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Abstract 

Palynological organic matter (POM) of the Neogene succession from the Sidi Salim-1 well, located in the onshore Nile Delta, Egypt 
(Eastern Mediterranean), suggests a wide range of environments, from deltaic to offshore marine. These environments were discriminated 
by the overall palynofacies composition, including indicative dinoflagellate cysts, mainly Spiniferites and Selenopemphix. Near-shore 
marine environment was interpreted for the Middle Miocene (Langhian–Serravallian) Sidi Salim Formation. Deltaic to shallow marine 
environments were suggested for the Qawasim (Miocene) and Kafr El Sheikh (Pliocene) formations, while the distant (offshore) marine 
setting was established in the Pliocene Abu Madi Formation. This deeper environment, of the Abu Madi Formation, can be used to 
confirm a previous documentation of an Early Pliocene progressive drowning of an incised valley, related to the Messinian Salinity Crises 
(MSC) events, by the late Messinian sea level drop in the Mediterranean. Suboxic to anoxic conditions existed during deposition of the 
investigated well succession. Anoxia was confirmed by the occurrence of imprints of pyrite crystals across much of the well succession. 
The occurrence of abundant Poaceae pollen may suggest widespread dry grassland vegetation during deposition of the Neogene sedi-
ments of the well. In a regional context, the Neogene environments in the Nile Delta area vary according to the relative position of 
the investigated sediments, due to structural, palaeogeographic and basinal settings. The recovered palynofacies fluctuated between 
amorphous organic matter (AOM)-dominated and phytoclast-dominated categories, mostly of the kerogen type II, which is capable 
of producing oil and gas. The visual assessment of the spore coloration index (SCI) of thin-walled trilete spores in the well section, shows 
values ranging between 5 and 8, confirming a thermally mature organic matter and, consequently, can be potential source rocks.
© 2025 Elsevier B.V. and Nanjing Institute of Geology and Palaeontology, CAS. All rights are reserved, including those for text and data mining,
AI training, and similar technologies. 
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1. Introduction 

The Nile Delta is one of the best-known deltas in the 
world. It contains a thick sedimentary succession covering 
the basement rocks and is considered an important hydro-
carbon producing province in Egypt, mainly from the Neo-
gene (Miocene–Pliocene) rock units (Abu Madi, Qawasim 
and Kafr El Sheikh formations). Exten sive research on
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the geology and source-rock evaluation of the Neogene 
subsurface rocks in the region have been published (e.g., 
Rizzini et al., 1978; El Beialy , 1990a, 1990b, 1992, 1997; 
Abdel Aal et al., 1994, 2000; Sarh an and Hemda n, 1994; 
Ouda and Obaidalla, 1995; Sestini, 1995; Kamel et al., 
1998; Zaghloul et al., 2001; Leila et al., 2019; Shebl et al., 
2019; El-Kahawy et al., 2022; Metwall i et al., 2023; 
Nabawy et al., 2023; Shalaby and Sarhan, 2023; 
Mahmoud et al., 2024; Soliman and El Atfy, 2024 and 
comprehensive literature therein).
ontology, CAS. All rights are reserved, including those for text and data 
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Recently, a few palynofacies studies were incorporated 
in the Nile Delta area (Makled et al., 2013; El Diasty 
et al., 2019; El Atfy 2021; Mahmoud et al., 2024). In gen-
eral, the Miocene (23.03–5.33 Ma) witnessed significant cli-
matic and oceanographic variability. The Messinian 
Salinity Crises (MSC) (5.97–5.33 Ma), an enigmatic epi-
sode of palaeoceanographic change, is a matter of interest 
throughout the Mediterranean Basin. It is generally 
accepted that during the MSC interval there was a dry cli-
mate in the Mediterranean region (Vasiliev et al., 2017), 
which is reflected in dinoflagellate cyst assemblages, indi-
cating an ecological turnover linked to basin desiccation 
and re-flooding (e.g ., Clauzon et al., 2005; Popes cu et al., 
2009). 

Our objective is to investigate the palynological organic 
matter (POM) of the Neogene sediments, drilled by the Sidi 
Salim-1 well, onshore Nile Delta, to infer palaeoenviron-
ments and evaluate its potential as hydrocarbon source 
rocks. The inter val presumably occupied by the MSC in 
the present investigated well (i.e., Qawasim Formation, 
Messi nian) was regarded as almost barren of biotic remains
(Ouda and Obaidalla, 1995). We use the presently recov-
ered organic-walled microfossils (mainly pollen, spores, 
and dinoflagellate cysts) to reconstruct the oceanographic 
conditions of the southeast Mediterranean during that 
time. We provide a north-south correlation between the 
present Neogene onshore palaeoenvironments and those 
recent ly established from the offsho re Nile Delta
(Mahmoud et al., 2024). Upon which, we aim to discuss 
our findings in the light of the recently discove red 
seismic-based riverine sediments in the nearby Levant 
Basin (Madof et al., 2019). 

2. Geological setting 

The Nile Delta area (Fig. 1) occupies an area of approx-
imately 22,000 km2 along the northeastern margin of the 
African plate. Tectonics in the Nile Delta area induced 
facies variations because of development of several 
palaeo-highs and lows. It lies on the slightly deformed 
outer northern margin of this African Plate. Major struc-
tural features seem to control its sedimentary regime
(e.g., Sarhan and Hemdan, 1994; Sestini, 1995; Kamel 
et al., 199 8). The delta area can be differentiated into two 
deep offshore and an onshore geologic provinces. The 
onshore region, where the studied Sidi Salim-1 well is 
located, is divided by a flexure hinge line zone into two 
structural sedimentary sub-provinces: South Nile Delta 
block and North Nile Delta Basin (Abdel Aal et al., 
1994, 2 000). Continuous subsidence in the area resulted 
in the accumulation of thick Neogene sediments in the 
North Nile Delta Basin (Sestini, 1995). The deltaic 
sequence of the Nile Delta consists of two clastic units, sep-
arate d by an unconformity related to the MSC events 
(Shalaby and Sarhan, 2023): the pre-Messinian (e.g., 
Hamouda and El-Gharabawy, 2019) and the post-
Messinian (e.g., Sarhan et al., 2014) typical deltaic facies. 
The Neogene–Quaternary palaeoenvironment in the Nile 
Delta was discussed on stratigraphical, sedimentolog ical, 
palaeontological, and geophysical (seismi c) bases (e.g.,
Rizzini et al., 1978; Leila et al., 2019; Shebl et al., 2019; 
Mahmoud et al., 2024). A composite Neogene–Quaternary 
stratigraphic column in the Nile Delta area (Fig. 2)  is
presente d. 

