[image: image1]Calcareous nannofossil biostratigraphy, bioevents, and palaeoecological interpretation of the lower-middle Miocene outcrops in west central Sinai (Egypt)

		ORIGINAL RESEARCH
published: 20 August 2024
doi: 10.3389/feart.2024.1442241


[image: image2]
Calcareous nannofossil biostratigraphy, bioevents, and palaeoecological interpretation of the lower-middle Miocene outcrops in west central Sinai (Egypt)
Aziz Abu Shama1, Sara El-Nahrawy1, Sherif Farouk2, Luigi Jovane3*, Khaled Al-Kahtany4 and Amr S. Zaky3,5*
1Department of Geology, Faculty of Science, Kafrelsheikh University, Kafr El-Sheikh, Egypt
2Exploration Department, Egyptian Petroleum Research Institute, Nasr City, Egypt
3Instituto Oceanográfico da Universidade de São Paulo, Praça do Oceanográfico, São Paulo, Brazil
4Department of Geology and Geophysics, College of Science, King Saud University, Riyadh, Saudi Arabia
5Geology Department, Faculty of Science, Menoufia University, Shebin El-Kom, Egypt
Edited by:
Haijun Song, China University of Geosciences Wuhan, China
Reviewed by:
Mohammad Alqudah, Yarmouk University, Jordan
Arindam Chakraborty, Universiti Malaya, Malaysia
* Correspondence: Amr S. Zaky, amrsaid86@science.menofia.edu.eg; Luigi Jovane, jovane@usp.br
Received: 01 June 2024
Accepted: 26 July 2024
Published: 20 August 2024
Citation: Abu Shama A, El-Nahrawy S, Farouk S, Jovane L, Al-Kahtany K and Zaky AS (2024) Calcareous nannofossil biostratigraphy, bioevents, and palaeoecological interpretation of the lower-middle Miocene outcrops in west central Sinai (Egypt). Front. Earth Sci. 12:1442241. doi: 10.3389/feart.2024.1442241

The Burdigalian/Langhian (B/L) boundary has not yet been designated as a Global Stratotype Section and Point (GSSP), despite various proposed zonal schemes. In the Gulf of Suez region of Egypt, the Burdigalian-Langhian successions are notable for hosting significant hydrocarbon reservoirs within a tectonic rift setting. Therefore, biostatigraphy plays a crucial role in exploration endeavors in this area. The nannofossil biostratigraphy is investigated in two sections, Wadi Baba and Wadi Gharandel, of the lower-middle Miocene from west-central Sinai. Three biozones, NN3 (Sphenolithus belemnos) Zone, NN4 (Helicosphaera ampliaperta) Zone, and NN5 (Sphenolithus heteromorphus) Zone, are identified from the studied interval. The NN4 Zone could be divided into MNN4a/b and MNN4c. Important biovents are discussed, such as the S. heteromorphus paracme interval and the first occurrence and evolution of the Discoaster exilis and Discoaster variabilis groups. Based on the cluster analysis, the recorded taxa can be subdivided into four groups that reflect their palaeoclimatic preferences. The paleoecological interpretation of the studied Rudies Formation indicates prevailing cool and eutrophic nutrient conditions based on the dominance of taxa such as Coccolithus pelagicus, Reticulofenestra minuta, and Cyclicargolithus floridanus. The nannofossil taxa responses to sea level curve are interpreted. Fluctuations in taxa abundance and diversity indicate a slight rise in the sea level at the base of the Burdigalian followed by sudden drop in the sea level at the middle Burdigalian. High sea-level conditions prevailed again until the B/L boundary. During the Langhian period, many small-scale fluctuations in sea-level curve are detected.
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1 INTRODUCTION
The Miocene epoch (ca. 23.03–5.33 Ma) is one of the most interesting epochs in the geologic record in terms of the global climate changes and sea-level oscillations (Frigola et al., 2018; Khalifa et al., 2024). It has been divided into three sub-epochs; the early Miocene (23.03–15.97 Ma), the middle Miocene (15.97–11.63 Ma), and the late Miocene (11.63–5.33 Ma) (Bradshaw, 2021). Important palaeoclimatic changes and magnetic chronostratigraphic studies have also been conducted on this crucial epoch (Lourens et al., 2004; Turco et al., 2011; Jovane et al., 2019; Jovane et al., 2020). The Miocene Epoch showed generally warm climate that culminated in the Mid-Miocene Climatic Optimum (MMCO) at roughly 17–14 Ma, followed immediately by shift towards global cooling may be linked to the expansion of Antarctic glaciers during the Middle Miocene Climate Transition (MMCT) at about 14.2–13.8 Ma (Shevenell et al., 2004; Shevenell et al., 2008; Jovane et al., 2020). Therefore, sea-levels during the Miocene were typically higher than those today, the emergence of the Antractic Circumpolar Current (ACC) had a significant impact on atmospheric and marine circulation patterns worldwide due to the separation of Antarctica from Australia (Colleoni et al., 2022).
