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ABSTRACT

The Cenomanian Galala Formation is composed of a thick mixed siliciclastic-carbonate facies outcropping in the
north Eastern Desert, Egypt. It was deposited on a passive continental margin of southern Tethys. It displays a lateral
facies changes in the form of a homoclinal ramp that is divided into two environmental settings; proximal and middle ramp.
The proximal ramp is characterized by the silicclastic-dominanted coastal marine shoreface to peritidal facies and the
mixed siliciclastic-carbonate intertidal-supratidal facies. The middle ramp includes three facies types; the peritidal, shallow
subtidal and deep subtidal facies. The facies distribution on the middle ramp points out to that the ramp was drowned
under the effect of local tectonic subsidence due to the east-west Tethyan tectonic movements during the Jurassic rifting
forming an intra-ramp basin at the Southern Galala. The dominance of the carbonate facies in the northern part of the study
area reflects that it was subjected to structural uplifting under the effect of the Syrian Arc System to form a carbonate
buildup at Gebel Ataqa.

INTRODUCTION

Ahr (1973) defined the ramp as a carbonate platform that is characterized by having no pronounced break in slope
from the coastline to the deep water. Markello and Read (1981) subdivided the ramp system in southeast Virginia
Appalachian into three zones; the peritidal carbonate platform (shallow subtidal to supratidal), shallow ramp (ooid sand
shoal, above the fair weather wave base) and deep ramp (ribbon limestone lithotope, below the fair weather wave base).
Read (1985) gave two types of ramps; the homoclinal and the distally steepened ramp. He (op.cit) stated that the lack of the
reefs is a characteristic feature of ramps. Wright (1986) classified the carboniferous ramp of South Wales into three zones;
the inner ramp zone dominated by oolitic grainstones and peritidal facies, the mid ramp zone of bioclastic limestones
below the fair weather wave base and the outer ramp zone that consists mainly of muddy bioclastic limestones developed
below the storm wave base. Burchette and Wright (1992) subdivided the carbonate homoclinal ramp environments into
three settings; the inner ramp (shoreface, sand shoals or organic barriers and peritidal facies deposited above the fair-
weather wave base), the mid-ramp (between the fair weather wave base and the storm wave base) and the outer ramp
(below the storm wave base). Tucker et al. (1993) categorized the carbonate ramps into three regions; the back ramp,
shallow ramp and the deep ramp. Keller (1997) documented that the homoclinal ramp facies are dominated by tidal flat
deposits with oolitic shoals and bioclastic limestones.

The Galala Formation (Cenomanian) represents a ramp model that displays a change in facies from south to north.
It occurs in dissected localities, in the north Eastern Desert, separated by east-west faults as found in Gebel El-Zeit,
Southern and Northern Galalas, Gebel Ataqa and Gebel Shabraweet. In spite of the Galala Formation was studied in detail
by numerous geologists concerning the sedimentological and paleontological (e.g. El-Akkad and Abdallah 1971; Al-Ahwani
1982; Metwally et al. 1995; Abdel Shafy et al. 2002; Khalifa and Kandil 2004, Abdel Gawad et al. 2007, Khalifa and El-Ayyat
2007 and El-Ayyat and Khalifa 2010), the regional vertical and lateral facies changes associated with tectonic movements
still need more investigation.

The main aims of this study are: 1). to determine the lithofacies distribution of the Cenomanian Galala Formation
from south to north to predict the changes in depositional environments. 2). to suggest the depositional evolution of the
ramp facies of the Galala Formation; 3). to reconstruct the paleo-tectonic configuration, dominated meanwhile the
sedimentation period during the Cenomanian time. 4). to propose the depositional history of the Galala Formation.

Geological Setting

The north Eastern Desert of Egypt is situated at the northern edge of the African-Arabian Craton and was subjected
to tectonic movements during the Late Cretaceous-Early Tertiary by east-northeast-oriented dextral wrench faulting (Kuss
et al. 2000). Alpine Orogeny was a consequence of the collision between the African and European plates. It was resulted in
the closure of the Tethys and development of an overall pulsed compressional regime across North Africa from mid
Cretaceous to recent time (Bosworth et al. 1999). The Syrian Arc system may be considered as a phase of the Alpine
Orogeny that affected the Upper Cretaceous sediments in the Eastern Desert. The Upper Cretaceous sedimentary rocks in
the northeastern Desert of Egypt were affected by the Syrian Arc System that dominated from Late Cretaceous up to the
Early Tertiary times (Guiraud and Bosworth 1997 and Bosworth et al. 1999). The anticlinal folding structures that
characterize the Syrian Arc fold belt were formed during the closure of the Neo-Tethys as a result of the convergence of the
African and Eurasian plates. It was affected by the reactivated deep-seated faults that dominated during Late Triassic-Early
Jurassic, accompanied with the opening of the Neo-Tethys (Kuss 1992 and El-Hawat 1997).
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In general, it is accepted that the major tectonic movements were started in the Late Cretaceous, but the timing of
first compressional pulses is a subject of many debates among geologists, that may range from Cenomanian to Campanian.
Differential subsidence along reactivated deep seated faults during the Late Cenomanian in the north Eastern Desert may
correspond with similar structural features in other adjacent localities in Sinai (Bauer et al. 2003) and in northern Africa
(Camion 1991).

The Cenomanian facies in Egypt were deposited under two realms on the continental passive margin; the southern
realm (or southern facies belt) and the northern realm (or northern facies belt). The southern realm is represented by the
deposits on the southern part of the passive margin; this may equivalent to the stable shelf of Said (1962) that includes the
siliciclastic facies of the Maghrabi Formation (Barthel and Hermann-Degen 1981) in the in south Western Desert (Dakhla
and Kharga Oases), the Bahariya Formation (Said 1962) in the north Western Desert and the Raha Formation in southern
Sinai (Ghorab 1961). The northern realm is manifested by the mixed clastic-carbonate facies that deposited on the northern
part of the passive margin; this may equivalent to the unstable shelf of Said (1962). This realm includes Abu Roash
Formation (Norton 1967) in the north Western Desert and the Halal Formation in north Sinai (Said 1971)

The Cenomanian Galala Formation covers part of the southern facies belt at Gebel El-Zeit and Southern and
Northern Galalas, where it consists mainly of silicilclastic-dominated facies. Gebel Ataga and Gebel Shabraweet lie within
the northern facies belt, where the carbonate facies dominated over the siliciclastics with a marked increased thickness

(Fig.1).
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Fig.1: A simplified and location map of Egypt shows the distribution of the stable and unstable shelves and the position of the studied sections
within them. Notice: the heavy dashed line marks the separation between the stable and unstable shelves.

Methods of Study

To accomplish the target of this study, the following steps were executed: 1). a detailed field work was carried out,
including measuring, describing, sampling, constructing litho-graphic logs and checking the boundaries between the rock
units of five representative outcrops covering the study area from south to north; Gebel El-Zeit, the Southern Galala, the
Northern Galala, Gebel Ataga and Gebel Shabraweet (Fig.1). 2). a total of about 850 rock samples were collected from these
measured sections. 3). the vertical and lateral lithofacies changes of the exposed rocks were traced from the southern to
the northern part of the study area. 4). the macrofossils encountered within the studied succession were identified in order
to recognize the possible depositional environments of the Galala Formation. 5). more than three hundreds thin sections
representing the different types of indurated rocks were selected, prepared and examined under the polarizing microscope
for their composition, texture, macro- and microfaunal assemblage. Selected thin sections were stained with Alizarin Red-S
and Potassium Ferricyanide following the method outlined by Dickson (1966), in order to differentiate between the
carbonate minerals and to delineate the ferroan and non-ferroan dolomite. 6). twenty five samples were analyzed using the
Scanning Electron Microscope (SEM) in order to elucidate their petographic criteria and textural relationships.
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FACIES ANALYSIS

Proximal or Inner Ramp Facies:

The inner ramp is the zone above fair-weather wave-base, where wave and current activities are almost continued
(Reading 1996). The proximal inner ramp setting is typified by the coastal marine shoreface clastics to peritidal mixed
clastic-carbonate facies of Gebel El-Zeit in the extreme southern part of the study area (Fig.2). The non-fossiliferous
clastics (sandstone, siltstone, and claystones) form more than 50% of the total thickness of the Galala Formation exposed
at Gebel El-Zeit. This environmental zone comprises two main dominant facies association that repeated vertically
throughout the formation, the siliciclastic and mixed clastic-carbonate facies. A legend for the rock types, recognized
constituents and sedimentary structures of the measured sections is given in Fig.3.

