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ABSTRACT

- - ) B R

The Semall ophiolite dominates the geological framework of
the Oman Mountafns and represents the southern extension of

a discontinuous belt of ophtolites emplaced on the eastern

= a

edge of the Arabian continental margin in the Late
. i , ; :
Cretaceous. Its obduction led to the telescoping and
) . i - .
emplacement .of shelf, .elope and basinal sedimentary
) a. . : <

sequences of Mesozoic bage,‘iéotresponding to ‘the‘ Ha jar |
Supergrogp, tfé Sumeini Group and“the Hawasina Complex,
re;pectlvely. |

The Shf;atA ad Dawh Range -is ;nderlain by units of the
Hawvasina Complex;'namely the Hamrat Duru Grou? and the -
Wahrah, Al Ayn aad- Haliw formations. The deformational

, g “
style 1in this ., -area is dominated by a regular

hinterland-facing imbricate thrust stack; Two sets of
1mbficate.;htust faults are recogA1zed. The faults of cﬂe
prg&ominqnt set Aip northwards, and are generally pa;allel
to. bedding. Ia the dahrah nappe, they define an impressive
array of connecting, rejoining and diverging splays with
minor folding. This set of faults 1s folded on a
mag?oscopic' sbgle along E-W grending axes, and these folds
are, lﬁ turn, ttuncated b@ ste;ply northerly-dipping reverse
faulis belonging to the seqbnd set. Thia’aecoqd set &efiAgs
a large-scalé re-imbrication system, systema:tcélly
repeating the Hawasina tecton;siratlgfaphy. Open folding
along N-S trending axes occurs in the southern part ofl the

.

Sufrat ad Dawh Range.

v




~the Hajar Supergroup.

‘The' tectonic evolutlos, of the Hawasina Complek in the

Sufrat ad Dawh Range 1s divided 1ato Athree stagés, ( " The
f;gst qt;ge is an early\imbricdtion event reiaceq to the
telgscoping of Ehe-ﬂgwaslna sequences into‘séparate ;appes,
and to the tectpnic superposition of these nappeés in the
stacking order generally.displaQed in the Oman Mo@ntéins.
The.sgcond ;tagé COrrespoﬂds to Ehg folding of the nappes at
distinct 1nterv;ls acrosﬁ the strike of the allochthons, and
wit%_‘addicigpal shortening 1in the §°S‘d1reqtidn, to the
dlsrﬁpé}on of the 11mbs.of these foi&s and'ré-imbt{cwtiqn of
the Hawasina naﬁpes. The last stage’;zédlts el'ther fron
inhomogenequs ;oﬁpression in the E-W dif;ctfon, or blending
of the nappes over a N-4 oriented (@mp-at‘depth. The tim{ng
of deformation ’cainot' be ascertalned and several

alternatives are presented. The re-imbricaction 1is Ehought

to extend at depth beneath the shelf carbonate sequences of

i

t
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Chapter’1

INTRODUCTION

1.1 General perspective and ratioconale of the present study’
T~

The - Oman Mountains are located along the north-eastern

coast of the Arabian peninsula, ian the Sultanate .of Oman

\

(figure 1-1)./ They form an arcuate chainm, 700 kllometers in

length, that \extends from the Sttait of -Hormuz 1in a
south-easterly direction towards the Indian ocean. They

gseparate the Gulf of Oman to the north-east " fron the artd

o

deserts of .Saudl Arabla to the south-west. This reglon tis
well known, geologically, for hosting the Sehail ophiolite,
which represents one of the largest and best' exposed
fragments of anclent oceanlc lithosphere in the worid (e.g.
Coleﬁan, 1981). At the end of the Cretaceousg, the Semail

]

ophliolite was emplaced from the north-east onto the Arabién

.

continental margin, in conjunction with a telescoped
<

Mesozolc succession of slope to basinal sedimentary rock

sequences deposited along this wmargin. These wunlts,

designated the Hawasina Complex (Glennie et al., Jl973,

1974), are now superbly exposed in the foothills of the

western, external part of the mountain belt, and in -windows
centered on antiformal culminations in the internal part of

the belt.

1 i omrem.




Figure 1-1: Location of the Oman Mountains in the
Middle-East.
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Reglonal geoLQgicai investigatioans conducted by Glennie et

al. (1973, 1974) 1in the Oman Mountains, showed that the.

deformational style of tne Hawasina nappes is typically
dominated by extensive hinterlaund-facing imbricate thrust
st;cks, and sodthrwesterly verging folds. Moreover,‘ the
Hawasina Compleg is composed of a sgries of
tectonostratigraphic‘u;its, or nappes, each formed of a
folded and thrustedA succsssion of‘éedimehtaxy rocks of a
distinct facles. A number ;f these nappes are recogn1§ed in
the " Oman Hountéins. The way-in which_they are structurally
"stacked”™ follows a° very consistent ;rder, which ~1s

’

interpreted by Glennie et al. (1973, i974) in terms of a
himple palinspastic reconstruction, such that thé higher
nappés within the Hawagslna Complex qriginaced farther fron
‘the Arabianjcontlneﬂfkl margin, than did the 1lower nappes.
The Hawaslina Complex now lies tectonically above the shelf
carbonate sequences of the Arabian platform, and is overlain
N

by the Semail ophiolite in the Internal part of the mountain
belt.

The Sufrat ad Dawh Range provi&es a well exposed segment
ofbthe Hawasina Complex in the western foothills of the Oman
Mountains. This range 1s of particular interest, because 1t
displays large-scale str?cturés that are not characteristlc
of thé deformatioﬂal style of the Hawasina Complex- tn cﬁe

Oman Mountains. Glennie et 1. (1974) revealed the

occurrence of a major reversal {in the wusual tectonlc

superposition of the Hawasina nappes, referred to as one of

.




several local exceptiors to an otherwise‘cénsistent tectonic

pattern. Further, t;ese workérs 1indicated the possible
. >

ekistgnce of an E-W trending antiformal culminatfon 1in this

area, affecting the contact of two distinct Hawasina nappes

and leading to the'forﬁatiQn of a tectonlic winﬁow. Such a

structure has, not been reported elsewhere in the western

foothills.

1.2 Purpose and methods of the present stddy

The purpose of the present study 1s to examlne»iﬁ detail,
in ;he 11éht of recent advances in modern thrust tectonics,
the internal st;uctqral geometry of tﬁe Hawasina Complex fn
the Sufrat ad Dawh Range, and to determine the kinematic
evolution of ;he Hawasina nabpes expgsed in this area.

To achleve these goals,’a N-S trending sttucturaf\transéct
of the Sufrat ad Dawh Range was mapped at scales of 1:20 000
and 1:50 000. Several structural cross-sectlons were drawn
to aid in tﬁe ‘underscanding of the geometrical

-

configurétions and relationéhips of the Hawasina nappes in
this area. The mappling was car;ied out mainly %lth the use
of 1:60 000 bléck and white air photographs wlthL overlays.
Coloured, oblique aerial photographs, taken during a low

altitude plane overflight, and stereograms are provided to

corroborate the information conveyed by the geologlcal maps.
Y

< -




1.3 Physiography and climate-

‘
The general physlographical outline of the Oman Mountains

i3 shown in figure 1-2. The backbone of the mduntains is

dominated by the  Jebel Akhdar - Jebel Nakhl - Saih Hatat -

topographical lineament, which 1s formed of rugged peaks ana
ridges rising 3000 meters above sea level. These mountains
are deeply incised by tortuous wadis (dry cgeeks) generally
léss than a few hundred meters in width. In the foothills,
the topography consists of wvast surface areas of hilly
bedrock ;érrain ranging in elevation up to several hundreds:s
meters, with variable propartion of.stony gravel plains.
Oman 1is esseﬁtially a desert. A?arc from ithe luxwrtant
date tree oases occasionally encountered "along the wadis,

the vegetatlion ls restricted to sparsely distributed thorny

- acacia shrubs. The degree of rock exposure rather depends

on the amount of gravel plain. The avetagé’ekposure fa the

mountains teaches 100%Z, while in the foothills it exceeds
80%. -
The tempesature in the western foothills varies from
) o o o -
10 =30 € in . January to 30 -45 € itn July. The humidity is
much higher along‘the coast tHan at the western side of the
mountains. . Because of the high temperature experienced iIn
the summer, the winter wmonths are more propitio&s for field
work. ¢
Although the winter 1le referred to as the ralny season,

/\ .
the annual pteciézzz}$qg\éverages less than 500 millimeters,

most of it occurring dﬁring short, sudden rafastorms. In

\‘




TOPOGRAPHY (meters above

sea level)
OVER 1000
500 - 1000
: il 150 - s00
. iy
spoa
¥

Figure 1=2: Physiography of the Oman Mountalns.
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the mountains, these Qto:ms regult in very hazardous "flash
floods"” dashing down the wadis and sweeping everything in
their paths. The remainder of the time, however, Oman

enjoys a wide open sky. .

1.4 Location, accesgsibility and logistics

The Sufrat ad Dawh Range 1s locared 30 kilometers
south-east of Nizwa (figure 1-3). It occupies a surface area
of approximetely 500 square killometers and lies between
longitude 57040' and SBOOQ'E, and latitude 22030' and
ZZOSO'N. It 1is 1inked to the Nizwa - Muscat hlghway‘by a
ma jor gréded road and can be accessed by four-wheel drive
vehicles along numerous tracks and wadis. %

The field work for this 3tudy was\catried out during the
winters of 1983 and 1984, from Janu;ry to March. From a
permanent base situated near Muscat, thg autHGr'either drové
or was drogped off to a campsite with camping gear, food and
water provisions ‘for periods of time ranging from 3 to 10
days, which alternated with 2 to 3 days back to Muscat for
re—subply.

The desert was found to be very hospltable. The weather
is highly conducive to field work and the evenings are
starry and extreme}y peaceful. Theistudy area being fairly
remote from any main éentre of population, it is only
inhabited by a nunmber of‘bedoufns and their herds of goats
and cgmels. These people manifegsted much friendlyness,

tnterest, and perhaps, sympathy for this lonesome forelgner

with quite ... peculiar preoccupations.
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Chﬁpter 2

GEOLOGICAL BACKGROUND

2.1 Regional tectonlc setting of the Arabian Peninsula

The Arabian Peninsula forms a distinct element 1in  the
tectonic framework of the Middle-East (figure 2-1). It is
cored by a crystalline basement of Proterozolc age referred
to as thé Arablan shield. This basement 1s exposed along a
‘stucturally uplifted area in Yemen and western Saudi Arabla
(Powers et al., 1966), as well as in the central aand the

south-eastern part of the Sultanate of Oman (Glennie et

-

1974; Gorin et al., 1982). In the remaining part of the”

peninsula, the basement. 1s overlain by a thick and

relatively undeformed succession of sedimentary rocks, whose

age spans the Early Cambrian to the Pliocene (Powers et al.,
\1966; Murris, 1980)./' This succession {is compased
predominantly of an alternativa of non-marine clastic rock
sequences, such as sandstones, éhales and shalj marls, and
carbonate tock sequences of platformal affinities (Powers et
al., 1966). The Arabian peninsula behtavoed egsentially as a
stabie platform throughout the Paleozoic and the Me;ozoic
eras, as well aé mnost of the Cenozolc.

To the west and the south, the Arabfan shield is separated

)

! , r

o et e~ —— e oA - e i e e e s—— {
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Figure 2-1: Regional tectonic setting of the

Arabian peninsula (modified after
Coleman, 1981).
from the African continent by the Red Sea Rift which was
initiated in the Late Cretaceous (Girdler, 1980). To the
south-east, it is bounded by the Oman-Murray Fracture Zone
(Coleman, 1981). Towards the north and the east, the
Arabian platformal sequences become progressively more
deformed as they reach the Zagros suture zone (Powers et
al., 1966; Falcon, 1967). This belt is part of the
Alpine-Himalayan mountain chain, and stretches easterly from

the Mediteranean Sea into Turkey and south-easterly into



N ”

Iran towards the Stralt of Hormuz, then extends southwards

in the Sultanate of Oman (see figure 2-1). It coincldes
with a ddscontinuous alignment  of ophiolites . “and
radiolarites; the southernmost extension of this belt 1s

‘! .
represented by4the Semall ophfolite and the Hawasina Coamplex

(Ricou, 19371). *
North-east of the Zagros belt, across the Gulf of Oman,

lie the Iranian microplates and Eurasia (Stocklin, YL9714;‘

Adamia et al., ,‘1980).' In the late Precambrian and‘ Paleozoic:
tinme, the ‘Arabian peninsula and Iran were Ln»cra_t:onic
continuicty and formed part of Gor}dwarialfan,d (S:.fbcklin; 19747).
RiftiAng and fragmentatiéﬁ of this lan.d’mass began in the’

Triassic, and led to the formation of the Afro-Arablan plate

o

-

and the TIranian microplates, which:-were .separated hy the

“Neo-Tethys” seaway from the Triassic to the ‘Late Cretaceous

—_—

(stocklin, 1974; Hsu and Bernoulli, 1978; Adamia et al.,
1980). This rifting eplsode proceed'éd concurrently with the

closure of a Paleo-Tethys ocean to the north, separating the

Eurasian continent and the Iranfan microplates (Adamia et

1., 1980). The closur® of the Neo-Tethys occurred when the

Afro-Ardbian continent was drifting north towards a

north-dipping subduction zone beneath Iran. In‘ﬁate

.Cretaceous time, the Afro-Arabian - continent and the Iran

microplates, collided ‘and this resulted {n the obductioa of
' ‘ - .

the ophiolites and the emplagement of radiolarites ard other

pelagic Mesozolc sedimentary sequences onto the easterq

margin of the Arablan continental m;rgin (RLc'olu, I1,971» 1"976;'

2

& .
Adamia et al., 1980).
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A large part of the deformation in the Zagtos: Fold Belt

occurred in the Pliocene and consisted of an early p{\ase of

. ) \
SW-NE ocriented, horizontal shortenlng which resubted in

gouth-west directed thrusting _and NW-SE oriented upright
fdlding /(Ricou,, 1976). Pt;st-Oligocene deformation 1is élso
recognized.'in, Oman'(Morton, 1959), but the « fmportance of
thls.‘deformé'ciyou is difficult‘to assess, due to the scar‘city

of post-Late Cretaceous, pre-Miocene rock cover. Rock units

. of that ‘age ~are extansively exposed along the Zagros Fold

Belt. \

Seismic evidence indicates that the alpine tectonics are

.

still -active today.  1n Iran, this is also shown by the

tilting of terraces and bedches and recent volcaniec activity

(Adamia et al., 1980). The present Zagros belt 1s the locus

of regional strike-slip movemeni "(Ricop, 1976; Adamia et

al., 1980).

2.2 Previous geological investigations in the Oman Mountains

The first significant contribution to the geology of the

Oman Mountains was >made ‘by Lees (1928) vwho' est?blished’ a

broad stratigraphical framework. e 1dentified the

Pre-Permian basement, its cover of shallov-marine Mesozoic

shelf oasarbonate sequences, the complexly deformed "Hawasina

Series”, the “Semail Igneous Series” and the post-Senonian .

shallow-marine carbonate sequences. .0On the basis of limited
paleontological and field “evidenc':e,’ Lees I.»deduced the

allochthonous nature of the Semail and the Hawasina Series,

-~
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d.
)

and placed con'scrainca.on the time ~of their enmplacement,
relating 1t with the pre~Gossau merme.n;s of the Alps
(pre-Cenomanian). .

Morton (1959), in a sym;pals of geoiogical L{nuesttgatlbns
carried out Dby oil companvies, presented a more elaborate
account of the stratigraphy, and }'efuted the -allochthonon.;s
thesis of Lees (1928). He proposed an in-situ origin for
the Semafl Igneous Series, by then referre& to as an
ophiolltic suite, 'andkthe Hawasina Series. This was
supparted by Wilson (1.1969)’ who : provided additional
arguments Iin favour of the coﬂncor‘dant nature of the Hawasina
successlion, attributing the deformation of t?.ml‘s succession
to “gravity slumping”.

R;inhardt (1969) conducted a.field and petrological study
of the Semail ophiolite, and suggesced that th;s ophiolite
originated - in a deep-seated crustal- eﬁvironment not
reconclilable -with {its present- posicion on4 ‘the Arablan
'conﬁinencal margin. He groposed that thes-e-roéks formed at

4 «

an anclent oceanic spreading center and were later emplaced

onto the Arabian continental margin by gravity sliding.

