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ABSTRACT 22 

 23 

Danian (lower Paleocene) sequences in north-central Tunisia are dominantly composed of 24 

marls and shales but a conspicuous, indurated glauconite-bearing marker bed is associated 25 

with the P3a-P3b transition.  This glauconite bed is considered to correlate with the Latest 26 

Danian Event (LDE) described from the Nile Basin in Egypt, with the ‘top Chron C27n 27 

event’ (Atlantic and Pacific Oceans) and with the ‘CIE-DS1’ (Zumaia, Spain). The LDE is 28 

thought to reflect a short period of global warming, similar to the Paleocene Eocene 29 

Thermal Maximum, but of lesser magnitude. The presence of a glauconitic bed at the 30 

P3a/P3b transition in Tunisia suggests that the sequence is condensed, which is confirmed 31 

by planktic foraminifer and nannofossil biostratigraphy, and by the absence of the typical 32 

LDE beds found in most Egyptian sections.  Benthic foraminiferal assemblages were 33 

quantitatively analyzed in three sections in north-central Tunisia (Sidi Nasseur, Garn 34 

Halfaya, Elles) in order to characterize the paleoenvironmental evolution during the late 35 

Danian and compare this with sections in Egypt. The benthic foraminiferal assemblages 36 

indicate that the Tunisian sections were located along a depth- and a paleoenvironmental 37 

gradient on the shelf north of Kasserine Island. The reconstructed depth range is 38 

comparable with sections in Egypt, and encompasses middle neritic (Sidi Nasseur section) 39 

to shallow upper bathyal depths (Elles section, with up to 16% Gavelinella beccariiformis 40 

below the P3a/P3b). Like in Egypt, assemblage shifts across the P3a/P3b subzonal 41 

transition indicate shallowing and a transition to a more eutrophic paleoenvironment, 42 

characterized by relatively high abundances of buliminids and Stainforthia sp.. The δ13C 43 

and δ18O records generated on well-preserved specimens of the ostracode species Bairdia 44 

failed to demonstrate the presence of the carbon isotope excursion (CIE) associated with 45 
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the LDE at the base of Subzone P3b. A condensed section or a hiatus associated with the 46 

glauconite bed would explain why the CIE is not recorded in the Tunisian sections.  47 

 48 

1. INTRODUCTION 49 

 50 

The Latest Danian Event (LDE, ~61.7 Ma), first recorded in sections in the Nile Basin, 51 

Egypt (Fig.1A) has been suggested to represent a mild precursor of the Paleocene Eocene 52 

Thermal Maximum (PETM: Speijer, 2000, 2003; Bornemann et al., 2009; Schulte et al., 53 

2013).  It is time-equivalent with the ‘CIE-DS1’ carbon isotope excursion at Zumaia 54 

(Spain: Arenillas et al., 2008; Dinarès-Turell et al., 2010; Schmitz et al., 2011; Monechi et 55 

al., 2013), and with the ‘top Chron C27n event’, defined from a carbonate dissolution 56 

horizon observed at ocean drilling (ODP) sites in the Atlantic and Pacific Oceans 57 

(Westerhold et al., 2008, 2011). A ~2°C sea floor warming inferred from δ18O data of ODP 58 

Site 1209 (Shatsky Rise, Pacific Ocean) indicates that the LDE indeed represents a global 59 

hyperthermal event (Westerhold et al., 2011).  60 

Steurbaut and Sztrákos (2008), studying a Danian-Selandian succession in southern France 61 

proposed that the LDE is associated with a change in sedimentation regime, identified from 62 

the southern Tethys up to the North Sea Basin and resulting from a major sea-level fall. 63 

The LDE was previously correlated with the Danian-Selandian boundary (e.g., Speijer, 64 

2003); however, formal definition of the GSSP of the D-S boundary in the Zumaia section 65 

(Schmitz et al., 2011) now places the LDE in the latest Danian (Bornemann et al., 2009; 66 

Sprong et al., 2012). It is one in a row of Paleocene candidate hyperthermals together with 67 

the early Paleocene Dan-C2 event (~65.2 Ma: Quillévéré et al., 2008; Coccioni et al., 68 

2010), and the Early Late Paleocene Event (ELPE: Petrizzo, 2005) or Mid-Paleocene 69 

Biotic Event (~58.7 Ma: MPBE, Bernaola et al., 2007; Westerhold et al., 2011) (Fig. 2). 70 
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At approximately the same biostratigraphic level as the LDE, a conspicuous glauconite-71 

bearing marker bed can be traced throughout north-central Tunisia (Fig. 1B; e.g., Steurbaut 72 

et al., 2000; Guasti et al., 2006; Van Itterbeeck et al., 2007; Sprong et al., 2009). Although 73 

the sedimentary characteristics of this marker bed are very different from those of the LDE 74 

in Egypt, we consider this bed to represent, or include the LDE (e.g., Sprong et al., 2009). 75 

Previous studies based on foraminifera (Salaj et al., 1976: Saint-Marc, 1992; 76 

Kouwenhoven et al. 1997; Guasti et al., 2005; 2006), ostracodes (Said, 1978; Donze et al., 77 

1982; Peypouquet et al., 1986) and dinoflagellate cysts (Brinkhuis et al. 1994; Guasti et al., 78 

2005) indicate that the Paleocene sequence in north-central Tunisia shows shallowing-79 

upward. Microfossil studies also indicate eutrophication and periods of decreased 80 

oxygenation at the seafloor (e.g., Donze et al., 1982; Peypouquet et al., 1986; Guasti et al., 81 

2005, 2006; Van Itterbeeck et al., 2007). These studies indicate that prominent 82 

paleoenvironmental change is closely associated with the P3a/P3b boundary of Berggren 83 

and Pearson (2005).  84 

Aims of the present study are to 1) assess a correlation between the glauconitic marker bed 85 

in north-central Tunisia and the LDE in the Nile Basin of Egypt, 2) compare the sea-level 86 

history and 3) reconstruct the development of trophic resources and ventilation of the 87 

Tunisian and Egyptian basins. Three sections were selected, arranged along a 88 

paleobathymetric gradient on the paleoshelf north of Kasserine Island (Fig. 1C). The 89 

biostratigraphy was based on calcareous nannofossils and planktic foraminifera. We used 90 

stable carbon and oxygen isotope data of two sections to track the CIE associated with the 91 

LDE. Quantitative benthic foraminiferal data of the three sections are used to reconstruct 92 

paleoenvironmental change in north-western Tunisia and to compare this with the late 93 

Danian interval in the Nile Basin sequences in Egypt. 94 

 95 
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 96 

2. GEOLOGY AND PALEOGEOGRAPHY 97 

 98 

2.1 Structural and paleogeographic background 99 

 100 

The geological structure of Tunisia is characterized by Cenozoic reactivation of Paleozoic– 101 

Mesozoic fault systems (e.g., Burollet et al., 1967; Zaier et al., 1998; Bouaziz et al., 2002). 102 

The main structural domains from south to north are: 1) the stable Saharan Platform south 103 

of Gafsa; 2) the Atlasic domain, and 3) the Alpine (or Tellian) domain, in north-west 104 

Tunisia (Fig. 1C). The Atlasic domain comprises the Atlasic chain of central Tunisia, 105 

consisting of Mesozoic basins and highs folded during the Cenozoic as part of the Alpine 106 

foreland. Kasserine Island was emerged during most of the Mesozoic and Cenozoic. The 107 

Tunisian Through is part of the Alpine or Tellian domain, resulting from Mesozoic-108 

Cenozoic compressive tectonics associated with convergence of the African and Eurasian 109 

plates since the late Cretaceous. 110 

Kasserine Island was the main source of sediment supply to the Tunisian Trough (Burollet, 111 

