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Abstract 16 

Quantitative palynological, sedimentological, and geophysical data analyses of the Cretaceous 17 

Abu Tunis 1X well from the Matruh Basin, northwestern Egypt indicate deposition of four major 18 

alternating regressive–transgressive successions. Sedimentation was largely affected by the 19 

Tethyan 2nd order sea level changes, with minor overprints by regional tectonics. The Lower 20 

Cretaceous part of the succession shows regressive sequences of deltafront to delta-top (upper 21 

Hauterivian–lowermost upper Barremian), delta channel (upper Aptian–middle Albian), and 22 

distal deltaic (upper Albian) settings that were interrupted by transgressive inner–proximal 23 

middle shelf deposits (uppermost Barremian–middle Aptian). These sediment packages 24 

correspond to Tethyan sea level fall from the late Hauterivian to late Barremian, and to the 25 

early–middle Aptian long-term sea level high stand. The Tethyan late Aptian–middle Albian 26 

long-term (2nd order) sea level rise was masked by regional late Aptian–Albian uplift, which 27 

affected deposition of the later regressive sequence. The Cenomanian shows a change in 28 

depositional setting from a proximal inner shelf (lower Cenomanian) to a middle shelf setting 29 

(middle–upper Cenomanian), corresponding to the Tethyan long-term latest early–late 30 

Cenomanian sea level rise.  31 

We demonstrate that northeastern Gondwana (Egypt) experienced different climatic 32 

conditions from other parts of the Northern Gondwana Phytogeographic Province. The climate 33 

in Egypt shifted from less warm and more humid conditions of the Hauterivian–early Barremian 34 

to a warmer and drier climate during the late Barremian–middle Aptian, although never 35 

becoming as dry as western Northern Gondwana. Warmer and more humid conditions were 36 

reestablished during the late Aptian and became even more accentuated during the Albian–37 

Cenomanian, in contrast to the warm and much drier climate of Northern Gondwana at that 38 

time. Turonian climatic conditions may have been less humid as a result of the breakup of the 39 
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Western Gondwanan supercontinent and the northeasterly drift of the African continent. The 40 

climatic conditions experienced in northeastern Gondwana developed through the early-mid 41 

Cretaceous as a result of changes in palaeolatitudinal position, variations in sea level, and shifts 42 

in the Intertropical Convergence Zone, which drove fluctuations between periods of warm humid 43 

and warm dry conditions.   44 

 45 

Keywords: Quantitative; palynofacies; palaeoenvironment; palaeoclimate; Intertropical 46 

Convergence Zone, Cretaceous; Tethys; Northern Gondwana; Egypt.  47 

 48 

1. Introduction 49 

The use of the palynofacies concept in palaeoenvironmental interpretation has improved 50 

our understanding of the depositional settings of various Cretaceous sequences in northern 51 

Egypt (e.g., Mahmoud and Deaf, 2007; Tahoun and Deaf, 2016; Mahmoud et al., 2017; Deaf 52 

and Tahoun, 2018; Mahmoud et al., 2019; Gentzis et al., 2019). Previous research was based 53 

mainly on semi-quantitative abundances of palynomorphs and palynodebris, whereas here we 54 

present palaeoenvironmental interpretations of the Cretaceous of southeastern 55 

Tethys/northeastern Gondwana (i.e., Egypt) utilizing statistically defined, quantitative 56 

palynofacies analyses and dinoflagellate cyst (dinocyst) species diversity data. Similar 57 

dinoflagellate communities/events and sedimentation cycles were recorded from several areas 58 

of the northern (e.g., Davey and Verdier, 1974: SE France; Leereveld, 1997: SE Spain; 59 

Torricelli, 2000: Southern Alps of Italy) and southern Tethyan Realm (e.g., Thusu et al., 1988: 60 

NE Libya; Foucher et al., 1994; SE Algeria). Similar dinocyst communities/events of Tethyan 61 

affinity were also recorded from the Central South Atlantic Ocean (e.g., Arai et al., 2000: NE 62 

Brazil; Carvalho et al., 2016: NE Brazil; Garcia et al., 2018: NE Brazil). This similarity in the 63 

dinocyst communities/events between the Tethyan Realm and the Central South Atlantic Ocean 64 

probably resulted from the latest Jurassic–Cretaceous breakup of Western Gondwana and the 65 

Early Cretaceous (middle Aptian–middle Albian) connection of the Atlantic Ocean to the Neo-66 

Tethyan Ocean (e.g., Koutsoukos and Bengston, 2007). Thus, this work aims to present a well-67 

constrained foundation for future correlations of the Cretaceous oceanographic conditions and 68 
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dinocyst ecological events between the northern and southern Tethyan margins and the Central 69 

South Atlantic Ocean. 70 

Although Cretaceous climatic conditions in the western part of the Northern Gondwana 71 

Phytogeographic Province have been investigated by several authors (e.g., Doyle et al., 1982; 72 

Herngreen et al., 1996; Doyle, 1999; Bettar and Méon, 2001, 2006), those of northeastern 73 

Gondwana (including Egypt) have received less attention. Palynological studies of the latter 74 

area have examined regional climate and/or ecologically-controlled regional bioevents (e.g., 75 

Abdel-Kireem et al., 1996; Schrank, 2001; Deaf et al., 2014, 2016; Deaf and Tahoun, 2018) but 76 

the picture is very much incomplete. To further our understanding we firstly link the sedimentary 77 

succession in the Abu Tunis 1X well from the coastal Matruh Basin in the northern part of 78 

Egypt’s Western Desert to the Tethyan Cretaceous sea level curve. We then present the first 79 

quantitative analysis of the distribution of climate proxy sporomorphs from the Egyptian 80 

Cretaceous, and by comparing our results with other Gondwanan studies, we compare 81 

Cretaceous climatic conditions across Northern Gondwana.  82 

 83 

2. Geological setting and lithostratigraphy 84 

 The Matruh Basin lies in the northern part of the Western Desert of Egypt and 85 

represents a part of the northeastern African Craton, which was tectonically active during much 86 

of the Paleozoic and Mesozoic (Guiraud and Bosworth, 1999; Guiraud et al., 2001). This part of 87 

northern Egypt was referred to by Said (1990) as the western part of the ‘Unstable Shelf’ (Fig. 88 

1).  89 

 90 

Figure 1 about here 91 

 92 

During the Mesozoic, Egypt was affected by three main regional tectonic events. The first event, 93 

known as the late Cimmerian Orogeny, occurred during the Middle Jurassic, when the Apulian 94 

“Turkish” microplate separated from the Egyptian landmass and rifted northward. This event 95 

was related to the formation of the Neo-Tethyan Ocean and the closure of the Palaeo-Tethyan 96 
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Ocean. At the same time, the African Plate was also moving eastward with respect to the 97 

European Plate as the Atlantic Ocean opened (Kerdany and Cherif, 1990; Bumby and Guiraud, 98 

2005). These regional tectonics resulted in the formation of several extensional intra-cratonic rift 99 

basins across the northern Western Desert, including the NNE–SSW trending Matruh Basin 100 

(e.g., Sultan and Halim, 1988; Meshref, 1996; Guiraud and Bosworth, 1999). The second event 101 

occurred during the Late Cretaceous–Early Palaeogene, when the northern African Plate 102 

migrated northwards towards Europe, the resulting compressional stresses produced a series of 103 

ENE–WSW trending folds (the so-called ‘Syrian Arc System’) and faults (Hantar, 1990; Guiraud 104 

and Bosworth, 1997; Bumby and Guiraud, 2005; Guiraud et al., 2005). Hantar (1990) and 105 

Kerdany and Cherif (1990) provide more details on the tectonic setting of the northern part of 106 

the Western Desert. Some studies of the regional tectonic and stratigraphic evolution of 107 

northern Egypt suggest that Cretaceous sedimentation in the northern part of the Western 108 

Desert was mainly affected by the global eustatic sea level and regional tectonics (Guiraud and 109 

Bosworth, 1999; Guiraud et al., 2001, 2005). In general, the Lower Cretaceous sedimentation 110 

represents largely a major regressive phase – except for the Aptian sequence –; a shallow sea 111 

covered the northern margin of Africa including the northern Western Desert of Egypt (Guiraud 112 

and Bosworth, 1999; Guiraud et al., 2001; Fig. 2A).  113 

 114 

Figure 2 about here 115 

 116 

This resulted in deposition of marginal marine sandstones and shales with rare carbonate 117 

streaks of the Alam El Bueib Formation of Hauterivian–Barremian age (Kerdany and Cherif, 118 

1990; Said, 1990; Fig. 3). This formation was significantly affected by ENE–WSW folding 119 

(Kerdany and Cherif, 1990; Said, 1990). Aptian strata were then deposited during a 120 

transgressive episode, where a shallow sea covered most of northern Africa including western 121 

Egypt during a relative sea level rise (Guiraud and Bosworth, 1999; Guiraud et al., 2001; Fig. 122 

2B). As a result, a carbonate unit (made up of light brown dolomite with a few thin shale 123 
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interbeds) representing the Alamein Formation was deposited in the north Western Desert (Fig. 124 

3). Deltaic–shallow marine clastics of the Abu Ballas Formation were deposited as far as south 125 

of the Western Desert in the Dakhla Basin (Said, 1990; Schrank and Mahmoud, 1998; Guiraud 126 

et al., 2001). The coarse-grained sandstones of the Kharita Formation of the Albian age (Fig. 3) 127 

indicate another regressive phase, when a retreated shallow sea covered the entire Western 128 

Desert (Said, 1990). Sedimentation of the Upper Cretaceous rocks indicates a major 129 

transgressive phase (Said, 1990; Mahmoud et al., 2017). During the late Cenomanian, a 130 

regional subsidence related to Neo-Tethyan rifting took place across the northern African 131 

margin, and a marine transgression covered the entire North Africa (Guiraud and Bosworth, 132 

1999; Guiraud et al., 2001, 2005; Fig. 2C). As a result, fluvio–marine deposits (mainly fine to 133 

medium-grained sandstones and siltstone with minor shale and calcareous deposits) of the 134 

Bahariya and shales with siltstones/fine sandstone and carbonate alternations of the lower Abu 135 

Roash formations accumulated conformably in much of the northern basins of the Western 136 

Desert, including the Matruh Basin (Hantar, 1990; Said, 1990; Fig. 3). A summary of the 137 

stratigraphy, description of the formation lithologies of the sedimentary sequences of the north 138 

Western Desert of Egypt and the depositional environment of the Cretaceous sequences is 139 

shown in Figure 4. Detailed age dating and recognition of the originally undifferentiated rock 140 

units, which were deemed as “No Information” by the drilling company WEPCO (1968), were 141 

handled by Deaf et al. (2014, 2016). 142 

 143 

Figure 3 about here 144 

 145 

 A summary of the palynological biozonation, dating of the Abu Tunis 1X well Cretaceous 146 

succession and sample position is shown in Figure 4.  147 

 148 

Figure 4 about here 149 

 150 

3. Materials and methods  151 
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 One hundred and thirty four ditch-cutting samples were collected from 10,150 ft to 2,950 152 

ft (3094–899 m) in the Abu Tunis 1X well, drilled in the Matruh Basin by WEPCO in 1968 (lat. 153 

31° 16′ 08″ N, long. 26° 50′ 41″ E; Fig. 1), covering most of the Cretaceous sequence in the 154 

northern Western Desert of Egypt. Samples were processed by standard palynological methods 155 

(see below), and palynological yield and palynomorph recovery (grains/gram of dry sediments) 156 

were recorded (online Supplementary Appendix 1).  157 

 Standard HCl/HF acid maceration palynological processing was employed (Phipps and 158 

Playford, 1984; Wood et al., 1996; Green, 2001). However, after the first HF decanting, each 159 

sample was spiked with one tablet of modern Lycopodium spores for absolute abundance 160 

analysis. The Lycopodium tablets used were from Batch no. 124961 (one tablet containing 161 

12,542 spores, with V ± 3.3 %) made by the Department of Quaternary Geology, Lund 162 

University. Residues were boiled in 15 ml of 36% HCl for 1–2 minutes to remove neo-formed 163 

fluorides and sieved through 15 µm nylon meshes. Finally, two permanent slides were prepared 164 

for light microscope investigation by air-drying an aqueous strew mount of each residue onto a 165 

cover slip and cementing it to a glass microscope slide using Elvacite 2044. Organic residues 166 

were not subjected to ultrasonic treatment or oxidation to minimize bias of the organic matter 167 

composition for palynofacies analyses. Rock samples, organic residues, and palynological 168 

slides containing illustrated palynomorphs with museum accession number (MAN) are stored in 169 

the type and reference collections of the Geological Museum, Geology Department, Faculty of 170 

Science, Assiut University, Egypt.  171 

 172 

3.1. Qualitative analysis 173 

Qualitative palynological and palynofacies investigations were based on the light 174 

microscopic description of the different organic matter constituents (i.e., phytoclasts and 175 

palynomorphs) using an Olympus (BX41) transmitted-light microscope (serial no. 8B25715) 176 

equipped with an Infinity-1 digital camera for microphotography. Taxonomic identification of the 177 

miospores and dinoflagellate cysts was made with reference to the original descriptions and 178 

diagnoses of the species in their original published articles alongside Jansonius and Hills (1976, 179 
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and subsequent supplements). Furthermore, the Eisenack Catalog of Fossil Dinoflagellates 180 

(Fensome et al., 1995, 1996) and the updated electronic database DINOFLAJ3, Version 1 181 

(Williams et al., 2017) were used as additional sources for identification and resolution of 182 

taxonomic problems.   183 

As ditch-cutting samples were used for this study, it was necessary to minimize the 184 

effects of possible caving during the drilling process, or due to mixing with other lithologies 185 

during sample splitting, shipment and final storage. This was done by examining the downhole 186 

logs from the studied well and isolating specific lithologies from ditch cutting samples from 187 

specific depth intervals prior to palynological processing; in this way, it is possible to maximize 188 

the quality of information that ditch-cutting samples can provide. Further assessment of possible 189 

caving and/or lithological mixing was done by investigating the vertical distribution of the index 190 

palynomorph taxa. For details of the quantitative distribution of these palynomorphs, see Deaf 191 

et al. (2014, 2016).     192 

 193 

3.2. Quantitative analyses  194 

The integration of palynological data with sedimentary facies data is very valuable in 195 

interpreting depositional settings and palaeoceanographic conditions (Tyson, 1995; 196 

Koutsoukos, 2005; Deaf and Tahoun, 2018). Thus, a framework for the palaeoenvironmental 197 

interpretations in this paper was made by integrating quantitative palynological data with the 198 

sedimentological characters identified from geophysical data and the original lithological 199 

descriptions provided by the operating company.  200 

  201 

3.2.1. Palynology and palynofacies analyses 202 

 Quantitative palynological analysis was achieved by spiking the samples with a known 203 

number of modern Lycopodium spores during processing. The absolute abundance 204 

(grains/gram of dry sediments) of each phytoclast and palynomorph type was obtained by using 205 

the absolute abundance formula of Stockmarr (1971): 206 

 207 
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  𝑐 =
𝑆𝑐× 𝐿𝑡× 𝑡  

𝐿𝑐×𝑤
       208 

where 209 

c  = concentration = total number of specimens/gram of dried sediments 210 

Sc  = number of specimens counted 211 

Lt  = number of Lycopodium spores/tablet 212 

t  = number of tablets added to the sample  213 

Lc  = number of Lycopodium spores counted 214 

w = weight of dried sediments (g) 215 

 216 

Two hundred and fifty specimens were counted per sample, providing a total maximum error of 217 

7% according to the Stockmarr (1971) curve. The palaeoenvironmental interpretations were 218 

based on analyses of the quantitative data of different particulate organic matter (POM) 219 

constituents in preference to relative abundance data to avoid problems with data closure. The 220 

quantification of the terms of minimum, maximum, and average absolute abundances (grains/g) 221 

of selected palynomorphs, phytoclasts, and amorphous organic matter (AOM) follow that of 222 

