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Abstract: The variations in assemblages of calcareous nannofossils are tracked in the Dakhla and
Tarawan Formations exposed at Gebel Nezzazat (central Sinai, Egypt). Five calcareous nannofossil
biozones, namely NP2/3, NP4, NP5, NP6, and NP7/8 are identified. A distinct marker bed related
to the Latest Danian Event (LDE) occurs within the Dakhla Fm. The earliest representative of
fasciculiths, Lithoptychius schmitzii, first occurs just below the LDE distinct bed and is followed
by the Los of Diantholitha alata, D. mariposa, L. varolii, L. felis, and L. collaris. The abundance of
calcareous nannofossils drops within the LDE distinctive bed. The base of Selandian Stage is here
approximated at the base of Zone NP5 in concurrence with a sudden drop in the abundance of
calcareous nannofossils. No considerable lithological changes are noted across this transition. The
absence of subsequent occurrences of L. ulii, L. janii, L. billii, and L. stegostus suggest inconsistent
lowest occurrences (Los) of these taxa, insufficient sampling resolution, and/or a hiatus. The base
of Thanetian is approximated with the base of Zone NP7/8 in the topmost of Dakhla Fm. No
considerable changes in calcareous nannofossil assemblages are associated in correspondence to this
transition except the LO of D. mohleri, lowest continuous occurrence (LctO) of Bomolithus megastypus,
and the increase in abundance of Heliolithus kleinpellii as well as a sudden drop in abundance within
Zone NP7/8. The variations in calcareous nannofossil assemblages at Gebel Nezzazat suggest
prevailing warm-water and oligotrophic conditions during the Paleocene and particularly along the
Danian Stage that are interrupted by minor fluctuations in paleoclimatic conditions. In particular, the
Danian–Selandian transition marks a decrease in warm and oligotrophic conditions that persisted
along the Selandian Stage. The Selandian–Thanetian transition shows an increase of warm and
oligotrophic conditions prevailed in the Thanetian record. The sudden decrease in abundance of
calcareous nannofossils in both the Selandian and Thanetian is likely resulted from an increase in
dissolution of carbonates rather than variations in the paleotemperature and/or paleofertility.

Keywords: nezzazat; sinai; calcareous nannofossils; danian/selandian; selandian/thanetian; paleoclimate

1. Introduction

The Paleocene Epoch (Series) has been formally divided into Danian, Selandian, and
Thanetian Stages [1,2]. This epoch was characterized by short and extremely warm episodes
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(known as hyperthermal events) associated with sedimentological and isotopic changes
as well as variations in calcareous nannofossil assemblages [3–9]. These Paleocene events
comprise the Late Danian Event (LDE) [10–13]; the Danian/Selandian (D/S) transition
event [14,15]; the early-late Paleocene event (ELPE, [3]), also known as the mid-Paleocene
biotic event (MPBE, [4]); and likely part of the long-lasting environmental disruption during
the Paleocene (i.e., the Selandian–Thanetian Transition Event, STTE, [8]).

It is hypothesized that this interval is the consequence of a revolution of the bottom
water conditions following the beginning of a deep-water connection in the South Atlantic
Ocean (Figure 1), when the Atlantic Ocean Circulation increasingly substitutes the Tethys
circum-equatorial oceanic circulation [16]. Moreover, some studies attributed the sharp
climatic anomalies in the early Paleogene to drastic changes in paleocirculation [16].
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Figure 1. A paleogeographic map indicates the paleocirculation during the early Paleogene (modified
after [16]).

A hiatus characterized the Selandian Stage at its type locality in Denmark [17]; conse-
quently, intensive efforts have been made to define the GSSP (Global Stratotype Section and
Point) for the base of the Selandian that was formally ratified at Itzurun Beach in Zumaia,
Basque Country, northern Spain [2,15]. At Zumaia, the base of the Selandian coincides with
the change from the limestone-dominated Aitzgorri Fm. to the marl-dominated Itzurun Fm.
The base of the Selandian at Zumaia is coincident with the second radiation of Fasciculithus
and can be approximated to the highest common occurrence (HCO) of the Braarudosphaera
bigelowii and is close to the base of Zone NP5 [14,15,18,19]. The base of Thanetian was
originally defined at the base of Thanet Fm. in England [20]. Later, the GSSP for the base
of the Thanetian Stage has been also formally placed at Itzurun Beach in Zumaia, Basque
Country, northern Spain, and positioned at the base of Chron C26n [2,15].

The Paleocene well-exposed outcrops in Egypt (southern Tethys) provide good records
of paleobiological and sedimentological variations throughout this epoch [6,10,12,21–25].
Consequently, many Paleocene sequences in Egypt were subjected to intense biostrati-
graphic investigations based on calcareous nannofossils [26,27].

The main objectives of the present study are to recognize the variations in litholog-
ical and calcareous nannofossil assemblages at Gebel Nezzazat (central Sinai, Egypt), to
detect the different stage boundaries biostratigraphically, to compare the results with avail-
able data from other sections, and to provide a paleoenvironmental and paleoclimatic
reconstruction throughout the Danian–Thanetian interval at the southern Tethys.
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2. Geological Setting and Stratigraphical Framework

The study section, Gebel Nezzazat (28◦47′45.4′′ N and 33◦14′9.79′′ E), is located in
West Central Sinai, Egypt (Figure 2). The Paleocene interval exposing at Gebel Nezzazat is
divided into the Dakhla Fm. that underlies the Tarawan Fm.
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Figure 2. A map shows the location of the Gebel Nezzazat section (central Sinai, Egypt).