Siliciclastic-dominated facies:

The siliciclastic-dominated facies builds up the lowstand systems tracts (LSTs) of the Galala Formation at Gebel El-
Zeit. Such facies indicates a lowering in sea level and hence suggests proximal inner ramp facies. It includes two types of
facies; the coastal marine shoreface and the peritidal facies.

Coastal marine shoreface facies: This facies includes unfossiliferous coarse-grained sandstones in form of
ferruginous, siliceous and dolomitic quartz arenites (Fig.4A-C). These sandstones are sometimes cross-laminated and
most likely massive. The paucity of primary sedimentary structures and the absence of the biotic constituents, in addition
to the coarse-grained texture point to shoreface environment as a transitional setting between the subaerial exposure and
the shallow marine peritidal affinities (Olsen et al. 1999). The presence of cross-lamination in some layers indicates high
energy shoreface environment (Nishikawa and Ito 2000). The scarcity of terrigenous mud is supportive of the nearshore
coastal plain environment not far from land (Harris et al. 1997). The ferruginous, siliceous and dolomitic cements suggest
deposition in a shallow nearshore environment with intermittent subaerial exposure (Khalifa and El-Ayyat 2007).

Peritidal facies: The Peritidal facies comprises supratidal swamp and marshes facies, supratidal-intertidal facies,
and intertidal sand bars facies.

The supratidal swamp and marshes facies is mainly building up of fining-upward cycles at the uppermost part of
Gebel El-Zeit. It consists of very shallow marine restricted siliciclastic sediments that are represented by calcareous and
non-calcareous claystone, ferruginous quartz arenite and ferruginous sub-litharenite that are enriched in plant remains
(Fig.4D). The lack of preserved marine biota and the absence of organic sedimentary structures (i.e. bioturabation) indicate
a sheltered supratidal environment with a restricted circulation and elevated salinities (Elrick 1995). The plenty of plant
remains reflects a vegetated swampy supratidal facies (Bauer et al. 2001 & 2003).

The supratidal-intertidal facies comprises the unfossiliferous claystone, glauconitic claystone, sandy glauconitic
siltstone and flaser-, lenticular-bedded, inclined to vertical-burrowed sandstones with plant remains and wood stems
(ferruginous, dolomitic, siliceous and evaporitic quartz arenites and glauconitic dolomitic litharenite) (Figs. 4E& F). The
prevalence of quartz arenites characterizes the intertidal-supratidal settings of the inner ramp environment (Burchette and
Wright 1992 and Schuzle et al. 2005). The sandy glauconitic siltstone and glauconitic sandstone indicate intertidal facies
with normal salinity and slow rate of sedimentation (Genedi 1998 and El-Araby 2002). The vertical burrows characterize the
intertidal substrate (Braithwaite and Talbot 1972 and Mansour et al. 2001). The rarity of carbonate fossils implies unfeasible
ecological conditions for flourishing of organisms; such conditions prevail in high saline environment close to supratidal-
intertidal affinities (Olsen et al. 1999). The accompaniment of the plant remains and the burrowing indicates that this facies
was deposited in peritidal affinities with very shallow water depth close to the shore-beach realm. The occurrence of wood
stems indicates a supratidal realm (Bauer et al. 2003). The presence of flaser and lenticular bedding suggests shallow
intertidal sedimentation (Elrick and Read 1991). The clastic supratidal-intertidal facies of the present study is equivalent to
the facies association-A of Wanas (2008) described from the Cenomanian of Sinai, Egypt.

The intertidal sand bars facies is represented by the planar cross-bedded and rippled sandstones that have been
exposed in Gebel El-Zeit. Petrographic analysis indicates that the intertidal sand bars environment comprises one class of
lithofacies; the ferruginous quartz arenite. The planar cross bedding in quartz arenite indicates high energy sedimentation
on tidal bars (Khalifa and El-Ayyat 2007). The cross-bedded sandstones were interpreted to be deposited in intertidal suite
(Elrick and Read 1991). The cross bedding and ripple marks sedimentary structures denote high energy intertidal sand bars
(Blatt 1982). Similar facies were described and interpreted by Liining et al. (1998a) and Mansour et al. (2001) to be belonged
to the intertidal sand bar facies.
2-Mixed siliciclastic-carbonate facies:

The mixed siliciclastic-carbonate facies is represented by shallowing-upward cycles, each of which commences
with green claystone and ends with sandy-ferroan dolomicrite and dolosparite (Figs. 4G&H). Such type of cycles occurs in
the transgressive systems tracts of Gebel El-Zeit, whereas the ferroan dolomicrite forms the most cycle caps. Such facies
indicates intertidal to supratidal settings, in which the Mg ions are available for dolomitization with association of iron
oxides that came from the near hinterland. Dolostone exhibits an inner ramp setting (Read 1980 and Keller 1997). Burchette
and Wright (1992) revealed that the dolomitization is the most prominent diagentic feature on the shallow ramp.
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The mixed siliciclastic-carbonate inner ramp facies of the Galala Formation can be correlated with the shallow
marine inner ramp facies of the Upper Albian-Cenomanian rocks of Areif El-Naqa area, northeast Sinai, Egypt (Liining et al.
1998a).
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Fig.3: Legend for the rock types, recognized constituents, sedimentary structures and depositional cycles of the measured sections.
Middle ramp:

The mid ramp is the zone between the fair weather wave base and the storm wave base (Burchette and Wright 1992).
This zone is characterized by the mixed siliciclastic-carbonate facies in the central part of the study area at the Southern
and Northern Galalas and the carbonate-dominated facies in the northern part at Gebel Ataga and Gebel Shabraweet (Figs.
5-8).

The lateral and vertical facies distribution on the mid ramp of the Galala Formation indicates that the ramp was
drowned under influence of rapid pulses of local tectonic subsidence and maximally flooded in the central part of the study
area forming a structural low (intra-ramp basin) at the Southern Galala. This structural low is most probably formed during
the Triassic-Jurassic rifting process. Extension in most Mesozoic rift began at the end of the Permian, continued through
the Triassic and the accelerated during the Jurassic in parallel with the opening of the western Tethys Ocean and the North
Atlantic. This led to the development of north-northeast to northeast elongated rift basins on both sides of the Atlantic
rifted zone (Guiraud et al. 2001). This opinion is contradicted with Kuss et al. (2000) as they considered the Galala Plateaus
were affected by the Syrian Arc system. This is due to the absence of anticlinal structures that characterized the Syrian
folding system. The Northern Galala exhibits shallower facies than the Southern Galala owing to the increment of
dolostone. The gradual decrease in claystones and the spreading of the carbonate facies northwards indicates that the
northern part of the study area has undergone a structural uplifting formed by the Syrian Arc System that results in
evolution of a structural paleohigh (i.e. carbonate buildup) at Gebel Ataga.

The cyclic sequence of the mid ramp of the Galala Formation comprises pure clastic, pure carbonate and hybrid
clastic-carbonate shallowing-upward cycles. Such cyclic sequence elucidates that the period of the deposition of the
Galala Formation is characterized by oscillation as evidenced by alternating shallower and deeper marine sediments. The
mid ramp environment of the Galala Formation includes three facies types; the peritidal, shallow subtidal and deep
subtidal.

1- Peritidal facies

Supratidal-shallow intertidal flat facies: It is the most common facies among the studied rocks. It is represented by
the dolostones of the Southern and Northern Galalas, Gebel Ataga and Gebel Shabraweet (mostly in the highstand systems
tracts). These dolostones always cap the shallowing-upward cycles, which are based by low intertidal and subtidal facies.
Two types of dolostone are present; the first and more abundant is the fine-crystalline dolostone (dolomicrite) (Fig.9A),
while the second is the coarsely-crystalline dolostone (dolosparite) (Fig.9B). The fine-crystalline dolostones (dolomicrites)
are originated during the early diagenetic events by the contemporaneous dolomitization of the precursor lime mud in the
supratidal-shallow intertidal realm during a regressive phase (Al-Aasm and Packard 2000 and Lonnee and Al-Aasm 2000).
The birdseyes (fenestral fabric) are detected within some dolomicrites (Fig.9C). Their presence suggests deposition in
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peritidal environment (Shinn 1983). Similar facies was described from the "Dolomite Member" of the Abelgas Formation,
Cantabrian Mountains, northern Spain by Keller (1997). The coarsely-grained dolostone (dolosparite) refers to late
diagenetic dolomitization of the precursor dolomicrite in mixing meteoric-marine water during a progressive sea-level fall
(Warren 2000).