Tyson (1995).     223 

 224 

3.2.2. Dinocyst diversity 225 

 A second count of the absolute abundances of the dinocysts was made in order to 226 

counter the dilution effect of the extremely abundant terrestrial POM, and to allow determination 227 

of the species diversity of the dinocyst assemblages. Abundances of the three main cyst 228 

morphotypes (proximate, cavate, and chorate) of the dinocyst assemblages were also 229 

calculated. Gotelli and Colwell (2011) used a rarefaction curve to determine the adequate 230 

number of specimens to be counted to provide an accurate representation of the species 231 

present in a single sample and suggested at least 20 individuals should be counted. In case of 232 

lean samples, the count of at least 30 individuals was suggested by Chang (1967) to be 233 

sufficient to produce a reliable interpretation of palaeoecological conditions. To determine how 234 

many specimens of dinocysts needed to be counted here to provide a representative indication 235 
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of species diversity, counts were made firstly of 50 and then of 100 specimens from a single 236 

sample. The count of 50 individuals was found to be both representative and practical, firstly as 237 

such numbers of individuals could be obtained from dinocyst-poor and from dinocyst-rich 238 

samples, and secondly this number of specimens was sufficient to register the vast majority of 239 

species present in these relatively low diversity samples. Samples that yielded <10 dinocyst 240 

specimens after scanning two microscope slides per sample were deemed effectively barren of 241 

this category of palynomorphs, and thus not included in further interpretations. Dinocyst species 242 

diversity was measured using the Simpson’s diversity index (1-λ') as follows: 243 

   244 

1-λ' = 1- {∑i  Ni (Ni -1)/N (N -1)}     245 

 246 

Where 247 

1-λ' = Simpson’s diversity index 248 

Ni = number of individuals of species i in a sample  249 

N = total number of individuals of all species in a sample  250 

 251 

Simpson’s diversity index (Simpson, 1949) was used because it takes into consideration both 252 

species richness and evenness, but moreover it is independent of the total count of the number 253 

of individuals, and thus, unlike other diversity measures, it can be compared between samples 254 

from which different numbers of individuals have been counted (Clarke and Warwick, 2001).   255 

 256 

3.3. Cluster analysis 257 

Absolute abundances of POM constituents, including pteridophyte spores, schizaeacean 258 

spores, sphaeroidal pollen grains, Classopollis, Ephedripites, dinocysts, microforaminiferal test 259 

linings (MFTLs), brown wood, black wood, cuticles, and membranous tissue were used in an 260 

agglomerative cluster analysis to group samples having palynofacies of similar composition and 261 

abundance (see online Supplementary Appendix 2). The Bray-Curtis similarity coefficient (Bray 262 

and Curtis, 1957) was chosen over other forms of correlation (e.g., Pearson’s product 263 

momentum r, Spearman’s rank rs) to assess similarity between the samples, because it takes 264 
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into consideration changes in the abundances of the sample components (Etter, 1999), an 265 

important criterion in palaeoenvironmental interpretation. The Bray-Curtis similarity coefficient 266 

also has an advantage over other similarity coefficients, where it yields zero similarity when two 267 

samples have completely different POM constituents, something which most similarity 268 

coefficients cannot do (Clarke and Warwick, 2001).  269 

 270 

Figure 5 about here 271 

 272 

It should be borne in mind that the clustering of the studied samples provides here an 273 

approximation of the original similarity between the different samples. Taphonomic processes  274 

may have altered the original biological composition of the samples through the decay and 275 

transport of some of the organic matter (Bennington and Bambach, 1996), and the palynological 276 

assemblages will represent time-averaged accumulations, which conflate environmental 277 

conditions during the time period over which that sediment was deposited (Kidwell and 278 

Bosence, 1991). 279 

A mild square root (√) transformation of the original absolute abundance data was made 280 

before clustering with the PRIMER v6 software of Clarke and Gorley (2006) in order to down-281 

weight the very abundant POM constituents and to allow the less common POM groups to 282 

contribute more meaningfully to the similarity analysis. The clustered data was used to define 283 

three palynofacies types at about 72–75 % similarity levels (Fig. 5) according to Tyson’s (1995) 284 

definition of palynofacies, which is only based on the proportional distribution of the POM with 285 

no consideration of lithologies. In general, the palynofacies clusters follow lithological type, with 286 

vertical changes in the overall organic matter concentrations reflecting changes in the 287 

depositional environments in terms of regressive–transgressive regime. At higher levels of 288 

similarity (between 78–83 %), sub-facies (subzones) were also identified within two of the 289 

palynofacies types; these are again controlled by lithology.  290 

 291 

3.4. Wireline geophysical data (self-potential log) analysis 292 
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Self-potential is the only geophysical data available to interpret the lithology of the Abu 293 

Tunis 1X successions (Fig. 6). Amongst other things, self-potential (SP) can be used to indicate 294 

facies permeability, shale volumes, and changes in rock types (Rider, 2002). Self-potential does 295 

not deal with absolute value, as its profile moves between a predefined zero line (also called 296 

shale base line) and is defined using a thick shale interval at which self-potential does not 297 

move. Maximum self-potential reading correlates with a permeable water-bearing formation with 298 

no shale, and thus detects changes in the sedimentary facies as it moves with changes in 299 

sand:shale volumes (Rider, 2002).  300 

 301 

Figure 6 about here 302 

 303 

4. Regional and intercontinental biozonal correlation and links to the Tethyan eustatic 304 

sea level curve 305 

Many of the independently calibrated dinocyst bioevents of the Early Cretaceous 306 

European Tethys (Hardenbol et al., 1998) can be recognized in the southern Tethys. However, 307 

correlation of the Late Cretaceous bioevents is more problematic due to environmental 308 

exclusion, as has previously been observed in NE Libya (Thusu et al., 1988) and NW Egypt 309 

(Deaf et al., 2014). In the current study, late Barremian and Aptian dinocyst bioevents are 310 

closely comparable with their counterparts in northern Tethys (Fig. 7; Haq et al., 1988; 311 

Hardenbol et al., 1998). In addition, the foraminifera-calibrated dinocyst biozones of Abdel-312 

Kireem et al. (1993) and foram- and nannoplankton-calibrated spore-pollen zones of Aboul Ela 313 

and Tahoun (2010), span most of the Cretaceous of northern Egypt and connect the Egyptian 314 

zones to the calibrated European Tethys dinocyst bioevents of Ogg and Hinnov (2012). These 315 

zonation schemes enable us to correlate the late Barremian and Aptian dinocysts in the Abu 316 

Tunis 1X well with those independently dated in Egypt (Aboul Ela and Tahoun, 2010; Fig. 7). 317 

Additionally, the Abu Tunis 1X well records other late Barremian–Aptian dinocysts bioevents 318 

namely, the first appearances of Odontochitina operculata, Pseudoceratium anaphrissum, 319 

Pseudoceratium securigerum, and Palaeoperidinium cretaceum. These species were previously 320 
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recorded from the Barremian and Aptian type sections, and from other ammonite and foram-321 

dated upper Barremian–Aptian rocks in northern and southern Tethys (e.g., Davey and Verdier, 322 

1974; Renéville and Raynaud, 1981; Thusu and van der Eem, 1985; Foucher et al., 1994; 323 

Hoedemaeker and Leereveld, 1995; Leereveld, 1997; Torricelli, 2000, 2006; see also Deaf et 324 

al., 2014).  325 

 326 

Figure 7 about here 327 

 328 

The Albian dinocysts found in this study are mainly facies-controlled, and the miospores 329 

therefore play an important role in correlation. This is because the Albian sequence in Egypt 330 

was deposited in regressive shallow marine settings, and thus is lacking in rich and diverse 331 

dinocyst assemblages and other micropalaeontological groups (i.e., foraminifera, 332 

nannoplankton). The late Albian miospore events in Abu Tunis 1X were thus correlated by Deaf 333 

et al. (2014, fig. 3) with similar micropalaeontologically calibrated miospore zones (e.g., Jardiné 334 

and Magloire, 1965) outside Egypt but within the Albian–Cenomanian Elaterates 335 

Phytogeographic Province of Hergreen et al. (1996). The Cenomanian miospore events in Abu 336 

Tunis 1X are almost identical to the foram-calibrated miospore events recorded by Abdel-337 

Kireem et al. (1993) and Schrank and Ibrahim (1995) from Egypt (Fig. 7). Moreover, the 338 

Cenomanian miospore events in Abu Tunis were also correlated by Deaf et al. (2014, p. 63–67, 339 

fig. 3) with other similar micropalaeontologically calibrated miospores zones in the Albian–340 

Cenomanian Phytogeographic Province. Finally, the first appearance datum of Canningia 341 

senonica in Abu Tunis has also previously been recorded in the foram-calibrated lower 342 

Santonian of Egypt (Schrank and Ibrahim, 1995). Consequently, we have been able to use the 343 

palynological bioevents in the Abu Tunis 1X well to correlate the succession with the Tethyan 344 

Cretaceous eustatic sea level curve of Haq (2014), and use the palynological assemblages and 345 

sedimentology to characterize regressive and transgressive depositional sequences.   346 

 347 

5. Palynofacies and palaeoenvironmental interpretation 348 
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Combaz (1964) defined ‘palynofacies’ as the total complement of acid-resistant 349 

particulate organic matter recovered from sediments by palynological processing techniques, 350 

with Tyson (1995, p. 4) later defining palynofacies analysis as “the palynological study of 351 

depositional environments and hydrocarbon source rock potential based upon the total 352 

assemblage of particulate organic matter”. Both the composition and distribution of organic 353 

matter are controlled by ecological conditions and sedimentological processes in the 354 

depositional environment, while microbial, physical and biogeochemical processes in sediments 355 

(taphonomic effects) affect organic matter preservation and abundance (Tyson, 1995). These 356 

compositional changes in palynofacies can be used for producing palaeoenvironmental 357 

interpretations of sedimentary rocks, as such changes are the product of the interaction of 358 

several parameters (e.g., terrestrial versus marine palynomorph influx, source and rate of 359 

sediment influx, water salinity, depth and oxygen concentrations, etc.) within a given 360 

depositional environment (Tyson, 1995).   361 

The palaeoenvironmental interpretations presented herein for each palynofacies (PF) 362 

type are based on quantitative analyses of selected palynomorph components, which are 363 

known to have palaeoenvironmental significance. These include terrestrially derived 364 

palynomorphs such as miospores (which comprise pteridophyte spores, spherical, circumpolles, 365 

gnetalean and elaterate gymnosperm pollen, and angiosperm pollen), and aquatic 366 

phytoplankton (e.g., dinocysts). In addition, there may be terrestrially derived phytoclasts, which 367 

can be represented by black wood (inertinite/charcoal), brown wood (e.g., tracheids), plant 368 

cuticles, and membranous tissues. Other minor constituents may include MFTLs and freshwater 369 

algae. The absolute abundances (grains/g) of different counted palynofacies constituents 370 

(sporomorphs, phytoclasts, and AOM) are shown in the online Supplementary Appendix 3. 371 

However, the absolute abundances (grains/g) of AOM were obtained from a separate count to 372 

counter the dilution effect of the phytoclasts to AOM (cf. Tyson, 1995; Deaf and Tahoun, 2018). 373 

In the current investigation, a local 2nd order sea level curve showing the main regressive–374 

transgressive intervals has been constructed based on changes in the palynological data in 375 

terms of the terrestrial/marine palynomorphs ratio (t/m) according to Prauss (2001, 2006) and 376 
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Hermann et al. (2011). Changes in this local palynologically based curve are consistent with 377 

changes in lithology and reflect regressive and transgressive trends in sedimentation.  378 

 379 

5.1. Palynofacies subzone (PF-1A) 380 

Stratigraphic distribution and content: Samples clustered as subzone PF-1A (samples 1–14, 381 

spanning 10,150–9,500 ft / 2,914–2,716 m) represent the lower–middle Alam El Bueib 382 

Formation of late Hauterivian–earliest late Barremian age (Fig. 8) and show a strong terrestrial 383 

influence (Fig. 9A). This is reflected by very high concentrations of phytoclasts (17,570–384 

123,031, avg. 59,485 particles/g) and sporomorphs (4,320–35,274, avg. 12,326 grains/g). 385 

Marine palynomorphs are represented by rare dinocysts (127–1,680, avg. 1,250 cysts/g), 386 

MFTLs (only in sample 1, 597 grains/g), and acritarchs (in sample 2, 25 grains/g). AOM shows 387 

very high concentrations (5,226–103,123, avg. 39,740 particles/g).   388 

 389 

Figure 8 about here 390 

 391 

The phytoclasts are dominated by large, lath-shaped black wood particles (10,981–392 

96,155, avg. 39,177 particles/g) and tracheids (5,317–41,209, avg. 17,678 particles/g). Cuticle 393 

fragments (557–8,801, avg. 2,309 particles/g) and membranous tissues (116–1,194, avg. 499 394 

particles/g) are of subordinate concentrations. The miospore assemblages are dominated by 395 

frequent pteridophyte spores (4,041–32,475, avg. 11,296 grains/g), whilst low concentrations 396 

(231–2,240, avg. 1,153 grains/g) of the xerophytic gymnosperm pollen Classopollis are the 397 

second most significant component of the sporomorphs. Gymnosperm pollen grains occur in 398 

very low concentrations (127–597, avg. 428 grains/g) and are represented by the araucariacean 399 

pollen (Araucariacites and Balmeiopsis) and Exesipollenites (Fig. 10). Another minor terrestrially 400 

derived palynomorph component in PF-1A (27 grains/g) is the freshwater algae Ovoidites. 401 

Dinocysts are rare, but of high diversity (avg. 0.78) and are represented by nearly equal 402 

proportions of cavate (279–1,181, avg. 556 cysts/g) and proximate forms (252–1,091, avg. 616 403 

cysts/g), with very low (16–217, avg. 92 cysts/g) chorate cyst concentrations (Fig. 11). Cavate 404 
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cysts are mainly represented by Subtilisphaera and the low salinity genus Muderongia, while 405 

proximate cysts are mainly composed of Cribroperidinium and Circulodinium, with the genus 406 

Oligosphaeridium representing the chorate cyst community (Fig. 10).  407 

 408 

Palynofacies association of PF-1A: black wood/spore-dominated (Fig. 8, Fig. 9A). 409 

 410 

Sedimentary facies of PF-1A: The self-potential readings associated with sample of the PF-1A 411 

subzone indicate several small-scale coarsening upward sedimentary cycles (Rider, 2002; Fig. 412 

6). By integrating the geophysical data, original log descriptions and cuttings interpretations, PF-413 

1A assemblages are derived from light grey to green shales containing some black 414 

carbonaceous material and pyrite, intercalated with thin streaks of poorly sorted sandstones and 415 

a very few dolomite layers.  416 

 417 

Figure 9 about here 418 

 419 

Depositional environment of PF-1A: deltaic (delta-top to delta-front)  420 

The low abundance but high diversity dinocyst assemblages found in PF-1A suggest 421 

deposition in marine settings of normal marine salinity (Mutterlose and Harding, 1987; Lister 422 

and Batten, 1988; Habib et al., 1992; Tahoun and Deaf, 2016; Deaf and Tahoun, 2018). 423 

However, the dominance of the inner shelf cavate peridinioids Subtilisphaera (Harding, 1986; 424 

Lister and Batten, 1988; Deaf and Tahoun, 2018) and proximate cysts (Cribroperidinium and 425 

Circulodinium), which are collectively characteristic of restricted (brackish–costal) marine 426 

conditions indicates restricted marine environments of below normal salinity (Harding, 1986; 427 

Lister and Batten, 1988; Prauss, 2001, 2006; Deaf and Tahoun, 2018). The chorate 428 

gonyaulacoid genus Oligosphaeridium, characteristic of open marine middle shelf conditions 429 

(e.g., Lister and Batten, 1988), is very rare. These restricted marine conditions are further 430 

supported by the presence of the low salinity indicator Muderongia (Piasecki, 1984; Harding, 431 

1986; Lister and Batten, 1988), rare brackish water acritarchs (sample 2; Schrank, 1984; Tyson, 432 
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1995), and very low concentration of the freshwater algae Ovoidites (27 grains/g; Lister and 433 

Batten, 1988; Batten, 1999). This interpretation indicates that the rocks yielding PF-1A were 434 

deposited in nearshore shelf environments that were close to fluvio–deltaic systems, where 435 

mixing of continental freshwater with waters of normal marine salinities occurred.  436 

 The sporomorphs confirm this interpretation. Spore producing-plants are known to 437 

produce fewer propagules than gymnospermous pollen-producing plants, and pteridophyte 438 

spores also have relatively limited transport efficiency (Mutterlose and Harding, 1987; Prauss, 439 

1989; Tyson, 1989). Thus, the dominance of pteridophyte spores over spherical gymnosperm 440 

pollen grains (Araucariacites, Balmeiopsis and Exesipollenites) in PF-1A also supports a setting 441 

close to fluvio–deltaic sources. Such a setting is also consistent with the hydrodynamic 442 

properties of the dominant terrestrial plant debris (wood tracheids) in PF-1A samples, as the 443 

distribution of woody phytoclasts in sediments is controlled by their particle size/shape. As 444 

woody tracheids are usually relatively large and dense fragments, they tend to concentrate in 445 

coarse silts and very fine sands that are commonly found in proximal fluvio–deltaic facies (e.g., 446 