1956; Adatte et al., 2002; Bouaziz et al., 2002). Its emergence and subsequent erosion 112 

produced a major siliciclastic influx to its northern shelf. Eventually this led to the 113 

deposition of the expanded successions exposed at Sidi Nasseur, Garn Halfaya and Elles, 114 

which are the subjects of the present study.  115 

 116 

2.2 Regional lithostratigraphy  117 

 118 

The El Haria Formation (Fm.) overlies the upper Cretaceous limestones of the Abiod Fm. 119 

and is covered by the lower Eocene limestones of the Metlaoui Fm. Burollet (1956) 120 
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introduced the term El Haria shales for the upper Maastrichtian to lower Ypresian 121 

lithologic unit south-west of El Kef. The El Haria Fm. consists mainly of brown-gray 122 

homogeneous marls and shales with intercalations of limestones, particularly in the Danian 123 

part of the sequence. Phosphatic levels occur at the top of the Formation. Macrofossils are 124 

rare in the El Haria shales, and a stratigraphic subdivision of the Paleocene is only possible 125 

by means of micropaleontology (Burollet, 1956). The Global boundary Stratotype Section 126 

and Point (GSSP) for the base of the Danian Stage (K/Pg boundary) is defined within the 127 

El Haria Fm. in the El Kef section (Molina et al., 2006). The lithology of the El Haria Fm. 128 

is relatively uniform over the whole area, but its thickness and distribution are related to 129 

upper Cretaceous paleogeography and differential subsidence (Zaier et al., 1998). The 130 

Paleocene part of the El Haria Fm. is marine and predominantly represents shelf-type 131 

sedimentation (Burollet, 1956).  132 

In the study area a distinct glauconite-rich indurated marl bed is intercalated in the brown-133 

gray homogeneous marls and shales. In previous studies this marker bed, positioned at the 134 

P3a/P3b boundary,  was correlated with the Danian/Selandian boundary (e.g., Steurbaut et 135 

al., 2000; Guasti et al., 2006; Van Itterbeeck et al., 2007), but but this level is now 136 

considered part of the upper Danian (Steurbaut and Sztrákos, 2008; Sprong et al., 2009). 137 

 138 

3. MATERIAL AND METHODS 139 

 140 

3.1 Sections and Sampling 141 

 142 

The Sidi Nasseur section (35°48.2ʹN 8°27.1ʹE) is located 50 km south of El Kef, east of the 143 

village Kalaat Senan in north-central Tunisia, close to the Algerian border (Fig. 1B). We 144 

studied the section below the hill top, which is the section studied by Steurbaut et al. 145 
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(2000), and the sub-section Sidi Nasseur-NSF of Van Itterbeeck et al. (2007). The Elles 146 

section (35°46.6ʹN 9°4.9ʹE) is located about 50 km south-east of El Kef and can be reached 147 

via the road from Siliana to El Kef. The Garn Halfaya section (GHB; 35°59.7ʹN 8°32.0ʹE) 148 

is located about 50 km west of the Elles section and 25 km NNE of the Sidi Nasseur 149 

section, and has not been studied before. 150 

The studied part of the Sidi Nasseur section spans 16.5 m (Fig. 3). The sediments 151 

predominantly consist of marls and marly shales. A complex channel system is exposed 152 

between 5 and 7 m above the base of the sampled section. The base of the main, 1 m thick 153 

glauconitic marker bed is exposed at 9.2 m above the base of the section. Two thin beds 154 

enriched in glauconite occur below the marker bed, around 4 and 5 m. The main 155 

glauconitic bed is overlain by dark brown marls, in which thin indurated levels occur (Van 156 

Itterbeeck et al., 2007). 157 

The Garn Halfaya composite section spans 30 m and was sampled in two subsections. 158 

Subsection B was sampled 10 m west of subsection A, at 9 m above the base of the section 159 

and the subsections were correlated along a conspicuous indurated bed. Below the 160 

glauconitic marker bed the sediments are marly, whereas above the marker bed shales 161 

dominate. The base of the 50 cm thick glauconitic marker bed is exposed at 13 m, but thin 162 

glauconite-enriched layers start occurring 9 m above the base of the section.  163 

Initially, a 20-m-thick interval of the Elles section was sampled every meter (ELS section 164 

in Guasti et al., 2006). The 3-m-thick high-resolution sample set of Els’05, sampled in 165 

2005, is centered around the glauconitic marker bed of which the base is exposed at 9 m. 166 

The marker bed is only 20 cm thick and separates underlying gray marls from overlying 167 

dark brown shaly marls. 168 
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All samples were collected from trenches or holes at least 30 cm deep, to obtain fresh rock. 169 

Sample spacing varies from 1 m to 10 cm near the glauconitic marker bed (sampling points 170 

indicated by circles in Fig. 3).  171 

 172 

3.2 Calcareous microfossils 173 

 174 

For calcareous nannofossil biostratigraphy smear slides were prepared using standard 175 

procedures as described in Steurbaut and King (1994). About two cm2 of glass-slide have 176 

been examined for each sample using a Zeiss light microscope at 1000x or 1250x 177 

magnification. Smear slides are stored in the collections of the Royal Belgian Institute of 178 

Natural Sciences (Brussels, Belgium). The taxonomy is essentially from Perch-Nielsen 179 

(1985), taking into account subsequent modifications by Aubry and Bord (2009) and 180 

Aubry et al. (2011). The fasciculiths or Fasciculithaceae sensu Perch-Nielsen (1985) play a 181 

crucial role in the Late Danian − Early Selandian calcareous nannofossil biostratigraphy, 182 

and until recently were all assigned to the genus Fasciculithus.  Aubry et al. (2011) 183 

regrouped the fasciculiths into 4 genera: Gomphiolithus (G. magnus and G. magnicordis), 184 

Lithoptychius, Diantholitha and Fasciculithus (including the type species F. involutus).  185 

For foraminiferal analyses the sediment samples were processed as described in Sprong et 186 

al. (2011). Planktic foraminifer biostratigraphy was performed on the 125-630 μm fraction, 187 

following Berggren and Pearson (2005). For quantitative benthic foraminifer analyses 188 

aliquots of the 125−630 μm fraction containing 200−300 benthic specimens were obtained 189 

using an ASC microsplitter. The hand-picked specimens were transferred to 190 

micropaleontologic slides, identified and counted (Appendix 1). The slides are stored in the 191 

collection of R.P. Speijer at the Department of Earth and Environmental Sciences, 192 

University of Leuven (Belgium).  193 
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Counts of benthic foraminifera were transferred to relative abundances (Fig. 4). The 194 

numbers of planktic and benthic foraminifera per gram of dry sediment were calculated 195 

(PFN and BFN, respectively). The percentage of planktic foraminifera in the total 196 

foraminiferal fauna (P/B-ratio), determined from random square counts in the picking tray, 197 

is expressed as %P=100*P/(P+B). Diversity and evenness of the foraminiferal assemblages 198 

are expressed as the Shannon index [H] and Evenness [E], respectively (Murray, 1991; 199 

Spellerberg and Fedor, 2003). The Dominance [D] is the relative abundance of the most 200 

common taxon in a sample (Fig. 5). 201 

PAST computer software (Hammer et al., 2001) was used to run correspondence analysis 202 

on relative abundance data of benthic foraminifera. Taxa with abundances <2% in any 203 

sample were omitted, eliminating single and scattered occurrences. The data set was 204 

introduced into Q-mode correspondence analyses (CA), run on each section separately, and 205 

into Q-mode and R-mode CA performed on the combined data of the three sections. Factor 206 

scores of the first two axes are considered.  207 

The benthic species have been attributed to water-depth categories (Table 1), using 208 

literature data and own observations. The relative abundances of taxa occurring in the same 209 

water-depth interval were summed. The term bathyal (B) is used to indicate paleodepths 210 

