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Abstract--Sedimentological and stratigraph!cal investigations of the deep-water passive margin sediments of the 
Oman Neo-Tethys (the 'Hawasina Ocean'), when allied with structural relationships between duplexes of these 
units emplaced on to the Oman margin during late Cretaceous ophiolite obduction, allow the reconstruction of 
sediment distribution in the Hawasina Ocean. From this starting point, and the observed stacking order of 
duplexes, the sequence of thrusting of the oceanic sediments can be deduced. Imbrication proceeded through 
foreland-propagating thrusts, whilst the assembled thrust stack was modified at a late stage of emplacement by 
out-of-sequence thrusting related to sequential locking of thrust planes towards the hinterland, and gravity sliding 
off the flanks of a major anticline that developed in the underlying autochthonous shelf and basement. Two main 
factors governed duplex and imbricate fan formation and distribution. Firstly, two contrasting sedimentary basins 
were present along the central Oman margin, the 'Duru basin' distal to the 'AI Ayn basin'. Secondly, competent 
sedimentary successions were bulldozed ahead of the Semail Ophiolite, whilst less competent shale and chert 
units were overridden by the ophiolite or imbricated along its leading edge. 

INTRODUCTION 

AREAS that preserve large volumes of deep-water passive 
margin sediments emplaced on to a continental margin 
during ophiolite obduction are rare and usually suffered 
complete ocean closure following emplacement. The 
attendant dismembering and structural restacking rarely 
allows detailed reconstruction of the initial sequence of 
thrusting in the sub-ophiolitic oceanic sediments. Thus, 
for example, in the Zagros of Iran (Stocklin 1974) and 
the Ladakh Himalaya, NW India (Fuchs 1979, Thakur 
1981, Searle 1983), Neo-Tethyan passive margin sedi- 
ments are confined to narrow, 10-20 km wide, highly 
complex suture zones with the apparent elimination of 
large volumes of sediment. This is illustrated, for 
example, by the absence of coarse-grained slope 
material from the Lamayuru Complex of Ladakh, which 
displays more distal characteristics (Fuchs 1979, author's 
observations). Whilst the dismembered eastern 
Mediterranean passive margin remnants of Othris, 
Greece (Price 1977, Johns 1978), Mamonia, Cyprus 
(Robertson & Woodcock 1979, Swarbrick 1979), and 
Antalya, Turkey (Robertson & Woodcock 1981), can be 
related to adjacent platform successions and schematic 
palinspastic reconstructions attempted, it has not yet 
been possible to determine the precise sequence of early 
thrusting within the deep-water sedimentary units. 

The Oman Mountains (Fig. 1), almost uniquely, pre- 
serve a wide (50-180 km) belt of Neo-Tethyan 
(Hawasina Ocean) deep-water sediments that were 
emplaced during the late Cretaceous, with the vast 
Semaii Ophiolite, on to a southern Neo-Tethyan carbo- 
nate margin (Glennie et al. 1973, 1974). Final ocean 
closure, however, has yet to occur and a remnant of 
Neo-Tethyan oceanic crust is being subducted at the 
present day beneath the Makran of Pakistan and SE Iran 

SG I0:5-C 

(White & Ross 1979). The structural complexities of the 
Oman Mountains thus largely reflect sequential thrust 
patterns related solely to sediment and ophiolite obduc- 
tion. By integrating the sedimentology and stratigraphy 
of the superbly exposed passive margin successions with 
their present-day structural positions within the thrust 

Fig. 1. Geological map  of the O m a n  Mountains ,  modified slightly from 
Glennie et aL (19741. 
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stack, a pre-thrusting palaeogeography can be recon- 
structed (Cooper in press) from which detailed thrust 
sequences can be established. The thrust sequences are 
illustrated using a transect across the central Oman 
Mountains, where the most complex palaeogeography is 
developed. 

STRATIGRAPHY OF THE OMAN MOUNTAINS 

Following the major investigation of Glennie et al. 
(1973, 1974), with later modifications, the Oman Moun- 
tains have been subdivided into nine main components, 
namely a metamorphic basement unconformably over- 
lain by a Permian to mid-Cretaceous shelf sequence 
which is itself overlain unconformably (and locally con- 
formably) by the syn-tectonic sediments of the Aruma 
Group. The major allochthonous components are the 
Sumeini Group continental slope deposits, the 
Hawasina Complex continental rise and abyssal plain 
sediments, the Haybi Complex (Searle 1980) sedimen- 
tary and tectonic melanges, exotic limestones and vol- 
canics, the Semail Ophiolite and its sedimentary cover, 
and the Batinah Complex (Robertson & Woodcock 
1983). Maastrichtian and Tertiary shallow-water carbo- 
nates onlap these units and represent the cessation of the 
ophiolite emplacement event. 
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Fig. 2. Generalized stratigraphy of the Hamrat Duru Group. 

Stratigraphy of  the Hawasina Complex 

The deep-water passive margin sediments of the 
Hawasina Complex crop out as a series of duplexes and 
imbricate fans ahead of, and in windows through, the 
Semail Ophiolite. The original tectono-stratigraphical 
nomenclature, erected by Glennie et al. (1974) has been 
rationalized by litho-stratigraphical correlation between 
duplexes (Cooper 1987). Coarse-grained units, rich in 
redeposited carbonates and clastics, are all placed within 
the Hamrat Duru Group (Fig. 2). The Halfa and Haliw 
Formations (chert-rich successions) and the A1 Aridh 
and Ibra Formations (exotic limestone-rich successions) 
are retained, although exclusively Triassic components 
of the Halfa Formation represent, in part, the substrate 
of distal Hamrat Duru Group duplexes (Bernoulli & 
Weissert 1987). 

Two distinct sedimentary sequences are noted within 
the south-central Oman Mountains transect. Sections 
rich in both coarse- and fine-grained clastic carbonate 
occur in the foreland imbricate fans of the Hamrat ad 
Duru and J. Wahrah, whilst in the Hawasina window 
and the W. A1 Ayn area, sections contain considerably 
more shale and coarse-grained terrigenous material, 
most notably in the Zulla and Guweyza Sandstone For- 
mations (Fig. 3). 

STRUCTURE OF THE CENTRAL OMAN 
MOUNTAINS 

The central Oman Mountains transect (Fig. 3) crosses 
all major structural units. Three units of the Hamrat 

Duru Group lie structurally above Aruma Group sedi- 
ments in the SW foreland. These are named the Hamrat 
ad Duru imbricate fan (HDIF), the Wahrah imbricate 
fan (WIF) and the A1 Ayn duplex (AAD), respectively, 
and are structurally overlain by imbricates of the Upper 
Hawasina nappes (Halfa and AI Aridh Formations), the 
Haybi Complex (melanges and 'Oman exotic' lime- 
stones) and the Semail Ophiolite. The autochthonous 
platform carbonates of the Hajar Supergroup are 
exposed in a window through the allochthon as a NW- 
SE-trending anticline. Discussion of the main structural 
features is based on a SW-NE transect of the mountains. 