Habib, 1983; Firth, 1993; Tyson, 1993, 1995).  447 

 448 

Figure 10 about here 449 

 450 

Figure 11 about here 451 

 452 

High concentrations of black wood, also common in PF-1A, have previously been recorded from 453 

high energy, coarse-grained proximal facies of fluvial and delta-top systems (e.g., Nagy et al., 454 

1984; Smyth et al., 1992; Williams, 1992), again controlled by particle size/shape (Tyson, 1995). 455 

Large, lath-shaped black wood particles are concentrated in the coarser sand lithologies 456 

(indicated by self-potential profile, Fig. 6), indicative of proximal, relatively high-energy silt and 457 

sand lithologies (Van der Zwan, 1990; Baird, 1992). We therefore suggest that the coarser 458 

sedimentary facies (sandstones) yielding PF-1A assemblages were deposited on partly 459 

submerged delta-tops, whilst the finer-grained deposits (fine sands and shales) were laid down 460 
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in continuously submerged delta-front settings. Furthermore, the alternating sandstone/shale 461 

beds and the development of several small-scale coarsening upward cycles as indicated by the 462 

self-potential profile suggest a prograding deltaic setting for PF-1A (Fig. 6; Rider, 2002). The 463 

presence of some black carbonaceous material in shales (e.g., 9,980, 9,740–9,650 ft / 2,862, 464 

2,789–27,623 m) of PF-1A also suggests proximal deltaic settings, where Selley (1976) linked 465 

the occurrence of black carbonaceous matter in shale horizons in a coarsening upward 466 

sequence to proximal deltaic conditions. The coarse sandstone intervals of PF-1A have low 467 

concentrations of thin, membranous tissues, likely due to oxidative removal in the high-energy, 468 

highly oxygenated depositional setting, or due to winnowing and re-deposition of this material in 469 

the delta-front sediments. However, in contrasting fashion, the presence of pyrite in the shales 470 

(9,740–9,650 ft / 2,789–27,623 m) of PF-1A implies at least periodically low oxygen 471 

concentrations in bottom or pore-waters (Tyson, 1995; Deaf and Tahoun, 2018). The 472 

occurrence of very high concentrations of AOM in most of PF-1A samples indicates the 473 

prevalence of reducing conditions and/or rapid deposition (Tyson, 1995). Plotting the PF-1A 474 

constituents on the ternary kerogen diagram of Tyson (1995) indicates suboxic–anoxic 475 

conditions for this palynofacies (Fig. 12A).  476 

  477 

Figure 12 about here 478 

 479 

Palynological and sedimentological characteristics indicate deposition of the lower–480 

middle Alam El Bueib Formation (upper Hauterivian–lowermost upper Barremian) represented 481 

by PF-1A took place during a regressive phase in a proximal deltaic environment (Fig. 12B), 482 

specifically in sub-aqueous delta-front to delta-top sub-environments (Fig. 13A), with periodic 483 

anoxic pore-water conditions in the delta-front sub-environment. This local sea level fall at Abu 484 

Tunis 1X well coincides with the Tethyan late Hauterivian–late Barremian long-term sea level 485 

fall (Haq, 2014; Fig. 7). Generally, reducing, suboxic–anoxic conditions were prevailing during 486 

deposition of the lower–middle Alam El Bueib Formation.  487 

 488 
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Figure 13 about here 489 

 490 

A general decrease in the absolute abundances of pteridophyte spores, brown and black wood 491 

through samples of PF-1A from base to top (Fig. 8) suggests a relative rise in sea level (e.g., 492 

Tyson, 1993; Batten, 1999), as sporomorph absolute abundances decrease exponentially in an 493 

offshore trend (e.g., Habib, 1983; Habib and Drugg, 1987).  494 

In the northern Tethyan margin in SE Spain, upper Hauterivian regressive and lower 495 

Barremian transgressive depositional sequences were recorded (Hoedemaeker and Leereveld, 496 

1995), which correlate with the lower part of PF-1A of the Abu Tunis 1X well (Fig. 7).    497 

 498 

5.2. Palynofacies subzone (PF-1B) 499 

Stratigraphic distribution and content: Those samples clustered in subzone PF-1B (samples 500 

15–42; 9,450–8,100 ft / 2,701–2,289 m) correspond to the upper Alam El Bueib (upper 501 

Barremian) and Alamein (lower–middle Aptian) formations. PF-1B demonstrates a strong 502 

decrease in concentrations of terrestrially derived organic matter (Fig. 9B) compared to PF-1A 503 

assemblages, with sporomorphs and phytoclasts dropping to 1,387–14,632 (avg. 4,718) 504 

grains/g and 2,679–61,038 (avg. 26,186) particles/g, respectively. There is a coeval increase in 505 

the dinocyst concentration (157–8,361, avg. 2,196 cysts/g), but MFTLs are still of very low 506 

concentrations (72–418, avg. 194 grains/g). AOM is of relatively lower concentration (4,013–507 

125,420, avg. 31,752 particles/g) than in PF-1A.   508 

 The structured plant debris is still dominated by tracheids (1,558–48,496, avg. 17,025 509 

particles/g). The mainly equant-shaped black wood (475–12,296, avg. 4,812 particles/g) is still 510 

the second most common component, whilst there is a reduction in the concentration of cuticle 511 

(361–6,271, avg. 2,625 particles/g) and an increase in membranous tissue (237–5,226, avg. 512 

1,885 particles/g). Miospores are represented by rare pteridophyte grains (1,007–6,271, avg. 513 

2,352 grains/g; including rare schizaeacean taxa), rare Classopollis (72–7,316, avg. 1,345 514 

grains/g), and very rare spherical (mainly Araucariacites and Balmeiopsis) and monoporoid 515 

(Exesipollenites) gymnosperm pollen grains (131–975, avg. 459 grains/g). Dinocysts are of 516 
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slightly higher abundance than in PF-1A and are of high diversity (~ 0.77). The dinocyst 517 

assemblage is dominated by proximate cysts (113–3,345, avg. 1,346 cysts/g), with subordinate 518 

cavate (188–2,628, avg. 738 cysts/g) and chorate (46–1,003, avg. 335 cysts/g) concentrations. 519 

The proximate cysts are represented by Pseudoceratium and Circulodinium, while the cavate 520 

cysts are mainly Subtilisphaera, with Oligosphaeridium and Florentinia representing the chorate 521 

cysts.  522 

 523 

Palynofacies association of PF-1B: black wood/dinocyst-dominated (Fig. 8, Fig. 9B). 524 

 525 

Sedimentary facies of PF-1B: Information gleaned from the geophysical log data, the original 526 

well log description, and the visual interpretation of the ditch cutting samples indicate 527 

alternations of shales and light yellow to brown dolostones. Basal shales contain traces of pyrite 528 

and are overlain by 200 feet (61 m) of dolostone that is in turn overlain by a siltstone and shale 529 

unit containing traces of glauconite at the basal shale and carbonaceous material at its 530 

uppermost part (Fig. 8), which are intercalated with thin dolostone beds. In their turn, these are 531 

overlain by a second 200 feet (61 m) thick sequence of pale brown dolostone. The self-potential 532 

profile of PF-1B indicates the development of two major fining upward sequences (Fig. 7; Rider, 533 

2002). The upper dolostone unit is identified as the Alamein Dolomite Formation, which has a 534 

wide regional extent over the northern part of Egypt (Kerdany and Cherif, 1990; Said, 1990). 535 

The Alamein Dolomite is secondary in origin. It was originally formed from accumulation of lime 536 

mud in a low energy, relatively shallow neritic environment that was later subjected to various 537 

diagenetic processes (e.g., dolomitization, silcification, and pyritization; Abou Khadrah et al., 538 

1978; Rifai, et al., 2006).  539 

 540 

Depositional environment of PF-1B: prodelta–proximal inner shelf to proximal middle shelf  541 

By comparison with PF-1A, the dinocyst concentration is increased except for the 542 

lowermost (15–20) and uppermost (38–42) parts of PF-1B, but has a similar species diversity 543 

(Fig. 8). This indicates the development of normal and deeper marine conditions for much of the 544 
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PF-1B samples following the underlying deposits yielding PF-1A assemblages, as higher 545 

dinocysts concentrations occur with increasing water depth from onshore to offshore (e.g., Tyler 546 

et al., 1982; Balch et al., 1983; De Vernal and Giroux, 1991). In addition, dinocyst species 547 

diversity in PF-1B assemblages is high (samples 21–37) like those in PF-1A, but is less variable 548 

than in PF-1A (Fig. 11), implying more stable normal marine conditions for this part of the PF-1B 549 

against the stressed conditions represented PF-1A. Normal marine conditions are also 550 

supported by the high species diversity and low dominance of open marine (middle shelf) 551 

dinocyst taxa such as Oligosphaeridium and Florentinia recorded in samples 21–37. Similar 552 

high diversity/low dominance assemblages have been found to increase in basinward shelfal 553 

settings of normal marine salinity (e.g., Mutterlose and Harding, 1987; Lister and Batten, 1988; 554 

Habib et al., 1992). The increase in the abundance of Oligosphaeridium and Florentinia may 555 

represent periodically slightly more offshore/deeper water conditions or the influence of onshore 556 

currents re-depositing more offshore taxa (Lister and Batten, 1988; Prauss, 2001, 2006; 557 

Carvalho et al., 2016; Deaf and Tahoun, 2018). Generally, the higher abundance of inner–558 

middle shelf, proximate cysts Pseudoceratium and Circulodinium (Harding, 1986; Brinkhuis, 559 

1994; Deaf and Tahoun, 2018) over the inner shelf cavate cysts Subtilisphaera (Harding, 1986; 560 

Lister and Batten, 1988; Deaf and Tahoun, 2018) and the open marine (middle–outer shelf) 561 

chorate cysts suggests a proximal middle shelf setting for samples 21–37. The increasing 562 

dinocyst abundance and coeval sharp declines in terrestrially derived organic matter in samples 563 

21–37 is indicative of a relative rise in sea level (Tyson, 1993; Tyson, 1995; Batten, 1999) and 564 

is consistent with inferred deeper marine conditions. This local sea level rise corresponds to the 565 

Tethyan early Aptian, high sea level stand (Fig. 7). A more offshore setting would also be 566 

supported by the slight increase in concentrations of Classopollis and other spherical pollen 567 

grains, such as Araucariacites and Balmeiopsis, over those found in PF-1A, as they show 568 

nearshore to offshore increases in abundance due to their buoyancy (Habib, 1979; Tyson, 569 

1995). Cuticles and membranous tissues are rare in the dolostones, and the overall strong 570 

decrease in the brown and black wood concentrations also support a more offshore setting for 571 

PF-1B than PF-1A. Meanwhile, the increase in the equant-shaped black wood at the upper 572 
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shale unit of PF-1B reinforces the development of a marine setting deeper than that of PF-1A 573 

(e.g., Tyson, 1995; Tahoun and Deaf, 2016; Deaf and Tahoun, 2018). Generally, deposition of 574 

the finer-grained marine shales and limestones in PF-1B also suggests the development of a 575 

deeper depositional setting in comparison to the marginal marine, coarser sandstones and 576 

shales of the underlying PF-1A. The upward change in lithofacies and the self-potential profile 577 

of PF-1B indicates two major fining upward sequences; a sedimentation pattern that is 578 

suggested by Rider (2002) to indicate a transgressive marine shelf setting. Combining all data 579 

mentioned above, samples 21–37 yielding PF-1B were deposited in a proximal inner shelf 580 

setting.  581 

Nevertheless, traces of glauconite in the coarser clastic (siltstones) interval (samples 582 

27–30, 8,850–8,700 ft / 2,518–2,472 m) indicate the development of a shallower marine setting 583 

in comparison to the rest of the palynofacies samples (Mahmoud et al., 2017). Glauconite is 584 

formed in marine waters at the sediment-water interface and in argillaceous clastic deposits is 585 

linked to very low rates of sedimentation and/or non-deposition (e.g., Einsele, 1992; Dooley, 586 

2006; Khalifa and Catuneanu, 2008). The occurrence of the thick-walled, heavy spore 587 

Murospora (32–287, avg. 127 grains/g) in the silty samples (27–33) and Balmeisporites (15–33, 588 

avg. 22 grains/g) in samples 28–30 of PF-1B suggest a deltaic setting, as heavy spores are 589 

known to concentrate in high energy, nearshore sediments (e.g.; Mutterlose and Harding, 1987; 590 

Tyson, 1995). Similar records of these thick-walled spores were also documented from coarse 591 

clastic Aptian deposits (siltstones) of marginal to shallow inner shelf settings in Egypt 592 

(Mahmoud and Deaf, 2007). This shallower setting is probably linked to the regional latest 593 

Barremian–Aptian tectonic uplift, which affected some basins of the north Western Desert 594 

(Kerdany and Cherif, 1990). This local sea level fall can be correlated with the Tethyan early 595 

Aptian, short-term sea level fall (Haq, 2014; Fig. 7).  596 

The lowermost (15–20) and uppermost (38–42) samples yielding PF-1B assemblages 597 

show lower cavate and proximate dinocyst concentrations than those recorded from the rest of 598 

the PF-1B samples and from the deltaic deposits of PF-1A (Fig. 11). This suggests that the 599 

lowermost and uppermost parts of PF-1B were deposited in a deltaic setting.  600 
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Dolomitization has probably biased the palynofacies extracted from the dolostone 601 

samples, and caused diminishing in the abundance of the dinocysts among other terrestrial and 602 

marine palynomorphs (Traverse, 2007; Rifai, et al., 2006, and references therein). Preservation 603 

of palynomorphs especially the dinocysts and the thin-walled pteridophyte spores in the 604 

abovementioned samples is poor; the majority of the grains are broken, abraded, and/or 605 

corroded. Deposition of the lowermost and uppermost dolostone units took place around the 606 

onset of regressive sedimentation phases as indicated by the association with coarser clastics 607 

(Fig. 8). Petrographic log of PF-1B probably indicates the middle dolomite unit as of a primary 608 

origin because it is finely crystalline and show poor porosity and rare vugs. While, the 609 

uppermost and lowermost units are coarsely crystalline (granular) and are partly vuggy 610 

(WEPCO, 1968). Based on the palynofacies, lithofacies, and petrographic data mentioned 611 

above, the lowermost samples yielding PF-1B assemblages came from alternating shales and 612 

dolostones, and the dominance of restricted shallow marine dinocysts suggest deposition of this 613 

part of PF-1B in a prodelta setting. However, the uppermost dolostone unit yielding PF-1B 614 

shows higher abundances of this group of dinocysts, and is relatively enriched in open marine 615 

chorate cysts and equant-shaped black wood. This suggests deposition of PF-1B assemblages 616 

in the uppermost dolostone in a distal deltaic (prodelta) to proximal inner shelf setting. Traces of 617 

carbonaceous material in the upper shale unit (sample 36, 8,400 ft / 2,381 m) also indicate a 618 

deltaic setting for the uppermost part of PF-1B. Membranous tissue (237–5,226, avg. 1,885 619 

particles/g) is confined to the shale horizons of the lowermost and uppermost parts of the 620 

sequence yielding PF-1B, indicating these fragile, oxidation-prone tissues were deposited in 621 

slightly more distal, lower energy marine settings, but still nearshore, possibly prodelta, during 622 

brief low stands (e.g., Tyson, 1995). The ternary plot of the palynomorph contents of samples 623 

yielding PF-1B indicates a shift in deposition from distal deltaic to deeper (shallow marine) 624 

conditions and a return to the more nearshore setting through time (Fig. 12B). The presence of 625 

pyrite in one of the shale samples (sample 22: 9,100 ft / 2,594 m), diagenetic sphaeroidal pyrite 626 

inside some of the spores (Fig. 9B), and high concentrations of AOM, indicate periodically 627 

reducing (suboxic–anoxic) bottom water conditions (e.g., Tyson, 1995; Pittet and Gorin, 1997; 628 
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Tahoun and Deaf, 2016; Deaf and Tahoun, 2018). The upward increase in AOM indicates a 629 

shift in reducing conditions from dysoxic–anoxic to suboxic–anoxic (Fig. 12A).    630 

 Thus, the lower–middle Alamein Formation (lower Aptian) yielding most of PF-1B 631 

assemblages was deposited in open marine, proximal middle shelf conditions during a general 632 

local sea level rise, which corresponds to the Tethyan early Aptian long-term high stand sea 633 

level (Fig. 13B). However, the uppermost lower Alamein Formation (uppermost lower Aptian) 634 

was deposited in a shallower marine deltaic setting that probably represents the effect of the 635 

minor local Aptian uplift and the Tethyan early Aptian short-term sea level falls. The upper Alam 636 

