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ABSTRACT

The Saq Sandstone is 600m thick and of Cambro-Ordovician age (7). It is
vertically and laterally uniform succession, >90% of which cross-stratified. It is a
texturally and mineralogically mature, fine to coarse-grained quartz arenite, with
subordinate shale, siltstone, breccia and conglomératc.

The Saqg Sandstone comprises an upward maturing and fining sequence. It was -
largely derived from a craton interior made up of pre-existing and multi-cycle
sedimentary rocks. A new formation (The Idwah Formation) overlying the Precambrian-
Cambrian basement and older than the Saq Sandstone has been defined. This is a
remnant of an earlier extensive cover over the peneplained Precambrian-Cambrian
surface.

The sandstone was partly or totally deposited in a tide-dominated shallow-shelf
marine environment. Six Faéies Associations have been recognized: (1) Facies
Association A (Bar areas); (2) Facies Association B (Inter-Bar); (3) Facies Association C
(Inner-shelf); (4) Facies Association D (Shoreline) and (5) Facies Association E (Scree).

The Saq Sandstone was deposited intially during a transgression (Lower and
Middle) and then during a regression (Upper) cycle. The regression producing a laterally
extensive sheet of beach sandstone.

The palaeocurrent pattern throughout Saq Sandstone is unidirectional (NE). This
together with the orientation of the beach lamination, suggest that the source lay S to SW
of the Saq Basin, although it is difficult to reconstruct a palaeoslope from tidally induced
flows.

The dominance of a single palacoflow suggest a strongly asymmetrical tidal

system.
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CHAPTER ONE
INTRODUCTION

1.1 General geology of Saudi Arabia

The surface geology of Saudi Arabia (Fig. 1.1) is divided into two geological
regions:(1) An extensive and broad area of Precambrian-Cambrian igneous and
metamorphic rocks crops-out in the west. This is over 1100 km long and up to 640 km
wide. Itis partly overlain by Cenozoic extrusive volcanics in its western part. The shield
is separated by the Red Sea from similar rocks in Egypt and Sudan, referred to as the
Nubian Shield.(2) The second region is an elongate arc flanking shield outcrops to the
east and involving successive bands of Palacozoic, Mesozoic and Cenozoic sedimentary
rocks. These outcrops dip eastwards towards the Arabian Gulf (Fig. 1.1).

The basement and the overlying sediments dip gently and regularly towards the
east. The age of the rocks exposed at the surface becomes progressively younger in the
same direction. In the vicinity of the Arabian Gulf the sedimentary sequence may reach

thickness in excess of 10000 m.

1.2 The evolution of the Arabian Shield

The evolution of the Arabian Shield has been discussed by many writers, including,
Brown, (1970); Greenwood er al., (1976); Gass, (1977); Fleck et al., (1980);
Greenwood et al.., (1980); Stacy & Hedge,(1984); Nassief ez al., (1984); White, (1985);
Stoeser & Camp, (1985); Agar, (1985); Bentor, (1985) and others.

Stoesqr & Camp, (1985) recognized five main phases of evolution for the Arabian
Shield, (ng. 1.2): (1) rifting of the African Craton (1200-950 Ma), (2) ensimatic island-
arc development ( ~ 950-715 Ma)., (3) formation of the Arabian-Nubian neocraton by

microplate accretion and continental collision (715-640 Ma), (4) collision-related



intracratonic magmatism and tectonism (640-550 Ma) and (5) epicontinental subsidence
(<550 Ma).

The stratigraphy of the Arabian Shield was classified into two principal series by
Karpoff, (1957a, 1957b, 1960) and was considerably improved upon by many writers.
Schmidt ez al., (1973); Greenwood et al., (1976); Greenwood et al., (1980); Fleck et al.,
(1980); Hadley & Schmidt, (1980) and others, recognized eight stratigraphic units
exclusive of plutonics. A summary of the Arabian Shield rock units, tectonism,
plutonism, and volcanism are shown in Table 1.1.

The pre-Idwah Formation Palaeozoic sediments are represented by the strongly
folded and unmetamorphosed conglomerates, limestone, sandstone and andesitic and
basaltic lavas and pyroclastics of the Jubaylah Group (Delfour, 1970). Radiometric
dating of the Jubaylah andesite gives a Cambrian age (Hadley, 1975) between 520-500
Ma (Delfour, 1982). Basahal er al., (1984) reported the presence of archaeocyathid
fossils in the Fatima Formation which is equivalent to the Jubaylah Group and dated them
as Cambrian, confirming the age for at least a portion of the formation. According to the
faunas and the radiometric dates (Gettings and Stoeser 1981) the youngest rocks in the
Arabian Shield are about 530 + Ma (Greenwood er al., 1980; based on a whole-rock K-
Ar date) which is, according to the time scale of Harland er al., (1989), near the Middle
Cambrian.

The age of the basal Saq Sandstone is not known, but if a Middle Cambrian (€& 540
Ma) - Early Ordovician (€ 500 Ma ; Harland ez al., 1989) age is accepted for the Saq
Sandstone then there is little time to create the peneplaned surface upon which the Idwah
Formation and the Saq were laid down.

So, the age of the Saq Sandstone is uncertain, but if the present correlations are

accepted then it is Middle Cambrian to Early Ordovician.



1.3 The tectonic framework of the Arabian Peninsula

There are three main tectonic elements making up the Arabian Peninsula (Fig. 1.3).
1- The Arabian Shield occupies the greater part of the Peninsula, consisting of crystalline
basement, lies to the west. 2- The Arabian Shelf, which is located north and northeast of
the Shield, is characterized by a sequence of shallow water and continental sedimentary
rocks of Palaeozoic-Cenozoic age. This shelf can be divided into three natural and
distinct structural provinces: the interior homocline, interior platform, and several basin
areas. 3- The mobile belt north and east of the shelf, include the Zagros belt and Oman
Mountains which became mobile zones during the Late Cretaceous.

Several unconformities can be recognized in the Palaeozoic rocks of the Arabian
Peninsula. These are related to gentle epeirogenic events, the most important of which
occured during the Late Cambrian, Early Devonian, and Early Carboniferous (Murris,
1980). Central and southern Saudi Arabia shows the effects of the Hercynian orogeny
on Devonian to Permian sediments (Saint-Marc, 1978). The main phase of the
Hercynian orogeny occured during the Carboniferous. This event is reflected in regional
uplift and a renewed peneplanation that cut through the developing platform, eroding as

deep as the Precambrian (Murris, 1980).

