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Abstract--Detailed mapping and structural analysis of three large-scale cuhnination~, (Sttmcini and Asludi 
half-windows and Haybi-Hawasina window) in the Oman Mountains shows a considerah[~ more complex 
history of deformation than a simple foreland (or downward) sequence of thrust development. Early thrusting 
processes tended to create a regular stacking order of imbricate slices and maior thrust sheets, complying with the 
'rules" of thrust propagation, assembled progressively downwards and forv, ards m the direction of translation. 
'Out-of-sequence' thrusts can also be demonstrated in places by truncation ot footwall structures (folds, imbricate 
slices, etc.), gross strain differences between thrust sheets, downv,.ard-fitcing structures m footwall units and 
elimination of thrust sheets beneath. Late stage thrusts frequentl} cut up-section through the previous b 
assembled stack putting previously younger, lower thrust sheets over prc~ Jously older, higher ones• Many of the 
culminations in the northern and central Oman Mountains were tormed by ramping associated with this late-stage 
leap-frog rethrusting event. 

INTRODUCTION 

THE SEQUENCE of thrusting in allochthonous terrains is a 
major  source of controversy in almost every orogenic 
belt. The crux of the controversy is whether  (1) younger 
thrusts "overlap' or "truncate' older, underlying duplexes 
or imbricate slices in a hindward sequence of imbrication 
(out-of-sequcnce model)  or (2) whether  thrusts propa- 
gate in sequence towards the foreland, in the direction of 
thrusting (piggy-back model).  

Some of the earliest detailed mapping and interpreta- 
tion of thrust belts was done in the Moine thrust belt. 
NW Scotland. by Peach et al. (1907). Their  mapping 
showed the apparent  truncation or overlap by the Moine 
thrust of structures beneath,  and led man}' earlier 
workers to the belief that the Moine thrust was the last to 
form. Elliott & Johnson (1978. 1980) considered that 
this overstep model was a misconception of thrust 
geometry and instead proposed a 'piggy-back" model.  
based on the observations of Cadell and t Iorne in Peach 
et al. (1907) .  and on their own reinterpretation based on 
balanced cross-sections. In this model there is a down- 
ward propagation of thrusts towards the foreland, in 
which higher thrusts develop first and are carried pas- 
sively by lower and later thrusts. Elliott &Johnson (1980) 
cited the Dundonnell  antiformal stack as evidence of this 
sequence where higher level imbricate slices are folded 
over lower ones. the folding finally dying out at depth to 
a horizontal sole thrust. If folding was post-emplacement  
it would also have folded the sole thrust; instead the 
antiformal stack was folded prior to emplacement  on a 
flat-lying sole thrust giving good evidence for a down- 
ward sequence of thrusting. The "piggy-back" model has 
in general terms been accepted by most recent workers 
on the Moine thrust belt (e.g. Butler 1982a. Coward 
1982). and on many other thrust belts as well (e.g. Bore r  
& Elliott 1982. Butler 1982b. 1983, Coward 1983). 

Much of the recent understanding and interpretation 
of structures in thrust belts originated in the Cordilleran 
foreland thrust and fold belt of the Canadian Rockies 
(e.g. Ba lh  ctal.  1966. Price 1981 ). where surface struc- 
tures can be correlated at depth with extensive seismic 
and oil-well data down to a basal decollement horizon. 
Balanced cross-sections (Dahlstrom 1969) of the Alberta 
fold and thrust belt which take into account the deep 
crustal structure show that approximately 200 km of 
shortening occurred in supracrustal rocks above 
autochthonous basement.  Thrusts developed progres- 
s iveh downwards and eastwards towards the Alberta 
foreland ( Price 19,'q I ). 

In the k"allcv and Ridge province of the sottthwest 
Appalachians.  Rodgers (197(I) and Borer  & Elliott 
(1982) believed that the general seqttencc of thrusting 
was lov+'ards the fore!and it] the direction of transport.  
11atcher (1978) proposed two stages of thrusting in 
which the car l \  thrusts arc CUt of fat the back by younger 
O l i O S .  

The ()man Mountains in '<E Arabia (Fig. 1) provide 
an ideal terrain to examine these models of thrust 
bchaviour.  These desert mountains show. relief up to 
30(~1 m. exposure is freqttenti.\ l(lIl',,, with little soil or 
vegetation coverage, and mare access routes through 
the m,mntains run down major  wadi 'wstems which 
flow NE-SW at right angles to the regional strike. Ex- 
cellent regional maps exist of the whole mountain belt 
(Glennic ('t al. 1074 at scale l:5()(L000) and the north- 
ern Oman Mountains (Open University Oman 
Ophiolitc map serie,, 1--4 at scale I : 10().()0(1). The three 
major  tectonic vvhtdows through the ophiolite des- 
cribed here were mapped at I : 2(),0(10 (Searlc 1980) and 
this paper  is an at tempt to determine the structural 
evolution and the sequence of events during enlplace- 
merit of the Semail ophiolite and associated Tcthyan 
thrust shcct~,. 

12t~ 



130 M.P.  S)-.~RL~ 

~ a 5  a t  K~A ~ 

. . . . .  

&o 

% 

Wus~m 

O f 

\ 

\ \  

% 
P . l  B a , .  