El Bueib (uppermost Barremian) and upper Alamein (middle Aptian) formations were deposited 637 

in distal deltaic (prodelta) and prodelta–proximal inner shelf settings, respectively due to minor 638 

sea level falls, which correlate with the Tethyan late Barremian and middle Aptian major short-639 

term sea level falls. Developing reducing, dysoxic–anoxic to suboxic–anoxic conditions occurred 640 

in bottom water during deposition of the studied formations.  641 

Similar regressive deltaic deposits alternating with relatively deeper marine, carbonate-642 

dominated ramp deposits have been recorded in North Sinai, in northeastern Egypt (Bachmann 643 

et al., 2010). These deposits correspond to the Tethyan late Barremian minor long-term (2nd 644 

order) and short-term (3rd order) sea level falls, and the Tethyan early Aptian high stand sea 645 

level. On the Levant plate of NW Syria, the Aptian carbonate successions have relatively 646 

deeper marine settings in comparison to the shallow carbonates recorded in the present study. 647 

However, sea level oscillations resulted in the development of a lower Aptian 2nd order 648 

transgressive-regressive sequence (Ghanem and Kuss, 2013), which correlates with the 649 

Egyptian lower–middle Aptian 2nd order and 3rd order depositional sequences (evidenced by 650 

samples yielding PF-1B). Through this time period, sedimentation in Egypt and Syria moves 651 

from carbonate-dominated to clastic-dominated deposits (Fig. 7; Ghanem and Kuss, 2013, fig. 652 

21). Likewise, on the eastern Arabian shelf, the upper Barremian–lower Aptian of Oman exhibits 653 

the influence of the minor 3rd order late Barremian sea level fall and the early Aptian 2nd order 654 

high stand, where clastic-starved, high-energy, bioturbated shallow lagoonal carbonates 655 

alternated with relatively deeper open-water, lagoonal carbonates (Hillgartner et al., 2003). 656 
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Upper Barremian–lower Aptian successions in southeastern Tethys (Egypt and Oman) can 657 

therefore be shown to have been influenced by the Tethyan eustatic late Barremian sea level 658 

fall and the early Aptian high stand. The lower Aptian 3rd order transgressive–high stand 659 

depositional sequence identified in Tunisia by Hfaiedh et al. (2013) can also be equated to the 660 

relatively transgressive depositional sequence represented by PF-1B, and corresponds to the 661 

Tethyan early Aptian high stand sea level. The relatively minor middle Aptian regressive 662 

sequence (upper PF-1B) of the Abu Tunis 1X well can also be correlated with the regressive 3rd 663 

order sequence in North Sinai (Bachmann et al., 2010) and Tunisia (Ghanem and Kuss, 2013; 664 

Hfaiedh et al., 2013).   665 

In the northern Tethyan successions of SE Spain, Hoedemaeker and Leereveld (1995) 666 

and Bernaus et al. (2003) recognized upper Barremian regressive depositional sequences and 667 

lower Aptian relatively transgressive depositional sequences. These sequences also equate to 668 

the lowermost parts of PF-1B (upper Barremian–lower Aptian) in the Abu Tunis 1X well (Fig. 7), 669 

and correspond respectively to the Tethyan late Barremian minor long-term (2nd order), major 670 

short-term (3rd order) sea level falls, and the Tethyan early Aptian high stand. Based on the 671 

data presented above, it is clear that Tethyan eustatic sea level changes exerted strong control 672 

on the upper Barremian and lower–middle Aptian sequences, which developed in the 673 

aforementioned regions of northern and southern Tethys (including Egypt).   674 

 675 

5.3. Palynofacies subzone (PF-2A) 676 

Stratigraphic distribution and content: samples 43–85 (8,050–5,950 ft / 2,274–1,634 m) from 677 

the Dahab (upper Aptian) and lower Kharita (lower Albian) formations yielded assemblages 678 

grouped as subzone PF-2A (Fig. 8). This palynofacies demonstrates a recurring terrestrial 679 

influence (Fig. 9C), which is stronger than that noted from PF-1A. This is reflected here in the 680 

extremely abundant phytoclasts (28,667–487,048, avg. 194,033 particles/g) and high 681 

concentrations of sporomorphs (1,194–108,697, avg. 18,205 grains/g). Dinocyst concentrations 682 

decrease by comparison to the underlying PF-1B (250–4,181, avg. 1,365 cysts/g) and there are 683 

only low MFTL concentrations (418–1,394, avg. 906 grains/g). Extremely high concentrations 684 
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(23,363–689,810, avg. 172,434 particles/g) of AOM are recorded here in comparison to those 685 

recorded from PF-1A and PF-1B (Fig. 8).   686 

Tracheid abundances are also extremely high (28,548–487,048, avg. 185,128 687 

particles/g) and dominate the phytoclast assemblages along with cuticle fragments (119–688 

62,710, avg. 12,209 particles/g; Fig. 9C). However, membranous tissues (1,003–20,903, avg. 689 

5,890 particles/g) and black wood (1,170–12,542, avg. 5,964 particles/g) show concentrations 690 

lower than those recorded from the underlying PF-1B assemblages. Sporomorph abundances 691 

in PF-2A are noticeably higher than in PF-1B, exemplified by higher concentrations of 692 

pteridophyte spores (836–94,065, avg. 13,194 grains/g), Classopollis (119–4,181, avg. 1,899 693 

grains/g), and other spherical gymnosperm pollen (239–10,452, avg. 2,047 grains/g). A few 694 

freshwater algae, including representatives of Ovoidites (19–109, avg. 53 grains/g) and 695 

Botryococcus (12–76, avg. 44 grains/g), and the euglenoid freshwater form Chomotriletes (19–696 

56, avg. 37 grains/g) occur, along with rare acritarchs (31 grains/g). Dinocysts show a decrease 697 

in abundance and diversity (~ 0.67), and are again dominated by cavate (182–2,323, avg. 880 698 

cysts/g) and proximate (91–1,951, avg. 529 cysts/g) forms, with chorates showing the lowest 699 

concentrations (30–2,926, avg. 328 cysts/g). The cavate cysts are again mainly represented by 700 

the genera Subtilisphaera and Senegalinium, with subordinate Palaeoperidinium. The proximate 701 

cyst assemblage is composed of Pseudoceratium and Cribroperidinium species, while 702 

Oligosphaeridium and Florentinia are the only genera in the chorate cyst community.   703 

 704 

Palynofacies association of PF-2A: AOM/brown wood/spore-dominated (figs. 8, 9C). 705 

 706 

Sedimentary facies of PF-2A: downhole log responses for samples yielding PF-2A indicate the 707 

development of several fining upward sequences, which are reflected in increases in the self-708 

potential profile as it crosses the sand:shale line (Fig. 7). This part of the succession is a thick, 709 

fine to medium-grained sandstone with a silicic to carbonate matrix, which contains various 710 

traces of pyrite and anhydrite. These beds are intercalated with thin, light grey to green fissile 711 

shale horizons, which contain macroscopic carbonaceous material (Fig. 8).  712 
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 713 

Depositional environment: deltaic (delta channel) 714 

By comparison with the underlying part of the succession (PF-1A and PF-1B), PF-2A 715 

shows a general decrease in dinocyst abundance/species diversity and a dominance of 716 

restricted, lower salinity species (e.g., Subtilisphaera and Pseudoceratium). This data suggests 717 

that whilst PF-2A shows a marine signal, the deposits from which this assemblage comes were 718 

deposited during a regressive phase (e.g., Batten, 1983; Leckie and Singh, 1991; Tyson, 1993; 719 

1995), similar to that suggested for PF-1A. However, deposition probably took place in a more 720 

stressed marine situation (e.g., Mutterlose and Harding, 1987; Lister and Batten, 1988; Tahoun 721 

and Deaf, 2016; Deaf and Tahoun, 2018). The very high abundances of terrestrially derived 722 

organic matter and the decline in dinocyst abundance and diversity confirm the more marginal 723 

marine (brackish–coastal) conditions. The work of Degens and Mopper (1976) also suggests 724 

that high influxes of terrestrially derived phytoclasts can be indicative of sedimentation in 725 

estuarine and very nearshore areas during a regressive event, and the same has been reported 726 

for spores in delta-top channel-fill sand and silt deposits (Batten, 1982; Tyson, 1995). Most of 727 

the samples from which this palynofacies come are indeed comprised of a coarser clastic facies 728 

(mainly sandstones) than samples of the lower part of the succession, and they would thus 729 

have been deposited in a shallower setting and/or under relatively higher energy conditions than 730 

PF-1B. The high concentrations of tracheids are confirmation of deposition in proximal 731 

transitional environments that were close to the parent plants, and specifically in fluvio–deltaic 732 

systems (e.g., Pocklington and Leonard, 1979). This is also the case for the high concentration 733 

of cuticles, characteristic of delta-top, distributary channels, delta-front, and prodelta settings 734 

(e.g., Batten, 1973; Parry et al., 1981; Nagy et al., 1984). The coarser sandstone lithology of 735 

PF-2A-bearing samples excludes a prodelta interpretation, because the latter is characterised 736 

by finer-grained facies (e.g., mainly shale; Einsele, 1992; Boggs, 2006).  737 

Although delta-front or delta channel settings are characterised by strong influxes of 738 

black wood (Tyson, 1995), the relatively low PF-2A concentrations of that maceral, coupled with 739 

extremely high brown wood concentrations, may be explained by the humid costal conditions 740 
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inferred for the Albian (Deaf, 2009; Deaf et al., 2014). This could have resulted in very high 741 

runoff, enhancing supply of fresh brown wood (Tyson, 1995) that was coupled with high rates of 742 

deposition in the continuously subaqueous depositional setting, diluting the black wood 743 

concentrations (Lamberson et al., 1991). Thus, a delta channel setting is suggested as the 744 

depositional environment for the samples yielding PF-2A assemblages. Furthermore, the 745 

presence of freshwater algae and acritarchs also suggest deposition in very near shore 746 

brackish, deltaic environments (Al-Ameri and Batten, 1997; Sarjeant and Taylor, 1999; 747 

Courtinat, 2000). The SP profile identifies several fining upward sequences in the main 748 

sandstone succession, which also suggests a deltaic distributary channel setting under 749 

regressive conditions (Fig. 6; Rider, 2002), also indicated by the ternary plot of PF-2A 750 

constituents (Fig. 12C). This local regressive event is coincident with the late Aptian–Albian 751 

regional uplift, which affected most of northern Egypt (Meshref, 1990), and was recognized by 752 

Darwish (1994, p. 278) in the Matruh Basin during the early Albian.  753 

Local anoxic conditions are reflected in the widespread occurrences of AOM and pyrite 754 

in the sandstones and shales (e.g., 7,930 ft / 2,237.5 m, 7,620 ft / 2,143, 7,480–7,340 / 2,100–755 

2,057 m, 7,140–7,120 ft / 1,997–1,991 m, 6,300–6,280 ft / 1,741–1,735 m) of PF-2A (Tyson, 756 

1995; Deaf and Tahoun, 2018). The extremely high concentrations of AOM in most PF-2A 757 

samples indicate the development of significant reducing conditions. These reducing conditions 758 

represent suboxic to anoxic conditions given the ternary kerogen plot of PF-2A samples (Fig. 759 

12A). Membranous tissues are typically found in higher concentrations in non-marine and 760 

proximal deltaic facies, and become much rarer in a basinward direction (e.g., Tyson, 1995).  761 

These tissues cannot tolerate oxidising conditions, and degrade three times faster than lignified 762 

wood (e.g., Stout et al., 1981). Therefore, as Tyson (1995) has suggested, high concentrations 763 

of such tissues may be taken to indicate short-lived, high sedimentation rates for samples 764 

yielding these membranous tissues, where rapid burial must have prevented the removal of 765 

these fragile tissues by the oxic conditions at the sediment-water interface.  766 

Combining all of these characteristics, and given the predominance of PF-2A 767 

assemblages in sandstone lithologies, the Dahab (upper Aptian) and lower Kharita (lower 768 
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Albian) formations were deposited in a delta channel system during a regressive phase, which 769 

may have incised into or prograded out over the underlying prodelta–proximal inner shelf 770 

sequence of the Alamein Formation (Fig. 13C). This regressive phase probably reflects the 771 

strong effect of the local tectonics, which masked the late Aptian–middle Albian minor long-term 772 

(2nd order) Tethyan sea level rise. Stronger reducing, suboxic–anoxic conditions than those of 773 

the underlying Alamein Formation prevailed.  774 

An analogous trend of an upward change in sedimentation from marginal clastic to 775 

shallow marine carbonate deposits was recorded in the north Eastern Desert of Egypt by Abd-776 

Elshafy and Abd El-Azeam (2010). In North Sinai, a similar broadly deltaic system with high 777 

siliciclastic influx evolved northward into a relatively deeper marine carbonate-dominated ramp 778 

(Bachmann et al., 2010). These two sequences can thus also be shown to correspond to the 779 

late Aptian–middle Albian minor long-term and short-term Tethyan eustatic sea level rises. In 780 

NW Syria, the upper Aptian regressive sequences similarly exhibiting a change in sedimentation 781 

from carbonate through to clastic deposits, were related by Ghanem and Kuss (2013) to the late 782 

Aptian eustatic lowstand. In a similar fashion, in Oman, situated on the eastern margin of the 783 

Arabian shelf, the upper Aptian–lower Albian succession of carbonate rocks was also effected 784 

by late Aptian–early Albian regional uplift and regression (Hillgartner et al., 2003).   785 

 786 

5.4. Palynofacies subzone (PF-2B) 787 

Stratigraphic distribution and content: the palynofacies constituents of samples 86–100 788 

(5,900–4,800 ft / 1,798–1,463 m) are derived from the middle–upper Kharita (middle–upper 789 

Albian) and lower–middle Bahariya (lower Cenomanian) formations. Samples of the subzone 790 

PF-2B show a relatively weaker terrestrial signal in comparison to the underlying PF-2A 791 

(Fig.13A); although phytoclasts still dominate the POM assemblages (9,007–253,976, avg. 792 

101,423 grains/g). Sporomorph concentrations diminish to (114–66,293, avg. 12,539 grains/g), 793 

but dinocyst concentrations increase considerably (139–4,181, avg. 1,744 cysts/g), while MFTL 794 

concentrations are lower than in PF-2A (597–1,045, avg. 826 grains/g). AOM (37,858–564,390, 795 

avg. 222,969 particles/g) still shows high concentrations similar to that of PF-2A.  796 
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 The phytoclasts are still dominated by tracheids (6,727–227,846, avg. 94,391 797 

particles/g) and cuticle (1,672–34,839, avg. 10,283 particles/g). Membranous tissues show 798 

concentrations similar to those of PF-2A: 418–27,871, avg. 5,575 particles/g. Black wood 799 

occurs only at the base of the succession containing PF-2B, with a concentration of 10,452 800 

particles/g.  801 

 802 

Figure 14 about here 803 

 804 

Miospore concentrations continue the decrease seen through PF-2A, but pteridophyte 805 

spores still dominate (557–60,321, avg. 8,570 grains/g) the palynomorph assemblage, with 806 

subordinate schizaeacean spores (1,394–1,792, avg. 1,593 grains/g), spherical pollen grains 807 

(418–1,792, avg. 909 grains/g), and Classopollis (418–1,347, avg. 674 grains/g). Dinocyst 808 

abundance and dominance increases and this coincides with a decrease in diversity (~ 0.55). 809 

The cavate Senegalinium dominates dinocyst assemblages (196–4,738, avg. 1,507 cysts/g), 810 

while proximate (e.g., Trichodinium) and chorate (e.g., Oligosphaeridium, Coronifera, and 811 

Florentinia) taxa are minor constituents (61–1,394, avg. 379 cysts/g and 33–836, avg. 362 812 

cysts/g respectively).  813 

 814 

Palynofacies association of PF-2B: AOM/brown wood/dinocyst-dominated (Fig. 8, Fig. 14A). 815 

 816 

Sedimentary facies of PF-2B: SP profile indicates a fining upward sequence for the clastic 817 

part of the succession yielding this palynofacies. The original well log and cutting sample 818 

descriptions evidence a lower sequence of alternating shale and limestone beds, which is 819 

overlain by a pale brown dolostone unit. The upper sequence of samples yielding PF-2B come 820 

from a thick clastic unit of very fine to medium-grained sandstone beds with dolomitic cement 821 

and traces of glauconite. Light grey shale streaks containing traces of pyrite in the silty-shale 822 

horizons of lower and upper parts of the palynofacies occur as thin alternations in the main 823 

sandstone unit.   824 
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 825 

Depositional environment: deltaic to inner shelf  826 

 The dinocysts in PF-2B differ from those of PF-2A, with the general upward increase in 827 

the dinocyst abundance indicating the development of a more offshore setting than that of PF-828 