Fig. 4: A. Thin-section photomicrograph showing the ferruginous quartz arenite that consists of quartz grains cemented by iron oxide.
Gebel El-Zeit. Ordinary light. B. Thin-section photomicrograph showing the dolomitic quartz arenite of the upper part of Gebel El-
Zeit. Crossed polar light. C. Thin-section photomicrograph showing the siliceous quartz arenite. Notice: the silica overgrowth
around the quartz grains (ov). Gebel El-Zeit. Crossed polar light. D. Thin-section photomicrograph showing the rooted
ferruginous sub litharenite that is composed of quartz grains (q) and plant roots (pr) embedded in a ferruginous material. Gebel
El-Zeit. Ordinary light. E. Thin-section photomicrograph showing the evaporitic quartz arenite that is composed of subrounded
to subangular quartz grains cemented by fibrous evaporitic material. Gebel El-Zeit. Crossed polar light. F. Thin-section
photomicrograph the glauconitic dolomitic litharenite lithofacies. It consists of quartz and glauconite grains cemented together
by the planar, zoned dolomite cement. Gebel El-Zeit. Crossed polar light. G. SEM image showing a general picture of the ferroan
dolomicrite lithofacies, in which the planar dolomites (d) are embedded in the ferruginous cement (fe) that shows black color.
Gebel El-Zeit. H. Thin-section photomicrograph showing the sandy dolomicrite lithofacies. This lithofacies is composed of finely-
crystalline, anhedral to subhedral dolomites (d) and quartz grains (q). Gebel El-Zeit. Crossed polar light.

Mid-deep intertidal flat facies: Mid-deep intertidal facies is represented by the dolomitic limestone facies. It includes
the dolomitic lime mudstone of Gebel Ataga and Gebel Shabraweet, dolomitic molluscan wackestone of the Northern
Galala, Gebel Ataga and Gebel Shabraweet (Fig.9D), dolomitic echinoidal wackestone of Gebel Shabraweet (Fig.9E) and the
dolomitic algal bioclastic packstone of Gebel Ataga (Fig.9F). Generally, the dolomitic limestone indicates an intertidal
realm. The dolomitic lime mudstone is chiefly massive and bioturbated in few horizons. It is composed of dolomitic lime
mud matrix with exceptional amount of shell debris, peloids, intraclasts, birdseyes and detrital quartz. The combination of
the previous characteristics reflects deposition in a deep intertidal realm (El-Dawoody and Aboul Karamat 1993).
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- o ) EC Claystone, forming oyster embankment acksione :
e 10124 Limestone, dolorm)c with oysters and echinoderms Ovster claystone shallow subtidal
< |io]2 Claystone, yellowish green, soft and rich in oysters 1. algal bioclastic -
| 7 2 Limestone, dolomitic with oysters and echinoderms packstone Open marine
Z. - 20| 21 Claystone, yellowish green, soft and rich in oysters| Ovster claystone | Shallow subtidal
KT Bioclastic foram-
«|® o A shallowing-upward cyde; based by gypsifer- [\niferal wackestone
< % ous claystone with ammonites and echinoderms
= - 5 and rich in oysters forming oyster embankment | Oysterclaystone |
© |as]19 and capped by marly, massive imestone, fossdiferous embankment | shallow subtidal
E ' - with oysters and echinodenms
& o
A shallowing-upward cycle; based by gypsiferous,
- i glauconitic.claystone, with ammonites and rich in Bioclastic
O - & & oysters forming oyster embankment and capped by fof“’z’"V““’ Open marine
marly limestone enriched in Wacsesions
il K8 BT oystars and ammonites Opster claystone | paiow subtidal
< [EEs Limestone, grey to pale yellow, massive and embankment
<2 : 2 : Bioclastic
Z. - v nriched in oysters and ammonites | miniferal
3] wackestone
Open marine
m 2 z hallow subtidal
P REUIBEY Claystone, yellowish green, soft, gypsiferous shallow:subh
& Oyster claystone
- glauconitic, sandy, massive, with ammonites
U o embankment
and enriched in oysters forming oyster embankment
= &
< / Bioclastic
T D Limestone,massive, fossiliferous and enriched in | foraminiferal .
sters and ammonites wackestone Open marine
i i shallow subtidal
= & Clay§wne, yellowish ‘g.reen, soft, mas.SIv?. Opster cliysione
s gypsiferous, glauconitic, sandy and rich in
70| 18 embankinent
” oysters forming oyster embankment -
ostone, yellowish red, massive, fine-grained, Ferroan &mndalv-smnmv
- sandy, glauconitic and with oyster fragments|  dolomicrite itertidal
G |12 Claystone, gypsiferous, glauconitic, sandy and| Oyster c‘JtIys!om' marine
= rich in oysters forming oyster embankment|  embankment shallow subtidal
251 =r—1
A | / Glauconite, sandy, coarse-grained, poroud, dolomitic | Sandy dolomitic subtidal
w|wfeoo [ —endforuginous glauco-arenite | DOP Sbti
e fall B E Sandstone, glauconitic, cross-bedded and ferruginous |Ferruginows Oz arenite}Intertidal sand bar
@ Zl] s Claystone, gypsiferous and rich in oysters Oster claystone | o ot oo |
< i A shallowing-upward cycle; based by gypsiferous |Ferruginous Oz aremitefintertidal sand bar
< : 5|6 claystone with bivalves and capped by medium- Oyster claysione n marine
Q< grained, ferruginous sandstone, with ripple marks shallow subtidal
2P - A shallowing-upward cycle; based by gypsiferous \Fermuginous Oz anmitefintertidal sand bar
2 |as] a4 im daystone enriched in oystars and capped by massive to : s 1 marine
e d m | crossbedded, medum-grained ithociastic sandstone | %" avstone | o aliow subtidal
LA Im Ashallowing-upward cycle; based by claystone with | Fernqginous Oz arenitefintertidal sand bar
) erruginous Oz arey
el BEd B oysters and capped by cross-bedded sandstone with Thiler el ione Open marine
EARLY | MALHA Sandstone, reddish brown, coarse-grained, shallow subtidal
CRET. | FM. ! above this bed there is a red crust (paleosol)