-" 7 
" SUMEINI 

." A S d  U D I ~  

F E Z ] "  . . . . . . .  ~, . . . . .  0 ,  . . . . . .  , 

E ,I . - ]  Se~o,~ Nappe o~O Mas,,a,~ ,s,o~o 

D ~ Howosrno oIl(~chthonous un,f 

C I P o r - O U l O C h f h o n o u s  S~Jmelnl Gp(ond n , ~ t ,  Fen} 

B ~ l°erm,on fo Lore Cretoceous 

A ~ Pre-M,Odle Perm,Or b o S c m e q t  

0 ' 0 0  x m  

0 50 m,les 

i 

J 
~ j 

< 

0 
F" 

- - t i g . ; J  " ~ 

8 

'\ 

\ 

/ 

/ 

\ 

/ 

/ 

/ 

HGmrat Duru  

S U L T A N  A T E q 

0 F z- 

0 M A N 

4- 

AS,RA • 15, AND 

\ 

. a  

~ o  
I 

Fig [ (;c<)logical , , k c t c h - m a p o l  the ( ) m a n  M,,~tllltiHll,,. ait~..t (ik..mm.. , . ta/  I I '~-~ IU-';I 

OMAN MOUNTAINS AI.I,OCHTHON 

The (.)man Mountains in SE Arabia {Fig. I) are 
composed of an allochthonous series of thrust sheets of 
mainly Mesozoic Tethyan oceanic sediments and vol- 
canic rocks overlain by a large obducted ophiolitc slab, 
emplaced onto the passive continental margin during 
late Cretaceous time (Glennie el al. 1973, 1974). The 
Semail ophiolite sequence is an intact slice of oceanic 
lithosphere comprising a complete crustal sequence and 

9-12 km of mantle material (see ,I. geophys.  Res. special 
issue on thc Oman Ophiolite 1981, and Open Univer- 
sity-Oman ophiolite map sheets 1-4). 

More than I(R) Ma of relatively stable sedimentary 
conditions on the Arabhm continental margin and 
adjacent Tethyan ocean basin from mid-Permian to 
mid-Cretaceous time ended abruptly in the Turonian. 
Sedimentation on the shelf, margin and basin ended, 
and the Aruma basin foredeep developed rapidly to ac- 
commodate the large-scale emplacement of all Tethyan 
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Fig. 2. Palinspastie reconstruction of the ()man continental margin and adiacent "l'eth~an basin in ('enomanian time. lUSt 
prior to emplacement. The major stratigraphic formations :ire shown in their approximate palaeogeographic setting. 
although nol all units arc necessarily present in one :Jrea. [:or example the Dhera Formation onl', occurs in the northern 
Oman Mountains, north of Wadi Jizzi; the AI A~n Formation only in the central and south-eastern Oman Mountains. The 
pro-emplacement position of the major thrusts and the four main duplexes of shelf edge sediments (Sumcini complex), 
basinal sediments (Ha~asina complex). [laybi complex and Semail ophiolitc arc also shown. Width of section is somc~ hat 

in excess of250 km. 

N.E. 

thrust sheets from the northeast. A palinspastic re- 
construction of the Oman continental margin showing 
the major stratigraphic and tectonic units is shown in 
Fig. 2. The four major thrust slices from bottom to top 
are (1) Sumeini-shelf edge sediments, (2) Hawasina 
deep-sea sediments, (3) Haybi complex, comprising Per- 

mian and Triassic exotic limestones (Oman Exotics), 
within-plate off-axis volcanics (Haybi Volcanics), 
m61anges and sub-ophiolite metamorphic rocks and (4) 
Semail ophiolite complex. Three cross-sections across 
the central part of the Oman Mountains are shown in 
Fig. 3 to illustrate the stacking order of the major thrust 
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Fig. 3. ('ross-section across the northern and central Oman Mountains, showing the stacking order of the major thrust 
sheets. T. Tertiary and Upper Maastrichtian limestones: BC, Batinah complex; S. Semail ophiolite: Ex. Exotic limestones; 
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CUtS dowll section forwards the west i l l  the northern area. eliminating the tla~ hi complex rocks t,, It',l dlicclh till Ihc J )llt.'lll 
Formation. It also decapitates folds and imbricate thrusts in the ttavbi duplex bcllCilth il:ld h,l,, Ihcrclorc nh~ cd lah:r 
" o u t - o f - s e q u e n c e ' .  l . a l e - s t a g c  l e a p - f r o g  t h r u s t s  a s s o c i a t e d  w i t h  c u h n i n a t h m  o l  J, . :bc]  .%unlc l l l l  ( h o l l m ~  t e e t h  m a r k , , )  ha~ 

r e - t h r u s t  S u n l c J n i  r o c k s  m c r  H a n l r a t  D u r u  l o c k s .  J.-oCk.llC liITICMOI1L'S ' , s i l h  :~ ' l l l t l??l l l l l [ ("~  NIl.  OI1 lh ' . '  ( ) l l l C l  [ h l l l l , l J  h ) J d  I l ld lC ; l J t  

l h l ) l  c u l m m a t u m  o l  J c b c ]  S u m c i m  w a s  u T c r l i a r , ,  CVCll l  

sheets. Emplacement  of thesc thin-skinned thrust sheets 
was from the northeast,  and along the base of the 
ophiolitc,  and in tectonic windows through the ophiolite,  
there is a regular stacking order of  more distal units ovcr 
more p r o x i m a l  u n i t s  (Glennie et  al .  1974, Searle & 
M a l p a s  [980 .  1982.  S e a r l e  etal. 1980.  G r a h a m  1 9 8 0 a . b ) .  

