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Abstract The foraminiferal contents and geochemistry of
199 samples collected from three surface sections in the
southern Galala Sub-basin, North Eastern Desert of Egypt,
have been studied in detail. From south to north these
sections are situated at Gebel Tarboul, Wadi Tarfa, and Bir
Dakhl. The results allow reconstructing of the depositional
environments and high resolution sequence stratigraphy of
the Upper Cretaceous—Palacogene succession. The quan-
titative and qualitative distribution patterns of benthic
foraminifera of the Upper Cretaceous—Lower Palacogene
succession suggests a depositional environment from outer
neritic to bathyal, at 200 to ~700 m water-depth. Based on
sequence stratigraphic analyses, ten complete third order
depositional sequences have been recognized. These
depositional sequences from base to top are as follows:
CaSGB-1 sequence, CaSGB-2 sequence, MaSGB-1
sequence, MaSGB-2 sequence, DaSGB sequence, Da/
SeSGB sequence, SeSGB sequence, ThSGB sequence, Sp/
YpSGB, and YpSGB sequence. These sequences are
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controlled by both eustatic sea-level changes and tectonic
movements that prevailed during deposition.
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1 Introduction

The Cretaceous—Palacogene interval provides one of the
best opportunities to calibrate depositional sequences
against an integrated stratigraphic framework. This can be
examined in the rocks of Cretaceous—Palacogene age that
are widely distributed in Northern Africa along the south-
ern margin of the Tethys Ocean. On the Egyptian territory,
the Cretaceous—Palaeogene exposures are well-known in
many localities ranging from Sinai, Eastern Desert, to the
Western Desert. The stratigraphy and sedimentology of the
outcropping Upper Cretaceous—Lower Palaeogene succes-
sion in the Eastern Desert of Egypt have been studied by
several authors since (e.g. Awad and Abdallah 1966). The
interpretations of the synsedimentary tectonics of the
Upper Cretaceous—Paleocene carbonate-dominated strata
in the Galala area (Kuss 1992; Moustafa and Khalil 1995)
form the basis for further detailed investigations (Scheibner
et al. 2000, 2001). In the studied Southern Galala Sub-
basin, in the northern part of Egyptian territory, where the
unstable shelf is located, marine sedimentary sections
across the Cretaceous/Palacogene (K/Pg) interval are
widely distributed and preserved in the Sudr, Dakhla,
Tarawan and Esna formations. Intensive work on the
stratigraphy, biostratigraphy and sedimentology of the
outcropping Cretaceous—Palacogene succession in the
Eastern Desert of Egypt had been done (Abdel-Kireem and
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Abdou 1979; Bandel and Kuss 1987; Bandel et al. 1987,
Hendriks et al. 1987; Kuss and Leppig 1989; Kuss et al.
2000, Ismail et al. 2009; Scheibner and Speijer 2009;
Hontzsch 2011; Ismail 2012; and Hefny and Youssef
2015). The present study is an attempt to contribute to
finding evidence in support of sequence stratigraphical
interpretations. The present study is aimed at: (1) con-
structing of the depositional environments for the study
area; and (2) elucidating the sequence stratigraphic archi-
tecture that was developed during the pulsatory third-order
relative sea-level cycles through using the available data.

2 Geological setting

During the early Late Cretaceous, Egypt was situated at the
southern margin of the Neotethys at ca. 5° northern palaeo-
latitude (Philip and Floquet 2000). The Cretaceous—
Palaeogene rocks are well exposed in the northern part of the
Eastern Desert. However, outcrops of lower Upper Creta-
ceous (Cenomanian-Turonian) strata are comparatively rare
and little is known in detail about their facies and deposi-
tional environment. The Campanian—Eocene systems pro-
duced widespread sediments in Eastern Desert, which were
formed during a major transgressive period when the sea
extended up to some 1000 km inland of the present coast
(Picard 1943; Said 1962; Garfunkel and Bartov 1977).