2.1. Lithostratigraphy
2.1.1. The Dakhla Formation

The type section of the Dakhla Fm. is located at North of Mut, Dakhla Oasis [28];
it overlies the Duwi Fm. and underlies the Tarawan Fm. It is 225 m thick of shales (yel-
lowish to grayish), marls, and clays intercalated with calcareous sandy and silty beds [29]
and is assigned to Danian–Selandian. At Gebel Nezzazat, 16 m of the Dakhla Fm. is
considered for this study, and it consists of calcareous shale (yellowish, black, gray to
dark gray) and shaly marl. The thickness and composition of the Dakhla Fm. is shown
in Figure 3. A distinct marker bed within the Dakhla Fm. has been recorded in different
sections in Egypt. It was referred to the D/S transition [30], “Neo-Duwi”-event [24,31],
the ‘El-Qreiya event’ [32], and Qreiya Beds [33]. It has been assigned to the base of the
Selandian [10–12,25,30–32,34–37]. However, later investigations uncovered that this bed is
older than the D/S boundary, and, therefore, this bed has been known as the “Latest Danian
Event” (LDE) [25]. Soliman et al. [33] documented the Qreiya Beds at Gebel Nezzazat as
four alternating shale beds that are thinly laminated, organic-rich, and phosphatic.
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Nezzazat section.

2.1.2. The Tarawan Formation

The Gebel Tarawan at Kharga Oasis, Western Desert, hosts the type locality of the
Tarawan Fm. At this locality, the Tarawan Fm. consists of grayish to yellowish and light-
gray fossiliferous, argillaceous limestone [29]. The lower part of this formation is marly
and intercalated with thin beds of shale and clay. It grades upward into white chalky
limestone and hard siliceous limestone [29]. About 2 m of this formation is included in the
present study and consists of yellowish to gray shaly marl that upgrades to white limestone
(Figure 3). Inconsistencies in calcareous nannofossils dating of the base of the Tarawan Fm.
were documented and probably resulted from changes in relative water depths during its
deposition among different areas [26,27].

3. Materials and Methods
3.1. Calcareous Nannofossils

Eighty-three bulk Samples were collected and examined from the Paleocene succession
at Gebel Nezzazat. Smear slides of dry sediments were prepared by scraping a 0.1 mg of raw
materials into a beaker, to which 10 mL of distilled water was then added. The sediments
were dispersed to ensure an equal amount of sediment per unit area of coverslip. A 0.25 mL
of the suspension was smeared onto the surface of a 22 × 22 mm coverslips and dried
rapidly on a hot plate. After drying the suspension, the coverslip was fixed on a glass slide
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using D.P.X. adhesive. The slides were investigated under Euromex iScope microscope at
1250× magnification. A quantitative analysis was attempted, where calcareous nannofossil
specimens were counted in 50 fields of view to recognize the relative abundances of species.
The fragments of Thoracosphaera greater than 4 µm were also considered as a complete
specimen [38]. No evidence of overgrowth was noted in this study.

Calcareous nannofossils are useful tool for high-resolution biozonation and correlation
of Cenozoic sediments [39–47]. The “Standard” Zonation Scheme of [39] for the Paleocene
has been adopted in the present study with slight modifications. We also followed the
proposal of [48] that combines Zones NP2 and NP3 and Zones NP7 and NP8 in this study.
Abbreviations used in the present study include LO for the “Lowest Occurrence”, LCtO for
the “Lowest Continuous Occurrence”, LCO for the “Lowest Common Occurrence”, HCO
for the “Highest Common Occurrence”, and HO for “Highest Occurrence”.

3.2. Paleoecological Inferences

Variations in calcareous nannofossil assemblages are a significant tool for tracking
the paleoenvironmental changes. These phytoplankton organisms are controlled by a
set of water parameters such as light, temperature, nutrient availability, ocean currents,
surface water stratification, and salinity [4,49–51]. The temperature is an important factor
controlling the distribution of calcareous nannofossils [51]. Cosmopolitan taxa tolerate
change in temperature and are common in the low and the high-latitude areas. The
distribution of coccolithophores is affected by the light and restricted to the photic zone.
The productivity change is another parameter influencing the distribution of calcareous
nannofossils. In modern oceans, high concentration of nutrients occurs either in upwelling
areas or in areas with high input of rivers [51]. Oligotrophic conditions with low-nutrient
levels; stable, well-stratified surface waters; a deep thermocline; or warm water conditions
are sufficient for radiation of coccoliths in recent settings [38,51,52]. Calcareous nannofossil
taxa that dominate under oligotrophic conditions are viewed as K-mode specialists. In
contrast, eutrophic conditions are marked by high-nutrient levels, well-mixed surface
waters, and low diversity of planktons dominated by mesotrophic or eutrophic taxa [50,53].
Calcareous nannofossil taxa that flourish in eutrophic cool water and active conditions are
viewed as r-mode specialists [54].

The paleoenvironmental settings control the variation in productivity must be taken
into consideration, where open ocean areas are characterized by oligotrophic conditions
and continental shelves are characterized by mesotrophic to eutrophic conditions [55].
Furthermore, some calcareous nannofossil taxa increase in size and decrease in diversity
with increasing nutrient concentrations [51]. Moreover, oligotrophic forms dominate warm-
water assemblages, whereas eutrophic taxa are more common in cold-water conditions;
the effect of paleotemperature cannot be differentiated from the influence of paleofertil-
ity [50]. In addition, the ecological preferences of a certain species possibly changed through
time [56]. Other factors might control the distribution of calcareous nannofossils such as
salinity, turbidity, and rate of sedimentation that might not be sufficient for the fossilization
of some forms [57,58].

Several calcareous nannofossil species do not have well-known latitudinal prefer-
ence and paleofertility affinity. Despite this, for paleoecological inferences, most of the
calcareous nannofossils could be, whenever possible, allocated into groups attributed to
their environmental affinities in order to infer the paleotemperature and/or the trophic
variations of surface waters [3,8,38,56,59–65].

Thus, according to the aforementioned literature, the species that have certain paleoe-
cological affinities and/or paleofertility are used in this study (Table 1) to infer the changes
in the paleotemperature and paleofertility.
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Table 1. The calcareous nannofossil taxa used for paleoecological inferences in the present study.

Warm-Water Taxa Cold-Water Taxa Eutrophic Taxa Mesotrophic
Taxa

Meso-Oligotrophic
Taxa Oligotrophic Taxa

Bomolithus spp. Arkhangelskiella
cymbiformis

Arkhangelskiella
cymbiformis

Cruciplacolithus
spp. Heliolithus spp. Bomolithus spp.