>200 m (e.g. Van Morkhoven et al., 1986). The terms inner neritic (IN), middle neritic 211 

(MN), and outer neritic (ON) are used for paleodepths ≤50 m, 50−100 m, and 100−200 m 212 

respectively (cf. Speijer, 2003).  213 

 214 

3.3 Stable isotopes 215 

 216 

The preservation of benthic foraminifera in the Tunisian sections is not sufficient to be 217 

used for stable isotope studies due to recrystallization and/or internal infilling by secondary 218 
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calcite. For the Garn Halfaya section stable carbon and oxygen isotope analyses 219 

(δ13C and δ18O) were performed on well-preserved specimens of the ostracode species 220 

Bairdia at the University of Erlangen, Germany (Fig. 5, middle-right panel; for data see 221 

Appendix 2). Stable isotopes could not be measured in the Elles section due to the scarcity 222 

of well-preserved ostracodes in the studied interval. Stable carbon and oxygen isotope data 223 

of the Sidi Nasseur section were published by Bornemann et al. (2012). We refer to this 224 

paper for methodology. In figure 5 (upper –right panel) repeated measurements are 225 

indicated by dots; the calculated arithmetic mean of these measurements is plotted on the 226 

line. 227 

 228 

4. BIOSTRATIGRAPHY AND THE POSITION OF THE GLAUCONITIC MARKER 229 

BED 230 

 231 

4.1 Calcareous nannofossil biostratigraphy 232 

 233 

Calcareous nannofossil biostratigraphy has been established in the Elles, Garn Halfaya and 234 

Sidi Nasseur sections (Fig. 3). The standard calcareous nannofossil Zone NP4 (Martini, 235 

1971) was subdivided by applying the low-latitude calcareous nannofossil zonation of 236 

Varol (1989). Zones and subzones NTp6, NTp7A, NTp7B and NTp8A, together 237 

constituting the main part of NP4, have been identified in southern Tethyan and Aquitanian 238 

sections (Steurbaut et al., 2000; Steurbaut and Sztrákos, 2008; Guasti et al., 2006; Sprong 239 

et al., 2012). The boundaries of these zones are marked by the highest occurrences (HOs) 240 

of Neochiastozygus eosaepes and N. imbriei (NTp6/NTp7A), and the lowest occurrences 241 

(LOs) of Chiasmolithus edentulus (NTp7A/NTp7B) and Sphenolithus primus 242 

(NTp7B/NTp8A).  243 
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The HOs of N. eosaepes (rare) and N. imbriei (very rare) have been recorded in the Sidi 244 

Nasseur section 4 m above the base of the studied section, at the top of a 1 m thick clay-245 

unit (see also Van Itterbeeck et al., 2007). The top of this clay is marked by rare 246 

occurrences of the short-ranging Gomphiolithus magnus, the earliest representative of the 247 

Fasciculithaceae. The NTp7A/NTp7B boundary is characterized by a series of coinciding 248 

events, among which are the LOs of C. edentulus, small fasciculith taxa (Lithoptychius 249 

chowii, L. felis and others: the first radiation of the fasciculiths; see Bernaola, 2007; 250 

Steurbaut and Sztrákos, 2008; Aubry et al., 2011), a medium-sized Toweius sp. and the 251 

start of the consistent occurrence of Pontosphaera sp. These events were recorded within 252 

or just above the glauconitic marker bed: at 10 m in the Sidi Nasseur section, 13.50 m in 253 

the Garn Halfaya section and at 9 m in the Elles section. Rare occurrences of Diantholitha 254 

mariposa (Fasciculithus sp. 1 sensu Bernaola et al., 2009) are recorded just before the first 255 

radiation of the fasciculiths (e.g., at 12.70 m in the Garn Halfaya section). The LO of S. 256 

primus, delineating the NTp7B/NTp8A boundary was encountered at 11.2 m in the Elles 257 

section, and around 8 m above the glauconitic bed in the Garn Halfaya section. Subzone 258 

NTp7B is reduced to about 2 m in the Elles section, suggesting that part of Subzone 259 

NTp7B is absent.  260 

 261 

4.2 Planktic foraminifer biostratigraphy   262 

 263 

The planktic foraminiferal biozonation is based on Berggren and Pearson (2005) (Fig. 3). 264 

The P1/P2, P2/P3 and P3a/P3b boundaries are delineated by the LOs of, respectively, 265 

Praemurica uncinata, Morozovella angulata and Igorina albeari. The marker for the 266 

P3/P4 boundary, Globanomalina pseudomenardii, was not found in the sections. The 267 

P3a/P3b boundary occurs in all Tunisian sections within the glauconitic marker bed.  268 



12 
 

Part of Zone P2 is present in the lower part of the Sidi Nasseur section. The LO of M. 269 

angulata occurs at the base of the uppermost channel at 7 m. The LO of I. albeari occurs at 270 

10 m, near the top of the glauconitic marker bed.  271 

The P1/P2 boundary is present at the base of the Garn Halfaya section at -2 m. The LO of 272 

M. angulata occurs at 6 m. The LO of I. albeari is found at 13.5 m, in the top of 273 

glauconitic marker bed.  274 

In the Elles section the LO of M. angulata occurs at 3 m, and the LO of I. albeari at 9 m, at 275 

the base of the glauconitic marker bed.   276 

.Differing taxonomic concepts of I. albeari and occasionally poor preservation of planktic 277 

foraminifera in general, for instance in the Zumaia section,  have resulted in different 278 

positioning of the P3a/P3b boundary (e.g., Schmitz et al., 2011; Soldan et al., 2011; Wade 279 

et al., 2011; Arenillas, 2012). We use the taxonomic concept of I. albeari as presented and 280 

discussed in Sprong et al. (2009), which is in agreement with the concept of Olsson et al. 281 

(1999) and Quillévéré et al. (2002).  282 

Comparing the sections, it appears that Subzone P3a in the Sidi Nasseur section is 283 

relatively thin, suggesting that part of Subzone P3a is absent. 284 

 285 

4.3 Stratigraphic continuity and position of the glauconitic marker bed 286 

 287 

The glauconitic marker bed is associated with the nannofossil NTp7A/NTp7B transition in 288 

the Tunisian sections (Fig. 3). Since the GSSP of the Danian-Selandian boundary has been 289 

formally defined in the Zumaia section (Spain) between the second radiation of 290 

“Fasciculithus” (NTp8B/Ntp8C) and the LO of F. tympaniformis (NTp8C/NTp9) (Schmitz 291 

et al., 2011), the glauconitic marker bed in the Tunisian sections is placed in the upper 292 

Danian. The glauconitic marker bed is also associated with the planktic foraminifer 293 
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P3a/P3b transition. In time-equivalent sections in Egypt, for which the same 294 

biostratigraphy was applied as for this study (Bornemann et al., 2009; Sprong et al., 2009; 295 

2011; 2012), the nannofossil NTp7A/NTp7B boundary is located within planktic 296 

foraminiferal Subzone P3a. This indicates that the Tunisian stratigraphy is not continuous, 297 

and a condensed section or a hiatus is associated with the glauconitic marker bed, at least 298 

encompassing the upper part of Subzone P3a. Considering the limited thickness of 299 

Subzone NTp7B in the Elles section this hiatus possibly also includes the basal part of 300 

Subzone P3b.  301 

Steurbaut et al. (2000) already noticed that in the Sidi Nasseur section the transition 302 

between the base of the glauconitic marker bed and the sediments exposed below it is 303 

discontinuous, and discontinuities must also exist in the channels between 5 and 7 m. In 304 

addition, Subzone P3a is reduced in thickness in the Sidi Nasseur section (Fig. 3). 305 

