontal triangle.
Notice the present unbending altitude of the Arabian platform (1, 2 and
3), the eastward thickening Upper Cretaceous flexural sequence (Aruma
Group; 4 and 5), the strong erosional truncation of the Paleogene series
(Pabdeh Formation; 6) below the basal unconformity of the Neogene

series (7) in the eastern part of the section, the progressive eastward
onlaps of the Neogene evaporites (7) and the growth strata imaged in
the Lower and Upper Fars series (8 and 9), which are indicative of the
Neogene deformation of the frontal triangle
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frontal triangle zone, which would induce the
progressive westward tilting and westward thicken-
ing of Pabdeh series (foreland-dipping monocline)
above an already active regional backthrust. This
hypothesis was favoured in the kinematic recon-
struction of Fig. 6.

(2) Alternatively, the erosional summital truncation of
the Pabdeh series in the innermost part of the Ras-
Al-Kaimah foredeep could be interpreted as the
result of a more regional unbending episode,
resulting from a hypothetical slab detachment. In
this case, slab detachment is only speculatively
introduced because strong evidences do not exist
for the moment. Such regional unconformity is
indeed well expressed in the autochthonous fore-
deep of the Zagros Mountains in offshore Iran,
away from the deformation front of the Oman
Range (Jahani et al. 2009), whereas additional
evidence of post-Cretaceous rebound is indicated
in the Central Oman foreland by the west-dipping
attitude of the autochthonous Arabian platform
and basement beneath the Hawasina allochthon
(Boote et al. 1990). In this hypothesis, the onset of
tectonic imbrication observed within the Pabdeh
series would rather post-date the Pabdeh deposi-
tion, being instead coeval with the Neogene
deposition of the overlying Fars series.

In both hypotheses, active wedging of the
Paleogene poorly compacted sediments was in-
duced by the westward propagation of brittle units
made up of Hawasina–Sumeini material (this
process is best described as “crocodile tectonics”,
the opening of the frontal triangle, so-called mouth
of the crocodile, being related to the westward
motion of the Hawasina–Sumeini wedge).

– Tectonic contraction in the frontal triangle is indeed
better documented during the sedimentation of the
evaporites and Asmari series (Late Oligocene–Earliest
Miocene, labelled 7), although a discrete number of
growth anticlines subsequently developed in the fore-
land above the frontal backthrust, thus segmenting the
former foreland-dipping monocline in a number of
individual sub-basins.

– These growth anticlines still increased their structural
culmination during Lower Fars time (Early Miocene,
labelled 8), synchronously with ongoing subsidence in
the outer zones, whereas both deformation and subsi-
dence became very limited during Upper Fars time
(Middle–Late Miocene, labelled 9) and onwards (Plio-
Quaternary). A major truncation is also imaged
between Lower and Upper Fars sequences (labelled
8 and 9, respectively) in line D1 near crossing with D3

and in D4 between D3 and Musandam outcrops
(Fig. 5).

Apatite fission track age determinations

Recent low temperature geochronology in Oman Mountains
reveals the following results and interpretation. Apatite FTand
apatite (U–Th)/He analyses in the OmanMountains indicate a
Cenozoic exhumation history with rapid cooling at 25±2 Ma
from temperatures >110°C for the metamorphic sole. A more
moderate post-metamorphic cooling from a shallower crustal
level ~70°C between ~46 and 63 Ma for the high-pressure
eclogites at As Sifah in the southeast near Muscat is revealed
by apatite fission track analysis (Gray et al. 2006). U–Pb
zircon ages from the plagiogranite and 40Ar−39Ar age
determinations of hornblende from the gabbro revealed ages
around 93–96 Ma, similar to 40Ar−39Ar ages of hornblende
of the metamorphic sole between ~92 and 96 Ma and
overlapping the 40Ar−39Ar ages between ~88 and 96 Ma of
micas of the metamorphic sole (Miller et al. 1999; Searle and
Cox 2002).