It can be seen from the p a l i n s p a s t i c  r e c o n s t r u c t i o n  of 
the Oman continental margin (Fig. 2) that rocks span- 
ning the same time period {Permian-Triassic to ('retace- 
ous)  occur in each major duplex except the Semail 

o p h i o l i t e ,  w h i c h  is o f  ( ' e n o n u m i , t n  l u r t m i a n  a g e .  r h u ~ ,  

t he re  is no  u n i q u e  s t r a t i g r a p h }  in each d u p l e x - t h e  
rocks  are in g e n e r a l  al l  t i m e - e q u i v a l e n t  but  o f  d i f f e r e n t  
p a l a e o g e o g r a p h i c  f a c i e s  and p o s i t i o n .  

SUMEINI HAI,F-V~:I NI)()~,  

1 :20 ,000  m a p p i n g  o f  lhc  St ln l¢ i l l i  ha l l - ~s i ndow  in 
n o r t h e r n  ( ) m a n  (F ig .  4) sh()~ss IJlat il ,a:p, h w m c d  by 
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Fig. 5. Truncation of footwall imbricate slices hy out-of-sequence thrusts magnilicently illustrated in an outcrop of Guwayza 
Formation limestone (Hamrat Duru Group of proximal Hawasina complex) in Wadi Shafan, Haybi-Hawasina window. 
central ()man Mountains. Fold axial planes in imbricate slice (a) are truncated at right angles by overlying later thrust plane 
(2). The folds in imbricate slices (a), (b) and [c) arc decapitated by their overlying roof thrusts (2), [31 and (4), respectively. 
,,vhich are all out-of-sequence thrusts. Elimination of rock in the fold hinge area has occurred in the footwall slices of ttlest~ 
thrusts. In imbricate slice (c) the right-hand limb of the massive-bedded limestone has been tectonically eliminated by 
overlying thrust (4). The sequence of deformation in this outcrop has progressed with time starting with folding of imbricate 
slice (a) and motion on thrust (1) followed subsequently by (b2) to (c3), finally to roof thrust (4). I.and Rover for scale in 

bottom right hand corner. 
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erosion of the roof (Somali) thrust over a cuhnination to 
reveal a ,,cries of hinterh,nd-dipping duplexes. These 
duplexes arc Irom top to bottom the l lavbi. Dhera and 
l lamrat l)uru dul)lexcs. Jcbcl Sumcini is composed of 
slope t+acie~, c,trb,,matcs of the Maqam and Mavhah 
[:ornlations (Fig. 2) ~ hich lorrn the structurally lowest 
th rum xhe+21,,. 

The Ilavbi complex (Searle & Malpas 1980, 1982. 
Searlc & ( ;raham 19~2)is composed of Triassic alkaline 
and tholciilic volcanic rocks, hire Cretaceous olisto- 
stromcs, sub-ophiolite metamorphic rocks and basal 
serpentinitc in a series of eastward-dipping horses or 
irnl~ricate slices. 1 hcse rocks always underlie the Semail 
thrust and ophiolitc and ,tlwavs overlie the Hawasina 
thrust sheets. Jebcl (ihawil (Fig. 4) is a large klippe 
composed of l lavbi volcanic rocks and ()man Exotic 
limcstonc that is infolded with amphibolites and 
grccnschists of the sub-ophiolitc metamorphic sheet 
resting on top of imbricated Dhera Formation sedi- 
mcnts. The r)hcra Formatiori and I lamrat Duru Group 
comprise <t scqucncc of higMy imbricated and folded 
cofltinclltaI ,dope arid i~roxitnal basin sediments (Glen- 
n ic ( ' t a /  IW;'3. It~74,(;raham 198()a.b). 

l h c  roof thrtlst of the Sumeini half-window is the 
Somali thtu.,I which c,u ric,~ lhc complete ophiolite slab 
as ,I tc l ; t t i \  e l \  intact  thrust  , ,heel.  The ophiolite crops out  

o \c r  ;i x~iclth ~1 :tbOtll 411 kin. and progressively higher 
levels <,co'ill to\~attls thc ritu-theast. The t ra i l ing edge is 
IlOxAhc IC xc_'t+rl bi l l  is :ix'.,ilnlct] to dip gentJv NI"] beneath 
ihc I /at in: lh cl+a,,l:il t+hiin, l ' hc  base of  t i le Semail 
ophiq~lilc ,, ~, -.c'tltlC..llt-c tl l dt!nitcs al ld harzburgi tcs show- 
i l lg x.l r, IIIL +. ~l 'cai i  ng Iabrics ;il lt] preferent ia l  serpent iniza- 
t ion. Icrnlc, I the I landcd [J l l ln inaf ie  Uni t  (Searle & 
M',ilpa,, 10Sll). A thin zone of  basal serpent in i ie  showing 
ducti le dc lo i l na t i tm  t~ith conspicuous f low fo ld ing usu- 
al ly in : i lkx lhe actual t lcco l lc l l lent  horizon. 