Hamrat ad Duru imbricate fan 

Two cross-sections (HD1 and HD2) have been con- 
structed parallel to the transport direction (NE-SW) 
through the Hamrat ad Duru (Fig. 4). Both structural 
sections can be broken into three distinct units. From the 
leading (SW) edge of the Hamrat ad Duru to the main 
watershed lying at the head of W. Zibra (HD1) and W. 
Futayhah (HD2), thrusting is subordinate to SW-facing 
asymmetrical folding. Widely-spaced thrusts cut fold 
forelimbs with displacements that rarely exceed 100 m 
and pass laterally into thrust-cored antiforms that plunge 
away from the exposed fault surfaces. Minor out-of- 
syncline thrusting is developed in the relatively incompe- 
tent Nayid Formation. The intensity of thrusting 
decreases towards the leading edge of the imbricate fan, 
where gently folded silicified limestones of the Sid'r 
Formation lie tectonically over dismembered siliceous 
lime-mudstones, marls and rudist-bearing patch-reef 
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limestones of the Aruma Group (Cooper 1986, 
Robertson 1987a). 

The northern terminations of both W. Zibra (HD1) 
and W. Futayhah (HD2) are wide valleys, bounded on 
their NE sides by a major watershed-forming ridge. In 
W. Zibra, this valley is floored by folded quartz-bearing 
grainstones assigned to the Guweyza Sandstone Forma- 
tion. Green marls assigned to the Aruma Group have 
been locally intercalated along thrust planes. Incorpora- 
tion of footwall rock along Hamrat ad Duru thrust 
planes is also well-developed along the SW margin of the 
arm of the Hamrat ad Duru to the north of W. Aswad. 
Along the NE side of this valley, closely-spaced imbri- 
cated lozenges of limestone conglomerates and siliceous 
lime-mudstones are all inverted, representing the multi- 
ply imbricated upper limb of an overturned synform in 
the footwall of a major thrust surface (thrust 10, Fig. 4a). 

The head of W. Futayhah contains a tectonic window 
(the Futayhah window, Fig. 4b) through the Hamrat ad 
Duru imbricate fan into the underlying marls, silicified 
marls and limestone conglomerates of the Aruma 
Group. The syn-orogenic sediments are cut by a steeply 
NE-dipping thrust that also penetrates the Hamrat Duru 
Group and is, therefore, a late-stage feature, postdating 
emplacement of the HDIF. The displacement along this 
thrust is small----only a few 10s of metres--increasing to 
about 300 m 3 km to the NW. 

A consequence of thrust-related folding is that two 
imbricates on the SW side of the Futayhah window dip 
towards the SW. Structural interpretation of this area 
hinges on stratigraphical comparisons between imbri- 
cates, most notably within the Guweyza Sandstone For- 
mation. In the lower imbricates (FUT 0 and FUT 2, Fig. 
4b), this formation contains coarse-grained quartz 
sandstones and limestone conglomerates, quite unlike 
the equivalent sections in the upper imbricates (FUT 1 
and FUT 3, Fig. 4b) in which quartz silts are overlain by 
lime-mudstones. This suggests that the lower sequences 
must form part of a duplex of unknown dimensions that 
lies beneath the main HDIF. If the HDIF sole thrust is 
assumed to be approximately even, then the dimensions 
of this underlying duplex cannot be much greater than its 
exposed size. This is further supported by the apparent 
exposure of the trailing edge of the lower duplex on the 
NE side of the window, where only~ the lower strati- 
graphical units, up to the base of the Guweyza Lime- 
stone Formation, are seen. The differences in stratig- 
raphy suggest that NE-directed back-thrusting was not 
responsible for this structure which is interpreted as a 
small imbricate of the Hamrat Duru Group that was 
detached from the leading edge of the HDIF and sub- 
sequently overridden. 

The second structural zone lies between the main 
watershed at the top of W. Zibra and W. Futayhah and 
two wadis that cross the Hamrat ad Duru, W. Nayid and 
W. Aswad (Fig. 3). Between W. Zibra and W. Nayid 
(thrusts 10-18, Fig. 4a), imbricates are more closely 
spaced (600-1000 m) and form a series of hinterland 
NE-facing antiforms that are related to the back- 
steepening, folding and overturning of thrust surfaces 

resulting from successive footwall collapse and ramp 
development. Gravity-driven back-thrusting is occa- 
sionally seen in the inverted lower limbs, although dis- 
placements do not exceed 100 m. 

Northeast-facing antiforms are also seen in the equiva- 
lent area along strike in HD2 (thrusts 4-8, Fig. 4b), 
although they are comparatively rare. Close-spaced 
thrusting is, however, well-developed, with displace- 
ments an order of magnitude greater than on the SW side 
of the Futayhah window. 

The third zone along HD1 (W. Nayid to W. Sayfam, 
thrusts 19-38, Fig. 4a) shows increasingly close-spaced 
thrusting. Only the Guweyza Limestone, Sid'r and 
Nayid Formations are seen, although the Guweyza 
Sandstone Formation is presumed to be present and 
involved in thrusting at depth. The trailing edge of the 
HDIF is structurally overlain by imbricates of the AI 
Aridh Formation, although the contact is obscured by 
wadi gravel. 

Along HD2, shortening between W. Aswad and W. 
Lusayl (thrusts 8-16, Fig. 4b) is accommodated by asym- 
metrical folding and large-scale overthrusting by supra- 
jacent imbricates. Relative displacements may exceed 
3 km (thrust 10, Fig. 4b). Major thrust surfaces have 
minor footwall splays (e.g. thrusts 9 and 12, Fig, 4b). 
Close-spaced thrusts, analogous to those developed in a 
similar position along HD1, are only seen close to the 
NE margin of the HDIF, near to where it is overthrust by 
the WIF, although again, this contact is obscured by 
wadi gravel. 

Both structural sections have widths of 35 km and 
restore to a minimum of 52 km, implying a minimum 
average shortening of 33%. Shortening is not, however, 
evenly distributed and in the gently folded and thrust 
sequences along W. Zibra and W. Futayhah it is just 
8-15%, climbing to 50% along the trailing edge of the 
HDIF. More local zones of higher shortening are 
superimposed on this general NE-directed increase in 
shortening, e.g. between thrusts 10 and 17 of section 
HD1 (55% shortening) and thrusts 9 and l l A  of section 
HD2 (50% shortening). 

Wahrah imbricate fan and Al A yn duplex 

The Wahrah imbricate fan (WIF) lies structurally 
above the trailing edge of the HDIF. Imbricates are 
composed of the Guweyza Limestone to Nayid Forma- 
tion of the Hamrat Duru Group. Older lithologies are 
not exposed, There are close sedimentological and 
stratigraphical affinities with the HDIF, although the 
deep-water sequence is finer-grained and more distal in 
character. The stratigraphical succession is about 150 m 
thick, although thrust slices show some tectonic thicken- 
ing due to minor internal thrusting and SW-facing asym- 
metrical folding. 

Surface outcrop dips vary between 50 ° and vertical 
towards the NE with rare oversteepening producing 
steeply SW-dipping inverted beds. Imbricates are later- 
ally continuous over distances that can exceed 10 km, 
producing parallel razor-backed ridges. These strike 
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035 ° at the SE end of the WIF near J. Buwaydah and 
curve gently towards 020 ° at the NW end, near Ibri. 