In this study, other lithologies were sampled. Carbonates
and peridotites are usually not suitable to provide apatite
crystals. Nevertheless, more than ten apatite grains (except
for sample UAE 169 with only two apatite grains and
sample site 6 with only five apatite grains) from various
lithologies were obtained to perform FT age determinations.
The poor apatite yield and quality of the grains prohibited
to measure enough fission tracks lengths. The number of
lengths that are measured, sometimes not more than one or
two lengths and a maximum of not more than eight lengths,
is too low to be considered representative. Dpar measure-
ments were performed in order to detect possible variations
in the chemical composition of the apatites. The large
variations in the measured Dpar values in apatite grains
might explain why some grains are more retentive to
thermal annealing than others. The measured Dpar values
are between 2.5 and 4 μm for all samples, showing that
variation in chemical composition does not play a signif-
icant role. The newly obtained age constraints are used to
constrain the unroofing history of the Musandam carbo-
nates, Dibba zone and Semail Ophiolite (Figs. 2 and 7;
Tables 1 and 2):

Musandam Platform unit

Sites 6 and 8 are located in the Omani part of the
Musandam platform unit and relate to quartz-bearing
Triassic dolomites, whereas site 4 belongs to Upper
Cretaceous (Turonian or younger according to nannofossil
assemblages studied by Carla Müller) synflexural clastics
which are part of the same tectonic unit and are exposed in
the footwall of the Hawasina–Sumeini allochthon along the
northern border of the Dibba Zone.
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Despite the cartographic evidence of a major erosional
unroofing of the Musandam Platform before the deposition
of the Upper Cretaceous breccias and overlying flexural
sequence, which effectively rest locally unconformably on
top of Jurassic, Triassic and even Permian series, all these
samples, no matter if they are located below or above the
intra-Cretaceous unconformity, display Late Oligocene or
Neogene FT ages, 28.3 ± 4.7 Ma for site 4 (Upper
Cretaceous clastics), 13.6 ± 3.8 Ma for site 6 (Triassic
dolomite) and 15.4 ± 2.8 Ma for site 8 (Triassic dolomite).
For these samples, no single apatite grain yielded a fission
track apparent date older than 55 Ma, indicating that
subsequent burial beneath the Hawasina–Sumeini alloch-
thon was sufficient to (nearly) completely anneal the fission
tracks and severely reset the FT apatites systems, both in
the Triassic and Upper Cretaceous samples. Without
information on the fission track lengths distribution, one
should always be careful in interpreting the obtained fission
track age data.

Sumeini and Paleozoic blocks of the Dibba Zone

Sites 2A and 3 belong to Paleozoic quartzites from the
Jebel Qumar South, in the western part of the Dibba Zone,
whereas site 5 relates to Upper Cretaceous (Turonian or
younger according to the nannofossil assemblages studied
by Carla Müller; Roure et al. 2006) synflexural clastics that
rest in stratigraphic contact on top of older Sumeini slope
facies of Jebel Agah, also part of the Hawasina–Sumeini
allochthon infilling the Dibba Zone.

As in the Musandam unit, FT ages of the Dibba Zone
display dominantly Neogene ages, averaging 27.4 ± 5.5 Ma
for site 2A and 23.3 ± 2.6 Ma for site 3, both in Paleozoic
quartzites, and 15.4 ± 2.8 Ma for site 5 in the Late
Cretaceous synflexural sequence associated to the Sumeini
slope units. Unlike in the Musandam samples, however,
some grains within these samples yield older, even
Cretaceous (100 Ma) apparent FT dates, suggesting that
the Late Cretaceous burial of these samples was perhaps not

Fig. 6 Selected restoration stages of the Thrustpack forward kinematic modelling along profile D4 to be compared with the structural section of
Fig. 4. The right panel comprises details of the modelled structural geometry. Faults active during the corresponding time span are drawn in white
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sufficient to totally reset some of the apatite grains. Without
information on the fission track lengths, interpretation is
hampered. However, Dpar measurements do not indicate a
variation in the chemical composition of the apatite grains
and therefore it is more likely that these samples were
located at a shallower structural level than the Musandam
unit, away from the erosional front of the Semail Ophiolite
which constitutes the topmost unit of the tectonic pile.

Plagiogranites of the Semail Ophiolite

Surprisingly enough, a number of plagiogranitic plugs
occur within the Emirati part of the Semail Ophiolite, both
near the current erosional top of this unit near Fujjairah and
near the sole thrust of this unit, in the core of the Masafi
nappes anticline. Zircons and other heavy minerals were
already extracted and separated by BGS colleagues for the
purpose of radiometric dating of these plutons when we
realized that apatites, if any, would be helpful also to
control the timing of their tectonic uplift and erosional
unroofing. U–Pb dating of zircons of the plagiogranite
yielded ages of ~93–96 Ma, overlapping 40Ar−39Ar ages of

hornblende and micas and thus pointing to rapid early
cooling.