Truncated ranges of stratigraphic markers at the glauconitic marker bed have been noticed 306 

before (Guasti et al., 2006; Van Itterbeeck et al., 2007). In the Elles section the presence of 307 

a hiatus at the base of Subzone P3b was suggested by Guasti et al. (2006). This is in 308 

agreement with the reduced thickness of the NTp7B Subzone in the Elles section, and the 309 

rather abrupt changes in the foraminiferal assemblages and the faunal indices (Figs. 3, 4).   310 

 311 

5. RESULTS  312 

 313 

5.1 Benthic foraminifera 314 

 315 

5.1.1. Abundances and foraminiferal indices 316 

Most benthic foraminiferal taxa found in the studied sections belong to the Midway-type 317 

shelf fauna (Table 1; Fig. 4; Plate 1; Appendix 1; see Berggren and Aubert, 1975; Aubert 318 



14 
 

and Berggren, 1976). Deeper-water (bathyal) Velasco-type taxa, such as Gavelinella 319 

beccariiformis and Gyroidinoides globosus (Berggren and Aubert, 1975; Aubert and 320 

Berggren, 1976), are only consistently present in the Elles section (up to 16% below the 321 

main glauconitic bed). The bathyal and outer neritic species, including Pulsiphonina prima 322 

and Anomalinoides affinis, occurring in the three sections below the glauconitic marker 323 

bed, are strongly reduced or absent above the marker bed.  324 

 325 

Sidi Nasseur −Below the main glauconitic bed the benthic foraminiferal assemblages in 326 

the Sidi Nasseur section are dominated by Cibicidoides species, primarily C. pseudoacutus, 327 

associated with Anomalinoides spp., other rotaliids, lenticulinids and some agglutinated 328 

taxa (e.g., Gaudryina pyramidata) (Fig. 4, upper panel). A high relative abundance (25%) 329 

of Bulimina strobila occurs at the base of the section. Low abundances (<2%) of the 330 

bathyal species are restricted to the lower part of the section. The abundance of the outer 331 

neritic species A. affinis already decreases in the channel system exposed between 5 and 7 332 

m, and P. prima disappears in the main glauconitic bed. Above this marker bed the 333 

abundances of buliminids and Stainforthia sp. increase, whereas the abundance of C. 334 

pseudoacutus drops to less than 5%. 335 

The summed relative abundances of taxa occurring in the same water-depth domain are 336 

highest for the group of middle- to outer neritic species (MN-ON: Fig. 5, upper panel; 337 

Table 1). The total abundance of this group decreases across, and especially above the 338 

glauconitic marker bed, partly due to the high relative abundance of Stainforthia sp. The 339 

low P/B ratios at 2.5, 8 and 14 m are due to increased benthic (BFN) relative to planktic 340 

foraminiferal numbers (PFN). The relatively low P/B ratio in the base of the glauconitic 341 

marker bed (9.2 m) is associated with very low PFN and BFN. The P/B ratios remain 342 
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around 60% above the glauconitic marker bed; however, the diversity [H] and evenness [E] 343 

decrease, associated with dominance of buliminids and Stainforthia sp.  344 

The foraminiferal numbers are variable, with the highest PFN and BFN occurring in the 345 

top of the glauconitic marker bed (PFN >8000/g; BFN ~4000/g).  346 

 347 

Garn Halfaya − The main changes in the benthic foraminiferal assemblages of the Garn 348 

Halfaya section are associated with the glauconitic marker bed, but the transition starts 4 m 349 

below the marker bed (Fig. 4, middle panel). The lower 9 m of the sampled section are 350 

dominated by Cibicidoides spp. (C. pseudoacutus, C. rigidus, and C. succedens), 351 

associated with other rotaliids (e.g., P. prima, A. affinis, Sporobulimina eocaena), 352 

agglutinated taxa (Spiroplectinella dentata) and lenticulinids. Bathyal species (e.g., G. 353 

beccariiformis) show scattered occurrences in the lower part of the section and the 354 

abundances remain below 2%. Between 9 m and the main glauconitic bed (base at 13 m) 355 

several minor glauconite-bearing levels occur, and in this interval the abundances of the 356 

outer neritic species start decreasing (A. affinis, P. prima and S. dentata virtually 357 

disappear). The abundance of C. rigidus is temporarily lower, and of Hansenisca 358 

girardana higher. Anomalinoides susanaensis shows maximum abundance in this interval. 359 

Above the main glauconitic bed the abundance of C. rigidus increases again together with 360 

Valvalabamina depressa, Bulimina midwayensis and Stainforthia sp. Above 16 m the 361 

abundance of Bulimina kugleri is relatively high (10-20%). 362 

The summed relative abundances of foraminifera occurring at inner-to middle neritic  363 

water-depths (Table 1) increase across the glauconitic marker bed at the expense of outer 364 

neritic species (Fig. 5, middle panel). The P/B ratios decrease around 12 m and the 365 

diversity [H] and evenness [E] diminish across the glauconitic marker bed. The PFN and 366 

BFN show large variability superimposed on a generally decreasing trend. The highest 367 
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PFN and BFN occur in and around the interval with glauconitic levels (8.4, 11.8 and 15 368 

m), and in the main glauconitic marker bed (PFN >1600/g, BFN ~1000/g).  369 

 370 

Elles − In the Elles section the benthic foraminiferal assemblages change rather abruptly in 371 

association with the glauconitic marker bed (Fig. 4, lower panel). Below this bed the 372 

Cibicidoides species are less dominant than in the other sections, and bathyal (G. 373 

beccariiformis; G. globosus) and outer neritic taxa (e.g., A. affinis; P. prima) are more 374 

common. The relative abundance of G. beccariiformis is strongly reduced above 7.5 m, 375 

and P. prima and G. globosus disappear in the glauconitic bed. Peak abundances of C. 376 

pseudoacutus (17%), C. succedens (12.5%) and C. rigidus (21%) just below and in the 377 

glauconitic marker bed may be an effect of selective preservation of more robust species, 378 

and the loss of more fragile taxa due to diagenetic processes. Above the glauconitic marker 379 

bed C. pseudoacutus and C. rigidus are the dominant species. Buliminids and Stainforthia 380 

sp. do not occur in significant percentages. 381 

The abrupt change in the composition of the assemblages in the glauconite marker bed is 382 

reflected in the summed abundances of  species occurring in the same water-depth interval 383 

and in the P/B ratios, which decrease by >10% in the marker bed (Fig. 5, lower panel). In 384 

addition, the diversity [H] and evenness [E] decrease across the marker bed. The 385 

dominance is variable but higher in the upper part of the section due to temporary high 386 

abundances of C. rigidus. 387 

The PFN and BFN increase towards the glauconitic marker bed, but diminish across this 388 

bed, and remain variable in the upper part of the section.  389 

 390 

5.1.2. Correspondence analysis 391 
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Q-mode correspondence analysis (CA) was performed on each of the sections. Between 35 392 

and 45% of the variance in the data sets is explained by the first two axes of the CA. Q-393 

mode CA separates the samples below and above the glauconitic marker bed in two groups 394 

on the first CA axis (Fig. 6). In the Garn Halfaya section, where several minor glauconite-395 

bearing levels occur from 9 m upwards, the samples collected from the part of planktic 396 

foraminiferal Subzone P3a between 9.5 m and the base of the glauconitic marker bed form 397 

a third group of samples, separated from the other 2 groups on the second CA axis.  398 