The suprajacent A1Ayn duplex (AAD) lies along the 
trailing edge of the WIF and strikes obliquely to WIF 
trends, particularly towards the SE end, where imbri- 
cates of the WIF trend 035 ° and those of the AAD strike 
060 °. The dip of imbricates reflects their position in a 
SW-facing asymmetrical syncline resulting from the fold- 
ing of the J. Akhdar Anticline in the Hajar Supergroup 
to the NE (Fig. 3). Thus, imbricates along the SW, 
leading edge of the AAD dip up to 70 ° towards the NE, 
whilst along the trailing edge of the AAD to the NE of J. 
Kawr, imbricates dip gently (up to about 30 °) towards 
the SW. The sole thrust to the AAD lies on the WIF on 
the SW side, but on the NE side of the imbricate fan the 
AAD lies directly on autochthonous limestones of the 
Aruma Group and the Hajar Supergroup carbonate 
platform. No intervening thrust slices of HDIF or WIF 
lithologies are seen. 

The AAD is quartz-sandstone and shale-rich, with 
only the Triassic to Mid-Jurassic (Zulla to lowest 
Guweyza Limestone Formation) sequence preserved. 
The sedimentary succession is, however, identical to 
that of the equivalent formations in the Hawasina win- 
dow, where a complete succession of the Hamrat Duru 
Group extends up to the Cenomanian. The absence of 
upper stratigraphical levels implies that they have been 
tectonically removed along a mid-Jurassic detachment 
prior to imbrication of the AAD along a sole thrust in 
early Triassic sediments. 

Upper Hawasina nappes and Haybi Complex 

The Upper Hawasina nappes of the Halfa Formation 
(radiolarian cherts) and the A1 Aridh Formation (cherts 
and exotic limestone conglomerates) crop out along the 
SW edge of the mountain-sized J. Kawr Oman exotic 
limestone, forming J. Buwaydah (Fig. 3). They are 
absent from the northern side, thus the trailing edges of 
these duplexes lie beneath J. Kawr. Elsewhere, around 
W. AI Ayn, isolated outcrops above the AAD are 
exclusively of smaller exotic limestone blocks and the 
Haybi Complex. The J. Kawr exotic itself is folded into 
a major SW-facing anticline-syncline pair with subordi- 
nate internal thrusting (Glennie et al. 1974) and a small 
klippe of the Semail Ophiolite is perched on top in the 
Sint Syncline. Again, the SW dip of the trailing edge of 
the exotic reflects the folding of the J. Akhdar Anticline. 

Other blocks of the Semail Ophiolite lie to the east of 
J. Kawr (Bahla block), where its topographically de- 
pressed position reflects the lateral discontinuity of the 
exotic limestone, and to the NW of the W. A1 Ayn 
exposures of the AAD (Muqniyat block), where again it 
is in a topographically low position against the J. Misht 
exotic. The Semail Ophiolite is absent in the intervening 
W. A1 Ayn area (Fig. 3). 

Ha jar Supergroup and NE transect structure 

The central Oman Mountains are dominated by the 

giant (2980 m) J. Akhdar Anticline, rooted in the 
autochthonous platform and pre-Permian basement 
units. This fold is slightly asymmetrical towards the SW, 
notably at the northern end of the J. Akhdar range 
where shelf carbonates plunge beneath the Hawasina 
Complex of the Hawasina window. 

The sedimentary units of the Hawasina window are 
essentially identical to those of the AAD (Fig. 3), being 
shale and quartz-sand-rich. Both truncated Zulla and 
Guweyza Sandstone Formation, and complete Hamrat 
Duru Group successions are seen (Graham 1980, Searle 
& Cooper 1986). 

The NE side of the anticline dips towards the NE at 
20-40 ° and is separated from the Haylayn block of the 
Semail Ophiolite by a narrow belt of shales and Triassic 
cherts (D. Bernoulli personal communication 1983), 
then a melange zone of chert, shale, exotic limestone 
blocks and volcanics comprising the Habyi Complex. 
The Semail Ophiolite dips towards the NE and succes- 
sively higher stratigraphical levels are encountered, 
from mantle peridotites to pillow lavas, before it 
becomes buried by Tertiary and recent sediments along 
the Batinah coast. 

PRE-EMPLACEMENT CRETACEOUS 
CONFIGURATION 

The palaeogeography of the Lower Cretaceous Ara- 
bian platform and Hawasina Ocean (Fig. 5) has been 
discussed elsewhere (Cooper in press). This section, 
therefore, summarizes the main lines of evidence that 
have been used to restore the Oman margin to its 
pre-ophiolite emplacement configuration. 

In the southern Oman Mountains (Fig. 1), two main 
imbricate fans of Hamrat Duru Group lithologies are 
identified; the structurally lower, coarser-grained Ham- 
rat ad Duru imbricate fan and a structurally higher, 
finer-grained Wahrah imbricate fan. Apart from the 
local restacking of these structural components (Cooper 
1986, Barrette & Calon 1987), simple palinspastic resto- 
ration suggests that the structurally higher WIF lay distal 
to the HDIF. This arrangement is supported by 
palaeocurrent data (dominantly NW-NE directed), 
grain-size fining trends and increasingly distal sedimen- 
tary facies, from thick-bedded conglomerates and high 
density turbidite current deposits to thinner-bedded low- 
density distal turbidites in the structurally higher imbri- 
cates. 

Shale-rich sections in the W. AI Ayn area can be 
matched with the stratigraphically identical, yet structur- 
ally low imbricates of the Hamrat Duru Group in the 
Hawasina window, 20 km to the NW (Fig. 3). Here, the 
succession rests directly on slope facies of the Sumeini 
Group and contains matrix-supported conglomerates of 
demonstrably proximal derivation; these debris flow 
deposits would have evolved into clasl-supported sedi- 
ments with continued transport (Naylor 1978). 
Palaeocurrent data from the Hawasina window and W. 
AI Ayn show NE-directed currents and a marked mar- 
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Fig. 5. Palaeogeographical reconstruction of the Hawasina Ocean for 
the Lower Cretaceous (Nayid Formation) showing the pre-ophiolite 
obduction location of the sediments of the Hawasina window (HW), 
W. A1Ayn duplex (AAD), Hamrat ad Duru imbricate fan (HDIF) and 
the Wahrah imbricate fan (WIF) (modified from Cooper in press). 
Inset shows the inferred relationship between the present day coast 

line and the Mesozoic Oman margin. 

gin-parallel component ,  with both NW and SE 
palaeocurrents seen in individual localities. Rarely, SW- 
directed currents indicative of flow towards the margin 
are seen and interpreted as a product of the rebounding 
of turbidity currents from an intraoceanic submarine 
high. This high ponded sediment from the margin of the 
central Oman Mountains area, whose hinterland also 
acted as a source for the abundant terrigenous clastic 
material. 

The predominantly carbonate successions of the 
H D I F  and WIF were deposited in a basin area that lay 
towards the centre of Neo-Tethys relative to the A A D  
and Hawasina window units. Palaeocurrent directions 
and lateral facies variations both suggest that sediment 
for these imbricate fan areas was derived exclusively 
from the south with no source from the directly adjacent 
margin (i.e. across the presumed depocentre of the 
Hawasina window and W. AI Ayn units). The occur- 
rence of rare, isolated cobbles of recrystallized shallow- 
water limestone, similar to the Oman exotics, within the 
Guweyza Sandstone Formation, and more abundant 
conglomeratic units in the Nayid Formation of the lead- 
ing edge (SW) of the Hamrat  ad Duru suggests that the 
Hawasina window-W. AI Ayn (AI Ayn) basin was 
separated from the Hamrat  ad Duru-Wahrah  (Duru) 
basin by a ridge that was capped by an intraoceanic 
carbonate platform. The later dismembering of this 
ridge during ophiolite obduction may have been the 
source of a component  of the Oman exotics. 