The investigated area (Fig. 1) represents a segment of
the northern passive margin of the Afro-Arabian plate
during the Late Triassic—Jurassic opening of the Neo-
tethys. The extensional tectonic processes resulted in the
formation of east—west striking northward-deepening half-
grabens that were mostly covered by the Late Triassic—
Early Cretaceous seas, depending on sea level fluctuations
(Scheibner et al. 2001). Beginning with the initial stages
of the collision between Africa and Eurasia during the
Turonian stage, a dextral transpressive reactivation of the
half-grabens took place along the North African-Arabian
plate boundary (e.g. Aal and Lelek 1994; Moustafa and
Khalil 1995). Consequently, a system of inverted, uplifted
and folded grabens was formed, and was called the Syrian
Arc System and ‘unstable shelf’ (Krenkel 1925; Said
1962). The structures here were mainly active during the
Late Santonian (Kuss et al. 2000; Rosenthal et al. 2000).
But there is evidence of several Early Eocene tectonic
pulses on the same structures in the Galala Mountains that
have been recently discussed in details by Hontzsch et al.
(2011). The Galala Mountains in the Eastern Desert,
together with areas on western Sinai, represent a southern
branch of the Syrian Arc and it is called the Northern
Galala/Wadi Araba High (Kuss et al. 2000), and is
characterized by Late Cretaceous uplift in the north and
subsidence further to the south.

Fig. 1 Satellite image of the Southern Galala Sub-basin, Easternp
Desert, Egypt. Shown are the affecting structures, distribution of the
formations, and the location of studied sections, which run in transect
A-B parallel to the Gulf of Suez. The strike directions of the Wadi
Araba and North Esh El-Mallaha faults (related to Mesozoic—
Palacogene tectonics) and the Gulf of Suez faults (related to the
Miocene opening of the Gulf) lie perpendicular to each other

3 Lithostratigraphy

The base of the studied interval is characterized by Upper
Cretaceous massive white and creamy chalk and chalky
limestone beds with intercalations of light gray calcareous
shale and argillaceous limestone (Sudr Formation, Figs. 2,
3, 4). This formation unconformably underlies a sequence
of cherty limestone of the Thebes Group at Gabel Tarboul
(Fig. 4), northern Esh El Mallaha area, a sequence of
gypsifereous shale of the Dakhla Formation in Wadi Tarfa
(Fig. 2b), and a sequence of brownish yellow marly shale
of the Upper Paleocene Esna Formation in the Bir Dakhl
section (Fig. 3a; Hefny and Youssef 2015). The Upper
Cretaceous—Palaeocene Dakhala Formation represents
yellowish to greyish fissile shales with argillaceous lime-
stone and clay interbeds. It is sandwiched between the Sudr
Formation below and Tarawan Formation above in Wadi
Tarfa. In the Gabel Tarboul and Bir Dakhl sections, the
Palaecocene Dakhla passes laterally into the Sudr Forma-
tion. The Tarawan Formation includes the Upper Paleocene
thick bed of chalk and chalky limestone, which in the study
area was deposited as outer shelf- basinal chalks/lime-
stones protected from shallow water influences. The Esna
Formation (Fig. 2a) comprises Upper Paleocene to Lower
Eocene laminated, green, grey-green, brownish or black-
ish-grey shale, sandy shale and marl, either fissile or
massive, and some gypsum veinlets shale, with more cal-
careous components toward the top. The Esna Formation
was deposited as basinal marls without shallow water
input.

4 Materials and methods

In the present study, 199 samples were collected from three
surface sections in the Northern Galala/Wadi Araba High.
The three sections from south to north are as follows:
Gebel Tarboul (Eash El-Mellaha range) (EM): N27°50'38",
E33°09'59”, Wadi Tarfa section (WT): N28°13'7.5",
E32°13/°49”, Bir Dakhl section (BD): N28°40'57",
E32°34'08”. In the Gebel Tarboul section (Fig. 4), the
studied interval includes the Sudr Formation, which is
divided into two members: The Markha Chalk Member
(Campanian) and the Abu Zeneima Member (Maas-
trichtian). This formation unconformably underlies a
sequence of cherty limestone of the Thebes Group. The
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Fig. 2 a Wadi Tarfa section and (b) Bir Dakhl section. Planktonic (Berggren et al. 1995). Organic carbon content together with total
foraminiferal number (PFN), benthic foraminiferal number (BFN), CaCO3 content in percent are plotted vs. integrated stratigraphy in
total foraminiferal number (TFN), and planktonic percent (P%) Wadi Tarfa and Bir-Dakhl sections. Grey shaded bars indicate
recorded in North Eastern Desert versus planktonic biozonation intervals of very low values in carbonate content
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exposed interval in Wadi Tarfa section comprises the Sudr,
Dakhala, Tarawan, Esna, and Thebes formations. In the Bir
Dakhl section the Sudr and Esna formations are exposed.