2A, possible evidence of relative sea level rise (e.g., Davey, 1970), compatible with declines in 829 

the terrestrially derived organic matter (e.g., Tyson, 1993, 1995; Batten, 1999). Such a relative 830 

rise could be related to the Tethyan late Albian–early Cenomanian sea level rise (Haq, 2014; 831 

Fig. 7).  832 

Samples 86–90 at the base of the PF-2B succession consist of alternating 833 

shale/dolostone facies containing traces of glauconite (5,780 ft / 1,582 m) and contain similar 834 

pteridophyte spores and membranous tissues to those recorded in the prodelta facies of the 835 

lower PF-1B-bearing samples (Fig. 8). However, samples of lower PF-2B are relatively enriched 836 

in the inner–middle shelf cavate dinocyst Senegalinium (Brinkhuis and Zachariasse, 1988; 837 

Slimani et al., 2010; Deaf and Tahoun, 2018). Lower PF-2B samples also contain subordinate 838 

concentrations of the middle shelf chorate cysts Coronifera and Spiniferites (Marshall and 839 

Batten, 1988; Brinkhuis, 1994) and the inner–middle shelf proximate cyst Trichodinium 840 

castanea (Ibrahim et al., 2009; Peyrot et al., 2011; Deaf and Tahoun, 2018). The relatively 841 

higher tracheid and cuticle concentrations in the lower PF-2B in comparison to those recorded 842 

from the lower PF-1B indicate a stronger terrestrial influence, which could be explained in the 843 

context of the coastal and regionally humid Albian–Cenomanian climate in contrast to the drier 844 

late Barremian–Aptian (Abdel-Kireem et al., 1996; Deaf, 2009; Deaf et al., 2014). The shales 845 

and carbonates producing PF-2B overlie the coarser delta channel sequence of PF-2A, and 846 

indicate a relative sea level rise, which is probably linked to the Tethyan late Albian eustatic sea 847 

level rise (Fig. 7).  848 

However, the subsequent upward increase in siltstone and sandstone lithologies and the 849 

occurrence of some glauconite traces (5780 ft, 1,582 m and 5,530 ft / 1,506 m) and pyrite 850 

(5,500 ft / 1,497 m) in the clastic unit of PF-2B (middle Kharita) indicate a minor regressive 851 

phase. By analogy with the sedimentary facies of PF-2A and its associated SP profile, the 852 
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coarse clastic unit of PF-2B (samples 91–96) was also deposited in a regressive delta channel 853 

setting. This local marine regression corresponds to the Tethyan middle Albian short-term sea 854 

level fall (Figs. 6, 7; Haq, 2014).  855 

Above this, the slight increase in dinocyst concentrations dominated by Senegalinium, 856 

subordinate proximate (Trichodinium) and chorate dinocyst concentrations, and the decrease in 857 

tracheids and cuticles at the uppermost samples (97–100) of PF-2B – the upper Kharita–middle 858 

Bahariya formations – indicate the onset of the latest Albian–earliest Cenomanian marine 859 

transgression. The dinocyst assemblages and the sandstone/siltstone alternating with shales 860 

containing traces of glauconite (4,850 ft / 1,299 m), suggest delta-front to proximal inner shelf 861 

settings for this interval. The persistently high concentrations of AOM indicate the same bottom-862 

water suboxic–anoxic conditions that produced the underlying PF-2A (Fig. 12A).  863 

Thus, we suggest the major clastic unit of the middle–lowermost upper Kharita (middle–864 

lowermost upper Albian) was deposited in a location that evolved from a delta channel 865 

environment to prodelta–proximal inner shelf settings under suboxic–anoxic conditions. 866 

Deposition of the uppermost Kharita (uppermost Albian) and lower–middle Bahariya (lower 867 

Cenomanian) was influenced by the Tethyan latest Albian–earliest Cenomanian long-term sea 868 

level rise, in prodelta–proximal inner shelf and deltafront–proximal inner shelf settings, 869 

respectively.  870 

This is a very similar interpretation to that made for the clastic deposits at the type 871 

locality of the Bahariya Formation (Bahariya Oasis), which show strong terrestrial influx. At the 872 

type locality, the formation was deposited in a fully fluviatile setting, but pronounced lateral 873 

facies variations resulting in a change from fining upward fluvio–deltaic channel sandy facies in 874 

the south to coarsening upward costal–shallow marine clastic facies at the northern margin of 875 

the basin were recorded (Khalifa and Catuneanu, 2008). This deltaic–shallow marine facies 876 

exhibits a general long-term (2nd order) relative sea level rise (Catuneanu et al., 2006). A 877 

similar change is seen in the north Eastern Desert of Egypt, where marginal, shallow marine 878 

clastics are overlain by alternations of shallow marine clastics and carbonates and then by deep 879 

marine carbonates were recorded by Abd-Elshafy and Abd El-Azeam (2010). In NW Syria, two 880 
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major Albian 2nd order regressive–transgressive sequences correlate with the two Egyptian 881 

Albian 2nd order regressive–transgressive depositional sequences (upper PF-2A and PF-2B; 882 

Ghanem and Kuss, 2013). Elsewhere in the southern Tethyan Realm, this late Albian long-term 883 

sea level rise was also expressed by deposition of an upper Albian 2nd order transgressive 884 

carbonate sequence in NW Algeria (Nagm and Boualem, 2019).    885 

 886 

5.5. Palynofacies zone (PF-3) 887 

Stratigraphic distribution and content: Samples 100–121 (4,750–3,750 ft / 1,447.8–1,143 m) 888 

represent the upper Bahariya (lower–? middle Cenomanian) and Abu Roash (middle–upper 889 

Cenomanian) formations. The organic matter content of this PF-3 is more impoverished, but 890 

provides evidence for a return to more marine conditions, as it is almost entirely composed of 891 

marine palynomorphs. All terrestrially derived macerals are rare (132 cuticles/g, 113 892 

tracheids/g, 75 membranous tissues/g, 9–55, avg. 25 pteridophyte spores/g; Fig. 8, Fig. 14B). 893 

Whilst also uncommon, the palynofacies is dominated by marine palynomorphs (25–4051, avg. 894 

936 dinocysts/g and 166–1,991, avg. 967 MFLTs/g). Indeed, dinocyst diversity is lower (~ 0.35) 895 

than that recorded in all the underlying palynofacies, but cavates continue to dominate the 896 

assemblage (287–3,428, avg. 1,760 cysts/g), represented by the genus Senegalinium. There 897 

are subordinate concentrations of chorate cyst genera Spiniferites and Florentinia, along with 898 

Xiphophoridium alatum (10–1,359, avg. 299 cysts/g) and the proximate genus Trichodinium 899 

(31–523, avg. 142 cysts/g).  900 

 901 

Palynofacies association of PF-3: AOM/dinocyst/MFTL-dominated (Fig. 8, Fig. 14B). 902 

 903 

Sedimentary facies of PF-3: the sequence yielding PF-3 assemblages is interpreted from 904 

cutting samples as comprising a lower carbonate unit made of white to pale grey 905 

microcrystalline limestone with rare silt/shale intercalations, overlain by a second carbonate unit 906 

of light brown dolomitic limestones. A third carbonate unit lies above this, comprising a chalk 907 

and a second thin dolostone bed containing traces of pyrite .     908 
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 909 

Depositional environment: middle shelf 910 

 PF-3 contains a dinocyst assemblage similar to that of the upper PF-2B samples, 911 

dominated by the inner–middle shelf cavate Senegalinium. However, PF-3 shows higher 912 

concentrations of the middle–outer shelf chorate cysts Spiniferites, Florentinia, and 913 

Xiphophoridium alatum (e.g., Dale, 1983; Lister and Batten, 1988, Tahoun and Deaf, 2016), 914 

with lower concentrations of the inner–middle shelf Trichodinium. This suggests that PF-3 was 915 

deposited during a relative sea level rise in a deeper open marine middle shelf environment by 916 

comparison to that of PF-2B. The high dominance of Senegalinium here has previously been 917 

suggested by Slimani et al. (2010) to indicate open marine transgressive phases, and was 918 

recently recorded by Deaf and Tahoun (2018) from the transgressive systems tract (TST) 919 

sequence no. 3 (SQ. 3) of Abu Tunis. Deaf and Tahoun (2018) recorded a marine palynomorph 920 

assemblage from the BED 2-4 well in the southern Abu Gharadig Basin in the north Western 921 

Desert of Egypt, where MFTLs of the probably benthic foraminifera Thomasinella punica, 922 

Thomasinella fragmentari, and Daxia cenomana occur with the dinocyst genus Senegalinium. 923 

Despite the occurrence of a few dinocysts more typical of outer shelf settings, this assemblage 924 

was interpreted as representing an inner shelf situation based on the accompanying benthic 925 

foraminifera. The aforementioned foram taxa occur in inner shelf water depths (10–30 m), 926 

flourish in the inner middle shelf (depths 30–50 m), but are not present in outer middle shelf 927 

settings deeper than 50 m (El Ashwah and El Deeb, 2000; Gräfe, 2005; Shahin and Elbaz, 928 

2013). Both palynofacies types of BED 2-4 showed the lowest frequencies of the terrestrially 929 

derived organic matter (pteridophyte spores, brown and black wood) except for the 930 

climatically/hydrodynamically controlled acme of the spherical pollen grains of Classopollis, 931 

which are typically abundant in the middle shelf settings of the intracratonic graben basins of the 932 

north Western Egypt (Deaf and Tahoun, 2018). In the current work, the lower (samples 102–933 

107) and upper (samples 114–119) parts of the PF-3 zone show a decreased dinocyst 934 

assemblage, common MFTLs and lower Senegalinium cyst concentrations. In contrast, the 935 
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middle part (samples 108–112) of the PF-3 zone shows dominance of Senegalinium at the 936 

expense of MFTLs.  937 

In addition, the lower concentrations of terrestrially derived organic matter in PF-3 in 938 

comparison to that of the underlying PF-2B also indicate the deposits yielding PF-3 were 939 

deposited away from active fluvio–deltaic systems and represent relatively deeper/more 940 

offshore marine conditions. The weak terrestrial influxes likely reached the open marine settings 941 

only during periods of excessive rainfall and strong terrestrial input (Tyson, 1984, 1995; Deaf 942 

and Tahoun, 2018). This is exemplified here by the occurrences of the terrestrial palynomorphs 943 

in the clastic shale horizons within the otherwise carbonate-dominated succession of PF-3. The 944 

regionally humid middle–late Cenomanian climate (Abdel-Kireem et al., 1996, Deaf, 2009; Deaf 945 

et al., 2014), would argue against reduced terrestrial runoff being the reason for the diminishing 946 

of terrestrially derived organic matter in PF-3. 947 

Based on the aforementioned parameters, the lower and upper parts of the succession 948 

yielding PF-3 are interpreted as having been deposited in a proximal middle shelf setting that 949 

corresponds to the minor latest early and earliest late Cenomanian Tethyan short-term sea level 950 

falls. The shallow proximal middle shelf setting of lower and upper PF-3 deposits is 951 

characterised by frequent clastic (shale) intercalations containing terrestrial palynomorphs. The 952 

middle part of the PF-3-bearing succession was deposited in a more distal (outer) middle shelf 953 

setting, represented by deposition of pure carbonates containing only marine palynomorphs 954 

(Fig. 8). This change in deposition from a proximal to a distal middle shelf setting supports the 955 

interpreted local sea level rise, which corresponds generally to the Tethyan middle–late 956 

Cenomanian long-term sea level rise (Fig. 7; Haq, 2014).  957 

The younger samples yielding PF-3 (samples 114–119) have lower dinocyst and much 958 

higher MFTLs concentrations, which may be the result of a bias resulting from the process of 959 

dolomitisation. Whilst the low dinocyst abundance/diversity hinders interpretation of the 960 

depositional environment of the upper PF-3 samples, the MFTLs would point to a proximal 961 

middle shelf setting. This interpretation is consistent with the sedimentological/palaeontological 962 

and the palynological/foraminiferal interpretations of the inner to middle shelf origin of the upper 963 
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Bahariya and Abu Roash formations in the north Western Desert of Egypt (Kerdany and Cherif, 964 

1990; Said, 1990; Abdel-Kireem et al., 1996). These formations were deposited in a slightly 965 

deeper (middle shelf) setting in the costal Matruh Basin compared with the shallower (inner 966 

shelf) setting seen in the southern Abu Gharadig Basin (Mahmoud et al., 2017; Deaf and 967 

Tahoun, 2018). This is shown by the occurrence of the early–middle Cenomanian bloom of 968 

Senegalinium of the middle shelf setting in Abu Tunis 1X well in the Matruh Basin (Deaf and 969 

Tahoun, 2018) that is replaced southward in AG-13 well in the Abu Gharadig Basin by the 970 

early–middle Cenomanian bloom of Subtilisphaera of the inner shelf (Ibrahim et al., 2009). The 971 

ternary palynomorph plot confirms deposition of PF-3 in proximal to distal offshore settings in 972 

comparison to the underlying palynofacies types (Fig. 12C). The dominance of AOM and traces 973 

of pyrite around 3770 ft / 969.5 m indicate suboxic–anoxic conditions (Fig. 12A).  974 

 By combining all data discussed above, it is suggested that samples of PF-3 were 975 

deposited during transgressive phase under suboxic–anoxic conditions. The upper Bahariya 976 

(lower–? middle Cenomanian) and upper Abu Roash (upper Cenomanian) formations were 977 

deposited in proximal middle shelf settings (Fig. 13D), whilst the lower Abu Roash Formation 978 

(middle Cenomanian) was deposited in a relatively more distal middle shelf setting. This general 979 

relative sea level rise matches well with the Tethyan middle–late Cenomanian long-term sea 980 

level rise.      981 

In NW Egypt, sequence stratigraphic analysis of a transect of middle-upper Cenomanian 982 

successions including the upper Cenomanian of the Abu Tunis 1X well showed the 983 

development of a middle Cenomanian 3rd order transgressive depositional sequence overlain 984 

by an upper Cenomanian 3rd order regressive sequence (Deaf and Tahoun, 2018). A 985 

transgressive sequence of deep marine carbonates similar to those of the Abu Tunis 1X in the 986 

Matruh Basin is also found in the upper Cenomanian of the north Eastern Desert of Egypt (Abd-987 

Elshafy and Abd El-Azeam, 2010), representing a continuation of the late Cenomanian Tethyan 988 

long-term sea level rise. The Cenomanian long-term (2nd order) sea level rise is also expressed 989 

in NW Algeria with deposition of mixed clastic–carbonate, evaporite–clastic, and inner–outer 990 

ramp carbonate deposits (Benyoucef et al., 2017).     991 
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The northern Tethyan margin of SW France records a lower Cenomanian 3rd order 992 

depositional regressive sequence (C2) and a middle Cenomanian 3rd order transgressive 993 

depositional sequence (C3; Andrieu et al., 2015). These sequences bear a striking similarity to 994 

the lower Cenomanian 2nd order regressive sequence (lower PF-3) and the middle 995 

Cenomanian 3rd order transgressive sequence (middle PF-3) in the present study.  996 

 997 

6. Implications for Cretaceous climate across northeastern Gondwana   998 

Previous interpretations of the Cretaceous climate on micro- and macro-palaeontological 999 

and lithologic evidences have been published by various authors (e.g., Doyle et al., 1982; 1000 

Parrish et al., 1982; Herngreen et al., 1996; Doyle, 1999; Mejia-Velasquez et al., 2018), with 1001 

other studies using general circulation models (e.g., Sellwood and Valdes, 2006; Fluteau et al., 1002 

2007). Here, we provide some inferences about the equatorial climate that prevailed over Egypt 1003 

(i.e., northeastern Gondwana) during the Cretaceous from a palynofloristic point of view. Certain 1004 

sporomorphs of known botanical affinities are indicators of specific ecological parameters and 1005 

thus allow not only reconstruction of the vegetation growing on the source areas but also permit 1006 

a robust interpretation of palaeoclimatic conditions. A summary table of some of the known 1007 

botanical affinities of certain spore and pollen grains found in the Abu Tunis 1X samples (Table 1008 

1) provides an indication of known ecological preferences.  1009 

 1010 

Table 1 about here 1011 

 1012 
The data in Table 1 are based on the ecological/palaeoenvironmental interpretations of spore 1013 

and pollen taxa of Mesozoic, and specifically Cretaceous and Jurassic age from published 1014 

literature (e.g., Balme, 1995; Schrank and Mahmoud, 1998; Doyle, 1999; Schrank, 2001; 1015 