Many attempts have been made to reveal the global microfossil bio-events that occur across the Burdiagalian/Langhian (B/L) boundary (Rio et al., 1990; Raffi and Flores, 1995; Fornaciari et al., 1996; Lourens et al., 2004; Aziz et al., 2008; Di Stefano et al., 2008; Iaccarino et al., 2011; Backman et al., 2012; Raffi et al., 2016; Agnini et al., 2017; El-Naby et al., 2017; Chakraborty et al., 2019; Chakraborty et al., 2021).
This work establishes high-resolution biostratigraphic studies of the B/L boundary in the Miocene outcrops on the eastern margin of the Gulf of Suez (GOS), Egypt. Also, it focuses on the calcareous nannofossil assemblage and significant bioevents at the B/L boundary within the Rudies Formation.
Miocene deposits in the GOS are important due to their hydrocarbon-rich reservoirs (e.g., NSSC (National Stratigraphic Sub-Committee), 1974; El-Heiny and Martini, 1981; Andrawis and Abdel Malik, 1981; El-Heiny and Morsi, 1992; Moustafa, 1993; El-Azabi, 1996, El-Azabi, 1997, El-Azabi, 1004; Abul-Nasr and Salama, 1999; El-Deeb et al., 2004; Mandur, 2009; Boukhary et al., 2012; Hewaidy et al., 2014; Hewaidy et al., 2016; Abd-El Naby and Salama, 1999; El-Naby et al., 2017; Shahin and El Baz, 2021; Ayyad et al., 2020; Ayyad et al., 2022). However, due to the lateral and vertical facies changes caused by the rifting event, defining the age of the Miocene units precisely and achieving biostratigraphic correlation is challenging. The syn-rift deposits of the GOS contain the most important petroleum reservoirs in the province. It includes the clastic and carbonate sequence of the Nukhul, Rudies, Kareem and Belayim formations. The Rudies Formation is the most productive for oil in the GOS and can be subdivided into Lower Burdigalian and Upper Langhian Rudies units (Moustafa and Khalil, 1990). It is also considered a rich potential source rock in the deep basins (Alsharhan, 2003).
Detailed nannofossil biostratigraphic events used globally around the lower/middle Miocene boundary, as well as the use of nannofossils as a tool for clustering and interpreting prevailing paleoecological conditions, were not addressed in previous work on the GOS and its margins. This study will provide a detailed comparison of the studied sediments with global nannofossil bioevents around the boundary and reconstruct the paleoecological conditions.
The main aims of this study are to: 1) establish a regional biostratigraphic scheme for the Rudies Formation; 2) correlate the present study with significant global nannofossil bioevents across the B/L boundary; 3) interpret the paleoclimatic and paleoenvironmental conditions that prevailed during the deposition of the Rudies Formation, as well as the biotic response to global sea level oscillations.
2 GEOLOGIC SETTING
The GOS gained its fame because it is the principal hydrocarbon-producing prospect in Egypt. The oil is being produced mostly from Miocene sediment reservoirs, both in onshore and offshore fields (El Ayouty, 1990). This province was formed as a result of the divergence between the African and Arabian plates. The rifting started in late Oligocene–Miocene time (Moustafa, 1993; Bosworth and McClay, 2001). In the middle Burdigalian (19–17 Ma), a rapid tectonic subsidence occurred, and sedimentary deposits were formed in fault-impacted basins (Patton et al., 1994). This tectonic subsidence is called a mid-clysmic event, 17 Ma (Garfunkel and Batrov, 1977).
Lithostratigraphically, the GOS is classified into Paleozoic to lower Eocene pre-rift, Miocene syn-rift, and Quaternary post-rift successions (Plaziat et al., 1998). The syn-rift Miocene clastic/carbonate (Rudeis, Kareem, and Belayim formations) are well demonstrated in the eastern margin blocks of the GOS. The Rudeis Formation is overlain by the Kareem Formation and underlain by the Nukhul Formation. They show variation in lateral facies and thickness associated with the tectonic activity and subsidence that prevailed during their deposition (Sellwood and Netherwood, 1984). The Kareem and Rudeis formations are probable oil-prone source rocks; the Belayim Formation is categorized as an oil- and gas-prone source rock (El Ayouty, 1990). The Rudeis Formation comprises siliciclastic interbedded with limestones (Bosworth et al., 1998), which are synonymous to the Globigerina marl reported by Hume et al. (1920) in the northern part of the province. The Rudies Formation was deposited within extensive accommodation spaces at the downward movements of the dominant listric and normal faults controlling the basin, allowing the deposition of deep marine deposits (Moustafa and Khalil, 1990).
