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INTRODUCTION

The Paleocene-Eocene Thermal Maximum (PETM) repre-
sents a period of extreme global warmth (Zachos et al., 1993), asso-
ciated with a major extinction of deep-sea benthic foraminifera 
(Tjalsma and Lohmann, 1983; Thomas, 1998) and evolutionary 
rejuvenations among planktic foraminifera (Kelly et al., 1996b), 
mammals (Clyde and Gingerich, 1998), calcareous nannofossils 

(Aubry, 1998), diatoms (Oreshkina and Oberhänsli, 2003), and 
larger foraminifera (Scheibner et al., 2005). Accompanying this 
interval is a negative 2‰–3‰ carbonate isotopic excursion (CIE) 
(Kennett and Stott, 1991; Koch et al., 1995). What triggered the 
event is still under debate. The most widely accepted idea is 
that initial deep-sea warming led to the massive dissociation of 
 oceanic methane hydrates, leading to further warming (Dickens 
et al., 1995). Other theories involve an increase of volcanic emis-
sion (Eldholm and Thomas, 1993), cometary impact (Kent et al., 
2003), or intrusion of mantle-derived melts into carbon-rich sedi-
ments in the northeast Atlantic (Svensen et al., 2004).
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It is also heavily debated whether this “supergreenhouse” 
period was generally associated with increased or decreased 
 oceanic productivity. Several oceanic records and particularly the 
calcareous nannofossils suggest widespread oligotrophy (Kelly 
et al., 1996b; Bralower, 2002). In contrast, most continental-margin 
records suggest an increase in productivity (Speijer et al., 1996b, 
1997; Schmitz et al., 1997b; Crouch et al., 2001; Speijer and 
 Wagner, 2002; Gavrilov et al., 2003) and also some open-ocean 
records provide evidence for this (e.g., Thompson and Schmitz, 
1997; Bains et al., 2000; Thomas et al., 2000; Stoll and Bains, 
2003). An overall increase in oceanic productivity and burial of 
organic carbon in marine sediments would provide an important 
negative feedback mechanism (Bains et al., 2000; Dickens, 2001; 
Speijer and  Wagner, 2002). Bains et al. (2000) suggested that an 
increase in nutrient supply may have caused blooms in marine 
phytoplankton, thereby sequestering the greenhouse gas CO

2
 to the 

deep sea by ~60 k.y. of enhanced biological pumping. This bloom 
might have been a response to a combination of increased weather-
ing and runoff from the continents, oceanic fertilization from vol-
canic fallout, rising temperatures, and increasing atmospheric CO

2
 

concentrations (Bains et al., 2000, and references therein).
The southern Tethyan margin is of particular interest for 

studying lower Paleogene continental-margin records, as it pro-
vides continuously well-exposed outcrops and well-preserved 
material for micropaleontological research. For these reasons, 
the global boundary stratotype section and point (GSSP) for the 
Paleocene-Eocene boundary has recently been defi ned in Egypt 
within the Dababiya Quarry section, near Luxor in the Nile Val-
ley (Ouda and Aubry, 2003).

The PETM in Egypt has been intensively investigated mainly 
on the basis of smaller benthic foraminifera (Speijer, 1994; 
Speijer  et al., 1996a, 1996b, 1997; Youssef, 2004; Alegret et al., 
2005; Ernst et al., 2006), larger benthic foraminifera (Scheibner 
et al., 2005), planktic foraminifera (Obaidalla, 2000; Berggren 
and Ouda, 2003; Ouda et al., 2003), nannoplankton (Aubry et al., 
1996; Monechi et al., 2000, Tantawy et al., 2003; Youssef, 2004), 
ostracodes ( Speijer and Morsi, 2002; Elewa and Morsi, 2004), and 
geochemical and mineralogical parameters (Charisi and Schmitz, 
1995, 1998; Schmitz et al., 1996, 1997b; Bolle et al., 2000; Speijer 
and Wagner, 2002; Dupuis et al., 2003; Knox et al., 2003).

In this study, we evaluate planktic foraminifera assemblages, 
along a middle neritic to upper bathyal transect, from exposures 
in Egypt (Nile Valley, Eastern Desert, and Sinai) and in Jordan 
(Fig. 1). They are situated in an extensive epicontinental basin 
that covered most of Egypt, Israel, and Jordan at the end of the 
Paleocene (Speijer and Wagner, 2002), generally deepening in 
a northwest direction. The area is characterized by two major 
tectonic provinces, the stable shelf in the south (also known as 
the Nile Basin) and the unstable shelf in the north (Syrian Arc) 
(Said, 1990; Shahar, 1994; Tawarados, 2001). The localities stud-
ied in this work belong to the stable shelf (Said, 1990). Benthic 
foraminiferal data indicate that shallowest deposition occurred at 
Gebel Duwi (middle neritic, ~50–100 m) and the deepest at Wadi 
Nukhl (upper bathyal, ~500–600 m) (Speijer et al., 2000).  Gebels 

Aweina, Qreiya, Dababiya, and Qurtayssiat represent outer neritic 
localities with paleodepths between 150 and 200 m.

This transect provides a good opportunity to document the 
planktic foraminiferal developments across the PETM. Planktic 
foraminifera assemblages dominated by Acarinina characterize 
the PETM in open-marine environments worldwide. This has 
been interpreted as an indication of oceanic oligotrophy (Kelly 
et al., 1996b, 1998). However, we consider it highly unlikely that 
oligotrophic conditions of the open ocean could also prevail on 
the Tethyan margin, where, by contrast, all other proxies suggest 
an increase of nutrients and/or productivity. Therefore, we re-
evaluate previous paleoecological interpretations of this typical 
PETM planktic foraminifera assemblage.

MATERIAL AND METHODS

We collected samples at six locations. For Gebel Qreiya, 
Wadi Nukhl, and Gebel Qurtayssiat we used low-resolution 
sample  sets (~1 m). For Duwi and Aweina centimeter scale sample 
sets across the PETM were available. Samples of the Dababiya 
DBH section, a 6-m-thick section comprising the GSSP of the 
Paleocene-Eocene boundary, were kindly provided by Christian 
Dupuis (Polytechnic of Mons). In order to further enhance the 
resolution of the Dababiya DBH record, we collected additional 
samples on the occasion of the inauguration of the GSSP of the 
P-E boundary during the Climate and Biota of the Early Paleo-

  26°N

  30°N

  32°E   36°E

Cairo

Amman

Source: GEBCO.