\V i lh in  1t3c Nunichli  half-xvinctow a regular stacking 

order is maintained with regard to the original 
palacogeographic position of each major unit in 
Telhvs. However,  mapping shows definite time relation- 
ships with younger thrusts cutting older thrusts. Both 
the Somali thrust and the Haybi thrust truncate imbricate 
faults, folds, sehistositv or cleavage and minor struct- 
ures in the underlying duplex and are regarded as "out- 
of-sequence" thrusts (Fig. 5). Along the north margin of 
the window the Semail thrust cuts progressively down to 
lower thrust sheets towards the west. The metamorphic 
sheet and Havbi voleanies have been structurally elimi- 
nated, and the ophiolite rests directly on the Dhera 
Formation. Elimination of section in footwall rocks 
can happen either through out-of-sequence thrusting, 
or in this case can be explained by an ENF-trending 
lateral ramp. The flat-lying Semail thrust can be seen to 
truncate, at right angles, the imbricate structures in 
the underlying Haybi complex. It stratigraphic section 
in the Haybi complex footwall has been eliminated 
during thrusting, the section cannot be balanced 
accurately. 

Late-stage re-thrusting of the early thrust sheet pile 
can be ascertained from the Jebel Sumeini structures. 
Jebel Sumeini shows two major W-facing and W-verging 
hanging-wall anticlines above major thrusts (Fig. 6). 
The eastern one has re-thrust Sumeini Group (Maqam 
Formation) shelf edge carbonates over Hawasina (t lain- 
rat Duru Group) proximal basin sediments that were 
earlier thrust on top of Sumeini rocks. Along the NW 
margin of Jebcl Sumcini. Eocene nummulitic limestones 
crop out on the  overturned limb of the W-facing frontal 
fold. Upper Triassic .lebel Wasa Formation (Sumeini 
Group) reefal carbonates have been thrust westwards 
over Lower Tertiary rocks. This would suggest a correla- 
tion of the late-stage re-thrusting event with the crustal- 
scale W-facing fl~lds and thrusts of the Musandam penin- 
stria to the north (Searle el a/. 1983). 
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Fig. 7. Sketch map and cross-section of the Asjudi half-window in the central Oman Mountains. Symbols are same as for 
Fig. 4. The Semail thrust cuts down-section to the west eliminating Haybi complex and Hamrat Duru rocks to rest ophiolite 
directly on Sumeini Group shelf edge carbonates. Elimination of section and truncation of structures below indicate that the 
Semail thrust is an "out-of-sequence' thrust. Late-stage culmination of Jebel Ghashnah and Jebel al Huwar also affects Muti 
Formation (Qumayrah facies, cherts, etc.) rocks of late Cretaceous (Coniacian to Campanian) age. The late-stage leap-frog 
thrusts that put Sumeini Group rocks over previously higher allochthonous Hamrat Duru rocks therefore must be 
Maastrichtian or early Tertiary in age. The nearest Tertiary rocks are 4 km west of Jebel Ghashnah and are fiat-lying 
unconformably on imbricated Hamrat Duru. Further south in Jebel Awaynah the Tertiary rocks show a steeply inclined 

SW-verging frontal fold extending for 45 km along strike with a short-distance blind thrust at depth. 

ASJUDI  H A L F - W I N D O W  

This  is another  cu lminat ion  on the west  side of  the 
O m a n  Mounta ins ,  approximate ly  20 km south of  Wadi  
Jizzi  (Fig. 7). Mapping  of  the As jud i  ha l f -window at 
1 : 20 ,000 scale (Searle 1980) shows that,  l ike the Sumein i  
ha l f -window,  it is c o m p o s e d  of  a series of  E-dipping  
duplexes  of  Haybi ,  Hamrat  Duru  and Sumein i  rocks.  In 
this area the Haybi  c o mpl e x  is a large-scale tectonic  
m61ange with blocks  of  sub-ophio l i te  amphibol i te  and 
greenschist  up to 1 km diameter ,  and smaller  blocks  of  

Haybi  volcanic  rocks,  O m a n  Exotics  and sediments  all 
enc losed  in a basal serpentinite  matrix. The  Semai l  
thrust here also truncates underly ing structures and the 
Haybi  complex  rocks have been progress ively  e l imin-  
ated towards the west .  Hamrat  D u r u  rocks within the 
Asjud i  w i n d o w  have also been  progress ively  e l iminated  
to the west  until  in the northern and southern parts of  the 
w i n d o w  the Semai l  ophio l i te  rests directly on the 
S u mein i  rocks of  Jebel  Fayyad.  

Jebel  Fayyad-Jebe l  al Huwar is a large-scale culmina-  
tion of  what is normal ly  the lowest  level  thrust sheet  of  
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Sumeini Group rocks. It shows two massive W-vcrging 
and W-facing inclined folds (Fig. 8), similar in style to 
Jebel Sumeini, and is surrounded by I lawasina complex 
rocks (K. Watts pcrs. comm. 1983). Culmination of 
thcsc Sumeini structures was a late event during the 
cmplacement history, because the overlying Hamrat 
Duru sole thrust is folded around the culmination ah)ng 
the east margin of the mountain. The two hanging-wall 
W-facing anticlines of Jebel Ghashnah and Jcbel al 
t tuwar show Mayhah Formation slope carbonates 
(Sumeini Group) thrust ovcr Qumayrah facies rocks of 
the Muti Formation (Aruma Group), which arc com- 
posed of deep-water radiolarian chert, conglomerate 
and shale of Ccnomanian-Turonian age (K. Watts pers. 
c o m m  1983). These rocks mark the deepening of the 
late Cretaceous fo redeep~the  Aruma basin, and have 
been incorporatcd into the thrust stack during later 
stages of the initial cmplaccmcnt history. This Sumcini 
+ Aruma packagc has bccn subsequently thrust west- 
wards over normally higher Hamrat Duru rocks, thus 
reversing the normal stacking sequence. 