3 LITHOSTRATIGRAPHY
The studied Rudies Formation was presented by Ghorab et al. (1964) to describe the rocks of Rudies-2 well (west-central Sinai) from depth 1840–2620 m. The Rudies Formation is subdivided into three members as follows: Mheiherrat/Hawara, Asl, and Mreir (NSSC, 1974). For this study, a detailed litho- and biostratigraphic study of the Rudies Formation from two sections, Wadi Baba and Wadi Gharandel, was carried out (Figure 1). The Mheiherat/Hawara Member unconformably overlies the Nukhul Formation at the Wadi Baba section and forms the basal part of the Wadi Gharandel section. It is composed of alternations of marl and sandy marl with thin layers of sandstone and burrowed sandy limestone (Figures 2, 3). It consists of shales intercalated with limestone at the upper part of the Wadi Gharandel section (Hawara Member) (Figure 3). It compasses a thickness of about 57.5 m at Wadi Baba and 42.5 m at Wadi Gharandel. The Asl Member is composed of forming walls of sandy limestone and marl with laminations of sandstone and sandy marl (Figure 4A). It ended with thin layers of sandy limestone with chert and gravel and laminated sandstone. It reaches a thickness of about 10 m in Wadi Gharandel and 37.5 m at Wadi Baba. At Wadi Baba, the Mreir Member is composed of marl at the lower part and sandy limestone, argillaceous limestone, and shales at the upper part (26 m). It is composed of sandy marl with intercalations of mudstone at the lower part overlying sandy marl and sandy limestone at Wadi Gharandel (60 m) (Figures 3, 4B).
[image: Figure 1]FIGURE 1 | (A) Location of the study area, Egypt; (B) Geological map of the study area in west-central Sinai, Egypt (modified after Moustafa, 2004).
[image: Figure 2]FIGURE 2 | Graphical representation using TILIA version for the calcareous nannofossils abundance at Wadi Baba Section.
[image: Figure 3]FIGURE 3 | Graphical representation using TILIA version for the calcareous nannofossils abundance at Wadi Gharandel Section.
[image: Figure 4]FIGURE 4 | (A) The contact between Hawara, Asl and Mreir members at Wadi Baba section. (B) The contact between Hawara, Asl and Mreir members at Wadi Gharandel section.
4 MATERIALS AND METHODS
A total of 187 samples were examined for calcareous nannofossil biostratigraphy from Wadi Baba (28° 57ˊ271˝ N, 33º15ˊ784˝E) and Wadi Gharandel (29° 14ˊ67˝N, 33º01ˊ891˝E) sections at west-central Sinai, Egypt (Figure 1). Calcareous nannofossil biostratigraphy was based on 86 samples at Wadi Baba and 101 samples at Wadi Gharandel. Sample interval varied from 20 cm to 4 m. Smear slides for the nannofossil study were prepared using the methods of Perch-Nielsen (1985) and Bown and Young (1998) and examined using transmitted-light (TL) in cross-polarised (XPL) and phase-contrast (pH) modes of an Olympus TH4-200 microscope under × 1,000 magnification. For datum levels, we used FO (first occurrence), LO (last occurrence), PB (paracme beginning), PE (paracme end) and LCO (last common occurrence). The zonal schemes that were employed in nannofossil biostratigraphic investigations are Okada and Bukry (1980), Martini (1971), Di Stefano et al. (2008) for the subdivision of the Zone NN4, Bergen et al. (2019) and Backman et al. (2012).The qualitative and quantitative nannofossil taxa are counted from 100 to 600 individuals except for a few samples that show low abundance and scarcity. The species were grouped into clusters and diversity parameters such as dominance index, Shannon-Weiner diversity index and species richness were described using PAST4 software (Hammer et al., 2001; Hammer and Harper, 2006).
5 RESULTS
For the present study, a detailed litho-biostratigraphic analysis of the Rudies Formation from two sections, Wadi Baba and Wadi Gharandel, were carried out. The detailed calcareous nannofossil biostratigraphy, bioevents, assemblages, and diversity will be presented as follows:
5.1 Calcareous nannofossil biostratigraphy and bioevents
Based on the first occurrence (FO) and the last occurrence (LO) of the nannofossil marker species, three biozones were identified (Figure 5). Important marker species are depicted and labeled on Figure 6. The preservation of nannofossil in the studied samples is varied with the age of sediments and the assemblage. The preservation of the most abundant Coccolithus is very well in relative to the nannofossil assemblage. Reticulofenestra group in which Reticulofenestra haqii and Reticulofenestra minuta are the most abundant shows moderate to good preservation, but sometimes it shows a partial dissolution in their outer rims or the central areas. Although the Discoaster preservation varies even in the same sample, the definition of the Burdigalian/Langhian boundary in this work is depending on the well preserved marker discoaster species. The Discoaster deflandrei is the most dominant from of this taxon in the Lower Miocene sediments and well preserved with no dissolution but sometimes it shows partial dissolution within the Middle Miocene. Discoaster druggii show the same trend of D. deflandrei. At the base of the Middle Miocene, the new evolved Discoasters show different preservation in the same sample. These features of preservation may be related to the diagenetic processes such as calcite overgrown and/or chemical dissolution. Therefore, this study cannot use the analysis of preservation state and nannofossil dissolution of individual nannofossil taxa as proxy for CCD variation and to constrain the history of CCD fluctuations (e.g., Pea et al., 2011).