Gebel
 Aweina

Dababiya

Gebel
 Duwi

Gebel
Qreiya

Gebel
Qurtayssiat

Egypt

Jordan

Red Sea

Mediterranean Sea

200 km0

Wadi 
Nukhl

500 m

300 m

100 m

N

Figure 1. Location map of the studied profi les (black dots). During 
the Neogene, the Jordanian localities shifted ~100 km north in re-
sponse to sinistral movements along the Dead Sea transform fault 
(DST) ( Garfunkel and Ben-Avraham, 1996). The normal dashed lines 
indicate the estimated paleobathymetry based on Speijer and Van der 
Zwaan (1994). The thick dashed line separates the stable shelf (south) 
from the unstable (north part).
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gene conference (CBEP IV) in Luxor, 2004. In the Dababiya and 
Qreiya sections, the P-E boundary is well defi ned at the basis of a 
non-calcareous clay to siltstone (Dupuis et al., 2003; Knox et al., 
2003). In the Aweina section, the P-E boundary is situated at an 
omission surface between the shaley marls of Esna unit 1 and the 
overlying more limey (“calcarenitic”) bed. Abundant bioturba-
tions extend some 7 cm down from the latter bed into the under-
lying shaley marls, indicating the absence of the lower PETM 
beds (Speijer et al., 1996a; Schmitz et al., 1997b).

All samples were processed according to standard micro-
paleontological procedures explained by Speijer et al. (1996b) 
(samples from Egypt) and by Guasti (2005) (samples from Jor-
dan). The fraction >125µm was used for all foraminiferal studies. 
We determined compositional data of the planktic foraminiferal 
assemblages, counting 200–300 specimens classifi ed at genus 
level, generally using the concepts of Berggren and Norris (1997) 
and Olsson et al. (1999). In addition, we calculated the percentage 
of planktics in the foraminiferal association (planktic/benthic, or 
P/B, ratio, expressed as 100xP/(P+B) (cf. Van der Zwaan et al., 
1990), as well as the total number of planktic foraminifera per 
gram of dry sediment (PFN) were calculated in order to identify 
taphonomic alteration of the foraminiferal assemblages.

Carbonate content and whole-rock stable isotopes (O, C) 
were measured for the Qurtayssiat section at the Free Univer-
sity of Amsterdam (see Table 1). These parameters have been 
presented for the other sections in earlier studies (Speijer et al., 
1996a; Schmitz et al., 1996; Speijer and Wagner, 2002; Dupuis 
et al., 2003).

STRATIGRAPHY

Lithostratigraphy

In the Nile Valley and Eastern Desert (Egypt) the upper 
Paleocene to lower Eocene marls and shales belong to the Esna 
Formation, which is intercalated between the limestones of 
the upper Paleocene Tarawan Formation and the lower Eocene 
 Thebes Formation (Said, 1990). In Sinai, the Tarawan Formation 
is often absent; therefore, the entire Paleocene to lower Eocene 
succession is often referred to as the Esna Formation (see details 
in Scheibner et al., 2001). Stratigraphy of the Duwi, Aweina, 
and Qreiya sections were discussed extensively by Speijer et al. 
(2000), the Dababiya section by Dupuis et al. (2003). We tenta-

tively adopt the lithostratigraphic subdivision of the lower part 
of the Esna Formation as proposed by Dupuis et al. (2003) for 
the Dababiya section and applied to the Qreiya section by Knox 
et al. (2003) (Fig. 2). This subdivision consists of Esna unit 
1, ranging from the top of the Tarawan Formation to the base 
of the PETM beds, known in the Nile Valley as the Dababiya 
Quarry Beds. Esna unit 1 consists of gray shaley marls. Esna unit 
2 comprises the Dababiya Quarry beds and the overlying gray 
shales and marly shales. In full expression, the Dababiya Quarry 
Beds are composed of a succession of fi ve different beds with 
an upward-increasing carbonate content. At the base, DQB1 is a 
dark, laminated non-calcareous clay without calcareous forami-
nifera, whereas at the top, DQB5 is a calcarenitic marl, largely 
composed of foraminifera. The middle part of the Dababiya 
Quarry beds, particularly DQB3 and the top of DQB2, is rich in 
apatite, largely in the form of coprolites and fi sh remains. The 
 Paleocene-Eocene boundary coincides with the base of the clay 
bed of DQB1 (1.56 m above the base of the DBH section) at 
Dababiya (Dupuis et al., 2003). In addition to the sharp contact 
from marl to shale, it is characterized by a pronounced shift in 
δ13C of organic carbon, thus providing an excellent tool for cor-
relation with deep-sea and terrestrial records spanning the P-E 
transition. The bio- and chemostratigraphy of these Egyptian 
localities were documented by Speijer et al. (2000) and Speijer 
and Wagner (2002). These authors pointed out that at Qreiya and 
Wadi Nukhl a dark-brown marl bed rich in total organic carbon 
(TOC), coprolites, fi sh bones and scales, and foraminifera marks 
the onset of the PETM. According to the criteria of Wignall 
(1994) this bed qualifi es as black shale and was denoted as such. 
This bed was not observed at Aweina, thus pointing to an uncon-
formity across the P-E boundary in this section.

Evaluation of results from Egypt in the context of the detailed 
Dababiya and Qreiya sequence (Dupuis et al., 2003; Knox et al., 
2003) indicates that the coprolite-rich, dark-brown marl bed 
(“black shale”) observed at Qreiya (Speijer et al., 2000; Speijer 
and Wagner 2002) corresponds to DQB3. Consequently, this bed 
does not correspond to the true onset of the PETM, as considered 
earlier, but rather to the level with minimum δ13C values and thus 
a somewhat later stage during the PETM (Dupuis et al., 2003).

In Wadi Nukhl, Qreiya, and Qurtayssiat the low-resolution 
sampling might be the main cause for not identifying all DBQ 
beds in our records (mainly DBQ1–2 are absent from our data 
set). Recent studies on Qreiya by (Knox et al., 2003; Berggren 
and Ouda 2003; Soliman 2003) and new fi eld observations indi-
cate that this is true at least for the Qreiya section.