Palaeogeographic irregularities cannot explain the 
thrust stacking here. The facies of the Hamrat I)uru 
rocks clearly indicate a proximal slope environment; 
that is, deeper water (further northeast) than the shell 
edge Sumeini rocks (D. J. W. Cooper pets. comm. 
1983). Early thrusting events placed the more distal 
thrust sheets over the more proximal ones, so that the 
thrusts propagated downwards, piggy-back stylc, plac- 
ing for example ttawasina ovcr Sumcini over Aruma. 
l,ate-stage thrusts cutting up section through this stack 
then placed Sumeini + Aruma over Hawasina in a leap- 
frog style. 

HAYBI CORRIDOR 

The Haybi corridor (Fig. 9) is the northern extcnsion 

of the Hawasina window, and the two together form one 
enormous window approximately 750 km: in area 
beneath the Semail ophiolitc. The Haybi corridor was 
first mappcd at 1:20,000 scalc by Searlc (1980), and the 
Hawasina window at 1 : 60,000 scale by Graham (1980). 
Both areas have recently been re-investigated in some 
detail and the structural evolution of the Hawasina 
window will bc the subject of a separate paper (Searlc & 
Coopcr in preparation). 

The eastern limit of the I taybi corridor is detincd by 
thc Haybi thrust (Scarlc 1980), which forms the roof 
thrust for the Hawasina thrust sheets in the Hawasma 
window, and the foor  thrust for the rocks of the Hayb~ 
complex above. Progressively higher thrust sheets in the 
Haybi complex crop out towards the northwest as the 
main Hawasina-Haybi fold culmination plunges in that 
dircction. This folding affccts thc Scmail (roof) thrust 
and Haybi (floor) thrust and must post-date emplace- 
ment of the upper two major thrust sheets. 

Within the 1 taybi duplex, all the imbricate thrusts that 
repcat the metamorphic sheet, the Haybi volcanic rocks 
and the melange units dip NE with SW-facing folds and 
SW-directed thrust motion. A normal stacking order of 
major thrust sheets is apparent with Semail ophiolitc 
ovcrlying Haybi overlying Hawasina (Hamrat [)uru 
Group) thrust sheets. 

A late-stage secondary thrust has brought a Mayhah 
Formation (Sumeini Group) slope carbonatc duplcx 
(Jcbcl Sham) to high structural Icvels immediately 
bcncath the Scmail thrust (Fig. 10). This re-thrusting 
event put a previously lower Sumcini thrust sheet over 
previously higher t tamrat Duru and liaybi thrust sheets. 
Above thc line of surface crosion (Fig. 10) the Jebel 
Sham thrust probably also cuts the ophiolite. The frontal 
fold is overturned towards the SW and thin overlying 
Aruma shales arc also affected by the folds. The fold in 
the Semail thrust, which is also somewhat asymmetric, 
verging SW, and the Haybi corridor culmination were 
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Fig. 10. Cross-section of the Haybi corridor-window. Normal stacking order of Semail ophiolite overlying Haybi complex 
overlying Hawasina (Hamrat Duru Group) overlying Sumeini complex is apparent.  The Semail and Haybi thrusts show 
truncation of  lk)otwall lk)tds, imbricate thrusts and schistosity and are interpreted as "out-of-sequence thrusts' at least in the 
final motion. A late-stage Sumeini duplex of Mayhah Formation slope carbonates overlain by Upper  Cretaceous (Coniacian 
to Campanian) Muti Formation (Qumayrah facies cherts) of the Aruma Group is exposed on Jebel Sham. This re-thrusting 
event puts a previously lower Sumeini thrust sheet over previously higher Hamrat Duru and Haybi thrust sheets and also 
probably cuts the base of the ophiolite above the line of erosion. Folding of the Semail (roof) thrust, which is somewhat 
asymmetric verging SW. was caused by the late-stage (post-Campanian) re-thrusting of the Sumeini duplex. The high 
structural level of the lowest Sumeini duplex may indicale deeper level thrusting in the shelf carbonates beneath the Haybi 

culmination coincident in time with or later than the leap-frog re-thrusting event. 
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probably caused by the late-stage re-thrusting event of 
the Jcbcl Sham Sumeini duplex. 

7"he high structural level of the normally lowest 
Sumeini thrust sheets may indicate deeper-level thrust- 
ing in the shelf carbonates beneath the Haybi culmina- 
tion coincident in time with, or later than the Jcbel Sham 
re-thrusting event. 

JEBEL AKHDAR INLIER 

The massive Jebel Akhdar  anticline (35 km half- 
wavelength and more than 3 km amplitude) clearly 
formed after emplacement as the Hawasina. Haybi and 
Semail thrust sheets have been similarly affected and 
crop out all around the Jebel Akhdar massif (Fig. 1 ). At 
the western end. the anticline axis plunges gently NW 
beneath the ttawasina window indicating that at least 
part of the Hawasina Havbi window uplift must bc 
related to the Jebel Akhdar  doming. At the eastern end 
the NW---SE Jebcl Akhdar anticline axis swings around 
to align NE-SW along the Jebcl Nakhl axis which paral- 
lels the Semail Gap (Fig. 1 ). 