Coccolithus
pelagicus Blackites spp. Blackites spp. Prinsius spp. - Coccolithus

pelagicus

Cylindralithus
sculptus Chiasmolithus spp. Chiasmolithus spp. T. tovae - Cylindralithus

sculptus

Discoaster spp. Cruciplacolithus
spp.

Cruciplacolithus
spp. Toweius eminens - Discoaster spp.

Discoasteroides Eiffellithus spp. Neochiastozygus
spp. - - Discoasteroides

Ericsonia subpertusa Markalius inversus Prinsius spp. - - Eiffellithus spp.

Fasciculithus spp. Neococolithus
protens T. saxea - - Ericsonia subpertusa

Heliolithus
kleinpellii Prinsius spp. Zeugrhabdotus

sigmoides - - Fasciculithus spp.

Lithraphidites
carniolensis Toweius tovae - - - Heliolithus

kleinpellii

M. prinsii Toweius eminens - - - Lithraphidites
carniolensis

Micula murus Zeugrhabdotus
sigmoides - - - Octolithus spp.

Pontosphaera spp. - - - - Prediscosphaera
cretacea

Rhomboaster spp. - - - - Rhomboaster spp.

Sphenolithus spp. - - - - Sphenolithus spp.

Thoracosphaera
saxea - - - - Tribrachiatus spp.

Thoracosphaera
operculata - - - - Watznaueria

barnesae

Tribrachiatus spp. - - - - -

Watznaueria
barnesae - - - - -

4. Results
4.1. Lithostratigraphy

The present study recorded a distinct marker bed within the Dakhla Fm. at Gebel
Nezzazat: about 30 cm of dark gray organic-rich calcareous shale (Samples 35–40) (Figure 3).
It is assigned to the Danian Stage, as inferred from calcareous nannofossil data. In this
study, the Tarawan Fm. is assigned to the Thanetian Stage, and it conformably overlies the
Dakhla Fm., as inferred from calcareous nannofossil data (Figure 3).

4.2. Biostratigraphy

Five calcareous nannofossil zones, from older to younger, Cruciplacolithus tenuis Zone
(NP2/3), Ellipsolithus macellus Zone (NP4), Fasciculithus tympaniformis Zone (NP5), Heli-
olithus kleinpellii Zone (NP6), and Discoaster mohleri Zone (NP7/8), are recognized. The
Zones NP2/3, NP4, NP5, and NP6 are assigned to the Danian Stage, while the Zone NP7/8
is assigned to the Selandian Stage.

The distribution of the recognized biozones associated with the important calcareous
nannofossil bioevents is presented in Figure 3. The counts and ranges of the different
calcareous nannofossil species defined in the present study are shown in the Supplementary
Table S1. In addition, micrographs for most of the recognized calcareous nannofossil taxa
of the present study are shown in Schemes 1 and 2.
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Scheme 1. 1 Eiffellithus turriseiffelii. Sample No. 3, Zone NP2/3. 2 Retecapsa crenulata. Sample No. 37,
Zone NP4. 3 Gorkaea pseudanthophorus. Sample No. 6, Zone NP2/3. 4 Arkhangelskiella cymbiformis.
Sample No. 7, Zone NP2/3. 5, 6 Micula decussata, 5, Sample No. 6, Zone NP2/3; 6, Sample No.
3, Zone NP2/3. 7 Micula swastika. Sample No. 6, Zone NP2/3. 8 Schyphosphaera sp. Sample No.
41, Zone NP4. 9 Lithraphidites carniolensis. Sample No. 4, Zone NP2/3. 10 Prediscosphaera cretacea.
Sample No. 3, Zone NP2/3. 11 Watznaueria barnesiae. Sample No. 3, Zone NP2/3. 12 Markalius
inversus. Sample No. 7, Zone NP2/3. 13 Thoracosphaera operculata. Sample No. 41, Zone NP4. 14
Thoracosphaera saxea. Sample No. 24, Zone NP4. 15 Cylindralithus sculptus. Sample No. 23, Zone NP4.
16 Zeugrhabdotus sigmoides. Sample No. 23, Zone NP4. 17, 18 Ericsonia subpertusa. 17, Sample No. 35,
Zone NP4; 18, Sample No. 37, Zone NP4. 19 Coccolithus pelagicus. Sample No. 2, Zone NP2/3. 20
Cruciplacolithus primus. Sample No. 35, Zone NP4. 21, 22 Cruciplacolithus intermedius. 21, Sample No.
35, Zone NP4; 22 Sample No. 23, Zone NP4. 23 Cruciplacolithus tenuis. Sample No. 44, Zone NP4. 24,
25 Cruciplacolithus edwardsii. Sample No. 4, Zone NP2/3. 26, 27 Chiasmolithus danicus. 26, Sample No.
3, Zone NP2/3; 27, Sample No. 66, Zone NP6. 28 Chiasmolithus bidens. Sample No. 36, Zone NP4. 29,
30 Neochiastozygus modestus. 29, Sample No. 2, Zone NP2/3; 30, Sample No. 66, Zone NP6. 31
Toweius eminens. Sample No. 66, Zone NP6. 32, 33 Toweius pertusus. 32, Sample No. 62, Zone NP6; 33,
Sample No. 40, Zone NP4. 34 Prinsius martini. Sample No. 36, Zone NP4. 35 Ellipsolithus macellus.
Sample No. 2, Zone NP2/3.
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sp. Sample No. 44, Zone NP4. 9, 10 Sphenolithus primus. 9, Sample No. 40, Zone NP4; 10, Sample
No. 44, Zone NP4. 11, 12 Diantholitha magnolia. 11, Sample No. 41, Zone NP4; 12, Sample No. 32,
Zone NP4. 13 Diantholitha alata. Sample No. 33, Zone NP4. 14 Diantholitha mariposa. Sample No. 24,
Zone NP4. 15, 16 Lithoptychius chowii. 15, Sample No. 32, Subzone NP4a; 16, Sample No. 34, Subzone
NP4a. 17, 18 Lithoptychius schmitzii. 17, Sample No. 32, Zone NP4; 18, Sample No. 44, Zone NP4. 19,
22 Lithoptychius felis. Sample No. 37, Zone NP4. 20, 21 Lithoptychius varolii. 20, Sample No. 36, Zone
NP4; 21, Sample No. 40, Zone NP4. 23, 24 Lithoptychius ulii. 23 Sample No. 44, Zone NP4; 24, Sample
No. 41, Zone NP4. 25 Lithoptychius vertebratoides. Sample No. 37, Zone NP4. 26 Fasciculithus involutus.
Sample No. 62, Zone NP6. 27 Lithoptychius billii, Sample No. 62, Zone NP6. 28, 31 Fasciculithus
tympaniformis. 28, Sample No. 62, Zone NP6; 31, Sample No. 62, Zone NP6. 29 Fasciculithus clinatus.
Sample No. 77, Zone NP7/8. 30, 32 Lithoptychius janii. 30, Sample No. 62, Zone NP6; 32, Sample No.
50, Zone NP4. 33 Lithoptychius pileatus. Sample No. 66, Zone NP6. 34, 35 Discoaster mohleri. Sample
No. 78, Zone NP7/8.
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• Cruciplacolithus tenuis Zone (NP2/3)