Over a large area in Egypt, DQB5 is the most distinct bed 
within the relatively monotonous Esna succession, especially in 
weathered outcrops, because in all sections it has anomalously 
high CaCO

3
 content (50%–70%) in the lower part of the Esna 

Formation. This bed corresponds to the bed previously denoted 
as Esna unit C at Aweina (Speijer et al., 1996b) and more gen-
erally as the “calcarenitic bed” (Schmitz et al., 1997b;  Speijer 
et al., 2000) because of its enormous abundance of planktic 
forami nifera (>10,000 specimens/gram in the size fraction >125 

TABLE 1. CARBONATE CONTENT AND CARBONATE ISOTOPIC 
RECORD FROM GEBEL QURTAYSSIAT 

Profile Sample Level 
(m)

CaCO3

(%)
δ13C
(‰)

Gebel Qurtayssiat, JQ 68 64 75.17 –2.14 
92.068.842.3676
72.0–49.655.2666
29.1–10.059.1656
91.2–45.931.1646
81.0–43.655.0636
11.118.068.9526
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microns). This bed records the return to more positive δ13C 
 values (Schmitz et al., 1997b; Speijer et al., 2000; Dupuis et al., 
2003). At Aweina, this equivalent to DQB5 directly overlies 
Esna 1. Thus DQB1–4 were either not deposited or not pre-
served at Aweina, marking a signifi cant hiatus at the P-E bound-
ary (Speijer et al., 2000).

Ouda et al. (2003) provided a strongly deviating interpre-
tation of the stratigraphic sequence across the P-E boundary at 
Aweina. These authors suggested that a 1-m-thick interval below 
the calcarenitic bed records the onset of the carbon isotope 
excursion (CIE). These beds would thus correlate with the lower 
Dababiya Quarry Beds and instead the upper ones would be miss-
ing. The isotopic data consulted for this view were derived from 
the data presented by Charisi and Schmitz (1995) and Schmitz 
et al. (1996). However, these and other authors, including Ouda 
(2003), convincingly demonstrated that δ13C records based both 
on whole rock and Lenticulina spp. show virtually straight verti-

cal lines up to the unconformity, i.e., the base of the calcarenitic 
bed (Schmitz et al., 1996, 1997b; Speijer et al., 1996a, 2000; see 
also Figs. 2, 4, and 7, in Ouda, 2003). These values, ~1‰ for 
whole rock and around −1‰ for Lenticulina spp., fi t well within 
the range of pre-PETM values elsewhere in the region and are 
much higher than values (−1‰ to −2‰) for whole-rock measure-
ments found within the PETM in the region (e.g., Speijer et al., 
2000). If the view of Ouda et al. (2003) were correct, the Aweina 
record should show a negative excursion below the calcarenitic 
bed (DQB5), followed by an abrupt positive shift at the uncon-
formity. The opposite in fact is true: there is no shift below the 
unconformity and a small negative shift above it. Biostratigraphic 
data, such as the presence of Acarinina sibaiyaensis and A. afri-
cana just below the unconformity (Ouda et al., 2003), cannot be 
considered as evidence for the opposite view, because these taxa 
were originally described from the top of the Tarawan Formation 
and from Esna unit 1 (El-Naggar, 1966; Speijer et al., 2000). Thus 
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we are confi dent that the deposits immediately underlying DQB5 
at Aweina constitute the top of the Paleocene of Esna 1 unit, not 
the base of the Eocene. Consequently also the correlation of the 
P-E boundary at Aweina to other Nile Valley sections, such as 
G. Kilabiya, G. Qreiya, and Abu Ghurra (Berggren et al., 2003; 
Ouda and Berggren, 2003; Ouda et al., 2003), needs revision.

In Gebel Duwi, the lithostratigraphic equivalent to DQB3 
developed somewhat differently from Dababiya and Qreiya as a 
~20-cm-thick fi ssile pink marl, containing abundant phosphatic 
peloids and fi sh remains (Speijer et al., 2000). Underneath this 
bed, Speijer et al. (2000) observed a 1-cm-thick shale bed with-
out foraminifera, overlying a 20-cm-thick reddish interval with 
abundant calcitic pseudomorphs of dolomite rhombs and few 
foraminifera. It is not unlikely that this interval could in part cor-
respond to DQB1–2. Similar to Gebel Aweina and Wadi Nukhl, 
a calcarenitic bed, correlative with DQB5, is present in the upper 
part of the CIE. From our data it is not clear whether an equiva-
lent to DQB4 is present at Duwi or not.

In Jordan the studied interval belongs to the pale yellow, 
light-gray chalky and marly sediments, which have been named 
Muwaqqar Chalk Marl Formation (MCM) by Masri (1963). Like 
the Esna Formation in Egypt, the MCM is rich in secondary gyp-
sum veins. It is overlain by the chert-rich chalky limestones of the 
Umm Rijam Chert Limestone Formation. Within the monotonous 
marly MCM sediments, a ~1-m-thick dark-purple bed, partially 
laminated and rich in fi sh remains, is intercalated. Lithological 
and sedimentological similarities and biostratigraphic data sug-
gest that this bed correlates with DQB3.

Biostratigraphy

The studied interval belongs to planktic foraminifera Zone 
P5 (Berggren et al., 1995), defi ned as the biostratigraphic interval 
between the Last Appearance Datum (LAD) of Globanomalina 
pseudomenardii and the LAD of Morozovella velascoensis. We 
apply a subdivision (Subzones P5a–P5c) proposed by Speijer 
et al. (2000), which consists of three subzones: Subzone P5a or 
Globanomalina chapmani Interval Subzone, Subzone P5b or 
Morozovella allisonensis Total Range Subzone, and Subzone 
P5c or the Globanomalina luxorensis Interval Subzone. Subzone 
P5b was originally considered to represent the early part of the 
PETM. Morozovella allisonensis is common and well preserved 
in deposits equivalent to DQB3 at Qreiya and Gebel Duwi. We 
have also observed it in our samples from Nukhl, Dababiya, 
and Qurtayssiat, in DQB3, though it is not common. Accord-
ing to Berggren et al. (2000) and Berggren and Ouda (2003), 
the application of this scheme has been problematic, because 
M.  allisonensis occasionally occurs too sporadically. Instead, 
Berggren and Ouda (2003) favored the range of the more com-
mon A. sibaiyaensis to characterize a subzone correlative with 
the PETM. However, it has been demonstrated that the sub-
biozonation  of Zone P5 based on the occurrence of Acarinina 
sibaiyaensis leads to miscorrelations, because this taxon, together 
with A. africana, occurs well before the PETM (El-Naggar 1966; 

Speijer et al., 2000; Norris and Nunes, 2004; Guasti, 2005). This 
results mainly from taxonomic ambiguities, but these need to be 
resolved prior to introducing a formal subzonation of Zone P5. 
Hence, until these ambiguities are clarifi ed we prefer the use of Sub-
zone P5b based on the occurrence of M. allisonensis, which thus 
far has been observed exclusively within the PETM (Kelly et al., 
1996b, 1998; Speijer et al., 2000). Subzone P5b marks DQB3 
in every locality. Within the high-resolution context of Dababiya 
this subzone represents the middle part of the CIE, i.e., the level 
where δ13C values reach minimum values and start to increase 
again to a level midway the gradual return to stable values.