Allemann and Peters . (1972) provided new field and

paleontolo'gical evidence conflicting with Wilson's (1969)

data, and reaffirming " Lees (1928) conc lusions on thAe
allochthoneity of the Hawasina and the-Semaili.units.
The first systematic analysis of the stratnigi'aphical,

petrological and structural aspects of the whole of the Oman

orogenic belt was presented by GlenAnie et al, (1973, 1974).
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f'These authors provided a comprehensive ;petrqlogical and ' -
" geological accaunt of. the éemail ophiolite. Furthermore,
they ‘convincingly demonstrated that the Hawasina Series of
Lees (1928) ' can be subdivided into a Buccession oé
tectonostratigraphic units that are chronoscratfgraphtcally
~ ’ equivaient to the phelf carbonate ;equences that they
overlie. ﬂThey proposedfthat the Hawasina_uuigs along with
th? Sumeinli Group, a new Qnit which they }ntroducgd,
represent slope to basinal sediment;ry Bequences that were
deposited on thé e?stern margin of the Arablan continent
between the Permian and the Middle Cretaceous, and were
emplaced on this margin Auring tﬁe 6bduct10q of Ehe Semail &
ophiolite. Moreover, Glennie et al. (1974) presented a
series of schematic étructural sections runnidg across the
trend of the Oufgn Mouqtains. These demonstrate a
consisteﬁcy of ‘the tectoantic st;cking order of the ;arlo;s
allochthonous elements. The Sufraf ad Dawh Range, however,
displaya-; rajor éxception to this scheme. This is shown 1in
figure 2-2; In the northern part of this range, the Wahrah
napRe- overlies tectomnically the Hamfat Duru nappe. This.ls,
‘1n aqcordhnce with.the .usual tectaonic relationship of these
nappes' ag displayed elsewhere ia the Oman Mountains (as

discussed {n the next section). To the south of this range,

however, the opposite relatlonship 1s shown to occur. . R

-
-

Glennie et .al. (1974) interpreted this geomet;j éithep as a

b ——
-

result of "secondary iwmbrications or thrusts, created after

the tuo.unlts had alfeady been tectonically superimposed iIn

P

+




Hamrat Duru

Figure 2-2: Schematlc cross-section of the
"Sufrat ad Dawh Range (GClennie et al., 1974,

Enclosure 5, sectiomn 9).
. ~

a. normal yay“; or due ¢to a "local envelopment of the
gverlying Wahrah Formation ILn front of ;he Hamrat Dura
thrhqt "sheet" {p.342)., Further, while the internal
strupfgre'of‘the Hawasina Complex 1in the western foothills
ts characterised by a fegul;? hinterland-facing 1gbr1cation,
Glennie et al. (1974) indicate the occurrence of a .major
antlform;r culmination in the nofthprn part of the Sufrat ad

- -

Dawh Range. ' ) ) . .
| The allocﬁ;honoﬁs ;ature of th; ﬂ;wasina. and the Semnail
uaits has 'galned the -acceptance of later workers, ana:

various models‘for the emplac;ment of the allochthons were

propdsed' (Elliott, 1976; Dewey 1976; Welland and Mitchell,

1977; Gealy, 1977; Graham, 1980a,b; Coleman 1981).

Searle (1930)~ and Searle and  Malpas (1980; 1982)

documented the nature and the origin of the metamorphic and

4 Co . o
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volcanic rocks beneath the Semail ophiolite which they,
designated the Hayﬁi Compléxf The resulcs of an extensive
pécrologicgl; geochemical and struCCU;al ‘account og the
Semaii‘ ophiolite was presentéd by Coleman (1981) 1in a
speclal {ssue of the Journal onGéOphyéical Research.

The only detailed str%ptural investigation of the Hawasina
nappes was carried out by Grahaa (1980a,b) in the Hawasina

Window. The aim of this atudy was to determine ' the

gtratigraphic and structural evolution Of the Mesozolc

’Arabipﬁrcohtinental margin and the processes of emplacement

L4

of the Sewail ophiolite.
2.3 Stratigraphy of the Oman Mountalns

" The rock wunits 1in the Oman Mouyntains have been divided

Into seven distinct stratlgraphic assemblages, based on

thelir lifhology, fheir' age, and their stratigraphic and
tectonic reiationshlps;(clennie et gi;, 1973, 1974;; Searle, .
1980; searle and Malpas, 1982). These are:

-4Tﬁe_hgsement unitse
- The autochthonous Ha jax Supergroup

'~ The Aruma Croup o vl _’Q 

* - ‘The par—putochthonous'Eumeini Group
- The Hayasiné Complex

- Thelﬂaybi:Complex~

vThe Semail ophilolite - ' e

- The neo<adutochthomnous carbonate units

o
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Figure 2-3 presents a geological map of the Oan Mountatins
shouing tﬁe didtribut;on of these assemnblages. The
tgctonﬁstrattgraphi; relatibnship of the 'assemblagés is
shown {n figufe 2-4, Note th;t these asscnblages and the

internal ‘tectonic s3lices of the Hawasina Complex are
' ’ )

generally not all presénf in any ene area.

~

2.3.1 The basement units

These are gkposed in the central part of the mountains 1in
the core of the J.Akhdar-J.Nakhl-Saih Hatat wiadows, apd
along the south-eastetn coast (figure 2-3 and 2-6(d)). The
oldest/ uniks consist of amphibolites, gneisses and schists,
{ntruded by granitic rocks of Late Precambrian age. These
underlie a deformed and partly metamorphosed sequeace of
élijciclastic and carbonate units of Late Precambrian to
Early Paleozoie age (Morton, 1959; Gleanie et al., 1974;
Gorin et al., 1982). They gorrelace' with the Arabfan

basement exposed in the western part of the peninsula (Gorin

t al, 1982). The deformation aund metamorphism of these

units 1is thotaght to be related to an Hercynian orogeny

(Glennie et al. 1974; Michard et al., 1984).

2.3.2 The autochthonous Hajar Supergroup

The Hajar Supergroup consists of up to- 3 kilometers of
mainly shélf carbonate sequences of Mtddle Rermian to Middle

Cretaceous age, resting unconformébly on the basgement wunits

v

——

(Glenniev et 1., - 1973, 1974). They occur in the northern

»

g
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Figure 2-3: Geological map of the Oman Mountains
(modified after Glennie et al., 1973, 1974).
The line of section of figure 5-2 is shown.
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. Figure 2-=4: Stratigraphy of the Oman Mountains
' , " (modified after Glennie et al., 1973,
1974). .

‘and the central, part of the mountafns, as well as 1in the

western foothills. The base of the Hajar Super Group is

formed of open-marine limestones, becoming progressively of.

a more restricted marine. character towqus}}he Middlé to

-

Late-Jurassfc interval. These sgsequences are conformably

-overiain by . pelagic porcellanites and cherts of Late

-

~/

i
|
!
i
i
i
\
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Jurassic to Early Cretaceous age which in turn grade into

shallow-marine carboéates of Middle Cretaceous age.

2.3.3 The Aruma Group

The Aruma Group 1is of Late Cretaceous age and overlies

un:onférmably and disconformably the shelf succession
(Glennie et al., 1974). It contraﬁts with the shelf
carbonateés, as it ls dominated by shales, “turbiditic wunits
and coanglomerates. It marks a drastic change' in the
depogsitional regime in the Late Cretaceous, being related to
the formation of a fofedeep along the eastern part of the

-~
Arablan peninsula. The Aruma’ Group is” locally

"par=autochthonous, and imbricated with the lower Hawasina

nappes.
2.3.4 The par-adﬁochthonous Sumeini Group

*The Sumelni Group is oniy exposed in the northern part of
the Oman /Mountains. It raﬁéesiin age from PermLan(?)‘ta
Middle Cretaceous, and comprfses shallow-water dolonmites,
sandstones and marls, - grainstones ‘and conglomerates

interbedded with shales .and chert, and reefoid boundstones.

Glennie et al. (1974) interpreted these lithologlies “to have

been depésited in the environment of a submarine reefal

scree slope close to a carbonate shelf edge, or that of an

¢ . . ,
outer continental shelf and slope”. This slope was - facing

‘to the eagt. These units are referred to as’

. o
par-autochthonousa, because the distance over which they were
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transported onto the shelf éequences ts believed to be

relatively small.
2.3.5 The Hawasina Complex

The Hawasina Complex.vconsists of an assoclation of
distinct lithorstratigrapﬁtc succéssioné. that are {in
tectonl{c contact and, most significantly, ;hose ages overlap
toﬁsiderably, ranging from the Triassic to the Middle
Cretaceous (Lees, 1928; Allemann’'and Peters, 1972; Glennie
et al. 1973, 1974). The number oﬁ these thr;st-bounded
successiong varles in any one area, In the central.part pf
the Oman Mountains, the principal - ones are the following:

<

The\Hamrat Duru Grpup, and the Wahrah, Al Ayn, Halfa, Al

Aridh and Haliw. Formations (Glennie et al., 1974). These

sequences are believed to have been deposited in an oceanlic

bas;n, termed tﬁe Hawasdina basin, lying to the north-east of
the Arabfan continental ahelf_(see also Searle and Grahaﬁ,
1982). The Ceccénicl’pésition of each of these sequences
withfn the uawasina assemblage Ls remarkably’ consistent
Lhroughout ﬁheYVOman Mountains. it follows- the o?der given
above, with.tﬁe‘ﬁamra: Duru Group being 'contalnéd in t?e
lowest ngppel\and the Hglfw Formation in the highest nappe
(see filgure 2-4).-

The Hamrat Duru Group comprises fourv formgtions.~ These
aré, from boctoé to top: the EBarly to Late Triassic Zulla

Formation, the Late Triassic to Late Jurassic Guwayza

Formation, the Lower: Cre:aceodg sid'r Formation, and the
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Middle Cretaceoqs Nayld Formation. The Wahrah Formation fs
of Early Jurassic to Middle-Cretaceous age, and tﬁe Al Ayn
Formation 18 Late Triassic to Early Jurassic age.
These formaéions mainly comprise lithoclastlic lime <j
. AN

grainstones and quartz sandstonesgs derfved from the Arabian )

carbonate shelf edge to the west or southwest, and sequences

" of bedded radiolarian chert (Gleunie et al., 1973, 1974).

—— d——

On the basis of. lithology, faunal assemblage  and

-~

paleocurrent data, Glennie et al. (1973,1974) interprete
the Hamrat Duru G:ouﬁ as the most proximal of the Hawasiga

sequences with vrespect to the Arablian continental margiss,

and the Wahrah Formation as a distal equivalent of the

Hamrat Duru - Gfoup. Furthermore, these authors suggested

L

‘that the Al Kyn Formation is a distal equivalent of the

lower Guwayza Formation of the Hamraf Duru Group. ., - .
The Haliw ahd,ﬂaifa FormAtiods are chiefly represented by
thid—bedded radiolarite sequences and shales of Trifassic ta
Mid-Cretaceous age (Glennie et al., 1973, 1974). They are
codsidered By these workers as distal quivalencs of the
Hamrat Duru and the Wahrah sequences. The Al Aridh
Formation cqysis;s to a. large e*tent' of turbiditic
grainstones, and reefal conglomerates with volcanic clasts,
aﬁd'alsp.lncluées r&diolar%ap cherts. This fdrmacioa ranges
in .age from Triasasic to Middle Jufassic and 1is thOught-to
have been deposited east of the Haliw .andj the Halfa

Formations, along the slopes of reef-capped guyots or

seamounts with a volcanic substrate {(Searle and (Graham,

§
?

o]

Al
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1982). The guyots were located adjacent to the site of

inittal rifting of the Oman continental margin (Glennie et

1., 1973, 1974), or above the transitional zone within the

Hawasina basin (Searle and Graham, 1982). 1In either- case,.

the Al Aridh Formation is thought to have been derived from

an easterly source.
2.3.6 The Haybl Complex

The Haybi Complex 1is a sequence of Upper Cretaceous

se&imentary meélange, Upper Permian to Mid-Cretaceous

volcanic rocks, Lsolated Upper Permian and Upper Triassic

limestone exotics (Oman Exotics of Glennie et al. (1974))
and met;morbhic focks and s;rpentinltes (Searle, 1980;
Searle nd Malpas, 1980, 1982). It 1lies tectonically
hetween the Hawasina complex and the Semail nappe.

The Oman Exotics are 1interpreted as “reef-associated
carbonate cbulld—upa deﬁosited in part on oceanic tslands or
seamounts, close to the site of initial riftinag of the Oman
contimental margins” (Searle and .Graham, 1982, p. 43). The
metamorphic rocks consist of amphibolites and greenschlsts.
They are Lhterpreted to be a dynamothermal me:amorbhic
aureole” produced during obduction of the Semail ophiolite
nappe, mainly by ttansfég of residual heat fron tﬂé
overlyiqg ultramafic rocks {Allemann and Peters, 19%72; Ghent

and Stout 1981; Searle, 1980). The age of metamorphism fis

Sengnian (Allemann and Peters, 1972)
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2.3.7 The Semail ophiolite
| * . \ £
. The Semail ophiolite nappe occuples a surface area of 6000

square killometers as a merles of distinct plates and.

dominates the geological framework of the Oman Mountalas.

4

. It ‘d‘isplays' Ehe classical "‘oph‘ioll_té, stratigraphy”
c'omp'ris-ing from bottom to top: 1) har;zburgite tecéonites, ‘
rgi:.re-senting residual upper nmantle, 2) ay transition zaone
'be'tv‘aéen the harzburgi:es’“and 'ow;erlying layered ’ultrama_fic-
cumulatg rocks, 3.’)> cumulate gabbroic roc>k's, 4) hypabysysal .
gabbroic tocks and plagiogranites, 5) .sub-volcanlc feeder . ‘

0

dykes and 6) mafic volcanic rocks .(Reinvhardt, 1969; Glennie

w

T et” 1., 1974; Hopson et

1., 1981). ° Petrological,

geochemiéal, and sreismic iavestigations have sughested that
these rocks are part of a cogenetic sulte forméd at . some
anclent oce:;nic spread»ingfidge in Cenomian to Turonian time
(Reinhardt, 1969; Clennie et al., 1973, 1974; Coleman,
1981). The Semail nappe is the highest tectornic unit in the -

Oman g.tratlgraphy (figure 2-4).

2.3.8 The neo-autochthonous carbonate units .
e _ . .

Maastrichtian and . Tertiary shallow-marine carbonate
sequencés are»{ exposed along the ‘Batiﬁah coast 1in the
‘south-~eastern part of the Omaﬁ Mountains and in the ' western
foothills. 'fhey overlie,' unconformably all older units

(Morton 1959; Tschopp, 1967; Glennie et al., 1973, 1974),

—_—

and’ herald the transgression of an early Tertiary shelf sea

T Al g e

over the late Cretaceous, allochthonous terrains and the

¢ Arablan Mesozolic platform. .




2.4 Structure

The‘ basic structural f'ramework of l:h-e Oman Mountains is
cha‘racteiiisedvﬁy nappe tectonics. The Hajar Su‘pergtoup and
rthe i Aruma Group, congidered as autochthonous, are qverlain
succeésively by the. Sumeini‘nappe,' the Hawasina C.omplex, the
.Hay,’bi Complex  and iastly, the Semail ophiolite. These
nappes are 1n't¢;rnally' deformed to variouQ extent according
to the type | of'lit'hologiea :I:nv‘olved. While the Hawasnina,
the Sumeini and the Hayl;i units are ger‘ueral.ly_ str'ongly
folded and imbricated ‘(Gr:aham, 1980; Searle, 1980; K. Watts,
1984, p‘ers’. ;:omm.), the s‘truc.t'ure of the Semail ophiolite
nappe is more Sohesive; 1mbtic;al':ion‘_occurs, but is much less
fomportant. The Maastrichtian and Tértiaryr ‘carbonate units
are also deformed, but to a lesse'rk‘exte‘nc. This deformation'
conslsts of -simple folding, and 1imbrication is not a major
featyre., : ’ . |

The. iritérna_l structural grain of the Mesozoic allochthons
p'at_allels theiOman,coastline, trending in a NW~SE direction
in the'north and the cencral:@an Mountains, deflecting to a
NE-SW orientation south'"of Muscat (figure. 2-5). Two major
sets of fcid axés are recognized. Folds belonging tol the
r_'predpni‘n‘ant set pat;‘ilel the sctucturalfgtair.{' ‘of the Oman
Mountaias, and affect all units 6f the Omz;n stratigraphy.;
The'seco'nd set fs nc;t as widespread as the former, and | is

"generally perpendicular to the regional graion. It {s not

recorded in the teo-autochthonous carbonate units.-

The physiographical apex of the Oman Mountains (see
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.
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_figures 1-2 and 2-5) 4is’  the expression ‘of a prominent
antiformal axis, termed the J.Aﬁﬁﬁ‘j’mtﬁ{aih Harat
antiformal culmination. The entire Cecconqscraltigrapﬁy ofl
‘the Oman mountains 1is exposed in the cot:e of this structure.
The cuimina;ion 18 variably plunging and bears an overall
NW-SE orientation and may thus be assigned to the main set
of fold axes. This culmination, however, also compriseg two-
NE-SW oriented segments represented b&)}J.Nakhl and the Hugqf
:axis, wh’ich parallel the second set of fold axes.

Anéther belt of variat:;ly plunging antiforms of a smaller
amplitude _Occurs‘ih the western foothtlls. It is recorded
in the Mesozoic “shelf carbonate sequences and roughly
parallels the J.Akhdar-J.Nakhl-Saih Hatat structure. This

scruciure is referred to as the J.Salakh-J.Madamar-J.Madar

‘antiformal t;end.

2.5 Tectonic evolution of the Oman Mountalns

.

The pre=Permian -&g«r

During the late Precambrian and most of the Paleozolc,

'

"when Arabia and 1Iran were {n cratonlc concinuit_:y,' ché
depositional history of Oman was dominared by‘shallow-marine
sedlmen.tation in a wide epicéntlnental gea (Glennie et al.,
1974; Gorin et al., 1982; Lovelock er al., 1981). These
_sequences wele deformed - 4nd metamorphosed during- the

Hercynian orogeny (Glennie t al., 1974 Michard ‘et al.,

o S - (
1984).

.
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From the Permian to the Late Cretaceous: Rifting and
development of a carbonate margin ’ ‘

The onset of continental fragmentation took place in the

Permian (Glennie et al., 1974; Grahan, 1980a; Searle and

‘Graham, 1982) (figure 2-6a). In the Late Triassiec, the

Hawasina ocean had already opened and basinal sedimentation

" took place, which proceeded until the Middle=-Cretaceous.