[image: Figure 5]FIGURE 5 | Calcareous nannofossil biozonation and bioevents across the Burdigalian and Langhian stages.
[image: Figure 6]FIGURE 6 | 1- Coronocyclus nitescenses. Sample No. G99, Wadi Gharandel. 2. Reticulofenestra haqii. Sample No. 106, Wadi Baba 3- Reticulofenestra minuta. Sample No. G29, Wadi Gharandel. 4- Calcidiscus premacynteri. Sample No. 128, Wadi Baba. 5- Reticulofenestra pseudoumbilicus. Sample No. 130, Wadi Baba. 6- Helicosphaera mediterrana. Sample No. 48, Wadi Baba. 7, 8- Helicosphaera ampliaperta. Sample No. G45, Wadi Gharandel. 9- Helicosphaera scissura. Sample No. 116, Wadi Baba. 10- Helicosphaera carteri. Sample No. 144, Wadi Baba. 11, 12- Coccolithus miopelagicus. Sample No. 146, Wadi Baba. 13- Pontosphaera multipora. Sample No. 127, Wadi Baba. 14, 15- Sphenolithus belemnos. Sample No. 91, Wadi Baba. 16, 17- Sphenolithus morformis Sample No. 157, Wadi Baba. 18, 19, 20- Sphenolithus heteromorphus. Sample No. 153, Wadi Baba. 21- Discoaster druggii. Sample No. 136, Wadi Baba. 22- Discoaster deflandrei. Sample no. 116, Wadi Baba. 23, 24- Discoaster cf. variabilis. 23- Sample no.G75, 24- Sample No. G 55, Wadi Gharandel section. 25- Discoaster petaliformis. Sample no. 128, Wadi Baba. 26- Integrading from Discoaster exilis-Discoaster variabilis. Sample no. G 75, Wadi Gharandel. 27- Discoaster exilis. Sample no. 116, Wadi Baba. 28, 29- Discoaster pansus. Sample no. 131, Wadi Baba. 30- Discoaster deflandrei. Sample No. 116, Wadi Baba.
The S. belemnos Zone (NN3) of Bramlette and Wilcoxon (1967), emended by Martini (1971), is recorded from the basal parts of the studied sections (Figures 2, 3). It is identified from the LO of Triquetrohabdulus carinatus to the LO of Sphenolithus belemnos. It is correlated with the CN2 S. belemnos Zone of Okada and Bukry (1980) and is compatible with the CNM5 Zone (Figure 5) of Backman et al. (2012). It spans 30 m at Wadi Baba (samples 71–95) and 7.5 m at Wadi Gharandel (samples G1 to G9) and is representative of important species. The LO S. belemnos (17.96 Ma) (e.g., Fornaciari et al., 1993; Fornaciari and Rio, 1996; McGonigal, 2004) defines the boundary between NN3 and NN4 in the Martini (1971) zonation. The most distinct species in this zone are Sphenolithus disbelemnos, S. belemnos, Sphenolithus compactus, Discoaster druggii, Helicosphaera mediterranea, and Helicosphaera euphratis.
The H. ampliaperta Zone (NN4) of Bramlette and Wilcoxon (1967), emended by Martini (1971), marks the time from the LO of S. belemnos to the LO of H.ampliaperta. It may be equivalent to the CNM6/lower part of the CNM7 zones of Backman et al. (2012). The CNM 6 Zone is defined from the FO of Sphenolithus heteromorphus to the FO of Discoaster signus. It distinguished by the common occurrence of Helicosphaera ampliaperta as well as the presence of D. deflandrei group. The lower interval of CNM 6 Zone is well defined. Backman et al. (2012) marked the base of CNM 7 Zone by the FO of D. signus, but the species is not recorded in the studied sections. The Discoaster petaliformis with approximately similar age (15.7 Ma) is recorded and is used to define the base of CNM 7.