Fig.5: Vertical distribution of the lithologic characteristics, microfacies associations, depositional environments
and depositional cycles of the Galala Formation at the Southern Galala.
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Rock | %z Beal ; Litho-, micro Depositional | 2
g thol Lithologic characteristics »
Age | “ihit | £E [no. ogy gl facies environments | >
O R T L SE I ——Rolostone, fine-grained, forming vertical wall, jonted, -
= Claystone, gypsiferous (base of truncated cycle) Claystone Restricted lagoon
10 _\Baped by white caliche zone (subaerial expasuring) |/ Ostracod molluscan Onenmsriag
A shallowing-upward cycle; based by claystone, packstone e )
< & fissile, nodular with bivalves and topped by marly, | (ycer claystone | Shallow subtidal
w = - massive dolomitic limestone Dolomicrite Svoratidal-sball Tl
i A shallowing-upward cydle; based by claystone, = 3
z . fissile, nodular with oysters and topped by hard, Oyster claystone ho::"‘ ““;"};‘l
@ — — ive dolostone with bivalves fragments T e b
= A shallowing-upward cycle; based by claystone, packstone Open marine
o R fissile, nodular with oysters and topped by marly, | Oyster claystone | shallow subtidal
molluscan limestone
12 Ostracod molluscan
o L) 25| 75 Two shallowing-upward cycles; based packstone Open marine
It by massive claystone with bivalves and shallow subtidal
10 | 74 c_apped with nodular, dolomitic limestone with Oyster claystone
o | 73 bivalves
0.6 72 o P i
e z B TR I-orwm‘r;gﬁxztw.’ux(m
ERED Four alternating shallowing-upward cycles; based by Open marine
o : Bioclastic foraminiferal
10 | 68 nodular, calcareous daystone forming oyster embankment sl shallow subtidal
R |97 and topped by massive, hard limestone with bivalvia and
- 10 | e Claystone embankment
U < 2] echinoderms
e e \ {Faram. molluscan packstond  Open marine
T A shallowing-upward cycle; based by claystone | Claysione embankment| shallow subtidal
2 5T forming oyster embankment and capped with 5 N
10 | e hard limestone forming oyster embankment B‘"dﬂﬂrz’mﬁfd O mikitie
< Waokes
2 a0:| o Two shallowing-upward cycles; based by claystone e g shallow subtidal
forming oyster embankment and topped by massive, AYIang SpLaNmen]
= : —\crystaline limestone with oysters Dolomicrite idal-shallow istertidal W |
28| = ;
b= » Thr?‘e. altt’emad}lgg shall_c;wlng-upwdard '<_: cles; Claystone Shallow subtidal
each |Is base siferous and saliferous b 0 s B '?
O o 1014 —‘claystone and cap)éegi!gy thick-bedded dolostone Dolomicrlie iahallaw -m‘hl
1.5 | &1 ‘Aohallow ard cyde; t j by saliferous Claystone Shallow subtidal
= . and friable claystone and capped with Dolomicrite Supratidal-shallow intertidal
3 burrowed dolostone
0 - ; !
“l . Three alternating shallowing-upward cycles; each is Lime mustone Shallow subtidal (lagoon)
z £ . based by white, marly limestone with scarce fossils Dolomicrite Supratidal-shallow intertidal
R3] I--and capped by burrowed dolostone
09 [ @ A shallowing-upward cycle; based by claystone, Claystone Shallow subtidal
=4 e fissile with gypsum layers and capped with ((po poiluscan wackestone, Mid-decp intertidal
1.7 @ dolostone, grey, gypsiferous and fractured . Shall btidal
- Two shallowing-upward cydles; based by fissile Claystone ow subti
= :gxz claystone and capped by prous, mollucan Dol. mollsescan wackestonst — Mid-dcep in{cnidal
'S 0% | 36 o _\dolomihc limestone Fossiliferous marl (rst':ﬂ:z(:‘f 'i':;:i‘::)
&3
- e Limestome, porous, dolomitic and molluscs Sench nitic siltstond Supratidal-intertidal
oz |32 E= Three deepining-upward cycles; each is based ioolasi il N
(&) 15| 31 by siltstone, sandy and glauconitic and capped | 2/0c/dst ‘fk“’;"" niferal Open marine
with marls, with bivalves wacnesione pe )
3 | 20| = A shallowing-upward cycle based by glauconitic ov:;;’,‘;'a‘n',;',yn;”‘,""" shallow subtidal
— daystone forming oyster embankment and capped by T =
1020 |3 =7 5 b Fossiliferous marl [Shallow subtidal (lagoon
091 28 MWWW&MW Oyster claystone 1Open manine shallow subtidal
y Marl, massive and fossiliferous with bivalves P — Shallow subtidal
o | 237 Claystone, friable and fossiliferous with (restricted lagoon)
oysters and echinoderms forming oyster
embankment
= s lals Marl, creamy white, hard, massive and |  oyser claystone Open marine
X 6 il i
= fossiliferous with oysters bk shallow subtidal
Claystone, reddish green, gypsiferous, saliferous,
- massive and fossiliferous with oysters and echin- Soprandal-
o - e | ;)dem: fom'll:g :hys:'er :ngbaianent - Dolomicrite shallow intertidal
: hree alternal allowing-upward cycles; each is Clayst v i
B . based by gypsifgmue and calcreous claystone and Eone Shallow subtidal
- cagped y dolostone, sandy, glauconitic, )
. with reworked oysters and burrowed at the lop Dolomicrite Summhl-_
- O |52 - Six alternating shallowing-upward cycles; each shallow intertidal
-t s is based b gygﬁlferous. saliferous claystone|
: and capped by burrowed dolostone Claystone Shallow subtidal
2 Ashallowing-upward ; based by oyster  that isf = e
-l overlain by sandy i s ey b eapm‘reeddsr Sandy-dolomicrite _ Supratidal-shallow intertidal
3 o8 | 8 pink, dolostone Ovster claystone e - subti
|| 2w [T A shallowing-upward cyde, based by gypsiferous Sandy dolomicrite idal-shallow intertidal
Im 25| 2 with oysters, that is overlain by laminated, glauconitic D itic’ si Supratidal-intertidal
2 and capped by sandy, massive dolostone Opyster claystone  |Open marine shallow subtidal
e 1 Siltstone, sa lauconitic and unfossiliferous

Fig.6: Vertical distribution of the lithologic characteristics, microfacies associations, depositional environments and depositional
cycles of the Galala Formation at the Northern Galala.
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Age {‘,:ft': Midn g o | Lithology, Lithologic characteristics Litho-, micro facies| ~ Depositional l_fa"
i caonc TeR| FL-RIASTIN 78 Dolostone, fine- grained, forming vertcal wall, jointed
13| 77 wu_v"lones‘;oxagl‘otumated, lithoclastic and dolomitic Dolomitic lithoclastic Mid-deep intertidal fla
s iche zone m) 1
15| 76 Limestone, marly and massive Lime mudstone Restricted lagoon
22 A shallowing-upward cycle; based by mardy| Dolomitic lime mudstone Mid-deep intertidal flat
b0 [ limestone and massive daomitic limestone Lime mudstone Restricted lagoon
= A shallowing-upward cycle; based by
20| 73 P . & )
W | thin-laminated, bioturbated limestone and Dolomicrite Supratidal-shallow interti
o I capped by grey, burrowed dolostone with
; oyster fragments i i
=) Sl i Yy g Lime mudstone Restricted lagoon
— A shallowing-upward cycle; baed by marly Dolomitic lime . Mid-deep intertidal flat
- so| 70 and fractured limestone and capped by
P massive and dolomitic limestone Lime mudstone Restricted lagoon
= 1.5 | e Three alternating shallowing-upward N o 3 % S
— o cycles; each is based by marly, |Dolomitic lime mudstone | Mid-deep intertidal flat
ez v ——, | thin-laminated limestone and capped by
= 16| e hard, dolomitic and massive limestone
Lime mudstone Restricted lagoon
o = [\
5| o o —\Limestone, hard, dolomitic and rr Dol ic lime mud. Mid-deep intertidal flat
o S8l Limestone, marly and thin-laminated| Lime mudstone Restricted lagoon
E e A shallowing-upward cycle; based by A L. . . .
- thin-laminated, bioturbated, dolomitic | Birdsevedolomicrite  [Supratidal-shallow intertid
< limestone and capped by yellowish grey,
o s e thindaminated, porous, bioturbated dolostone | 1y, 1misic fime mudstone | Mid-deep intertidal flat
A shallowing-upward cycle; based by marly, Dolomicrite Supratidal-shallow interti
[ E massive, saliferous and dolomitic limestone and
o topped by grey, saliferous, burrowed dolostone | 1y, lomitic lime mudstone | Mid-deep intertidal flat
3.0| 38 shallowing-upward cycle;, based by fissile Birdseye dolomicrite
- @m'gaan: dv;‘lg; .:'y':lg:;s :’vorlaln btr- rm::‘sx m:g Dolomicrite Supratldal-shelw intertidal
) 6 crystaliine and porous Claystone Shallow subtidal
A shall - d I b by fissil icri. o
SR B DS etota B conped Oy Nany | Dolomicrie | Supraldarahallow Insidal
5 \dolostone C Shallow
S A shallowing-upward cycie; based by fissile Dolomitic lime mud: Mid-deep intertidal fiat
L (With oysters and cappad by hindaminated, dolor Cl Shallow subtidal
= A2 . marly and brecciated (sequence boundary)| Recrystallized lime mud. Subaerial S.
= I :, :1 :, :,:, _:ha mmm cycle; z?::d dzymmwd‘ Dolosparite [Supratidal-shallow intertid
" - v capped by massive dolostone Dolomitic lime mudstone | Mid-deep intertidal fiat
(&) - Dolostone, grey, massive to thin-laminated,
partially crystalline ledge-forming and with Dolosparite Supratidal-shallow intertid.
= wigs
! K, ey Limestone, massive, crystalline, dolomitic Dol. aleal bi kst Mid-deep intertidal flat
. :1 :; :; :; :; and fossiliferous with oysters S ALgdL Di0 Packione
- =+ || A shallowing-upward cycle; based by Dolosparite {Supratidal-shallow intertid
s marly, massive limestone that is overlain 2 s
OO w2 |120] - ZFFFF | | by partially crystaliine, dolomitic limestone with Dol. algal bio. packstone| Mid-deep intertidal flat
- oysters and capped by massive dolostone with g
- :' :' ,r';' :' Lt vugs % Lime mudsione Restricted lagoon
3 Four alternating shallowing-upward cycles; based SR :
5 % 5 9 9-0 Dolomicrite Supratidal-shallow interti
H by marly limestone that is overiain by thin-
Sl [ laminted, dolomitic limestone and by grey.| Dolomitic lime mud. Mid-deep intertidal flat
- i»: :‘_ s cavemous, ledge-forming dolostone Lime mudstone Restricted lagoon
. Dolostone, grey, very hard, massive, se . g
=== cavemous, ledge-forming and fractured Dolomicrite Supratidal-shallow intertid;
72| . Terra rosa, marly limestone, red color . SB
- with ferruginous filling cavities Reddish paleosol Subaerial &
= = - 1
- Four alternating shallowing-upward cycles; 2 -
v | each besed by calcareous mar with oysters and Dolosparite Supratidal-shallow intertid
= capped by grey, burrowed, ledge-forming .
B 3 dolostone, with calcite veinlets Fossiliferous marl Restricted lagoon
= - Three alternating shallowing-upward cycles;
24 each is based by calcareous and fissile |PDolomitic lime mudstone | Mid-deep intertidal flat
- . claystone with oysters and capped by
- massive, partially crystalline, dolomitic
- Cl Sh btid
limestone laystone allow subtidal
- 2
16| 13 Limestone, marly, fine-grained and dolomitic | Dolomitic moltuscan wackestane, - Mid-deep intertidal flat
pt 20| 12 Limestone, marly and massive Lime mudstone Restricted lagoon
) 56| 2a A Cycio; based by Cavemous dolonmisc DDIW:IIM.MO{‘JI.\TM »;u‘kesrom Mid-deep intertidal flat
— mastor by dolomitic imestone rich in malk Dy lime
P ® :‘:W cydies; h°f°° by marly, "m“’ Birdseve dolomicrite Supratidal-shallow intertid
s ; Iorrirstad detormtte lemastna and copaod by boasbensa | Dolomitic lime mudstone | - Mid-deep intertidal flat
P e Lime mud Restricted lagoon
. Two st ing-upward cycles, based by Dolomtic lime mudst Mid-deep intertidal flat
15| 2 hidaid |limestone with dwarf bivalves and capped by Tinawiditons Restricted |
gxt 1 T | porous, dolomitic imestone estricted lagoon