Q-mode and R-mode CA was run on all samples of the three sections together (Fig. 7). In 399 

the Q-mode CA the samples above the main glauconitic bed in the Elles section (empty 400 

triangles), and the samples below the marker bed in the Sidi Nasseur and Garn Halfaya 401 

sections (filled squares and diamonds) are located near the centre of the plot (Fig. 7, upper 402 

panel). The largest separation is made along the first CA axis between the samples from 403 

the lower part of the Elles section and the upper part of the Sidi Nasseur section. In the plot 404 

of the R-mode CA (Fig. 7, lower panel) the first axis separates B. strobila, 405 

Siphogenerinoides elegantus and Stainforthia sp., showing high relative abundances in the 406 

upper part of the Sidi Nasseur section, from G. beccariiformis and other outer-neritic-to-407 

bathyal taxa with highest occurrences in the lower part of the Elles section. These taxa are 408 

also positioned opposite B. kugleri on the second axis.  409 

 410 

 411 

5.2 Stable isotopes 412 

 413 

Sidi Nasseur − In the Sidi Nasseur section the δ18O values range between -1 and 0.5‰. 414 

The lightest values occur near the base of the sampled section around 2 m and in the top of 415 

the glauconitic marker bed (Fig. 5, upper-right panel). Relatively light values also occur in 416 
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the upper part of the section at 14.5 m. The light values correspond with elevated PFN and 417 

BFN in the marker bed, and with elevated BFN at 2 m and 14.5 m in the section. The 418 

measured δ13C values range between -1.5 and 0.25‰ and are rather variable. The lightest 419 

values occur at the base of the section, near the base of a channel at ~5 m and above the 420 

glauconitic marker bed, at 11 m.  421 

 422 

Garn Halfaya − A limited number of isotope measurements could be performed on 423 

samples below and above the glauconitic marker bed (Fig. 5, middle-right panel). The δ18O 424 

values range between -1.25 and 0.25‰. The lightest value occurs in an indurated 425 

glauconitic bed at 11.6 m, well below the main marker bed, and corresponds with elevated 426 

PFN and BFN. The light value at 8.4 m also correlates with elevated PFN and BFN. Of the 427 

sample collected in the top of the main glauconitic marker bed the δ18O value is near zero. 428 

Measurements of δ13C range between -1.25 and 0‰. The light values are associated with 429 

elevated PFN and BFN. The lightest value occurs at 11.6 m, in an indurated glauconite-430 

bearing bed and coincides with the lightest value in the δ18O. 431 

 432 

6. DISCUSSION 433 

 434 

6.1 Correspondence analysis of benthic foraminifera 435 

 436 

In the Q-mode CA of benthic foraminifera performed per section, the samples below the 437 

glauconitic marker bed are separated from the samples above the marker bed along the first 438 

CA axis, implying the paleoenvironment has changed across the marker bed (Fig. 6). This 439 

is in agreement with the plots of the relative abundances (Fig. 4) and the environmental 440 

indices (Fig. 5), which also indicate a changing paleoenvironment across the glauconitic 441 
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marker bed. In addition, when Q-mode CA is performed on all samples of the three 442 

sections together, the samples of each section occupy separate fields, with overlap in the 443 

center of the plot (Fig. 7, upper panel).  444 

In more detail, the samples of the Sidi Nasseur and Garn Halfaya sections below the 445 

glauconitic marker bed are located near the center of the plot, whereas those of the Elles 446 

section are negative on the 1st CA axis and positive on the 2nd. However, the samples of the 447 

Elles section collected above the glauconitic marker bed are located near the center of the 448 

Q-mode plot, implying that the paleoenvironment at Elles has changed through time to 449 

resemble the paleoenvironments at Sidi Nasseur and Garn Halfaya below the marker bed. 450 

In turn, of the Sidi Nasseur and Garn Halfaya sections the samples collected above the 451 

marker bed are located far outside the center of the plot, implying that the 452 

paleoenvironments at these sections have diverged. 453 

The species plot derived from R-mode CA (Fig. 7, lower panel) suggests that water depth 454 

and productivity/oxygenation are the environmental parameters loading the CA axes: the 455 

bathyal and outer neritic species are negative on the 1st CA axis, and positive on the 2nd 456 

axis, whereas Stainforthia sp. is most positive on the 1st CA axis, and B. kugleri is most 457 

negative on the 2nd axis.  Both Stainforthia sp. and B. kugleri are considered infaunal, 458 

opportunistic species tolerating low-oxygen environments and especially Stainforthia sp. is 459 

most often reported from shallow-water environments (see section 6.3.2).  Both species are 460 

located opposite the bathyal G. beccariiformis: Stainforthia sp. on the 1st axis and B. 461 

kugleri on the 2nd axis, suggesting that water depth and productivity are closely related.  462 

 463 

6.2 Paleodepth and paleoenvironments 464 

 465 
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Paleodepth assessments based on P/B ratios can be seriously flawed in dysoxic and/or 466 

productive environments (e.g., Van der Zwaan et al., 1990). In dys- or anoxic 467 

environments the numbers of benthic foraminifera may be low due to oxygen stress, 468 

whereas in productive environments specific benthic taxa may be blooming.  In addition, 469 

diagenesis and dissolution will affect the more fragile species first: generally this may 470 

decrease the numbers of planktic foraminifera (e.g., Nguyen et al., 2009). In the studied 471 

sections low P/B ratios repeatedly occur at levels with high BFN. For this reason we use a 472 

combination of P/B ratios, and depth assignments of species and species groups reported in 473 

literature (Table 1), together with the results of the CA.  474 

6.2.1. Positions of the sections along a paleodepth gradient 475 

In the older part of the sections below the glauconitic marker bed, the P/B ratios fluctuate 476 

between 80 and 90% in the Elles section, around 80% but decreasing towards the marker 477 

bed in the Garn Halfaya section, and around 60% in the Sidi Nasseur section (Fig. 5). This 478 

suggests that the sections were positioned along a paleodepth gradient and the Sidi Nasseur 479 

section was the shallowest, the Elles section the deepest section, and the Garn Halfaya 480 

section was located at an intermediate depth. Although the reliability of the P/B ratios is 481 

questionable,   the depth groups (Fig. 5) are in agreement with the position of the sections 482 

along a depth gradient. The Elles section was the deepest location and the only one where 483 

bathyal species consistently occurred below the glauconitic marker bed. Comparing the 484 

Garn Halfaya and Sidi Nasseur sections, the relative abundances of outer neritic to upper-485 

bathyal (ON-UB) species are 5−10% higher in the Garn Halfaya section; and those of 486 

inner- to middle neritic (IN-MN) species are 5−10% higher in the Sidi Nasseur section. 487 

Altogether this suggests that during the P2 and P3a planktic foraminifera (Sub-)zones the 488 

Elles section was probably located on the outer shelf/shelf edge (150−250 m); the Sidi 489 

Nasseur section on the mid-shelf (middle to shallow-outer neritic; ~70−150 m), and the 490 
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Garn Halfaya section at an intermediate position.The proposed depth gradient is not in 491 

agreement with the distance-to-shore of the studied sections with respect to Kasserine 492 

Island in figure 1C. However, the exact Paleocene locations of the sections cannot be 493 

ascertained, due to uncertainties in paleogeographic reconstructions. In addition, the study 494 

area is part of the Atlasic structural domain, consisting of a mosaic of basins and highs 495 

displaced by extensive folding during the Alpine phase (e.g., Bouaziz et al., 2002; see 496 

section 2.1), and the relative locations of the sections may have shifted as a result. 497 

 498 

6.2.2. Paleodepth changes across the glauconitic marker bed 499 

The most pronounced changes in the benthic foraminiferal assemblages are observed in 500 

association with the glauconitic marker bed (Figs. 4, 5). The P/B ratios in the Elles and 501 