In sequence stratigraphic studies, microfossils are used
to correlate local depositional cycles into a regional
framework (e.g. Haq et al. 1987). Among the most used
and readily studied microfossils are the foraminifera. We
quantified the foraminiferal planktonic percent number
(P%) and carried out a benthic foraminiferal morphogroup
analyses. Based on morphology, life position, feeding
habitat and environment, four benthic foraminiferal
assemblages (biofacies A-biofacies D) have been recog-
nized (Table 1). Total carbon (TC) and total organic car-
bon (TOC) were determined (Bengtsson and Enell 1986).

5 Results
5.1 Organic geochemistry

The organic geochemistry was carried out on 92 samples
derived from the Wadi Tarafa and Bir Dakhl sections. The
results are displayed as black lines on a 10 based loga-
rithmic scale in Fig. 2. In general and in particular the
Wadi Tarafa sediments are characterized by low total
organic carbon contents. A strong control by prevailing
high sedimentation rates, hyperthermal events and silici-
clastic dilution on the platform can be inferred.

5.1.1 Calcium carbonate content (CaCO3)

It is clearly visible at Wadi Tarfa (Fig. 2a) that the calcium
carbonate content of the studied rocks varies inversely with
TOC throughout the section. The lowermost argillaceous
limestone of the Sudr Formation records the highest CaCO5
values fluctuating from 88 to 96 % (average = 92 %),
while the upper marly shale shows a distinct decline in
CaCO5 content ranging from 80 % to 58 % (aver-
age = 69 %). The uppermost part at 10.2 m shows 85 %
CaCOj; which is again characterized by marlstone/lime-
stone. The carbonate content of the Dakhla Formation
steadily declines from 63 to 35 % (average = 49 %), with
an exceptional depletion to less than 22 % at 19.2 m. This
is followed by a gradual increase in values from 40 to 80 %
(average = 60 %). The chalk of the Tarawan Formation
records high values of 91 % carbonate content at 27.3 m.
The hemipelagic Esna Shale shows more or less constant
low values between 33 and 58 % (average = 45.5 %),
followed by 70 and 73 % carbonate content in the upper-
most part of the studied section (from 44.1 to 45 m).
Generally, the Bir Dakhl section (Fig. 2b) is rich in cal-
cium carbonate (more than 86 %) because of prevalent

marlstone/limestone and limestone facies. It shows two
CaCO3 minima; one in the upper part of the Sudr For-
mation (84 % at 32.1 m), and the other in the upper part of
Esna Shale Formation (79 % at 41.7 m).

5.1.2 Total organic carbon (TOC)

The amount of the organic matter in the analyzed samples
is variable according to the type of lithology and their
characteristic attributes. Generally, in Wadi Tarfa, the TOC
values are characterized by fluctuations at low levels from
0.06 to 0.4 % (Fig. 2a). A TOC maximum is reached at
20.6 m with 0.39 %. The lowermost argillaceous limestone
of the Sudr Formation records the lowest TOC values
fluctuating from 0.06 to 0.1 %. The uppermost marly shale
shows values from 0.1 to 0.12 %, exceptionally 0.17 % at
10.2 m. The TOC content of the Dakhla Formation grad-
ually increases from 0.15 to 0.25 % with the maximum of
0.4 % at 19.2 m, followed by gradual decrease in TOC
values from 0.28 to 0.11 %. The uppermost part of the
Dakhla Formation, which contains phosphatic beds, shows
TOC value 0.14 % at 25.8 m. The chalks of the Tarawan
Formation record very low values of 0.11 % TOC at
27.3 m. The obtained TOC values from the base of the
Esna Shale Formation are low between 0.14 and 0.21 %,
followed by a more or less constant range between 0.12 and
0.1 % in the upper part of the studied section (from 41.1 to
45 m). This observation indicates the oxidization of
organic matter in these formations in the outcrops.