The FO of S. heteromorphus at 17.75 Ma is observed in the lower part of Zone NN4 and used as a primary nannofossil event to approximate the base of NN4 (Fornaciari and Rio, 1996; Lourens et al., 2004; Raffi et al., 2006). The FO of the species is observed at 17.79 Ma and its common occurrence at 17.39 Ma (Bergen et al., 2019). The FO of S. heteromorphus occurs in sample 96 at Wadi Baba and sample G11 at Wadi Gharandel. The LO of H. ampliaperta is recorded in sample G75 at the Wadi Gharandel section and in sample 139 at the Wadi Baba section. The LO of H. ampliaperta is noticed at 14.89 Ma (Bergen et al., 2019). The thickness of this zone is about 50 m at Wadi Baba and 65 m at Wadi Gharandel. The FO of calcidiscus premacintyrei is observed in the lower part of Zone NN4 (Maiorano and Monechi, 1998), but other authors have used the FO of C. premacintyrei as a primary nannofossil event and placed it in the middle part of Zone NN4 (Gartner, 1992; McGonigal, 2004). The FO of C. premacintyrei was placed by Boesiger et al. (2017) at 17.8 Ma, near the base of NN4. In the studied sections, C. premacintyrei is recorded at the lower part of NN4. The FO of Helicosphaera walbersdorfensis occurs close to the FO of S. heteromorphus (Theodoridis, 1984). Discoaster exilis is recorded at the upper part of NN4 Zone and is used as a marker to this interval. It is first recorded at sample 116 at Wadi Baba and at Sample G 55 at Wadi Gharandel. Helicosphaera ampliaperta shows very low and scattered abundance during the end of its stratigraphic range and may show an expanded range by reworking (Fornaciari et al., 1996). The LO of H. ampliaperta was used by Martini (1971) to define NN4/NN5 and by Okada and Bukry (1980) to define the CN3/CN4 zonal boundary. Di Stefano et al. (2008) segmented the NN4 Zone of Martini (1971) into three subzones (MNN4a, MNN4b, and MNN4c). They defined the top of MNN4a by the last common occurrence of H. ampliaperta. In Wadi Baba, the LCO of H. ampliaperta is above sample 113 and above sample G 13 at Wadi Gharandel. In the studied sections, it is too difficult to differentiate MNN4a from MNN4b due to the rare abundance and discontinuous appearance of H. ampliaperta. However, the MNN4c, defined by Di Stefano et al. (2008) as the interval between the beginning of the S. heteromorphus paracme (PB) and the upper interval with the end of the paracme (PE), can be defined in the studied sections. During the early Middle Miocene, S. heteromorphus experienced a period of absence or very low abundance, identified as a paracme interval by Fornaciari et al. (1996).
The S. heteromorphus Zone (NN5) of Bramlette and Wilcoxon (1967) occupies the period from the LO of H. ampliaperta to the LO of S. heteromorphus. It attains a thickness about 50 m at Wadi Gharandel and 42 m at Wadi Baba and occurs within the uppermost part of Asl and Mreir members. The NN5 Zone is equivalent to the CN4 Zone of Okada and Bukry (1980) and the CNM7 of Backman et al. (2012). According to Di Stefano et al. (2008), NN5 Zone is subdivided into three subzones (MNN5a, MNN5b and MNN5c). The subdivision is depending on the occurrence of Helicosphaera waltrans and the common occurrence of H. walbersdorfensis. These events are not recorded in the studied sections. The nannofossil assemblage in this zone is greatly similar to Zone NN4, except for the disappearance of H. ampliaperta, the revolution of Discoaster pansus and D. cf. variabilis, and many integrated forms between D. exilis and D. deflandrei.
5.2 Nannofossil assemblages
The abundance of important marker nannofossil species is studied (Figures 7, 8). The R-mode cluster analysis, including all the recorded taxa, reveals four group clusters, which are used to classify the assemblage in both Wadi Baba and Wadi Gharandel sections (Figures 9, 10). Group A only corresponds to C. pelagicus, which is the most abundant of all the investigated samples. It reaches up to 85% in some samples. Group B includes R. minuta and R. haqii. The latter species is abundant, and its values reach up to 49%. The fluctuations of R. minuta reach about 30% and show a continuous appearance in the Wadi Gharandel section in reverse to Wadi Baba, which shows a discontinuous appearance. Group C contains Cyclicargolithus floridanus, Reticulofenestra pseudoumbilicus, and Reticulofenestra perplexa. C. floridanus is the fourth most abundant species in the assemblage and highly variable. It ranges in abundance from 1% to 36% (Figures 2, 3). R. pseudoumbilicus shows abundance ranging from 1% to 17%, with a rarely sharp increase in some samples up to 33%. Group D contains all the taxa that have abundance less than 5%, including all the species of the genera Helicosphaera, Sphenolithus, Discoaster, Pontosphaera, calcidiscus, Microantholithus, Braarudosphaera, and Coronocyclus. Sphenolithus heteromorphus and Sphenolithus moriformis are the most abundant in the Sphenolithus group. The major species recorded from Helicosphaera genera are H. mediterranea, H. ampliaperta, Helicosphaera scissura, and Helicosphaera intermedia.