In Gebel Qurtayssiat, the black shale (DQB3) contains a 
calcareous nannofossil assemblage indicative of CP8b of Okada 
and Bukry (1980), based on the fi rst occurrence of Rhomboaster 
(in particular R. calcitrapa/bitrifi da, R. cuspis, and R. spineus). 
This bed immediately overlies marls corresponding to Zone CP4, 
indicating the presence of an expanded hiatus (Eliana Fornaciari, 
2004, personal commun.). The planktic foraminiferal assem-
blages, just below the PETM, record an interval of strong dis-
solution (probably in Zone P4).

RESULTS

Planktic Foraminiferal Assemblages

The planktic foraminiferal assemblages in the study area 
are composed mainly of Acarinina, Morozovella, and Subbotina, 
which together made up >80% (Fig. 3). Igorina, Parasubbotina, 
and Globanomalina are generally <5%. Chiloguembelina and 
Zeauvigerina always occur in background numbers (<1%).

Pre-PETM
In the marls below the PETM, Subbotina exhibits maxi-

mum values: 13%–27% at Duwi, ~30% at Dababiya, and up 
to ~40% at Aweina and Wadi Nukhl. A maximum of 62% is 
recorded at Qreiya. At Nukhl, Globanomalina is present in 
higher numbers (~7%) compared to the other localities. Among 
the surface dwellers, Morozovella is the most abundant genus 
and it ranges from a minimum value at Qreiya (12%), ~40% 
at Nukhl, to a maximum at Duwi (~60%). At Duwi, the abun-
dance of  Igorina is slightly higher than in the others localities 
(up to 8%).  Acarinina makes up ~27% in Duwi and Qreiya and 
~20% in Nukhl. At Aweina a maximum abundance of  Acarinina 
(~50%) occurs just underneath the unconformity at the P-E 
boundary, where Morozovella decreases to 28%. Striking is the 
common occurrence of A. sibaiyaensis and A. africana in the 
uppermost 50 cm of the Paleocene at Aweina.

P/B ratios, expressed as %P, generally fl uctuate between 
35% and 75% at Aweina and Dababiya (Fig. 4). Just underneath 
the unconformity at the P-E boundary at Aweina, a peak of 97% 
is sandwiched between two lower values (45% below and 25% 
above). The values are more constant at Nukhl (~75%) and 
Duwi (~65%). At Qreiya a minimum value (6%) is recorded at 
the base of Esna unit 1.
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Planktic foraminiferal numbers (PFN) range between 150 
and 4500 at Duwi (Fig. 4). At Aweina, Nukhl, and Dababiya 
these numbers are lower, between 20 and 300. At Qreiya the low-
est value is recorded at the base of Esna unit 1; only fi ve planktic 
specimens per gram.

Pre-PETM beds contain 40%–50% CaCO
3
 at Duwi, 

Dababiya, and Nukhl, and ~30% in Aweina. Just below the PETM, 
the values decrease to ~35% at Nukhl and 20% at Qreiya.

From these data we observe that depressed P/B ratios, 
lower PFNs, and low carbonate contents correspond with high 
numbers of Subbotina, in samples relatively rich in oxidized 
pyritic burrow fi lls.

PETM
A major change in the planktic foraminiferal assemblages 

occurs within the lower part of the PETM. In beds DQB1–2 at 
Dababiya, no planktic foraminifera are present, except for a relative 
peak of poorly preserved Acarinina (~90%) in sample DBH 2.3 
(bed DQB2), in which a multichambered variety of  Acarinina 
sibaiyaensis also is recorded. At Duwi these beds pos sibly corre-
spond to 1 cm shale and the underlying dolomitic interval (~20 cm). 
In the other localities these beds are not recorded in our sample 
sets. Instead, DQB3 and equivalent beds can be traced in all sec-
tions except Aweina and are characterized by very high numbers of 
Acarinina (~80%). In Qurtayssiat, Acarinina is slightly less abun-
dant (~60%), and Subbotina, Parasubbotina, and Globanomalina 
exhibit higher values (30%, 7%, and 6%, respectively), compared 
to the other sections. In this interval M. allisonensis and a multi-
chambered variety of Acarinina sibaiyaensis are recorded, of 
which the latter is the major component. Acarinina sibaiyaensis 
(sensu El-Naggar, 1966) and A. africana also occur, but in low 
numbers. At Dababiya in sample DBH 3.12 Acarinina decreases 
(~30%) and Parasubbotina reaches a maximum (~21%).

Maximum P/B ratios (>99%) are encountered at Wadi 
Nukhl, Duwi, and Qreiya, whereas in Gebel Qurtayssiat the P/B 
ratios decrease (~64%). In DQB2, just one sample, DBH 2.3, 
contains enough foraminifera to have a reliable P/B ratio: its P/B 
ratio is ~100%, whereas sample DBH 2.72 contains only ten 
planktic foraminifera in the whole residue.

Planktic foraminiferal numbers of the lower PETM beds vary 
between the sections, but they are generally higher than in the marls 
below. At Dababiya these values are <10 in DQB2–lower DQB3 
and they increase up to ~100 in upper DQB3. These numbers are 
up to 3700 at Duwi, ~1400 at G. Qreiya, and ~4300 at Wadi Nukhl. 
Only at Qurtayssiat the value is extremely low (~2/g).

At Dababiya, at the base of DQB1 the carbonate content 
drops to zero, increasing from the lower part of DQB2 upward. 
From sample DBH 2.5 onward the values increase again to 30%. 
In DQB3 and equivalents at Dababiya, Duwi, and Qurtayssiat, 
the carbonate content is generally ~40%, and ~50% at Qreiya 
and Wadi Nukhl.