Different environmental settings were documented for 
the Neogene rock units in the Nile Delta area. The Sidi 
Salim Formation corresponds to a lower neritic and/or 
slope environment according to the palaeoecological char-
acteristics of its fauna, with Globorotali a menardii and 
Globorotalia gr. fohsi (Rizzini et al., 1978) and palynofa-
cies, including dinoflagellate cysts such as Spiniferites and 
Lingulodinium (Mahmoud et al., 2024). Leila et al. (2019) 
stated that the Qawasim Formation constitutes prograda-
tional deltaic system, from prodelta and distal delta front 
(distal deltaic facies) to proximal delta front and delta plain 
(proximal deltaic facies). The Qawasim Formation was 
deposited during the Messinian but was reworked during 
the Early Pliocene transgression (Sestini, 1989, as Messi-
nian Abu Madi Formation). The Abu Madi Formation 
reflects a wide range of environments from continental, lit-
toral to marine (inner to outer shelf ) environments (e.g .,
Leila et al., 2019; Shebl et al., 2019; El-Kahawy et al., 
2022; Mahmoud et al., 2024). Leila et al. (2019) described 
upward changing facies from continental, subaerial gravity 
flow and fluvial, to marginal marine (estuarine). Rizzini 
et al. (1978) stated that the Abu Madi Formation lies on 
a fairly pronounced erosion surface, which followed the 
deposition of Qawasim and Rosetta formations. On the 
onshore Nile Delta, the Abu Madi Formation reflects the 
progressive drowning of the incised valley, bounded at 
the base by an erosional unconformity, created by the late 
Messinian sea level drop, and at the top by a drowning 
unconformity, related to the Ear ly Pliocene transgression
(Metwalli et al., 2023). The Kafr El Sheikh Formation 
was believed to have accu mulated in neritic to ba sinal set-
tings (Rizzini et al., 1978; Zaghloul et al., 2001; El-Kahaw y 
et al., 2022). Recent ly, Mahmoud et al. (2024) noted that 
the fully open marine environments were established in 
the top parts of this rock unit in the offshore area of the 
NDO B-1 well. For the Nile Delta area, a palaeogeograph-
ical map of the Middle Miocene (Langhian–Serravallian) 
(modified after Said, 1990), and a Late Miocene (Torto-
nian) map showing palaeoshorelines and inland areas, 
11.6–7.25 Ma (modified afte r Ouda and Obaidalla, 1995), 
are presented (Fig. 3a, b). 

The MSC period in the Mediterranean Realm has been 
regarded as being progressively isolated from the Atlantic 
Ocean, leading to widespread precipitation of gypsum 
(5.96–5.6 Ma), massive salt deposition (5.6–5.5 Ma) and 
a dramatic sea level fall followed by brackish water envi-
ro nments of ‘‘Lago-Mare” (Lake Sea) faci es (e.g .,
Ruggieri, 1967; Hsü et al., 1973; Cita, 1982; K rijgsman 
et al., 1999, 2010; Hilgen et al., 2007; Krij gsman a nd 
Meijer, 2008; Roveri et al., 2008, 2014). An upper bathyal
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Fig. 1. Geographical map of the Nile Delta illustrating the location of the Sidi Salim-1 well, showing main structural and geomorphological features 
(modified after Barber, 1981; Sestini, 1989; redrawn from Makled et al., 2017). 
environment existed before being driven to extinction dur-
ing the Messinian salinity cris is (Hoffmann et al., 20 20). A 
catastrophic re-flooding from the Atlantic at the beginning 
of the Pliocene (5.33 Ma) abruptly ended the MSC by 
retrieving open mari ne conditions in the Mediterranean 
through the Strait of Gibraltar, i.e., the Zanc lean flood
(e.g., Hsü et al., 1973; Garcia-Castellanos et al., 2020). 

3. Lithostratigraphy 

Rizzini et al. (1978) stated that the Nile Delta section is 
relatively uniform throughout the whole delta and consists 
of three sedimentary cycles: a Miocene cycle (Sidi Salem, 
Qawasim, and Rosetta formations) whose base is 
unknown; a Pliocene–Quaternary cycle (Abu Madi, Kafr 
El-Sheikh, El Wastani, and Mit Ghamr formations) and 
a Holocene cycle. There is no vertical sharp facies change 
between these deposits, which consist essentially of silici-
clastic sediments. Regional correlation of these units, based 
upon lithology and geophysi cal logs, is not easy due to lack 
of sharp vertical facies changes, since they are made up
mainly of siliciclastic sediments (e.g., Farouk et al., 
2014). The Neogene succession in the Sidi Salim-1 well 
(Fig. 4) is subdivided according to stratigraphic informa-
tion presented in IEOC (1968), N.C.G.S. (1976) , Rizzini 
et al. (1978), E.G.P.C. (1994) and Ouda and Obaida lla 
(1995). Independent planktonic foraminifera dating in the 
well is available (Ouda and Obaidalla, 1995). However, 
the Neogene rock units drilled by the invest igated well is 
described as follows .

3.1. Sidi Salim Formation 

Age: Middle to Late Miocene (Langhian–Tortonian) 
(Rizzini et al., 1978; Abdel-Kireem et al., 1984; Abd ou 
et al., 1984; Ismail et al., 2010; Mandur and Makled, 
2016; Makled et al., 2017). 