Two samples (UAE 164 and 169) from the easternmost
and uppermost part of the ophiolite yield relatively old
(72.6 ± 11.0 and 76.4 ± 12.8 Ma; only two grains,
respectively) Cretaceous ages of unroofing, which are
consistent with the occurrence of paleosoils and rudist-
bearing deposits along the western side of the ophiolitic
complex (Woodcock and Robertson 1982; Hamdan 1990;
Nolan et al. 1986, 1990). This implies that the ophiolite was
already deeply eroded during its tectonic transport, piggy-
back of the Hawasina–Sumeini accretionary wedge, a long
time before it reached its current structural position on top
of the Arabian Platform. The relatively old apatite fission
track ages show that indeed the rocks were cooled rapidly
after crystallization and were emplaced close to the surface.

The sample UAE 178, located in the core of the Masafi
window, very close to the base of the ophiolite, displays a
Neogene age (20.3 ± 3.2 Ma), which agrees with the young
age proposed for the thick-skinned tectonic accretion of the
Arabian basement at the inner base of the tectonic pile,

Fig. 7 Plot of AFT results
of sites 2A, 3 and 6. Most grains
have been reset during the
Late Cretaceous episodes of
maximum burial and record the
rapid Neogene unroofing
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accounting for the refolding of overlying allochthonous
nappes (made up of the Hawasina–Sumeini units, as well as
the metamorphic sole and overlying Semail Ophiolite).

A single site (UAE 180) remains more problematic, as it
yields intermediate, Paleogene (40.6 ± 3.9 Ma) ages.
Interestingly enough, zircon from the same sample yielded
a pooled FT age of 46.6±4.3 Ma. The apatite and zircon
fission track ages fit the ~46–63-Ma fission track ages of
the high-pressure eclogites at As Sifah in the southeast near
Muscat. One possible interpretation for this would be a
partial resetting of apatite and zircon in the vicinity of
active hot fluid conduits, as the sample locality is close to a
major tear fault dissecting the ophiolite. However, to
partially reset the fission track zircon system, relatively
high temperatures of >200°C are needed and that seems to
be unrealistic to assume. Alternatively, the ages might
record a continuous unroofing of the ophiolite occurring
between the time of its obduction during the Late
Cretaceous and the time of its passive refolding during the
Neogene.

Depth migration and construction of the structural
section

Iterations between wells calibration, structural interpre-
tation and depth migration have resulted in an accurate
depth image of the foreland and central part of the
foothills, i.e., in the vicinity of D1, D3 and D4
intersections and westward. In addition to specific values
derived from the refraction test and gravity modelling
for defining the ophiolite thickness (see Naville et al.
2010), we used more generalized velocity assumptions to
generate the depth sections farther to the east, i.e., in the
vicinity of D2, where still thick sedimentary units are imaged
by seismic reflection.

However, the slight change observed in the altitude of
the basement in the inner part of sections D1 and D4
(Figs. 3, 4 and 8) may still result from an inappropriate, still
underconstrained velocity model in the east (we could
generate a flat or even east-dipping attitude for the
basement in the eastern part of line D4 similar to what is
proposed for line D1 by increasing the velocity values
applied for the depth conversion of Hawasina–Sumeini
allochthon). Fortunately, this uncertainty on the current
burial depth of the basal decollement will not affect the
subsequent kinematic modelling or the overall thermal-
burial evolution of the transects, maximum burial and
temperature being achieved in both sections long time
before to reach the current level of erosion and unroofing.

Cross-section balancing techniques (unfolding) were
subsequently applied to the two structural sections in order
to check the overall consistency of the interpretations

(length and thickness of the various sedimentary units,
lateral and vertical offsets along the main faults and so on)
but resulting also in realistic restored geometries of the
profiles prior to the onset of the deformation (Figs. 4, 6
and 9).

The overall amount of shortening does not exceed 40 km
for the platform domain along transects D1 and D4, the
actual displacement at the front of Hagab thrust averaging
only 15 km. This latter value is close to the amount of late
shortening estimated in the Arabian basement, although the
Hagab thrust possibly started to develop at an earlier stage
of deformation (28 versus 20 Ma FT for the onset of
Musandam and Masafi culminations, respectively). It is
worth to be mentioned that only part of the deformation
was transferred forelandward during the successive incre-
ment of deformation (part accounting for the 15 km of
shortening measured at the front of Hagab thrust), the
additional 25 km of shortening being accounted for by (1)
backthrusting at the top of the basement wedge and (2) out-
of-sequence thrusting–merging to the surface east of
Musandam front, i.e., within the Sumeini–Hawasina
allochthon and even locally within the Semail ophiolite.