The Jebel Akhdar massif shows the complete 5 km 
thick Permian to ( 'cnomanian shell" earbonatc sequence 
unconformably overlying folded and imbricated prc- 
Permian rocks. The deformation in the latter must bc 
prc-middle Permian (? l tcrcynian)  becausc structurcs 
are abruptly truncated by the flat-lying unconformity at 
the base of the Saiq Formation. Glennie et  al .  (1973, 
1974) and Open Univcrsitv--()man ophiolitc maps and 
all previous workers have assumed the ,lebel Akhdar  
shelf carbonates to be autochthonous and continuous 

south-westwards at depth into the undisturbed Arabian 
foreland. 

Glennie el  al.  (1974) mapped thrusts repeating pre- 
Permian and Saiq Formation rocks in northern Saih 
Hatat even though they continually referred to the 
"authochthonous" shelf carbonate sequence. In this area 
east of Muscat numerous high strain calc-mvlonite shear 
zones, glaucophane-garnet-phengite  blueschists (I,ip- 
pard 1983) and intense thrusting indicate extensive 
deeper  level deformation and high pressure metamorph- 
ism in the more internal (NE) part of the orogen. 

D. Bernoulli (written comm.,  1982) first suggested 
that "'uplift of Jebel Akhdar could be related to late 
thrusting in the basement and to the development of a 
ramp directed towards the S.W.'" (Fig. 11). Bernoulli 
further suggested that "'this thrust could follow a shal- 
lower d6collement plane and emerge at the front of 
Jebels Salakh and Madmar at the southwest edge of the 
Mountain belt. The unconformable superposition of 
post-orogenic Lower Tertiary (Palaeocene to l,ower 
Eocene. Montenat & Blondeau 1977) strata on platform 
deposits of the Saih Hatat (Glennie el  al. 1074) suggests 
that all these movements occurred prior to the post- 
orogenic deposits" (Bernoulli written comm. 1982). 

This geometrically attractive hypothesis cannot unfor- 
tunately be tested other than by drilling or deep seismic 
sounding across Jebel Akhdar. ] 'he ~lge of this late 
compression is uncertain except that it must post-date 
the emplacement of the higher thrust sheets. No post- 
orogenic Tertiary sediments occur on the Jebel Akhdar 
structure, the nearest being over 30 km north of the 
Jcbel Akhdar anticline axis north of Rustaq. Recent 
structural studies in Saih Hatat,  support the contention 
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that both Jebel Akhdar  and Saih Hatat are hanging-wall 
anticlines above major basement thrusts that tormcd in 
late Cretaceous time (S. Hanna written comm. 1983). 

The map pattern of the central Oman Mountains 
shows a dome and basin intcrfcrcnce pattern rcsulting in 
the half-swastika shaped axial trace of the Jebel Akhdar -  
Jcbcl NakhI-Saih Hatat anticline. Thc major domes. 
Jcbcl Akhdar and Saih t tatat  are linked by the Fanjah 
saddle (Fig. 11). The major basins arc thc Bahia, Scmai] 
and Awabi-Rustaq ophiolitc blocks. Whcthcr  these 
domcs, basins and saddles arc hanging-wall structures 
above a major basal d6collement surfacc, as Bernoulli 
and Hanna suggestcd (see abovc) remains to bc proven. 
The Jebel Akhdar  structure may alternatively have bccn 
caused by Tertiary compression that followed soon after 
the main late Cretaceous emplaccmcnt of thc major 
Tethyan thrust sheets, and hence be more closely related 
to the structures in the Musandam pcninsula (Searlc et 
al. 1983). "Fhcrc is no outcrop evidcncc for largc-scalc 
thrusting of the Jebel Akhdar  shelf carbonates, :,s thcrc 
is in the Musandam peninsula. 

"rIME AND MOTION OF THRUSTS 

The foreland propagating "piggy-back" thrusting 
model and the hinterland propagating 'out-of-sequence" 
model (Fig. 12) are here considered as extremes, neither 
of which wholly match tield data and maps of allochthon- 
ous terrains. Numerous examples, in the culminations of 
the ()man Mountains, show thrusts which do not "obey" 
the rules of thrust propagation. These can be grouped 
into two categories: those produced by "out-of-sequence" 
thrust processes, and reversals of regular stacking order  
by leap-frog thrust processes. 

'Out-of-sequence' thrusting 

'Out-of-sequence" thrusts are thrusts that cut through 
the hanging-wall of previous thrusts, so that higher 
nappes or thrust sheets cut lower ones. Evidence for 
'out-of-sequence" thrusts is highly ambiguous and incon- 
clusive, but live points may bc indicative of "out-of- 
sequence" character. (1) Thrusting of younger rocks 
over older. Thrust planes cut down section in the trans- 
port direction. (2) Truncation of footwall structures 
(fl)lds, imbricates, etc.) bv the floor thrust (Fig. 13). 

Model A - Out -o f - sequence th rushng  
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Fig. 12. Two sequential thrusting models (al'tt:~ Boyer & Elliott Igg2, 
Butler 1982b). (Model A )  L.=p~ard propagation o f  duplexes with 
younger, higher thrusts truncating older, lower thrusts. (Model B) 
I)ownward propagation of duplexes caused hy progressive collapse ol 

tootwal] r:.llll['),, tlltd accretion ot  slices to the h;mging-w all. 

(3) Gross strain difference between upper relatively 
undeformed "out-of-sequence" thrust sheet and lower 
highly deformed units. (4) [)ownwartl-facing structures 
in footwall units: upward facing structures in hanging- 
wall units (Fig. 14). (5) Elimination of stratigraphic 
section in footwall rocks. 