It was initially introduced by [66], and later, ref. [48] emended it to span from the LO
of the species Cruciplacolithus tenuis to the LO of the species Ellipsolithus macellus (2.4 m). In
this study, Zones NP2 and NP3 are combined. This zone covers an area about 2.4 m thick
within the Dakhla Fm. (Figure 3).

• Ellipsolithus macellus Zone (NP4)

This zone was introduced by [39] to cover from the LO of species E. macellus (2.4 m) to
the LO of species Fasciculithus tympaniformis (10.9 m). At Gebel Nezzazat, this zone covers
an area about 8.5 m thick in the Dakhla Fm. (Figure 3).

• Fasciculithus tympaniformis Zone (NP5)

It was first introduced to cover the interval from the LO of species F. tympaniformis
(10.9 m) to the LO of species Heliolithus kleinpellii (12.05 m) [67]. At Gebel Nezzazat, this
zone is about 1.25 m thick in the Dakhla Fm. (Figure 3).

• Heliolithus kleinpellii Zone (NP6)

This zone was introduced to span between the LOs of Heliolithus kleinpellii (12.05 m)
and Discoaster mohleri (15.5 m) [67]. In the studied section, it covers an area about 3.5 m
thick in the Dakhla Fm. (Figure 3).

• Discoaster mohleri Zone (NP7/8)

This zone was originally proposed by [68] and later was emended by [48] to span from
the LO of D. mohleri (15.5 m) to the LO of Discoaster multiradiatus. It covers an area 2.5 m
thick and extends from the uppermost Dakhla Fm. to the lowermost Tarawan Fm. at Gebel
Nezzazat (Figure 3).

5. Discussion
5.1. Biostratigraphical Remarks and Calcareous Nannofossil Zones

The Cruciplacolithus tenuis Zone (NP2/3) is comparable to Subzone CP1b plus Zone
CP2 of [43]. The base of Zone NP2 of [39] is higher than that given by most authors as
a consequence of the taxonomic disputes related to C. tenuis [48,69,70]. In this study, C.
tenuis includes specimens that have “feet” where their axial crossbars meet the brim. Some
authors [46–48] excluded C. danicus from being a zonal guide as a consequence of the
discrepancies related to the delineation of C. danicus, C. edwardsii, C. asymmetricus, and C.
consuetus [48,70–73].

The NP4 Zone is comparable to the E. macellus Zone of [48], CP3 Zone of [43], and
the interval equivalent to Subzone NTp5c to Zone NTp8 of [45]. The biostratigraphic
significance of the LO of E. macellus as a zonal marker is doubtful as a consequence of its
diachrony, being environmentally controlled, scarce abundance in the early stage of its
range, being hard to recognize [37,74], and absence in case of poor preservation and at high
latitude areas [36,72–75]. As such, ref. [75] combined Zones NP3 and NP4 in case of poor
preservation and at high latitude areas, whereas [46,47] avoided using the appearance of
E. macellus as a reliable bioevent. In this study, E. macellus is continuously recorded from
the start of its stratigraphic range (Table S1) and is used as a guide for the definition of
Zone NP4. Varol [45] subdivided the interval that correlates the Zone NP4 of [39] into three
zones (NTp6, NTp7, and NTp8) and six subzones (NTp5c, NTp7a, NTp7b, NTp8a, NTp8b,
and NTp8c). This zonation was followed by several authors [11–13,25,37,76]; however, this
zonation cannot be completely applicable in this study. Moreover, the Zone NP4 of [39] was
subdivided into Subzones NP4a and NP4b, relying on the LO of Sphenolithus primus [77,78].
Agnini et al. [46,47] gathered S. moriformis and S. primus in one group, S. moriformis group,
and used its LO to delineate the base of Zone CNP6. However, several authors noted that S.
primus appears in the fossil record with very rare and discontinuous occurrence [18,37,79].
Furthermore, intermediate forms between Sphenolithus and Octolithus were noted [74],
which makes the delineation of the accurate LO of S. primus difficult. Moreover, the LO
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of S. primus was recorded at different levels [19,37,80]. Consequently, it was concluded
that this bioevent might be an unreliable marker [81]. In contrast, the LCtO of S. primus
has been considered a significant bioevent [46,77]. At Zumaia, S. primus first occurs 5.8 m
below its lowest continuous occurrence [19] and below the D/S boundary [82]. In Tunisia,
S. primus first occurs at about 8 m above the LDE [13]. At Qreiya in Egypt, S. primus occurs
at about 2.5 m above the D/S boundary [15,25,83]. In the present study, S. primus appears
with rare and inconsistent occurrence in the early stage of its stratigraphic range (Table S1).
Moreover, S. primus appears above the LOs of Diantholitha mariposa, D. alata, D. magnolia,
Lithoptychius felis, L. collaris, L. varolii, L. schmitzii, and L. chowii (Table S1).