This intraoceanic ridge only appears to influence 
sedimentation in the central Oman Mountains and to the 
north all sedimentation reflects shale-rich AI Ayn basin 
patterns, whilst in the southeastern Oman Mountains, 
Duru basin sedimentation is observed. 

Width o f  the Hawasina Ocean 

The minimum widths of the main structural compo- 
nents of the Oman Mountains can be estimated by 
restoring cross-sections and applying approximate shor- 
tening values to structural units. Estimates produced by 
Glennie et al. (1974), Graham (1980) and Cooper (1986) 
are compared in Table 1. The considerable variation 
observed largely reflects differing interpretations of the 
extent of duplexes concealed beneath the Semail 
Ophiolite and, since the precise locations of the restored 
cross-sections of Glennie et al. (1974) and Graham 
(1980) are unknown, the measurements do not necessar- 
ily compare like with like. 

It is, however, apparent that the m i n i m u m  width of 
the AI Ayn basin was at least 100 km (Sumeini 
Group + A A D )  and the Duru basin was at least 110 km 

Table 1. Restored widths of the main units of the Hawasina Ocean, comparing data from Glennie et al. (1974), Graham (1980) and Cooper (1986). 
SH%--shortening. Wmm--minimum restored width. Wren--minimum width including extrapolation of structural units. Wm~× maximum width 

T h i s s t u d y  Glennieetal.(1974, table7.2) Graham (1980, p. 220) 
Unit W m i  n W r e  s W m i  n W ...... Original extent 

SH% (km) (km) SH% (km) (km) 8H% (km) 

SumeiniGroup J. Rais-J. Mawq 
Hawasina window 

Hamrat Duru HDIF-Hamrat ad Duru 
Group WIF-J. Wahrah 

AAD-W. A1Ayn 
Upper Hawasina Halfa Formation* 

nappes Haliw Formation* 
AI Aridh Formation 
Ibra Formation 
Oman exotics 

50 30 40 50 20 80 33 21 

33 50 80 
70 50 70 
66 70 ?80 

66 150 315 24 55 
66 75 270 54 50 
66 135 195 50 53 
66 60 210 60 69 
66 75 235 66 57 
50 40 160 50 14 
50 40 140 50 18 
0 30 30 9 30 

*May include substrate to the WIF. 
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wide (HDIF + WIF), with a further 245 km of more 
distal sediments in the Upper Hawasina nappes and the 
Haybi Complex (although it will be shown that a compo- 
nent of the Halfa Formation formed the substrate to the 
WIF). These values are absolute minima, and the true 
width of the Hawasina Ocean, including the AI Ayn-  
Duru basin ridge and sediment subducted or concealed 
beneath the Semail Ophiolite must have been considera- 
bly greater than the total 455 km estimated here. 

SEQUENCE OF THRUSTING IN THE 
HAWASINA OCEAN 

The initial closure of the Hawasina Ocean segment of 
Neo-Tethys was synchronous with a shift in the relative 
plate motion of Africa-Arabia with respect to Eurasia, 
from eastwards to northeastwards (Livermore & Smith 
1984). This occurred 90-100 Ma ago and was probably 
coeval with a major opening phase in the South Atlantic. 
A product of this change in relative plate motion was the 
widespread generation of Cenomanian-Turonian 
ophiolites in the eastern Mediterranean (overview by 
Whitechurch et al. 1984, Troodos, Cyprus, Blome & 
Irwin 1985, the Zagros of Iran, Stocklin 1974, and the 
Semail Ophiolite in Oman, Glennie et al. 1974). 

Robertson (1987a,b) concluded that the end of 
Mesozoic passive margin development and the onset of 
ophiolite obduction occurred in two phases. The first 
phase (Cenomanian-Turonian) consisted of uplift and 
erosion of the shelf edge as a result of initial crustal 
compression, producing massive debris flow deposits 
and glide blocks around the northern side of J. Akhdar 
(Robertson 1987a), the Ausaq conglomerate in the 
Dibba Zone (Searle et al. 1983) and megabreccias in the 
Sumeini Group (Watts & Garrison 1986). Flexure of the 
ocean crust may also have resulted in the creation of 
Cretaceous volcanic edifices, now preserved in the 
Haybi Complex (A. Robertson & A. Kemp, personal 
communication 1984). 

The decrease in carbonate production during this 
emergent period, allied with the up-bowed shelf edge 
acting as a barrier to the off-margin transport of carbo- 
nate, resulted in the deposition of the cherts and shales 
of the Riyamah Member of the Muti formation (Fig. 2). 
Such sedimentation is restricted to the proximal parts of 
the A1 Ayn and Duru basins. Their absence from more 
distal Duru basin localities may reflect the coeval initia- 
tion of imbrication in these latter units ahead of the 
Semail Ophiolite. 

Thrust ing in the Duru  basin 

Aside from the model of Allemann & Peters (1972), 
recent models of the emplacement of the Semail Ophiol- 
ite have all assumed NE-directed subduction of oceanic 
crust (e.g. Gealey 1977, Welland & Mitchell 1977, 
Graham 1980, Coleman 1981, Andrews-Speed & Brook- 
field 1983, Pearce et al. 1983, Lippard et al. 1986). 
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Fig. 6. Proposed sequence of thrusting of the Neo-Tethyan sediments 
of the Duru basin segment of the Hawasina Ocean. (a) Initial detach- 
ment of the Semail Ophiolite (thrust T1), imbrication of the Haybi 
Complex (Hy) as an accretionary wedge along the leading edge of the 
ophiolite (thrust T2) and imbrication of the Halfa and Haliw Forma- 
tions (Ha) along thrust T3. (b) Detachment of the Wahrah imbricate 
fan along thrust T4a by ramping of the HDtp from Triassic to Mid- 
Jurassic levels. (c) Imbrication of the HDIF along thrust T5a, following 
detachment of the WIF substrate along thrust T4b to form a compo- 
nent of the Halfa Formation. (d) Detachment of the HDIF along an 
uppermost Triassic-lowermost Jurassic flat (T5a). Footwall collapse 
gives rise to the lower duplex of the HDIF of the Futayhah window 
(thrust T5b). The Halfa Formation substrate to the WIF is imbricated 
at the base of the Haybi Complex wedge. (e) Restored transect across 

the Duru basin showing the positions of the main structural units. 

Indeed, there is no evidence for major SW-directed 
subduction beneath the Oman margin. 

The destruction of the Hawasina Ocean started with 
the initiation of intraoceanic subduction. The subduc- 
tion zone thrust, with the Semail Ophiolite in its hanging- 
wall, is represented by T1 in Fig. 6. The most distal 
oceanic sediments were either subducted or partially 
accreted to the base of the ophiolite, along with detached 
and dismembered mountain-sized limestone-capped 
volcanic seamounts--the 'Oman exotics'. Debris flows 
in the trench ahead of the ophiolite generated sedimen- 
tary melanges (Graham 1980, Robertson 1987b). These 
components make up the Haybi Complex, bounded at 
its base by thrust T2 (Fig. 6a). Cherts and limestone 
conglomerates derived from the Oman exotics were 
either incorporated into the Haybi Complex or formed 
coherent thrust sheets that are preserved as the A1Aridh 
and Ibra Formations. 

D6collement of the Upper Hawasina nappes of the 
Hawasina Complex (Halfa and Haliw Formations) pro- 
ceeded along an approximately bedding-parallel sole 
thrust (T3, Fig. 6a) within pre-Carnian Triassic sedi- 
ments. The basement to these distal sediments, probably 
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oceanic crust, was subducted beneath the Semail 
Ophiolite. 