Most late-stage backthrusting is "out-of-sequence" 
related to continued compressive stress after the initial 
thrusting. The most spectacular example of this is the 
10-30 km wide zonc of backthrusting along the Indus 
suture zone and northern margin of the "Iibctan-Tethys 
zone (Indian plate) in the Ladakh and Zanskar Trans- 
I limalayan region (Searle 1983). 

"(-)ut-of-sequence" thrusting has also been described 
from California where the Palaeocene-Eocene Coast 
Range thrust, now separating the Coast Range ophiolite 
from the Franciscan accretionary prism (Korsch 1983). 
developed late in the sequence near the first-formed 
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Fig. 14. (at Opposing facing directions (thick arrows) of folds on either side of a thrust plane indicate out-of-sequencc 
character of thrust plane. (b) The sketch indicates the impossibility of inverted beds passing into right wa}.-up beds in the 

restored section. 

Mesozoic thrusts of the Franciscan• In gravity sliding 
terrains such as the Maritime Alps in southern France 
(Graham 1981), most of the thrusting is "out-of- 
sequence'.  The lower nappes are the farthest travelled 
and the higher nappes cut the lower ones. 

The Maine thrust of NW Scotland also shows 'out-of- 
sequence'  characteristics in some anomalous regions, in 
that it seems to have moved later than the underlying 
structures. Coward (1983) shows a map (fig. 5, p. 800) 
and cross-section (fig. 7, p. 801) in the Eiphin area of the 
Assynt half-window, of the later Maine thrust cutting 
previously formed folds and slicing off imbricates 
beneath. Late-stage surge zones associated frequently 
with culmination collapse arc also underlain by "out-of- 
sequence'  listric faults, such as those described from the 
Assynt region by Coward (1982). 

The downward-propagating piggy-back thrust 
sequence does not allow for elimination of underlying 
rocks if the section is to bahince correctly. If thrusts 
develop downwards in sequence the w)lumc of rock 
beneath the roof thrust must remain constant, and hence 
the area of a duplex in cross-section must balance the 
undeformed area prior to thrusting (Dahlstrom 1969. 
Hossack 1979, Elliott & Johnston 1980). If structural 
elimination of rock has occurred below a roof thrust it 
may have been caused by 'out-of-sequence" thrusting, 
and a cross-section cannot therefore be balanced accu- 
rately. The eliminated rock must either have been 
eroded away from leading edges of thrust sheets, or it 
must have been sliced off mechanically by the later, 
higher 'roof" thrust. 

in Oman.  elimination of underlying thrust slices has 
occurred in all the culminations beneath the Semail 
ophiolite studied. The Scmail thrust has cut down section 
as far as the Dhcra thrust sheet in the Sumcini half- 
window (Figs. 4 and 6) and as far as the Sumeini thrust 
sheet in the Asjudi half-window (Figs• 7 and 8). Around 
Jcbcl Akhdar  the Sernail ophiolitc rests directly on the 
shelf carbonate sequence: all the lower thrust sheets in 
between except for a thin mc~lange zone have been 
structurally thinned or eliminated. The elimination of 
some of the t lawasina rocks could be accounted for by 
local palaeogeographic or bathymetric anomalies in the 
Tethyan ocean but most of the elimination appears to 
have been structural. 

Leapz[rog thrusting 

Since the work of Glennie et al. (1973, 1974) a regular 
stacking order of major thrust sheets with more distal 
stacked over more proximal units has been known. 
Mapping in the Sumeini, Asjudi and Haybi-Hawasina 
culminations has shown common reversals of the normal 
stacking order. A schematic hanging-wall evolution dia- 
gram (Fig. 15) shows how culminations and folds of the 
roof thrust formed by development of secondary thrusts 
cutting through the already assembled allochthon. This 
diagram explains why, in Oman, at least two stages of 
thrusting must be inferred: (1) normal stacking of Semail 
ophiolite thrust over distal Hawasina sediments thrust 
over Sumeini Group shelf edge carbonates thrust over 
autochthonous shelf and (2) re-thrusting of previously 
lower more proximal nappcs over previously higher 
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more distal units. Palaeogeographic irregularities prior 
to thrusting cannot be inferred; otherwise in O m a n a  
chaotic pattern of isolated Arabian shell and slope car- 
bonates would have to have been separated by small 
distal chert basins to account for the stacking order. It is 
absolutely clear that at least two, and probably more,  
episodes of thrust stacking have occurred in a leap-frog 
fashion. 

The critical localities where this leap-frog thrusting 
can be demonstra ted are (a) Jebel Sumeini (Fig. 4). (b) 
Jcbcl Fayyad-Jebel  al Huwar  (Fig. 7), (c) Jebcl Sham, 
Haybi (Fig. 9), (d) Wadi Jizzi where the Semail ophiolite 
has been duplicated by later thrusting (Open University 
Oman Ophiolite map sheet 2) and (e) Wadi Ham ( U A E )  
where the metamorphic  sheet and mantle sequence has 
been re-thrust, duplicating the sequence (Searle & 
Malpas 19811). 