This rock unit consists of clays with few intervals of 
dolomitic marls, sandstone and siltstone interbeds. Its 
thickness measures about 446 m in its type sec tion of the 
Sidi Salim-1 well (Rizzini et al., 1 978). Towards the south-
ern delta it probably lies on the Moghra Formation or
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Fig. 2. Composite Neogene–Quaternary stratigraphic column in the Nile 
Delta, indicating average thicknesses and environmental trends of the 
examined formations (after Rizzini et al., 1978). 
older rock units. In the offshore area of the delta, this rock 
unit is overlain by the Messinian Qawasim clastics and 
Rosetta anhydrites. In the present Sidi Sa lim-1 well,
Ouda and Obaidalla (1995) recorded Globorotalia mayeri, 
G. peripheroacuta, G. peripheroronda, Orbulina suturalis 

and Praeorbulina glomeroza, equivalent to planktonic 
zones N8–N14, Middle Miocene (Langhia n–Serravallian) 
of Blow (1969). 

3.2 Qawasim Formation 

Age: Late Miocene (Messinian) (Rizzini et al., 1978; 
Barber, 1981; Makled et al., 2017). 

The formation consists of sand pebbles, sandst ones and 
conglomerates (Rizzini et al., 1978), with a lenticular shape 
and slump structures. The Qawasim Formation type sec-
tion is in the Qawasim-1 well (∼933 m thick). At the base, 
the coarser sandy layers display erosional features. The 
conglomerates are generally massive and can show planar 
cross-beddings. Frequently there are layers of peat and coal 
fragments. The upper limit of this unit is difficult to define 
on the basis of subsurface data alone (Rizzini et al., 1978). 
A mixture of coastal-deltaic and fluvial deposits are wide-
spread at the top of the form ation, interbedded with
coastal (lagoons or swamps) deposits (e.g., Rizzini et al., 
1978; El-Kahawy et al., 2022; Mahmoud et al., 2024). In 
the Sidi Salim-1 wel l, Ouda and Obaidalla (1995) recorded 
Globigerinoides obliquus extremus at the top of this rock 
unit. 

3.3. Abu Madi Formation 

Age: Early Pliocene (Zanclean) (Rizzini et al., 1978; 
Abdel-Kireem et al., 1984; Abdou et al., 1984; Isma il 
et al., 2010; Makled and Mandur, 2016; Makled et al., 
2017). 

The formation consists of thick layers (321 m in the Abu 
Madi well no. 1 type section) of sand an d clay inter beds
(Rizzini et al., 1 978), with more frequent fauna-lacking 
conglomerates in the basal parts. Sands show large-scale 
cross-bedding and bioturbation is frequent in the clays. 
Foraminifera are frequent in the clay intervals and are typ-
ical of the Early Pliocene in the Mediterranean Sea (Cita, 
1973). In the present Sidi Salim-1 well, Ouda a nd 
Obaidalla (1995) recorded Sphaeroidinellopsis seminulina, 
equivalent to the Early Pliocene (Zan clean) planktonic 
zone N18 of Blow (1969). Controversy exists regarding 
the designation and usage of rock units in the Neogene– 
Quaternary section of the Nile Delta area, particularly 
using the term Abu Madi Formation as equivalen t to the 
Qawasim (Mioc ene) Formation.

3.4. Kafr El Sheikh Formation 

Age: Pliocene (Zanclean–Piacenzian) (Rizzini et al., 
1978; Abdel-Kireem et al., 1984; Abdou et al., 1984; 
Ismail et al., 2010; Makled and Mandur, 2016; M akled 
et al., 2017). 

The age of this formation is easily defined with the 
occurrence of the Globorotalia margaritae and G. puncticu-
lata zones, Lower Pliocene, and the G. aemiliana and G. 
crassaformis zones, Middle Pliocene (Rizzini et al., 1978). 
In the present Sidi Salim-1 well, Ouda and Obaidalla 
(1995) recorded G. margaritae, equivalent to the planktonic 
zone N19 (Early Pliocene, Zanclean, of Blow, 1969). The 
type section is the Kafr E1 Sheikh well no. 1, about 
1458 m thick. The fairly thick unit is widespread over the 
whole delta area an d consists of clay and sand interbeds. 
The clays consist of kao linite and montmorillonite, with 
minor illite (Rizzini et al., 1978). The Kafr El Sheikh For-
mation is conformably ov erlain by the El Wasta ni 
Format ion.

4. Material and methods 

We investigated the Neogene succession of the Sidi 
Salim-1 well (Figs. 1, 4), at the intersection of 
31°19’10”N, 30°43’16”E, onshore Nile Delta, Egypt , 
drilled by IEOC (1968 ). Forty-one ditch samples were pro-
cessed with HCl (35%) and HF (40%), according to the 
standard palynological processing techniques (e.g.,
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Fig. 3. (A) Palaeogeographical map of the Middle Miocene (Langhian–Serravallian) in the Nile Delta (modified after Said, 1990). (B) Palaeogeographical 
map of the Late Miocene (Tortonian) showing palaeoshorelines and inland areas, 11.6–7.25 Ma (modified after Ouda and Obaidalla, 1995).
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Fig. 4. Chrono- and lithostratigraphy of the Neogene succession in the 
investigated Sidi Salim-1 well, showing the stratigraphic locatio n of 
studied samples. Rock units are subdivided according to information 
mainly presented in IEOC (1968), Rizzini et al. (1978) and Ouda and 
Obaidalla (1995). Relative ages in the Sidi Salim-1 well were taken from 
Ouda and Obaidalla (1995). Wt = El Wastani, Ln-Sn = Langhian– 
Serravallian . 
Traverse, 2007), to remove carbonates and silicates, respec-
tively. The digested residues were sieved through a 10 mm 
mesh. This small size keeps the total digested POM from
being infiltrated throughout using the small-sized sieves. 
Oxidizing agents and/or ultrasonic vibration were avoided, 
to keep the total palynofacies unchanged. Then, part of the 
digested residue was gently treated with ultrasonic vibra-
tion for a few seconds to eliminate amorphous organic 
matter (AOM), which masks the recovery and concentra-
tion of palynomorphs (i.e., concentrated residue). For the 
light microscopic study, a set of permanent slides were pre-
pared using glycer in jelly as a mounting medium. Slides 
were examined using a Leica DM LB2 light microscope 
equipped with a Leica DFC 280 digital camera at the Geol-
ogy Department, Assiut University (Egypt). Representative 
examples of dinoflagellate cysts, pollen grains, spores and
other palynological matter are illustrated in Figs. 5–7.