The WIF was imbricated ahead of the Semail Ophiol- 
ite, following the ramping of the sole thrust of the 
Hamrat Duru Group (HDtp) into higher stratigraphical 
levels (thrust T4a, Fig. 6b). However, the HDtp must 
then apparently cut down-section between the WIF and 
the HDIF (to thrust T5a, Fig. 6c). It is located in the 
Middle Jurassic Guweyza Limestone Formation (Batho- 
nian-Portlandian, Glennie et al. 1974) in the WIF (thrust 
T4a, Fig. 6), whilst, in the HDIF, it lies within Upper 
Triassic-Liassic Guweyza Sandstone lithologies (Glen- 
nie et al. 1974). 

Whilst it is theoretically possible to account for such 
stratigraphical down-cutting, for example along the trail- 
ing edge of a surge zone (Fig. 7a & b), the regional 
palaeoslope must dip towards the subduction zone 
beneath the Semail Ophiolite, precluding the develop- 
ment of a thin-skinned surge zone in the sedimentary 
units directly ahead of the ophiolite. 

Two possible alternative mechanisms exist to account 
for this phenomenon (Fig. 7c & d). Firstly, structural 
lowering of the WIF by normal faults could place the sole 
thrust at the required level to propagate into lower 
stratigraphical units. With this subsidence, up-section 
thrust propagation is thus possible into the structurally 
higher, yet stratigraphically older lithologies of the 
HDIF. The fault could also act as a line of weakness 
differentiating the two imbricate fans. However, it has 
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Fig. 7. Alternative models to account for the stratigraphical down-cut- 
ting of the HDtp between the WIF and the HDIF. (a) Pre-thrusting 
sedimentary configuration. (b) Surge zone model. A normal fault at 
the trailing edge of the surge zone brings the HDtp into stratigraphi- 
cally lower sediments of the HDIF. Imbrication continues at the 
leading edge of the surge zone, (c) Normal fault model. Structural 
lowering of the WIF allows the propagation of the HDtp across a 
normal fault into stratigraphically lower sediments, with continued 
imbrication forming the HDIF. (d) Preferred model. The sole thrust of 
the WIF lies in the Guweyza Limestone Formation. The Halfa duplex 
(Ha) is imbricated along a stratigraphically lower thrust in Triassic 
sediments which cuts up-section to become the sole thrust of the HDIF. 

earlier been suggested that the basement of the WIF was 
oceanic in character, and whilst it is still possible that 
major faults could have developed in this crust, this 
mechanism is not favoured. 

The preferred mechanism is illustrated in Figs. 6(c) 
and 7(d). The HDtp is modelled as an extension of the 
Halfa sole thrust (T4b), which implies that exclusively 
Triassic to Lower Jurassic imbricates of the Halfa For- 
mation must have been the substrate to the Wahrah 
imbricate fan, as originally suggested by D. Bernoulli 
(personal communication 1983). Initially, the sole thrust 
climbed a ramp and progressive footwall collapse along 
a Middle Jurassic flat (thrust T4a) created the WIF 
ahead of the Semail Ophiolite. An independent phase of 
footwali collapse in the Triassic-Lower Jurassic 
sequence along sole thrust T4b then created the Triassic- 
Lower Jurassic Halfa Formation successions. Finally 
this lower sole thrust climbed up section to the upper- 
most Triassic-Liassic base of the Guweyza Sandstone 
Formation to become the sole thrust to the HDIF. In this 
model, therefore, the HDIF and WIF have sole thrusts 
(HDtp) that represent two different thrust planes. 

The HDIF developed along a plane within the 
Guweyza Sandstone Formation that shows notable 
uniformity of stratigraphical level along the length of 
the Hamrat ad Duru, although it demonstrably cuts up- 
section along the leading edge of the imbricate fan. This 
reflects two controls. Firstly, it may have been a 
response to the thinning of the stratigraphical section 
towards the intra-oceanic high that separated the Duru 
and AI Ayn basins. Secondly, the thick leading edge of 
the imbricate fan shows clear resistance to internal 
deformation and once a thrust penetrated to the surface 
(T5a, Fig. 6d) continued motion was accommodated 
along this plane rather than through renewed footwall 
collapse. Local footwall collapse and imbrication 
(thrust T5b, Fig. 6d) produced the structurally lower 
imbricate of the Futayhah window in the central Ham- 
rat ad Duru. A sequence of limestone conglomerates, 
grainstones and partly silicified marls and lime- 
mudstones in the SW Hamrat ad Duru that appears, in 
part, to be a lateral equivalent of the Nayid Formation, 
has been interpreted by Warburton et al. (in press) as 
sediment generated by the cannibalization of Hamrat 
Duru Group sediments during the imbrication and 
translation of the HDIF. 

The assembled stack of Hamrat ad Duru, Wahrah, 
Upper Hawasina and Haybi structural units was then 
emplaced over the subsided ridge that divided the AI 
Ayn and Duru basins. Permian or Triassic exotic lime- 
stones and Haybi volcanic blocks may also have origi- 
nated from the tectonic erosion of this high, although 
direct evidence remains inconclusive. 

Thrusting in the A l  Ayn  basin 

The sediments of the A1 Ayn basin (Fig. 5) are rep- 
resented by the A1 Ayn duplex (AAD) that lies structur- 
ally above the Wahrah imbricate fan and below the 
Upper Hawasina nappes (AI Aridh Formation) and 
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Fig. 8. Proposed sequence of thrusting in the AI Ayn basin area of the 
Hawasina Ocean. (a) Imbrication of the Guweyza Limestone Forma- 
tion to Riyamah Member succession (GLST-RIY) of the A1Ayn basin 
along thrust T6 during overthrusting of the Semail Ophiolite. The 
Zulla and Guweyza Sandstone Formations (Z-GSST) are not affected. 
The HDIF and WIF are emplaced over the Sumeini Group slope 
deposits (S) on to the deeply-submerged platform and its syn-emplace- 
ment sedimentary cover (HA JAR). (b) Imbrication of the Zulla and 
Guweyza Sandstone Formation along thrust T7 to form the AAD. (c) 
Emplacement of the AAD over the trailing edge of the WIF by 
out-of-sequence thrusting along thrust T8. (d) Growth of the J. 
Akhdar anticline and associated gravity sliding of Hawasina sediments 

and blocks of the Semail Ophiolite down its flanks. 

Haybi Complex (Fig. 3). Any model proposed to 
account for the sequence of thrusting in the Hawasina 
Ocean must not only consider this elevated structural 
position, but also the tectonic removal of the Middle 
Jurassic-Cretaceous successions of the Guweyza Lime- 
stone, Sid'r and Nayid Formations, all of which are 
present in the Hawasina window, 20 km to the NW (Fig. 
3) (Graham 1980, Searle & Cooper  1986). The proposed 
sequence is illustrated in Fig. 8. 