The Hajar Supergroup, the Sumeini Group and the Hawasina
sequences represent thﬁf‘ shelf-slope-basgin transition,
tespectively, of the Oman continental matgin. The

paleogeographic reconstruction of the Hawasina sequences

proposéd by Glennie et al. (1973, 1974) i{s shown 1in figure

'2f6b. They estimated the width of the Hawasina depositional

basin as rahéing'between 400 and. 1200 kilometers. - Later

4:;\3 by Graham. (1980a) supported the former figure.
The Late Cretaceous: Obduction of the Semail ophiolite and
emplacement. of the Hawasina nappes

The obduction o the- Semail ophiolite began 1ian the
Cenomanian<as’indlcjted by the agé of the oldest flysch
déposits of the Aruma , foredeep. The emplacement of the
allochthons on Fhe Arabian continen;al margin pfoceeded in a

aoutb-westeriy direction, and was completed in Campanian,

prior to the deposition of the youngest units. of the

- heo-autochrhonous carbonate sequences (Glennie et al., 1973,

1974). In the process of obduction, “"the Mesozoiq sediments
were removed from their substrate {n the Hawasina ocean"-ahd

were transported "as a series of nappes across the
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. that could exceed 100 kilometers'
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south-eastarn margin of the Arabfan continent for distances

(Gleanie et al., 1974, P

3197). The Hajar-Aruma depositional break is a consequence

"of continental uplife, followed by the formatfon of an

?nsialic foredeep basin (figure\2-6c). Figure 2-6d deplcts
ghe present tectonic‘sehtlng of the Oman‘HOuntaihs (mo&ified
after Glennie et al., 1973, 1974). ) | .

Glennie et al. (1973, 1974) have suggested that the
emplacemént of ghe alloehthons opérated in a very systematic
fashion, such that thé ‘hlghest n&pp?s in ghe Oman
fec;onostrgtigraphy are the furthest Fravelled wlith respect
to the Araﬁian continental wmargin. This 1is a simpie
kinewmatic model for stacking of the. nappes, and 1is 1in
égreement wfﬁh Ehe ﬁodels of Eootwgll accretion outlineq by
previous workers for other fold and thrust belts (wiliiams,
1975; Gee, 1978; Boyer-and Elliott, 1982). Glennie et al.
{1974) presented an alternative to the geconstruction of the
Hawasina basin shown in figure 2-6(b);.but this alterﬁativg

was rejected by them because it would have required -a wmore
complex kinematié ﬁddel for the emplaéement of the nappes.
It 18 now generally accepted that the emplacément of these
nappes is related to tﬁé closure of the Tethys océan and  is
-correlataﬁle with siﬁilar'.e;ents that occurred in other

areas along the Alp}neiﬂimalayan orogehic belt (Ricou, N71;

Stocklin, 1974). In Oman, howeve;; continental collisidn

was not achleved.

Al
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3 .

. The Maastrichtian and the Tertiatry

The emplacement of the - Late Cretaceous -allochthons was

followed by wmarine tranégressiong in the Maastrichtian and

the Paleogene, which led to the widespread depogitlon of

shailqu-matiné carbonate sequences (Lees, 1928; Morton,
L959;‘Tschopp, 1567).

. Regional horizontal com?;esslve movements in the. Paleogene
affected /4hese sequencéé and rtesulted: {n addfitional
structural complicaéions of the geology of tﬁe 'Oman
M&untains (Morton, 1959). The origin of the J.Akhdér-

+

J.Nakhl=Saih Hafit culmination trend has crtepeatedly been

.

attributed to these wmovements (Lees, 1928; Morton, 1959;

Wilson, 1969; Glennie et al., 1974). This, however, is

currently bdeing challénged by Berunoulli (1982, unpubl. ESRI

rep.) and Hanna (1987, unpubl. ESRI rep.), who propose that

these agtructures were formed during the emplacement of tbé'

nappes as-a result of structural ramping at depth within the
pre-Permiap basement. This is of considerable significance,
as‘}t fnmplies that the basement and the overlying Mesozolc

shelf successions are not autochthonous.




Chapter 3
LITHOSTRATIGRAPHY

OF THE SUFRAT AD DAWH RANGE

3.1 Introduction

The purpose of this chapter is.to provide a description of
the’&ithologicalipnits of the Hawasina Complex that occur 1in
the Sufrat ad Dawh Range. fhis;area exposes mainly units
Belonging to the ﬁamrat.Duru Group and ;he Wahrah qumati&n.

Rocks of the Al Ayn and the Haliw Formations occur to a

‘lesser extent in the northern paft of the study area. The
distribution of these units is shown in the geological map

. marked as inset C, included with this thesis. The general

aﬁpearance in outcrop, and the stratigraphic =~ and

sediméntological characteristics of these units will -be

'described 1n the following sections.

Irregularly  distributed outcrops of metaﬁorphlc rocks
accur {in che‘noftherW\part of the stugy ar®a.’ These rocks
and the lifhologies of the Seg311 ophio1ite, which dominate’
the northern margin of the study afea, }eré not studied 1n_

detatl, and will ohly be briefly described.
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3.2 The Hawasina Complex ‘ . . .

f ' + 3.2.1 The Hamrat Duru;Group

u

é : Units ‘of the Hamrat Duru Group occur in two east-west
i X : " .

i .

<

trendiﬁg bgits, 4 to 5 .kilometers vide and up to 16
7kilometers in length, in bhe';prthern and southern parts of
! . \thé Sufrat ad Dawh Range. | The teli-ef~ in ‘these belts -
} generally exceeds 100 meters, an{ occagslonally reachés 450
meters invthe southern belt. \ The Haanrat Duru Group Iis
represented by the Guwayza, the Sid'r and :he- Nayld

Formations. The Zulla Formation 1s not exposed. -
Two represeantative stratigraphic sectionsg were measured in - ) ‘

" the northern and the southern belts, redpectively. Thefe

sections are shown 1{In figure 3-1. - Figure 3-2 1is a

1? photbgraph of the Hamraﬁ Duru Group {in the noréhern Hamrat
Durtu belt.

The Guwayza Formation ranges in thickness from 130 to 3430

J; meters. The lowel contact of this formation is always R

tectonic. The formation {8 sub-divided in two conformable

members (Glennie et al., 1974): a:lbyer Sandstone Member -

_ .

<

‘and an upper Limestone Member. The . Sandstone HMember
conagists of <centimeter- to meter-bedded calciturdiditic,

oalitic grainstones Kfighrg 3-3) with ‘variable amounts of

detrital quartz gralns, ainor lime mudstones, conglomerates

and read shfles. This member 1s characterised by a

'distinctly dark 'grey'ito brown weathering colour (figure ) ‘ .

L

3-2). . : ' . ' l

N




GUWAYZA FORMATION
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Figure 3-1: - Measured sttatigraph;c sectlons of the

Hamrat Dutu Group. A: Northern Hamrat Duru
belt, B:

Southern Hamrat Duru belt.

(modified after D. Cooper, written comm.).




Figure 3-2: The Hamrat Duru Group in the northern
Hamrat Duru belt (see list of
abbreviations).
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Figure 3-3: Turbiditic bed in the Sandstone Member
of the Guwayza Formation showing a
well-developed Bouma Ta-d transition.

The Limestone Member contrasts with the Sandstone Member
by 1its light grey colour (figure 3-2). The beds, often
reaching several meters in thickness, are composed of
well-sorted, oolitic grainstones that do not contain any
detrital quartz. Sole structures are well developed (figure
3-4). These units commonly display a conspicuous stylolitic
cleavage (figure 3-5). Minor intervals of light-yellow

marlstones are irregularly distributed throughout the

section.



Figure 3-4: Flute casts at the base of a steeply
overturned bed in the Limestone Member
of the Guwayza Formation.

Figure 3-5: Stylolitic cleavage in the oolitic
grainstones of the Guwayza Formation.
The rock surface represents the
plane of bedding.
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The S1d'r Formation abruptly, but conformably, overlies
T~

.the Guwayza Formation. It 15 50 meters thick, and consists

of a sgequence of “1%¥rgely silicified, centimeter- to
decimeter-bedded calci-turbiditic grainstones and calcareous

and

mudstones (fligure 3-6). 1Its typlical rusty brown colour

relative resistance to erosion makes this formation a useful

"marker horizon in complexely deformed areas.

The Sid'r Formation 1is conformably overlain b); the Nayid
Formation which consists o.f more than 100 meters qu partly

silicified, centimeter- to decimeter-bedded lithoclastic

grainstones and mudstones also of turbiditic affinities.
the

These lithologies ™ are generally light-coloured and

silici:ficatlon, which take;‘ place p(referentially alonbg the
finer-gralneq,~horizops,' causes these units to bear a platy
appearance (Etgure 3-7). The Nayid Fo;'matlon is usually
1ncena§1y folded and imbricated, due to its relatively low
compe'te;ncy a'nd,to the fact that 1't lies of‘te-;l directly belbu
a major thrust surface. ] -

The lithostratigraphy of the Hamrat-

Duru Group 1in the
Sufrat ad _Dawh Range s .largely consistent with the
type-section of this group presented by Glennie et al.

However, an important facli{es variation 1is found in

the nottﬁ'@:yfl/ﬂamrat Duru belt. On the southera side of this

belt, the Limestone Member of the Guwayza Formation consists
p‘redominantlydof silicified, laminated radiolarian mudstones

intercalated with oolitic graingstones. A thick olistocrbmal

the 'top of the sequence. The

.

horizon occyrs towards

.
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Figure 3-6: Silicified distal calci-turbiditic beds
of the Sid'r Formation.

Figure 3-7: Partly silicified distal calci-turbiditic
beds of the Nayid Formation.



olistostrome has a matrix of yellow marlstones and contalns
large blocks of mafic volcanic rocks, Permian and Trrias;@c
teefoid‘~‘s{hallo.u-hwater 1imest01;1es and Lower Triassic red-
cephalopod-heatirigy pelagic limestones-. Olistoetromes have
not been d;cumented from the, 6 Hamrat Duru Group in other
parts of thé Oman Houn.r.ains.g They have important
implications for- the pale,ogepgraphlc reconstruction of the
Hawasin; basin, and their. ;nalysls Qill. be t?;é subject of a
separate: publication (CaYon and Barrer;te, in prep.).

The stratigraphical thickness of the Ghﬁayza Formation 1s

considerably greater in the northern thaan 1n the southern

Hamrat Duru belt (see figure 3-1). .Thinniag of the Guwayza

N

Form"ation vas also loé.ally reporf:ed by Glennie et

(1974), elsewhere 1in the mvou;ltlain bellt:. ~ These workers
interpreted this ('t_renq "as ‘representing deposition ia
increasiﬁgly distal areas from the shelfv source of the
'catbona.te sediments”™ (Ibid, p. lrll). ,.Hence,v~ the tread
observed iﬁ the Sufrat ad Dawh Range wauld lndi.cAaté‘ that the
A'Gu-wa'yza Form‘e\tri.on 1s of a aore proximal c-harac'ter' in the

north than fn the south of this .range.

3. 2 .2"The Wahraﬁ Formal;io‘n

The northern and the southern Hamrat Duru belts are
separated by a large area entirely occupled by units of the
Wahrah Formation. Units pf the Wahrah ‘Formation also fringe-

the northeramost and the southernmost outcrup. areas - of the

sufrat ad Dawh Range. These atreas are characterized. by low

S
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topographic rellief compared with areas wuaderlaln by‘ the
Ham'rait ﬁuru Group. They coansist of a “succession of
east ~west oriented elongated hills with a maxiomum relief of
100 meters.

Four distinct 11thol<§gical sequ.enc'.es are recogn’ized in the
Wahrah Formation of the Sufrat ad Dawh Range. These are:

¢ . | .
1. Centimeter- to decimeter-bedded, re‘ radiolarian
cherts (figure 3-8).

2. Centimerer-bedded, : light - yellow - coloured
mudstones and shales (Elgurg 3-9).

3. Light brown, decidfeter- to meter-bedded,
lithoclastic,; turbiditic grainstones with well-:
developed sole structures and cross-
stratification, interbedded with calcareous

’shales#and marls (figuré 3-10).

4. Centimeter- - to delineter-bedded, lithoclastic
grainstones and packstones interbedded with
chalky white, shaly mudstone units (figure 3-1l).
They are poorly graded and display ill-developed

.cross-statification, and thus - rarely yleld
fndications on the stratigraphical tops of the
lithologies. These units are wusually poorly

exposed and are distingui’shed from the grainstone
- sequences .mentlioned above by a dark brown colour.

<

The mudstones - of gequence 2 aﬁ'd the chgrt' Lithologlies ‘of
sequence 1 are Vin general. ye'ry- similar 1in outcrop
appearance. The muds_cones often alte!: to a darker <colour,
while the chert 1lithologles ‘tend to leach to a yellowlsh
colour. Moreover, thegse tvo gsequences are intensely
1mbr1cated’and their stratigraphic thicknesses are Vdifficul

£

to estinmate ¢ because stratigraphic and tectonic coffitacts

.cannot Dbe distinguished easily. For this reason, they have

not b\een mapped separately. ’ —~—

.




Figure 3-8: Chert lithologies of the Wahrah Formation.

Figure 3-9: Light-coloured mudstones of the Wahrah
Formation.



Figure 3-10: Light-brown grainstones of the Wahrah
Formation, bearing well-developped cross-
stratification.

Figure 3-11: Dark-coloured grainstones of the
Wahrah Formation with poorly developped
cross-stratification, and intervals of
chalky-white mudstones.



T AR A s

Theée four units are not z%iformly distribu:e& in tﬁe
Sqfraé ‘ad . Dawh Range., Insfead;>they define three distinct
assemhlages. Each of these assemblag;s forms an east-west
trending belk ranging from .é to 10 kilometers in width
(figure 3-12).>The northernmost assemblage (assemblage A)
only comﬁrises. the light-coloured gréins;onés (séquénce 3)
(figute 3-13), and rims the northegp'and ;outhern maréins oé

the northern Hamrat Duru belt. The centéal assemblage (ﬁ)

mainly comprises the“rchert“and the mudstone units (sequences

1 and 2, resgectively)  and minor amounts of the
-light-coloured grainstones (sequence 3) (figuré 3-14). The
. . ™

sputhernmost asseﬁblage (C) occurgs to cthe north and the
sauth of the southérn‘ﬂamrat'nuru ‘belt and comprlises 'the
éN%rt and ‘the mnudstone sequences (seﬁuences 1 and 2,
re;péctlvely),lhs well as‘the dark gralnstone§ (sequence 4)
(fiéure 3-15).

A ‘réconngiasance survey of the ﬁahfah nappes iH the
western footh;ilé sﬁoued thatﬂ the ‘same' 1{thostratigraphic
diptfibution exists in Al. Hammaﬁ, éituated eaét of “the
Sufrat ad Dawh Raﬁg; (see figure 3-12). "West of the Sufrat
ad ‘Dawh Range, ;n,Jebel Hammah, assemblage C does not ‘occur
and assémblgée B is present to th?lnor:h and to the south of
assemblage‘A. ‘ ¢

‘e , ¢

t' al. (1973, 1974) have divided the Wahrah

Glennie

Formation into four conformable members. These are, from.

‘ bottom to top, a Lower Limestone Member, a Mudstone Member,

a Chert Member and an Uﬁper Limestone Member.’ Figure 3-16
' /o . .

- .t . . - . m ermme e
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Figure 3-12; Generalized geological map displaying the
distribution of the lithological assemblages

of the Wahrah Formation in Jebel Hammah,

the Sufrat ad Dawh Range and Al Hammah.
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Figure 3-13: Assemblage A of the Wahrah Formation,
consisting of the structural repetition

of the light-coloured grainstone

lithologies (sequence 3 in text).

Figure 3-14: Assemblage B of the Wahrah Formation,
consisting of the structural repetition
of the chert (sequence 1, in red), the
mudstones (sequence 2, in yellow) and
the light grainstone lithologies
(sequence 3, light-brown).



Figure 3-15: Assemblage C of the Wahrah Formation,
consisting of the structural repetition of
the chert (sequence 1, in red), the
mudstones (sequences 2, in yellow) and the
dark, poorly exposed grainstone lithologies
(sequence 4, in dark).

is a stratigraphic section of the Wahrah Formation. In Jebel
Hammah and in the Sufrat ad Dawh Range, Glennie et al.
(1974, P-216) have assigned the light coloured grainstones
(sequence 3) to the Lower Limestone Member. Thus, sequences
1B 2 and 4 are thought to represent the Chert, the Mudstone

and the Upper Limestone Member of the Wahrah Formation,

respectively. No paleontological age dating is available.
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Figure 3-16: Stfatigrf%hic séction of the Wahrah Formatiorn
(modified after Glenntie et al., 1974). The
. symbols also apply to
o figures 3-17 and 3-19

The difficulty in distinguishing the Mudstone from the Chert

Member and the degree_of imbrication of these units, did not
o’ .

»

allow the writer to confirm the assgignment of the dark

grainstone . unit (sequence 4) to the uppér wéhrah Formation

on a stratigraphical basis.

. , S
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3.2.3 The AlvAyn Formation

s

The Al Aya Formation only occurs ln an isolated outcrop

area less than one kilometer east of the gg;thérnfﬂamnat

E o : , ‘ : :
Durd belt. The 1lithologies are mostly centimeter- to
decimeter-bedded, calc-arenites and cale-siltites

3

interbedded with mgnor calcareous shales and narls.
Loﬁally, these rocks are intruded by mafic igneous sills.
These lithologlies are belleved tor correla;e with the upper
part. of the type-section of the Al Ayn formation (figure

3-17)
3*3.h The Haliw Formation
\ -

The Haliw Formation 1is exposed north of the Sufrat ad Dawh

¢
Range, in an area lying between the erosional front of the

Semail 3phiolite nappe and the northern lamrat Dpru‘ belt.