[image: Figure 7]FIGURE 7 | The abundance curves of important marker nannofossil species at Wadi Baba section.
[image: Figure 8]FIGURE 8 | The abundance curves of important marker nannofossil species at Wadi Gharandel.section.
[image: Figure 9]FIGURE 9 | R-mode cluster analysis of nannofossil assemblages using Wardˊs method at Wadi Baba section.
[image: Figure 10]FIGURE 10 | R-mode cluster analysis of nannofossil assemblages using Wardˊs method at Wadi Gharandel section.
5.3 Diversity
At the Wadi Baba section, species richness (S) varies from 3 to 19 species per sample (Figure 11). Samples 111 and 116 have the most taxa, while samples 80, 109, 120, 121, and 155 have the fewest (up to three taxa). Species richness varies throughout the section and increases in the lower part of the section within the Mheiherat/Hawara Member, at the contact with the Asl Member, and in the lower and middle parts of the Mreir Member. The Shannon-Wiener diversity index ranges from 0.4 to 1.8. The dominance index in the studied section contains values from 0.2 to 1. At the Wadi Gharandel section, the species richness ranges from 3 to 17 species per sample (Figure 12). It shows an increase in the middle part of the Mheiherat/Hawara Member, within the Asl Member, and in the lower middle part of the Mreir Member. The Shannon index shows values from 0.5 to 1.9, whereas the dominance ranges from 0.1 to 0.9.
[image: Figure 11]FIGURE 11 | Diversity indices and the abundance of warm and cool water taxa at Wadi Baba section.
[image: Figure 12]FIGURE 12 | Diversity indices and the abundance of warm and cool water taxa at Wadi Gharandel section.
6 DISCUSSION
6.1 The calcareous nannofossil bioevents across the Burdigalian/Langhian (B/L) boundary
There is no particular global stratotype section for the Burdigalian and Langhian stages (Turco et al., 2011; Agnini et al., 2017). The Submission of the Neogene Stratigraphy (SNS) specified three sections as GSSP for the Langhian stage (Lavoda section in Italy, Atlantic site DSDP 608, and Malta sections). Many authors used the microfossils as a biostratigraphic tool for the Langhian stage and to specify the bioevents across the boundary in the three GSSP sections (e.g., Di Stefano et al., 2008 in Atlantic site DSDP 608 and other sections in the Mediterranean area; Aziz et al., 2008 in the Mediterranean area; Turco et al., 2011 in the Lavoda section). The following are the calcareous nannofossil bioevents across the B/L boundary.
Firstly, to define the top of the CN3 Zone, Okada and Burky (1980) used the top acme end of Discoaster delflandrei as a marker. This event is not noticed in the studied sections due to the low abundance and scarcity of the species. The end-acme event of D. deflandrei was tested in many sections in Mediterranean and oceanic areas, detecting its poor value as a marker (Fornaciari et al., 1990; Rio et al., 1990; Fornaciari et al., 1996; Di Stefano et al., 2008). The lowest occurrence of the Discoaster exilis group was used by Martini and Worsley (1970) to convergent the Burdigalian/Langhian boundary. This bioevent is registered in the two studied sections. The FO of Discoaster exilis in the Wadi Baba section is in sample 116 and in sample G55 in the Wadi Gharandel section. Ciummelli et al. (2017) recorded many transitional forms between D. exilis and D. signus, Discoaster deflandrei and D. exilis, and Discoaster variabilis and D. exilis occurring within the Burdigalian/Langhian boundary. Many transitional forms of the D. exilis group and D. deflandrei group, as well as D. cf. variabilis, are observed in samples G 55 to G 75 in the Wadi Gharandel section and from samples 116 to 139 in Wadi Baba, indicating the Langhian. The FO of D. petaliformis was recorded at 15.778 Ma (De Kaenel et al., 2017; Chakraborty et al., 2021), and used as a marker for the beginning of the Langhian stage. The present study recorded the species in the Wadi Baba section, indicating the Langhian stage.
Second, during the early middle Miocene, S. heteromorphus experienced a period of absence or very low abundance identified as a paracme interval by Fornaciari et al. (1996). He recorded this event in Mediterranean Langhian secions. Di Stefano et al. (2008) placed the lower interval of MNN4c with the beginning of the S. heteromorphus paracme (PB) and the upper interval with the end of the paracme (PE). This event is recorded at the beginning of the middle Miocene (Langhian) in the two studied sections. The B/L boundary is noted at the basal part of the Asl Member at the Wadi Gharandel section.
From the previous bio events, the B/L boundary occurred at the basal part of Asl Member at Wadi Baba and Wadi Gharandel. These results contrast with the study of Hewaidy et al. (2013), as the boundary is placed between Asl and Mreir members.