Initially, the upper stratigraphical levels of the A1Ayn 
basin were imbricated and transported towards the con- 
tinental margin along a bedding-parallel d6collement 
zone at the base of the Guweyza Limestone Formation 
(thrust T6, Fig. 8a). None of these units is exposed 
although, to the north in the Hawasina window, a duplex 
of Triassic-Lower Jurassic lithologies comparable to the 
AI Ayn duplex of W. Ai Ayn is seen thrust over a 
complete Hamrat  Duru stratigraphy (Searle & Cooper  
1986), suggesting that the missing units were thrust over 
at least part of the unimbricated AI Ayn basin sedimen- 
tary succession. These units may form the Guweyza 
Limestone to Nayid Formation successions of the Ham- 
rat Duru Group at W. Fatah, due west of the northern 
Hawasina window on the western edge of the Oman 
Mountains. 

As emplacement of the Semail Ophiolite proceeded,  
progressive footwall collapse resulted in the imbrication 

of the underlying Zulla and Guweyza Sandstone Forma- 
tions of the A1 Ayn basin along a deeper  sole thrust T7 
(Fig. 8b). In the W. AI Ayn area, this thrust cut up-sec- 
tion behind the imbricated Jurassic-Cretaceous 
lithologies that originally formed their sedimentary 
cover, thus these units are not observed. 

Final emplacement 

Emplacement  of the H D IF  and WIF ahead of the 
Semail Ophiolite was followed by the emplacement of 
the A A D  over the trailing edge of the WIF. This must 
have resulted from out-of-sequence thrusting since the 
palaeogeographical reconstruction places the A A D  in a 
margin-proximal position with respect to the H D I F  and 
WIF. It is suggested that, as the driving force for ophio- 
lite obduction waned, the lowest thrust planes of the 
foreland imbricate fans became locked and motion of 
the thrust wedge was translated to successively higher 
thrusts. Late-stage overstep motion produced the trun- 
cation of structures within the Haybi Complex by the 
Semail Ophiolite sole thrust (Searle 1985) and may also 
account for the emplacement of the A A D  obliquely over 
the WIF. There is, however, little evidence of overstep 
thrusting within individual imbricate fans and, for 
example, the truncation of thrusts and folds by later 
thrusts has not been observed. 

The Upper  Hawasina and Haybi thrusts of the J. Kawr 
area must post-date this out-of-sequence thrusting event 
as the sole thrust to the composite J. Buwaydah-J.  Kawr 
Nappe is not displaced by the AAD sole thrust which 
passes beneath it at the western end of J. Buwaydah. 

Late-stage motion on the J. Buwaydah-J.  Kawr sole 
thrust may also reflect gravity sliding from the flanks of 
the J. Akhdar  anticline (Fig. 8d), as originally proposed 
by Glennie et al. (1974). Sliding of ophiolitic blocks also 
occurred, with the rotation of the Wuqbah block, on the 
SW side of the Hawasina window away from the 
Hawasina window culmination--the NW extension of 
the NW-plunging J. Akhdar  Anticline (Graham 1980, 
Rothery 1982). Compressional thrust faults along the 
foreland side and extensional normal faults along the 
trailing edge of this ophiolite block have been inter- 
preted by Rothery (1982) as representative of gravity 
sliding away from the uplifted Hawasina window axis. 
Break-back thrusting in the Futayhah window, affecting 
both the Hamrat  ad Duru and the Aruma Group may 
have resulted from a similar process. The timing of this 
event is unknown. 

Normal faults around the edge of the J. Akhdar  
Anticline have eliminated sections of the Hawasina and 
Haybi Complexes. Thus along the SW margin of the 
Hawasina window, Searle & Cooper  (1986) have noted 
that the Semail Ophiolite cuts progressively into the 
Hamrat  Duru Group,  abutting successively lower 
stratigraphical levels, until it ultimately eliminates the 
Hamrat  Duru Group and rests directly on a duplex of the 
Sumeini Group. Similarly, the greatly thinned Hawasina 
Complex units of the northern rim of J. Akhdar  may 
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result from normal faulting and the elimination of sec- 
tion. 

This phase clearly post-dates the late-stage gravita- 
tional emplacement of the Semail Ophiolite in the cen- 
tral Oman Mountains, along a low-angle normal fault 
that cuts up-section towards the trailing edge of the 
ophiolite NE of the Hawasina window area. This places 
progressively higher levels of ophiolite stratigraphy over 
Haybi and Hawasina Complex units towards the NE 
(Glennie et al. 1974, Graham 1980). 

The timing of folding of the J. Akhdar Anticline is 
poorly constrained and, indeed controversy exists as to 
whether it is a thrust-cored anticline, as initially 
suggested by D. Bernoulli (personal communication 
1982), in which case the normal faults are technically 
hangingwall drop faults (S. Hanna personal communica- 
tion 1983, Searle 1985) related to late-stage late Cretace- 
ous events, or whether it is a Tertiary feature, related to 
whale-back folding in the Oman foreland. A component 
of uplift of the Oman shelf sequence occurred in the 
latest Cretaceous since P. Cawood (personal communi- 
cation 1987) has documented re-imbrication structures 
in the Hawasina Complex to the south of Saih Hatat that 
were related to gravitational sliding southwards from an 
uplifted Saih Hatat, These structures pre-date the 
unconformable deposition of lower Tertiary shallow- 
water carbonates. However, a major regressive Oligo- 
Miocene carbonate, evaporite, clastic sequence is also 
folded around the J. Akhdar structures, indicating a late 
Tertiary deformation phase (J. Warburton, personal 
communication 1987). 

Aside from the culmination of J. Akhdar, Tertiary 
modification of the late Cretaceous structures is, in the 
south-central area, restricted to gentle open folding of 
the HDIF and Tertiary limestones ofJ. Aswad, and tight 
box-folding at the NW end of the HDIF around Ibri. 

DISCUSSION 

The structure and distribution of the Hawasina sedi- 
ments yields circumstantial evidence about the wider 
processes involved in ophiolite obduction. Previous 
models for the generation of the Semail Ophiolite fall 
into two groups: by back-arc spreading above a subduc- 
tion zone (Pearce et al. 1983, Lippard et al. 1986) or by 
detachment in a mid-ocean ridge setting (Coleman 1981, 
Boudier et al. 1985), whilst Michard et al. (1985) 
suggested intra-oceanic thrusting along the 800°C 
isotherm close (3-400 km) to the Arabian margin, con- 
trolled either by thermal gradients or by a lithospheric 
bulge linked to the approach of a subduction zone. 

The geometrical constraints posed by the Hawasina 
sediments argue against a back-arc spreading model, 
since a fragment of older oceanic crust, perhaps 100 km 
wide (Lippard et al. 1986) must remain in the hanging- 
wall of the subduction zone. This is nowhere preserved 
along the leading edge of the Semail Ophiolite and a 
second phase of intra-oceanic thrusting is required to 
account for its removal. A consequence of this is that the 

sole thrust to the Semail Ophiolite must cut down into 
the main subduction zone trench to remove the Haybi 
Complex and Hawasina Complex imbricates ahead of 
the trench. Whilst Lippard et al. (1986, p. 155) have 
addressed this problem, it remains unclear why the sole 
thrust should cut down section in this manner. 

A model in which the Haybi and Hawasina Complexes 
developed directly ahead of the Cenomanian-Turonian 
Semail Ophiolite is therefore preferred, probably as the 
result of asymmetrical ridge collapse. This is the structur- 
ally weakest zone along which detachment might occur 
and the area of youngest oceanic crust, accounting for 
the almost coeval age of ophiolite generation and initial 
detachment (Coleman 1981). High temperature (850- 
1000°C) shearing of the basal peridotite layer, micro- 
structure fabrics and the availability of slowly cooling 
magmas to yield gabbros, all suggest detachment on the 
distal side of a ridge (Boudier et al. 1985), although a 
'roll-back' model, generating ocean crust directly above 
a subduction zone as suggested by Smith & Spray (1984) 
for some eastern Mediterranean ophiolites, cannot be 
discounted. The apparently 'back-arc' geochemistry of 
the Semail Ophiolite (Pearce et al. 1983) remains 
unexplained. 