The processing techniques were performed to account 
for the relative abundances of the palynofacies categories 
(500 particles per sample) and palynomorphs (at least 200 
palynomorphs per sample). The marine/continental (M/ 
C) ratio was calculated as the number of marine paly-
nomorphs (dinoflagellate cysts + microforaminiferal lin-
ings) divided by the sum of total palynomorphs × 100. 
The palynological marine index (PMI) (Helenes et al., 
1998) was calculated from the total recovered paly-
nomorph content, using the formula PMI = (Rm/Rt + 1 
) × 100, where Rm refers to the species richness of marine 
palynomorphs (dinoflagellate cysts and microforaminiferal 
linings) and Rt refers to the richness of terrestrial paly-
nomorphs (pollen, spores and freshwater algae). Pedias-
trum/marine ratio was calculated as the number of the 
alga Pediastrum specimens divided by the sum of Pedias-
trum + dinoflagellate cysts + microforaminif eral linings
(modified after Adeonipekun et al., 2023, since the alga 
Botryococcus is missing here). The above-mentioned counts 
of palynomorphs and palynofacies were used to create a set 
of graphic presentations to express the general framework 
of the palynol ogical content. These counts were also 
applied to create ternary plots, to dep ict the palaeoenviron-
mental significance of palynomorphs (Federova, 1977; 
Duringer and Doubinger, 1985) and palynofacies (Tyson, 
1993, 1995) and to recognize hydrocarbo n potential 
(Dow, 1982). In addition, Origin-Lab software was used 
to create an R-mode hierarchical clustering of the palyno-
facies categories in order to provide insights supporting the 
visual characteristics of these componen ts (Fig. 8). 

5. Composition of palynofacies and palynomorphs 

5.1. Palynofacies 

The palynofacies of the Sidi Salim-1 well section fluctu-
ates between phytoclast-dominated and AOM-rich cate-
gories (Fig. 8 , 9A), Batten (1996 ) and Tyson (1993, 199 5) 
were followed for terminology and description. Paly-
nomorphs were extremely rare (maximum 1.5%, sample 
no. 40, Kafr El Sheikh Formation). Phytoclasts were the 
essential components of the palynofacies (more than 50% 
of the total kerogen), with an acme in samples no. 8
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Fig. 5. Neogene spores and pollen, Sidi Salim-1 well, all photomicrographs, scale bar = 20 mm. (A) Polycingulatisporites spp., depth: 2256 m, slide: c, sample 
no. 27, indices: 29.5/96.6. (B) Annulispora salsa Braman, depth: 2042 m, slide: c, sample no. 29, indices: 32.3/107.8. (C) Microreticulate spore, depth: 3567 m, 
slide: d, sample no. 4, indices: 39.5/95.1. (D–G)Polypodiaceoisporites spp.; (D) depth: 3567m, slide: d, sample no. 4, indices: 49/114; (E) depth: 3033m, slide: e, 
sample no. 13, indices: 31.9/104; (F) depth: 3064 m, slide: c, sample no. 11, indices: 32.2/110.2; (G) depth: 3567 m, slid e: e, sample no. 4, indices: 44.7/96. (H) 
Polypodiisporites specious Sah sensuMander et al., 2 023, depth: 2987 m, slide: c, sample no. 17, indices: 29.8/102.9. (I) Echinatisporis sp., depth: 2134 m, slide: 
b, sample no. 28, indices: 38.8/95.2. (J)Deltoidospora sp. 2Mander et al., 2023, depth: 2987m, slide: a, sample no. 17, indices: 41.7/110.9. (K)Deltoidospora sp. 
1Mander et al., 2023, depth: 3567m, slide: d, sample no. 4, indices: 41.3/108.8. (L,M)Bisaccate pollen; (L) depth: 2728m, slide: b, sample no. 22, indices: 44.7/ 
103.5; (M) depth: 3506m, slide: c, sample no. 6, indices: 33.4/109.9. (N, O)Compositae (Asteraceae) pollen; (N) depth: 2134m, slide: a, sample no. 28, indices: 
37.3/106; (O) depth: 3048m, slide: f, sample no. 12, indices: 33.2/102.8. (P) Tricolporate pollen?, depth: 2256m, slide: a, sample no. 27, indices: 36.4/107.5. (Q, 
R) Poaceae (Gramineae) pollen; (Q) depth: 3064 m, slide: c, sample no. 11, indices: 42.2/107.3; (R) depth: 3567 m, slide: c, sample no. 4, indices: 43/97.2.
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(60.7%, Qawasim Formation), no. 20 (79.1%, Abu Madi 
Formation) and no. 35 (63.1%, Kafr El Sheikh Formation). 
Phytoclasts, however, decline in a few horizons (e.g., 
21.5%, sample no. 34, Kafr El Sheikh Formation). AOM 
is found in significant amounts (up to 78.1% of total paly-
nofacies, sample no. 34). AOM lowest percentages occur in 
sample no. 20 (19. 7%, Abu Madi Formation). Pyrite crys-
tals were found imprinted over numerous palynomorph in 
most of the studied samples. These characteristics reflect a 
monotonous palynof acies with no clear vertical change 
that can allow differentiation. In the R-mode cluster anal-
ysis (Fig. 10), the palynofacies categories were classified 
into two clusters (A, B). Cluster A includes the essential 
palynofacies categories (phytoclasts and AOM), which 
constitute together the most abundant categories in most 
of the well interval. Cluster B, on the other hand, contains 
the rare palynofacies elements (marine palynomorphs and 
freshwater algae). Cluster A contains categories with
related palynofacies derivation.