The LO of F. tympaniformis was regarded as a reliable zonal marker by several au-
thors [38,42,44,47]. The condensation of Zone NP5 indicates a hiatus in this interval,
possibly resulted from irregular palaeotopography and/or tectonic activity. It was sug-
gested to further subdivide the Zone NP5 depending on the successive appearances of
Bomolithus elegans, then Heliolithus cantabriae [44]. Agnini et al. [46,47] used the first appear-
ance of H. cantabriae as a zonal guide to the entry of the Zone CNP8; however; H. cantabriae
is scarce in the early stage of its stratigraphic range, the exact level of its LO is inconsistent,
and intermediate morphotype between species H. cantabriae and species H. kleinpellii were
recorded [44,74,82]. Accordingly, the first appearance of H. cantabriae has to be utilized as a
marker with caution. In this study, H. cantabriae is very rare (Table S1).

The Zone NP6 is comparable to the Zone NP6 of [39], the Heliolithus kleinpellii Zone
of [48], Zone CP5 of [43], and Subzones NTp10b and NTp10c as well as Subzone NTp11a
of [45]. The reliability of the LO of H. kleinpellii as a zonal marker was disputed [6], and
thus, some authors suggested that it might be diachronous [84]. In contrast, it was not
documented from several sections in Egypt [78,85,86] as a result of a hiatus at the S/T
transition.

The Zone NP7/8 is comparable to Zones CP6 plus CP7 of [43] and the interval between
Subzones NTp11a and NTp16a of [45]. Discoaster mohleri has been considered a reliable
zonal marker all over the world [39,45,47,48]. For taxonomic reasons, D. gemmeus Zone
was changed to the D. mohleri Zone [87]. Heliolithus riedelii is absent in many sections [44],
affected by taxonomic disputes [45], and its stratigraphic range is inconsistent [48,74]. Thus,
it was considered unreliable marker for zonation [74], and Zones NP7 and NP8 [39] were
combined by [48] in Discoaster mohleri Zone. Bukry [40] used D. nobilis as a zonal marker
to delineate the base of the Zone NP8; however, the LO of D. nobilis was encountered
in coincidence with the LO of D. multiradiatus, which makes it unreliable bioevent for
biozonation [48]. Heliolithus riedelii have not been recorded in the Paleocene successions in
Egypt [88]. Several authors noted that this zone is restricted to the Tarawan Fm. in several
Paleocene outcrops in Egypt [6,21,85].

5.2. The Latest Danian Event

Previous studies placed the D/S boundary in Egypt at the base of a distinct organic-rich
shale bed [30,31,36]. Later investigations documented that this marker bed is older than the
D/S boundary [11–13,15] and was referred to as the Latest Danian Event (LDE, [25]). Similar
findings were noted in sections from different areas in the world [13,14,19,25,31,79,89].
Variations in lithology, carbon isotope values, and biotic assemblages support warming
conditions during this interval [10,90]. However, the isotopic data in some Egyptian and
Tunisian sections do not support this point of view [13,24].

The base of the LDE at Zumaia is correlative to the contact between the Crowded
Member and the Stratified Member of the Aitzgorri Fm., about 10 m below the base of
Selandian [15]. The marker beds that associate the LDE are commonly associated with the
appearance of calcareous nannofossil species, where Chiasmolithus edentulus is the most
important bioevent marking of this event in the southern Tethyan area [79]. It represents
a reliable bioevent for correlating the type locality of the Danian in Denmark, the GSSP
in Spain, the North Sea, and the southern Tethys [19,70]. Agnini et al. [46] grouped C.
edentulous, C. bidens, and C. solitus in the Chiasmolithus solitus group. The LO of C. edentulus
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occurs below the LDE and in coincidence with the LO of the small Lithoptychius. However,
the LCtO of S. primus occurs after the LDE; therefore, the LDE can be traced within the
interval between these two bioevents [11,13,19,25]. At the Zumaia section, C. edentulus
occurs at ~10 m below the top of Danian and in coincidence with the LOs of L. chowii and L.
varolii [19]. However, at Qreiya and ODP Site 1262, the C. bidens group appears first [37].
In Tunisia, C. edentulus occurs within or just above the base of the LDE marker bed in
coincidence with the first appearance of small Lithoptychius (e.g., L. felis, L. chowii, etc.) and
the LCtO of Pontosphaera [13,25]. In this study, the LO of C. edentulus occurs in Sample 25
(5.3 m) within the LDE bed in coincidence with LOs of Diantholitha magnolia and B. elegans
and just above the LOs of D. alata, D. mariposa, L. varolii, L. felis, and L. collaris (Figure 3,
Table S1).

The LO of genus Fasciculithus is a significant calcareous nannofossil bioevent in the
Paleocene [37]. Based on the structure and morphology, fasciculiths species were grouped
into four genera, namely Fasciculithus, Lithoptychius, Diantholitha, and Gomphiolithus [91]. At
Zumaia, the early representatives of the fasciculiths group are G. magnus and G. magnicordis,
which appear about 10.2 m below the base of Selandian [15]. These species were noted
in the basal portion of Zone NP4, though they are scarce and had a short stratigraphic
range [37,48,91]. They are not observed in this study. Diantholitha species were recorded
below the first appearance of the representatives of Chiasmolithus bidens group at Zumaia in
Spain, Walvis Ridge in South Atlantic, and Qreiya in Egypt [37]. Similar results are found
in the present study (Table S1).

The fasciculiths group experienced different episodes of radiation [6,18,19,24,37,74,79,91].
The first radiative episode of fasciculiths at Zumaia was marked by the appearance of
Fasciculithus spp. [19], which had been called Diantholitha mariposa by [91], who documented
the beginning of this radiative episode just below the LO of C. edentulus. A similar record
was noted in Tunisia in coincidence with the LDE distinct bed and slightly below the LDE
marker layer in Egypt [19,22,25]. Thomsen and Heilmann-Clausen [17] delineated the first
radiative episode of fasciculiths by the appearances of Lithoptychius varolii, L. chowii, and
Diantholitha spp.; however, ref. [37] observed that Diantholitha spp. first appears below L.
varolii and L. chowii. Furthermore, they introduced L. schmitzii as a new species occurring in
the interval between the LOs of L. varolii and L. chowii. They suggested approximating the
first radiative episode of Fasciculithus by this bioevent in case of the absence of L. varolii
and L. chowii. Moreover, ref. [37] marked the first radiation of fasciculiths by the LOs
Lithoptychius spp. that coincides with the base of the LDE.