Garn Halfaya sections decrease across the marker bed. Bathyal (G. beccariiformis, G. 502 

globosus) and outer neritic taxa (e.g., A. abudurbensis, A. affinis, C. alleni, P. prima) 503 

decline or disappear, and the abundances of inner-and middle neritic taxa increase, 504 

suggesting that a regional shallowing affected the area.  505 

Quantifying the amount of shallowing is not straightforward, as part of the change across 506 

the glauconitic marker bed is probably related to paleoproductivity increase expressed by 507 

high abundances of buliminids and Stainforthia sp. in the Garn Halfaya and Sidi Nasseur 508 

sections (see section 6.3.2).The disappearance of bathyal taxa, and abundance increase of 509 

middle- to outer neritic taxa such as C. rigidus and C. pseudoacutus in the Elles section 510 

suggest shallowing from outer neritic – upper bathyal (150−250 m) to outer neritic depth 511 

(100−200 m). The estimated shallowing is in the order of 50 m or less, but may differ 512 

between the sections.  513 

Relative sea-level lowering around the P3a-P3b transition was earlier reported in the 514 

nearby El Kef section (Donze et al., 1982; Kouwenhoven et al., 1997; Guasti et al., 2005). 515 
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Guasti et al. (2006) also reported shallowing in the Aïn Settara and Elles sections. In the 516 

ostracode assemblages of the Sidi Nasseur section distinct faunal changes were observed 517 

around the P3a/P3b transition (Van Itterbeeck et al., 2007); however, these changes could 518 

not only be related to shallowing, because all ostracode species belong to one broad 519 

paleobathymetric range (outer shelf−upper slope). In addition to shallowing, these changes 520 

were attributed to an increase of paleoproductivity.  521 

In the top part of the Elles section, in nannofossil Subzone NTp8A increasing diversity, the 522 

demise of the inner- middle neritic depth group and the return of G. beccariiformis suggest 523 

that the initial environmental conditions of (Sub-) zones P2/P3a may eventually have 524 

returned.   525 

 526 

6.2.3 Paleoenvironmental gradient during P2 – P3a biochrons 527 

 528 

The interpretation of paleoenvironments is based on the benthic foraminiferal assemblages 529 

and the faunal indices (Figs. 4, 5), and the CA (Figs. 6, 7). The gray marls below the 530 

glauconitic marker bed of the Elles section contain diverse benthic foraminiferal 531 

assemblages characteristic of a well ventilated, open marine meso-oligotrophic setting at 532 

the shelf edge and uppermost slope. The abundance shifts in the benthic assemblage 533 

starting ~1.5 m below the glauconitic marker bed, together with increasing PFN and 534 

dominance and decreasing diversity, point to some eutrophication. This may also explain 535 

the decreasing abundance of G. beccariiformis; although some initial shallowing may have 536 

occurred as well.  537 

In the lowermost part of the Garn Halfaya section, the foraminiferal assemblages and the 538 

faunal indices indicate a similar open marine paleoenvironment on the middle- to outer 539 

shelf. In this section a gradual environmental change starts around the level where the first 540 
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glauconite bearing sediments are found (~9 m). Some eutrophication is indicated by the 541 

increasing abundances of infaunal species tolerating high food supply and low 542 

oxygenation, such as buliminids and Stainforthia sp., while at the same time taxa less 543 

tolerant to these conditions show decreasing abundances. Peaks in PFN and BFN around 9 544 

and 12 m coincide with glauconite bearing levels, and rather than with pulses of food 545 

supply might be related to concentration of foraminifera due to physical disturbance like 546 

winnowing. The lowest δ13C and δ18O values occur at these levels, and might be due to 547 

diagenetic alteration of calcite. 548 

The PFN and BFN are higher in the Sidi Nasseur section than in the other two sections and 549 

at the base of the section the abundance of B. strobila reaches 15−25%, reflecting locally 550 

increased food availability in a relatively shallow part of the basin and possibly a period of 551 

low oxygenation. The clay bed between 3 and 4 m and the channel system between 5 and 7 552 

m have no equivalents in the other sections and indicate that the Sidi Nasseur section was 553 

located at a frequently disturbed site, possibly close to a river mouth, bringing in extra 554 

supply of organic matter. Washed residues of samples collected in the channel at 7 m show 555 

grain size sorting and bias towards robust foraminifera (explaining the high occurrence of 556 

C. pseudoacutus at 7 m).  557 

Q-mode CA performed on the samples from the lower parts of the 3 sections is in 558 

agreement with differing environmental settings below the glauconitic marker bed (Fig. 7, 559 

upper panel). The paleoenvironmental gradient, where Elles is the most oligotrophic and 560 

Sidi Nasseur the most eutrophic location is associated with the depth gradient.  561 

Although Subzone P3a in the Sidi Nasseur section is thin in comparison with the other two 562 

sections, suggesting the mean sedimentation rate was lower, erosion may have been 563 

dominant in the channel system which continues up to the base of Zone P3a. Similarly, 564 
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sediments may have been removed in association with the discontinuity at the base of the 565 

glauconitic marker bed (Fig. 3; Steurbaut et al., 2000). 566 

 567 

6.3.2. Subzone P3b – changing paleoenvironments 568 

The sediments above the glauconitic marker beds are darker colored and contain more 569 

shales, indicating input of finer-grained sediments possibly associated with more organic 570 

material (e.g., Pedersen and Calvert, 1990; Mayer, 1994; Hedges and Keil, 1995; Pedersen, 571 

1995). In the Sidi Nasseur and Garn Halfaya sections, taxa indicating high input of organic 572 

carbon and/or dysoxia gradually become more abundant (B. strobila, B. midwayensis, 573 

Stainforthia sp. in the Sidi Nasseur; B. kugleri and low abundances of Stainforthia sp. in 574 

the Garn Halfaya section). High relative abundances of buliminid taxa are commonly 575 

associated with enhanced supply of organic matter and low bottom-water oxygenation; two 576 

factors difficult to disentangle (e.g., Corliss and Chen, 1988; Jorissen et al., 1995; Thomas, 577 

1998). Bulimina kugleri, heavily loading on the 2nd R-mode CA axis (Fig. 7), is reported 578 

from a wide range of paleodepths (Saint-Marc, 1992; Thomas, 2003; Alegret and Thomas, 579 

2004; included in Bulimina spp. in Stassen et al., 2009), hence its distribution might be 580 

driven by food supply. Stainforthia spp. have been described from shallow, dys- to anoxic 581 

basins (e.g., Mojtahid et al., 2009 and references therein; Leiter and Altenbach, 2010, as 582 

Fursenkoina) and as species adaptable to a wide range of rapidly changing environments 583 

(Alve, 1995; 2003: S. fusiformis. The taxonomy of Stainforthia and Fursenkoina is not 584 

fully resolved; see Gooday and Alve, 2001). The high relative abundance of Stainforthia sp 585 

in the Sidi Nasseur section point to continuing disturbance, although channels are not seen 586 

in this interval. 587 

Eutrophication in Subzone P3b predominantly affect the shallower parts of the basin, as in 588 

the Elles section buliminids are not a significant component of the assemblages. Some 589 
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effect of eutrophication, however, is reflected by the temporary increased PFN, BFN and 590 

dominance, whereas the diversity is lower in the interval above the glauconitic marker bed. 591 

Q-mode CA (Fig. 7, upper panel) shows that shortly after the deposition of the glauconitic 592 

marker bed the paleoenvironments of the Sidi Nasseur and Garn Halfaya sections start to 593 

deviate. The R-mode CA (Fig. 7A, lower panel) indicates that the axes of the CA do not 594 

capture one single paleoenvironmental parameter, but the signals of water-depth and 595 

trophic level/oxygenation are mixed to some extent, although oxygen together with water 596 

depth loads more heavily on the 1st axis.  597 

Increasing paleoproductivity after the P3a-P3b transition has been inferred in previous 598 

studies (e.g., Donze et al., 1982; Guasti et al., 2005; 2006; Van Itterbeeck et al., 2007). 599 