5.2. Palynomorphs 

The palynomorph content of the well is masked by a 
large terrestrial palynofacies influx, related to the Nile 
River. However, counting the concentrated residue reflects 
dominance of terrestrial palynomorphs, such as spores, 
pollen, and freshwater algae, wher eas marine elements 
are mostly minor (Fig. 8; Appendices 1, 2), as is evident 
from the low M/C ratio values. Freshwater algae were sig-
nificant contributors to the Sidi Salim-1 well paly-
nomorphs. At several horizons they reach an acme of 
81% of total palynomorphs (sample no. 19, Abu Madi For-
mation, depth 2957 m). Land-derived spores and pollen 
grains were the essential components (up to 69.9%, sample 
no. 29, Kafr El Sheikh Formation, depth 2042 m). Spores 
reach up to 41% (sample no. 13, Qawasim Formation, 
depth 3033 m). They were dominated by trilete ferns 
whereas other monolete ferns were subordinate. Pollen 
grains were abundant (up to 38%, sample no. 38, Kafr El 
Sheikh Formation, depth 1243 m). Poaceae dominate the 
pollen association and occur in the majority of samples 
with percentages up to 17.5% (sample no. 38, Kafr El 
Sheikh Formation, depth 1243 m); their abun dance some-
times declines to 0.65% (sample no. 24, top Abu Madi For-
mation, depth 2545 m). Dinoflagellate cysts , along with
subordinate microforaminiferal linings, were not as abun-
Fig. 6. Neogene dinoflagellate cysts, Sidi Salim-1 well, all photomicrographs, sc
sample no. 16, indices: 46.5/106.9. (B–E) Selenopemphix quanta Bradford; (B) d
slide: b, sample no. 16, indices: 44.6/103.8; (D) depth: 3018 m, slide: b, sample n
30.9/103.9. (F–J) Spiniferites spp.; (F) depth: 2993 m, slide: a, sample no. 16, 
112.2; (H) depth: 2942 m, slide: b, sample no. 20, indices: 35.4/109.8; (I) depth: 
b, sample no. 31, indices: 42.6/104.2. (K) cf. Polysphaeridium sp., depth: 
machaerophorum (Deflandre and Cookson) Wall, depth: 3292 m, slide: c, sampl
3506 m, slide: a, sample no. 6, indices: 38.3/103.6; (N) depth: 2957 m, slide: o,
slide: b, sample no. 17, indices: 22.8/96.1. (P) Indeterminable dinoflagellate cyst
109.
dant as terrestrial palynomorphs. They reach their maxi-
mum in three horizons in the Abu Madi Formation 
(48.7%, sample no. 22, depth 2728 m; 46.6%, sample no. 
23, depth 2667 m; 55.7%, sample no. 24, depth 2545 m). 
Their abundance sometimes declines markedly or even dis-
appears (sample no. 13, Qawasim Formation, depth 
3033 m and sample no. 30, Kafr El sheikh Formation, 
depth 2027 m). The PMI values generally range from 100 
(sample no. 30, Kafr El sheikh Formation, depth 
2027 m) to 194.9 (sample no. 22, Abu Madi Formation, 
depth 2728 m). An increased value of the index (225.6) 
was documented at a depth of 2545 m (sample no. 24, near 
the top of Abu Madi Formation). The M/C ratio was gen-
erally low to moderate (0 to 48.7), with the exception of a 
single acme event (55.7) recorded in sample no. 24, corre-
sponding to the highest PMI value. However, due to the 
maskin g/dilution of palynomorphs by the freshwater algae 
(mainly Pediastrum), the recovered palynomorphs were not 
presented semi-quantitatively. They were displayed qualita-
tively in two presence/absence distribution charts (Appen-
dices 3, 4). 

6. Palaeoenvironmental reconstruction 

6.1. Inferences from environmental models of the POM 

Basinal to shelf environments were inferred from the 
AOM–phytoclast–palynomorph (APP) te rnary plot 
(Fig. 9A) o f Tyson (1993, 199 5). Nearly all samples fall 
in the fields VI and IX, which reflect oscillation from a 
proximal shelf to a distal basin and a suboxic-anoxic redox 
states. The higher percentages of AOM may refer to such 
basinal settings and may suggest a high preservation of 
autochthonous organic matter far from active sources of 
terrestrial matter (Tyson, 199 5). The R-mode statistical 
analysis, cluster A (Fig. 1 0) shows that this AOM is linked 
with the abundant terrestrial components, namely brown 
and degraded wood phytoclasts, which may imply deriva-
tion partly from terrestrial sources. Some intervals have 
high phytoclasts and reflect periods of proximal setting, 
close to fluvio-deltaic sources of the land-derived organic 
matter. However, at a single horizon, near the top of the 
Abu Madi Formation, a marginal basinal envir onment 
was inferred, which is dysoxic-anoxic. The occurrence of 
pyrite (Fig. 7G, J), in the majority of the studied samples, 
confirms this anoxia, since pyrite can be absent in oxy-
ale bar = 20 mm. (A) Indeterminable palynomorph, depth: 2993 m, slide: b, 
epth: 2993 m, slide: b, sample no. 16, indices: 41.3/99.9; (C) depth: 2993 m, 
o. 14, indices: 26.3/110.4; (E) depth: 2987 m, slide: c, sample no. 17, indices: 
indices: 31.3/99.9; (G) depth: 3567 m, slide: a, sample no. 4, indices: 36.6/ 
1243 m, slide: a, sample no. 38, indices: 44.2/108.2; (J) depth: 1890 m, slide: 
2667 m, slide: b, sample no. 23, indices: 36/103.6. (L) Lingulodinium 

e no. 7, indices: 38.5/101.3. (M, N) aff. Melitasphaeridium spp.; (M) depth: 
 sample no. 19, indices: 39.6/95.9. (O) Operculodinium sp., depth: 2987 m, 
(cf. Echinidinium sp.), depth: 2942 m, slide: c, sample no. 20, indices: 32.6/
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Fig. 8. Illustration of relative percentage frequency of the main palynofacies categories (palynomorphs, phytoclasts and AOM), terrestrial spores and 
pollen, Poaceae pollen, Pediastrum and freshwater algae in the Sidi Salim-1 well. Palynological Marine Index (PMI) and marine/continental ratio (M/C) 
are also presented. For chrono- and lithostratigraphic information see Fig. 4. 
genated conditions (e.g., Roncaglia and Kuijpers, 2006). 
Consistent with pyrite, Selenopemphix quanta, which is an 
oxygen-sensitive dinoflagellate cyst (Zonneveld et al., 
1997, 2001, 2007), occurs in most of the samples (Appendix 
5). The presence of appreciable quantities of opaques in 
some horizons implies that they might have oxidized before 
their final destination in shelf/basin sit es.