The solutions proposed here (Figs. 4 and 9) remain
relatively conservative as far as the lengths of the former
Sumeini slope domain and Hawasina basin are concerned.
A major uncertainty still relates to the lithofacies and
paleogeographic affinities (either Mesozoic platform or
slope facies) of the deep underthrust parautochthonous
units that extend between the Musandam outcrops or
Biyatah well in the west and the basement backstop in the
east, beneath the shallower Sumeini slope and Hawasina
basinal allochthon.

Thrustpack forward kinematic modelling

Although both regional transects D1 and D4 have been
depth-converted and modelled with Thrustpack, only the
work done on D4 will be detailed below. In Thrustpack,
pre-existing faults should be defined only for the initial
state of the model when they are superimposed on the
basement and sedimentary layering (Fig. 9a). The history of
deformation, syn-tectonic sedimentation/basin filling and
erosion of the emerging units can be then split in as many
time steps as considered. Every “unit” (bounded by faults)
is treated independently by the software; hence, it could be
moved by a user-imposed distance (shortening amount
produced during the specified time interval) simulating
faulting (both thrusting and normal faulting are possible
depending upon the defined sense of transport). After each
shortening event, the user can draw one or more units, in
foreland and/or hinterland, simulating syn-deformation
sedimentation. Again, each of these “syn-tectonic” sedi-
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mentary units successively added can be moved independent-
ly relative to the others during the following deformation
steps, so the top and base margins could then represent a flat
segment of an active thrust whereas the lateral margin(s) could
act as a ramp if drawn inclined. Thrustpack is thus able to
accurately simulate both fore- and backthrusts as well as
forward-breaking or out-of-sequence shortening. After each
shortening event, a user-defined erosional profile can be
applied to the model. If considering minor lateral (out of the

section plane) transport of sediments, lack of additional source
areas and dominantly clastic lithologies, erosion should be
applied with care to balance the thickness of the layers
deposited in foredeep/hinterland basins. Flexure or uplift is
simulated by applying a depth profile at the end of every
intermediate model. It should fit the thickness profile of the
sedimentary unit(s) and paleobathimetries, depth of the
basement or subsidence curves derived from other studies (if
existing). In summary, a final model (Fig. 9b) is made up of

Fig. 8 Crustal architecture of the Oman Range in the UAE along profile D1

Fig. 9 Initial and final geometry of the Thrustpack section (profile D4)
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several intermediate stages characterized by different short-
ening amounts (or rates, if precise ages can be assigned) that
should fit not only the actual structural geometry but also
other evidences such as timing of shortening events,
thicknesses and gross lithologies of the sediments deposited
into the foredeep/hinterland, exhumation magnitudes, timing
and position along the belt. Given the complexity of the
study area (e.g. Fig. 3), we had to build many intermediate
scenarios for each modelled transect before arriving at a
good fit because a univocal solution to simulate and quantify
the history of deformation is far from straightforward.

The first step of the modelling was to palinspastically
restore the profile D4 to its initial, Santonian geometry, just
prior to the onset of the underthrusting of the Arabian margin
beneath the Sumeini–Hawasina accretionary wedge and
Semail Ophiolite (Fig. 9). Because the aim of the forward
kinematic modelling was to constrain the burial and thermal
evolution of the underthrust Arabian foreland through times
(although performed within the project, the latter is not
shown herein), we neglected here the period of oceanic
subduction and the initial development of the accretionary
wedge. For the same reason, the Sumeini slope facies and
Hawasina basinal units were collectively treated as a single
allochthonous unit although its sediments represent the deep-
water counterparts of those covering the Arabian plate. In the
model, we also simplified the passive margin series of the
Arabian plate, which comprises only three mega-units below
the Upper Cretaceous flexural sequence made up of the
Aruma Formation.

As discussed previously, the present-day structural
geometry is essentially the result of the Neogene conver-
gence and out-of-sequence stacking of the deep Musandam
duplex, which ended up by the Middle Miocene. This last
episode of deformation accounts for the refolding of the
sole thrust of the Sumeini–Hawasina allochthon and is well
documented both in the east by Neogene FT ages recorded
in the Masafi window and in the west where growth strata
are evidenced by seismic imagery in the Fars series.