6.2 Paleoecological interpretation
The nannofossil abundance, diversity, and cluster analysis are used to explain the paleoecological changes in the studied sections. The R-mode cluster analysis shows four distinct groups with different paleoecological preferences (Groups A, B, C, and D).
Group A includes just Coccolithus pelagicus. This species is adapted to the cool nutrient-rich water conditions, where temperatures range from −1.7°C to 15°C (e.g., McIntyre and Bé, 1967; Okada and McIntyre, 1979; Cachao and Moita, 2000). In Miocene, C. Pelagicus is present in both cool and tropical conditions as it changes the inhabitant from time to time (Chakraborty et al., 2021).
Group B includes two types of reticulofenestrids (R. minuta and R. haqii). R. minuta indicates stable water conditions and terrigenous nutrient inputs (Wade and Bown, 2006), whereas R. haqii prefers warm conditions but can also thrive under temperate water conditions (Haq, 1980). Small Reticulofenestra display an opportunistic behaviour during episodes of high fertility (Okada, 2000) or in zones of upwelling (Okada and Wells, 1997). The dominance of these taxa in Neogene sediment indicates mesotrophic-eutrophic surface water conditions (Okada, 2000; Takahashi and Okada, 2000; Krammer et al., 2006). In the present work, R. haqii is considered to have a mesotrophic affinity, depending on the positive correlation between this species and the mesotrophic R. minuta. Small reticulofenestrids also indicate upwelling conditions (Chakraborty et al., 2021; Chakraborty et al., 2023) and are present in modern upwelling regions (Takahashi and Okada, 2000).
Group C consists of three taxa: C. floridanus, R. pseudoumbilicus, and R. perplexa. The cosmopolitan C. floridanus (Wei and Wise, 1990) is interpreted as a long-ranging species found in a wide range of latitudes and is a eutrophic species (Aubry, 1992; Monechi et al., 2000). R. perplexa exhibits a strong preference for high latitudes and cooler water conditions (Haq, 1980; Wei and Wise, 1990; McGonigal, 2004). R. pseudoumbilicus is indicative of high nutrient levels (Lohmann and Carlson, 1981).
Group D includes all the species whose abundance is less than 7%. It contains Helicosphaera, Pontosphaera, Sphenolithus, and Discoaster. Sphenolithus and Discoaster are related to the same paleoecological interpretation (Haq, 1980; Wei and Wise, 1990). Discoaster has been interpreted as a warm-water genus (Bukry, 1973), whereas Sphenolithus prefers warm, oligotrophic conditions (Bralower, 2002). Villa and Persico (2006) treated Sphenolithus as warm-water taxa in their studies of Oligocene sediments from the Indian Ocean. Helicosphaerids are interpreted to adapt to hemipelagic settings (Aubry, 1990; Ziveri et al., 1995). These species are more commonly found in tropical to subtropical assemblages and are rarely recorded in temperate to subarctic assemblages (Chira and Malacu, 2008). Peaks in Helicosphaera spp. are recorded in the regressive phases of siliclastic margins (De Kaenel and Villa, 1996).
6.3 Biotic responses to sea-level changes
Generally, the Miocene was an interval of highly instability in climate and highly variable between cool and warm periods (Jovane et al., 2019; Jovane et al., 2020). In the present study, the fluctuations in nannofossil assemblages and abundance of the early-middle Miocene Rudies Formation at Wadi Baba and Wadi Gharandel sections indicate paleoecological changes during this period of time. The cool and temperate water taxa such as C. pelagicus, R. haqii, and R. minuta are the dominant assemblage in the Mheiherrat/Hawara Member. In this interval, approximately similar values of the Shannon index indicate stable water conditions. The taxa R. haqii and R. minuta are thought to be representative of nutrient-rich waters with little variations in nutrient availability, temperature, or turbulence in the surface water (Auer et al., 2014). Although the abundance of both R. minuta and R. haqii are relatively smaller than that of C. pelagicus in the lower part of the Mheiherrat/Hawara Member, a sudden increase took place for these small reticulofenestrids relative to C. pelagicus from sample 79 to sample 82 (Figure 7). The higher percentage of small reticulofenestrids indicates high terrigenous inputs (Aubry, 1992; Persico and Villa, 2004; Chakraborty et al., 2021). Therefore, shallowing conditions and sea-level falling episodes are suggested and may match the Bur3 boundary of Hardenbol et al. (1998). In summary, this interval is characterized by a slight sea-level rise followed by a sudden drop in the sea-level at the end of this interval. At the topmost part of this interval, there is a transition from a more stable marine to a shallower depositional environment with freshwater influence.