Abbink et al., 2004; Deaf et al., 2016). The most conspicuous climate indicators are the 1016 

xerophytic Classopollis and Ephedripites pollen grains. The gymnospermous pollen Classopollis 1017 

is known to have been produced by thermophilous, drought-resistant cheirolepidiacean conifers 1018 

and thus provides a valuable proxy indicator for palaeoclimatic conditions (e.g., Doyle, 1999). 1019 
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As high abundances of Classopollis were found to be associated with evaporites, salts, and red 1020 

bed deposits, and also with xeromorphic wood and leaf macrofossils of cheirolepidiacean 1021 

affinity. These associations indicate that this pollen genus was produced by parent plants 1022 

adapted to hot and dry conditions (e.g., Watson, 1988; Doyle, 1999).  1023 

The fossil gymnospermous gnetalean pollen genus Ephedripites shows a great similarity 1024 

to pollen produced by the modern xerophytic gnetalean plants Ephedra and Welwitschia 1025 

(Trevisan, 1980). Furthermore, the gnetalean macrofossils Drewira and Eoanthus revealed 1026 

close relation between plants that produced these macrofossils and modern gnetalean plants of 1027 

well-known xeromorphic nature (Crane, 1988). High abundances of Ephedripites pollen have 1028 

thus been taken to indicate hot and dry conditions (e.g., Doyle et al., 1982; Doyle, 1999). 1029 

Trevisan (1972) suggested a cheirolepidiacean conifer affinity for Dicheiropollis etruscus, a 1030 

pollen grain similar to the thermophilous Classopollis, and it was therefore suggested that the 1031 

parent plant of the former was adapted to warm arid conditions (Deaf et al., 2016). In this 1032 

context, fluctuations in the abundances of these xerophytic genera can be used to infer 1033 

temperature changes in the Early Cretaceous. Pteridophytes are known humidity indicators, as 1034 

they thrive in warm, humid lowlands, such as riversides and coastal areas (e.g., Pelzer et al., 1035 

1992; Abbink et al., 2004). Therefore, high relative abundances of fossil pteridophyte spore taxa 1036 

such as Deltoidospora, Concavissimisporites, and Impardecispora are regularly used as a proxy 1037 

for humid conditions (e.g., Abbink et al., 2004; Bornemann et al., 2005).  1038 

We present quantitative palynomorph data along with percentage occurrence data for 1039 

some selected palaeoclimate-indicator palynomorphs, to permit comparison with previous  1040 

northern Gondwana Province palynological studies, which provide percentage frequency data. 1041 

Quantitative data is taken from Deaf (2009, p. 313–314) and Deaf et al. (2014, 2016) and is 1042 

tabulated in the online Supplementary Appendix 4. The semi-quantitative (percentage) data 1043 

calculated herein derive from the total palynomorph assemblage counts of our wider 1044 

palynofacies counts to permit a wider comparison with previous studies.  1045 

A succession of authors have examined the distribution of Cretaceous micro- and 1046 

macro-floral fossil assemblages across Africa and South America and have defined a 1047 
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succession of Gondwanan phytogeographic provinces, including the work of Brenner (1976), 1048 

who defined the Northern Gondwana Province, and Herngreen and Chlonova (1981) who 1049 

described the West African–South American (WASA) Province. Later work by Herngreen et al. 1050 

(1996) included northern and eastern Africa and defined a pre-Albian Early Cretaceous 1051 

equatorial palynoprovince that they named the Dicheiropollis etruscus/Afropollis Province (Fig. 1052 

15A). In the later middle Cretaceous (Albian–Cenomanian) Africa and South America fell within 1053 

the African–South American (ASA) Province of Herngreen (1974), the equivalent of Brenner’s 1054 

(1976) Northern Gondwana Province. The work of Herngreen et al. (1996) later redefined the 1055 

ASA Province, renaming it the Albian–Cenomanian Elaterates Province (Fig. 15B). These 1056 

phytogeographic provinces have approximately latitudinal boundaries, which adjacent provinces 1057 

that largely reflect the effect of palaeoclimate on the distribution of miospore-producing land 1058 

plants (e.g., Herngreen et al., 1996), and thus they have been used successfully in the 1059 

reconstruction of the regional Cretaceous climate (e.g. Doyle, 1999). 1060 

The spores and pollen grains from the Abu Tunis 1X well, belong to the pre-Albian 1061 

Dicheiropollis etruscus/Afropollis and the Albian–Cenomanian Elaterates phytogeographic 1062 

provinces. Whereas most of the pre-Albian (late Hauterivian–Aptian) palynofloras from the Abu 1063 

Tunis well contain taxa characteristic of the Dicheiropollis etruscus/Afropollis province, the 1064 

abundances of some of the diagnostic taxa differ (Deaf et al., 2016), discussed briefly below 1065 

(see also Deaf et al., 2014, 2016). Herngreen et al. (1996) believed the early angiosperm pollen 1066 

taxa Stellatopollis spp. and Retimonocolpites spp. were characteristic only of the late Barremian 1067 

of Brazil. However, previous palynological work in North Africa (e.g., Gübeli et al., 1984: 1068 

Morocco; Thusu and van der Eem, 1985; Thusu et al., 1988: northeast Libya; Penny, 1991; 1069 

Schrank, 1992: Egypt and north Sudan) and West Africa (e.g., Doyle et al., 1977: Gabon) 1070 

clearly indicates Stellatopollis and Retimonocolpites as important elements in the eastern 1071 

Northern Gondwana Province.  1072 

 1073 

Figure 15 about here 1074 

 1075 
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The identification of several new species of Stellatopollis and Retimonocolpites and a 1076 

new species of Tucanopollis from the Lower Cretaceous of Egypt (e.g., Penny, 1988a, b, 1991; 1077 

Schrank and Mahmoud, 1998, Ibrahim, 2002) confirmed that these angiosperm genera were not 1078 

limited to the Cretaceous of northern South America (NE Brazil). However, they were also 1079 

characteristic of the whole Northern Gondwana Province (Fig. 15A). The high number of 1080 

angiosperm pollen taxa (22 genera and 39 species) in the Abu Tunis 1X well (Deaf, 2009; Deaf 1081 

et al., 2014, 2016), further emphasizes the importance of Egypt in the proliferation of early 1082 

angiosperms in the northeastern Gondwana Province (Doyle, 1999; Schrank and Mahmoud, 1083 

2002, and references therein).   1084 

Regional correlation of the Cretaceous palynofloras of Abu Tunis 1X with those recorded 1085 

from the Siqeifa 1X well on the eastern margin of the Matruh Basin and those of Sanhur-1 well 1086 

in the neighbouring costal Dahab–Mireir (= Alamein) Basin (Fig. 1) show palynofloras similar in 1087 

nature and composition. Palynofloras of the latter two wells were also deposited in marginal and 1088 

shallow marine settings similar to those interpreted for the Abu Tunis 1X well (Mahmoud and 1089 

Moawad, 2002; Mahmoud and Deaf, 2007). The Hauterivian–lower Barremian of Siqeifa 1X  1090 

shows minor occurrences of Classopollis (0.5–4%) similar to the very rare Classopollis (45–1091 

1,120, avg. 361 grains/g; 0.4–4.4%, avg. 3.12%) and Ephedripites (21 grains/g; 0.4%) in the 1092 

Abu Tunis 1X well (Mahmoud and Deaf, 2007; Fig. 8, online Supplementary Appendices 3 and 1093 

4). However, increased abundances of Classopollis (1–6%) and Ephedripites (0.5–5.5%) are 1094 

seen from the upper Barremian–Aptian of Siqeifa 1X (Mahmoud and Deaf, 2007) and the Aptian 1095 

(>5%; 1– >5%) of Sanhur-1 wells (Mahmoud and Moawad, 2002). Similar increases in diversity 1096 

and frequency of Ephedripites (25–608, avg. 163 grains/g; 0.4–5.2%, avg. 2.4%) and frequency 1097 

of Classopollis (19–4,457, avg. 668 grains/g; 0.8–38.4%, avg. 9.4%) are also recorded from the 1098 

upper Barremian–Aptian of the Abu Tunis 1X well. The Albian–lower Cenomanian of Siqeifa 1X 1099 

and Sanhur-1 exhibits lower occurrences of Classopollis (0.5–3.5%; 1–5%) and Ephedripites 1100 

(0.5–4%; 0.5–5%) by comparison to those recorded from the upper Barremian–Aptian of those 1101 

wells. The xerophytic pollen in Abu Tunis 1X also shows a similar upward decrease in 1102 
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abundance of Ephedripites (8–470, avg. 172 grains/g; 0.4–5.2%, avg. 2.6%) and Classopollis 1103 

(5–1,394, avg. 261 grains/g; 0.4–5.6%, avg. 2%).  1104 

To determine whether xerophytic pollen abundances in the marine-influenced Abu Tunis 1105 

1X well deposits can be taken as reliable palaeoclimatic indicators, we examined the distribution 1106 

of these taxa in other continental/shallow marine sequences in the same area and of similar 1107 

age. Terrestrial palynofloras from continental successions should provide the most reliable 1108 

representation of the land flora as they are less affected by dilution by marine palynomorphs, 1109 

and should therefore indicate regional Cretaceous climatic conditions over much of Egypt and 1110 

hence northeastern Gondwana. Palynofloras recovered from the continental (Hauterivian–lower 1111 

Barremian and Albian–lower Cenomanian) and continental to restricted shallow marine (upper 1112 

Barremian–Aptian) strata from six water wells in the Dakhla Basin show similar low occurrences 1113 

of Classopollis and Ephedripites (1– >5.5%; 0.5–5%) in the Hauterivian–lower Barremian 1114 

(Schrank and Mahmoud, 1998) as we find in Abu Tunis 1X. The upper Barremian–Aptian of the 1115 

Dakhla Basin shows relatively higher occurrences (1.5– >5.5%) of Ephedripites in comparison 1116 

to the preceding interval, while Classopollis shows a diminishing frequency (0.5–5%). The latter 1117 

is related to the development of an inner shelf setting that is known to be characterised by low 1118 

occurrences of Classopollis (e.g., Deaf and Tahoun, 2018) and partly due to high dilution of 1119 

terrestrially derived palynomorphs (13% of the palynomorphs) by a short-lived dinocyst (87%) 1120 

incursion in this Aptian interval (Schrank and Mahmoud, 1998, p. 179). Classopollis and 1121 

Ephedripites again show nil to a very low occurrence (0 %; 0.5%) in the Albian–lower 1122 

Cenomanian, probably the result of an eastward shift of the depocentre from the Dakhla Basin 1123 

towards the Kharga Basin from the Albian onwards (Schrank and Mahmoud, 1998, p. 181). 1124 

These regional data indicate that coastal and inland basins show very similar distribution trends 1125 

of the climate indicator sporomorphs with time. Thus, the xerophyte pollen grains of Abu Tunis 1126 

1X will be used as an indicator of the regional climatic conditions over northeastern Gondwana.   1127 

Herngreen et al. (1996) suggested a regionally warm humid climate for the Hauterivian 1128 

of the pre-Albian Dicheiropollis etruscus/Afropollis of Northern Gondwana based on palynofloras 1129 

recovered from the West African (Gabon) and north South American (Brazil) regions. The warm 1130 
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conditions were inferred from the very high frequencies of Classopollis (~ 80%) and 1131 

Ephedripites (50–70%) recorded from Berriasian-Aptian successions (Herngreen et al., 1996), 1132 

whereas inferences of high humidity were based on the common occurrence of pteridophytes 1133 

and bisaccate pollen grains, an indicator of more temperate conditions.  1134 

However, by comparison, a less warm late Hauterivian-early Barremian climate is 1135 

inferred from the lower occurrences of Classopollis (45–1,120, avg. 361 grains/g; 0.8–8%, avg. 1136 

3.42%) and Ephedripites (21 grains/g; 0.4%) pollen grains in the Abu Tunis 1X well (Doyle et 1137 

al., 1982; Doyle, 1999). Regionally, less warm conditions are also supported by the low 1138 

occurrences of Dicheiropollis (23–110, avg. 65 grains/g; 0.4–1.2%, avg. 0.8%; Deaf et al., 2016, 1139 

p. 32, fig. 5). Furthermore, the high occurrences of pteridophyte spores (3,164–20,493, avg. 1140 

7,534 grains/g; 62.4–82.8%, avg. 74%, mainly Deltoidospora) in the upper Hauterivian–lower 1141 

Barremian section of Abu Tunis 1X implies more humid conditions, especially in the uppermost 1142 

Hauterivian–lowermost Barremian part. High absolute and relative abundances in the 1143 

uppermost Hauterivian–lowermost Barremian correlate here with the minor latest Hauterivian–1144 

earliest Barremian marine transgressive period (Figs. 7 and 8). Several studies of the 1145 

Cretaceous climate have shown that increases in the relative sea level and inundation of inland 1146 

basins promoted a regional humid climate, whereas decreases in relative sea level promoted a 1147 

regional arid climate over these inland areas. These sea level changes resulted in latitudinal 1148 

shifts in the Cretaceous equatorial humid belt – known as the Intertropical Convergence Zone 1149 

(ITCZ) – over Northern Gondwana (e.g., Parrish et al., 1982; Föllmi, 2012; Carvalho et al., 1150 

2019). Therefore, high abundances of the humidity indicators pteridophyte spores suggest that 1151 

the ITCZ was positioned over northeastern Gondwana (i.e. Egypt) during the late Hauterivian–1152 

early Barremian (Fig. 16A).  1153 

 1154 

Figure 16 about here 1155 

 1156 

These more humid conditions are also supported by the occurrences of lignitic coal and 1157 

coaly carbonaceous material in the upper Hauterivian–lower Barremian succession of the Abu 1158 
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Tunis 1X well (Fig. 8), the formation of coal at low-latitudes being associated with the ITCZ 1159 

(Ziegler et al., 2003; Hasegawa et al., 2012). This is supported by greater frequencies and 1160 

diversities of pteridophyte spores recorded from other Egyptian localities and from Morocco 1161 

(Herngreen et al., 1996, and references therein), which indicate that the ITCZ was probably 1162 

situated to the north of the late Hauterivian–early Barremian palaeoequator. The ocean-driven 1163 

wetter climate prevailed over these areas (Fig. 16A) because of the proximity of the Neo-1164 

Tethyan Ocean (Fluteau et al., 2007). Seasonal extremes are reduced in areas bordered by 1165 

epicontinental seas, and as such this area of northeastern Gonwana likely experienced milder 1166 

winters and less warm summers (e.g., Fluteau et al., 2007). A mild seasonality in rainfall levels 1167 

is indeed inferred from the very low occurrence of the arid indicators Dicheiropollis and 1168 

Classopollis.     1169 

Conversely, the lower abundances of pteridophyte spores and higher occurrences of 1170 

Classopollis and Ephedripites in West Africa (Gabon) and northern South America (Brazil) 1171 

suggest that the western part of northern Gondwana was warmer and drier than the eastern, 1172 

and probably situated away from the ITCZ. It is important to note that before the breakup of the 1173 

Gondwana supercontinent, the Afro-Brazilian (Gabon-Brazil) part of the western Northern 1174 

Gondwana Province comprised a large shallow continental basin, where ponds and shallow 1175 

lakes were developed in some parts of the basin (Da Rosa and Garcia, 2000). This basin 1176 

experienced humid winters because of convective winds and local topographic highs, where 1177 

shade rainfall was developed over some parts of the basin, and as a result, conifer forests 1178 

thrived on the wet hinterlands (Da Rosa and Garcia, 2000). Thus, the few fern spores recorded 1179 

in this region (Herngreen et al., 1996, and references therein) were probably thriving in the local 1180 

lacustrine environments, while the temperate plants producing bisaccate pollen grains were 1181 

thriving over the cooler hinterlands. Prior to being flooded by the opening Atlantic Ocean, the 1182 

low-latitude Afro-Brazilian continental interior basin likely experienced very cold winters and 1183 

very warm summers due to the local tectonic configuration of the basin and developments of 1184 

palaeotopographic highs (Da Rosa and Garcia, 2000). Thus, arid vegetation (represented by 1185 

Classopollis and Ephedripites) must have flourished during the very warm summers.  1186 
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The late Barremian–middle Aptian of Egypt probably experienced a warm but relatively 1187 

drier climate, but less dry than that suggested by Herngreen et al. (1996) for the western part 1188 

(Gabon and Brazil) of Northern Gondwana. Drier conditions of the upper Barremian-middle 1189 

Aptian in the Abu Tunis 1X well are based on the lower occurrences of pteridophyte spores 1190 

(512–11,326, avg. 3,003 grains/g; 18.4–75.2%, avg. 49.1%) by comparison to that of the upper 1191 