In DQB4–5, above the interval of Acarinina dominance, the 
planktic foraminiferal assemblages become more diversifi ed, as 
indicated by the gradual decrease of Acarinina, and the increase 

of the other genera. Specimens of A. sibaiyaensis and A. africana 
are rarely found in DQB4–5 at Dababiya and Aweina, and nei-
ther M. allisonensis nor a multichambered variety of Acarinina 
 sibaiyaensis occur anymore. Overall, Morozovella ranges from 
36% to 46% and Subbotina increases, but the values remain 
lower than in Subzone P5a (6%–17% at Duwi and Aweina). In 
Aweina and Duwi, Globanomalina is more common (<4% and 
<6%, respectively) than in Subzone P5a.

The P/B ratios in DQB4–5 increase up to 80%–95% and 
the values are fairly constant in each locality. Similarly, the 
PFNs abruptly increase, between 10,000 (at Aweina) and 
15,000 (at Dababiya and Duwi). At Qreiya the numbers are 
lower, ~1200 (DQB4). Also the carbonate contents increase in 
DQB4–5, ranging from 50% at Aweina, to >60% at Dababiya 
and >80% at Nukhl.

Post-PETM
Above DQB5, in the post-PETM phase, planktic forami-

niferal assemblages continue to diversify in all localities. 
At Dababiya and Nukhl, Morozovella decreases toward the 
uppermost part with minimum values on top (21% and 12%, 
respectively), whereas Subbotina increases (up to 42% in both 
localities).

An opposite trend is observed in Qreiya, where Subbotina 
decreases and Morozovella increases upward. Numbers of 
 Acarinina are ~30% in Nukhl and Dababiya, higher in Qreiya 
and Duwi (~40%), and 40% or more in Gebel Qurtayssiat.

Generally the P/B ratios are quite stable between 85% and 
90%, slightly higher in Nukhl (>90%). The numbers of forami-
nifera are generally quite stable ~1000/g, with a maximum peak 
in Duwi (~18,000/g) and a minimum in Nukhl (~90/g). Gener-
ally, the carbonate content values are quite stable around 30%, 
but in Nukhl they are higher (~50%). At Duwi, on the other hand, 
from sample 1033 onward, an interval with lower carbonate con-
tent (~20%) is recorded, interrupted by a ~1.5-m-thick interval 
with no carbonate between samples 1040 and 1042.

DISCUSSION

Avoiding Taphonomic Pitfalls

The paleoecological signifi cance of foraminiferal assem-
blages is based on the assumption that the fossil assemblage 
is a good refl ection of the original live assemblage. However, 
the original ecological assemblage is transformed by a number 
of processes, of which differential test production (population 
dynamics) and preservation (taphonomy) are the most impor-
tant ones (Martin, 1993). Processes of population dynamics are 
diffi cult to reconstruct in past environments and especially for 
extinct taxa. Taphonomic distortion of the assemblages is more 
easily identifi ed (see below) and often is linked to the deposi-
tional environment (Loubere and Gary, 1990; Martin, 1993). 
Despite the transformation from the live assemblage to the 
dead assemblage, the fossil foraminiferal assemblage still con-
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tains important and detailed information of the (time-averaged) 
environmental conditions during deposition (e.g., Jorissen and 
 Wittling, 1999; Murray and Alve, 1999).

Dissolution of calcareous tests below the lysocline is a well-
documented and understood phenomenon in deep-sea oceanog-
raphy and paleoceanography (e.g., Berger, 1970). Dissolution, 
however, is not exclusively restricted to the deep-sea. Partial or 
complete carbonate dissolution is also sometimes encountered 
in shallow marine deposits exposed on land. This process may 
occur during deposition in undersaturated (e.g., brackish) waters, 
during diagenetic alteration (e.g., with the formation of car bonate 
concretions), and under the infl uence of weathering (El Kammar 
and El Kammar, 1996). In addition, the metabolic consump-
tion of organic carbon from benthic organisms within sediments 
may contribute to dissolution of calcite even above the lysocline 
(Freiwald, 1995; Dittert et al., 1999). Dissolution may also occur 
during sample processing in the laboratory, for instance if sedi-
ment containing pyrite-fi lled tests is disintegrated with the aid of 
an H

2
O

2
 solution. Besides the potentially mechanically destruc-

tive bubbling from an H
2
O

2
 inside foraminifera tests (e.g., Hodg-

kinson, 1991), dissolution can be a serious problem: the rapid 
oxidation of pyrite leads to the formation of sulfuric acid, lower-
ing the pH of the solution within the tests. In this way, pyrite-
fi lled tests will partially or fully dissolve. The effect is similar to 
long-term weathering of pyrite-fi lled tests in outcrops. In stud-
ies on microfossil assemblages from continental-margin depos-
its, partial dissolution is an often ignored problem. The problem 
becomes apparent when, for instance, the P/B ratio is used as an 
indication for paleodepth and sea-level change. It is well known 
that tests of planktic foraminifera are generally more susceptible 
to dissolution than those of hyaline benthic foraminifera (Douglas 
and Woodruff, 1981). Moreover, in the modern ocean the more 
solution-susceptible planktic foraminifera species are relatively 
small in size and have large pores and thin walls, whereas the less 
solution-susceptible species have large tests with small pores and 
thick walls, and, in general, spinose species are less resistant than 
the non-spinose ones (Bé, 1977).

Moreover, Paleocene planktic foraminifera appear to have 
dissolved differentially, as pointed out by Boersma and Premoli 
Silva (1983). These authors constructed a solution-susceptibility  
ranking for planktic genera, in environments presumably below 
the foraminiferal lysocline. In order of decreasing suscepti-
bility: the juveniles of most groups, the large morozovellids, 
acarininids, small morozovellids, smooth-walled genera, Para-
subbotina and Subbotina (spinose taxa). Dissolution during 
diagenesis is probably controlled more by wall thickness and it 
acts fi rst on smaller and thinner forms than on more robust taxa, 
and thus morozovellids are the most resistant ones (Boersma 
and Premoli Silva, 1983).