depositional cycles of the Galala Formation at Gebel Ataqa.
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Fig.7: Vertical distribution of the lithologic characteristics, microfacies associations, depositional environments and




Rock [ : z : : 3 Depositional
Age | {0 ‘_'Hm-a Lithology Lithologic characteristics Litho-, micro facies A ¥
- 42 Dolosparite Supratidal-shallow intertidal
@ |z A shallowing-upward cycle; based by
o £ 2 22 | hard, massive and fine-grained dolostone and
= - ,:,:,;,‘;. capped by hard, massive, crystalline,
et ZZZZA | highly bioturbated, nodular, burrowed, thin-
e 41 2222 | laminated dolostone with calcite vugs Doloniicrite Supratidal-shallow intertidal
— h [’[’1 I{l
I’I ’I II’
y . ’r II ,l <
m (’1’/’!’
z <
o
Q z ll ll ll ll
=
-t
-
(-
A v
F €27 MIT S5T AT ul
| = s
o A shallowing-upward cycle; based by
40 A Dolosparite Supratidal-shallow intertidal
1PN massive claystone forming oyster embankment,
= e
middled by massive, fine-grained dolostone
I~ that is bioturbated at the top and capped by
z ‘ .
cavernous, gypsiferous, burrowed, massive
© and coarse-grained dolostone
= - 42.4 .
Dolomicrite Supratidal-shallow intertidal
< — Oyster claystone embankment | Open marine shallow subtidal
A shallowing-upward cycle, Based by massive clayelane foming oysiee Dolosparite Supratidal-shallow intertidal
and pped by thin-laminated, burrowed
- dolostone with mud cracks at the top Opster claystone embankment| Open marine shallow subtidal
Two shallowing-upward cydes; each is based by massive| Peloidal echinoidal grainsione| Restricted shoal
9.6 claysione forming oysier embankments and capped by Oyster ck bank Open marine shallow subtidal
- © blvetes and Qolitie peloidal grainstone Restricted shoal
= Oyster claystone embankment | Open marine shallow subtidal
2.8 A shallowing-upward cycle, based by burrowed, f Dol rite Suprutidal-shallow intestidal
- limestone and capped by hard, massive and fne-grained dolostonel  yg)fuscan peloidat packssone Restricted lagoon
| | = e e D CE L et
ologlone wi sum veinlels e second an I{ 2 3
[ 5.2 are based by g!?;)Icarwus claystone, fossiliferous Oyster clayssone Open marise shallaw subtidal
wlith oystars and capp thi and Dolowicrire Suprankl-shalko umectidal
fossiliferous dolomilic limeslone respeclivel Dolowitic fime mudssom: Middeep miertidal
ﬁ'l'w?hagzllg‘wlng-fupwﬂa cycl:i:‘ah me‘ first n; ?aaedd gy Dol. echininoidal wackestone Mid-deep intertidal
|| 0 . 4
- O |42 b:snowel g?y.slmlsne’m:slon:ygn%mlao atond 18 Opster cleystons Open marine shalkw subtidal
by green dlaystone forming oyster embankment and| Molluscan peloidal packsione Restricted [agoon
- & vern fossililer lomilic limeston Ovsier claysione Open marine shallow subtidal
Dolomicrit i llow interti
Repititive shallowing-upward cycles; based by rerite Sepratidalstllow intcitidel
— greenish claystone forming oyster embankment, |  Oyster claystone (Open marine shallow subtidal
9.0 calcareous, fissile in some beds and capped by oyster —— T
] m limestone embankment or by fractured, burrowed and | ;™ " Lf“ IR acees Open marine shallow subtidal
o massive dolostone Dolomicrite Sipeandal-shallow iniertdal
Yk Ovster claystone embankment | Open tmarine shallow subtidal
A shallowing-upward cycle, based by i lomicrife +dal. . :
3.0 ko by il e D ” e Sq)mhda! shallow mlcm(.ial
EARLY Malha dokostons ~eCHIN. WK Open marine shallow subtidal
RELACGEOUS [Fornation Sandstone, hard and ferruginous