Intensified upwelling along the southern Tethyan margin has been mentioned as a 600 

mechanism for higher input of organic matter (Peypouquet et al., 1986; Kouwenhoven et 601 

al., 1997; Guasti et al., 2005), but our data neither confirm or contradict an upwelling 602 

scenario.   603 

Towards the top of the Sidi Nasseur section, in Subzone NTp7B the decreasing abundances 604 

of buliminids and Stainforthia sp., increasing diversity and the demise of the shallowest 605 

depth group suggest that environmental conditions initially present during Zone P2 might 606 

eventually have returned. At Garn Halfaya, however, no signs of deepening and 607 

ameliorating paleoenvironment are recorded.  608 

 609 

6.3. Correlation with the LDE in the Nile Basin (Egypt)  610 

 611 

One of the objectives of this study was to assess whether the glauconitic marker bed in the 612 

Tunisian sections might be a lateral equivalent of the Latest Danian Event beds (LDE) in 613 

the Nile Basin in Egypt, as it has long been known that both intervals occur around the 614 
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same time. From a biostratigraphic viewpoint, the glauconitic marker bed of the Tunisian 615 

sections should include the LDE of the Egyptian sections, since the condensed section that 616 

is probably associated with the glauconitic marker bed encompasses the top of Subzone 617 

P3a and most probably the base of Subzone P3b (Fig. 8; section 4.3).  618 

In both areas shaly marls are the dominant lithology (NW-Tunisia: El Haria Fm. (Burollet, 619 

1956); Egypt, Nile Basin: Dakhla Fm. (Said, 1990)), and the benthic foraminiferal faunas 620 

in the Tunisian and Egyptian sections have many species in common (Table 1).. In 621 

addition, it appears that the longer-term environmental development is similar in both 622 

areas, as both the LDE in Egypt and the glauconitic marker bed in Tunisia mark a 623 

transition towards shallower water depth and eutrophication. There are even indications in 624 

the tops of theTunisian sections, that the paleoenvironment might evolve back to 625 

conditions present before the deposition of the glauconitic marker bed; just as in Egypt 626 

some time after the LDE.  627 

However, the lithological expression and the benthic foraminiferal succession 628 

characterizing the LDE in sections in Egypt are absent in the Tunisian sections. The LDE 629 

in most Egyptian sections is expressed as two beds, of which the lower, dark colored 630 

laminated bed contains pyrite and fish remains and is devoid of in-situ benthic foraminifera 631 

(e.g., Speijer, 2003; Bornemann et al., 2009; Soliman and Obaidalla, 2010; Sprong et al., 632 

2011, 2012). The characteristics of this bed have been interpreted to be a consequence of 633 

rapid sea-level rise, causing low bottom-water ventilation. Below the LDE a dissolution 634 

level occurs where non-calcareous agglutinated benthic foraminifera constitute 20-80% of 635 

the assemblage. Above the barren level we find a peak occurrence of 40-60% Neoeponides 636 

duwi, inferred to repopulate the area (Speijer, 2003; Sprong et al., 2011, 2012). In contrast, 637 

non-calcareous agglutinated taxa are a very minor component of the Tunisian assemblages, 638 
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barren levels were not encountered and N. duwi very sporadically occurs in the Sidi 639 

Nasseur section. 640 

As may be expected after the previous lines, the δ13C and δ18O measured on Bairdia spp. 641 

in the Sidi Nasseur and Garn Halfaya sections do not record the isotopic shift associated 642 

with the LDE (Fig. 5; see also Bornemann et al., 2012. In the Garn Halfaya section the 643 

correspondence between the δ13C and δ18O curves and the coincidence of the negative 644 

shifts with glauconitic levels and elevated PFN and BFN is suspect for diagenesis. The 645 

negative shifts of the δ13C in the Sidi Nasseur section do not correspond to the glauconitic 646 

marker bed either. A 1‰ negative shift in δ18O corresponds to the top of the marker bed, 647 

but also to very enriched PFN and BFN, and does not coincide with a shift to light δ13C. 648 

Alternatively, if one of the negative δ13C shifts in the Sidi Nasseur or Garn Halfaya 649 

sections is corresponding to the LDE, the event would have no further expression in 650 

sediments or fauna in the Tunisian sections, which appears rather unlikely. 651 

The formation of glauconite is generally associated with condensed sections in an open 652 

marine shelf environment. In a sequence stratigraphic framework the formation of 653 

glauconite is often associated with sediment starvation during a transgressive systems tract 654 

(TST) and/or a maximum flooding surface (MFS; e.g., Odin and Matter, 1981; Amorosi, 655 

1995; Amorosi and Zuffa, 2011). Although this suggests that sea-level rise has at some 656 

stage occurred both in the Nile Basin and in NW-Tunisia, the sea-level curves cannot be 657 

directly correlated around the P3a/P3b transition. A period of unknown duration is 658 

represented by the glauconitic marker bed; this period includes the P3a/P3b transition and 659 

the time segment during which the LDE was deposited, but it is as yet unknown whether 660 

the LDE proper has left traces in Tunisian exposures. 661 

 662 
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 663 

7. CONCLUSIONS 664 

 665 

Benthic foraminiferal assemblages indicate that the Tunisian sections were positioned 666 

along a depth transect on the northern shelf of Kasserine Island during the Danian, with the 667 

Elles section at the deepest (150−250), and the Sidi Nasseur section at the shallowest 668 

location (50−100m). This depth transect was associated with a productivity gradient, Elles 669 

being the most oligotrophic, and Sidi Nasseur the most eutrophic location. In addition, the 670 

benthic assemblages and the sedimentology of the Sidi Nasseur section indicate a more 671 

eutrophic and less stable paleoenvironment. The P3a/P3b transition in the Tunisian 672 

sections occurs in a glauconitic marker bed that can be correlated throughout the region, 673 

and corresponds to the base of nannofossil Subzone NTp7B. All sections record long-term 674 

shallowing and increasing eutrophication across the glauconitic marker bed.  Applying the 675 

same biostratigraphic scheme for both regions, we have correlated the Tunisian sequences 676 

with Egyptian sequences recording the Latest Danian Event (LDE). In the Egyptian 677 

sections the base of Subzone NTp7B occurs in Subzone P3a, indicating a stratigraphic gap 678 

in the Tunisian sections encompassing the top of Subzone P3a and the base of Subzone 679 

P3b. In the Egyptian sequences a rapid sea-level rise at the base of Subzone P3b is 680 

associated with the LDE, and superimposed on a longer-term sea-level lowering. The 681 

Tunisian benthic faunas only record the longer-term sea-level lowering; however, the 682 

glauconitic bed likely corresponds to a longer-lasting transgressive phase including the 683 

LDE. The carbon isotope excursion (CIE) associated with the LDE in Egyptian sections is 684 

not recorded in the Tunisian sections, confirming that the LDE proper left no traces in the 685 

Tunisian sections. 686 

 687 
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APPENDIX B. δ13C and δ18O of the Garn Halfaya section. 960 

 961 

TABLE CAPTION 962 

 963 

TABLE 1 – Paleo-water depth estimates of the 48 most frequently occurring species in the 964 

foraminiferal assemblages during the Danian. Summed relative abundances of foraminifera 965 

in depth intervals in figure 4 are based on this Table. IN: inner neritic (≤50 m); MN: 966 

middle neritic (50−100 m); ON: outer neritic (100−200) m, B: bathyal (≥200 m).  Solid 967 

line: abundant, dashed line: present.   968 

 969 

FIGURE and PLATE CAPTIONS 970 

 971 

FIGURE 1 - Maps of north-central Tunisia. A: Map of Africa, with Tunisia and Egypt 972 

indicated. B: Location of the Sidi Nasseur, Garn Halfaya and Elles sections in present-day 973 