1.4 The Palaeozoic of Saudi Arabia

Following its stabilization the Arabian Shield was reduced to a peneplaned surface
made up of igneous and metamorphic rocks. Epicontinental seas moved back and forth
across parts or most of this stable basement core and deposited a comparatively thin
succession of almost flat-lying strata on it. The epicontinental seas were in turn flanked
on the north and east by a great sedimentary basin-the Tethyan trough-that occupied a
relatively constant area in Turkey, northern Iraq and southwestern Iran. The trough
remained a negative feature throughout most of the Palaeozoic and Mesozoic and many

thousands of meters of sediments accumulated in it.



The Palaeozoic sedimentary successions are continuously exposed in the western
part of the Arabian Peninsula. These rocks dip off the eastern edge of the shield, and
extend from southern Jordan in the north to the Asir-Yemen region in the south. The
whole cycle was initiated by deposition of the Cambrian Idwah Formation thin followed
by the Cambro-Ordovician Saq Sandstone (+600m); followed by the Upper Ordovician
to Silurian Tabuk Formation (1072m), consisting of alternating shales'and micaceous
sandstones, and the Devonian to late Lower Permian Jauf Formation (299m), consisting
of shales with subordinate sandstones, (Fig. 1.4), Steineke et al.,(1958); Powers et al.,
(1966).

Towards the south end of the Arabian Peninsula late Permian erosion has
progressively eliminated most of these Palacozoic rocks, so that eventually upper

Permian rocks overstep the Palacozoic to rest on the basement (Powers et al., 1966).

1.5 Cambro-Ordovician Saq Sandstone

The Cambro-Ordovician Saq Sandstone, defined by Steineke et al., (1958), is
described by Powers et al., (1966), and Powers, (1968), as a vertically and laterally
uniform succession of white, gray, and brown, cross-bedded sandstone. It is named
after the type section at Jabal Saq (lat. 26°16'02"N, long 43°18'37" E), (Fig. 1.5). The
Saq Sandstone is at least 600m thick at the type section at Jabal Saq, increasing to about
750 m at Al-Quwayrah. To the south in the As Sirr area the thickness decreases
gradually because of erosion beneath the Permian Khuff Formation but in the Tabuk
region the unit is as much as 1000 m. Figure 1.6 shows the variation in thickness of the
Saq Sandstone, and the extent of the Saq Sandstone in the sub-surface is shown in
Figure 1.7.

Powers et al., (1966) regarded the Saq Sandstone as being Cambro-Ordovician in
age. This was based on correlating the lower part of the unit with a Middle Cambrian

trilobite bearing sequence in Jordan, and on the presence of Cruziana spp. which



indicated an early Ordovician (Tremadocian-Arenigian) age in the upper part. Thus the
Saq sandstone may record Middle Cambrian to Early Ordovician sedimentation.

Helal, (1964a, 1965) excluded rocks containing traces of organisms, "the Cruziana
series”, from the upper part of the Saq Sandstone in the Tabuk region. Selly, (1970,
1972), in his studies of the Cambrian and Ordovician rocks of Jordan, recognized two
members in an equivalent series to the Saq Sandstone. In this research project three
members have been recognized, Lower, Middle, and Upper Saq sandstone.

The Saq Sandstone is often red-brown on the surface, but when fresh is a gray and
white quartz arenite. It is abundantly cross-stratified, moderately sorted in the Lower and
middle parts and moderately well sorted to well sorted in its upper part. It is composed
of medium to coarse sandstone in Lower and Middle Saq and fine to very fine sandstone
in the Upper Saq. It has mainly monocrystalline grains, which range from sub-angular to
sub-rounded in Lower Saq Sandstone and sub-rounded to rounded in Middle and Upper
Saq Sandstone. The dominant cement in the Lower Saq Sandstone is iron oxide, with
some carbonate and silica cement, while in Middle and Upper Saq Sandstone carbonate
and silica are dominant (Fig. 1.8).

The contact between the Saq Sandstone and the underlying rocks, varying from
pre-existing sandstone (Idwah Formation; Location K-26) to Precambrian-Cambrian
basement rocks, is observed in numerous localities. It is marked by a planar surface
overlain by the basal Saq Sandstone which comprises a thin veneer of sandstone,
conglomerate and breccia derived from the underlying basement. The upper contact
coincides with a sharp lithological and topographical break between the Upper Saq
Sandstone and the Hanader Shale (Tabuk Formation).

In the course of this study a sequence of red sandstone and breccia was discovered

below the Saq Sandstone. Although these strata are still uncertain, the rocks are regarded
as belonging to an older formation - the Idwah Formation which is named after a village

near the type section.



1.6 Correlation of the Palaeozoic units in some neighbouring countries.

Correlation of the Palacozoic Formations of Saudi Arabia with the Palacozoic rocks
cropping out in some neighbouring countries (Jordan, Egypt, Libya and Algerea), is
illustrated in Fig.1.9.

The Cambro-Ordovician Saq Sandstone correlates most easily with the Jordanian
Quweira Sandstone, Ram and Umm Sahm Sandstones (Quennell, 1951; Bender, 1975);
with the Cambro-Ordovician Hassaouna-Memouniat Formations of the Kufrah baéin,
Libya (Billani & Massa, 1980), and with the Cambro-Ordovician of Sarabit El-Khadim,
Abu Hamata, Nasib, and Adedia Formations of SW Sinai -Egypt (Kora, 1984) and with

Cambro-Ordovician Ajjer Formation of Algerea (Bennacef er al.,1971).

1.7 Previous work

Blackenhorn, (1914) was the first who mentioned the presence of the Lower
Palaeozoic in Saudi Arabia. The most comprehensive accounts covering Saudi Arabia in
general appear in the publications of Arkell, (1952), Henson, (1951), Steinke et al.,
(1958), Bramkamp er al., (1958), Powers et al., (1966), and Powers, (1968).

Helal, (1964a, 1964b, 1965, 1968); Hemer, (1965); Hemer & Nygreen
(1967a,1967b); Delfour, (1967, 1?70); McClure, (1978); Bigot & Lafoy, (1970); Bigot,
(1970); Brown, (1970); Hadley, (1973); Cloud ez al., (1979); Clark-Lowes, (1980); El-
Khayal er al., (1980); Bahafzallah er al., (1981); Sharief, (1982); Delfour et al., (1982);
Vaslet et al., (1982); Al-laboun, (1982, 1986); El-Khayal & Romano, (1988); Husseini,
(1991) all contributed valuable information on the Palaeozoic of Saudi Arabia in general.

There are very little previous work concerning the Cambro-Ordovician Saq

Sandstone, and most of the studies lack detail.

1.8 Location and sampling
The area of study lies between lattudes 26 30 to 28°00 and longitude 42°00’ 1o

43°30 exposed between Precambrian-Cambrian basement rocks and a cuesta formed by



the Hanader shale of the Tabuk Formation. It forms a fairly flat surface where there are
numerous exposures, but few deep sections. Only in a few instances do inselberges like
Jabal Al Ghumayq (K-20), rise more than 55m above surrounding landscape to give
good sections through part of the formation.