This formation 1is mainly répresented by gentimetet—bedded-

sequences of red radiolarian cherts (figure 3-18), but also

comprises centimeter- ' to decimeter-bedded, ooiitic

~gralnstones, light-coloured marlstones, . white - reefal

lithoclasts attaining several mneters in sizé and fine- to

medium~-grained altered mafic fgneous fragments. Figure 3-19

“ ]

is a stratigraphical section of this formation measured in

the study area .by Glennie et al.‘(l§7h). ) T




Figure 3-17:

Stratigraphic section of the Al Ayn Foxmation

(modlfied after Glennie et al.,
?

350m

See figure-3-16 for legend
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Figure 3-18: Contorted red radiolarian cherts of the
Haliw Formation.
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Figure 3-19: Stratigraphic section of the Haliw Formation
(modified after Glennie et al., 1974).
See figure 3-16 for legend.
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3.3 The Semail ophiolite and the underlying metamorphic

rocks
3.3.1 The Semail ophiolite

The Semail ophiolite 1is continuously exposed along the
northern margin of the study area where it forms a series of
rugged ridges averaging 50 meters in height, and of a
distinct dark brown colour (figure 3-20). The lithologies
consist predominantly of medium- to coarse-grained, highly
serpentinized peridotites and dunites, and fine- to

coarse~grained gabbroic rocks.

Figure 3-20: Rocks of the Semail Ophiolite
in the background, and the Hawasina
Complex in the foreground.



3.3.2 The metamorphic rocks

Metamorphic rocks ioutcrop 1n the Srea lying between the

erosional front of the Semail nappe and the northern Hamrat
Duru belt. They are poorly exposed, and are charact,etized.‘

by a light blueish colour, altering to white. They conslist
1

mainly of quartz-rich mica ,schists and metaconglomerates,

and display a well-developed schilstosity. They are assuned

to 'belong to theﬁaybi Complex (Searle, 1980).
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STRUCTURE OF THE HAWASINA COMPLEX

© Chapter 4

IN THE Sl{FRAT AD DAWH RANGE

4.1 Introduction

-

In this chapter, a detalled analysis of the Tacroscopic
scrucsute. of the Sufrat ad\\Dawi'\ Range Lg presented. For the
purpose of this analysis, the Sufralt ad Dawh Range |is
dividpd into four stl"uctura'l domains: the northern area, the
northérn Hamrat Duru belt, the C‘enr.ral Sufrat ad Dawh area
and the soulr.hett'\ Hamrat D‘l:ll'u belr. The location of the‘ée
domai\g i:s indléated in (figure_, 4-1. -

The northern area 1s ,u,nderlain {ay uvnits, of the Haliw and
the A.l Ayn Fotmatit-:.né, metamorphic rocks. of thé‘ﬂaybi‘
Couplex, and ultramaffc and mafic plutonic rocks- of tHe
Sémall ophiolite. ,The'aréja is poorly expoéed and was napped

at a scé‘lg‘ of 1:50 000. .

<

The’ northér;\ Hamrat Duru belt was m'apped {n* considerably

. more detaii,, at  a gcale of "1:20 000. This w‘as done to

opti*mize the .um.ierst'and.ing of the intle.rnal geometry of the

belt and its northern and southern contact relationship with

the Wahrah Pormatfon. The Hamrat Duru lithologies in this .

area, moﬁaver, are better exposed than'the other Hawasina

units and are mote intricately deformed.

K ‘,
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'fhe central Sufrat :ad Dawh Range e‘xtends f;‘om- the northern
to the southern Hamrat Duru belt. The sttucture in this
a(‘ea was found to be'relatively simple an‘d', conserquently, it
was mapped at a scale of 1:50 000,

Finally, for the same reasons mention;d for the northern
Hamrat Duru belt, the central part of the southern Haurat
Duru belt was mapped at a scale of 1:20 000, thus completiag
a structural transect of the Sufrat ad Dawh Range.

The geological :aps of the northern ‘Hamrat Duru be.lt an\d
the central part of the southern Hamrat Duru belt,

correspond to inset A agd B, rz»espectively, included with

.

po

J
this thesis. Inset C is a compilacion of the structure of/
the entire study area at the scale of 1:50 000 (figure 4-1).
“

In insets A, B and C, the\".‘a"fe sN\lying within the limits of

outérop -{represented by a do line) are exposed at 907
and more, depending on the amount of talu\% slope and small
wadis. The areas‘lying outside these llmi\s are overlain by

v . LI ~
wadl ‘gravel and sands. In the areas underldin by

" lithologies of the Hamrat Duru Group, a “"defined” symbol
~(solid 1ine) 'in.ciicates that the structural element

“represented by this symbol can’ be :raced‘\kut within the

outcrop linits along mest. of 1its length. An  “assumged”

symbol (dashed line) 18 used when this . element {is

1nr.e'rpret‘ to ex outside ,the outcrop 1limits, or to
) ! : ~>

indicate | that evidence fo the existence of this element

ends wfthm11mits_. As ‘explained later in the text,

'.'assumed"‘ and ;'app_roxiynate‘ thrust’symbois were also used 1in
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Figure 4-1: Location and extent of the four structural
domains and insets A, B and C, in the
Sufrat ad Dawh Range; 1: Northern
area, 2: Northern Hamrat Duru belt,
3: Central Sufrat ad Dawh Range,
4;: Central part of the southern
Hamrat Duru belt.



the central Sufrat ad Dawh Range where Eﬂe nature of;man& of
fhe lithological bbundaries'is uncertain. In this chapter,
a description of the,madrosco;fc structure will be pr;vlded,
firsrt, for éach of thF four structural domaine, and will be

followed by a discussion on the significance and spatial

relationships of these structures. This approach is used

with the ainm of ‘emphasizlng the difference tn what is
considere§ as factual data, énd the lnterpte;acion of the
structure 1in poor}y eiposed areas, at depth and above the
erosiénal surface. -

The stereoplots presented’ in this chapter to supp}ement
the déscrlptl#n of Ehe.structupes, are egual area, lower
hemisphere projections.' The * terminology wused is from
Dahlstrom (1970), Boyer and Elliott (1982) and Butler

(1982).
4.2 The northern area (inset C)

4.2.1 Description of the structure

e

In the northern area, outérops of the Haliw and the Al Ayn
Forhétlons, the Haybi Complex, and the Semail ophiolite
'stand up as 1isolated clusters of hills above the gravel
plain. !
Meagurements of the orientation of bedding planes 1in the
VHaliw Formatlion are réprese:ted in figure 4-2. The pattern
obtaing& indicates that these litﬁologies are generaily
slight}y to moderately Lnélined, with‘Q higher concentratioﬁ

. T ‘ Lo -
of\che dips towards the aorth-east. The orientation of  the




/

schigtosity - in the metauworphic rocks was also plotted on a

stereogram, (figure 4-3), and indicates that planar fabrics
lc rocka, on average, dip moderstely towards

fth-west.

The Haliw 2Iithologies are locally underlying the

metamorphic rocks in;;utcrop (figure 4-4). 1In places, where

ocutcrop adjacentA to each others, the Hgliv Formation {1
Bepar;ted from thé rocks of the SeinI ophiolite by the
metamorpﬁlé rogks (see north-central part? of the study area
in i.naetK C), while consistently dipping towards themn.
Elsewhere, the procks of. the Haybl Complex do not outctop
between the units of the Semail ophioclite ‘'and, the Halliw
Formation. A tectonic klippe.uf‘the metamo?ﬁhic rocks, ;nd-a
'windcv of the Haliw Formhtion, accur 1n the -we;t and the
east, respectively, of the northern area. .

Less than one kilometar east ofrghe nbrthe;g_ﬂamrat Duru
Sglt, units beionging to tﬁe Al Ayn Formation are exposed in
a seml-clircular outcrop.éattern. .The form-surface trace of

N ' o, . .
ﬁedding defines a modgratjay east-plﬁnging,r upright
anticline' (see figufe 416 and 4:6). Ihe[cylin&rical nature

of this fold 1s indicated by the fact that the peles to the

: 4 . . ' -
bedding' planes plot along a great circle, gepresenting the

i

AC or profile plane. The,atti;udé of the fold-axis of"this.

struc:ut% is represented by the pole to this great circle.

Outcrops of the Gemail;Ophtolite occurring further eastward

~

follow the arcuate - pattern of the Al Ayn litholoegies,

e

the Semail, the métamorphiec and the Hallv lithologiez//h
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Figure 4-2: Poles to bedding of the Haliw lithologies
exposed in the northern area
(n=46, contours: 8,6,4%Z per 1% area).

N

Figure 4-3: Poles to the schistosity in the
metamorphic rocks of the
Haybi Complex
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Figure 4-4: Tectonic superposition of the
metamorphic rocks of the Haybi
Complex (Mt) over the cherts of

the Haliw lithologies (Ha).

O 1Om
Mt

Ha




Figure 4-5: Semi-circular outcrop pattern of the
lithologies belonging to the Al Ayn

Formation, east of the northern Hamrat
Duru belt, defining the form surface

trace of an easterly plunging anticline.

= W
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fold llll,

Filgure 4-6: Poles to bedding of the AL Ayn lithologies,
defining an easterly plunging cylindrical fold.

.indicating that the Semail nappe 1s also f&?}iju/i}ong this
. .

gtructure.

A major NE-SW trending, high-angle fault accounts for a 10
kilometere apparent right-lateral ,offset of the surface
trace of the Semail sole thrust. The dip attitude of the’

~

fault and 1its displacement veéector could not be determined.

-

4.2.2 Discussion

The interpretation = of "the tectonostratigraphic

*

relationships of ihe Hallw and the Al Ayn }prmattons, the
me;ampfphic rocks of the Haybl Complex, and the Semail
ophiolite is  111ustrated 116 figure 4-7. The Semalil
ophiolite #s thqught to oGetlie the Hsybi_Co;plex, the Haliw

“«

T and the Al Ayn Formations. The Haybl Complex overlies the’

¥
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Haliw Formatlion, but its tectonic position with respect toO

the Al Ayn Formation cannot be determined in the study area..

Similarly, the relationship of the Haliw Formation and the

Al Ayn Formation is not exposed. *

~Figure 4=7:- Tectonostratigraphical relationships of the
C. Semail ophiolite, the Haybi metamorphic rocks
and the Haliw and Al Ayn Formatlons.

With the exception g?\ the AllAyn Formation, all other
units fn this area appear to have consistent nofth;uesterly
to norfﬁ—easterly dips’ of> planar fabric elements. Local
warping accounts.fof the 6ccuTrénce of 8 teétOnIC'kllppe 6f!
the . metamorphic rocks 1in the west, and of)? window of thé
Haiiﬁ unit in the east of the northern aré;. , s

The structure in the notthein area thus congists of . a
reguiar. north-dipping stack of Haliw sedimentary and Haybi
metamorphic rockqaoverlain“by the Semall ophloliteh Poor

outcrop does mnot allow a mwore detailed appraisal of the

internal geometry of‘these units.

i




4.3 The northern Hamrat Duru belf (inset A)

4.3.1 Description of the structure
. . . .
The structure displayed tn the northern Hamrat Duru belt
: : ) .

defines two en-echelon anticlines trending in an eagt-west

direction.
The western hinge of the anticline in the eastern part of

the belt {s plunging towardé the west. The eastern hinge of

~

the western antiqtiﬁék$awplunging towards the easgt. This
geometry deflines a zig-zag pattérn of left-hand, en-echelon

. ¢
folding (Campbell, 1958).  The anticTines fold dimbricate
o

fault pl#nes that~occur within the Sandstone Member of the

»

Guwayza Formation: This accounts for the predominance of

this member in the study area (fligures 4-8 and 4-9).

Along the gorthern limb of the eastern and the western

anticlines, the Limestone Member of the Guwayza Formation,

_and the sid'r and Nayid Formatdons occur in a conformable
succession above the Sandstone Member. These unics extqﬂg
across most of the northern part of the Hamrat Duru belt

(figure 3-2; see also section BB', inset A)- In cthe west,

tHese units’ are folded 1in the form of a boxfold-style

1

.s8yncline that plunges shallowly towards the east _(figure

4-10). Further to the east, ' these units are dipping and
younging consiéteﬁtly towards the north (section BB', CC'
qna DD'). The box-fold style syncline abuts at its western.
and eastern end against uniié of the Guwayza -Sandstong

TMember. .. These 1ichologie‘ extend easterly to the other




Figure 4-8: Oblique aerial view of the western anticline

in the northern Hamrat Duru belt (see
inset A). The Sandstone Member of the Guwayza
Formation (Gsst) is imbricated in the core of
the anticline, and is overlain by the
Limestone Member (Glst) along the northern
and the southern limb of this structure.
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Figure 4-9:

Oblique aerial view towards the south-west,
of the eastern antiform in the northern

‘Hamrat Duru belt. In the background lies the

central Sufrat ad Dawh Range and the
southern Hamrat Duru belt.
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Figure 4-10: Box-fold style syncline in the north-western
part of northern Hamrat Duru belt.

-

300m
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i

.extrenity of the study area, tectonically' overliying the

. Néyid_}‘o-rmation, and dipping and younging tqwards_ the north.

The Sid'r aﬁd"the”kayid Formations occur also conformably

- ~
on top of the Guwayza Formation along the southern 1limb of

-

the f“t_wo anticlines and are dipping and youngingﬁ towards the

south. In the east, they Qefine a shallow, easterly
e ‘

ﬁluhsf-&g" syncline }djacent to a gba/l],ou easterly plunging

synchlinlé"{imthe Wahrah {fmbricates further to the south

(sectior‘x"‘*DD'). Units of the Guwayza Formation are scarcely -
‘ B gy y

"expose;_d to the south of these sequences. - They are steeply

.

dippi.ng to overturned and young southwards.

"The -eastern anticline is doubly plunging. 1In the east, a

north-south trending dip-slip fault with a minor strike-slip
) p, ]

¢

component, pccurs.

The western anticline 1s transected by a NW-SE striking

~

fault, (section BB' and CC') that runs to the east In an area
» .

. ~

.of no -exposure. To the north-westy this fault merges with

v

the thrust fault superposing the Sandstone Member of the

anayza' Formation over the Nayid Formation. The fault has a
large, 'apparenr: strike-slip offset.

A number of higﬁ-ahgle, NW-3E to . NE-SW trending faults

, offset laterally the wupper Hamrat Dutf; lithostratigraphy

3

along :l:g’ northern and the southern limb_s of the anticlines.
The Wahrah lithologies occurring to the north of the

Hamrat .Duru belt are steebly north-dipping to overturned,

and are younging northwards. They are structurally repeated

by east-wvest a‘trending imbricate faults and NE—S'w'trehding

CRPLPEE L E
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splay faults. To the north, the Wahrah imbricates are
overlain by the footwall of the Haliw and Semail nappes.
The floor thrust of the Wahrah imbricates, in turn, defines
the northern boundary of the Hamrat Duru belt. Part of its
surface trace coincides with a zone, more than a hundred
meters wide, of strongly sheared light-coloured mudstones
and cherts with steeply northward-dipping foliation and

southward-verging, asymmetrical folds (figure 4-11).

Figure 4-=11: Sheared mudstone and chert lithologies along
the southern margin of the northern Wahrah
imbricates, displaying southward-verging,

asymmetrical folds (beneath the hammer).
The Wahrah Formation to the south of the study area is
represented by a regular, E-W oriented imbricate stack that
is dipping and facing towards the north.

The contact between the Hamrat Duru belt and the southern

Wahrah imbricates lies in an east-west trending belt of very



poor exposure. Wide zones of intensely sheared cherté'and
marlstones similae to the rocks observed along the northern
margin of the Hamrat Duru belt occur in the eastern part of

this poorly exposed area.

4.3.2 Discussion
Q

Figure 4=-12 shows the projection of the map structures and
the geometrical configuration of the Hamrat Duru belt at

depth and above the erosfonal surface on the four structural

crogs-sectioné drawn "through the study area. The reader 1is

referréd_to the ﬁrosa-sectlons of the surface data presented
on’ inset‘ A, .for comparaison. The macroscopic structure
displayed 1{in this, domain represents an E-W tr;ndiné
culmination, that consists of two en-echelon arranged
anticlines folding a ‘pre-existing Hamrat Duru 1imbricate
stack. This st;uctﬁre is 'gransgcted by }hree steeply
dipping reverse faulca (fauits 1,2 and 3). While faults 1
and 2 are exposed, the exlsceﬁce of feult 3, as dieééssed
laq;r, 1s'1nfer{ed} The 3eom§trica1 relationships becweeﬁ
folds and faults indicatg that‘ fault 1 i either an
out-of-the-syncline thrust or a backlimb thrusc; fauvultrs 2

“and 3 aré forelimb thrusts (Dahlstrom, 1970).

-«

The boxfold syncline 1in the north-western part, and the

other syncline in the south-eastern part of the Dbelt, are
parasitic to the lérge—scale anticlinal structures (figure
4-12, sectlions BB' and DD', respectively).