Seven stages of deformation are discussed below and
illustrated in the successive cross-sections along the D4 line
(based on the modelling of both D1 and D4, although the
former is not shown). Apart from the Upper Cretaceous flexural
sequence (Aruma Group) and Neogene growth strata (Fars
series), the seismic lines reveal that several unconformities and/
or disharmonic features are present within the Pabdeh series, in
the proximal deformed foredeep fill. These intra-Pabdeh
features can be interpreted as syn-depositional, then implying
they could also be linked to the contractional climaxes, thus
indicating a long progression of shortening. However, a bio-
stratigraphical dating of the Paleogene foredeep sedimentary
column at such level of precision is lacking, so the ages
labelling several deformation stages in Fig. 6 are somehow
arbitrarily chosen, being rather a requirement of the modelling

tool. As previously speculated, part of these features (i.e. the
summital truncation) could record the Paleogene unbending
episode related to a potential slab detachment (although not
directly documented), whereas other internal complexities
could relate to tectonic imbrications during the development
of the frontal Neogene triangle.

The first stage of the forward modelling spans the
Campanian to the Early Maastrichtian and comprises the
advancement of the Semail ophiolite pushing the Hawasina
nappe complex as a whole over the Arabian margin for over
80 km (Fig. 6). The amount of shortening may be larger as we
did not consider the expected internal deformation (folding
and faulting) at a scale smaller than what can be incorporated
into the modelling. We note that during this stage the ophiolite
is already exhumed, consistent with the results of the FT
measurements on the plagiogranites from the eastern part of
the transect. The flexural subsidence post-dating the obduction
represents the only tectonic event considered for the Late
Maastrichtian and uncertain portion of the Paleogene (Fig. 6).

The continuing convergence led, during the Paleogene,
to the formation of the first thrust cutting through the
Arabian distal edge in an out-of-sequence manner (referred
to as Paleogene stage “a” in Fig. 6). From the rear to the
frontal part of the tectonic wedge, this still thin-skinned
thrust starts to duplicate the Arabian platform series and the
inner Hawasina units in the inner, eastern part of the
section, whereas farther west it mainly follows the basal
detachment of the former accretionary wedge.

Paleogene stage “b” marks the onset of the thick-skinned
tectonics by the abandonment of ophiolite sole and
formation of a deep thrust cutting through the Arabian
basement. After a relatively long flat at the interface
between the basement and sedimentary cover, deep beneath
the outcropping ophiolites, this thrust ramps up at different
slopes through the Hajar and Hawasina units before
inducing the development of a frontal triangle zone in the
inner part of the foredeep basin. Note that the structure
becomes increasingly complicated in a cross-sectional view.

During the Paleogene stage “c”, shortening proceeds at an
almost double amount relative to the previous stage. The same
thrust path remains active for most of its length, the noticeable
changes occurring in an area near its frontal tip. There the strain
is partitioned along many smaller-scale splays merging to the
basal detachment of the Hawasina–Sumeini allochthon. A
complicated juxtaposition of duplex-type structures and triangle
zone develops in the inner part of the foredeep and starts to
propagate farther west although at shallower levels. Compared
to the previous one, this stage is characterized by a migration of
the contractional structures towards the external zones.

Shortening during Paleogene stage “d” amounts to 5 km,
being then continuously accommodated by the same thrust
in the inner zones but changing to an out-of-sequence
breaking through the Hawasina–Sumeini and foredeep fill
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in the outer parts. Also, the triangle zone involving the
shallower faults seems to migrate towards east.

A reduced convergence of only 2 km is modelled during the
Late Oligocene–Earliest Miocene times. The active structures
are almost the same as in the previous. Low relief over the
exhumed belt would correlate with the creation of a restrictive
environment over the foredeep basin where evaporitic precip-
itation prevails. It is important to note that the top of the Hajar
unit in the hanging wall is buried to a depth of almost 4 km.

The last deformation stage took place during the Early
Miocene, its main effect being the exhumation of the actual
Musandam Peninsula due to the accretion of an underlying
blind duplex.

The FT results were of major help in constraining
especially the age of exhumation and the amount of
overburden removed during Neogene deformation in the
case of Musandam Peninsula. In the absence of these new
constraints, one may have assumed a different progression
of shortening characterized by an earlier onset of its
exhumation related to a larger shortening rate, occurring
sometime during the Paleogene. Another significant insight
is the kinematic linkage assumed between the forward
thrusting (duplex formation) and the normal faulting behind
along the present-day external boundary of the Dibba zone.