36 outcrops have been sedimentologically and stratigraphically examined and

sampled throughout the study area (Fig. 1.10).

1.9 Aims and scope Qf the study
The aims of this research project are to examine in detail the sedimentary history of

Cambro-Ordovician Saq Sandstone. They include the following:

1. A detailed study of facies and stratigraphy of the Saq Sandstone

2.  Detailed study of sedimentary structures especially cross-stratification in order to
establish the dispersal system and changes in dispersal through time in the Saq
Sandstone.

3.  Petrography and mineralogical investigations to identify the mineralogical
composition of the formation and its vertical and lateral variation. From these data
to decipher the provenance of the sediments and evaluate current views on the
genesis of quartz arenite.

4. Geochemical study of major and trace elements has been done in order to relate
geochemistry to petrographic composition, and to aid in the identification of the
source.

5.  Grain-size analysis has been done to determine textural variation and to give a clear
picture of depositional environments and the nature of the transporting agents of the
sediments.

6. The examination of lithological sequences, sedimentary structures, and grain-size
analysis will allow the establishment of the depositional environment.

7.  From the study of environment through time to deduce the effects of changes in

sea-level, subsidence and sediment supply on the history of the basin margin.



(8861 ‘unopAag ‘0861 18 19 poomuaaIn woy paidepe) piaryg ueiqery ay) jo
WSIUBD[OA PUE wISTUOIN|J ‘wstuo3dd ], ‘Aydeidnens ueLiquesdld jo Arewwng 1°| 9|qeL

eseqelp . 8|qIeW pue
GOt "1s1yosoYLIo Yo Joujw pue ‘eyoemAesb dnosn
A1kydiod z1renD JiN) 9yEW ‘SHO0J DIUED|OD dljEeW usieg
. )[eseq Joulw pue
w ‘oniydesB Ajeoo] e ‘Jn} pue dnoyo | peyo-eyoemield
) g | elarew souw ‘weyo ‘ayoemARID Yeyeg -lBSeq-BloN
wsiydiowejaw sy | 2o ajloepodys Joutw
eioip zpenb pue ojuolp -osueelb ‘spusasy 1seaylou o 'SH00J OIJSB|DJUEDJOA PUB ‘OISE|D dnoso
068 Aurew aiwaylpuoy} ol PUE Yjiou ‘synej pue spjo4 -01Ad 21UBDjOA BlIoBpP pUR jESEq yeppip
oiqqeb:saues ejoip 15114 KuaBo3o BBy : :
wsiydiowejaw saloey
ejyolp zpenb elnuesb o} eyjoquudwe| ¢ aqieW
sce pue sjuolp Aluiew' ejwe pue Bujwop ssiaub srel| = Youyi Ajjeoo] ‘syo01 onsejoIueD dnoin
-0/ -yfpuos} o} oiqgeb :oiqqeb ‘wsiydiowelaw s m -JoA pue Syo01 onsepoiAd pue yejqy
SBLS Bllolp puodas | -yosuaaibispuan iseayuou| ¢ ajueDjoA ‘Dl0EpoAY O] Jjeseg onISapUE-Ia
ssloub ellloipouein) | pue yuou ‘sjnej pue spjo4 r__lh o
:Auaboio yehuey
059 anuesb | wsiydiowejaw syyosuaalb SIUOWIPSS ONISEPIVESIOA | dnoso
-009 ‘o1qqeb ‘sjuoip ajeulp ‘yljou .m.::ﬂ pue spjo4 pue wxu.oh onsepoikd pue | veqeley
-)ogns ‘ejjuozuow zPeND :Auebolo piye s M oluEojon ‘BN0AY! O ElISOpUY
6 wsiydiowejew | =
015 eluel sisiyosueaibispuan | T aigiew Yoyl Ajjeooj dnoso
‘oiqqeb ‘ejuolp ajeulp j ‘altjoAys pue ajisepue Jouiwl
0SS ‘elLOZUOW ZM5EN ylsou ‘sjinej pue spjo , wAeib 5 BWEPINW
-jogns ‘ejjuoz 14enp :Ausboio yeysig ayoemAesb pue sjesawo|buon
(¢) , dnoio
sjuoipoueib o) ejueIn - - sonsepo Joun | rewweys
0Ls pue ‘ajAyoel) ‘aljohyy :
Buninej youaum [esale| 8UO]SBWI BULBW PUB ‘S0 |  dnosgy pesoydiousejow
0€S ajoipoursb o} 8liueID -ya) Buipuai-lsamuylioN OlUBDJOA JOUIU ‘SY00! DNSEID | yejkeanr -UoN
:buniney pleN
Kw
¢ ) WSINOLNTd S300SIda WSINOLOIL SIdALMOOH HOMVIN SLINN | STOVIGWISSY

S3oV




,/
Vs
’
‘ ’ //
et
\ T TN Iraq
ThIiiiiing

A SRR
X

[ AN
SRR :
~ _\,’\/,\"\-'\/\ll."" et e e
o — NPIADEISDI L -ArRiyadh:: .y s
‘\\,-.\\// ’/\/ '-'o--'..,:::,\ A ey
-~ /Ny ~/ seeessee PO
o 73 Jeddahv.\,( 7 M PR
e PR
22 v~ |
%‘ —‘,\'J"\'/\’\/‘/_‘ :..,..‘ e
DA Sy
< AV S .
Sudan $ S S SRS SRS T
\__/z L frecesesncas e vres e eseeveaan /7
VESAVAYZ AR R MDD errevenes,”
‘,_1\1- cessesse v '-...”)/
N R R R e
\‘l— . »..)_4’ \\
- \NZ2NYT \
yo- A
\

-18

Paleozoic-Quaternary
Precambrian Basement

©

56

o

A5‘2

o
48

graphical pames.