There are further ways to assess the amount of dissolution in 
foraminiferal assemblages. For instance, planktic/benthic ratios 
can be evaluated against the total number of foraminifera per 
gram of sediment (PFN). The amount of CaCO

3
 in the sediment 

provides additional information. Where fl uctuations between 

these records coincide, e.g., a drop in P/B ratio together with a 
drop in PFN and CaCO

3
, it is likely that carbonate dissolution has 

occurred at some step during the generation of the fossil assem-
blage (e.g., Speijer and Schmitz, 1998). In exceptional situations 
this association of changes may indicate a real paleoenvironmen-
tal change. If so, in shelf settings this should be readily discern-
able from the composition of a well-preserved planktic and/or 
benthic foraminiferal assemblage.

Moreover, weathering in arid regions deeply affects the com-
position of the sediments. El Kammar and El Kammar (1996), in 
their study on the shales and marls of the Campanian to Paleo-
cene Duwi and Dakhla Formations in Egypt, established that the 
total organic carbon (TOC) of these units diminishes dramati-
cally upon weathering (from an average 7.05% to 0.04%). At the 
same time, the content of calcite is also drastically reduced by 
~60%, owing to the carbonic acid produced as organic matter 
decays during weathering. Therefore, the increase of clay content 
is only apparent, deriving probably from a depletion of carbonate 
and organic matter contents. El Kammar and El Kammar (1996) 
also showed that fresh TOC-rich samples of the Dakhla Forma-
tion in the Eastern Desert could only be obtained from caves, not 
from normal exposures prone to weathering. Speijer and Wagner 
(2002) and Speijer (2003) measured TOC contents in the Esna 
and Dakhla Formations, respectively. Beyond the PETM, the 
TOC content of the Esna Formation is invariably low (0%–0.2%), 
whereas the black shales of the PETM record a peak of TOC 
(1.5%–2.7%). Also the TOC content in the Dakhla Formation 
ranges between 0.1% and 0.3%, and is similar to the outcrop val-
ues of El  Kammar  and El Kammar (1996), whereas the Danian/
Selandian black shale bed yields between 0.75% and 2.0% 
TOC. Considering that there is almost a complete loss of TOC 
due to weathering in Eastern Desert outcrops (El Kammar and 
El  Kammar , 1996), we argue that the TOC contents  measured by 
Speijer and Wagner (2002) and Speijer (2003) in outcrop samples 
are probably grossly underestimated. Speijer and  Wagner (2002) 
could not exclude weathering as a cause of the low TOC values 
and the absence of organic dinofl agellate cysts, but they instead 
favored burial effects. The data of El Kammar and El Kammar 
(1996) demonstrate that weathering is more likely after all. Con-
sidering the amount of combusted organic carbon in the studied 
sediments and the conversion of all pyrite into iron-oxides, it is 
likely that this had an infl uence on the amount of carbonate and 
thus on the foraminiferal composition. The amount of gypsum 
veins in the studied marls provides another indication of the 
intensity of weathering as the gypsum is the byproduct of pyrite 
weathering and dissolution of CaCO

3
.

Indeed, the faunal composition also is indicative of different 
levels of dissolution. In the marls below the PETM of most of the 
studied sections (Dababiya, Aweina, Qreiya, and Nukhl), high 
numbers of Subbotina are often associated with large numbers 
of oxidized pyritic burrows and concretions. In addition, the P/B 
ratio, PFNs, and the carbonate content are generally lower than 
in the marls above the PETM. For instance, it is striking that the 
highest number of Subbotina is recorded at Qreiya, associated 
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with the extreme low PFN and P/B ratio. We suggest that all these 
features together are an index of dissolution, which in general 
seems to have been more severe before the PETM than after.

Therefore, deep weathering might be the principal fac-
tor responsible for dissolution in the marls below the PETM. 
However, we do not rule out that metabolic consumption of 
the organic carbon from benthic organisms also contributed to 
this pattern. Conversely, we could also conclude that originally 
there may have been less organic carbon in P5c sediments. 
However, not all localities seem to be affected by this phe-
nomenon. For instance, at Duwi the percentage of Subbotina 
is generally lower than at the other localities and the carbonate 
content higher. Although these differences may primarily relate 
to the shallower setting, it could also be argued that the deposits 
at Duwi were less prone to weathering than in the Nile Valley. 
At Qurtayssiat, weathering also seems to have strongly affected 
the samples of Subzone P5b, as indicated by lower numbers 
of Acarinina, increased numbers of Subbotina, and altogether 
extremely low numbers of planktic foraminifera.

In the uppermost Subzone P5c, Subbotina increases again 
and Morozovella decreases. Because P/B ratios, PFNs, and car-
bonate content are generally high, we assume that, in this case, 
the increased numbers of Subbotina represent a primary signal. 
This change in the planktic assemblage coincides with the ter-
mination of the PETM, so it may point to a termination of the 
extreme warming phase (Berggren and Ouda, 2003). However, 
superimposed on this general trend, high numbers of Subbotina 
are still related to lower P/B and PFN at certain levels, suggesting 
that probably dissolution occurred.

In view of these considerations, we stress that assessments 
of foraminiferal assemblages must take into account that high 
numbers of Subbotina might be an artifact from differential dis-
solution, and are not necessarily related to ecological factors such 
as cooling. A combination of P/B ratios, PFNs, and carbonate 
content represents a good tool to discern whether increased Sub-
botina refl ects a primary signal or not.

Response of Planktic Foraminiferal Assemblages 
to the PETM

In Zone P5, at each locality, Subbotina, Acarinina, and 
Morozovella are the major components of the planktic assem-
blages, whereas Igorina, Parasubbotina, and Globanomalina 
constitute just minor parts. The depth gradient ranging from 
middle neritic to upper bathyal deposits is not clearly expressed 
in a corresponding increase in P/B ratios from shallow to deep as 
could be anticipated from the basis of the relationship between 
modern P/B ratios and water depth (Van der Zwaan et al., 1990). 
One reason for this may be the confi guration of relatively broad 
Paleogene shelves compared to those of today; another is that 
partial dissolution strongly overprints the P/B ratios. Despite 
this dissolution, it is possible to reconstruct general patterns of 
water-column conditions. Before the PETM, well-diversifi ed 
planktic assemblages dominated by Subbotina, Acarinina, and 

Morozovella are indicative of a stratifi ed and well-oxygenated 
water column. The scarcity of Chiloguembelina, considered 
to be a low-oxygen thermocline dweller (Premoli Silva and 
Boersma, 1988; Boersma and Premoli Silva, 1989), supports 
this view. At Nukhl, higher numbers of Globanomalina are in 
agreement with the deeper setting of this locality and with colder 
water compared to the shallower localities. In contrast, at the 
shallowest Duwi site, the higher abundance of surface dwellers 
indicates a preference of these taxa for shallower and warmer 
conditions. In particular, increased numbers of  Morozovella in 
the uppermost Subzone P5a are indicative of higher sea-surface 
temperatures (i.e., Norris, 1996; Berggren and Norris, 1997; 
Quillévéré and Norris, 2003).