At Bir Dakhl, generally the values of TOC are very low.
It shows strong TOC depletion in the upper part of Sudr
Formation as depicted at 30.9-33.9 m. At the base of Esna
Formation, the relative TOC peak 0.1 % (39.9 m) is asso-
ciated with a minor calcium carbonate depletion (Fig. 2b).

5.2 Benthic foraminifera
5.2.1 Benthic foraminiferal assemblage biofacies

Four main Cretaceous/Palacogene biofacies of benthic
foraminiferal assemblages that characterize bathymetric
regimes have been recognized in the studied part of the
basin: biofacies A (inner to middle neritic, 50—-100 m),
biofacies B (outer nertic, 100-200 m), biofacies C (proxi-
mal upper bathyal, 200400 m), and biofacies D (distal
upper to middle bathyal, 400-700 m). For detailed benthic
foraminiferal assemblage composition see Table 1.

5.2.2 Total foraminiferal number (TFN)

The total foraminiferal number (TFN) in one gram of dry
sediment was calculated. In Bir Dakhl (Fig. 2b), TFN
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«Fig. 3 Estimated palaco-depth and relative sea-level curves for the
Upper Cretaceous—Palacogene in Bir Dakhl section (a) and Wadi
Tarfa section (b). Summary of chrono-, bio-, and lithostratigraphy,
parasequence stacking patterns, cumulative percent of the washed
residue components, biofacies, paleobathymetry, and sequence
stratigraphic interpretations. HST highstand systems tract, 7ST
transgressive systems tract, MFS maximum flooding surface, SB
sequence boundary
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Table 1 Detailed benthic foraminiferal assemblages, and bathymetric regimes etablished in the southern Galala Sub-basin

Biofacies  Benthic assemblages Bathymetric regimes
Biofacies  Frondicularia spp., Laevidentalina legumen, Vaginulinopsis midwayana, Gaudryina sp. and Inner to middle neritic
A Spiroplectinella henryi. Besides the common nominative MF species, of various Cibicidoides
succedens, Ramulina navarroana, Vaginulina sp., Lagena globosa, Lagena hispida, Bolivina
midwayensis, Neoflabellina paleocenica, Anomalinoides welleri, Nodosaria semispinosa,
Chrysalogonium tappanae, Anomalinoides midwayensis, and Marginulinopsis tuberculata
Biofacies Composed of most species of the biofacies A and Valvulineria spp., Tritaxia midwayensis, Stilostomella Outer nertic
B paleocenica, Lenticulina cultrate, and Neoflabellina semireticulata
Biofacies  Cibicidoides alleni, Chrysalogonium elongatum, Dentalina eocenica, Cibicidoides vulgaris, and Proximal upper
C Nodosaria semispinosa bathyal
Biofacies  Gavelinella danica, G. dayi, Spiroplectinella dentate, Cibicidoides alleni, Nuttallides truempyi, Distal upper to middle
D Gavelinella danica and Gyroidinoides globosus bathyal

subbotinae zone, a rapid increase in total foraminiferal
number in sample WT-74 (5568) was measured.

5.2.3 Planktonic/benthic ratio (P%)

In the studied sediments, the average P% shows a slight
change throughout the Late Cretaceous sediments (Fig. 2).
From the Globotruncana aegyptiaca zone to the lowermost
part of the Gansserina gansseri zone, P% values range
between 72 and 94 %. In the Middle Campanian and ear-
liest Maastrichtian section, a significant upward increase in
P%, ranging between 33 and 58 %, has been recorded.
Slight drops of P% are observed in the Late Maastrichtian.
The Late Paleocene is also characterize by an abrupt drop
in P% (9 % in in sample WT-47). The Early Eocene is
characterized by a gradual upward increase in P% from
~80 to 99 % (Pseudohastigerina wilcoxensis/Morozovella
velascoensis zone to Morozovella aragonensis/Moro-
zovella subbotinae zone).