Fig.8: Vertical distribution of the lithologic characteristics, microfacies associations, depositional environments and
depositional cycles of the Galala Formation at Gebel Shabraweet.
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Age |pock utscdygLithotogy|  Lithologic characteristics Litho-, micro facies|  chositional c@’
E | Maghra
9 [El-Hadida Limestone, white, marly, hard and massive
E Fm.
wn = = . Suhaerial
= | A shallowing-upward cydes; based by thick-bedded ISticeous ferr 3 lomicrite]
%5 | dolomitic limestone, overlaid by massive, burrowed, Dolosparite Supratidal-shallow intertidal
= fine-grained dolostone, that is overfaid by burrowed, Dolomicrite Supratidal-shallow intertidal
- porous, coarse-grained dolostone and capped by
dark brown, cherty, ferruginated dolostone | Dolomitic lime mudstone, Mid-deep intertidal
o 4 Three shallowing-upward cycles; each is
< based by marly, massive limestone and capped by Dolomicrite Supratidal-shallow intertidal
= e ¥tlosions, wiite the second o0 | Tomitic Jine Mid-deep intertidal
= is middled by thick-bedded dolomitic limestone :
L Lime mudstone Restricted lagoon
—
o B 107 A shallowing-upward cycle; based by marly, massive imestone, Dolasparite Supratidal-shallow intertidal
o Il T === o g a4 B | Dolomitic lime mudstone] Mid-deep intertidal
- 105 me mudstone estricted lagoon
Li d. Restricted 1
=
- 4.0 104 A shallowing-upward cyde; based by marly, b d Dolomicrite Supratidal-shallow intertidal
- = 103 and opped by highly-biotudbated, thin-leminated dolosion Lime mudstone Restricted lagoon
102 Ashallowi jevclest 1 by oyster dayst Dolosparite Supratidal-shallow intertidal
= = 101 embankment, overlaid by marly, massive Dolomicrite Supratidal-shallow intertidal
= = 10.9 and hlghly fosstifertj\us limestone, that is overiaid ollnsiaseahinoidal Open marine shallow
100 by massive, fine-grained dolostone and capped by nckiatons subtidal
grey, massive, coarse-grained dolostone - -
- o 99 Oyster claystone embankment|Open marine shallow subtidal
i | Dolomicrit ratidal-shallow intertidal
| | [Three shallowing-upward cycles; based by marly, ipiaiding Sepentidal; o
o= i | s |fractured limestone and capped by partially
) : LT |crystalline, porous, fractured dolostone Lime mudstone Restricted lagoon
| 55| Sandy dolomitic glauco-arenite Deep subtidal
= - 91 Oyster claystone marine shallow subtidal
0
| B - .
| mat Five repititive shallowing-upward cycles; based by green,| Molluscan-echinoidal
<@ - 1311 -: - calcareous, nodular claystone, fossiliferous with wackestone )
(= oysters and capped by hard, white, sandy limestone, o Tﬂzjhallow
- i
I fossiliferous with echinoderms and molluscs
- sll Ovyster claystone
8:) Repititive shallowing-upward cycles; based by green, |, woliuscan wackestone Mid-deep intertidal
| calcareous, nodular claystone, fossiliferous with = =
- 96 i —— " " Oyster claystone Open marine shallow subtidal
R | ohrs PDAA by v, Iaasive, ey “[Dolomitic lime mudstone Mid-deep intertidal
= limestone or by marly, molluscan dolomitic limestone % =
70 Oyster claystone Open marine shallow subtidal
[ -t 69
| ke i -
= | =Tz Repittive shallowing-upward cycles; based by 92N, 1y iomitic lime mudstone Mid-deep intertidal
I v ll lI .I
5 O |iss| | calcareous, massive, nodular claystone, fossiliferous with
- |
| oysters and capped by hard, massive dolomitic limestone
— | Oyster claystone Open marine shallow subtidal
4 s 46
B
:2”' 45 A shallowing-upward cycle; based by fractured dolomitic Dolomicrite e S
" " - = 2 el ' in
6.6 (44 limestone, middied by sandy, bioturbated dolostone and Sandy dolomicrite Supratida
43 capped by burrowed and crystalline dolostone Dolsintis e midstona Mid-deep intertidal

Fig.8 Continuous
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The allochems of the dolomitic wackestone and packstone are mostly dolomitized oysters, echinoderms with subordinate
amount of ostracod shells, dasycladacean green algae, peloids, ooids and intraclasts. The presence of massive
dolomiticwackestone and packstone enriched in diversified allochems implies open marine mid-deep intertidal flat facies
with low energetic conditions (Liining et al. 1998b). Similar facies was identified from the low-mid intertidal flat of the
Cenomanian Halal Formation of Gebel Halal, noh Sinai, Egypt by E

SRy 3 L T [N

T Y ot L

Fig. 9: A. Thin-section photomicrograph showing the dolomicrite lithofacies. The rock is composed of euhedral dolomitic rhombs
embedded in a microcrystalline calcitic matrix. The Northern Galala. Ordinary light. B. Thin-section photomicrograph showing
hypidiotopic to idiotopic dolomites with cloudy centers, forming the dolosparite lithofacies. Gebel Ataga. Ordinary light. C. Thin-
section photomicrograph showing the birdseye dolomicrite. Notice: the elliptical, lensoidal or rounded birdseyes structures are
filled with calcite and walled by dolomite rhombs. Gebel Ataqa. Ordinary light. D. Thin-section photomicrograph showing the
dolomitic molluscan wackestone, in which the molluscan particles (bivalves and gastropods) have been replaced by planar,
ferroan dolomite rhombs. These allochems are embedded in a micritic matrix. The Northern Galala. Ordinary light. E. Thin-
section photomicrograph showing dolomitic echinoidal wackestone. Notice: the hypidiotopic to idiotopic, zoned dolomite
rhombs replace both the matrix and the echinodermdal fragments. Gebel Shabraweet. Ordinary light. F. Thin-section
photomicrograph showing the dolomitic algal bioclastic packstone. It is made up of oyster, echinodermal and algal fragments.
The algal particles are represented by Trinocladus tripoliatus Raineri (T) and Acroporella sp. (Ac). Gebel Ataga. Ordinary light. G.
Thin-section photomicrograph showing the oncolitic packstone. The allochems are formed of algal oncolites, bioclasts and
peloids embedded in a lime mud. The Southern Galala. Ordinary light. H. Thin-section photomicrograph showing the molluscan
peloidal packstone. The particles are mainly formed of bivalvian (bi) and gastropods (ga) besides the peloids (pe) and shell
debris embedded in a micritic matrix. Gebel Shabraweet. Ordinary light.

2- Shallow subtidal facies:

Restricted lagoonal facies: The protected lagoonal facies of the Galala Formation is represented by the fossiliferous
marl, lime mudstone, oncolitic packstone and the molluscan peloidal packstone. The presence of the micritic matrix
indicates that the wave and current action were not strong enough to hinder the accumulation of micrite, therefore it
reflects deposition in a restricted lagoonal environment.

The fossiliferous marl is recognized from several levels at the middle parts of the Northern Galala and Gebel Ataqa.
These marls are massive and enriched in molluscs. The lime mudstone is considered as the most common widely
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distributed lagoonal subtidal facies. It is repeated vertically throughout Gebel Ataga and Gebel Shabraweet (transgressive
and highstand systems tracts). Also, it was identified from few beds near the middle part of the Northern Galala. It mostly
exhibits no sedimentary structures. The oncolitic packstone is confined to one bed at the uppermost part of the Southern
Galala, at which the allochems are dominated by algal oncoids, pelecypods, green algae, ostracods, miliolids and peloids
(Fig.9G). The molluscan peloidal packstone occurs at the lower part of Gebel Shabraweet, whereas the rock is bioturbated
with horizontal burrows. The bulk of this rock is made up of peloids, molluscs, echinoids, green algae, ostracods and
miliolids (Fig.9H). The fossiliferous marls indicate deposition in low energy restricted shallow marine environment (Bauer
et al. 2003). The massive nature of these rocks designates shallow marine restricted conditions. The homogeneous,
scarcely fossiliferous, non-laminated lime mudstone accumulates in a restricted shallow subtidal marine environment of
high salinity, probably lagoon (Sanders and Hofling 2000). It is corresponding to the standard microfacies association SMF-
23 of Wilson (1975) and MFT-4a of Lakew (1990). The oncolitic-algal-miliolidae-ostracodal-peloidal facies points to lagoonal
environments (Enos 1983; Kuss and Malchus 1989 and Bauer et al. 2002). The low-energy lagoonal environments are
dominated by the green algae (Wray 1977).

The existence of ostracods is an indicator about a restricted shallow subtidal environment (Aurell 1991). The
oncolitic packstone facies association is equivalent to SMF-22 of Wilson (1975). The lagoonal facies includes bioclastic,
peloidal packstones that dominated with miliolids, calcareous algae, gastropods, ostracods and micrite cement (Pomar
2001 and Khalifa et al. 2004). The peloidal facies is common in the quiet, shallow marine restricted lagoonal environment
with slow sedimentation (Tucker and Wright 1990 and Evans et al. 1995). Such facies is consistent with SMF-19 of Wilson
(1975).