Because of the lack of direct constraints on the seismic
profile D4, we did not simulate here the possible effect of an
early, pre-obduction episode of foreland inversion. Pre-existing
normal faults inherited from the Precambrian to Cretaceous
history of the Arabian passive margin and intra-cratonic rift
systems have been indeed locally transpressionally reactivated
during the Middle Cretaceous (Cenomanian?) in Saudi Arabia
and Iraq. Such early deformation might have accounted also for
the local unroofing of the Musandam platform prior to the
Hawasina–Suneimi nappes emplacement, as attested by un-
conformable Upper Cretaceous breccias which rest directly in
stratigraphic contact on top of Lower Cretaceous, Jurassic,
Triassic and even the Permian strata of the Musandam unit and
are still preserved beneath the allochthon along the northern
border of the Dibba Zone. Other subsurface candidates for early
inversion features along transects D1 and D4 can still be found
in the underthrust foreland, i.e. in the vicinity of the Margham
and Sajaa trends. However, we cannot exclude that part of the
former normal faults which localized compressional deforma-
tion originated rather from foreland bending during initial
periods of thrust loading before becoming also inverted during
subsequent Paleogene or Neogene episodes of shortening.

Discussions and conclusion

A good fit has been achieved between the modelled and real
cross-section (Fig. 4). Despite the fact that the Santonian stage
selected as the initial stage of the model already post-dates the

much longer obduction of the Semail ophiolite, our restoration
accounts for 120 km of shortening, 80 km being accommo-
dated by the overall length of the Arabian foreland initially
underthrust beneath the Hawasina–Sumeini allochthon during
the Late Cretaceous, the remaining 40 km being accommo-
dated by tectonic contraction operating within the Arabian
foreland itself. In the lower plate, the first 15 km of shortening
were accounted for by thin-skinned deformation restricted to
the Paleozoic and Mesozoic sedimentary cover, being followed
by another 25 km of shortening induced by a thick-skinned
duplication of the inner part of the Arabian plate.

Although we favored in the Thrustpack model the
hypothesis of a relatively continuous deformation lasting
from Late Cretaceous to Neogene, the timing and even the
occurrence of individual Paleogene stages of shortening
remain speculative. Other kinematic scenarios would instead
account for two very distinct episodes of shortening, one in the
Late Cretaceous and the other one in the Neogene, with a long
period of tectonic quiescence during the Paleogene. Never-
theless, such alternative scenarios must achieve the same
amount of shortening, implying only higher deformation rates
during shorter periods of active tectonics. The impact on
thermal maturity will however change as the residence time of
various source rock intervals in higher temperature windows
would then increase during the Paleogene.

The FT analyses have provided valuable snapshots on the
exhumation times for the different segments of the belt, with
erosional unroofing being strongly impacted by the Neogene
out-of-sequence duplication of the Arabian platform beneath
the Musandam unit and by thick-skinned tectonics which
account for a late-stage refolding of the ophiolite and its
metamorphic sole in the core of the Masafi anticline. New AFT
data from plagiogranites and the occurrence of Late Cretaceous
rudists resting directly on top of serpentinized mantle rocks
demonstrate that the Semail Ophiolite and underlying Hawa-
sina–Sumeini accretionary wedge were already widely eroded
when it reached its present location on top of the Arabian
foreland, preventing the lower plate from an ultra-deep burial.

However, because the vibroseis source used for the deep
seismic sounding was not sufficient to illuminate the Moho
beneath the inner part of the Oman Range, further refraction
studies or mantle tomography would still be required to
document the fate of the subducted slab. Actually, numerous
evidences of Paleogene unbending of the Arabian lower plate,
including the erosional summital truncation of the Pabdeh series,
can be traced in the inner part of the former Late Cretaceous
foredeep, advocating for a possible slab detachment prior to the
onset of the Neogene Zagros orogeny. For instance, the
relatively small rates of shortening supposed for the Paleogene
steps would indicate that an oceanic slab was then detaching. As
long as the slab did not fully break, the degree of coupling
between the two colliding plates was lower than after the
detachment was completed before the Neogene. Renewed
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coupling during the Miocene would explain the significant out-
of-sequence thrusting that led to the exhumation of Musandam
and inversion of some of the former normal faults from the
Arabian foreland. Then, as already expressed by Chemenda et
al. (1996), the overall plate convergence was transferred to the
Makran subduction system, leaving the Oman Range and its
foreland devoid of further strain.
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