Arabia, showing ge0

Fig. 1.1 Simplified ge

ological map of Saudi



10

AGE WESTERN ARC TERRANCE EASTERNTERRANES | o mionaRY
M ' E
Ma) I Mipyan HIJAZ ASIR AFIF AR RAYN PHAS
500 doi i T EPI
SERIMERTATON. . CONTINENTAL
""" SUBSIDENCE
NAJD WRENCH FAULTING =
GRANITIC PLUTONISM AND CALDERA FORMATION 5
MOLASSIC SEDIMENTATION INTRA- | 2
600 - CRATONIC §
: :
Q [&]
1§c1: e N (7 o
HUYANBU H P < < o[ NABITAH L=
' SUTURE frrgrre Bl MICROPLATE
H ? HiH
200 - (AGE 7). omure ACCRETION
ARC w o
MAGMATISM < § < T — & 2
=z <
( age ?) T} @
OROGENY ARC § 3
MAGMATISM ? ) g %
800 - R ? &
. ENSIMATIC =)
g 2 (& w
ARC > c >
DIIIIDIN, < PN E
a b =8
G % o <
< a
§ ASlR ’ < 2
900 ¢ ENSIMATIC 3
< ARCS K669
S
950- '::”x':x;xxxxsx:x;x"";:a':’:':s:x;:ss:t;;;g;':g;;ggggg':s'g;;ggg:ggg;;;;;g;;;;;ggg;;g; CONTINENTAL
1200 GENE”A“O”OF”EWOCEAN'C°F‘”S“”DF"”'W‘RG'”A”‘OCKUN”S RIFTING
1200 /. ATTENUATED smuc\;,;\;:; CRATONIC
[0y BASEMENT.. . .S

Fig. 1.2 Showing the evolution of the Arabian Shield (Adapted from Stoeser & Camp, 1985).




11

‘1G61 ‘uosusy woy pardepy) einsurusg ueiqery ay) dew JjIomaweIy O1u010dY, €1 ‘81

(8861 ‘unophog

sixy uejs‘ep-jbny

Yoy Jnowesypey

uegeln quepw-jnep

uiseg lieyy-je-qny

Yoy sie4 -iejed

Yyouy ueiqesy |esuen

welsAs ybnos) pue ueqes ueiqery jenuen
(lems) yauy uprep-esp'en-jrey

ueqein) sejeydny

wejsAg seunjoelq juoae

@O

SICICICIGICIC,

SANLY34 IVHNIONHIS WdIDONEd
SOu0Z j|n84 jedipulg S44ra

(Aurey snoedelern °n) sexeidiion alllelydoyeiuejoipey oH

(1sn13 9)ue30 MEN) seuoz oneubepy §
seddeN Alaeln Jopue Buysniy) jo euoz WMM“NOW
Buipjo} snouoyiyooIny siopt

® sybnoi |ouibre eusBoep jo suoz !

sybnory yoed|4
Jeuibiey snoeoejei) Jeddn jo euoz

jleys ejqeisun

jleys eiqeig m
}leys e|qels Jo 1eAo) di0zeus)-
910Z0SBN OWOS UM PoIyS UBlqNN-0qelY g

aN3o

==

vai030s

u,

Hve

v s w e AW wW N e oW

P L R B B R I |

® 0w ow NN XN NN AN
* x w ®E T NURERENRS
« x oW EE AW XA XN

“ « % W N s omo®owoEEREERRYEK M

% % oW oS R oxew W owW WM WEWER
. . .

M

.1}




12

R}
1)
< FORM 2
& PERICD ATION | MEMBER Zj E LoG LITHOLOGY
T
’— -
o tiassic  |Minjur ‘| Sandstone ; poorly sorted, reddish Shale
o . .
3 ) ) va Z| Dolomite ; limestone ; shale
5 Triassic Middle Jith P AL e—éiL gypsum : sandstone
= Early  |Sudair b Shale , red | green ; sandstone ;
S D M A PAPAY dolomite ; gypsum
Early = : Limestone . aphanitic ; dolomite :
Khartm E===== calcarenite P
Permian To Midhnab — —— —4 Clay ; gypsum
ff = - A .
Late |KMV oo j=———=—t——r Limestone ; dolomite ; clay
-{ Sandstone, fine-grained ;
Carbon Unayzah shale ; claystone
ferous %eusr‘rf:é" Berw Sandstone , fine to coarse-grained,
© | ath - argillaceous ; shale ; siltstone
Givetian U.Sandstone | Sandstone ; silistone ; shale ; lighite
————— Hammamiyat ——C—"——— Limestone ; calcareous shale
Jauf [ subbat —-_~_-7=7=3 Shale , silty , gray , red
Emsian e
Sha iba = == === Shale ; sandstone
Siegenian Tl - || Sandstone , medium to coarse-grained
e e ] clay , red ; siltstone
Late Sharawrah Siltstone , fine-grained, micaceous
Ludlovian -y
Q = Shale , gray , green
= usaiba .
o Middle = = — ——_—_ Shale silty
5 A | Ludiovian O . .
~ | Silurian Early - Sarah Sandstone , fine-grained,red,brown
3 Luaﬂv)ilan Tabuk green ; shale, micaceous ; diamictites
L(f To Middle Sandstone, clayed, gray
o Wenlockian Sandstone shale. m!caceous )
Raan | Shale. micaceous, gray : siltstone
" Ulandelian | - Sandstone, medium to coarse-grained
To Sandstone clay, gray
Llanvirnian sandstone. medium grained. micaceous.
Ordovician | Arenigian Hanadir Clay, grey ; shale ; siitstone .
Sandstone, fine to medium-grained
—_— white, yellow brown.
Sandstone, arenaceous, poorly cemented
® medium to fine-grained, cross-bedded
s or massive, variegated
S reddish-brown, black or maroon.
c
Camobrian 3 Sandstone, coarse-grained
o
3 sandstone, fine to coarse-grained

bededdor cross-bedded, red and yellow

Local conglomerate
Basal conglomerate

Pre-Cambrian

Basement rocks

Fig. 1.4 General lithostratigraphy scheme of centrel Saudi Arabia.
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Sag Sandstone Outcreps

m Approximate Subsuriace
Extent of Saq Sandstone

Fig. 1.7 Showing outcrop and sub-surface extent of the Saq Sandstone in Saudi Arabia.
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Cruziana
Red shale

Large scale cross-stratified sandstone, tan, vertical

burrows.

Cruziana
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Small scale cross-stratified sandslone..t:m. with
some shale.
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Upper Sa
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Fig. 1.8 General columnar section of the Saq Sandstones.
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CHAPTER TWO
STRATIGRAPHY AND FACIES OF THE SAQ SANDSTONE

2.1 Introduction

The Cambro-Ordovician Saq Sandstone, consists of at least 600m of
mineralogically and texturally mature sandstone (up to 95%) with subordinate shale,
siltstone, breccia and conglomerate. The area of study is more than 8000 Km?, forming a
flat surface with small hills up to 20m high, but in some instance rising up to 50m (Jabal
Al-Ghumayq, K-20; see Fig. 1.10).

With the dip of the beds being € 1° and with /no long continuous sections it is
difficult to established the precise stratigraphic position of individual outcrops on the
rough, stony desert, but this could be easily established where the upper contact with the
Hanader shale (Tabuk Formation) or the basal contact with the Precambrian-Cambrian
basement and Idwah Formation was exposed. The approximate stratigraphic positions
within the known outcrop belt were established using the exposure elevation, and
assuming a constant regional dip of one degree toward the northeast.