More details can be established by plotting the data on 
the micr oplankton–spore–pollen (MSP) ternary plot (mod-
ified after Federova, 1977; Duringer and Doubinger, 1985). 
The graph (Fig. 9B) clearly reflects the occurrence of a wide 
range of environments, ranging from deltaic to offshore 
marine. The Sidi Salim Formation, at the base of the inves-
Fig. 7. Neogene miscellaneous palynomorphs and palynofacies, Sidi Salim-1 w
(A) Frasnacritetrus conatus Saxena and Sarkar sensu Soliman et al., 2023, depth
(B) depth: 2393 m, slide: a, sample no. 26, indices: 32.8/105.7; (D) depth: 356
Cookson and Dettmann, depth: 2987 m, slide: b, sample no. 17, indices: 31
3079 m, slide: b, sample no. 10, indices: 29.3/105.9. (F) Scolecodont, depth: 204
imprinted pyrite crystals, depth: 2987 m, slide: a, sample no. 17, indices: 27.7/1
sample no. 22, indices: 34.2/109.4. (I) Black and brown striped tracheidal ph
Spiniferate cyst, showing imprinted pyrite crystals, depth: 2987 m, slide: a, sam
sample no. SS-16, indices: 43.1/103.9. (L) Phytoclast-dominated palynofacies
dominated palynofacies, depth: 3765 m, slide: b, sample no. SS-1, indices: 35/
tigated well section, exhibits a nearshore to shallow marine 
environment. The overlying Qawasim Formation exhibits a 
general shallow marine nature. Few samples in this rock 
unit reveal deltaic setting (samples at depths 3094 m, 
3033 m and 3018 m). The deeper offshore setting was 
observed in the Abu Madi Formation (samples at depths 
2987 m, 2942 m, 2728 m, 2667 m and 2545 m), although 
the other samples of the formation show a shallower envi-
ronment (samples at depths 2972 m, 2957 m and 2835 m). 
In the Kafr El Sheikh Formation, the shallow marine (sam-
ples at depths 1615 m, 1408 m and 1161 m) and nearshore 
(samples at depths 2423 m, 2256 m, 1768 m, 1685 m, 
1353 m and 1243 m) environments were restored. In the
ell, all photomicrographs, scale bar = 20 mm (unless otherwise indicated). 
: 3567 m, slide: c, sample no. 4, indices: 41.5/103.6. (B, D) Fungal spores; 
7 m, slide: a, sample no. 4, indices: 40/111.2. (C) Schizosporis reticulatus 
.6/96.7. (E) Ovoidites parvus (Cookson and Dettmann) Nakoman, depth 
2 m, slide: c, sample no. 29, indices: 30.5/103. (G) Pediastrum sp., showing 
11.7. (H) Planispir al microforaminiferal test lining, depth: 2728 m, slide: a, 
ytoclasts, depth: 1615 m, slide: a, sample no. 34, indices: 39.2/100.2. (J) 
ple no. SS-17, indices: 34.1/110.1. (K) Tracheid, depth: 2993 m, slide: b, 

, depth: 3064 m, slide: a, sample no. SS-11, indices: 36/104. (M) AOM-
101.
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Fig. 9. (A) Ternary plot of samples in the Sidi Salim-1 well showing AOM–phytoclasts–palynomorphs (APP) diagram, based on relative numeric 
frequencies of main palynofacies compone nts, with main palynofacies and environmental fields VI and IX, which refer to proximal shelf and distal basi n
settings, respectively (after Tyson, 1993, 1995). (B) Ternary plot of samples in the Sidi Salim-1 well showing microplankton–spores–pollen (MSP) diagram 
(after Federova, 1977; Duringer and Doubinger, 1985). 
basal sediments of this rock unit, a deltaic environment ter-
minated the offshore environments (samples at depths 
2393 m, 2134 m, 2042 m, 2027 m, 1890 m, 1371 m, 
1189 m and 1106 m) above the Abu Madi Formation.
6.2. Palaeoenvironmental significance of palynomorphs 

The occurrence of Spiniferites spp. in the whole investi-
gated succession (Appendix 5), along with Selenopemphix
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Fig. 10. Dendrogram of the R-mode cluster analysis of the palynofacies categories used in this study, Sidi Salim-1 well, based on data presented in
Appendix 1. Cluster A contains the essential components of palynofacies, along with spores and pollen. Cluster B includes the dinoflagellate cysts and 
other secondary miscellaneous components.
spp., Homotryblium spp., Operculodinium, and Hystri-

chokolpoma spp., is indicative of a marine environmen t 
(e.g., Dale, 1983; Mahmoud, 1993, 1998; Carvalho et al., 
2016). Spiniferites spp. have high relative abundances in 
areas influenced by river discharge or in oligotrop hic sites 
(Zonneveld et al., 2013). Selenopemphix quanta, Lingulo-
dinium machaerophorum and Spiniferites spp. increase with 
the increasing nutrient/trace elements in coastal sites, near 
river plumes (Zonneveld et al., 2009). However, S. quanta 
occurs in coastal sites and near sub-tropical and equatori al 
front systems of polar to equatorial regions (Zonneveld 
et al., 2013). High abundances of S. quanta occur in 
eutrophic areas influenced by river discharge waters, but 
can be transported in large amounts from the shelf into 
deeper basins (Zonneveld and Brummer, 2000), where the 
upper waters may be of normal or reduced salinities. High-
est relative abundances of this taxon can be found in 
regions characterized by anoxic to oxic bottom wate rs
(Zonneveld et al., 2013). Selenopemphix nephroides (absent 
here) has not been observed in river plume areas 
(Zonneveld et al., 201 3), although its low values may reflect 
neritic conditions with weak deltaic influence (Matthiessen 
and Brenner, 1996). The absence of S. nephroides in the 
present samples reflects the impact of a river plume, in co n-
trast to that observed in the far norther n offshore Nile 
Delta (Mahmoud et al., 2024, NDO B-1 well). This can 
also be explained in terms of the occurrence of Miocene 
structural highs (e.g ., Sarhan and Hemdan, 1994; Sestini, 
1995; Kamel et al., 1998) in the northern ba sins of the delta 
(Fig. 1), where structural features control its sedimentation 
framework. Remarkably, S. nephroides was found in the 
Neogene sedimen ts of the Nile Delta area but at its extreme 
eastern and western reaches (El Beialy, 1988, 1990a, 1992). 
S. nephroides occurrences in such peripheral positions are 
most probably due to a minimal river plume influence. L. 
machaerophorum is restricted to coastal regions and those 
close to terrestrial landscapes; its ordinary process lengths 
in the present samples are indica tive of a normal mari ne
salinity (Mertens et al., 2009; Zonneveld et al., 2009, 2013). 