A major change in the assemblages occurs in the early to middle 
PETM. The DQB2–3 beds and their equivalents contain oligotaxic 
assemblages, dominated by generally poorly preserved  Acarinina, 
suggesting high levels of environmental stress in the water column. 
In particular, the multichambered variety of Acarinina  sibaiyaensis 
is the most common species. A. sibaiyaensis  and A. africana are 
also present, but very rare. Morozovella is almost completely 
absent during this interval, except for M. allisonensis, which, like 
A. multicamerata, seemed to have evolved suddenly. In addition, 
the impoverishment of the thermocline dwellers (Subbotina and 
Parasubbotina) and the oligotaxic calcareous benthic forami-
nifera assemblages (Speijer et al., 1996b; Speijer and  Wagner, 
2002) suggest intensifi cation and vertical expansion of the 
regional Oxygen Minimum Zone (OMZ).

Above DQB3 and correlative beds (Subzone P5c) the 
number of Acarinina gradually decreases and the population 
becomes more diversifi ed. In particular, various Acarinina spe-
cies are present (i.e., A. sibaiyaensis, A. africana, A. coalingensis, 
A. soldadoensis ). All other genera slowly increase again; in par-
ticular, Morozovella completely recovers in numbers and in spe-
cies diversity. Whereas M. allisonensis disappears, the M. velas-
coensis and M. subbotinae groups return to become the most 
dominant taxa. Such diversifi ed assemblages combined with an 
increased number of planktic foraminifera indicate recovery of 
water-column conditions after the PETM perturbation.

Eutrophy versus oligotrophy during the PETM is still an 
open debate. It seems that oligotrophy characterized large parts 
of the deep ocean (Kelly et al., 1996b; Bralower, 2002), whereas 
along continental margins high-nutrient environments developed 
(Speijer et al., 1996b, 1997; Schmitz et al., 1997b; Crouch et al., 
2001; Speijer and Wagner, 2002; Gavrilov et al., 2003). Surpris-
ingly though, the response of planktic foraminiferal assemblages 
to the climatic perturbation is similar in both settings. Acarinina 
dominates the planktic assemblages in the open ocean (Kelly 
et al., 1996b, 1998; Kelly, 2002) and in deep and shallow  Tethyan 
basins (Arenillas and Molina, 1997; Schmitz et al., 1997a; Lu 
et al., 1998; Arenillas et al., 1999; Molina et al., 1999; Pardo 
et al., 1999; Obaidalla, 2000; Berggren and Ouda, 2003; Ouda, 
2003). Various authors (Kelly et al., 1996b, 1998; Arenillas and 
Molina, 1997; Kelly, 2002) explain this increase as a response to 
oligotrophic conditions during the PETM, where photosymbiosis 
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may facilitate Acarinina to thrive in low-nutrient waters. How-
ever, other proxies, such as benthic foraminifera (Speijer et al., 
1996b; Speijer and Schmitz, 1998; Thomas et al., 2000), calcare-
ous nannofossils (Monechi et al., 2000), siliceous plankton and 
organic dinocysts (Benjamini and Sheva, 1992; Crouch et al., 
2001; Egger et al., 2003), barium, phosphate, clay minerals, and 
TOC records (Schmitz et al., 1997b; Bains et al., 2000; Bolle 
et al., 2000; Schmitz, 2000; Speijer and Wagner, 2002), rather 
indicate eutrophic conditions, related to increased upwelling 
and/or weathering and runoff, particularly in the Tethyan area. 
For instance, Bolle et al. (2000) suggested that in the southern 
Tethys, humid and warm conditions in the hinterland enhanced 
runoff, supplying plenty of nutrients to the water column, to pre-
vent extreme oligotrophy in the basin. In addition, Speijer and 
Wagner (2002) proposed a paleoceanographic model for this 
area, suggesting that an infl ow of less-oxygenated intermediate 
water into the epicontinental circulation, combined with inten-
sifi ed upwelling, resulted in severe anoxia on the seafl oor. This 
process resulted in an expanded OMZ and led to the suppression 
of the thermocline dwellers, such as subbotinids.

Although low productivity on the southern Tethyan margin is 
an unrealistic scenario, we believe that oligotrophy alone cannot be 
the primary factor controlling the dominance of  Acarinina. Clearly, 
the trophic strategy or strategies of this group need to be investi-
gated more closely. As pointed out by Houston and Huber (1998), 
the role of photosymbionts in modifying stable isotopic values is 
not fully understood in living planktic forami nifera; therefore, the 
application of stable isotopes to discriminate symbiotic and asym-
biotic taxa in the fossil records is full of uncertainties and sup-
positions. Additionally, we believe that the relation ship between 
planktic foraminifera and their symbionts during the Paleocene is 
more intricate than generally asserted; however, it probably rep-
resents the key to demystifying the success of Acarinina and the 
suppression of Morozovella at the PETM. It is well accepted that 
Morozovella and Acarinina share similar ecological preferences: 
they supposedly inhabited the mixed layer and carried algal sym-
bionts (Pearson et al., 1993; D’Hondt et al., 1994; Kelly et al., 
1996a; Norris, 1996). However, among Acarinina different species 
preferred different habitats within the mixed layer. For instance, 
the low-trochospiral early species of Acarinina (prior to 57.0 Ma) 
probably lived in the deeper, cooler, and more mesotrophic part of 
the mixed layer (Quillévéré and Norris, 2003). Additionally, Cor-
fi eld and Norris (1998) suggested that signifi cant carbon isotope 
differences may exist between different clades of Morozovella; 
for instance M. subbotinae occupied a slightly deeper, cooler, and 
more mesotrophic habitat than M. velascoensis (Quillévéré and 
Norris, 2003). Therefore, the M. subbotinae lineage and early spe-
cies of Acarinina seem to have shared a similar habitat (Olsson 
et al., 1999; Quillévéré and Norris, 2003). Moreover, oxygen iso-
topic values indicate that M. allisonensis and a multichambered 
variety of A. sibaiyaensis  encroached into deeper water during 
the PETM Kelly et al. (1996b, 1998). We consider it highly rel-
evant that during the PETM, the population of Acarinina is com-
posed mainly of low-trochospiral specimens (e.g., A. multicam-