The most spectacular example of leap-frog re-thrust- 
ing occurs in the Musandam mountains in the far north 
of the Oman Mountain belt (Searle et al. 1983). The shelf 
carbonates that comprise the Musandam Mountains can 
bc correlated almost exactly with the Permian to 
Ccnomanian  succession exposed in Jebcl Akhdar  and in 
the U A E - O m a n  foreland; they were clearly part of the 
stable Mesozoic Arabian passive margin. In common 
with the rest of the Oman  Mountains the Musandam 
shell carbonates were overthrust  by the Hawasina 
"fcthyan basin sediments during Turonian-Ear ly  Maas- 
trichtian time. These rocks are now exposed in a series of 
l'iSl-:,-dipping thrust sheets in the Dibba zone (Searlc et 
al. 1983). 

After  emplacement  of Tethyan basin rocks and the 
Semail ophiolitc, stable shallow marine carbonates were 
deposited during late Maastrichtian to early Eocene 
time. Subsequent compression during post-middle  
Eocene time caused thrusting of the complete Musan- 
dam shell carbonate  sequence up to 15 km eastwards 
over  previously allochthonous Hawasina cherts along 
the l lagab thrust (Hudson etal .  1954, Searle etal .  1983). 
This Zagros orogenic phase shows crustal-scale thrusts 
and ma} reflect the actual time of collision of the Oman 
continental margin with the NE-dipping subduction 
zone in the Gulf  of Oman.  

C O N C L U S I O N S  

The structural development  of the Oman  Mountains 
allochthon can be discussed in a chronological sequence. 

(1) The first stage was a sequence  of  thrusting that 
propagated downwards and towards the foreland. The 
inverted metamorphic  sole of the ophiolite records the 
earliest sequence of deformation.  This involved under- 
plating of Tethyan oceanic volcanics and sediments 
beneath the young hot ophiolite, probably in some sort 
of Cenomanian-Turon ian  subduction zone (Searle & 
Malpas 1980, 1982). The underlying Haybi,  l lawasina 
and Sumeini thrust slices were probably assembled by 
successive propagation of footwall ramps in the direction 

of emplacement  from NE to SW. Processes may have 
been similar to those operating in modern accretionarv 
prisms above subduction zones (Seely et al. 1974L Com- 
plexities in thrust sheet geometry,  as in every thrust belt, 
were caused by an irregular footwall topography of the 
sole thrust, mainly frontal and oblique ramps, which 
may have been the actual Cretaceous shell edge. 

(2) I+atcr stages of motion must have occurred on the 
basal Semail, Haybi,  Hawasina and Sumcini thrusts, 
with each major  duplex acting as an independent body. 
The surface traces of these thrusts arc mappablc ahmg 
the length of the mountains where exposed. :rod all 
minor structures within these duplexes arc truncated 
abruptly at the thrust contact. Detailed mapping in the 
Sumeini, Asjudi and Havbi - I  lawasina windows (Scarlc 
1980) shows clear evidence of truncation of lootw, all 
folds, imbricate thrusts and all minor structure,, by the 
roof thrust. 

The Semail thrust (the roof thrust of the I lavtfi con> 
plex and the floor thrust of the ophiolite) seems to lit thc 
criteria for "out-of-sequence" thrusts, f'Nen though the 
rocks are lithologically very different, there is at great 
difference in strain between the rclativeh, undcformcd 
ophiolitc slab (approximatel.~ 45{I ><, tJ[I × 1 14 kmJ 
above the Semail thrust and the intensely imhricuted and 
deformed rocks of the t tavbi and ! la~vasina thrum stlccts 
beneath. The Scmail thrust also truncates ull lower 
thrust sheets and nlay rest on ~H1V lower duplex or cvcn 
directly on the shelf carbonate sequence. l 'hc  elimina- 
tion of over 5 km thickness of sub-ophiolite lhrus! shecl~, 
occurs ahmg the north, east alld south margins of the 
,lcbel Akhdar  Massif and cannot I~c accounted lot I~ 
lateral ramps. Structural elimination of rock beneath the 
Semail thrust has occurred: this c;mnol havc happened if 
lower thrusts developed after the latest inoveni,L'llt along 
the higher Semail thrust. In tilt_, Asiudi and Sumeini 
half-windows it can be demonstrated that the Somali 
thrust cuts down section towards the ,,otHllwC,,t ill the 
direction of emplacement .  It is therefore proposed thai 
the Semail thrust is out-of-scqucncc.  "l'hc I lavbi lhrt,st 
and a few Havvasina thrusts also truncate underlying 
folds and imbricates, and these max als~ haxe been 
out-of-sequence thrusts. 

(3) The final stage was a leap-frog re-thrusting event. 
usually of deeper  level thrust sheets (e.g. the Mu,~andam 
shelf carbonates,  and the Sumcini thrust sheets in ,Ichels 
Sumeini, Fayyad and Sham ). It is suggested that many of 
the cuhninations in the northern ()man Mountains, 
notably the Musandam peninsula, the [ tavbi- I  lawasina 
window, the Sumeini and Asjudi half-windows and the 
,lebel Kawr culmination, were formed t~x ramping 
associated with late-stage leap-frog re-thrusting. 111 
all these areas it can be demonstrated that httc thut.st <, 
cut tip-section through an already, as~,cmblcd tl+tust 
stack, putting previously youngcr and Imvcr duplexc<+ 
ovcr prcviousl.v older and hi,-hcr duplexes+ \Vherca', 
translation on early stage (I)  thrusts is of thc order 
of l{Hl km or more+ the translation on stage (3) h_'af~-lrog 
thrusts is generally only 15 km or less. somethncs Ics', 
than I k s .  
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