Poaceae (Gramineae) pollen is a Nilotic indicator, which 
is known to increase at the time of the N ile River floodi ng 
(Cheddadi and Rossignol-Strick, 1995; Kholeif, 2004). This 
pollen in the investigated samples possesses variable pollen 
sizes and is difficult to use alone as a proxy for reconstruct-
ing past vegetation and climate (Wei et al., 2 023), although 
it is abundant in fossil records and often used as a palaeo-
climatic indicator. Unfortunately, there are also problems 
associated with the morphological similarities across the 
Poaceae family, which prevent full use of their ecologic 
preferences. Usually, there are also difficulties in visually 
differenti ating between different species of this pollen type 
(Katsi et al., 2 024). A common interpretation is to link 
the increase in the Poaceae pollen abundance with increas-
ing regional aridity. Poaceae distribution is influenced by 
various factors, such as the proportion, for ex ample, of 
the size of local marshes (Bush, 200 2). However, the rela-
tively abundant Poaceae pollen in the majority our samples 
can be used as evidence of landscapes such as grassland,
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open steppe, savanna or open desert lowlands (e.g ., 
Germeraad et al., 1968; Hooghiemstra et al., 198 6; 
Cheddadi and Rossignol-Strick, 1995; Davis, 1995; 
Cupper et al., 2000; Effiom et al., 2024) and, probably, a 
regional dry climates (e.g., Morley, 1995; Effiom et al., 
2024). This explains the abundance of dinoflagellates in 
the Abu Madi Formation, probably due to an eutrophic 
state caused by the influence of a large terrigenous influx, 
rather than being associated with suboxic-anoxic states
(Kang et al., 2025). 

The low values of the M/C ratio (Fig. 8) reflect proxi-
mal/distal trends for the Neogene well section, since this 
ratio increases offshore (e.g., Pellaton and Gori n, 2005; 
Carvalho et al., 2013, 2016). Exceptionally, the highest val-
ues of this ratio in the Abu Madi Formation (48.7%, sam-
ple no. 22, depth 2728 m; 46.6%, sample no. 23, depth 
2667 m; 55.7%, sample no. 24, depth 2545 m) refer to a dee-
per marine setting. The PMI values clearly reflect this, 
ranging between 100.3 (sample 26, depth 2393 m) and 
126.5 (sample 2, depth 36.58 m). The highest values of 
the PMI were similarly observed in the same Abu Madi 
Formation (up to 194.9, sample no. 24, depth 2545 m).

7. The Miocene–Pliocene transition and the MSC 

The boundary between Abu Madi (Lower Pliocene) and 
Qawasim (Upper Miocene) formations, is bounded by a 
pronounced erosional surface in the Nil e Delta area 
(Rizzini et al., 1978). The Abu Madi Formation was 
described as bounded at the base and top by erosional 
and drowning unconformities, respectively, interpreted as 
reflecting the progressive drowning of an incised valley
(Metwalli et al., 2023), related to a catastrophic sea-level 
fall (i.e., MSC) during the late Messinian. The higher 
PMI values (range from 118.7 to 225.5) and M/C ratios 
(range from 15.7 to 55.7) of the Abu Madi Formation, in 
the present investigated Sidi Salim-1 wel l, confirm this 
model. Correlation of the interval presumably occupied 
by the MSC in Sidi Salim-1 well (Qawasim Format ion) is 
with that of the NDO B-1 well (Qawasim and Rosetta for-
mations, Mahmoud et al., 2024), the latter is located about 
97 km in a NNE direction, and showed that the thickness 
of Messinian rock units decreases northwards (Fig. 11). 
This correlation was based on the biost ratigraphic results 
presented in Ouda and Obaidalla (1995) and Makled 
et al. (2017). The reason is that the NDO B-1 well lies on 
a Miocene structural high (Fig. 1), although it was drilled 
in the deeper northern basinal areas of the delta. This situ-
ation explains also why the above-mentioned drowning 
was not inferred in the NDO B-1 well.