The objectives of this chapter are (1) To record the general stratigraphy of the Saq
Sandstone, (2) To provide detailed descriptions and interpretations of the component
facies (3) To discuss the nature of the processes controlling bed form migration in a

shallow marine environment.

2.2 Stratigraphic setting

The Saq Sandstone defined formally by Steineke er al., (1958) and originally
described by Powers et al., (1966) and Powers, (1968) as a uniform formation of white,
red, gray or brown cross-stratified sandstone. Delfour et al., (1982), Vaslet et al.,

(1985) and Williams ez al., (1986) have divided the Saq Sandstone into two members (1)
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a lower Risha member of coarse-grained and conglomeratic sandstone and (2) an upper
Sajir member of white fine-grained sandstone with silty layers and traces of organisms.

Al-laboun, (1982 and 1986), using sub-surface data, also divided the Saq
~ Sandstone into two members (1) a Lower fluvial facies and (2) an Upper littoral to
shallow marine facies.

In this study the stratigraphy of the Saq Sandstone is divided into three members
(Lower, Middle and Upper). The precise positions of the boundaries are not identified,
but the general differentiations between these members are based mainly on the change of
the assemblage of grain-size, sedimentary structures, thickness of the beds, presence and
abundance of trace fossils and colour. The Saq Sandstone generally fines and matures
upward.

Stratigraphically below the Saq Sandstone and well exposed in the area near the
village of Al-Idwah (Location K-26, see Fig. 1.10), is a red coloured group of rocks
referred to here as the Idwah Formation. Outcrops of this formation occur scattered either
as outliers within the Precambrian-Cambrian basement or as inliers beneath the base of
the Saq Sandstone.

The Idwah Formation comprises a flat-stratified red sandstone (up to 110cm) and
thick sequence of breccia (up to 75 c¢m thick), which most likely was derived from
underlying rocks. The sandstone is fine to.medium-grained quartz arenite, rrioderately
well sorted. The breccia is composed predominantly of angular to sub-angular quartz
clasts with some meatamorphic clasts up to 12cm in diameter. The matrix is poorly
sorted fine to very coarse-grained sand (Fig. 2.1).

The Lower Saq Sandstone is up to 110m thick, and lies unconformably on the
Precambrian-Cambrian basement and pre-Saq sediment (Fig. 2.2). The surface of
unconformity is typically flat. The sequence begins with a basal conglomerate and
breccia (<1 m thick) composed of mainly angular to sub-rounded quartz pebbles, most of

which came from the underlying pre-Saq sediments and basement.
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Most of the Lower Saq Sandstone consists of medium to coarse-grained, pebbly
red quartz arenite (Fig. 2.3). Less common lithologies consist of red and black shale,
conglomerate and breccia. The sediments are moderately well sorted.

Sedimentary structures are dominated by tabular planar cross-strata, and some
trough cfoss;strata, ranging in thickness betweén 0.1 to 4m (Fig. 2.4). Deformed cross-
strata are common in the lower part of the sequence, the style of deformation ranging
from overturned to convoluted foresets. The foreset dip angles average 21°. Most of the
cross-strata exhibit sharp bases with truncated tops. The Lower Saq Sandstone has not
yet yielded any body or trace fossils.

The Middle Saq Sandstone (up to 420m) is characterized by medium-grained quartz
arenite with subordinate fine conglomerate, siltstone and shale occuring throughout the
sequence (Fig. 2.5). The sandstone is medium to coarse-grained, moderately well sorted
(Fig. 2.3). Tabular planar cross-strata are the dominant sedimentary structures
throughout the sequence, ranging in thickness between 0.1 to 6.5m with an average of
1.63m (Fig. 2.4). In the Middle Saq Sandstone the first best developed tidal sand bars
appear, especially in the middle of the sequence (Location K-16) where the thickness of
the bar is up to 7m. Cruziana occurs in more than 5 levels of the stratigraphic sequence.

The Upper Saq Sandstone, which consists of 55m of stratigraphic sequence is
dominated by cross-stratified micaceous quartz arenite, with subordinate shale and
siltstone (Fig. 2.6). The sandstone is fine to medium-grained, well sorted to very well
sorted (Fig. 2.3). Thicknesses of cross-strata range between 0.1 to 3.5m with an average
of 0.87m (Fig. 2.4). Most of the cross-strata foresets exhibit sharp bases with truncated
tops. The fine sediments (shale and siltstone) are more abundant than in either the Middle
or the Lower Saq Sandstone. Cruziana trace fossils of wrilobites and body fossils, mainly
brachiopods, also occﬁr. The fossils are sometimes in thick concentrated shell beds
where they are often very broken-up.

The upper part of the sequence represents progradational beach-shoreface deposits.
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More than 1500 palaeocurrent readings from the Lower, Middle and Upper Saq

Sandstones, were measured. As the Saq Sandstone are nearly flat-lying (< 1%) no

correction for tectonic tilting was required. The palaeocurrent directions are generally

unidirectionals, towards the northeast (Fig. 2.7).

2.3. Shallow marine environment

A shallow marine environment is envisaged for part or all of the Saq Sandstone, for

the following reasons :

)
2

3)

4)

o

The presence of brachiopod shells in the Upper Saq Sandstone.

Abundance of trace fossils (Cruziana) at more than five levels throughout the Saq
Sandstone. These trails were produced by trilobites, which were exclusively
marine organisms and their tracks can be considered to be direct evidence of marine
conditions (Sielacher, 1970; Selly, 1970; Goldring, 1985).

The presence of beach deposits, comprising low-angle cross-strata dipping
northeast, with many heavy mineral bands characteristic of upper foreshore beach
deposits (Thompson, 1937; Clifton, 1981).

The highly maturity of the sandstones which could reflect inheritance from a pre-
existing mature sandstone. The (_:onsistent maturity of sandstone in these deposits
suggests that the environment was too energetic to allow first cydé sand from the
basement to be present.

The high abundance of cross-stratification in the Saq Sandstone. Many Late
Precambrian and Early Cambrian offshore shallow marine successions are
characterized by abundant of cross-stratification (e.g. Pryor & Amaral, 1971; Sweet

& Smitt, 1972; Hereford, 1977).

So, with absence of any evidence of subaerial exposure in the Saq Sandstone; the

absence of channelling and fining-upward sequences which characterize alluvial deposits,



23

along with features which have been listed previously, the Saq Sandstone is interpreted as

shallow subtidal marine shelf deposits.