5.3 Depositional sequences

The study interval that includes the Upper Cretaceous Sudr
Formation and the part of the Palacogene Dakhla, Tarawan,
and Esna formations was divided into ten depositional
sequences (1-10) that range in approximate duration from
0.5 to 2.5 Myr. Each sequence contains transgressive and
highstand systems tracts, whereas the lowstand system
tracts are absent in the study area. Sequence thickness
increases upwards from sequence 1 to sequence 3 and then
decreases from sequence 3 to sequence 6. Such trends
implies that accommodation space was increasing, coupled
with high subsidence rates and high sediment supply during
formation of sequence 1 to sequence 3, and decreasing
from the time of sequence 4 toward the transition of
Paleocene to Eocene (sequence 10). Each of the studied
sequences typically contains a lower retrogradational
parasequence set that is bounded above by a maximum-

flooding surface and an upper progradational parasequence
set that is bounded above by a sequence boundary.
Parasequences within parasequence sets are stacked in
distinctive transgressive (landward-stepping) and regres-
sive (seaward-stepping) patterns that are indicative of
transgressive and highstand systems tracts (TST and HST),
respectively. These stacking patterns are commonly
expressed as deepening-upward (transgressive) and shal-
lowing-upward (regressive) cycles that are based on for-
aminifera content, litho-and bio-facies assemblages, and
are accompanied by changes in the sediment type and/or
TOC content (Figs. 3, 4).

6 Discussion
6.1 Paleoproductivity

The reconstruction of the productivity patterns is of great
interest because of the important links to current patterns,
mixing of water masses, wind, the global carbon cycle and
biogeography. Productivity is often reflected in the flux of
carbon into the sediment. Generally, there is a relationship
between productivity in surface waters and organic carbon
accumulation in the underlying sediments (Sarnthein et al.
1992). Below the central gyres of the ocean and the deserts,
the organic carbon content in sediments is extremely low.
In upwelling areas, the organic carbon content of the sed-
iments can be extremely high. From this observation, it
may be expected that, at any one place, a change in the
content of the sediment organic carbon indicates a change
in productivity through time (Wefer et al. 1999).

Low carbonate values can indicate the dissolution or
dilution of carbonates below the calcite compensation
depth (CCD) and/or an increased terrigenous component
due to the transportation of weathered exposed rock
material to the basin (El Kammar and El Kammar 1996).
Carbonate content together with planktonic foraminiferal
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numbers and planktonic/benthic ratios can be used to
estimate carbonate dissolution (Guasti and Speijer 2007).
Enhanced CaCO; dissolution should increase the ben-
thic/planktic (B/P) foraminiferal ratios. These low contents
of CaCOj; have been interpreted as times of increased
carbonate dissolution and as a consequence of changes in
deep water circulation (Roth et al. 2000).

In Wadi Tarafa, the Dakhla Formation records an
increase in carbonate dissolution after ~62 Ma with
maximum dissolution of up to 5 % B/P at 60 Ma. In con-
trast to the deep sea, shelf deposits are largely unaffected
by dissolution due to lysocline shallowing during Early
Palacogene hyperthermals (John et al. 2008). This is
clearly visible in the lowermost part of the Sudr Formation,
which consists mainly of hemipelagic argillaceous lime-
stone, and therefore shows maximum carbonate content.

On the other hand, strongly varying sedimentation rates
and bulk rock calcium carbonate fluctuations are inter-
preted as a result of multiple unconformities and not of
dissolution or dilution of carbonates (Zachos et al. 2006;
Giusberti et al. 2007; Galeotti et al. 2010). The local
environmental and tectonic constraints of the Galala suc-
cession reveal a combination of siliciclastic dilution and
tectonic unconformities as major triggers for calcium car-
bonate depletion (Hontzsch et al. 2011). In Wadi Tarafa,
high fluctuations of calcium carbonate content in the Early
Eocene (Fig. 2a) are related to intensive siliciclastic dilu-
tion during Wadi Araba uplift and the re-deposition of
Mesozoic and Palaeozoic sandstones (Kuss et al. 2000;
Scheibner et al. 2001; Hontzsch et al. 2011). The well
visible depleted calcium carbonate ratios in Pseudo-
hastigerina wilcoxensis/Morozovella velascoensis concur-
rent-range zone (E2) are seen when the tectonic activity of
the Syrian Arc decreases significantly (Moustafa and Khalil
1995; Hussein and Abd-Allah 2001; Hontzsch et al. 2011).

Hyperthermal events contribute significantly to the
global carbon circulation and carbonate depletion. At the
Paleocene Eocene Thermal Maximum (PETM) level in
Wadi Tarafa, calcium carbonate depletion reaches to more
than 65 %.