In this study, the first representative of fasciculiths is Lithoptychius schmitzii, which ap-
pears in Sample 23 (5.05 m), just below the LDE distinct bed (Figure 3, Table S1). Moreover,
the LO of L. schmitzii is coincident with the LOs of Pontosphaera exilis and Neococcolithes
protenus and is followed by the diversification of fasciculiths, as reflected by the LOs of D.
alata, D. mariposa, L. varolii, L. felis, and L. collaris in the base of the LDE bed (Sample 24)
(Figure 3, Table S1). The diversity of calcareous nannofossil assemblages did not show any
considerable change across the LDE; however, the abundance dropped from 656 specimens
in Sample 23 (5.05 m) to 473 specimens in Sample 24 (5.2 m) and increased to 720 specimens
in Sample 25 (5.3 m) (Figure 4, Table S1).
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5.3. The Danian/Selandian Boundary

The definition of this boundary is generally problematic because of the rarity or
absence of the marker species that are used as zonal markers for this interval [25]. In
Denmark, ref. [89] placed the D/S boundary at the change from the uppermost Danian
limestones to the lowermost Selandian Greensand in coincidence with the NP4/NP5 zonal
boundary. At Zumaia, the ground of the Selandian was ratified within the topmost of Zone
NP4 at the end of the last common occurrence of species Braarudosphaera bigelowii shortly
above or in coincidence with the second radiation of fasciculiths and close to the ground
of Zone NP5 [15]. The Acme End of B. bigelowii is a reliable bioevent in sections from the
Northern Atlantic and adjacent areas [19,79]; however, it cannot be applied to section from
the Tethyan area [6], and the present study supports this point of view (Table S1).

Relying on the variations in the calcareous nannofossil assemblage, the D/S boundary
in the Egyptian sections was denoted at the beginning of Zone NP5 [92], at the first appear-
ance of fasciculiths taxa [78,86], or at the first appearances of fasciculiths and Sphenolithus
primus [93]. Sprong et al. [11] denoted the base of Subzone NTp8b of [45] at Qreiya based
on the LOs of Lithoptychius billii and L. ulii at about 0.5 m on top of the LDE and placed the
D/S transition in this interval. Aubry and Salem [26] identified the D/S boundary based on
the LOs of Diantholitha and Lithoptychius and considered the first appearance of Diantholitha
mariposa as the most significant bioevent for the NP4a/NP4b subzonal boundary, which is
coincident with base of Selandian. Aubry and Salem [27] proposed the first occurrence and
diversification of the Lithoptychius and Diantholitha to delineate the D/S boundary at Qreiya.
The base of Selandian was also delineated within the Zone NP4 at the zonal boundary
between planktonic foraminiferal Zones P2 and P3 [94] and at the top of a major negative
carbon isotope excursion [95]. Furthermore, the second radiative episode of fasciculiths
was considered as the primary marker to delineate the D/S boundary [15,37]. The LO of
Lithoptychius ulii has been utilized to recognize the start of this radiation [19]. At Zumaia, L.
ulii first occurs at about 0.20 m below the D/S boundary, whereas F. tympaniformis first oc-
curs about 1.1 m above this boundary [15]. Consequently, the D/S boundary at the Tethyan
sections can be approximated in between the LOs of L. ulii and F. tympaniformis [15].

At Gebel Nezzazat, the LO of L. ulii is recorded in Sample 50 (10.4 m) (Figure 3,
Table S1), about 0.4 m below the base of Zone NP5 (10.9 m). In addition, the LOs of L. ulii, L.
billii, L. stegostus, and L. janii are coincident, though the LO of L. ulii should be earlier [37].
The missing of subsequent appearances of these events indicates diachronic nature of the
LOs of these taxa, a hiatus, or insufficient sampling resolution. In this study, the D/S
boundary is identified in Sample 52 (10.9 m) at the top of Zone NP4 in coincidence with
a distinct and sudden drop in the abundance of calcareous nannofossil assemblage from
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632 in Sample 51 to 302 and 207 specimens in Samples 52 and 53, respectively (Figure 4,
Table S1), which might be associated to enhanced carbonate dissolution within this interval.

5.4. The Selandian/Thanetian Boundary

The Zumaia section in northern Spain was selected as the GSSP for the base of the
Thanetian Stage that is defined as the base of magnetochron C26n [82]. No characteristic
variations in lithology, biotic association, or carbon isotope values have been observed
across the S/T transition at its GSSP [15]. Furthermore, the base of the Thanetian occurs at
about 2.8 m from the MPBE that occurs below it. The MPBE bioevent has been documented
in different areas worldwide [8,11,90,96] and is considered as a significant criterion for the
approximation of the base of the Thanetian Stage [15]. The MPBE at Zumaia occurs about
4.5 m above the base of calcareous nannofossil Zone NP6 that occurs about 6.5 m below
the S/T boundary [15]. Accordingly, the base of Thanetian was approximated within the
upper part of Zone NP6, about 2 m above the MPBE [15]. The considerable variations in
the calcareous nannofossils associated with the S/T transition at Zumaia are the occurrence
and radiation of Heliolithus, as well as the LO of Discoaster [15] and the LOs of several taxa,
such as Toweius eminens, Bomolithus conicus, Coronocyclus nitescens, Sphenolithus anarrhopus,
and Zygodiscus bramlettei [97].