2.4 Tide-dominated shelf

Tidal currents are thought to have deposited part or all of the Saq Sandstone. The

Saq Sandstone is thought to have been deposited on a tidally dominated shallow shelf for

the following reasons :

(A) Large scale sand waves (bars) associated with marine trace fossils (Cruziana) have

(b)

©)

d

©)

been found throughout the Saq Sandstone. These are not found as active features
in tideless seas (Narayan, 1971; McCave, 1973; Anderton., 1976; Nio ez al., 1983;
Smith & Smith, 1988, Allen & Homewood, 1984; Houbolt, 1982).

Unimodal palaeocurrent cross-strata associated with reactivation surfaces.
Reactivation surfaces could have been formed when the tidal current was
asymmetric (ebb dominant), with the bed-form migrating in response to the
stronger tidal current. The subordinate current (flood) was in some instances
strong enough to erode the crest and the lee face of large sand waves to create
reactivation surfaces (Level, 1980; Driese et al , 1981).

The abundance of cross-stratification. Many ancient tidal offshore shallow marine
sandstones are reported to be abundantly cross-stratified (Pryor & Amaral, 1971;
Sweet & Smett, 1972; Dott & Batten, 1971; Hereford, 1977; Banks, 1973;
Soegaard & Eriksson, 1985).

Mud-clasts are not entirely a diagnostic feature of tidal deposits, but in association
with other features could indicate tidal current activity. Mud-clasts could be formed
by break-up mud drapes which were deposited during slack periods of tidal
currents (Terwindt, 1971; Allen, 1980).

The large volume of sand and the high ratio of sandstone : shale. These criteria
along with other features suggest that tidal currents are the only mechanism capable

of transporting a large volumes of sand offshore. There is little fine sediment,
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suggesting that the tidal processes were active over much of the shelf. Storm-
generated currents are capable of moving large quantity of sand offshore, but storm
deposits have not recognized anywhere in the Saq Sandstone and the cross-strata
are far too thick for storm deposition.

(f)  Association with beaches.

In summary, the Saq Sandstone is thought to have formed in an extensive tide-
dominated shallow shelf environment and included some near-shore beach deposits.
There are few if any deposits which may be clearly interpreted as being the result of storm

deposition.

2.4.1 Tidal currents and unidirectional flow

Palaeoflow throughout the Saq Sandstone is unidirectional in a north-northeasterly
direction, except in few localities (e. g. K-16, K5, K4) the cross-strata dips are bipolar-
bimodal distributions. The consistency and similarity of the palacoflow orientation of the
sand sheets and bar fields suggests a very uniform dispersal system throughout the basin
of deposition.

Many workers have reported unidirectional palaeocurrents from sandstones that are
interpreted as shallow marine tidal deposits (Narayan, 1971; Banks, 1973; McCave,
1973; Anderton, 1976; Nio, 1976; Level, 1980; Allen and Homewood, 1984; Santisteban
& Taberner, 1988).

Levell, (1980) has attributed the unidirectional palaeocurrents in the Lower
Sandfjord Formation in north Norway to three mechanisms, operating in shallow marine
environments:

(1) Regional transport dominance.

Stride, (1963), Belderson & Stride, (1969) and Kenyon & Stride, (1970) have

documented persistent transport dominance over several hundreds of square

kilometres of seafloor which results in unidirectional transport paths. This arises

because sediment transport during one tidal phase systematically exceeds that
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during the other. This asymmetry of thé tidal ellipse is caused by the way in which
the tidal wave is propagated into the basin as a whole, and thus depends upon the
shape of the basin (Johnson & Belderson, 1969 ; Mofjeld, 1976). When the
subordinate current is below threshold, or the volumes of sediment it transports are
small the structures produced by reversing currents are obliterated, and the
dominant current is left as the sole record and is represented in the larger types of
bedforms. A unidirectional cross-stratification then results.

Local transport dominance.

On a smaller scale than (1), this is likewise due to the deformation of the tidal wave
by'bottom friction, reflection shielding (Postama, 1967) and can result in transport
dominance capable of prodhcing unidirectional cross-stratification(Terwindt,
1971).

Preservational considerations.

(A) Large bed forms commonly display partial reversal when the subordinate tidal
current produces a cut-back form (Van Venn, 1935; McCave, 1971)

(B) The lateral migration postulated for large subtidal sand bars (Houbolt, 1968;
Caston, 1972) is extremely regular, and may lead to the preferred preservation of
only one element of the ebb/f_lood circulation system, and hence to unidirectional

cross-stratification.

Levell, (1980) argued that these mechanisms cannot be used to explain unimodal

palaeocurrent patterns in tidal sandstones that are hundreds of meters thick, simply

because a series of bar and inter-bar deposits affected by different dominant current

directions would be expected.

Although all these processes could contribute to unidirectional palaeocurrent

patterns, reinforcement of the tidal current by other unidirectional basinal currents, such

as wind-driven and oceanic currents is the best explanation for unimodal palacocurrent
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patterns throughout a thick tidal shelf sandstone (Johnson & Stride, 1963; Levell, 1980;
Anderton, 1976; Johnson & Baldwin, 1986).
In the absence of any evidence to the contrary, most of the unidirectional

palaeocurrents of the Saq Sandstone are assigned to strong asymmetrical tidal currents

2.4.2 Ebb or flood
The tidal currents are thought to be ebb for the following reasons:

(1) From a consideration of the Cambro-Ordovician palacogeography (Fig. 6.3) it is
evident that the Afro-Arabian shield existed to the west and the Cambro-Ordovician
deeper water, fine-grained sediment occur in east and northeast.

(2) The strike of the beach deposits. The beach sediments comprise shallow dipping,
upper foreshore strata which consistently strike roughly N-S and dip to the E. This

indicated that during regression the coastline built East into the basin.

In addition to this two factors, facies distributions and palaeoflow pattern (NE)
indicate that the Cambro-Ordovician shelf sloped gently to the north-northeast, where
tidal current circulating the shelf (rotary tidal current ?). Also the area of study (8000
sz) formed a small part of a larger shelf, which could record only one direction of tidal
. currént (Ebb), where a stratigraphic horizon may show unimodal but opposéd to flow
patterns in different places due to non-coﬁcspondence of ebb and flood current pattern
(Rust, 1977).

A possible explanation for ebb-domnated shallow shelf is illustrated in figure 2.8,

where a large scaled rotary tidal regime is postulated.

2.5 Facies description and interpretations
The sediments of the Idwah Formation and the Saq Sandstone can be divided into
15 sedimentary facies and subfacies based on lithology, grain-size, sedimentary

structures, thickness of the beds and presence or absence of trace fossils. Facies were
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first defined at type locality and then identified in other outcrops. Distributions of facies
and subfacies are shown in Figure 2.9 and Table 2.1. |

In course of the study of the Saq Sandstone two terms (megaripple and sand wave)
have been used to described the bedforms, which are thought to have generated the cross-
strata. A megaripple is a bedform, which deposits a single unit of cross-strata with a
thickness less than or equal to 70 cm. A sand wave is used to described bedform which

deposited a single unit of large scale cross-strata with thickness more than 70 cm.