Therefore, we conclude that dissolution is not the only
controlling factor on the CaCO; minima in the studied
sections that correspond in time to the global “Carbonate
Crash”. The tectonic processes and hyperthermal events
(e.g. PETM) could contribute to the depletion of the car-
bonate contents.

Geological evidence indicates that organic-rich sedi-
ments could be deposited even on open shelf until the early
Palaeozoic period, but they could be deposited only in a
hydrologically isolated basins afterwards (Klemme and
Ulmishek 1991). According to our result, the sediments of
Wadi Tarafa are characterized by generally low total
organic carbon values, which can be related to higher

sedimentation rates and to siliciclastic dilution on the
platform (Fig. 2). TOC-rich horizons in the Dakhla For-
mation of Early Palacogene are interpreted as black shales
which were driven by local upwelling regimes (Speijer and
Wagner 2002). A single black shale which is significantly
enriched in TOC correlates with calcium carbonate
depletion of the post-PETM hyperthermal event
(TOCpgrm ~ 0.40 %) and probably reflects transient
productivity (Hallock et al. 1991; Scheibner et al. 2005;
Sluijs et al. 2009). The Early Eocene Esna shales reveal
very low TOC values which suggest an open ocean envi-
ronment with low terrigenous influx from the African
craton (Speijer and Wagner 2002).

6.2 Paleobathymetry

A common goal in basin analysis is the assessment of
palaecobathymetry for interpreting depositional environ-
ments, constructing the subsidence and uplift history, and
other aspects of basin evolution. Various studies indicated
that the comparative abundance of planktic and benthic
foraminiferal assemblages could record sea-level fluctua-
tions curve, and could be useful for interpreting the pale-
obathymetry of sediments (Buzas and Gibson 1969; Olsson
and Wise 1987; Olsson 1991). The geometry of this curve
(hinge and inflection points, positive/negative/constant
trends) is used to estimate the approximate position of
candidates for systems tract boundaries. The value of the
P% ratio strongly increases in deeper waters and eventually
approach infinity (P/B ratio increase in the depth range of
0-1000 m from O to 10, and then rapid increase from 20 to
00). In this study, the following bathymetric divisions were
applied in agreement with Van Morkhoven et al. (1986)
and Berggren and Miller (1989): neritic <200 m; upper
bathyal 200-600 m; middle bathyal 600-1000 m; lower
bathyal 1000-2000 m; upper abyssal 2000-3000 m; lower
abyssal >3000 m). Based on water depth zonation of Van
Morkhoven et al. (1986), the depositional depth of the
studied sections varies from ~50 to ~750 m, indicating
an environment range from the middle neritic to the
bathyal zone (Fig. 2). The most widely applied method for
assessing paleobathymetry is the analysis of benthic for-
aminiferal biofacies. In the present study, the overall nature
of the benthic foraminiferal assemblages is examined to
prove the validity of palaeo-depth estimations obtained
using the percentage of planktic foraminifera. We combine
benthic foraminiferal biofacies, palaeo-productivity (TOC
and carbonate content) and two-dimensional palaco-water
depth to construct a two-dimensional palaeo-slope or
palaeo-bathymetric models. Palaco-slope modeling is
based on the assumption that benthic foraminiferal biofa-
cies horizontally occupy distinct environments but inte-
grate and replace each other vertically with a depositional
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environment change. Additionally, any significant trends in
palaeobathymetry can be checked along the succession by
identifying marker species for selected depth intervals.
Based on this information, the bathymetric evolution of the
investigated sections can be reconstructed. The benthic
assemblages in the studied sediments indicate an upper to
deep middle bathyal environment, and being dominated by
biofacies A, B and C assemblages. The benthic assem-
blages of samples WT-70 to WT-75, however, are domi-
nated by a biofacies B associated with the normally
shallow-water preferences of Laevidentalina
Anomalinoides species and absence of deep benthic for-
aminiferal assemblage. This suggests that these samples
were deposited at upper bathyal palaco-depths (Figs. 3, 4).