The base of the Thanetian Stage in Egypt is commonly delineated by the LO of
Discoaster mohleri [6,81]. Tantawy [85] approximated it at the top of a major negative carbon
isotope anomaly within Zone NP6. The base of Thanetian in several sections in Egypt is
placed in coincidence with the lithological change from Dakhla Fm. to Tarawan Fm., which
indicates a hiatus at this boundary [6,9]. In this study, the S/T boundary is approximated
at the base of Zone NP7/8 that extends from the uppermost Dakhla Fm. to the Tarawan
Fm. (Figure 3). No remarkable changes in calcareous nannofossils are noted across this
interval except the appearance of D. mohleri and continuous occurrence of B. megastypus
as well as the increase in abundance of H. kleinpellii (Samples 71–73) (Figure 5, Table S1).
Furthermore, no distinctive variation in the abundance of the calcareous nannofossil
assemblages close to the NP6/NP7/8 zonal boundary were detected, except the sudden
drop to 57 and 306 specimens in Samples 81 and 82, respectively (Figure 4, Table S1). This
drop probably resulted from increased dissolution of carbonates. Also, it might be related
to the ELPE/MPBE and/or the STTE of [8].
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5.5. Paleoecology
5.5.1. Danian Record

The calcareous nannofossil assemblages of the studied section suggest relatively warm-
water conditions prevailed during the Danian Stage, where the taxa that are considered
as warm-water indicators dominate the assemblage. These conditions are punctuated by
minor drops in temperatures, as indicated by minor increases in abundance of cold-water
forms (Figure 6). Ericsonia subpertusa and Coccolithus pelagicus dominate the Paleocene
calcareous nannofossil assemblages at Gebel Nezzazat section (Figure 4, Table S1). Most
authors interpreted them as warm-water indicators [21,56,98–100] with a preference for
oligotrophic conditions [4,37,62,98,101,102]; however, some authors considered C. pelagicus
as eutrophic taxon [101]. Prinsius is commonly interpreted as eutrophic/cold-water indica-
tor [4,50,56,103–106]. However, it is also considered as a mesotrophic form [37,53,101,107].
Monechi et al. [37] documented that genus Prinsius dominates calcareous nannofossil as-
semblages during Late Danian; however, this finding is not recorded in the present study
(Figure 4, Table S1).
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Zeugrhabdotus sigmoides can be considered as a cold-water indicator [36,103]; it is also
considered as an indicator for eutrophic to mesotrophic and cold-water conditions by
several authors [54,106]. At Gebel Nezzazat, Zeugrhabdotus sigmoides is rare in the lower
part of the Danian interval (Samples 1 and 2) and varies upward till reaches a maximum
abundance in Sample 28 (about 5.95 m) slightly above the LDE distinct bed (Figure 4,
Table S1). In addition, it shows a sudden drop in the basal Sample of the Selandian Stage
(Table S1). No considerable change in its abundance is noted close the NP6/NP7/8 zonal
boundary at the study section (Table S1).

Thoracosphaera operculata flourishes in several low- to middle-latitude areas [108–113].
Thoracosphaera is regarded as a species resistant to unusual climatic conditions and great
variations in fertility [114]. At the study section, it occurs with common to abundant
occurrences during the Danian, though it shows a slight decrease in Sample 24 in the
base of the LDE distinct bed (Table S1). The abundance of T. operculata continued with
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common to abundant occurrences during the Danian and suddenly dropped in Sample 52
in coincidence with the D/S boundary (Figure 4, Table S1).

The genus Cruciplacolithus appears during the Danian Age. The representatives of this
genus are rare to common at Gebel Nezzazat (Figure 4, Table S1). This genus is considered
as a cool-water taxon [115], and it prefers mesotrophic conditions [53,101]. The abundance
shows a slight drop in Samples 24 and 25 (5.2–5.3 m) in coincidence with the LDE interval
and increases upward, then suddenly decreases in Samples 52 and 53 (10.9–11.1 m) in
the basal portion of the Selandian interval (Table S1). It occurs with low abundances and
without considerable variation during the Selandian–Thanetian interval (Table S1).

The genus Chiasmolithus is represented in the study sections by C. danicus, C. consue-
tus, C. edentulus, C. bidens, C. solitus, and C. grandis, and it is commonly interpreted as
an indicator for cold-water conditions [40,50,60,106] and is adapted to mesotrophic to eu-
trophic water [50,63,98,101,107,115,116]. However, ref. [53] found it to prefer oligotrophic
conditions. The present study supports the former view, where it occurs sporadically with
rare to common occurrence throughout the Danian–Thanetian interval at the study section
(Table S1).

The genus Neochiastozygus is suggested as indicative of mesotrophic conditions [107].
Representatives of this genus in the study section are rare or few in the lower part of
the Danian Stage, and their abundances increase upward to 5.3 and 9.6% from the total
assemblage in Samples 23 and 24 (Figure 4, Table S1), respectively, and suddenly decrease
to 2.2% in Sample 25 in coincidence with the top of the LDE distinct bed (Figure 4).

Sphenolithus is considered to be indicator of warm and oligotrophic environments
based on its close association with Discoaster [50,53,56,101,117]. Gibbs et al. [63,118] con-
cluded that the productivity is the main factor affecting the distribution and abundance
of Sphenolithus. In this study, S. primus first occurs in the upper part of the Danian and
increases in abundance in the uppermost of Zone NP4 slightly below the D/S boundary; it
abruptly drops in Samples 52 and 53 in the basal part of the Selandian and increases up-
ward without any remarkable variation during the Selandian–Thanetian interval (Figure 4,
Table S1).

The ecological preference of Fasciculithus is hard to define [107]; however, it
is regarded as a warm-water and oligotrophic indicator due to its accompany with
Discoaster [4,50,53,56,63,107,118]. In contrast, some authors suggested a deep habitat for this
taxon based on its large size and robust morphology [53,119]. This study supports warm-
water and oligotrophic preference for this genus. Fasciculithus group appears just below
the LDE distinct bed and increases in abundance and diversity upward, then fluctuates
in abundance slightly below the top of Danian and increases upward (Figure 5, Table S1).
The first radiation of this group is approximated in Sample 24 (about 5.2 m; the LOs of
Diantholitha mariposa, D. alata, L. varolii, L. felis, and L. collaris) in coincidence with the base of
the LDE marker bed (Figure 5, Table S1), and the second radiative episode is approximated
in Sample 50 (LOs of L. ulii, L. billii, L. stegostus, and L. janii; 10.4 m) slightly below the D/S
boundary (Figure 5; Table S1). No considerable variation in the abundance of Fasciculithus
is noted throughout the Selandian–Thanetian interval (Figure 5, Table S1).