The northern 1imb of the boxfold syncline 1is truncated

1

U v st emm e ST
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along strike [ to the east by fault 1 (figure 4-12, sections

BB' and.CCf); To bﬁebwest, fault 1 iruncate§ both limbg of
the syncline along what 1su1nterpreted as a westerly‘dipping
’latéral‘fdmp. It is cutting 1étera11y down-section in the
H;mrat Durﬁ succession at a shallower dip than the bedding.
This accounts for the absence of the Limestone Member of the
Guwayza Formation, thé Sid'r and the Nayid Formations at the
‘er051onal surface, alohg the northern limb of - the western
;nticl}né (figure %-12, section AA').

Fault°‘2‘ transects the ;outﬁe:n limb -0of the western
~anticline to the easf, aas it merges with fault 3. To the"
veét, fault 2~mergeé with fault 1. Fgult 2 thus represents
of a majot connecting splay fault-(Boyet and El;iott, 1982,

‘figure . .

T; the north, the Hamrat Duru nappe is overlaln by an
imbricate gback of the Wahrah Formation. To the south, the
Hamrat Dur; 1mbticates must overlie the southera Wahrah
imbricates. Thls 1s sg;wn by the fact ﬁhat there 18 oot
enough tpém to bring the Wahrah imbricates, whiéh ;ré

congsiatently dipping and facing northwards (see section AA',
. . . !

BB' and CC', 1inset A and figure 4-12) over the Hamrat Duru

nappe along a synfofmal hinge. - A steeply north-dipping,

east-west trending fault contact (fault 3) is thus inferrced,
superposing the folded 1hbr§cate stack of the Hamrat Duru
Group over a more_ regular imbricate stack of the Héhrah
Formation situated‘to'the south. The Haﬁt;t Duru imbricates

are assumed to extend, south of fault 3, beneath the Wahrah

1 o~
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imbriéatep'of the centril éuftat ad.Déwh Range_(as shown 1in
section AA', BB' and CC' of figure 4-12). Extensive
shearing-observed in a few oufér?pa' near the inferred
‘position of fault 3 lends further support to the presence oi;_j)
this fault along the southern marg;n of the 'Hamrat Duru
belt. Similar éieating along the flaor ;hrust of the Wahraﬁ
nappe north of the Hpmfat Duru béltyis also aaptibuted to
movement along this'th:ust sutfake.i
The anttﬁline ‘of Al Ayn Formafloﬁ shareé the apme.axialr
trend as the eastern anticline in the Hamrat Duru“belt_ (see
inset C). Thus, the Al Ayn Formation is thougH: to be
folded'along the same anticlinal stthcturq, while --overlying
the units of the Hamrat Durﬁ Group in the east.

Furthermore, the trace of the sole thrust of the Semail

ophiolite appears to follow the same trénd as the units of

the Al Ayn Formation. Henée, this sole . thrust . is also

considered to be folded along the same structure, while
lying above the Al Ayn lithologies. It is not known 1f the
Al Ayn Formation -‘also occupies the hinge of the antiform,
éabéve the Hamrat Duru imbricated, along the plane“ of
sect?%ns AA',kBB'; CC' and DD'. |

in summary, the northern Hamrat Duru belt aefiées a

structural culmination consisting of twc.en4eChelon arranged

anticlines, folding an already established set of
imbrication faults. These folds are truncated by three
major high-angle reverse faults resulting in the

re~imbrication of. the early .imbricate systems. , The




southernmost fault thtuqtd ther Hamrat Duru imbricates
sauthwards over the 1mbrfca;e stack of the -Wahrah Formation.
The normal Hawasina stacking order is only preserved along

o )
the northern margin of the culmination.

4.4 The Wahrah nappe in the Centfal Sufrat ad Dawh Range

' {inset C) - : . i ’

[

4.4.1 Description of the structure

The central Sdffag ad Dawh Range consistently® displays a
high Aegrée’ of -imbr;cationu This is shown by the intense
repetition~of~thé,wnhrah 11thosttétigraphy, and qpnsistént
nbfthQard dips and .yoﬁng;ng directions. As discussed 1in
3.2.2, this aFea  Fompriséé .3_ distinct 1lithostratigreaphic
asseﬁblages,‘ ér;qhged 16  3' E~W Lrend{ng belts. Each of
.these belts cohslsts‘ Af a .compyex array of connecting,
rejoinin; and -diverging splays (Boyer and Elliotc; 1982),
resdlt;ng in an 1impressive pattern of 1nterfingering
tectonic slivers. Since evidence 6f shearing along the
trace of individual thrust faults was rarel} obéeréed, these
faults were 1identified mainly on the basis of their
cross-cuti1;g~relationsh1pa with the lltho¥ogies-

Tectonlc a;d .stratigraphic—~ - contacts were V not
diacinqusEed; It was Eo;nd that the 1mbr1cafion in this
are; commoﬁ}y,lead to an anomaioﬁs'auccession of the ., Wahrah
Meubefsr i.e. thét tﬁeﬁnormal stratigraphic order is often

not pfeserved. For instance, in assemblage B, the units of

the Lower Llnéatone Member may directly overlie units of the




Mudstone Member, or are overlain’ by unitg of the . Chert

Member. In assemblage C, wunits of the Upger Limestone

Member m;y overlie directly Pnlts of thé Mudstone Member, or
are overlain by unics éf;the'Chert or the Mudstone members.
The -exact location of the thtﬁst surfaces within these
successions ' is uncertaln. ' The lgthological.boundarles weré
not studied systematically, but it is suspected .that most_of
the 1lithological boundaries are teétonic; pointing to the
intensity of the imbrication, 'Hence, in insets A and .B,
faés@ned" thrust sbiols were assigned to the lithological
boundaries of the units of the Wahrah Foruwmation. Sim11§r1y,_
ta inset C, the exact location of "the thrugt sﬁtfaceé in The
imbricate stack of the central Sufrac‘a; bhuh area could not

be ascertain and "approximate” thtust-symbols were used to

indicate the pattein_of the imbri;a:iéu%ﬁlong the . erosional

surface. . .

The éttucture displayed by the 1lithostratigraphical
asgsemblages A ang-B (as defined in section 3.4) cqnsists of -
a regular arrangement of E-W trending imbricates, ‘in which
the beddihg planes are in gene;al modgtately nortﬁ-dlp}lng
(figure 4-13). Since the imbricate faults tun:pafallel to
the bedding along most of theif length, this stéreoplot is
also believed to 1llustrate the attitude of the 1imbricate
thrust faults. Folds of bedding bl}nes are common within
the individual imbricates.’ These folds do not appear to
affect tﬁe thrust surfaces that contain the Yocks 1in which

they are developed. The folds have sub-horizontal, E-W

.




. , : .
\ ‘ !
.-

trending fold'axes and north-dipping:.axial planes, and their

profile 1s .angular and usually asymmetrid wich.a gsouthward

‘vergence (flgure 4-34). .

Figure 4-13: PoleS‘fod%édaing in assemblages A and B in
the central Sufrat ad Dawh Range, indicating
that the lithologies are generally dipping
"towards the aorth. The smaller cluster
representa the southern limba of the
occasional folds occurring in the area (n=66,
contours: 15, 10 and 5% per 1% area).
In the north-eastern corner of this aréa'(see also inset A),
Wahrah imbricates are . tightly folded along steeply
‘&est-plunging axes, vwith steeply north-dipplng axial planes..
These folds- aré .fransected by a N-S trending high-angle
fault. The folds in these assemblages vary 1in wavelength
from a few meters to'moreﬂthyn 500 meters.
In the central pArt of. the study ayéa, a large-scale,

tight to isoclinal antiform is developed. The - general

1




Figure 4-14: Southward verging, asymmetrical fold in
the Mudstone Member of thé Wahrah Formation,
central Sufrat ad Dawh Range.




attitude of the bedding along the northern and southern
limbs of this antiform suggests that the axial plane of the
structure is dipping 'steeply .towards the north; the fold
faces southwards and plunges mode‘rately_to the west. It has

<

a minimum wavelength of  five kilometers and a minimum

amplitude of twelve kilometers. It folds assemblage C of the

‘Wahrah ."imbricate scagks," and contains in 1its hi’nvée area a
number of tight parasitic folds less than one ‘ kilometer {in
wavelength, and not excee(fling two kilometers in anmplitude.
These folds até plunging towards the south-wést, the west
aand the north-west. Also included along_*its northern llmb
is a westerly piungilgg "z" fold, a few hundred ' meters 1in
i;avelength and amr:)li.tude, and an E-W tren{éing doubly-
plunging antiform of approximately the same scale. The
southern 1limb of this antiform 1Is transected by an E-W’
L.
trending fault that extends across the encife mapping area.
Othe{/‘minor high~angle faults of various trends occur {n the
core of the antiform.

.\/V’This larg‘e scale antiformal structure and the fault
transecting 1its southern limb are folded openly along a N-S
striking axial plane. Poles to the'bedding along the trace
of the fold hinge at.‘e plotted on a stereogram (figure 4-15).
Plane P represent's the orientation of the axial plane of
this op:en fold, as approximated from the map pattern.
easterly dip of this axial plane Is Inferred on the basis

the pole distribution.

The imbricates lying to the south of the major transecting




Figure 4-=15: Poles to bedding along the surface trace of
the large-scale antiform in the central
Sufrat ad Dawh Range (n=67, contours: 9, 6,
and 3% per 1% area). Plane P is the axial
plane of the late open fold.

fault are only slightly warped along N-S trending axial

planes. The facing direction is consistently northwards,
and dip directions of the bedding planes are also
predominantly northwards. Occasionally, folds of bedding
are developed within the imbricates. These folds are
mesoscopic, Plunge gently towards the west or east. They

are generally asymmetrical with a southwards vergence.
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4.4.2 Discussign

-

A sinplified version of thg imbrication pattern of the
Wahrah PFormation 1in the ceniral Sufrat ;d Dawh Ranée is .
11lustrated in figure 4-16. This diagram illustrages the

. ‘ . -
fabricates before later large-scale folding along a N-S
striking axia‘l plane.

Three modelg_£or_ the -geometrical Eoﬁfigutation_ dff_the
Wahrah imbricate stack are considered to hcqounc for tﬁe
occurrence of theﬂ Iithostratigrappic"assemblages in the
study area.

In the first model, the Wahrah imbricate sL;ck 1g viewed
as an‘imbricate fan systeml whéreby all thrust surfaces

curve asymptotically downwards and join a coumon horizon at '

depth. The thrust faults cause the structural repetition of

. -~

the Wahrah 1lithologies (see figure 4-17). This 1is a (
classical thrust geométry in fold and thrust belts (Coney,

‘973, VBoyer and Ellio:f, 1982). 1In tﬁis model, the absence

of the Lower and;the Upper Limestone mém?ers in the south

and the ndrth, respectively, of the std&y area 1s purely an
Q;tiféc: of the way the erosional 3uﬁface'1; cutting through

the inbricate st;ck. The occurrence of thrée distlﬂct types

of 11£Hologiéai'assemblages, as shown by th; suréace geology -

. fn this area (figure 3-12), is possible if the floor thrust

of the Wahrah imbricate fan dips towards the. s&qth at an

r

angle & with respect to the erosional surface (figure
4-17b). Considering -that +the Wahrah floor thrust 31ps

towards  the north -as it overlies the southern Hamrat Duru . i I




Assemblage Al Assemblage B | Aséemblage(}

UL ' TR —=<=— |mbricate thrust fault,
Md and Ch . , o
o0 * _.———— Lithological boundary

-

Fligure 4-16: Simplified version of the lithological
. distribution {n the Wahrah imbricace
.stack of the c¢entral Sufrat ad Dawh
. Range.
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Figure 4-17: a) Conformable succession of the Wahrah
Formation (the lithological symbols are the
same as in figure 4-16),
b) imbrication (based on the model of Boyer
and Elliott, 1982) and present geometrical
configuration of the Wahrah imbricate
stack in the central Sufrat ad Dawh Range.



: L]
belt (see cross=-gection in inset C), ' the Wahrah imbricate

-

stack, according to the model opresented in figgre 4-17,

4

would have to form a broad, upright, . synformal flexure at .

depth, in the sqﬂth of the centtal Sufrat ad Dawh Range,

a

The dlsplacemg‘% alohg each of the imbricate thrust faults
. Ny . .

in this model 13 ideally assqud to. remain the sanme.

Fo}low%ng a slightly modified scheme, the same pattern would
rbe-ﬁchfeved along the erosional surface {f the displacement

along these faults would increase progressively towards the

4
north,

<

The middle pa%t "of this imbricate - stack, however, 1s

-~

folded by a’ lafgé-ﬁcale antiform (section BC in 1insect c).

Therefore, the ideal ‘circumstances required by the model of
. P

figure . 4-17, whereby the erosfional surface is at a constant
anéle 8 with respect to Shg base of the Lmbr?cate stack, do
- not hold .in the; Yléinity of the fold. This 'modqé is
-there}ore,;not entirely satisfactory.

In .the second model;hthe lichoscratlgraphlcal distribution
1o this area - reflects- substantial dtacﬁronous facles
varfations 1in the Vahrah Fo}maéion. This is illustrgted in
>ftgu;:- 4-18a. The Lower tlmes;one Member, dominaét in the -
'north, pinchqs out cowaEJs ~thé,-south, while the Upper
Lim;sgone Member follows ﬁhe opposicte :;end._ Structurai
telescoping of these lithdlogies along a common décollemént
hérizon at depth, as depicted 1n figure 4-18b, would result
in the'observed_distribution pattern.

»

_Glennie et al. (1974, p.215-218) have documented
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Figure 4-18:

Alternative model for the distribution of

the Wahrah lithologies in the central
Sufrat ad Dawh Range; a) conformable
succession of the Wahrah Formation
displaying north-south diachronous
facies variations, b) imbrication and
formation of a regular imbricate stack.
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g v :
congg@ét;ble regional facies variatfion 1A the Wahrah

Formation. This conststs of the thinning-out of the -two
limest®ne wmembers tewards the porth-east and" the east,

grading into more'distal lithologies. Hence, the variation
in facies of the Upper Limestone Member, as proposed- for the
h } 5 .

'
-

Sufrat ad Dawh Range, is iIn agreement with the reglonal
‘trends. On tﬁe~other‘hapd; the variation in facies of the

Loﬁer Limestone Membetr 1is incompatible with these tffnds.

'Tnfﬁdiffereﬁce in stratigraphical thickness %f the” Guwayza

Formation 1in the northern and the southern Hamrat Duru belt

- . . ®
may indicate, ,as discussed in section 3.2., ¢that this

formation becomes motre distal in fa;les towards the south.

This 1is al76’in contradicrtion with the local 'variations in
» A~ O .

facies>oé the Hamrat Duru Group documented by Glennie et ;1.

- —_— —

(1974). 'Hence, it s  thought that wuntil  further
strat;graphical work 1Is done, one may not 'dismisq the
possibility that the Lower Limestone Member of the Wahrah
Formation, which is correlatable with the Guwayza Formation,
ffbl;ows the same tfénd in facles vaélation as the ’GuwayzA

Formation.
- .

A major argument against the modelqpresented in‘flguxe

4-18 can be put forward. The stratigraphical thickne s of

"the Lower Limestone Member wpuld be expected to Dbe

substantially greater in the nvoorthernmost imbricates 'ahd
»

gradually diminish -ino the more southerly lmbricates. ifis

was not obgserved., The poorly exposed nature of the Upper

"Limestone . Member precluded a similar evaluatidn of the

variation in thickness of this member.

F o~

4

- ——
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The models presented in figure 4-17 and 4-18 assume . that

rd .

the Wahrah Formatibg in. the Central Sufrat ad Dawh Range

~have consisted of a duplex whose roof thrusk was once lying'

L e e A s e

~ 7,
forms an imhbricate fan. However, the 1limited :opogragﬁtc

- .

relief, ch;racter;s:}c of the central Sufrat ad Dawh Rang{,

provides littlé indication for. the morphology of the Wahrah

fmbricates 1in cfoas-sectioq. The thrust system could also

above the pfesent surface of erosion. This th;ust would, in
turn, have forumed the floor thrust of another'thrusc-systeﬁ,
consisting either of the Wahrah Formation, or of .another
type of rock unié, . |

It 1is éoncllvablé that the geometrical arrangement of the
inmbricates 1in .the “central Sufrat ad Dawh Range 1s more
complex than what 1s depicted in the previous modelé. Thus,
a third explanation may be invoked for the distribution of

4

the Wahrah lithostratigraphy in this area. \Assuming ‘that,

before imbrication, tHe.’wahrah‘ Formation was 'uniformly

represented by all four of its members (i.e. assuming that
no sigunificant faéies variations existef), it 18 possible
that each iithdstratigraphical assemblage tepreéents a
distinct duplex, whose floor and roof thrusf enclose orly
part of the Wahrah stratigraphy. Assemﬁlage A i3 contained
in a duplex whose floor and roof thrust lie at the baée an&
the  top, respectively, of the Lower Ligestﬁne Mem§er.
Assemblage RB l?es within a duplex enﬁlosing the Mudstone,
the Chert and :-the Lower Limestone Member;q Assemblage C

lies within a duplex whose floor thrust remains above the
i

s —— et 4 .. - e e e s —— it

3.




Lower Limestone Member. Figu;e‘é-f9 illustrates how this
. ¥

geometry may be ~achieved. The sequence of developmen; of

. , -

the duplexes in this figure,is.béée& on a measured graphical
experiment bqnceptuaitzed by Boyer £1978) and Boyer and

Elliotc_(1982).‘ In figure 4-19(a), a décollement develops . ﬁ)

4 .