erata) with higher oxygen isotopic values, more similar to early 
 Acarinina species. Similarly, at the Danian-Selandian transition in 
the same area, we observe a bloom of low-trochospiral Acarinina 
during the “Neo-duwi event” (Guasti, 2005, Chap. 4), in relation 
to increased runoff. Also in the Ypresian of the northern Tethyan 
margin, a peak of Acarinina is associated with sapropelic depos-
its and related to increased productivity (Oberhänsli and Benia-
movskii, 2000). From these examples, we conclude that recorded 
peaks of Acarinina are particularly connected to increased pri-
mary productivity in the Tethyan area during the lower Paleogene. 
Also, Kelly et al. (2005) described a peak of A. subsphaerica at 
Site 690 (Weddell Sea, near Antarctica) in connection to increased 
continental weathering/runoff, a relationship that disagrees with 
the supposed affi nity of this taxon for oligotrophy.

The importance of the partnership between planktic forami-
nifera and photosymbionts is amply documented for extant (i.e., 
Hemleben et al., 1989) and fossil taxa. An impairment of this 
relationship has been suggested as a cause for the extinction of 
certain taxa. For instance, Kelly et al. (2001) suggested that a pro-
gressive deterioration of symbiosis led to the gradual extinction 
of  Morozovella velascoensis. Additionally, during the late middle 
Eocene, the extinction of the whole Morozovella lineage seems to 
be related to increased surface-water productivity and the deteriora-
tion of photosymbiotic partnership with algae (Wade, 2004).

In the modern ocean, several species of planktic forami-
nifera are characterized by symbiotic associations. For instance, 
the endosymbiont of Orbulina universa, Globigerinoides ruber, 
and G. sacculifer is the dinofl agellate Gymnodinium béii (Gast 
and Caron, 1996; Rink et al., 1998; Wolf-Gladrow et al., 1999), 
whereas Globigerinella aequilateralis, Globigerina cristata, and 
G. falconensis host symbiotic chrysophycophytes (Rink et al., 
1998). The amount of light availability plays an important role 
in the abundance and distribution of symbiont-bearing planktic 
foraminifera. In the northern California Current, for instance, 
symbiotic species are more abundant in less turbid (and nutrient-
poor) offshore waters, whereas asymbiotic species dominate in 
high-turbidity (and nutrient-rich) waters close to the coast (Ortiz 
et al., 1995). However, symbiotic taxa can also reach high abun-
dance in nutrient-rich waters where turbidity is low and avail-
ability of light is high (Ortiz et al., 1995). Furthermore, in the 
Caribbean Basin increased abundance of Globigerinoides ruber 
is associated with enhanced primary productivity (Schmuker 
and Schiebel, 2002). Hence, high numbers of symbiotic planktic 
foraminifera do not point exclusively to oligotrophic conditions; 
instead light availability is often the determining factor.

We are aware that it is arduous to demonstrate analogies of 
host-symbiont relationships between extant and Paleocene planktic 
foraminifera. However, we aim to point out here that oversimpli-
fi ed concepts of trophic strategies of Paleocene taxa are currently 
inadequate to explain the distributional patterns associated with the 
PETM and other transient events. We assume that trophic strate-
gies and relationships with symbionts were also complex among 
Paleocene planktic foraminifera. This is diffi cult to investigate but 
should not be excluded a priori. We could speculate, for example, 
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that Morozovella and Acarinina might have hosted different sym-
bionts. As with bleaching in marine environments, we speculate 
that the relationship between Morozovella and its symbionts may 
have been suppressed at low-middle latitudes during the PETM, in 
response to environmental stress conditions, including high sea-
surface temperature. By hosting different symbionts (or having 
the capability of changing symbionts), low-trochospiral Acarinina 
may have been better adapted to these conditions. Hence, a mecha-
nism for preferentially eliminating symbionts might have been the 
major factor controlling the suppression of Morozovella during 
the PETM. As a consequence, Acarinina could also successfully 
dominate the oligotrophic open ocean.

We cannot exclude a change in the structure of water masses 
from having played a role in this faunal change; however, such a 
scenario on a global scale seems unrealistic to us.

Clearly, our ecological inferences are speculative and 
need further evaluation, but they underscore that the ecology 
of Paleocene planktic foraminifera is still poorly understood 
and that the relationships between foraminiferal distributions 
and biotic and physicochemical parameters, and between the 
surface dwellers with their symbionts, are probably much more 
complex than currently envisaged.

CONCLUSIONS

Irrespective of their paleobathymetric positions, the studied 
sections in the Middle East are characterized by similar plank-
tic foraminiferal assemblages in planktic foraminifera Zone P5. 
Within this zone, changes in the assemblages recorded paleocli-
matic and paleoceanographic variations, in particular connected 
to the hyperthermal event at the Paleocene-Eocene boundary:

• In the marls below the PETM (Subzone P5a), the plank-
tic foraminiferal assemblages are affected by dissolution, 
indicated by high numbers of Subbotina, fl uctuating P/B 
ratios, and lower numbers of planktic foraminifera per gram 
of sediment. We stress that assessments of foraminiferal 
assemblages must take into account that high numbers of 
Subbotina may be an artifact from differential dissolution, 
and are not necessarily related to ecological factors such as 
cooling. A combination of P/B ratios, PFNs, and car bonate 
content represents a good tool to discern whether an increase 
of Subbotina refl ects a primary signal or not.

• The relatively well-diversifi ed planktic assemblages in 
Subzone P5a are replaced by an oligotaxic Acarinina-
dominated assemblage in response to environmental 
stress during the PETM. Because biotic and geochemi-
cal proxies indicate increased nutrient supply into the 
basin, due to upwelling and/or enhanced runoff, we 
argue that the  Acarinina peak is not indicative of oligo-
trophic conditions. Instead, we postulate that (mainly 
low-trochospiral )  Acarinina could have been better 
adapted to thrive in stressful surface water conditions 
than Morozovella, because it may have hosted different 
symbionts.
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