Olsson and Nyong (1984) have shown that the inner
shelf (10-50 m) is characterized by rare planktonics
(<8 %) with low species diversity, while relatively P% of
8-25 % characterizes the middle shelf (50-100 m) with
increased species diversity. On the other hand, the outer
shelf environment (100-200 m) is characterized by high
P% of 70 %, while P% of 90 % is attributed to the middle
slope (400-800). According to Mendes et al. (2004), the
benthic foraminiferal number (BFN) is inversely related
with water depth. Slightly increased BFN in the lowermost
part of the Gebel Tarboul section (BFN of EM-06 is 693)
indicates that at this stratigraphic level bottom water con-
ditions have been generally more favorable for the pro-
duction of benthic foraminifera.

species,

6.3 Depositional environments and sequence
stratigraphy

The interpretation of depositional environment geometries
and depositional cycles allowed the recognition of ten (3rd-
order) depositional sequences in Cretaceous—Palaeogene
strata that are bounded by 10 sequence boundaries. The
sequence stratigraphic interpretations are shown in
Table 2, Figs. 3 and 4. Finally the idealized Late Creta-
ceous—Early Palaeogene sea-level fluctuations in the
Southern Galala Sub-basin, as derived from integrated
lithostratigraphy, micropaleontology, paleobathymetry,
organic geochemistry are depicted in Fig. 5. The recog-
nized ten (third order) depositional sequences in Creta-
ceous—Palaeogene are as follow:

6.3.1 SEQ-1: CaSGB-1 sequence

CaSGB-1 sequence represents the first studied depositional
cycle in South Galala Sub-basin. This sedimentary cycle
that covers a time interval of approximately 1.7 Myr within
the latest Campanian, stratigraphically comprises the low-
ermost part of Markha Member of Sudr Formation. This
cycle involves the differentiation of HST deposits only

because the TST deposits are not exposed. Moreover, the
CaSGB-1 sequence represents the basal part of Gebel
Tarboul and Bir Dakhl section and is not present in Wadi
Tarfa. Following the sequence hierarchy definition of Vail
et al. (1991), this sedimentary cycle is of third-order cycle
rank, consisting of many fourth-order subcycles (Table 2).
Deepening-upward subcycles are composed of a succession
dominated by background sedimentation marls with thin
intercalated chalky limestone beds. Shallowing-upward
subcycles are dominated by foraminiferal wackestone to
marly shale with relatively high planktonic foraminiferal
percentages. They are interpreted to represent aggrada-
tional to progradational stacking patterns.

6.3.2 SEQ-2: CaSGB-2 sequence

The CaSGB-2 sequence spans the Markha Member and
Abu Zeneima Member of the Sudr Formation at Gebel
Tarboul (Fig. 4), and the Markha Member at Bir Dakhl. It
can be treated as siliciclastic/carbonate mixed system
(shallow-water, hemipelagic, and pelagic) deposited during
~2.9 Myr. Basin-wide and local tectonism during Creta-
ceous resulted in subsidence along the fault system situated
in shoulders of the Southern Galala Sub-basin, with higher
subsidence rates in Gebel Tarboul than Bir Dakhl during
CaSGB-2 deposition. This difference has resulted in
increased thickness of deep-marine pelagic shales with
higher planktonic foraminiferal abundance intercalated
with thin beds of hemipelagic carbonate at Gebel Tarboul.
This contrasts to dominating hemipelagic carbonates in Bir
Dakhl.

6.3.3 SEQ-3: MaSGB-1 sequence

Stratigraphically, the MaSGB-1 sequence (~ 18 m thick.)
represents the interval between Markha Member and Abu
Zeneima Member of the Sudr Formation and covers a time
interval of approximately 3.2 Myr from the latest Campa-
nian to the Late Maastrichtian at Bir Dakhl. At Wadi Tarfa
it corresponds to a part of the Abu Zeneima Member
(~ 8 m thick). Typically, it consists of alternations of thick
to medium beds of limestones, green marls, and calcareous
shale.

6.3.4 SEQ-4: MaSGB-2 sequence

MaSGB-2 sequence covers the time interval of latest
Maastrichtian. It is ~2.7 m thick in the uppermost part of
Sudr Formation in Wadi Tarfa and ~2.4 m in Bir Dakhl
section. This sequence and overlying sequences fade out in
the Gebel Tarboul section, which may be interpreted to
reflect local deep erosion during the MaSGB-2 sea level
fall, associated with local tectonic uplift and basin
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Fig. 5 Idealized Late Cretaceous—Palacogene sea-level fluctuation
curve in southern Galala Sub-Basin, as deduced from integrated
lithostratigraphy, micropaleontology, paleobathymetrical parameters,

irregularity. This uplift continued until the beginning of the
Late Paleocene.