The primary emplacement mechanism of the external 
(foreland) units of the Hamrat Duru Group is clearer, 
and four lines of evidence suggest that they were 
bulldozed ahead of, and never covered by, the Semail 
Ophiolite. Firstly, the relative structural simplicity of 
the Hamrat ad Duru and Wahrah imbricate fans when 
compared with internal exposures of the Hamrat Duru 
Group (e.g. the Hawasina window, Graham 1980, 
Searle & Cooper 1986) precludes the overthrusting of a 
thick ophiolitic slab. Secondly, illite crystallinity is mark- 
edly greater in internal areas when compared to external 
areas (Cooper 1986). Thirdly, there is a notable absence 
of ophiolitic detritus in the incised wadi gravels on the 
foreland side of the Hamrat ad Duru. Finally, vitrinite 
reflectance data from the top of the Hajar Supergroup 
are immature over much of the foreland area, indicating 
that the ophiolite never extended much farther to the 
SW than its present day limit (J, Warburton personal 
communication 1987). It must, therefore, be inferred 
that the HDIF and WIF were emplaced by a push from 
the rear, since the thickness of the HDIF and WIF (ca 
1500 m,  Fig. 4) is insufficient to allow gravity spreading 
processes to operate (Elliott 1976), whilst the regional 
palaeoslope during nappe emplacement must have dip- 
ped towards the subduction zone at the base of the 
Semail Ophiolite, precluding gravity sliding. 

The development of imbricate fans and duplexes and 
the distribution of these structural units with respect to 
the Semail ophiolite shows a clear lithological control. 
Sections that contain abundant thick-bedded arenites, 
lime-mudstones and silicified wackestones behaved in a 
competent manner and their inherent strength allowed 
them to be pushed ahead of the ophiolite during the 
emplacement sequence. Thick, competent successions 
along the leading edge of the HDIF show a resistance to 
internal imbrication and shortening (ca 8--15% ) whilst a 
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decrease in unit thickness and competence, and a com- 
mensurate increase in incompetent chalky lime- 
mudstones, cherts and shale, and thinner bedding is 
associated with closer-spaced thrusts and increased shor- 
tening (up to 55%). 

Contrasting styles of shortening along the trailing 
edges of structural section HD1 and HD2 (Fig. 4) again 
reflect the increased calcarenite component and compe- 
tence of the stratigraphical sections in the NW arm of the 
Hamrat ad Duru. The closer-spaced thrusts of HD1 are 
similar to those of the WIF, reflecting substantial 
similarities in stratigraphical section between the incom- 
petent trailing edge of the HDIF in the J. Buwaydah area 
and the WIF. 

The shales and cherts of the most distal Halfa and 
Haliw Formations were either subducted beneath the 
ophiolite, or closely imbricated as an accretionary wedge 
along the leading edge of the ophiolite. The competence 
of these units was insufficient to allow their bulldozing 
ahead of the ophiolite. 

The development of wide imbricate fans, which in the 
case of the HDIF extended up to 40 km ahead of the 
Semail Ophiolite, must also reflect the presence of an 
easy-slip horizon along the Hamrat Duru Group sole 
thrust (HDtp). This is the lime-mudstone marl and 
shale-rich Aruma Group. Total displacement along the 
HDtp must exceed 150 km (the distance from the lead- 
ing edge of the HDIF to its minimum restored position 
in the Hawasina Ocean, Fig. 5). This is two orders of 
magnitude greater than the average displacement along 
individual thrust surfaces in the HDIF, which must, 
therefore, have preferentially locked during translation, 
whilst continued motion occurred along the HDtp. The 
easy-slip horizon in the Hawasina Ocean is unknown, 
but it may have been the shale-rich Qumayrah unit of the 
Muti Formation. 

Acknowledgements--This work is based on a Ph.D thesis undertaken 
at Edinburgh University, funded by the Natural Environment 
Research Council, with fieldwork sponsored by Amoco (Interna- 
tional) Oil Co. Alastair Robertson, John Smewing, Brian Clissold, 
Mike Searle, Samir Hanna and Dan Bernoulli are thanked for intro- 
ducing me to the geology of Oman and for their logistical help. The 
manuscript was improved following constructive comments by John 
Warburton. I am grateful to the Oman Ministry of Minerals and 
Petroleum, and Amoco (International) Oil Co. for permission to 
publish this paper. 

REFERENCES 

Atlemann, F. & Peters, T. 1972. The ophiolite-radiolarite belt of the 
northern Oman Mountains. Eclog. geol. Helv, 65,657-697. 

Andrews-Speed, C. P. & Brookfield, M. E. 1983. Comment on 
'Tectonic setting for ophiolite obduction in Oman' by Robert G. 
Coleman. J. geophys, Res. 88,609-611. 

Barrette, P. D. & Calon, T. J. 1987. Re-imbrication of the Hawasina 
allochthons in the Sufrat ad Dawd range, Oman Mountains. J. 
Struct. Geol. 9,859-867. 

Bernoulli, D. & Weissert, H. 1987. The upper Hawasina nappes in the 
central Oman Mountains: stratigraphy, palinspastics and sequence 
of nappe emplacement. Geodyn. Acta 1, 47-58. 

Blome, C. D. & Irwin, W. P. 1985. Equivalent radiolarian ages from 
ophiolitic terrains of Cyprus and Oman. Geology 3,401-404. 

Boudier, F., Bouchez, J. L., Nicolas, A., Cannat, M., Ceuleneer, G., 
Misseri, M. & Montigny, R. 1985. Kinematics of ocean thrusting in 

the Oman ophiolite: model of plate convergence. Earth Planet. Sci. 
Lett. 75,215-222. 

Coleman, R. G. 1981. Tectonic setting for ophiolite obduction in 
Oman. J. geophys. Res. 86, 2497-2508. 

Cooper, D. J. W. 1986. The Hamrat Duru Group: evolution of a 
Mesozoic passive carbonate margin in the Oman Mountains. 
Unpublished Ph.D. thesis, University of Edinburgh, U.K. 

Cooper, D. J. W. 1987. Hamrat Duru Group: revised stratigraphy of 
a Mesozoic deep-water passive margin in the Oman Mountains. 
Geol, Mag. 124,157-164. 

Cooper, D. J. W. In press. Palaeogeographical reconstruction and 
evolution of a Mesozoic passive margin in the Oman Mountains: 
evidence from the Hamrat Duru Group. In: The Geology and 
Tectonics of  the Oman Region (edited by Robertson, A. H. F., 
Searle, M. P., Ries, A. C. & Smewing, J. D.) Spec. Publs. Geol. 
Soc. Lond. 

Elliott, D. 1976. The motion of thrust sheets. J. geophys. Res. 81, 
949-963. 

Fuchs, G. 1979. On the geology of western Ladakh. Jahrb. Geol. B.-A 
122,513-540. 

Gealey, W. K. 1977. Ophiolite obduction and geologic evolution of 
the Oman Mountains and adjacent areas. Bull. Geol. Soc. Am. 88, 
1183-1191. 