Restricted shoal facies: The restricted shallow subtidal shoal facies of the Galala Formation includes two
microfacies; the peloidal echinoidal and oolitic peloidal grainstones. They are building up two thin beds at the lower part of
Gebel Shabraweet. Petrographically, the rock is composed of allochemical constituents embedded in sparry calcite
cement. The allochemical components are composed mainly of peloids, oolites, echinioids, molluscs, miliolids, intraclasts,
bryozoa and ostracoda (Fig.10A). The restricted shoals are developed within the mid ramp setting (Badenas and Aurell
2001 and Puga-Bernabéu et al. 2007). The bioclastic-oolitic-peloidal grainstone of the studied facies is interpreted to
represent a submarine patchy carbonate shoals locally developed in a high energy, shallow subtidal regime of an interior
shelf lagoon along its landward area. During the re-deposition in the shoals, the reworked patricles (skeletal grains and
peloids) were surrounded by the superficial ooid coatings (Liining et al. 1998a). The skeletal oolitic-peloidal grainstone
facies is deposited in current or wave-agitated shallow subtidal environments (Wilkinson et al. 1997). The oolitic-peloidal-
intraclastic grainstone is deposited in agitated, shallow subtidal water as low-relief shoal (i.e. restricted shoal) (Tucker et al.
1993, Luning et al. 1998b and Hofmann et al. 2004). The high diversity of allochems (echinoids, bryozoa, mollusca, peloids,
ooids and intraclasts) embedded in a sparry calcite cement points to an influence of shallower and more agitated water,
probably shoal area (Wilson 1975 and Flugel 1982). Such grainstones are equivalent to SMF-16 of Wilson (1975).

Open marine shallow subtidal facies:

The open marine shallow subtidal facies is characterized by highly diverse fossil assemblages. It is represented by
the fossiliferous claystone, limestone and dolomitic limestone. The open marine shallow subtidal green claystones are
recognized from the Southern and Northern Galalas, Gebel Ataga and Gebel Shabraweet, where they build up the base of
the shallowing-upward cycles. They are dominated by bivalves (mainly oysters), gastropods and echinoderms. The
ammonites are distinguished only from the Southern Galala. The open marine shallow subtidal limestones are represented
by the molluscan-echinoidal wackestone, bioclastic foraminiferal wackestone, foraminiferal molluscan packstone and
ostracoda molluscan packstone (Figs.10B-D). The molluscan-echinoidal wackestone is recorded only from Gebel
Shabraweet, whereas they are made up of micritic matrix, skeletal components (oysters, echinoids, ostracods, gastropods,
large foraminiferal grains and phosphatic bone fragments) and glauconite pellets. The bioclastic-planktonic foraminiferal-
molluscan wackstones and packstones are distinguished from the Northern and Southern Galalas. The dolomitic
limestones of the open marine shallow subtidal comprise the dolomitic algal bioclastic packstone and dolomitic peloidal
packstone that were recognized from the Southern Galala (Figs.10E&F).

The presence of claystones and limestones enriched in different varieties of fossils suggests deposition in an open
marine shallow subtidal environment with normal salinity (Gawthorpe 1986). The green claystones that contain megafossils
(molluscs and echinoids) indicate a shallow subtidal environment (Khalifa and Kandil 2004) with deeper conditions at the
Southern Galala due to the presence of ammonites. The occurrence of echinoids and oysters in a micritic matrix reflects a
well-oxygenated, normal saline, open marine shallow subtidal environment (Lakew 1990). Consequently, these mud-
supported rocks denote a shallow subtidal environment with open circulation comparable to SMF-9 of Wilson (1975). The
presence of nektonplanktonic ammonites (e.g. Neolobites) points to the interfingering of foreigner deeper ramp sediments
with the dominated shallower marine deposits under the effect of wave action and high energetic currents (Bauer et al.
2001). The presence of the globular planktonic forams (heterohelicid and hedbergellid) with absence of the keeled forams
in the Northern and Southern Galalas suggest a shallow ramp environment (Grosheny and Malartre 2002). The lack of
deeper marine rotaloporids in the Cenomanian rocks of the north Eastern Desert refers to a deep shallow subtidal
environment with depth ranging from 50-100 m and open circulation (Ismail and Akarish 2000 and Kora et al. 2001b).
Similar mid ramp facies was given by Youssef et al. (2002) to interpret the Late Paleocene-Early Eocene succession of the
Southern Galala. They attributed the occurrence of the deeper marine fauna (e.g. planktonic foraminifera) within the
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shallow ramp facies to the flooding periods during the deposition of their studied sequence. The high diversity of
dolomitized allochems (oysters, echinoids, planktonic foraminifera, ostracods, green algae, algal oncolites and peloids)
embedded in a micritic matrix indicates an open shallow marine environment with turbulence during deposition. These
associations are equivalent to MFT-8 of Schulze et al. (2005).

Oyster embankment facies: The oyster embankment facies is typified by the pilling up of large-sized oyster shell
fragments in claystones and limestones. The lack of such embankments in Gebel El-Zeit is probably owed to high rates of
clastic influx that exceed the biogenic accumulation and presence of relatively restricted conditions due to tightness of the
depositional basin at Gebel El-Zeit. The oyster claystone embankments are recognized from the Southern and Northern
Galalas and Gebel Shabraweet. These claystones are loaded with oyster debris (> 60%) and also enclose skeletal particles
of echinoids, planktonic foraminifera, ostracods and ammonites in few horizons. The oyster limestone embankments are
identified from the upper part of the Northern Galala.

Fig. 10: A. Thin-section photomicrograph showing the oolitic peloidal grainstone that consists of echinodermal fragments (ec), oolites
(00) and peloids (pe). The cement between the allochems is sparry calcite crystals. Gebel Shabraweet. Ordinary light. B. Thin-
section photomicrograph showing the molluscan-echinoidal wackestone. The rock consists of echinodermal particles (ec) and
shell debris embedded in dark lime mud matrix. Gebel Shabraweet. Ordinary light. C. Thin-section photomicrograph showing the
bioclastic foraminiferal wackestone that is composed of oyster fragments and planktonoic forams scattered in a micritic matrix.
The Northern Galala. Ordinary light. D. Thin-section photomicrograph showing the ostracoda molluscan packstone. The main
allochems are the oysters, ostracods and planktonic forams. Notice: the clear calcite rims around the oyster particle. The
Northern Galala. Ordinary light. E. Thin-section photomicrograph showing the dolomitic algal bioclastic packstone. It is built up
of oyster, echinodermal and algal fragments. The algal particles may be Neomeris sp. (N). The Southern Galala. Ordinary light. F.
Thin-section photomicrograph showing the dolomitic peloidal packstone. The allochems are represented by peloids, algal
fragments, oysters and foraminiferal bioclasts scattered in a micritic matrix. Notice: the peloids are replaced selectively by
dolomite rhombs from borders to centers. The Southern Galala. Ordinary light. G. Field photograph showing an oyster
embankment in the limestone of the Galala Formation exposed at the Northern Galala. H. Thin-section photomicrograph the
sandy dolomitic glauco-arenite that consists of well-rounded green glauconite pellets, quartz grains cemented together by
ferroan dolomitic cement. The Southern Galala. Ordinary light.
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These limestones are massive tightly-packed packstones enriched in oyster shell hash (Figs.10G). Other bioclasts
are mainly the echinoderms and ostracods.

The co-existence of oysters and the foreigner planktonic foraminifera and ammonites in the oyster claystones of the
Northern and Southern Galalas suggests deeper and high energetic conditions. Accordingly, oyster claystone embankment
represents a skeletal biotope, developed by storm and waves in a deep shallow subtidal environment. The oyster limestone
embankments represent biostormal banks since they have been formed by reworking processes under the effect of
moderate to high energetic conditions and significant carbonate production in the shallow subtidal setting (Burchette and
Wright 1992). The slightly restricted biota suggests that these banks represent shallow subtidal bioherms (Read 1980). The
fragmentary nature of the oyster shells suggests turbulence during deposition (Harris et al. 1997). Aigner (1982) revealed
that the large fossil lags embedded within mud matrix are a consequence of episodic storm induced erosion and re-
deposition. Such facies is analogous to SMF-12 of Wilson (1975).