The second part encompasses the middle and upper parts of Mheiherat/Hawara Member. This interval contains a higher percentage of C. pelagicus and the open-water species C. floridanus, with a lower percentage of small reticulofenestrids relative to the first interval (Figure 7). It indicates more deep marine, cooler water conditions, and more distance from the shore. Again, near the top of Mheiherat/Hawara Member, small fluctuations in sea-level conditions and a slight sea-level fall could be induced due to the increase in small reticulofenestrids and a slight decrease in C. pelagicus. There is a sudden decrease in C. pelagicus from 66% to 20% in sample 110 and a sudden increase inR. perplexa up to 45% (Figure 7). The relative increase of C. pelagicus and R. perplexa is used to indicate surface water cooling during the Miocene (Wei and Wise, 1992).
The third interval (samples 116–122) comprises the lower part of the Asl Member and includes the middle part of the NN4 Zone and the interval of the B/L boundary. This interval contains many barren intervals and is characterized by a decrease in C. pelagicus and an increase in R. haqii with an increase in the Shannon-Weiner diversity index (Figure 11). This indicates more proximity to the shore with warm water conditions (Figure 11). The common R. haqii, followed by C. pelagicus, indicates a nearshore nutrient-rich environment and points to warmer stratified (stressed) waters with reduced upwelling (Auer et al., 2014; Jamrich et al., 2024).
The fourth interval includes the majority of the Asl Member and the Mreir Member. This interval is generally characterized by the lowest abundance and discontinuous appearance of R. minuta. In most samples, C. pelagicus is high in abundance, except in some samples, which indicate small fluctuations in sea-level. This interval shows the same conditions as those in the second interval, as well as small fluctuations similar to those in the third interval, which indicate a rise in sea-level and cool water conditions with small sea-level changes (slight falling) in samples 129 and 139.
At Wadi Gharandel, the first interval (samples G1 to G10) has similar conditions to the Wadi Baba lower interval. The C. pelagicus abundance declines at the top of this interval, with increasing abundance of small reticulofenestrids indicating proximity to the shore with a transition from cool water to warm water conditions. This may contradict Bur3 of Hardenbol et al. (1998). The second interval comprises the most Mheiherrat/Hawara Member (samples G11 to G31). It is characterized by a moderate abundance of C. pelagicus and small reticulofenestrids, indicating shelf marine conditions. The third interval includes the most Asl and the lowest part of Mreir members (samples G32 to G54). C. pelagicus became more abundant relative to small reticulofenestrids, indicating deeper marine conditions with small fluctuations in sea-level. At the B/L boundary, there is a turnover in the ecology to warm water conditions and a sudden decrease in C. pelgicus (samples from G55–G58) (Figure 12). In the Gharandel section, a strong drop in C. pelagicus is accompanied with an increase in small- and medium-sized reticulofenestrids and C. floridanus is noted across the B/L boundary (Figure 12). According to Auer et al. (2014), such an arrangement suggests less water turbulence and upwelling. The next interval occurs within Mreir Member and has alternating conditions and many fluctuations similar to the second and third intervals.
7 CONCLUSION
This study attempts to provide detailed calcareous nannofossil bioevents and palaeoecological interpretation across outcrops of the Burdigalian-Langhian succession on the eastern margin of the Gulf of Suez. Lithostratigraphically, the Burdigalian-Langhian succession in the study area is represented by the Rudies Formation, which can be subdivided into three members from base to top: Mheiherrat/Hawara, Asl, and Mreir; respectively. Biostratigraphically, the sediments were dated and included in three biozones (NN3, NN4, and NN5). The study provides an age refinement for the three members of the Rudies Formation whereas the Mheiherrat/Hawara Member corresponds to the Burdigalian stage, represented by the S. belemnos NN3 Zone and the lower part of the S. heteromorphus NN4 Zone. The B/L boundary is placed at the base of the Asl Member in both the Wadi Baba and Wadi Gharandel sections. The major bioevents used to define this boundary include the evolution of the Discoaster exilis group, the transitional forms between D. exilis and D. variabilis, the absence interval of S. heteromorphus (the paracme interval) and the occurrence of D. petaliformis. The NN4/NN5 zonal boundary is situated within the Mreir Member at the Wadi Gharandel section and within the Asl Member at the Wadi Baba section, based on the LO of H. ampliaperta and the PE of S. heteromorphus. Cluster analysis groups the nannofossil species into four aggregations that reflect their related ecological preferences. The most abundant taxa in the assemblage are C. pelagicus as well as R. haqii, R. minuta, and C. floridanus. The overall condition was nutrient-rich, cooler water. The final intervals show high sea-level conditions with minor fluctuations and a slight decline in sea level. The biotic response to sea-level changes is discussed based on fluctuations in species abundance. Generally, the first interval indicates a slight rise in sea level, followed by a sudden drop at the end of the interval. The fluctuations in nannofossil abundance during the second interval suggest a greater distance from the shore with more open marine conditions. During the third interval, sea level fell, marking the contact between the Asl and Hawara members at the B/L boundary. The final intervals show high sea-level conditions with minor fluctuations accompanied by a slight decline in sea level.
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