Glennie, K. W., Boeuf, M. G. A., Hughes-Clarke, M. W., Moody- 
Stuart, M., Pilaar, W. F. H. & Reinhardt, B. M. t973. Late 
Cretaceous nappes in the Oman Mountains and their geologic 
evolution. Bull. Am. Ass. Petrol. Geol. 57, 5-27. 

Glennie, K. W., Boeuf, M. G. A., Hughes-Clarke, M. W., Moody- 
Stuart, M., Pilaar, W. F. H. & Reinhardt, B. M. 1974. Geology of 
the Oman Mountains. Verb. K. Ned. geol. Mijnbouwkol Genoot. 

Graham, G. M. 1980. Structure and stratigraphy of the Hawasina 
window, Oman Mountains. Unpublished Ph.D thesis, Open Uni- 
versity, Milton Keynes, U. K. 

Johns, D. R. 1978. Mesozoic carbonate rudites, megabreccias and 
associated deposits from central Greece. Sedimentology 25, 561- 
573. 

Lippard, S. J., Shelton, A. W. & Gass, I. G. 1986. The ophiolite of 
Northern Oman. Mere. Geol. Soc. Lond. 11,178. 

Livermore, R. A. & Smith, A. G. 1984. Relative motions of Africa 
and Europe in the vicinity of Turkey. In: Geology of  the Taurus Belt 
(edited by Tekeli, O. & Goncouglu, M.). MTA, Ankara, 1-10. 

Michard, A., Juteau, T. & Whitechurch, H. 1985. L'obduction: revue 
des modeles et confrontation au cas de l'Oman. Bull. Soc. gdol. Fr. 
8,189-198. 

Naylor, M. A. 1978. A geological study of some olistostromes and 
melanges. Unpublished D.Phil. thesis, University of Cambridge, 
U.K. 

Pearce, J. A., Alabaster, T., Shelton, A. W. & Searle, M. P. 1983. The 
Oman ophiolite as a Cretaceous arc-basin complex: evidence and 
implications. Phil. Trans. R. Soc. Lond. A300, 299-317. 

Price, I. R. 1977. Deposition and derivation of clastic carbonates on a 
Mesozoic continental margin, Othris, Greece. Sedimentology 24, 
529-546. 

Robertson, A. H. F. 1987a. The transition from a passive margin to an 
Upper Cretaceous foreland basin related to ophiolite emplacement 
in the Oman Mountains. Bull. Geol. Soc. Am. 99,633-653. 

Robertson, A. H. F. 1987b. The Upper Cretaceous Muff Formation: 
transition of a Mesozoic carbonate platform to a foreland basin in 
the Oman Mountains. Sedimentology. 34, 1123-1143. 

Robertson, A. H. F. & Woodcock, N. H. 1979. Mamonia Complex, 
SW Cyprus: evolution and emplacement of a Mesozoic continental 
margin. Bull. Geol. Soc. Am. 90,651-665. 

Robertson, A. H. F. & Woodcock, N. H. 1981. Alakir Cay Group, 
Antalya Complex, SW Turkey: a deformed Mesozoic passive carbo- 
nate margin. Sediment. Geol. 30, 95-131. 

Robertson, A. H. F. & Woodcock, N. H. 1983. Genesis of the Batinah 
melange above the Semail ophiolite, Oman. J. Struct. Geol. 5, 1-19. 

Rothery, D. A. 1982. The evolution of the Wuqbah block and the 
application of remote sensing techniques to the Oman ophiolite. 
Unpublished Ph.D thesis, Open University, Milton Keynes, U.K. 

Searle, M. P. 1980. The metamorphic sheet and underlying volcanic 
rocks beneath the Semail ophiolite in the northern Oman Mountains 
of Arabia. Unpublished Ph.D thesis, Open University, Milton 
Keynes, U.K. 

Searle, M. P. 1983. Stratigraphy, structure and ew)lution of the 
Tibetan-Tethys zone in Zanskar and the Indus suture zone in the 
Ladakh Himalaya. Trans. R. Soc. Edin. Earth Sci. 73,205-219. 

Searle, M. P. 1985. Sequence of thrusting and origin of culminations in 
the northern and central Oman Mountains. J. Struct. Geol. 7, 
129-143. 



Thrusting and ophiolite emplacement, Oman 485 

Searle, M. P. & Cooper, D, J. W. 1986. Structure of the Hawasina 
window culmination, central Oman Mountains. Trans. R. Soc. 
Edin. Earth Sci. 77,143-156. 

Searle, M. P. & Graham, G. M. 1982. 'Oman exotics'--Oceanic 
carbonate build-ups associated with the early stages of continental 
rifting. Geology 10, 43-49. 

Searle, M. P., James, N. P., Calon, T. J. & Smewing, J. D. 1983. 
Sedimentological and structural evolution of the Arabian continen- 
tal margin in the Musandam Mountains and Dibba zone, United 
Arab Emirates. Bull. Geol. Soc. Am. 94, 1381-1400. 

Smith, A. G., Hynes, A. J., & Menzie, S. M. 1975. The stratigraphy 
of the Othris Mountains, eastern central Greece: a deformed 
Mesozoic continental margin sequence. Eclog. geol. Helv. 68,463- 
481. 

Smith, A. G. & Spray, J. G. 1984. A half-ridge transform model for 
the Hellenic-Dinaric ophiolites. In: Geological Evolution of the 
Eastern Mediterranean (edited by Dixon, J. E. & Robertson, A. H. 
F.). Spec. Pubis. geol. Soc. Lond. 17,629-644. 

Stockton, J. 1974. Possible ancient continental margins in Iran. In: The 
Geology of'Continental Margins (edited by Burk, C. L. & Drake, C. 
L.). Springer Verlag, New York, 873-887. 

Swarbrick, R. E. 1979. The sedimentology and structure of south west 

Cyprus and its relationship to the Troodos Complex. Unpublished 
Ph.D thesis, University of Cambridge, U.K. 

Thakur, V. C. 1981. Regional framework and geodynamic evolution 
of the Indus-Tsangpo suture zone in the Ladakh Himalaya. Trans. 
R. Soc. Edin. Earth Sci. 72, 89-97. 

Warburton, J., Graham, R. H. & Isaac, K. P. In press. The sedimen- 
tology and structural geology of the Hamrat ad Duru Range of the 
Sultanate of Oman. In: Symposium on Hydrocarbon Geology of 
Intense Thrust Zones, U.A.E. 

Watts, K. F. & Garrison, R. E. 1986. Sumeini Group, Oman--Evolu- 
tion of a Mesozoic carbonate slope on a south Tethyan continental 
margin. Sediment. Geol. 48,107-168. 

Welland, M. J. P. & Mitchell, A. H. G. 1977. Emplacement of the 
Oman ophiolite: a mechanism related to subduction and collision. 
Bull. Geol. Soc. Am. 88, 1081-1086. 

White, R. S. and Ross, D. A. 1979. Tectonics of the western Gulf of 
Oman. J. geophys. Res. 84, 3479-3489. 

Whitechurch, H., Juteau, T. & Montigny, R. 1984. The eastern 
Mediterranean ophiolites (Turkey, Syria, Cyprus): their contribu- 
tion to the history of the Neo-Tethys. In: Geological Evolution of the 
Eastern Mediterranean (edited by Dixon, J. E. & Robertson, A. H. 
F). Spec. Publs. geol. Soc. Lond. 17,425-441. 