2.5.1 Facies 1: Small-Medium scale grouped cross-stratified sandstone
This facies is volumetrically the most abundant throughout the Saq Sandstone

(more than 56% of tofal Séq Sandstone seduénce). It corﬁpr‘ises'variable thicknesses of

small-medium scale cross-strata, ranging from 8 to 70cm thick. This facies -can be sub-

divided into three subfacies.

2.5.1.1 Subfacies la: Sand sheets with inclined boundaries: Top-sets

This subfacies is dominated by small scale tabular cross-strata, ranging in thickness
from 8 to 70cm (Fig. 2.10), with high angle foresets (18°-269). It rests sharply or, less
frequently tangentially, on the underlying sediments. The upper contacts are generally
~ truncated, where the boundaries are climbing down-dip (Plate 2.1). It is composed of
medium to coarse grained sandstone, with some pebbles, showing moderate to good
sorting in the Lower and Middle Saq Sandstones, and fine-grained sandstone in Upper
Saq Sandstone (Fig 2.11). The small scale cross-stratified sets may increase in thickness
down dip (in the palacoflow direction) to become large foresets (Facies 2). This
subfacies occurs most commonly on the top of large scale cross-stratified units (Facies
2), where it may form cosets overlying these larger bed forms.

The sand sheets with inclined boundaries subfacies (1a) form 15% of the whole

Saq Sandstone sequence, but are more abundant in the Middle Saq Sandstone where they
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form 19% of the sequence forming 14% and 10% respectively in Lower and Upper Saq
Sandstone .

More than 400 dip orientation directions of planar tabular cross-stratified sandstone
have been measured from the whole Saq Sandstone sequence and plotted as rose
diagrams (Figs 2.12 to 2.14). The statistical parameters are summarized in Table 2.2. A
unidirectional palacocurrent pattern toward the north to northeast is the dominant pattern,

except in locations K5, K14 and K16 where the palaeocurrent is bidirectional.

Process interpretation

The deposits of the top-set subfacies (1a) developed in response to migration of
superimposed straight crested megaripples on the crest and stoss (landward) side of
submarine bars (sand waves). Because the landward side of the bar received the
dominant ebb tidal current, the cumulative effect of the tidal current was to transport the
finer sediment at a faster rate than the coarser fraction which is transported as bedload.
This coarse sediment is retained within the megaripples which built the cross-strata. The
fine sand which by-passed the megaripple field or was directly transported from the
landward side was deposited down-current on the lee (seaward) slopes in facies 2 and
facies 4. Subfacies 1a may merge or ir}tertongue with the underlying large scale cross-
stratified sandstone (Facies 2). This intertonguing is produced when megaripples migrate
up the stoss side of larger bed-forms and over the crest to deposit sediment on the lee
face. This is typical of modemn shallow marine environments where small megaripples
(Subfacies 1a) are developed on the surfaces of large sand waves (Belderson et al.,
1982).

There is a weak positive relationship between the thickness of adjacent small scale
cross-stratified sandstone units (Subfacies 1a) and large scale cross-stratified sandstone
units (Facies 2). This correlation is clearer in the Middle Saq Sandstone where the bars

are better developed (Fig. 2.15).
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The correlation between the thickness of this subfacies and that of the underlying
large scale cross-stratified sandstone (Facies 2) may illustrate the effect of scale : larger
foresets have larger top-sets.

The unidirectional palacocurrent pattern is a result of migration of megaripple bed
forms within an asymmetric ebb-dominant tidal current. The bidirectional pattern in
locations K5, K14 and K16 is attributed to the tidal current where the flood current was
strong enough to transport sediment and generate cross-beds with reverse directions of
flow.

This may be also due to the deflection of the tidal path by the topography of the
sub-marine dune field, it may also be the result of a complex mixing of more than one
tidél current. However since there is a consistency in the palaeocurrent pattern

throughout the Saq Sandstone, the former explanation is more probable.

2.5.1.2 Subfacies 1b: Interbedded cross-stratified sand sheets and shale
This subfacies is characterized by alternating sheets of cross-stratified sandstone
and shale. It is usually seen to occur between the big bars (e.g. bar at location K16).
The sandstone units form more than 85% of this subfacies. The cross-strata range
between 10 to 70cm thick (Fig. 2.16; Table 2.3), with nearly-horizontal bounding
surfaces (Plate 2.2). The sandstone is fine to medium-grained quartz arenite, moderately
well sorted (Fig. 2.17). Foresets usually have both a sharps base and tops. The shale
may occur as lenses in sand sheets (Fig. 2.18) or as interbedded shale and sand sheets
(Fig. 2.19). The shale is a red weathering black shale, with thin parallel-laminated sand
strata. The palaeocurrent pattern for this subfacies is unidirectional northeasterly (Fig.

2.20 to 2.22) and the statistical parameters are summarized in Table 2.4.

Process interpretation
The interbedding of sheet of cross-stratified sandstone and shale implies that this

facies was deposited in a region of the shelf characterized by fluctuating current strength.
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The cross-stratified sheets of sandstones were deposited by migration of straight crested
megaripples in response to an asymmetric tidal current. This subfacies may have been
formed by tidal currents entering between the offshore bars (Kumar & Sanders, 1974;
Barwis & Makurath, 1978; MacCarthy, 1987).

During the intervals between deposition of sand sheets there little or no current
activity and mainly muds were laid down from sediment in suspension, giving rise to the
,shale interbeds (Banks, 1973). It seems probable that the shale could be deposited in at
least three ways (1) directly from suspension during the subordinate tidal flow (flood);
(2) as an end member of tidal sand paths (Anderton, 1976) and (3) as sediment
accumulating to the side of net sand transport paths (Stride ez al., 1982).

However, during the periods of dominant flow (ebb) the cross-stratified sandstone

was deposited by the migration of megaripples.

2.5.1.3 Subfacies 1c: Sand sheets with flat boundaries

This subfacies consists of sheets of small scale cross-stratified sandstone ranging in
thickness from 10 to 70cm (Fig. 2.23). The sandstones are fine to medium-grained
quartz arenite, moderately well sorted (Fig. 2.24). The subfacies forms a high
topography (Fig. 2.25), where it comprises the most extensive subfacies throughout the
Saq Sandstone (32% of the total Saq Sandstone sequence). The majority of the cross-
strata are tabular sometimes as planar sheets and sometimes as wedges, with nearly
horizontal boundary surfaces. Trough cross-strata are present. The cross-strata foresets
exhibit sharp bases, with no evidence of erosion, and truncated tops.