6.3.5 SEQ-5: DaSGB sequence

The DaSGB sequence represents ~1 m of the lowermost
part of the Dakhla Formation. It consists of one progra-
dational parasequence forming a shallowing upward cycle
of calcareous shale and is attributed to the late Early
Paleocene. The basal part of DaSGB sequence is Sequence
Boundary type-1 (sequence boundary MaSGB-2). The
regional unconformity between chalky limestone (Sudr
Formation, Cretaceous) and overlying hard calcareous
shale (Dakhla Formation, Paleocene) is characterized by a
significant biostratigraphic hiatus demonstrated by the

organic geochemistry, and microfacies analysis, and compared with
regional and global sea-level variations (Haq et al. 1987; Liining et al.
1998)

absence of four planktonic foraminifera biozones. The low
thickness of this sequence may be result of the magnitude
of the K/Pg hiatus that involved removal of LST and TST
deposits of this sequence or a non-depositional phase.

6.3.6 SEQ-6: Da/SeSGB sequence

During the Late Danian, an extensive marine transgression
took place, leading to the landward shift of the shoreline as
far south as northern Sudan (Liiger 1985). In the South
Galala Sub-basin, the Late Danian relative sea-level rise
started with the formation of landward-stepping middle
bathyal shale strata (Da/SeSGB, Plc Sub-zone; Fig. 3).
This sea level rise was followed by progradational, proxi-
mal upper bathyal shale during the latest Danian-Selandian
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(P2 Zone and P3a Sub-zone) due to a slow and localized
relative sea-level fall. The Da/SeSGB sequence (~5.5 m
thick.) itself can be subdivided into two system tracts (TST
and HST), each containing distinct benthic foraminiferal
assemblages.

6.3.7 SEQ-7: SeSGB sequence

The ~7 m thick Selandian SeSGB sequence is bounded at
its top by a third-order sequence boundary (type-2). It has
duration of approximately 2.2 Myr with a sedimentation

rate of ~5.5 mm kyear™'.

6.3.8 SEQ-8: ThSGB sequence

The ThSGB sequence in the southern Galala Sub-Basin is
represented throughout the interval between Dakhla, Tar-
awan, and Esna formations and represents a mixed silici-
clastic-carbonate succession. It 1is attributed to Late
Paleocene with an estimated duration of ~2.5 Myr.

6.3.9 SEQ-9: Sp/YpSGB (type-2 sequence) sequence

Sp/YpSGB sequence is approximately ~8.5 m thick,
deposited throughout the interval between the Late Pale-
ocene (latest Thanetian) and Early Eocene (early Ypresian)
and has an approximate duration of 1.4 Myr (third order
sequences). It correlates with the lower part of Esna
Formation.

6.3.10 SEQ-10: YpSGB sequence

YpSGB sequence comprises the uppermost studied depo-
sitional cycles in southern Galala Sub-Basin. It is devel-
oped within the upper part of the Esna Formation in Wadi
Tarfa and fades out toward the north and south shoulders of
the basin. It includes the planktonic foraminiferal Zone E4
and ES5 and is assigned to the Early Eocene (middle to late
Ypresian). A tentative and minimal estimate for the dura-
tion of YpSGB sequence is at least 2.5 Myr with a sedi-
mentation rate of ~2.8 mm kyear '. The YpSGB
sequence is divided into two systems tracts (TST and HST)
by a bivalve (Oyster) shell bed at 41.5 m.

7 Conclusions

The result of our high resolution analysis of the Late
Cretaceous—Early Palacogene succession in the study area
can be summarized as follow: Based on morphology, life
position, feeding habitat and environment, four benthic
foraminiferal assemblages (biofacies A—biofacies D) have
been distinguished. Four carbonate crash events (abrupt

drops in carbonate content) during the Cretaceous—
Palacogene interval have been recognized. The deposi-
tional environments can be interpreted to range from neritic
to middle bathyal (~700 m) depth. Ten third order depo-
sitional sequences, each bounded by a sequence boundary,
have been described, and only the transgressive and high-
stand system tracts are preserved. These sequences are
controlled by both eustatic sea-level changes and tectonic
activities that prevailed during the deposition.
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