»

at the base of the>Wahrah Formatlbn, and ramps to the top of
the Lower Limestone Membér. ,, Imbrication of ‘&his member =
proceeds, thus fotming] assembiage g,(figute 4-19(b)). The - ’ ‘//f
décollement then steps on‘tOp of the Mudstone and‘the Chert
Members,._leading, as showh 1in (ci, to the imbricatién_of
RN thése members and the Lower Limestone Menber, thus forming
;ssemblage B. In (d), from the base o;\?ﬁe Wdhrah fofmationw — ‘
the décollement ramps to the top of the Lower ‘Limestone |,
. Member, ind migrates further south on 'top of the Upper | Co
' Limestone Mewber, resultiﬁg as shown 1n (e), 1in the
imbrication of the 'Mudstonej the .Chert and the Upper
Liméstbne Members; this leads to the formation of assemblage
C; figure 4-19 (f) represents the final geometrical
configuration of the Wahrah duplex. Note cthat, from (a) to
(£), 'thé floor thrust of the Wahrah imbricate stack climbs
up-geétion southwards, in the direction of transpert of the
imbricates. ‘ ’ |

The, process of imbrication i1llustrated 1n.figure 4-19 15’ S
<€ ’ . » ‘a
: thought to be equivalent to what Glennie et al. (1974,

p.344) briefly referred to as "intra-formwational sliﬁpégéﬁ-
to account for this peculiari distribution’ of = the wéhrah

.1ithologies.

+ e e e S ~8
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Figure 4-19: Third model for the lithological
distribution of the Wahrah Formation 1in
the central Sufrat ad Dawh Range (see
text for discussion).
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Acgorging to ! tﬁis third mod;;, howevé;,, the Upper
Limestone, the Chert §nd the Mudstone ﬁembers would be
expected to .;p;ear'above assemblage A, along the er&siﬁnal
surfaéé, tn the horth of the §ufrat ad Dawh R;nge. This
does,nét seea to be the case.b '

In conclusion, the thtea.'models, preseanted here, are
highly idealized. It is 'thbught that; although éi{;htly
fnconsistent with the. fiela evidence, all %Ejle, or a

) , i .
combination of 2 or‘j, may be equally valid. ' With thg data

-présently at hand, however, there 1s no way of determining

" which alternative is the most appiicable in the study area.

The geometrical relationship, shown by the large-scale
antiformal structure and the E~W trenging fault fruncating
its southern limb- allows the designation of this fault as a

forelimb fault (Dahlstrom, 1970). The fault‘cahses the

structural répetition of assemblage'C in"the southerm part
- -

"of the study area. . The high-angle faults occhrr{ng in the

c;re of the antiform prpbgbly‘ corregpond to gtructural
comflications resulting from 'rooﬁ problens that developed
duri;g foldiné ;t deeper levels fn the fold core.
The:otigin\of the westerly plunging T{“. fodd on the
northern 1limb of éhe large-scale antif&rm, acgprdtng‘tb Ehe
Pumpellyan rule on the geometftcal relationship of parasitic
féfds; (De Sitter, 1964), 1is unrelaced_té thea deveiopmént of
this antiform. The occu;rencef of 8 doubly plunging = fold
along Fhe same limb of this structure htnts; however, at the
doubly-plunging nécute.of the large-scaie antiform. .Hende,

1
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B . o : . j.\' . s
- the "z" fold, although plunging in tHe opposite directlon,

_may be related to an easterly plunging antiformal’ hinmge 'fl

. situated 1in the gravel-plain east of the study aresa, Lﬁtthe

s : i : -
hinge line of_the parasitic fold :was rotated during folding » -
. - L .
. from an eaaterly tos westerly pluﬁge. ~ '
. ¥ : :
- 4 -

4.5 The southern Hamrat.Duru belt Cinsét Q) P

v
~

4.5.1 Description of the structure - ) . ’ -

-The strutture_'of _the southern Hamtat Duru belt. is .
vdoﬁinated b; a seri;s'of 1mbr1catésj that are' facing' and
'goderatelf dipping towards the. north (see sections AA', B%f
and CC' on inset B) These 1mbricates trend ink a; lE-w
‘Qirection in the central part of the belt, but their trend
becomes ‘proéressively “oriented tov a NE-SW directipn

westwards (see 1insets A and C). They range in thickness
from several meters (at thea scale of the outcrop) to a

R A )
kilometer, and generally involve all three formations of the
Hamrat Butru Group.

One major set of folds is recognized. . They are generally
o : ) .. ~

open to tight, and have shallowly plunéing fold axes that

trend in a NE\Eu\ortentatlon in the central part of the belt_

and become reoriented to an easterly qrientation in the

« 7

east. Thus, they parallel the change 1in strike of . the

J . imbricates (figure 4=<20). . The folda are often asymmetrical

3 ' verging southwards, ‘and’ either, fold the thrust plan9§ or are
! i ‘ . ' trugcatéd by them. They are recognize; at the scale of the
| outcrop and may reach up to a kiiometer in wayeleﬁgth' and

& PP

! ; . 200-300 meters in amplitude. ' .
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N-S trending, high-angle faults are common in the area of
inset B. They may be traced for more than three kilometers
along strike. Some offset the Hamrat Duru imbricate thrust
faults, as well as the contact of the Wahrah and Hamrat Duru
units to the north. Others terminate against the imbricate
faults. E-W oriented, high-angle, dip-slip faults also
occur, but do not affect the thrust faults. The attitude of
these faults could not be determined.

Lithologies of the Chert and the Upper Limestone Members
of the Wahrah Formation occur in a poorly exposed area

enclosed within the Hamrat Duru belt (figure 4-21).

Figure 4-20: Fold axes measured in the map area of
inset B (n=75, contours: 8, 6 and
47 per 17 area).

These units are dipping and younging towards the north. The

northern limit of these units has a strike length of two
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Figure 4-21: Area of poor exposure, lying within the
southern Hamrat Duru belt (east-central
part of inset C) and containing
units of the Wahrah Formation. Note the
Wahrah imbricates of the central Sufrat
ad Dawh Range in the background.
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kilometera., The southern boundary merges towards the west
with the northerm boundary. A reconnalssance survey in the
east of the poorly exposed area has shown that these
lithologies are juxtaposed agalunst units of the Hamrat Duru
Group by a N-S§ or.ier;ted fault (see inset C). Therefo‘re,
this domain of_ Wahrah 1irhologies 1is ehclosed entirely
within the sour_hern\Hamrac Duru belt. N .

The structure Iin éhe Wahrah unit fringing the sAouthern
margin of the Hamrat Duru belt consists of a regular E-V¥
trending imbricate stack with north-dipptng thrust faults.
Minor angular, south-verging asymmetrical folds with
sub-horizontal east-west trending axes occur. The
relationships of these folds with the thrust surfaces 1is

L Y
uncertain.

4.5.2 Discussion

The Wahrah nappe overlies tectonically the Hamrat Duru
nappe along the nnorthern boundagy of the southerr; Hamrat
Duru belt (fligure 4-22). This 1s thought to Trepresent the
conventional, regional teétonostacigraphic siacking order of
these nappes (‘seev segtlon 2.3). The opposite relationship

occurs along the southern boundary of the belt, where the

Hamrat Duru imbricates overlie the narrow belt of Wahrah

e . -
imbricates (figure 4-23). These tectonlc relationships are

suggested by the «consistent northerly dips and facing

-

directions of the Hamrat Duru and the Wahrah imbricates in

this part of the study area.




Figure 4-22: Structures in the upper Hamrat Duru Group
are depicted in the foreground. The Wahrah
jmbricates in the background structurally

overlie the southern Hamrat Duru belt
along the northern boundary of this belt.
Note the trace of a N-S trending fault
displacing the roof thrust of the
Hamrat Duru imbricates.
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Figure 4-23:

Tectonic setting of the southern Hamrat
Duru belt, clearly displaying the
superposition of the southern Hamrat Duru
belt over the southern Wahrah imbricates,
exposed in the foreground.
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« The Wahrah liéhologies enclosed within thg Hamrat Dury
belt are interpreted to belong to oné of more E;w trending
Wahrah imbricates strueturally bounded to the north and th;
south by Hamrat Duru imbricates. ”
Figure 4-24 1is a diagramatic represéntatibn, in plan view

and in cross-section, of the central part of the southern

Hamrat Duru belt, comprising part of the structurally:
o
enclosed Wahrah 1lithologles. This geometry is best

intgrpreked in terms of -the tectonlc repetition of the
Wahrah and the Humrat Duru imbricated nappes. Hence, fault
1 represents he floor thrust and the roof’thrust of the
Wahrah and the Hamrat Duru nappes, resp;ctlvgly. This fault
corresponds to the original stacking order ofrthg Wahrah
imbricates overlying the Hamrat Duru imq;iéa}es. It s
divided 1into three sections. Fault la marks the northern
l1imit of the Hamrat Duru belt. Fault 1b forms the s;u:hern
bouhdary of the enclosed Wahrah lithologles, and merges with
fault % at depth and along 1its westerﬁ extension. Fault 1l¢
13 not observed in the study area but 1is assumed to underlie
the Wahrah imbricates occurring to the'éoqth of . the Hamrat
Duru belt. Faults 2 and 3 are 1nterprete§_ as tw&f
re-imbrication faults, tectoﬁically repeating the local
tectonostratigraphy.
B

This interpretation is corroborated by lscalized
cross=cutting relationshipq,'observed in the ﬁamrat- Duru
belt, whereb; thrust surfacea are folded and abut aéai&ét

unfolded thrust surfaces. Some of these relationships are

% 4
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Figure 4-24: Schematic representation in plan view (a)
and in cross-section (b) of the southern
Hamrat Duru belt.
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shown 1{in inset B, énd are outlined in figure 4-25. They

Ed

indicate that thefe are at least two distinct genébatiéns of

thrust surfaces.

.
500m

Figure 4-25: Croass-cutting relationships of thrust
surfaces in the southern Hamrat Duru belt,
as shown 1in inset B (filled teeth: early
thrust, open teeth: late thrust).
y

The cross-cutting relationships are, however, scarcee. They
.are shown unambiguously only when the hinge of a ‘plunging
fold affecting an early thrust 1is transected by a later

thrust (see all ‘four patterna 1& figure 4-23). This

‘ suggestﬁ that the -later set of thrust surfaces developed

essentially parallel to the early set. Consequently, ft 1s

generalfy not possible to assign any of the thrust surfaces

* to one generation or the other.
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N «
Moreover, there lsk‘no evidence {ndicating that the
nqtﬁh?easterly to easterly trending folds, although sharing
the sameAstyle and orientation, do necessarily belong to -a-

¢

single generation. An ‘interference pattern of shalfouly
plunging folds sharing these characteristics 1s not 1likely

£

to emerge _o; the map pattern. Hence, the folds’may‘not be
used to help de}ermine to what generation a thrust faulf
belongs . -

The re-orientatfion of the imbricate thrust: f;ults and the
fold axes from an E-W to an NE-SW trend defines = a
lérge—acale fo{d “with a roughly N-5 oriented axial plane.
It represents minor ‘shortening of the Hamrat Duru imbricates

.

in the E-W direction.

4.6 Structure of the Sufrat "ad Dawh Range
4.6.1 Tectonostratigraphy

Four tectonostratigraphic wunits of the Hawasina complex

N
-

are recognized in the Sufrat ad Davh Range, in addltlon to
the ‘Semail;ophioltte fappe and fhe metanmorphic Yocks of the
Haybil Complex. The tectonic stacking order of these nappes
is summarized in figure 4-26.

The Semail -ophioLLte overlies directly the metamorphlc
rocks of the Haybi Complex, the Halliw, the Wahrah and the Al
Ayn nappes . The tecfo%}c relationship of the HahEah nappe
with respect to the Al Ajn napbe is not displayed 1ian the

study area. Only the Wahrah nappe 1s exposed below the

floor thrust of the Haliw nappe. The relationship of the
»
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Figure 4-26: Tectonostratigraphy of the

Sufrat ad Dawh Range.

-

Haliw and the Al Ayn nappes is not known. The Hamrat’ Duru
nappe 1is overlain by the Wahrah and the Al Ayn nappes. On

the other hand, the Hamrat Duru nappe 1o turn overlles

- [}

. "
different segments of the Wahrah thrust system.
These observations are largely in agreement with the

regular regional stacking order of these nappes 1in other

parts of the Oman Mountains (Glennie et al., 1973, 1974).
One ma jor difference is the Taversal in the

tectonostratigraphy displayed Lin the Sufrat ad Dawh ange by
¢

the Wahrah and the Hamrat Duru nappes, thus confirming the

»

observation made in the south part of the Sufrat- ad Dawh
Range by these workers (see Glennie et al. (1974) mection 9,

enclosure 5). This study further demonstrates that Athis
- " '\

raversal 1In tectonostratigraphy 1s' not excepticﬁal, but

occursa systematicafly acrogs the strike of the Hawasina

Complex Iin the Sufrat ad Davh Range.
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4.6.2 Synopsia of the structure

t

The structural grain of the Hawasina nappes in the Sufrat

ad Dawh Range maintains a consistent E-W trend, and
parallels the regi&nal‘ tectonlc strike of the Late
Cretaceous allochthons in the Oman Mountains. The results

;f the detailed geometrical anaiysis. presented 1in this
chapterl are summarized {inj/a composite N-§ trending
structural section drawn cross the Sufrat #d Dawh Range
(figure 4-27).

T$e structure‘ln the northern and souﬁhern Hamrat Duru
belts and in the central part of the Sufrat ad Da&h Range,
is dominated by a régular hinterland-facling _imbrication,'
with E~W striking thrust surfaceés. A salient characteristic
of the deformational style in these areas 1s the occurrence
of two geometrically distinct types of reverse faults. The—
faults béloﬁglng to the prevailing set (dashed thrust lines
tn figure 4-27) generally lie paralleljto the bedding. 1In
the northern and southern Aamrat Duru ﬁklts; thesel faulets
define a duplex, whose roof thrust lies along the northern
mérgins of these belts, and also constitutes. the floor
thrust of the overlying Wahrah imbricates. The floor thrust
of the Ramrat Duru duplexes 1ie assumed to 1lie in the
subsurface, at an undetermined depth. In the centrai part
of the Sufrat ad Dajh Range, the wain s8et of faults is
responsible for the {intense 1mbrlcationb of the Wahrah
Formation. The thrust surfaces may merge, as shown in

figure 4=27, -along a common décollement, which would form

4
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Figure 4-27:

erosional
surface

Hamrat Duru Gp = ===---- > Early set of reverse faults

— Late set of reverse faults

Haliw Fm and He' ki Minly

Schematic representation of the macroscopic
structure of the Sufrat ad Dawh Range.
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»

the  floor thrust-of the Wshrah nappe (figuree 4-17b and

Alternatively, they may define a thrust system

composed of three maaor duplexes (flgﬁre 4-19f).

In the northern Hamrat Duru belt, the lithologies and the

-
-

first set of reverse %aults are folded along an E-W trending

antiformal culmination. This culmination is transected by

the second set ©of reverse faults (solid cthrust lines in

figure 4-27). The steeply dipping nature of these faults

controls the attitude of the Hamrat Duru and the Wahrah

nappes in this area, which contrasts with the regular,

moderate nértherly dip of the rock sequences in the northern

area (see cross-section AB, 1imset (). They breach the

Hamrat Duru roof thrust and allow the Hamrat Duru duplex to

imbricates to the - south.

to the north of this belt represent

overlie tectonically the Wahrah
imbricates

the tralling edge of the Wahrah nappe.

A simniflar geometry may be present in the central S%frat ad

Dawh Range, but there the Hamrat Duru nappe does not occur

at the erosional level. This sdggests that either the

displacement along the aecondary faults 1s less than fn the

northern Hamrat Duru belt (as shown in figure 4-27), or that

.

this\ fault does not reach the Hamrat Duru nappe at depth

(figure 4-28): It 1s also conceivabie that -the Hamrat Duru
nappe is aitogecher absent from the. subsurface.

In the southern Hamrat Duru belt; the lithologies and the
main set of faults are also folded. The;g folds, however,

are more angular and smaller in amplitude and in wavBlengch,
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Late imbricate fault

erosional surtace:

Hamrat Duru' Gp

‘

Figure 4-28: + Alternative to figure 4-27 illustrating
why the large-scale fold and forelimb fault
structure in the central Sufrat ad Dawh
Range: does not allow units of the Hamrat
Duru nappe to be exposed at the
erosiédnal aurface. '

- - ltﬁan,in the northern Hamrat Duru belt. ﬁhe second set Of
reverse faults 1in this area also causes the imbrication of -
the Wahrah and the Hamrat Duru nappes. Apart from localised
exceptions, these faults do not truncate at a high angle the
lithologies and the main set of faults as In the mnorthern

\hamrat Duru belt, buc;genérally lie parallel to them. This

results in an intensification of the 1mbtitation of the

Hamrat Duru Group “already established by the first set of

reverse faults.

The disparity in geometrical rconftguration that exlsts

between the northern and southern Hamrat Duru belts may

originate from the differgnce in the .thickness of the units
involved in the late imbrication. In the northern belt, the
{ .
|
i

e s s
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Haﬁrﬂt Duru Group ls stratigraphically much thicker than |in
the south. It {is thought that the thinness of the group In
‘the southern belt enhanced thrusting instead of folding as a
main mechanism of shortening. Furthermore, folds developed
in a thinner sequence of‘ro‘cks would be g'xpected to be more
angular and of a smaller wavelengtﬁ than in a thicker
T se’quer'xc,e (Rams;y. 1967').