The lower part of the Danian interval (i.e., from the base up to Samples 22) is charac-
terized by relatively lower level of diversity but high values of abundance. This interval
is dominated by warm-water and oligotrophic calcareous nannofossils taxa. The upper
part of the Danian is marked by a slight decrease of warm-water taxa associated with an
increase in the eutrophic ones. On the basis of it, prevailing warm-water and oligotrophic
conditions are inferred for the entire Danian record. The Danian–Selandian transition
marks a significant decrease in warm-water and oligotrophic taxa.

5.5.2. Selandian Record

No marked variations in the calcareous nannofossils are noted in the Selandian
(Figure 6, Table S1). A remarked slight decrease in the relative abundances of the warm-
water indicator taxa from 85.9% in Sample 51 to 77.5% and 69.4% in Samples 52 and 53,
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respectively, in the basal part of the Selandian (Figure 6, Table S2) probably indicates that
the D/S boundary was preceded by slight increase and followed by slight decrease in the
temperature and oligotrophic conditions as well. Similar drops are noted in the relative
abundances of the cool-water indicators as well as oligotrophic, eutrophic, and mesotrophic
taxa (Figure 6, Table S2). These indicate that these sudden decreases often resulted from
an increase in dissolution of carbonates rather than changes in the temperature and/or
fertility. In addition, a sudden drop in the relative abundances of calcareous nannofossils
was recorded in Sample 62 (about 12.8 m, Figure 6).

Toweius pertusus shows abundant occurrences during the Selandian and reaches maxi-
mum abundance in Sample 68 (75% from the total assemblage) within Zone NP6 (Table S1).
This species is inferred to have a wide toleration for fertility and temperature [53]. More-
over, Sphenolithus and Heliolithus show common occurrences during the Late Selandian
(Table S1). Heliolithus is regarded as a warm-water indicator and prefers more oligotrophic
conditions [4,50].

The affinity of calcareous nannofossil taxa still suggest prevailing warm and olig-
otrophic conditions during the Selandian Stage at Gebel Nezzazat but not dominant as
during the Danian record. The Selandian–Thanetian transition shows a significant increase
of warm and oligotrophic conditions.

5.5.3. Thanetian Record

The calcareous nannofossil assemblages of the Thanetian sequence in the study section
are dominated by C. pelagicus, E. subpertusa, E. robusta, T. pertusus, S. primus, F. tympan-
iformis, H. kleinpellii, F. involutus, and D. mohleri (Table S1). Discoaster is considered to
be adapted to warmer water conditions [40,50,60,107] and oligotrophic environmental
conditions [50,98,101,102]. Thus, warm-water and oligotrophic conditions can be inferred
during the Thanetian Stage at the study section, as illustrated by their relative abundances
from Samples 75–83 (Figure 6, Table S2). A remarked sudden drop of the calcareous
nannofossils is detected in Sample 81 (17.2 m) within Zone NP7/8 (Figure 4, Table S1),
and it can be ascribed to an increased dissolution of carbonates rather than changes in
temperature and/or fertility. This conclusion is evident by the sudden decrease in various
calcareous nannofossil groups regardless their latitudinal and paleofertility preferences
(Tables S1 and S2).

6. Conclusions

The variations in lithology, calcareous nannofossil assemblages, and paleoenviron-
mental conditions are investigated in the Paleocene record at Gebel Nezzazat (central
Sinai, Egypt). The Paleocene studied interval covers 16 m and 2 m from the Dakhla and
Tarawan Fms., respectively. A distinct bed of about 30 cm thick dark gray organic-rich
calcareous shale within the Dakhla Fm. marks the LDE. Five calcareous nannofossil zones
are delineated including combined Zone NP2/3, Zones NP4, NP5, and NP6 as well as
combined Zone NP7/8. The biostratigraphic significance of the Paleocene calcareous
nannofossil bioevents are discussed in this study. Lithoptychius schmitzii is the first repre-
sentative of fasciculiths and appears just below the LDE marker bed in coincidence with
the LOs of Pontosphaera exilis and Neococcolithes protenus. It is directly followed by the first
radiative episode that is marked by the LOs of Diantholitha mariposa, D. alata, L. varolii,
L. felis, and L. collaris in coincidence with the base of the LDE bed. The abundance of
calcareous nannofossil assemblages shows remarkable drop in the basal part of the LDE
bed. The Danian/Selandian (D/S) boundary is approximated at the base of Zone NP5. It is
accompanied with a distinct and sudden drop in the abundance of calcareous nannofossil
assemblage, which indicates an increase in the dissolution of carbonates across this bound-
ary. The LO of L. ulii co-occurs with the Los of L. billii, L. stegostus, and L. janii. The absence
of the subsequent occurrences of these bioevents indicates insufficient sampling resolution,
inconsistent Los of these taxa, and/or a hiatus in this interval. The Selandian/Thanetian
(S/T) boundary is detected at the base of Zone NP7/8 that extends from the uppermost
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Dakhla Fm. to the Tarawan Fm. and supports a conformable relationship between these
two formations at the studied section. Calcareous nannofossil assemblages do not show
considerable changes through the Selandian–Thanetian transition except the LO of Dis-
coaster mohleri, the LctO Bomolithus megastypus, and the increase in abundance of Heliolithus
kleinpellii. In addition, a distinctive drop in abundance is recorded within Zone NP7/8,
likely resulting from marked carbonate dissolution. The changes of ecological groups of
calcareous nannofossils are used for tracking the Paleocene climatic variations at Gebel Nez-
zazat. On the basis of it, prevailing of warm and oligotrophic conditions is inferred along
the studied Paleocene record, particularly along the Danian Stage. A remarked decrease in
warm and oligotrophic conditions can be delineated at the Danian–Selandian transition,
which culminated along the Selandian Stage. An increase of warm and oligotrophic condi-
tions is recovered during the Selandian–Thanetian transition and the recorded Thanetian
Stage of the present study. The noticeable decrease in calcareous nannofossils abundances
along the Selandian and Thanetian Stages can be attributed to an increase in carbonate
dissolution rather than variations in the paleotemperature and/or paleofertility.

Supplementary Materials: The following supporting information can be downloaded at: https:
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