Tunisia. C: Approximate locations of the sections in a paleogeographic reconstruction of 974 

the area (modified from Bouaziz et al., 2002).  975 

 976 

FIGURE 2. Inferred global hyperthermals of the Paleocene. Figure adapted from 977 

Gradstein et al., 2004; ages of stage boundaries from Vandenberghe et al., 2012. 978 

 979 

FIGURE 3 - Litho- and biostratigraphy of the sampled sections. The glauconitic marker 980 

bed is associated with the planktic foraminiferal subzonal boundary P3a/P3b (Berggren 981 
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and Pearson, 2005) and calcareous nannofossil subzonal boundary NTp7A/NTp7B. The 982 

Garn Halfaya section is a composite; parts A and B were sampled 10 m apart.  983 

 984 

FIGURE 4 – Distribution of benthic foraminifera. Relative abundances >5% are plotted 985 

next to lithostratigraphy of the sections. 986 

 987 

FIGURE 5 – Foraminiferal indices and stable isotopes. Left panel: foraminiferal indices. 988 

The P/B ratio is calculated as 100*P/(P+B). PFN and BFN: planktic, resp. benthic 989 

foraminiferal numbers per gram of dry sediment. Diversity is expressed as Shannon index 990 

[H]. Evenness is calculated from [H] and expressed as [E]. Dominance is expressed as the 991 

relative abundance of the most frequently occurring taxon in a sample. The water depth 992 

categories are summed relative abundances of foraminifera occurring at the same water 993 

depth (see Table 1).  Right panel: δ13C and δ18O measured on the ostracode taxon Bairdia 994 

in the Sidi Nasseur and Garn Halfaya sections.   995 

 996 

FIGURE 6 – Correspondence analysis (CA). Q-mode CA was performed on each of the 997 

sections. upper panel: Sidi Nasseur, middle panel: Garn Halfaya, lower panel: Elles. 998 

 999 

FIGURE 7 - Correspondence analysis (CA). Q-mode (upper panel) and R-mode CA 1000 

(lower panel) were performed on all samples from all sections.  1001 

 1002 

FIGURE 8 – Summary of sea-level history and paleoenvironmental conditions in the 1003 

Danian sections of the Nile Basin in Egypt (upper panel) and north-central Tunisia (lower 1004 

panel). The incursion of the Neoeponides duwi assemblage is only seen in the Egyptian 1005 

sections, and is indicated in white. The glauconite-rich marker bed in the Tunisian sections 1006 
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is indicated by horizontal gray bars. The thickness diminishes with depth, from 1 m in the 1007 

Sidi Nasseur section to 20 cm in the Elles section. To the right the inferred sea-level 1008 

evolutionand inferred evolution of bottom-water paleoenvironment (oxygenation; organic 1009 

matter supply). The most stable conditions are recorded in the Elles section. For 1010 

explanation see text. 1011 

 1012 

PLATE 1 – Benthic foraminiferal marker species. Scale bar is 100 µm. GHB: Garn 1013 

Halfaya; NSC/NSF: Sidi Nasseur. 1. Gaudryina pyramidata – GHB 27.0 m; 2. 1014 

Spiroplectinella carinata – GHB 8.0 m; 3. Hansenisca girardana – NSF 11.5 m; 4. 1015 

Gavelinella beccariiformis – Elles 4.0 m; 5. Anomalinoides susanaensis – NSF 0.5 m; 6.  1016 

Siphogenerinoides elegantus – NSC 0.75 m; 7. Angulogavelinella avnimelechi – Elles 1017 

10.35 m; 8. Anomalinoides rubiginosus – GHB  8.0 m; 9. Anomalinoides affinis – spiral 1018 

view – NSF 4.6 m; 10. Cibicidoides pseudoacutus – GHB 27.0 m; 11. Bulimina strobila – 1019 

GHB -2.0 m; 12. Pulsiphonina prima – NSC 0.75 m. 1020 

 1021 

 1022 





















 

 

 
        IN MN ON B ref. 
____________________________________________________   
Alabamina midwayensis   _ _ ___ ___ _ _ 1-4 
Ammodiscus cretaceus     ___ ___  1,2 
Angulogavelinella abudurbensis   ___ ___ *) 
Angulogavelinella avnimelechi    ___ ___ 1,3,4,5  
Anomalinoides affinis     ___ ___ 1,2,4 
Anomalinoides midwayensis  ___ ___ ___  2,4 
Anomalinoides praeacutus   ___ ___ _ _ 1,2,4 
Anomalinoides rubiginosus   _ _ ___  _ _ 1,2 
Anomalinoides susanaensis   _ _ ___  _ _ 1,2,5 
Anomalinoides suzakensis     ___  ___ *)  
Bulimina kugleri    ___ ___  ___  ___ 5,6 
Bulimina midwayensis   _ _ ___ ___ _ _ 1-5 
Bulimina ovata-quadrata   _ _ ___ ___ _ _ 2,4,5 
Bulimina strobila-farafraensis  _ _ ___ ___ ___ 1,4 
Cibicidoides alleni     _ _ ___ ___ 1,5 
Cibicidoides pseudoacutus   ___ ___ _ _ 1-4 
Cibicidoides rigidus     ___ ___ _ _ 3,4 
Cibicidoides succedens    ___ ___ _ _ 1,2,4 
Coryphostoma cf. C. midwayensis   ___ ___ 1 
Dorothia sp.       ___ ___ 2  
Gaudryina pyramidata     ___ ___ 1 
Gaudryina spp.       ___ ___ 1 
Gavelinella beccariiformis     ___ 1,5,6 
Globocassidulina subglobosa    ___ ___ 1,3,4 
Gyroidinoides globosus      ___ 1 
Hansenisca girardanus   _ _ ___ ___ _ _ 1,2,4 
lenticulinids     _ _ ___ ___ _ _ 1-4 
Loxostomoides applinae   _ _ ___ ___ _ _ 1,2,4 
Marginulinopsis tuberculata   ___ ___ _ _ 1,2,5 
nodosariids      ___ ___ _ _ 1,2 
Nonionella insecta     ___   2,5 
Oridorsalis plummerae    ___ ___ _ _ 1-6 
Osangularia plummerae    _ _ ___ ___ 1-5 
Praebulimina reussi       ___ 6 
Pseudouvigerina plummerae    ___ ___ 1,2  
Pullenia spp.       ___ ___ 1 
Pulsiphonina prima      ___ ___ 3 
Quadrimorphina sp.      ___ _ _ 2 
Siphogenerinoides elegantus   ___ ___ _ _ 1,2,4 
Spiroplectinella dentata     ___ ___ 1,2 
Sporobulimina eocaena     ___ ___ 1,3,4 
Stainforthia sp.     ___ ___   1 
Stilostomella spp.      ___ ___ 1 
Tappanina selmensis     ___ ___ _ _ 2,5 
Tritaxia midwayensis     ___ ___ 1,2 
Valvalabamina depressa   _ _ ___ ___ _ _ 1-4 
Valvalabamina planulata   _ _ ___ ___ ___ 1,3,4 
____________________________________________________ 
References: 1 – Speijer and Schmitz, 1998; 2 – Schnack, 2000;  
3 − Ernst et al., 2006; 4 – Stassen et al., 2009; 5 – Saint-Marc,  
1992; 6 – Alegret and Thomas, 2004; *) J.S., unpublished data. 
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