The second set of reverse faults, although not as 1intense,

as  the fi.;rst set, affects the Hawasina nappés in a

v, : syatemaﬁic' fashion. ‘Hence, as shown in figure 4-27,. this

L - set Lls thought to'reptese;\t a l;rge—scale imbrication system
linked to a regional Aécolletﬁen‘t tha£ lies seneath the floot ‘

- thrust -of the Wahrah' nappe, but whose depth 1s otherwise

‘unknown. .

. <
High-angle faults trendifg in an NW-SE  to  SW-NE 7
‘ ‘orientatioh. ‘are common chrbughoutfthe study a;'ea. Because .
these "faults usually offset 1incdlined Vplar‘ar structural
elements, the d!.sp_].acemlfent~ a;‘long thelr surfaces 1is
ampi-gubus. ‘Dip-sllp and strike-slip movements could yleld
the same ‘app'arent offisets‘ on the map.
Finally, the central and the southern part of the Sufrat ;
PN ad Dawh Range record a 1a"::ge-scale open fold with a Ns§
(// striking .axial p'lane, causing the trend of all structural
l elements. in fhes,e areas to deviate from a NE"‘-SW or’ie‘ntatlon
N ‘eastpwards to an E-W orientation. ‘
~ {
¢ 4 e ‘
i
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4 Chapter 5
© DEFORMATIONAL HISTORY OF THE HAWASINA COMPLEX

"IN THE SUFRAT AD DAWH RANGE AND REGIONAL IMPLICATIONS

:

5.1 Introduction

'

" The purpose of this chapter is to discuss-the kinematic

evolution of the Hawasina nappes in ~the Sufrat ad Dawh

Range, and to examine the melicationé for the deformational
history of the western foothills.

[N

5.2 Deformational history of the Hawaslna nappes

This section outllines the def'orma\‘tional history of the

northern Hamrat Duru belt, the central Sufrat ad _Daw'h. Range

and the southern Hamrat Duru helt, derived from the detailled

geometrical analysis of these domalas presented ia the

previous chapter. Due to the éoorly exposed nature of the

-

cannot ° be ~ assessed adequately. However, the flappes

o;icurring in this area are b‘elieve_d to be rel‘ativv_evly

unde forme.d‘.

nor-ther.n area, the deforma_;iona'l history of this domalin -
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The northern Hamrat Duru belt

sea the following events:

/
Imbrication of the Hamrat Duru Group along
anorthvard dipping thrust planes, leading to the
formation of the Hamrat Duru nappe. This
fmbrication may have preceeded accompanied or

followved the imbricatioch of the Wahrah Formation
and the superposition of the Hawasina, Haybi and
Semail nappes.

Large- acale folding of the Hamrat Durtu nappe
along two en-echelon arranged anticlines and
parasitic s?nclines with E-W oriented axes. This
event also affected the Al Ayn and the Semail
ophiolitic nappes. It is not known how far south

‘the Haliw, the Al Ayn, the Haybi and the Semail
nappes extended with respect tro the position of

5.2.2

these fold structures .

Reverse faulting along the =~ limbs of the
large-scale antiform breaching the roof- thruat of
the Hamrat Duru nappe. This resulted 1in, the

southward emplacement of this nappe over the

Wahrah nappe.

The éentr;al Sufrat ad Dawh Range

Four deformational events are recognized in this area

Imbrication " of the  Wahrah  Formation along
northward- dipping thrust faults, preceeded  or
acconpanied by asymmetrical folding affecting the
1fthologies of the . individual imbricates. The
process of imbrication is, discussed and
1llusjrated in section 4.6.2,

Folding of the Wahrah imbricates, producing a
large-scale westerly-plunging antiform, Aineclined
towards the north. .

Reverse faulting along the southern limb of the

large-scale antiform.

Open folding of -all pre-existing "structures la
the/, southern part of the central Sufrat ad Dawh
Ratge, along a N-S5 trending axial ‘plane.

i
The deformational history of the northern Hamrat Duru Helt




|

523 The southern Hamrat Duru belt
Four deformational events are .recorded In this area:

Imbrication of the Hamrat Duru Group along thrust
surfaces dipping towards the north. This event
preceeded or was accompanied by E-=-W trending
south-verging asymmetrical folding. Tt either
preceeded, accompanied gr followed - the
imbrication and the tectonlc superposition of the
Wahrah nappe on the Hamrat Duru nappe.

E-W trendfng‘ asymmetrical folding of
imbricates with .a sCthward vergence.

Imbrication of the Wahrah and the Hamrat Duru
nappes along northw#rd dipping thrust faults.

Open folding along a N-S striking axial plane.

5.2.4 The deformational history of the Sufrat ad Dawh Range .

Three major deformatlonall events are recordedu fa the
northern, central and southern Sufrat ad Dawh Range. These
consist of two distlnct epiéodes of labricatlon separated by
a phase oé foléihg on E-W trendiﬂg axés. The fi;s[ eplsode
of imbrication <caused the repetition ' and = consequent
structural :thickening oEJ the Hamrat Duru and the Wahrah
lithostratigraphic sequences, and thus lLed to the formation
of two distinct thrust ‘systems, or napﬁes. In the Central
éufrat ad Dawh Range and possibl; in the southern Hawmrat
Duru belt, this' event was»preceeded or accompanied by E=W
trending, sub-horizontal, asymmecrical' folding ;w{th a
southward vergence, Suggéscing that the nappés were
teleséoped taowards tge foreland qf the mountain belt.

)

The second deformational event 19 represented by folding

0
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oJ the Hamrat Duru and the Wahrah nappes and,?ini the north,
4
4

the Al Ayn and the Semail nhppes, along E-W trending fold
axes. \This indicates thact. this event. occurred after the
tectonlg superposition>of.the allochthons.

The latest episdde of 1Imbrication 1is ;hought to have

initiated in the core of these folds.to accomodate for the

space problems arisen during the formatjon of these folds.

Increased shorteniﬁg. resulted in brittle fatlure along the .

S .
'limbé of these structures, causing the re~imbrication of the

ﬁamrat Duru and the Wahrah nappes, in the northern aqg\che
gouthérn parts ofithe Sufrgt ad Dawhvxange, and possiyly fa
the central Sufrat ad Dawh Range. .

These deformational events are believed to be reLated‘to 8
phase, or phases, of horizontal shortening ié a N-3
direction. A southJ%rd pblérity aﬁqociated with this event
is inferred‘oﬁ the b;sis of the south vergence of the second
éeneration folds, , and the northerly dip of fhe
:e-imbrlc#tion fault surfaces.’ In addition: the central and
the 'southern parfs‘ of the stﬁdy area record subsequent
lgygé-scale open folding.along a N-S striking axial élane.

The dtgplgéément élo;é the high-angle faults, which
.generally trend in a N-5 dirgdtion anﬁ occur.unifgjmly
throughout -the  study Q}ea, {s fnterpreted to be

predominantly strike-slip, resulting from a variatlon along

- strike in the amount of movement during the. displacemenf: of

the nappes. These are referred to as “tear faults™, and are -

a common component in fold - and thrust .belts (Dahlstroum,

1970; Laubscher, 1972). . : e

AL

-~
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5.3 Tectonlc evolution of the Hawasina nappes in ;hé Sufrat

ad Dawh Range s

The tectonic evolution of the Hawasina Complex in the

. ~ ' \
study area may be divided in three stages (figure 5-1).

"wavelength of the folds was shorter.

Stage 1, figure 5-1(a) : ' o . SRS

The éarly stage of telegscoping led to the formation vof
imbricate thrust systems of distinct lithostfatigtaphlc

uanits, and to theini_;ectohic superposition in the 9order
<

generally displayed in the Oman Mountains. The metamorphic

rocks of the Haybl Complex represent ~sedimentary /and

. . . . ~ R
volcanic lithologies that were metamorphosed along the sole

thrust of the Semail ophiolite during its earllest stage of

-

displacgmene (Searle, }980; Searle and Malpas, 1982)

r ‘

Local -pinching out  df some of the nappes reflects the

-variation inithe amount of surface area originally covered

by, the 1lithostratigraphic units now ‘telescoped in these

-

nappes.

Stage 2, figure 5-1(b) and (c)

AFolding of the nappes along E-W trending axesa "took place

either simultaheouply or séquenpially at distinct intervals

.

_acroas the strike of . the allochthons. = This stage 1is

considered to be assocliated with the development of

high-angle compressional faults in the core- of the : folds.

In the south,’ where the Hamrat Duru nappe ts thinner; the

P .
.
I - .

—_—
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\32i7] Semail Ophiolite | wahrah nappe
7 Haybi Complex Hamrat Duru nappe
s . e Haliw nappe
Figure 5-1: Tectonic evolution of the Hawasina

Complex in the Sufrat ad Dawh Range (see
text for discussion).
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Floor thrust
of allochthon

Figure 5-1, continued.
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There islno indication as to how “far south the upper
Hdwasina and .the Semall nappes extended during this event
with respecf to the fold structures. Héuever, diagenetic
features of the Hawasina sediments occurring directly south
of t%e present-day, erosional front of the Semail nappe
suggest that these sediments were never covered by a
substantial overburden (D. Bernoulli, pers. comm.). .This is

also indicated by the colour 1ndex (clear . white) of
h

conodonts retrieved from the blocks  of reefal limestone of

3

the anomalous ollstostromal succession, occurring in the

northern Hamrat Duru belt (L.'Fahraeus and T. Calon, pers;
.\ :
comme )

Additional shortening caused the revetse faults, initiated

earlier, to propagate upward, thus disrupting the limbs of
. v
the folds, and cauping the re~imbrication of the Hamrat Nuru
and the Wahrah nappes. These faults are régaréed as
belonging to-a ma jor rg‘imbrication system whose sole thrust
lies beneath the Wahrah nappe. The. available . fanformation,
~
however, does not allow a f&%ther appraisal of the depth of
this décollement. The Hawasina naépes.ate knoﬁn regipnally
to overlie elther the Sumeini nappe, ;r the Hajar Super
Group and 1ts Aruma flysch cover (figure 2-4). | Hence, the
décollement may lie, (a), within thé Hamr;f Duru nappe, (b),
at the top of tﬁe_Aruﬂa Group, whiph is considered by most
previous workers as the sole thrust of the Late Cretaceous

-

L N
allochthons in Oman, .or (c), at a deeper structural level,

within the Aruma or the Hajar units.

wi




Stage 3, figure 5-1.(d) ‘

Folding along N-=5 oriented axial planes in the southern
Hawasina nappes may have been the result of buckling due to
an inhomogeneous compressional phase, oriented at a high
angle to the structural graln of the nappes, only affecting
the southern part of the Sufrat ad Dawh Range (figure
S-1(d), 1). -Altermatively, this shortening could have been

induced by bending of the nappes Qs the sole thrust of the

re~imbrication system climbed up-section along an N-S

oriented lateral‘ raép (figure 5-1(d), 11). In the latter
case, the fold structure would be expected to be
asymmétrical, verging in the dip direction of the underlying
ramp. In the study area, however, only one hinge .ls
defined. 1t 13 not possible to determine if this hinge 1s

part of an asymmetrical fold, or not.
S.4 Timing of deformation

S.4.1 Regional deformational events

¥
The .Late Cretaceous and Tertiary orogenlc events are

responsible for most  of the deformation in the Mesozolc
allochthons. Only uheré Maastrichtian and Tertiary 'rock

r . .
units are present In the Oman Mountains, 1s it p;ssible to
estimate- the relative proportion of the defo;mation

resulting from either evént. These rocks, however, do not
Jt

ocecur_ 1in fhe ,Suffat ad Dawh Range.

o

The - horizountal tectonic translation of sedimentary

-

~
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sequences and the development of nappes (as defined by
McClay, 1981), is known to be accompanied by a considerable
amount -~ of ° stratal sho;tening, achieved by the imbrication
and folding of the sequences (Price and Mountjoy, 1970;
Boyer and Elliott, 1982). The first imbrication epigode
leﬁding to the formation of the nappes, correlates with the
deformation of the vHawasina nappes in other parts of the
Oman Mou;tains, shown to be related to their emplacement oéf
the Arablian continental margin (Allemann and‘Pecers, 1972;
Glennie et al., 1973, 1974; Graham, 1980). Hence, this

eagly imbrication episode can confidently be assigned to the

Late Cretacecus orogeny. The timing of the later events,

~however, cannot be egtablished. Consequently, the time at

which the nappes Eiﬁale reached their present posiction and
configuration 1s uncertain. a .

It 1s believed that gravity sliding of the Hawasiﬁa
Cémplex and,the overlying Seﬁai* ophiolite, iﬁduced by the
uplift of the J.Akhdar-J.Nakhl-Saih Hatat antiformal
culmination trend, may have played a role, aléo, ftn the

deformation rgcofde& in the study,area.‘ Gravity collapse
structures have so far been ;eported only locally aiong the
limbs of this structure (Glennie et al., 1374; Michard et
al., 1984; Coffield, 1984)., Folding and thrusting. of.
layered :mrata as a. consequeﬁce of gliding over a ﬁilted
base, have been amply documented from other fold an@ “thrust

belts (for example, Mudge, 1970; Price, 1971; Hose and

Danes, 1973; Lemoine, 1973), and also shown in experinments




(Blay et al., 1977; Guterman, 1980). The feasibility of

such a fliding event in Oman,; however, needs to be assessed.
Figure 5-2 is .a schematic NW-SE oriented cross-section,
joining Jebel Akhdar and the naorthern part of the Sufrat ad
Dawh Range. The ﬂawagiﬁa~ Complex 1{is shown to overlie

‘ directly the Aruma sequences and the Hajar shelf carbonates.

This 1is in accordance with the regional tectonostratigraphic

relationship of these units (ftgdfe 2-4). The thickness of
’ b}

the  Hawasina Complex 18 thought ta exceed 1000 meters,
dependiné on the degree of stratal shortening of the
.lithologle; within the nappes. The Semail ophioligic nappe
lies . abqye the Hawasina Complex. itg orlginal thickness ts

estimated as 5000 /meters (Searle, 1980)..Thus, the minimal

"

cumulacive thickness of the sliding sheet (the Hawaslna -
Complex and the Semail ophiolitic nappe) -before erosion 1is
thought to exceed 6000 meters.

As a working hypothesis, the top of the Aruma Group 18

-

assumed to répreaentvthe surface alongjwhtch sliding o the

. ‘ b
sheet may have occurred along the southern flanks of Jebel

Akhdar. "A" and "B" are at- the top and  the bottom:

extremiff. respectlvely, . of a south-easterly 1inclined
surface, represeénting the average. slope gradient of the
Aruma and the Hajar‘unita. The engle ® of this slope with

respect to the  horizontal can be determined from the

-
+

equation: ‘ .

sin 8 = x/y, or :
8@ = arc sin x/y (1)

‘0 I
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NW ' SE ) .
™~
" J.AKHDAR N SUFRAT AD - N
. DAWH RANGE )

Approx. .

J. Akhdar antiformal eulmination and the
Sufrat ad Dawh Range (see figure 2-3
for location of the section). The details
are discussed. in the text. . .

500m Scale | o l
10km. - ) s 1 I
?Lgure_S—Z: Schematlc cross-section joining the l

|

l

where "“x" 1s the difference in elevation between A and B,
ana “y* 13 }he' hor1zont;1 distance between these two
markers. The réllef of the dantiform reaches 3000 nmeters.
In figu;é'SfZ, the‘ Aruma Group 1s projected above the
erosional éurface, along the hinge of the antiforw, to an
estim#ted gdditional height of 1000 meters. ThUS; marker A

ig at 4000 meters above the base of the culmination. To the

" pouth-east, the Aruma Grouﬁ~is thought to lie 9t a mntaimum

&




0of 500 meters im sub-surface, below the Sufrat ad Dawvh Range
(see the projection of the map structures 1a the northern
Hamrat - Duru belt, Figure 4-12). Consequently, the total

difference Ln elevation between A and B, "x", i{s 4500

~

meters. The horizontal distance "y“ between Jebel Akhdar
and the Sufrat ad Dawh Range 1s approximated as 40
kilometers. The average slope gradieat of the Aruma and the
ﬁajar units, from equation (1), is t#en 6.50.

Hubbert and Rubey (1959) and Hsu (1969) have shown that ’:‘
mass of rocks 6 to 10 kiloﬁ;ters in thickness should slide
under fts own weight on an inclined surface,‘providing that
a high _pore pressure extstg aLong this surface. It s
conceivable that the shaly 1ithologies'of the Aruma Group
m1gﬁt have- provided such elevated pore pressure. Further,
slidiang of the Hawasina Complex and 'the §email oﬂiiolttlc
‘nappe above the Aruma sequenées should have been facilitated
by the {acg‘that this sgsurface was th? site of é pre;exis:ing
d&collement, the one along which the Hawasina Complex was
first_émplaced on the continental margio.