Observations on these sheets shows that this subfacies is characterized mostly by
uniform cross-strata thicknesses with small range of standard deviation (Table 2.5).

The palaeocurrent pattern is genérally unidirectional to the northeast (Figs 2.26 to

2.28), and the statistical parameters are summarized in Table 2.6.
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Process interpretation
The cross-stratified sheets of sandstone were deposited by migration of straight
crested megaripples in response to asymmetric tidal currents.

This subfacies may have been an early stage of formation of marine bars.

2.5.2 Facies 2: Large-scale heterogenous cross-stratified sandstone

This facies comprises large scale cross-strata, and is the most important facies,
forming 28% of the whole Saq Sandstone sequence. It is particularly abundant in the
Middle Saq sandstone where it forms 36% of the sequence; and is less common in the
Lower Saq where it is only 19% and the Upper Sag Sandstone wherg it forms 8%.

The large scale heferogenous cross-stratified sandstone facies (Plate 2.3) is
dominated by large foresets which in some cases persist for more than 70m laterally, and
range in thickness from 1.3 to 6.5m (Fig. 2.29). It is generally in medium to coarse-
grained sandstone in the Lower and Middle Saq Sandstone and in fine-grained sandstone
in the Upper Saq Sandstone (Fig. 2.30). It contains some well rounded quartz pebbles
and rare mud-clasts, none of which exceeds 7cm in diameter (Plate 2.4). The sandstones
of this facies are moderately well sorted to well sorted based on grain-size analysis.
Foreset beds are 1 to 9cm thick and display changes in grain-size and structure when
traced along the length of the bar. In the upstream section the strata are massive and
ungraded but they are normally graded in the downstream regions (Plate 2.5). They
range from coarse-grained strata to fine in a downcurrent direction. They are either
gradational upward into top-sets (Subfacies 1a) or more commonly truncated by erosional
surfaces overlain by small scale cross-stratified. The lower boundaries of the cross-strata
are usually sharp, and in only some instances are tangential. The angle of foreset dip
ranges between 19° to 28° and this value decreases down-current, presumably indicating
a strengthening current (Stride er al., 1982). A single cross-stratum may, along its
length, change from tabular-planar foresets near the crest to tabular-tangential foresets

near the base.
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Soft-sediment deformation like convoluted and overturned foresets are rare in the
Lower and Middle Saq Sandstone (Plate 2.6), sparse examples of vertical burrow tubes
occur within the large foresets (Plate 2.7). There are few reactivation surfaces in this
facies and these dip at low angles (Plate 2.8).

Over 500 measurements of direction of dip of cross-strata were made from this
facies. The palaeocurrent directions of large scale planar cross-stratified sandstone facies
are unidirectional at any one locality. A general north to northeasterly trend is indicated
by the regional palaeocurrent pattern which remained fairly constant throughout the Saq
Sandstone (Figs. 2.31 to 2.33). The statistical parameters of the palaecocurrent directions

are summarized in Table 2.7.

Process interpretation

Large scale cross-stratified sandstones have been reported in several environments;
large rivers, deltas, estuaries, aeolian sand seas and shallow marine shelves. The Saq
Sandstone lacks any fluvial and deltaic characteristics such as channel forms; lenticular
sand body geometry; lenticular cosets with scour surfaces at the bases; overbank
deposits, or any evidence of subaerial exposure. Characteristics of an aeolian
enviroqment such as climbing translatent strata or sandflow toes (Hunter, 1977, 1981;
Kocurek, 1981; Blakey, 1984) are also absent. The presence of Cruziana trails (Plate
2.11), body fossils and the association with beaches all point to an origin in a marine
environment. The abundance of cross-stratification and the absence of storm layered
deposits or hummocky cross-strata favour a high energy, shallow marine, tidal
environment.

The large scale cross-stratified sandstone facies was deposited in a strong, time-
velocity asymmetric, tidal current regime by the migration of relatively straight crested

sand waves (Dalrymple et al., 1978; Allen, 1980).
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The repetitive foresets without mud-drapes are similar to features described by
Boersma & Terwindt, (1981), Allen & Homewood, (1984), Dalrymple, (1984) and
Harris & Erikson, (1990).

The small scale cross-stratified sandstones (Subfacies 1a) which are superimposed
on the large scale cross-stratified sandstones (and which erodes the tops of the large ones)
were formed by migration of straight transverse crested megaripples which fed the slip-
faces of the sand waves by avalanching. Avalanching down the lee side of the sand
waves takes place in response to oversteepening produced by deposition of bedload at the
brinkpoint of the sand wave (Allen, 1968; Allen & Homewood, 1984).

In strong tidal regimes flow separation develops on the lee side of sand waves
under conditions of time-velocity asymmetry. The resulting unidirectional currents
produce steep avalanche foresets migrating in the dominant flow direction (ebb). The
large scale cross-stratified facies resulted from north-northeasterly migration of large scale
sand-waves in response to extreme time-velocity asymmetry of tidal current (ebb-
dominant). Reference to Allen’s diagram (1968, Fig. 6.4) showing the correlation
between water depth and sand wave height shows that 6.5m high sand waves are likely to
occur in 40-45m of water.

The reason why this facies is not characterized by abundant reactivation surfaces is
that the subordinate currents (Flood currents) were mostly too weakv to erode and
transport even a small quantity of sand. However occasionally they were strong enough
to create some low angle reactivation surfaces (Mowbray & Visser, 1984; Boersma &
Terwindt, 1981; Houthys & Gullentops, 1988).

The mud-clasts deposited on the large foresets are thought to have been produced
from the break-up of thin mud drapes formed on the large foresets during periods of low
sediment transport. The mud could be ripped up during strong ebb-tidal currents to form
mud-clasts, and redepositing as intraformational conglomerates.

On the basis of numerous observations on partially exposed structures comprising

large scale cross-strata the evolution of structure of the large scale foresets could be
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organized in two stages: stage A beginning with the formation of small scale cross-strata
(subfacies 1a), characterized by massive ungraded avalanching foresets with coarsing
grains, and stage B late stage of growing of the larger fine to medium graded foresets
(Fig. 2.34). Graded foresets have been attributed to avalanching of sediment previously
sorted by smaller bed forms, superimposed on the stoss side of the large sand waves
(Hooke, 1968; Smith, 1972).

Overturned and convoluted foresets are attributed to the action of rapid
sedimentation on inclined surfaces during the ebb-dominant tidal current which cause
overloading that resulted in differential liquefaction and hydroplastic flowing of sediment
(Allen & Banks, 1972; Reineck & Singh, 1973). Similar deformation structures have
been reported from many vshallow marine sandstones (Banks, 1973; Anderton, 1976;

Johnson, 1977 and Swift er al., 1987).

2.5.3 