3- Deep subtidal facies:

The deep subtidal facies is typified by the glauco-arenite. This lithofacies is recorded only from one bed (1 m) at the
lower part of the Southern Galala. Rock belonging to this lithofacies is reddish green, sandy, dolomitic and ferruginated.
They consist of green glauconite, quartz grains and phosphatic fragments cemented by ferroan dolomite cement
(Figs.10H). The glauconites are probably produced as a result of alteration of different minerals (clay minerals, mica and
feldspars) that provide K and Fe in a local reducing environment (Genedi 1998). The presence of glauco-arenite suggests
that a deep subtidal condensed facies was formed under the effect of both the subsidence and the low sedimentation rates
(Buchbinder et al. 2000). They were accumulated in an open marine deep shelf areas characterized by slow rate of
deposition with anoxic conditions and upwelling currents (Harris et al. 1997 and El-Azabi et al. 1998). The authigenic
glauconite is interpreted to be deposited in deep subtidal environments (Marquis and Laury 1989 and Mesaed 1999). Similar
glauconitic arenite was recognized from the Cenomanian Galala Formation of the Southern Galala by Mansour et al. (2001).

DEPOSITIONAL HISTORY

The deposition of the Cenomanian rocks (Galala Formation) represents the first Late Cretaceous transgression in
the north Eastern Desert (Mansour et al. 2001). Issawi and Osman (2000) reported that the Cenomanian transgression
becomes shallower as going southward in the Egyptian territories. Ahmed (2004) stated that during the Late Cenomanian
times, a marine transgression took place over a widespread shelf areas resulted in deposition of the Galala Formation in
the north Eastern Desert in form of shallowing-upward cycles. The numerous oyster-bearing strata within the studied
sequence of the Galala Formation reflect the evolving sea-level rise of the Cenomanian Sea which corresponds to the
Tethyan-highstand. The Galala Formation was deposited during a long-term transgressive phase of the shallow
Cenomanian Sea that is intermittent with short-term regressive periods. The Cenomanian transgression advanced
gradually from the north to the south throughout the study area. The transgression of the Cenomanian Sea over the study
area corresponds to the global sea-level rise of Flexer et al. (1986) except for the local tectonic periods. Kora et al. (2001a)
revealed that the transgression of the Cenomanian Sea over the north Eastern Desert of Egypt is consistent with the global
sea-level highstand of Haq et al. (1987) that have started from about 95.5 M.Y ago.

The litho-, bio- and microfacies associations of the Galala Formation and their lateral facies change indicate that the
sedimentary environment of the Galala Formation was that of a clastic-carbonate homoclinal shallow ramp setting as
indicated by: 1) Lack of a detectable shelf break or slope facies. 2) Lack of a reefal margin. 3) The prevalence of the
peritidal to open marine shallow subtidal facies. 4) A biological association dominated by bivalves, echinoderms,
gastropods and ostracods. 5) The growth of discrete oyster embankments, which are flourished under the effect of the
increasing in the rate of sea-level rise. 6) The currency of the transgressive and highstand deposits.

The vertical and lateral facies variation of the Galala Formation monitors the gradual transition from the proximal
inner to distal mid ramp settings (Fig.11). This ramp facies is divided herein into the following environments: 1) Inner
and/or proximal ramp at Gebel El-Zeit. 2) Mid ramp at the Southern and Northern Galalas, Gebel Ataga and Gebel
Shabraweet. It exhibits an intra-ramp basin at the Southern Galala and a carbonate buildup at Gebel Ataga. The Southern
and Northern Galalas, Gebel Ataga and Gebel Shabraweet were separated by the east-west faults. The east-west oriented
faults were initially formed during the Late Triassic/Jurassic extension related to the drifting of the African/Arabian Plates
away from the Eurasian Plate as a result of opening of the Neotethyan Sea (Hussein and Abd Allah 2001). The outer ramp to
basin settings is not detected within the study area. They seem to have been encountered in the Cenomanian of northern
Sinai, where they are represented by the subsurface, hemipelagic chalky facies (Ayyad and Darwish 1996).

The facies changes and the variation of thickness of the shallow ramp deposits of the Galala Formation are
depending mainly upon the sea-level changes and the synsedimentary local tectonic uplift and subsidence. In general, the
seal-level rise is responsible for deposition of the subtidal facies. With lowering of the sea-level, the peritidal facies was
deposited. The extreme sea-level drop leads to the development of the coastal plain shoreface clastics and subaerial
facies. The sea-level rise of the Cenomanian Sea is also implied by the presence of oyster-bearing strata overlying the
fluvial-fluviomarine clastic facies of the Early Cretaceous Malha Formation. A marked regression was recognized at the
topmost part of the Galala Formation as evidenced by the precence of subaerial facies (i.e. caliche) at the topmost part of
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Gebel El-Zeit, the Northern Galala and Gebel Ataga and by the siliceous ferruginated dolomicrite lithofacies at the topmost
part of Gebel Shabraweet (Figs.2 & 5-8)

During the lowstand periods of seal level, the ramp (Gebel El-Zeit) was exposed, hence the continental run-off by
local rivers transported the siliciclastic sediments towards the lowstand shorelines. This decreases the carbonate
production on the proximal part of the ramp. During the transgressive and highstand periods of the sea, the ramp passes
through two stages; the evolution of siliciclastic-carbonate ramp facies at the Southern and Northern Galalas and the
establishment of a dominated carbonate ramp facies at Gebel Ataga and Gebel Shabraweet. Both stages represent a mid
ramp setting.

The proximal inner ramp clastic-dominated facies corresponds to a tectonic stable period during which

sedimentation rate kept pace with subsidence. The source of these clastics is positioned southward. The presence of plant
remains within the succession of the Galala Formation at Gebel El-Zeit characterizes the coastal marine proximal ramp
environment of warm and humid climate.
The drowning of the ramp in the central part of the study area is resulted from a local tectonic subsidence that leads to
form an "intra-ramp basin" at the Southern Galala. This contributes to an increase in water depth and then a flooding is
happened as the rate of sea-level rise is greater than the rate of carbonate sedimentation and this result in an open marine
clastic-carbonate, shallow subtidal facies inter-fingering with deeper facies as indicated by the highly-diverse faunal
content and the presence of ammonites and planktonic foraminifera-bearing strata. The change from the clastic- dominated
facies of Gebel El-Zeit to the mixed clastic-carbonate facies of the Southern and Northern Galalas reflects a regional rise in
sea level, whereas the rise of sea level diminishes the clastic area and led to flooding of coastal areas by carbonate facies.

INNER RAMP| s ]|D RAMP = OUTER RAMP
(Subsurface of northern Sinai)
G. El-Zeit GShabraweet|

Southern
Galala
(Intra-ramp
basin)

Northern| G. Ataqa

Galala | (Carbonate buildup) (outside the study area)

E= claystone # Plant remains

[ sittstone 9 Bivalves

[ sandstone @ Cephalopods

E==3 Limestone @ Planktonic forams FWWB: fairweather wave base
[E=] polomitic imestone @ Echinoderms SWB: storm wave base

@ Dolostone O Algae

[N Hemipelgic chalk
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peritidal facies

Peritidal facies
Shallow subtidal facies

"Deep subtidal to basin facies
(Outside the study area)

Fig.11: Schematic diagram shows: a. Depositional model of the siliciclastic-carbonate ramp of the Galala Formation. b. General
depositional facies of the Galala Formation.

The Northern part of the study area was uplifted with a remarkable sea-level drop and hence the peritidal facies
dominates near the mean sea level. This tectonic uplifting is synchoronous with the low-lying area on which the intra-ramp
basin facies was deposited. The lack of siliciclastics within the succession of Gebel Ataqa reflects the increase of the
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carbonate sedimentation at the expense of the claystones under the effect of uplifting. This uplifting leads to forming of
isolated carbonate buildup at Gebel Ataga, where the succession is composed mainly of shallowing-upward, pure
carbonate, shallow subtidal and peritidal cycles developed on the mid ramp. This isolated buildup is developed when the
rate of the sediment production of the buildup exceeds the rate of sea-level rise (Burchette and Wright 1992).

The gradual transition from the intra-ramp basin at the Southern Galala passing through the transitional facies at
the Northern Galala to the carbonate buildup at Gebel Ataqa represents a shift from the fine siliciclastic dominant and
mixed siliciclastic-carbonate facies to carbonate dominant sedimentation. This transition reflects the shallowing and
infilling of the intra-ramp basin and the progradation of the carbonate buildup at Gebel Ataga. Carbonate buildup facies of
Gebel Ataqa is closely similar to that found on the ramp by Markello and Read (1981). The dominance of carbonates (82%)
over the claystones (18%) in the lithofacies of Gebel Shabraweet reflects a period of elevation but with deeper conditions
than Gebel Ataqa.
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