The dé&collement assoclated with the sliding event can also

- . {
1lie within or below the Hajar shelf ;equences (as discussed
in the“previous seétion). Evaporitic sequences are reported
in the pre~Permian sequencem'fn southern Oman (Gorin et al.,
1982). :fhesé lithologies are often found along overthrust

-

surfaces; in other orogenic bhelts. They have low shear

s_fﬁ%xth and are known to provide high fluid pressure (Heard

Y . .
asgéf ubey, 1966), and thus offer an ideal gliding-horizon

along which gravity sliding may have takenm plage.
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In summary, there are three major events that could have

N .
cobtributed to <the deformation of the Hawasina Cotmplex in

»

)
the Sufrat ad Dawh Range. These are, firstly, a deformation
[ &

k9

assoclated with the accretion and emplacement of the
allochthons; , segondly, a Tertiary compressional event

reglonally oriented in a NE-SW direcg\ion, that 1is known to

-have affected the Maastrichtian and Tertiary neo-

autochthonous carbonate .cover 1in the Oman Mountains;

thirdly, gravity sliding along the flanks of the

J.Akhdar-J.Nakhl-Saih Hatat culminatlonm.

k3

S.4.2 Alternatives far the timing of’ deformation in the

"Sufrat ad Dawh Range
?v

Various scenarios may be envisaged for the ti-ming of the

deformation recorded 1n the Sufrat ad Dawh Range. These are

shown 1in table 5-1. The numbers 1,2 and 3 refet\gQ'ﬁthe

three deformational stages described in the previous section
(5.3). The Vtiming of deformation (the horizontal scale of

the tabl.e) ts divided fnto 1) the deformation associated

()

wi:.h the enmplacement of the Late Cretaceous allochthons, and

§

2) the deformaltfon post-dating and kinematically ‘unrelated
~ B :

with the empla;,ement of the allochthons. The post-
emplacement deformation comprises the deformation associlated

with the Tertiary orogeny, and the gravity sliding along the

southern ;. limb of the Jebel Akhdar culmination. The

J.Akhdar-J.Nakhl-Saih Harat culminatlon, interpreted by most

previous workers as having developed in the Tertlary, may




&

122

also have formed " in the Lare »Cretaéeous during the
enplacement éf the qappeé, in- respongse to deep-seated
ranping (se.ction 2.59). Ip either case, the sliding would
;ha.ve postdated the emplacement of the nappes.

Scenarios A, B, C and D consider that only the firs£ stage
of rdef'ormation recorded in the Sufrat ad Dawh Range (stage
1) occurred during the Late Cretaceous orogen'y. In scenario
A, the re-imbricacion event (stage 2) is caused by the N-S
oriented comptegsion associatéd with the Terti_a'ry, orqgeny;
which‘ i; alse responsiblé for the formation -of “the
J.Akhdar-J.Nakhl-Saih Hatat antiformal culmination.
Subsequent gfavlt! sliding off‘ the i'lank of Jebel Akhd‘ar
<;:ou1d have ptdduced stage 3 in the atudy  area, by
tr‘anslat.ing the Hawasina Complex flurther' southwards along
the sole thrust ‘of the tre-imbricacion system, above a N-S
striking ramp (as shoy;n in figure 5-}(‘), 11). '

Scenario - . _B assigns- the forumation of the

J.Akhdar-J.Nakhl-Saih Hatat culmination to the Late

Cretaceous, emplacement of ‘the nappes. Subsequent gravity

- .

sliding along th‘e gsouthern 1limb of Jebel Akhdar, led to the
rte-imbrication event 'in the study area (s‘tage 2). Minor’
.'shortening'i'n ‘the E=W direction (stag.e '3) isv Tertiary 1in
agé, and could have resulted fro’.m buckling 1in the E-W
;qditection (figuté 5p1(d), i, of ’a similar nature as the
origin of the NE-SW . orfifeanted segment of the
J.Akhdhr‘J.Nakhl-Saih Hatat culmination. Sfage 3 C(;ul.d also
have ,re;ulted from further translation of the Hawasina

allochthons above a N-§ trending ramp (figure 5-1(d), 1ii.




i i [ -

. | Table 5-1:  Timing of deformation of the -~

i . Hawasira Complex in the Sufrat ad Dawh Range. ]

- ! The aumbers 1,2 and 3 are the three stages o . -
‘ o of deformation recorded in the study area.

’ (See text for discussion).

: . _— TIMING OF DEFORMATION

Y. . . -
‘ Late Cretaceous Post-emplacement

Emplacement of the :
SCENARIOS ' nappes Gravjity sliding Tertiary Gravity sliding o
: . Orogeny ) ’

€T

T [ .
: 1l o 2 ——3

A

B , 1 . 2 ' . 3

2,3




Scenarlo C assigns 'atage; 2 and'3 to the Tertiary orogeny.
1f gra;ity sliding occurred along the limbs of Jebel Akhdar,
it did not contribute to the deformation of)the .Ha_was!.na

" Complex in lthe Sufrat ad Dawh Range. |

In scenario D, the . Tertiary orogeny did not aflfect the
study area. This scenario considers stages 2 and 3 as
resulting -from gravity sliding along the'southern lind of
'Jebel Akhdar, reégardless of whether ls culmination formed
in t;he Late Cretaceous or in the Tertiary. The latt:et' case,
howe\irer, is no’tﬁlikely 11; this scenario, because If the
Tertiary oraogeny caused the forma“tion of the J.Akhdar
structure, it vc:uld> liAkely have affected‘ the Hawasina
(fomplex in the vstudy area, ae; well. —

Scenario FE assigns all three stages of deformation in the
-stqdy area to the Late Cretaceous ;)rogeny. It ifmplies that
neither the Tertiary compress'iona'l event, nor the postulated
gravity slfding off the flank of Jebel Akhdar,: v_have playea a
fole in the deformation of the Hawasina%ﬁlex in the .stqd'y
area. In this scenario, E-W oriented shorteniéxg in the
study area (stage 3) would have resulted from bending of the
Hawasina Complex over -a N-S tr.em_iing ramp at depth (fllgure

5-1(d), f£1). Stage 3 would tﬁen represent the latest

increment in a pi'ogressive deformation associated with the

gmplaceménth the nappes. /

The neo-—autoc'h.thonous Maastrichtian and Tertiary carbonate

cd_ver is sparsely digtributed 1n the Oman Mountains (seg

figure 2-3). These rocks all record shortening, reflected

\
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by broad folding of various styles (Glennie et al., 1974;

Searle, 1982, unpubl. ESRI rep.). This suggests that the

Tertiary orogeny affected, to 3 minimal extent, the whole of
the Oman Mountains. Hence, scenarlios D and E are thougﬁt to

be unlikely. )
| Scenarios F and G differ from E 1in that cthe iatest
‘def;rmational stage (stage 3), postdates thg emplacement of
the nappes. In F, stage 3 1s assoclated with the Tertlary
orogeny. This, stage may efither be the result ‘oﬁ
inhomogeneous buckling (figurexi-l(d), 1) of the same nature
_as " the origin of the NE-SW ‘trending segment of the
J¢Akhdar-J.Nakh1-Saih'ﬁata; culmination, ;r 11t cofId have
been related to pending above a N-S trending ramp (fligure
5«1(d), i1). In'scenario,é, atage 3 1s caused by gravity
sliding of ahe nappes in response to tﬁe formation of the
- Jebel Akh&ar culhination, in the ,Lhte‘ Cret;ceops. This
scenario 19 unlikely; fo? the same reagon as mentioned for D

and E.

From the avallable information, it {is not ppssible to
R - “

etermine which of thésén seven scenarios 1s the most
feasible for the defotmational-‘hiatory of the Hawasina
Cowflex 1in the Sufrat ad Dawh Range.  All, with the

exception of scenarios D, E and G, appear equally valid.
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5.5 Reglonal implications ' .
' . \

Jebel Salakh, Jebel Madamar and Jebel Madar are elongaced

elliptical to rounded hills of outecrop, each defining a

‘doubly-plunging anticline that exposes the carbonate shelf

sequences of the Hajar Supergroup (figure 5«3). These
structures, along with smaller circular outcrop exposing. the

Aruma as well as the Hajar lithologieé, form an- E-VW

trending, arcuate belt of %#}minations, with variably’

plunging axes, gituated near the southern margin of the

Sufrat ad Dawh Range. The proximity of the Hajar and the

Aruma units to the southern Hamrat Duru belt indicates thact.

thé gurface trace of the sole thrust of the Hawasina
allochthons lieﬁ vér; close to the southern margin of the
Sdf{;}\ad Dawh Range (figure 5-3). The absence of Sumeint
lithologies in this area suggests that the imbricatag/of the
Hamrat Duru belt rest directly on the Aruma lithologtles.

The geological map §f Glennle et al. (1974) shows that the
J.Salakh and J.Madamar cﬁlminatlons are bounded along thelir
southern edges by E-W trending faults (as ghobn in figure
5-3). Fprthe?more, these structures “have siightly

overturned south-western flanks, suggesting partiql

L3 -
detachment . from the basement by a compressive movement

directed from the north.” (Glennie '35., 1., 1974, p.338).

. This geometry, i1llustrated in figure 5-4, compares well with
<

the geometry of the re-imbrication structures recorded  in
the Sufrat ad Dawh Range. These faults'gge thought to

flatten at depth, showing that, at least in the southernmost
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part of‘ the western foothills, the re-imbrication may have

affected the Hajar shelf sequences.

. .
Figure S5-4: Structural configuration postulared for
the J. Salakh and the J. Madamar anticlines.

2

Imbrication of the qud;oic carbonate shelf sequences was
documented from the Musandam peninsula, in . the northern Oman

Mountains, by Searle et al. (1983). The -age of this

e

.deformation was assigned by these workers to the Tertiary.

«

Jebel Madar 1s a structural dome that 1is currently’

L

-1ntefpreted té have formed in response to sub-surface salt

—— .

diapirism (Gle&nie et al., 1974 Gofin t al., 1982);_ In
‘ ) : ) [ad

view of 1ts structural relationship with . J.salakh and’
J.Madamar, it 13 thoﬁght that the J.Madar culmination may
{nstead be the result of a compreasional.event of the same.

nature as the origin of the J.Salakh and the J.Madamar’

struétures.- The J.Madar anticline may thus be‘geometritally

assoclated with a reverse fault, as shbwn>in'figure 54,
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representihg the eastern extension of a”méjor E-W striking,
. p .

arcuate fault surface exposed along the southern margins of

J.Salakh and J.Madamar, but whose surface trace ig otherwvise

hidden in the gravel plain. !

North-east of J.Madar, within the Hawasina nappes of the

Al Hammah Range, Glennie et al. (1974, p.338) repofted the

presence of a small, E-W trending, “"linear plug” consisting

of "fetid black dolomite breccias"; This occurrence was

interpreted by these workers, "and later by Gorin et al.

(1982), as being related to near surface salt diapirism.
- ' R :
Recent detailed- geological investigations by P. Cawood and

K. Green (1984, unpubl. ESRI rep.) have shown that these

breccias lie along" an E-W trending regional faul;,-
1 =& !

cross-cutting pre-exfsting imbricate fault planes of the
Hawasina nappes. Cawood and Green further compared the

dolomitic breccias to carbonate slope-type ~ lithologies

" similar to some' of the units of the Sumeini-Group. 1 &=
follows that, rather than bqfng related to ‘salt diapirism,

~the dolomitic breccias may havebbeen brought up from beneath

the Hawasina nappes, where the Suneini 'nappe' presumably.
lies, along a major re-imbrication fadlt. This scgnafio is
similar to that documented in the Sufrat- ad Dawh Range.

Since little detailed'structutal,wdrk has been published

from the Oman orogenic belt, it 1s not known to what extent

-

the two-stage imbrication history documented in this ‘study

has ;agén effect Ln other parts of the belt.

» Graham (1980a, and b) proposed a two;gtage model for the
- . \\'

' . . \

-

—————— e




P et

130 -

emplacement of the late Cretaceous allochthons <to explain
north-east facing folds 1in ihe Hawasina window, and the
-crﬁncation of thelﬂa;;sing units by the floor thrust of the
ovei}ying qSemail néppe.‘ . The first stage is related to
cbntiﬁenthl underﬁhrusting and 1yﬁrication of the Suméinl,
Hawasina "and Haybi nabpes.u The later stage {s represented
Sy the subsgquent gmpla;ement of the 'Semail ‘ophfollt; by
gravity. While the Semall ophiolite nappe may'ndt have
originally extended ag far south as the Sufrat ad Dawh
Range: it may havg contriyyted to the deformation {ia this
area by "pushing':the Hawasina nappes in front of 1its .toe.
This scheme would then inmply that the re-imbrication -event
in the Sufrat ad Dawh Range is’ late CretaéeOua in "age. 5

_Glennie et al. (1974) reported other local exceﬁtions to

the “"stacking ‘rule”™, and it 1is possible that these

exceptions are also related to the re-imbrication of an

already establishek tectonostratigraphy.




Chapter 6

CONCLUSION

v

The deformational style 1in the Sufrat ad Dawh Range 1is
dominated by a regular, hinterland-facing imbrication, whose
vgtructufal gmain trends in an E;w orientation, paralleling
the regional tectonic  strike of  the late’ éretaceous
;llochthons in the Oman Hou;tains. - Two major, géometrically
distianct, sets of Lmbrgsate faults are recognised. }he
predominant set 13 related ts the southwafd tglescoping of
the lithologies of the Hamrat Duru Group- and ‘the Wahtaﬁ
Formation ianto two separate»thrugt systems, or nappes. This
{imbrication i{s thought to. 'ave . occurred oncurrently with
the tectonic superbositiop of . the Hawasina nappes in the
Sufrét ad Dawh Range, 1in the ;tackhng order' generally
‘dispfayed in the Oman Mountains.‘ '\'

The second. set of d{mbricate faults resulted fron
additlonai shgrtening of the Hawasina nappes ;n a N-§S
direction. It causéd the re—tmbrication of the Hawasina
tectonostratigraphy in the northern and Ehe! southern parts
of >the' sufrat ad Dawh kange. In the north, this Eventii&

préceeded by the formation of a large-scale E-W trending

aatiformal culmination, folding the Hamrat Duru, the Wahrah,

the Al Ayn aand the Semail ophiolite 'nnppés. Increasing

J
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-
»

ampliflcati%n of this antiform resulted in brittle failufe
‘ along ies 1limbs, causing the Hamrat Duru nappe to Dbe
r - .

‘emplaced in a aouthgard direction over the Wahrah nappe. A
gimilar scenario 13 proposed for che‘re-imbricﬁtion of the.
Hamrat Duru and the Wahrah nappes ia the southern pdrt of
’;he Sufrat ad Dawh Range, but there, the fold}n; associlated
with this shortening event was at a sm;EAfr scale. A
re—imbrication‘event, affectingvthe‘wahrah ;;ﬁﬁe, is also
,recorded 1in the cenéral Sufrat ad Dawh'éange. In addition,
» the cen;ral and the. southern ‘part of tﬁis range record

subsequent large=gscale open folding alpng a N-S orlented
axial plane; This event may have regulted from bending of ‘
the Hauasin; nappe§' above a\N*S oriented lateral ramp at
depth. . Alternatively, these nappes could have-begnl buckled

by an inhomogeneous coppréss{oﬁal event orlented in an E-V

direction.

" The timing of the deformation in the study area cannot be

clearly established. While the early eplsode of imbrication

is believed to be related to the late Cfetaceous edﬁlacement

of ihe nappes, later deforqation.may'be assigned to the same
proce;a of emplacement, to a Terti%ry orogenic event, or to
gravity- sliding along tpe ‘fianks of the large JLAkhdari
J.NakWl-Saih Hatat antiformal culmination.

J Hence, this study confirms  the bécurrence, ‘reportéd by

Glennie et al. (1974), of an antiformal culmination centered

l

along the northern Hamrat Duru belt, and of- a reversal 1in
A .

N

the tectonostratigraphy 1in the south part of the Sufrat ad

4 ‘
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» . v
Dawh, Range. 'it further demonstrates that these features :\nj ‘
vere éaused by a major re-lmbricaﬁion episode aystematica{}y
affecting the Hawasina Complex in the astudy area. Since
Giennie éi 'ii._ (1974) referred to bthis reversal in the
tectonostratigraphy of the-Late Cretaéeoué allochthons as a
o o local exception to an otherwise éonaistentlstacking rule, it

may indicate that the r;-imbrlcaa?on of the Hawasina , nappes

is particular to the Sufrat ad Dawh Range and does not

gener;lly occur 1in other parts of the Oman Mountains. L

Alternatively, it 18 thought that re-imbrication of the Late

-Cretaceous allochthons may be a common ature in Oman "but

can only ‘be odutlined by more #detailed structural

-

investigations.

» : late Cretaceous allochthons in the Oman Mountains at the .top

P of the Aruma Group, i.e. the Aruma Gp, the Héjar Supergroup

]
‘g . .
and the pre-Permian wunits are c¢onsidered autochthonous.

AN : g
There is #g direct evidence to indicate to what depths the

' ’ y
Most previous workers have placed the sole thrust of the
{i
i

surfacg structures wmay extend in the Sufrat ad DathRahge.
However, the proximity of the J.Salakh-J.Madamar-J.Madar
antiforéal trend to the southern margin of the Sufrat ad
~ ‘ Dawh Range dem;ﬂstrates that the Haljar shelf carb;nate
sequehces lie at a ;elétively. shallow structural level
beneath the Hamrat Duru imbgicatéﬁfbf;,tﬁé soutgern Hamrat
Duru belt. Moreover, the geometrical rélatidnsh;p of the

J.Salakh and J.Madagar anticlinal 'strqctures with reverse

faults bounding their southern 1limbs is shown to be very

~
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similar to the geometry that resulted from the

re~imbrication event, affecting the Hawasina thruat sygtems

1n-£he Suffaf ad Dawh Range. It is - thus -conceivable that
1] R .

- the” Hajar shelf sequences arg affected by imbrfcacion, and

are therefore not, as ~interpreted by previops workers,

strictly,agtochthonous. . _ .
.';‘.‘,_".":. -
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