The identification of the MSC event(s) and the prove-
nance of marine palynomorphs are more problematic. 
However, missing of the lower evaporites and the resedi-
mented lower gypsum (stages 1 and 2), in the Sidi Salim-
1 wel l, may suggest ‘‘Lago Mare” substage 3.2 (Qawasim 
Formation). At the end of the Miocene, fres hwater influx 
arrived from the brackish Easter n Paratethys and the
major peri-Mediterranean freshwater drainage systems 
from, for example, African rivers (e.g., Griffin, 200 2). In 
the present work, fluvial discharge influence, which charac-
terizes Substage 3 .2 ‘Lago-Mare’, recently comprehen sively 
reviewed by Andreetto et al. (2021), can be interpreted by 
the occurrence of a high percentage of Pediastrum, related 
to the Nile waters, not only in the Messinian but also 
across the whole Neogene interval of the wel l (e.g.,
Bertini, 2006). The marine setting of the Messinian inter-
val, as evidenced by the occurrence of indigenous dinoflag-
ellate cysts (e.g., Spiniferites, Lingulodinium, 
Operculodinium , Selenopemphix) seems to favour the deep 
non-desiccated basin hypothesis (e.g., Roveri et al., 2014; 
Krijgsman et al., 2018). However, Mahmoud et al. (2024) 
did not exclude the deep desiccated basin hypothesis 
(e.g., Hsü et al., 1973; Lofi et al., 2008; Madof et al., 
2019) due to the occurrence of a widespread regional 
unconformity in the Nile Delta area, separating the two 
main (Miocene and Pliocene) clastic successions at the 
top of the Messinian (e.g., Metwalli et al., 2023; Shalaby 
and Sarhan, 2023). This possibility was suggested by 
Mahmoud et al. (2024) in the offshore Nile Delta area, 
NDO B-1 well, where there is an available planktonic dat-
ing, at the base of a non-distinctive zone, documented in 
this well by Makled and Mandur (2016) and Makled 
et al. (2017). This Mediterranean zone was dated by 
Lourens et al. (2004) at 5.96 Ma, implying that this interval 
in the NDO B-1 well witnessed the MSC events. But, due to 
the lack of a precise age dating for the Rosetta/Qawasim 
formations the relation of this interval, in these two wells, 
to a definite stage of the MSC is not possible. On the other 
hand, the relation of the Qawasim Formation in the pre-
sent Sidi Salim-1 well to the MSC is highly enigmatic due 
to such age constraints, for example whether this interval 
is lower or uppe r Messinian. Consequently, the relation 
of the discovered vast Messinian terrestrial (riverine)
deposits (Madof et al., 2019; Menashe River, in the nearby 
Levant Basin), to these Messinian Qawasim/Rosetta for-
mations in the Nile Delta area (NDO B-1 and Sidi Salim-
1 wells) seeks a plausible explanation. The absence of 
Galeacysta etrusca can suggest absence of Lago Ma re inter-
val sediments, in consistency with the widespread regional 
unconformity in the Nile Delta area. It is considered a mar-
ker for the uppermost Miocene (Magyar et al., 1999). Fur-
thermore, the continuous presence of marine 
dinoflagellates, in the whole investigated succession of the 
Sidi Salim-1 well, cannot be applied to confirm the pr evi-
ously documented re-flooding of the Mediterranean Basin 
by Atlantic waters before the base of Pliocene (Zancle an)
GSSP (e.g., Popescu et al., 2009), due to these age 
constraints . 

8. Palynofacies and kerogen assessment 

We used colours of the thin-walled spores (Fig. 12) and 
pollen for a visual assessment of the thermal maturity and 
the source-rock potential of the host sediments. Among the
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different categories of POM, which have a potential in pro-
ducing hydrocarbons, is the kerogen type II (oil-prone 
source material (e.g., Thompson and Dembicki, 1986; 
Tyson, 1995; Batten, 1996). The inferred suitable anoxic 
states are among the favorable conditions for the genera-
tion and preservation of organic matter (Wang et al., 
2024). The thin-walled palynomorphs are usually applied 
to infer the spore coloration index (SCI), using the stan-
dard colour chart adapted afte r Pearson (1984) and numer-
ical scales (e.g. Fisher et al., 1980; Collins, 1990) . The 
colours of the present thin-walled trilete spores range from 
5 to 8, which indicate thermally mature kerogen compo-
nents. However, contradictory results were documented 
by Ibrahim (1996), from El Qara-2 well, northeast Nile 
Delta. He documented an increase in maturation of the 
POM in the Abu Madi Formation (metamorphosed), a 
mature interval corresponding to the lower Kafr El Sheikh
Fig. 11. Correlation of Neogene rock units penetrated by the Sidi Salim-1 well
northern Nile Delta area. Correlation based on biostratigraphic data presented
surface at the Miocene–Pliocene boundary in the two wells was used as a dat
Formation and an immature interval in the upper Kafr El 
Sheikh Formation. Further investigation is recommended 
in the area to account for these different maturation states 
in the delta region. A possible explanation of the ‘‘meta-
morphosed” Abu Madi POM recorded by Ibrahim may 
be due to the impact of reworking in the area (Sestini, 
1989; Mahmoud et al., 2 024, fig. 9A) and the resultant mix-
ing of the assemblages by older palynomorphs. However, 
on the ternary plot of Dow (1982 ), samples show potential 
of producing oil and wet gas + condensate (Fig. 13). In 
light of the above data, the succession is considered ther-
mally mature and capable of producing oil and gas, consis-
tent with organic geochemical results established by El 
Nady and Harb (2010) in the same Sidi Salim-1 well. Appli-
cation of the same methodology used in Mahmoud et a l. 
(2024), NDO B-1 well, offshore Nile Delta, has revealed 
the recognition of varying relative components of palyno-
 (onshore) and the NDO B-1 well (offshore, Mahmoud et al., 2024), in the 
 in Ouda and Obaidalla (1995) and Makled et al. (2017). The unconformity 
um.
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Fig. 12. Illustration of organic thermal maturity and equivalent spore coloration index (SCI) of thin-walled trilete spores (after Fisher et al., 1980; 
Pearson, 1984; Collins, 1990). 

Fig. 13. AOM+Liptinite–Vitrinite–Inertinite (LVI) ternary kerogen diagram (after Dow, 1982), indicating fields of predicted hydrocarbon source 
potential, Sidi Salim-1 well. 
facies, compared to the present investigated Neogene sec-
tion of the Sidi Salim-1 well (Appendix 5). The deltaic 
influence and the offshore marine setting (Abu Madi For-
mation), in the present investigated well section, were more 
pronounced. This can be a result of the NDO B-1 well 
palaeogeographic position during Neogene. Environmental 
differences in this well are believed to have influenced the 
kerogen and the expected hydrocarbon types.
9. Conclusions 

A near-shore environment was inferred in the Sidi Salim 
Formation and a deltaic to shallow marine environment 
was detected in the Qawasim and Kafr El Sheikh forma-
tions. The deeper (offshore) setting was established in the 
Abu Madi Formation, interpreted as reflecting the progres-
sive drowning of an incised valley, related to a catastrophic
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sea-level fall (i.e., MSC). Such basinal-shelf settings were 
confirmed by the occurrence of higher percentages of 
AOM. Dominance of phytoclasts reflects periods of more 
proximity to fluvio-deltaic sources of the organic matter. 
The occurrence of pyrite co nfirms the predominance of 
anoxia. The investigated organic matter is thermally 
mature, of the ke rogen type II, which is capable of produc-
ing oil and gas.
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