Hauterivian-lower Barremian. This is also supported by slight increases in diversity (12 species) 1192 

and frequency of Ephedripites (25–608, avg. 157 grains/g; 0.4–5.2%, avg. 2.6%) and an 1193 

increase in frequency of Classopollis (19–4,457, avg. 746 grains/g; 0.4–58%, avg. 10.7%) in 1194 

Abu Tunis 1X over the preceding interval. However, these Egyptian frequencies contrast with 1195 

the very high frequencies of Classopollis (~ 80%) and Ephedripites (50–70%) recorded in the 1196 

pre-Albian Dicheiropollis etruscus/Afropollis Province (Herngreen et al., 1996). The worldwide 1197 

latitudinal distribution of Classopollis shows that this taxon was most abundant during 1198 

Barremian–Aptian times in the hot and relatively dry palaeosubtropical latitudes (15–30° N and 1199 

S of the palaeoequator), while it was present in lower abundances in the warm, but slightly 1200 

wetter palaeotropical region (Doyle, 1999). Doyle et al. (1982), Schrank (1990), and Brenner 1201 

(1996) all suggested relatively wetter palaeoclimates for the African palaeotropics (e.g., Egypt 1202 

and Sudan), based on the high occurrences of pteridophytic humidity indicators (fern spores) 1203 

and lower occurrences of Classopollis than that seen in the palaeosubtropics. A less dry 1204 

palaeoclimate is further corroborated by the low occurrence (21–136, avg. 56 grains/g; 0.4–1205 

5.2%, avg. 1.9%) of the drought indicator pollen Exesipollenites (Doyle et al., 1982) in Abu 1206 

Tunis 1X. In addition, the constant occurrences (26–1,520, avg. 263 grains/g; 0.8–8%, avg. 1207 

3.8%) of the more temperate indicator pollen Araucariacites (e.g., Doyle et al., 1982; Brenner, 1208 

1996) in Abu Tunis 1X also support less dry regional conditions than that suggested for the 1209 

whole Northern Gondwanan region.  1210 

The upper Aptian palynoflora of the Abu Tunis 1X well continues to provide evidence for 1211 

a warm but relatively wetter climate. This is expressed by the upward increases in abundances 1212 

of Araucariacites (186–509, avg. 366 grains/g; 1.6–6.4%, avg. 4.6%) and pteridophyte spores 1213 

(2,897–12,928, avg. 6,968 grains/g; 59.6–80.4%, avg. 68%) and decreases in Classopollis 1214 
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(125–418, avg. 249 grains/g; 0.8–6%, avg. 2.9%). The relatively more humid conditions are 1215 

again supported by lignitic coal and bulk coaly carbonaceous material in the upper Aptian 1216 

deposits of the Abu Tunis 1X well (Fig. 8). Modelling of the Aptian climate over the Northern 1217 

Gondwana Province indicates the ITCZ was located between 20 N° and S° of the 1218 

palaeoequator (Chaboureau et al., 2012; Fig. 16B). Through this period, northeastern 1219 

Gondwana (including Egypt) was characterised by seasonality in rainfall, with wet humid 1220 

summers and dry winters because of the latitudinal shift of the ITCZ (Chaboureau et al., 2012; 1221 

Carvalho et al., 2019). The significant increase in pteridophyte spores in the upper Aptian 1222 

support the location of the ITCZ over northeastern Gondwana during this period (Carvalho et 1223 

al., 2017, 2019). In Tunisia, Godet et al. (2014) interpreted arid conditions near the early late 1224 

Aptian boundary based on the clay minerals; similarly, Hfaiedh et al. (2013) postulated an arid 1225 

earliest late Aptian time based on gypsum deposition and a humid late Aptian based on 1226 

resumed deposition of clastic deposits. According to Chaboureau et al. (2012), Tunisia was 1227 

probably situated near the Aptian ITCZ, which was characterised by strong seasonality in 1228 

rainfall. Thus, the suggested arid conditions near the early late Aptian boundary probably 1229 

correspond to a latitudinal shift in ITCZ and the development of dry summers. Recent intra-1230 

continental data from the western part of Northern Gondwana (NE Brazil), also suggested the 1231 

development of a late Aptian humid climate in that region due to the movement of the ITCZ and 1232 

the late Aptian relative sea level rise (Carvalho et al., 2017, 2019). This interpretation was also 1233 

based on an decreasing trend in xerophytic taxa during the late Aptian, expressed by a 1234 

progressive replacement of the xerophytic flora (Classopollis and Equisetosporites) by humidity 1235 

loving highland gymnosperm pollen grains (Araucariacites) and lowland pteridophyte spores 1236 

(e.g., Cicatricosisporites and Cyathidites). Likewise, palynofloristic data from the upper Aptian of 1237 

central Columbia (Mejia-Velasquez et al., 2012) shows high dominance of the fern spores over 1238 

the dry indicators gymnosperm pollen grains. The link between the relative sea level rise and 1239 

the development of more humid conditions is further supported in the upper Aptian palynofloras 1240 

of the Abu Tunis 1X well by the upward increase in the frequency of Afropollis pollen grains 1241 

(14–2,584, avg. 335 grains/g; 0.4–14%, avg. 4%; Fig. 17, online Supplementary Appendix 4). 1242 
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Dino et al. (1999) and Schrank (2001) suggested that the parent plant of Afropollis thrived in 1243 

humid coastal plains, and high abundances of the pollen taxon were therefore suggested by 1244 

Deaf et al. (2016) as a proxy indicator for warm, humid coastal conditions. Based on the current 1245 

data, the highest abundance of Afropollis corresponds to the tectonically induced upper Aptian 1246 

regressive sequence and the ocean-driven regional late Aptian humid climate (Fig. 17). In the 1247 

upper Albian–lower Cenomanian succession of Abu Tunis 1X, the highest relative and absolute 1248 

abundances of the Afropollis pollen grains corroborate a more humid Albian–early Cenomanian 1249 

climate, and are mainly confined to the late transgressive middle Albian, regressive upper 1250 

Albian, and the lower Cenomanian initial transgressive sequences (Fig. 17). Thus, the high 1251 

relative and absolute abundances of Afropollis pollen grains can be used to mark the 1252 

Cretaceous relative sea level falls and the initial relative sea level rises. The stratigraphic 1253 

distribution of the Afropollis pollen grains may therefore have a potential to identify depositional 1254 

sequences (i.e., highstand systems tracts HST, lowstand systems LST, and early transgressive 1255 

systems tracts eTST) in humid tropical areas. However, further investigation of its application in 1256 

sequence stratigraphic analysis is necessary.     1257 

 1258 

Figure 17 about here 1259 

 1260 

The Albian–Cenomanian palynofloras of the Abu Tunis 1X well display characteristics 1261 

similar to that of the Albian–Cenomanian Elaterates Phytogeographic Province. However, there 1262 

are differences, for example, there are lower frequencies of xerophtyic pollen grains 1263 

Ephedripites and Classopollis (Deaf et al., 2014) by comparison to the common/very common 1264 

frequencies of these taxa described for the Elaterates Province (Herngreen et al., 1996). This 1265 

province is characterised by several important miospores, with Afropollis jardinus, 1266 

Crybelosporites, Elaterosporites, and Cretacaeiporites all being recorded in the Abu Tunis 1X 1267 

well (Fig. 15B). During the Albian–Cenomanian, a regionally warm but notably wetter 1268 

palaeoclimate than that prevailed during the late Barremian–Aptian is thought to have 1269 

developed in the Abu Tunis area. This contrasts the general warm and dry (arid to semi-arid) 1270 
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climate suggested by Herngreen et al. (1996) for the Albian–Cenomanian Elaterate 1271 

Phytogeographic Province/Northern Gondwana Province. Our interpretation is based on the 1272 

slight upward decrease in abundances of Ephedripites (8–470, avg. 172 grains/g; 0.4–5.2%, 1273 

avg. 2.6%) and Classopollis (4–1,394, avg. 261 grains/g; 0.4–5.6%, avg. 2%). Although the 1274 

frequency of Classopollis pollen grains being known to increase in a basinward direction 1275 

(Tyson, 1995); however, the distribution of this taxon was recently proved by Deaf and Tahoun 1276 

(2018) to be principally controlled by ecological/climatic factors rather than lithology. Thus, the 1277 

development of a more humid regional climate together with more humid costal conditions near 1278 

the site of the Abu Tunis 1X well were unfavourable for the proliferation of the dry indicator 1279 

Classopollis-producing plants. This suggestion is corroborated by the high abundances of 1280 

Afropollis jardinus (4–7,003, avg. 1,385 grains/g; 0.4–53.6%, avg. 15%) in the middle Albian–1281 

lower Cenomanian samples from the Abu Tunis 1X well (Fig. 17; online Supplementary 1282 

Appendix 4). Humid coastal conditions are further supported by the occurrence of 1283 

Elaterosporites pollen grains (25–581, avg. 156 grains/g; 0.4–7.6%, avg. 2.6%) in the middle 1284 

Albian–lower Cenomanian at Abu Tunis, as elaterate pollen-producing plants are also known to 1285 

have thrived in humid costal settings (Schrank, 2001). The consistent and relatively higher 1286 

occurrences of pteridophyte spores in the Albian–Cenomanian (8–49,959, avg. 5,664 grains/g; 1287 

0.8–86.8%, avg. 41%) also suggest more humid regional conditions, as again does the coaly 1288 

material in the upper Albian strata of the Abu Tunis 1X well (Fig. 8). These data again suggest 1289 

that the Albian ITCZ was located over this region, supported by the examination of climate-1290 

indicating sediments/minerals and palynofloras by Chumakov et al. (1995, 2004), which also 1291 

suggested the development of an equatorial humid belt (i.e. ITCZ) over Northern Gondwana 1292 

during the Albian and Cenomanian (Fig. 16C; Hay and Floegel, 2012). A more humid Albian–1293 

Cenomanian climate for the northeastern Gondwana is also supported by data from central and 1294 

northern Sudan, where pteridophyte spores outnumber the xerophytic pollen grains (Awad, 1295 

1994, Schrank, 1994). Elsewhere in northern Gondwana, there is evidence to indicate humidity 1296 

in the Albian–Cenomanian climate of Morocco, although this region was also influenced by the 1297 

Boreal Cerebropollenites Province of Herngreen et al. (1996) to the north (Bettar and Méon, 1298 
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2001, 2006). The western part of Northern Gondwana also seems to have experienced a more 1299 

humid climate, as evidenced by pteridophyte spores (e.g., Cyathidites) overwhelming the 1300 

xerophytic flora (e.g., Classopollis and Equisetosporites) in central Columbia (Mejia-Velasquez 1301 

et al., 2012) and Peru (Mejia-Velasquez et al., 2018).  1302 

The Turonian–Coniacian of Abu Tunis is palynologically barren and the early Santonian 1303 

palynofloras are represented by marine dinocysts only, which hampers interpretation of the 1304 

palaeoclimatic conditions of this time span.  1305 

Nevertheless, the palaeolatitudinal position of Egypt is probably helpful in this regard. 1306 

Egypt had been located at the palaeotropical zone during the Hauterivian, where northern Egypt 1307 

was located around 10° N, and the palaeoequator roughly cut through central Egypt (Fig. 16A). 1308 

As described above, at this time, Egypt experienced warm but wetter conditions than those 1309 

prevailing in the relatively dry palaeosubtropical regions such as Brazil and Gabon (e.g., Doyle, 1310 

1999; Hay and Floegel, 2012). By the Albian-middle Cenomanian, the marine inundation of 1311 

northern Africa by broad Tethyan epicontinental seas began to influence climatic conditions, 1312 

such that northern/northeastern and western Africa experienced different climates. This 1313 

promoted wetter summers in northern Africa in contrast to the West African continental area 1314 

(including Senegal), which stood high above sea level and received lower rainfalls (Parrish et 1315 

al., 1982; Fluteau et al., 2007; Föllmi, 2012). This is exemplified by Albian-middle Cenomanian 1316 

palynofloras from Senegal, which have higher abundances of Classopollis (30–80 %) by 1317 

comparison to those recorded from Egypt, despite being located at the same palaeotropical 1318 

latitude (Fig. 16C; Jardiné and Magloire, 1965). The African Plate moved northward towards 1319 

Laurasia (Fig. 16C) and by the end of the Turonian, Egypt was situated more northward (Fig. 1320 

16D) in a relatively palaeosubtropical position with the palaeoequator nearly bordering its 1321 

southern limit (Scotese, 2014). As a result, a continuous warm but less humid (semi-humid) 1322 

palaeoclimate was probably developed in the Turonian, an interpretation supported by the 1323 

notable decline in pteridophyte spores and the common occurrences of the Ephedripites 1324 

recorded from elsewhere in the north Western Desert of Egypt (El Beialy et al., 2010; El-1325 

Soughier et al., 2014). A non-marine Turonian sequence in north Sudan also indicates a dry 1326 
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Turonian climate based on the occurrence of the dry indicator proteacean pollen grain (Triorites 1327 

africaensis) and low abundances of pteridophyte spores (Schrank, 1994). However, by contrast, 1328 

in other north and central basinal areas of the Western Desert, the dominance of the freshwater 1329 

algae and the common occurrences of the humid indicator spores (e.g., Ariadnaesporites) have 1330 

been used to suggest warm humid Turonian climates (Schrank and Ibrahim, 1995; Ibrahim, 1331 

1996; Ibrahim and Abdel-Kireem 1997, Ibrahim et al., 2009). This may suggest that the 1332 

proximity of marine waters may have produced sufficient moisture for the Egyptian landmass to 1333 

support pteridophytic vegetation, and again lends support to the idea that the Tethyan Ocean 1334 

played an important role in the development of the Cretaceous palaeoclimate over the Northern 1335 

Gondwana Province. Further investigations of more Egyptian Turonian successions are thus 1336 

necessary to determine the regional Turonian climate over the northeastern Gondwana.  1337 

  1338 

7. Conclusion 1339 

Clustered analysis of quantitative palynofacies data integrated with information derived 1340 

lithological analysis and wireline logs have produced an interpretation of Cretaceous 1341 

palaeoceanographic conditions in northwestern Egypt, located to the southeast of the Tethyan 1342 

Ocean. We idenfity four major regressive and transgressisve sequences, where sedimentation 1343 

was largely affected by Tethyan long-term (2nd order) and short-term (3rd order) sea level 1344 

changes. However, a regional tectonic imprint is probably superimposed on sedimentaion of the 1345 

upper Lower Cretcaeous sequence.  1346 

In the Matruh Basin, the clastic (shales and sandstones) unit of the lower Alam El Buieb 1347 

(upper Hauterivian–lowermost upper Barremian) and the major sandstone unit of the Dahab 1348 

(upper Aptian) and Kharita (Albian) formations represent the regressive sequences. These were 1349 

deposited in deltafront to delta-top, delta channel, and distal detlaic settings, where the first 1350 

regressive sequence corresponds to the Tethyan late Hauterivian–late Barremian long-term 1351 

(2nd order) and short-term (3rd order) sea level falls. The second regressive sequence 1352 

corresponds to the regional late Aptian–Albian uplift, which masked the Tethyan late Aptian–1353 

middle Albian minor long-term (2nd order) sea level rise. Shale and dolostones of the upper 1354 
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Alam El Bueib (uppermost Barremian) and Alamein (lower–middle Aptian) formations represent 1355 

the first major tansgressive sequence that was mostly deposited in proximal settings of the inner 1356 

and middle shelf and correspond to the Tethyan early Aptian high sea level stand. The second 1357 

transgressive sequence is represented by a fine clastic (sandstones and siltstones with few 1358 

shale horizons) unit of the lower–middle Bahariya (lower Cenomanian) and a carbonate 1359 

(limestone and dolostone) unit with some minor shale horizons of the upper Bahariya (lower–1360 

?middle Cenomanian) and Abu Roash (middle–upper Cenomanian) formations. This sequence 1361 

accumulated in proximal inner shelf and middle shelf settings, respectively, and generally 1362 

corresponds to the Tethyan latest early–late Cenomanian long-term sea level rise.  1363 

Palaeogeographically, the northeastern Gondwana Phytogeographic Province 1364 

represented by the Egyptian landmass was situated during much of the Cretaceous in a 1365 

palaeolatitudinal position different from that of western Northern Gondwana (e.g., West Africa - 1366 

Gabon, Congo, Senegal, and northern South America - Brazil), and as such experienced 1367 

different regional palaeoclimatic conditions. The succession in the Abu Tunis 1X well records a 1368 

shift from a less warm and more humid climate during the Hauterivian–early Barremian to a 1369 

warm and relatively drier climate during the late Barremian–middle Aptian, but never becoming 1370 

as dry as the conditions experienced in western Northern Gondwana at that time. A warm but 1371 

relatively more humid climate developed during the late Aptian and more accentuated during 1372 

the Albian–Cenomanian by contrast to the general warm and arid to semi-arid climate that 1373 

prevailed in western Northern Gondwana. Conditions in northeastern Gondwana may have 1374 

become relatively less humid (semi-humid) in the Turonian as a response to the continental 1375 

breakup of the Western Gondwanan supercontinent and the northeast drift of the African 1376 

continent. The analyses presented here demonstrate that complex interactions between sea 1377 

level, the northward migration of the African continent, and the changing position of the 1378 

Intertropical Convergence Zone (ITCZ) all played a role in climatic fluctuations between periods 1379 

of warm humid and warm dry conditions experienced in northeastern Gondwana during the 1380 

early-mid Cretaceous.   1381 
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Figure 1. Map showing location of the Abu Tunis 1X well and Cretaceous basins in the north 2144 

Western Desert of Egypt (Modified after Shalaby et al., 2012).  2145 

 2146 

Figure 2. Cretaceous palaeogeographic maps of Egypt showing the main regional tectonic 2147 
settings, depositional environments, and main lithological facies (after Guiraud et al., 2001). (a) 2148 
Early Hauterivian (~ 130–132 Ma). (b) Mid Aptian (~ 115 Ma). (c) Late Cenomanian (~ 94 Ma). 2149 
(d) Early Campanian (~ 81 Ma). M. Matruh Basin; 1. deep basin; 2. carbonate platform; 3. mixed 2150 
platform (carbonate and siliciclastic facies); 4. fluviatile–lacustrine environment; 5. fluvio–deltaic 2151 
environment; 6. exposed land; 7. uplifted arch (axes of anticlines); 8. active normal fault; 9. 2152 
other faults. 2153 
 2154 

Figure 3. Summary of the stratigraphy, description of the lithologies of the sedimentary 2155 

sequences of the north Western Desert of Egypt and the depositional environment of the 2156 

Cretaceous sequences (modified after Abrams et al., 2016).  2157 

 2158 

Figure 4. The Abu Tunis 1X stratigraphy, formation lithologies, sample positions, palynological 2159 

biozonation, and age dating of the studied sequence. N.B.: depths in meters here and 2160 

elsewhere in the manuscript are calculated from the total depth in feet – elevation of the Kelly 2161 

Bush (589 ft) * 0.3048. 2162 

 2163 

Figure 5. Dendrogram of the hierarchical cluster analysis of the palynological samples of the 2164 

Abu Tunis 1X and the isolated palynofacies types. 2165 

 2166 

Figure 6. Lithological column, spontaneous potential, resistivity data (after WEPCO, 1968) and 2167 

the interpreted sedimentary cycles of the Abu Tunis 1X well as deduced from the SP log.   2168 

 2169 

Figure 7. Regional and intercontinental biozonal correlation of Abu Tunis 1X bioevents and the 2170 

links to the global eustatic sea level curves of Haq (2014). For consistency of correlation, the 2171 

numerical ages of the Cretaceous stages used here are those suggested by Gradstein et al. 2172 

(2012) and used by Haq (2014). In addition, boundaries of the palynofacies identified in the Abu 2173 

Tunis 1X well are placed according to the position of the recorded dinocyst/sporomorph 2174 

bioevents in each palynofacies. 2175 

 2176 

Figure 8. Absolute abundances (grains/g) of selected palynomorphs and particulate organic 2177 

matter in the Abu Tunis 1X well, northern Western Desert, Egypt. 2178 

 2179 

Figure 9. Representative palynofacies. (a) PF-1A dominated by terrestrially derived organic 2180 

matter (sporomorphs and phytoclasts), Sample 11b/MAN-56 (9,650 ft / 2,762 m) at x250 2181 

magnification indicating the upper Hauterivian–lower Barremian regressive cycle, the Abu Tunis 2182 

1X well, northern Western Desert, Egypt. (b) PF-1B with a reduced abundance of terrestrially 2183 

derived organic matter and increased dinocyst concentrations indicating the first marine 2184 

transgressive cycle, Sample 32a/MAN-69 (8,600 ft / 2,442 m) at x250 magnification. (c) PF-2A 2185 

showing terrestrial palynomorph and phytoclast dominance in the upper Aptian regressive cycle, 2186 

Sample 46a/MAN-73 (7,900 ft / 2,228 m) at x250 magnification. 2187 

 2188 

Figure 10. Examples of terrestrial and marine palynomorphs from the Abu Tunis 1X well. The 2189 

sample/slide number and depth with museum accession number (MAN), England Finder 2190 

coordinates, and position of taxa (numbers in parentheses) on the quantitative range chart 2191 
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(online Supplementary Appendix 4) are indicated for all specimens. Scale bar represents 20 2192 

µm.  2193 

Spore and pollen grains: (a) Dictyophyllidites harrisii Couper, 1958, slide AT-1A/MAN-51, 2194 

10,150 ft (2,914 m), O28/1, (28). (b) Deltoidospora toralis (Leschik) Lund, 1977, slide AT-2195 

1A/MAN-51, 1,0150 ft (2,914 m), K34/3, (16). (c) Concavisporites sp., slide AT-6A/MAN-54, 2196 

9,900 ft (2,838 m), Q32/2, (19). (d) Auritulinasporites scanicus Nilsson, 1958, silde AT-7A/MAN-2197 

55, 9,850 ft (2,823 m), O11/2, (53). (e) Auritulinasporites intrastriatus Nilsson, 1958, slide AT-2198 

7A/MAN-55, 9,850 ft (2,823 m), R25, (55). (f) Deltoidospora australis (Couper) Pocock, 1970, 2199 

slide AT-12A/MAN-57, 9,600 ft (2,747 m), E33, (38). (g) Cicatricosisporites sp., slide AT-2200 

30A/MAN-68, 8700 ft (2472 m), T49/2, (7). (h) Impardecispora uralensis (Bolkhovitina) 2201 

Venkatachala et al., 1969, slide AT-3A/MAN-52, 10,050 ft (2,884 m), Q30, (60). (i) Balmeiopsis 2202 

limbatus (Balme) Archangelsky, 1979, slide AT-1A/MAN-51, 10,150 ft (2,914 m), L17/4, (63). (j) 2203 

Ephedripites sp., slide AT-28A/MAN-66, 8,800 ft (2,503 m), W24, (65). (k) Ephedripites sp., 2204 

slide AT-19B/MAN-60, 9,250 ft (2,640 m), Q46/3, (65). (n) Classopollis classoides Pflug, 1953, 2205 

slide AT-6A/MAN-54, 9,900 ft (2,838 m), R30, (13). (p) Elaterosporites protensus (Stover) 2206 

Jardiné, 1967, slide AT-90A/MAN-77, 5,650 ft (1,543 m), U16, (74). (q) Galeacornea causea 2207 

Stover, 1963, slide AT-84A/MAN-74, 6,000 ft (1,649 m), K46, (76). (r) Sofrepites legouxiae 2208 

Jardiné, 1967, 21, slide AT-95A/MAN-78, 5,100 ft (1,375 m), H17/3, (71). (s) Elaterosporites 2209 

klaszii (Jardiné and Magloire) Jardiné, 1967, slide AT-97A/MAN-80, 4,950 ft (1,329 m), G13/4,  2210 

(66). (t), (u) Afropollis jardinus Doyle et al., 1982, slide AT-89B/MAN-76, Q22; slide AT-2211 

89A/MAN-75, 5,750 ft (1,573 m), R13 (92). Freshwater algae and euglenoid freshwater 2212 

forms: (l) Chomotriletes minor (Kedves) Pocock, 1970, slide AT-18A/MAN-59, 9,300 ft (2,655 2213 

m), E34/2, (148). (m) Ovoidites parvus (Cookson and Dettmann) Nakoman, 1966, slide AT-2214 

16A/MAN-58, 9,400 ft (2,686 m), H37/2, (145). (o) Botryococcus sp., slide AT-99B/MAN-81, 2215 

4,850 ft (1,299 m), R42/4, (147). Dinoflagellate cysts: (v) Pseudoceratium securigerum (Davey 2216 

and Verdier) Bint, 1986, slide AT-20A/MAN-61, 9,200 ft (2,625 m), T40/3, (185). (w) 2217 

Cribroperidinium edwardsii (Cookson and Eisenack) Davey, 1969, slide AT-27A/MAN-65, 8,850 2218 

ft (2,518 m), H42/3, (181). (x) Subtilisphaera scabrata Jain and Millepied, 1973, slide AT-2219 

29A/MAN-67, 8,750 ft (2487 m), U46, (192). (y) Palaeoperidinium cretaceum (Pocock) Lentin 2220 

and Williams, 1976, slide AT-36A/MAN-71, 8,400 ft (2,381 m), R12, (187). (z) Cyclonephelium 2221 

vannophorum Davey, 1969, slide AT-12A/MAN-57, 9,600 ft (2,747 m), K28/4, (212). (aa) 2222 

Pseudoceratium retusum Brideaux, 1977, slide AT-25A/MAN-64, 8,950 ft (2,548 m), L48/4, 2223 

(190). (ad) Aptea polymorpha Eisenack, 1958a, slide AT-24A/MAN-63, 9,000 ft (2,564 m), 2224 

N30/3, (193). (ae) Florentinia mantellii (Davey and Williams) Davey and Verdier, 1973, slide AT-2225 

22A/MAN-62, 9,100 ft (2,594 m), Q51, (172). (af) Oligosphaeridium complex (White) Davey and 2226 

Williams, 1966, slide AT-25A/MAN-64, 8,950 ft (2,548 m), L43, (179). (ag) Muderongia pariata 2227 

Duxbury, 1983, slide AT-4A/MAN-53, 10,000 ft (2,868 m), M15/3, (198). Acritarchs: (ab) 2228 

Veryhachium collectum Wall, 1965, slide AT-33A/MAN-70, 8,550 ft (2,427 m), X39/4, (221). (ac) 2229 

Veryhachium metum Davey, 1970, slide AT-42A/MAN-72, 8,100 ft (2,289 m), T31/3, (222). 2230 

 2231 

Figure 11. Dinocyst absolute abundances (grains/g), species diversity, and different cyst 2232 

morphotypes in the Abu Tunis 1X well, northern Western Desert, Egypt.  2233 

 2234 

Figure 12. (a) Ternary plot of the Abu Tunis 1X palynofacies (Tyson, 1995). (b) Ternary plot of 2235 

spores, microplankton, pollen (SMP), for samples yielding PF-1A and PF-1B in the Abu Tunis 2236 

1X well and their probable depositional environment (after Federova, 1977; Duringer and 2237 

Doubinger, 1985). (c) Plot of samples yielding PF-2A, PF2-B and PF-3 in the Abu Tunis 1X well 2238 

in the SMP and their probable depositional environments.  2239 
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 2240 

Figure 13. Depositional models showing the four regressive-transgressive sequences in the 2241 

Matruh Basin.     2242 

 2243 

Figure 14. Representative palynofacies.  (a) PF-2B shows increased dinocyst abundances and 2244 

fewer terrestrial palynomorphs and phytoclasts by comparison to PF-2A, indicating the onset of 2245 

the lower Cenomanian transgressive cycle, Sample 96a/MAN-79 (5,050 ft / 1,360 m) at x250 2246 

magnification. (b) PF-3 showing dominance of dinocysts and an almost complete lack of 2247 

terrestrial POM constituents, Sample 110a/MAN-82 (4,300 ft / 1,131 m) at x250 magnification.   2248 

 2249 

Figure 15. (a) Palaeogeographic reconstruction at 125 Ma, showing the pre-Albian 2250 

Dicheiropollis/Afropollis Phytogeographic Province and distribution of the most important pollen 2251 

and spore species characteristic of the province. Palaeogeographic reconstruction simplified 2252 

from Hay et al. (1999), and modified after Ibraim et al. (2000).  Based on selected palynological 2253 

studies as follows: North Africa: Egypt (Schrank, 1992; Schrank and Mahmoud, 1998, 2002, 2254 

Deaf et al., 2016), Sudan (Schrank, 1992; Awad, 1994), Libya (Thusu and van der Eem, 1985; 2255 

Thusu et al., 1988; Uwins and Batten, 1988), Algeria (Jardiné et al., 1974), Morocco (Gübeli et 2256 

al., 1984; Bettar and Courtinat, 1987); West Africa: Gabon and Congo (Doyle et al., 1977); 2257 

south Switzerland and north Italy: (Hochuli, 1981); South America: NE Brazil (Regali et al., 2258 

1974; Regali and Viana, 1989).  2259 

 2260 

(b) Palaeogeographic reconstruction at 100 Ma showing the Albian-Cenomanian Elaterates 2261 

Phytogeographic Province and distribution of the most important pollen and spore species 2262 

characteristic of the province. Palaeogeographic reconstruction simplified from Hay et al. 2263 

(1999), and modified after Ibraim et al. (2000).  Based on selected palynological work as 2264 

follows: North Africa: Egypt (Schrank and Ibrahim, 1995; Deaf et al., 2014), Sudan (Awad, 2265 

1994), Libya (Batten and Uwins, 1985; Uwins and Batten, 1988), Morocco (Bettar and Méon, 2266 

2001, 2006); West Africa: Ghana (Atta-Peters and Salami, 2006), Senegal and Ivory Coast 2267 

(Jardiné and Magloire, 1965), Angola basin and Nigeria (Lawal and Moullade, 1986; Abubakar 2268 

et al., 2006), Intertropical Africa (Salard-Cheboldaeff, 1990); south Switzerland and north Italy: 2269 

(Hochuli, 1981); South America: NE Brazil (Regali et al., 1974; Herngreen, 1974; Regali, 1989; 2270 

Dino et al., 1999), Colombia (Herngreen and Jimenez, 1990), Peru (Brenner, 1968; Mejia-2271 

Velasquez et al., 2018), Ecuador (Dino et al., 1999).   2272 

 2273 
Figure 16. World palaeo-tectonic maps of Scotese (2014) showing the Cretaceous 2274 

palaeogeographic position of Egypt, southern Tethys, and Intertropical Convergence Zone 2275 

(ITCZ). (a) Hauterivian ITCZ is proposed here based on the data discussed in the paper. (b) late 2276 

Aptian ITCZ after Chaboureau et al. (2012), Scotese (2014), and Carvalho et al. (2017). (c) late 2277 

Albian ITCZ after Chumakov et al. (1995), Hay and Floegel (2012), and Scotese (2014). (d) 2278 

Turonian. Eg = Egypt, Sd = Sudan, Mo = Morocco, Se = Senegal, Ga = Gabon, Br = Brazil, Co 2279 

= Columbia, Pe = Peru.   2280 

 2281 
Figure 17. (a) Quantitative and semi-quantitative vertical distributions of Afropollis in the Aptian–2282 
middle Cenomanian of the Abu Tunis 1X well (Modified after Deaf et al., 2016) and their relation 2283 
to the relative falling and initial sea level rise and the development of humid coastal conditions.         2284 
 2285 

Table caption  2286 
 2287 
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Table 1. Botanical affinities and suggested ecological preferences of some selected 2288 

sporomorphs and freshwater algae.  2289 
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 2325 

Table 1 2326 

 2327 

Taxa Botanical affinity Palaeoclimate 
indication 

Palaeoenvironment 
preference 

Araucariacites Araucariaceae (Cookson, 
1947) 

Local humid 
conditions 

Relatively dry conifer 
vegetation 

Afropollis Winteraceae (Doyle et al., 
1990) 

Local costal 
humidity 

Humid costal habitats 

Aequitriradites Liverworts Local humid 
conditions 

Near fluvio-lacustrine 
environments 

Balmeiopsis Araucariaceae (Cookson, 
1947) 

Local humid 
conditions 

Relatively dry conifer 
vegetation 

Cicatricosisporites Schizcaeaceae (Thomson & 
Pflug, 1953) 

Local humid 
conditions 

Pteridophyte 
vegetation on wet 
biotopes 

Classopollis Cheirolepidiaceae Warm dry Costal marshes 

Crybelosporites Marsiliaceae (Dettmann, 
1963); Hydropteridacean 
spores (Cookson & Dettmann, 
1958) 

Local humidity Fresh waster 
environment (lakes-
ponds); Swampy 
environment of 
brackish character 

Deltoidospora Matoniaceae/Cyatheaceae/Dik
soniaceae (Van Erve & Mohr, 
1988) 

Local wet 
conditions 

Moist habitats near 
rivers and freshwater 
lakes and lacustrine 

Elaterate Ephedroid Crane (1988) Local costal 
humidity 

Humid costal 
conditions 

Ephedripites Ephedraceae Hot xeric climate 
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