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Abstract: The benthic foraminiferal record from the Cretaceous/Palaeogene boundary 
stratotype of E1 Kef, Tunisia, shows a succession of three distinct assemblages. The late 
Maastrichtian upper bathyal assemblage is highly diversified and shows no prominent signs 
of gradual change towards the boundary. The earliest Palaeocene is marked by the 
disappearance of more than 50% of the taxa, resulting in a strongly impoverished fauna, 
tolerant to low oxygen conditions and with a shallower water affinity. Sequential (re-) 
appearance of many taxa in the early Palaeocene signifies the restoration towards normal 
Palaeocene upper bathyal faunas. The faunal changes reflect major perturbations in redox 
and trophic conditions at the sea-floor. 

At least locally, and perhaps even on a regional Tethyan scale, the extinctions can be 
related to a sharp decrease in oxygen supply, in combination with strongly reduced nutrient 
resources. It is suggested that a prolonged reduction in surface fertility and food flux to the 
sea-floor invoked worldwide (but diachronous) benthic extinctions. In particular endo- 
benthic deposit feeders and other taxa adapted to high and perhaps heterogeneous nutrient 
resources suffered extinction. 

Since the asteroid impact hypothesis was pro- 
posed to explain the mass-extinction at the end 
of the Cretaceous (Alvarez et al. 1980), the 
Cretaceous/Palaeogene (K/Pg) boundary has 
become one of the most controversial themes 
in Earth Sciences. Huge amounts of data 
support this extra-terrestrial event, a more 
(gradual) earthly cause, or a combination of 
both (see e.g. overviews in Sharpton & Ward 
1990; Sutherland 1994). In recent years, the 
focus has shifted somewhat in the direction of 
gaining a better understanding of extinction 
selectivity and of ecosystem recovery in the 
aftermath of the event (e.g. Gerstel et al. 1987; 
Archibald & Bryant 1990; Gallagher 1991; 
Rhodes & Thayer 1991; Sheehan & Fastovsky 
1992; J/iger 1993; Hansen et al. 1993; Raup & 
Jablonski 1993). 

In particular the well-documented planktonic 
foraminiferal extinction at the K/Pg boundary 
has been the subject of intensive research (e.g. 
Luterbacher & Premoli-Silva 1964; Smit 1982; 
Brinkhuis & Zachariasse 1988; Keller 1988a, 
1989a, b, 1993; D'Hondt & Keller 1991; Huber 
I991). In combination with a major turnover in 
calcareous nannofossils (e.g. Bramlette & Mar- 
tini 1964; Romein 1979b; Perch-Nielsen 1981; 
Alcala-Herrera et al. 1992; Pospichal 1994), a 

negative excursion in the 613C record (e.g. Stott 
& Kennett 1989; Zachos et al. 1989; Magaritz et 
al. 1992; Keller et al. 1993), and a drop in 
CaCO3 accumulation (e.g. Arthur et al. 1987; 
Keller & Lindinger 1989), the extinction has 
been related to a major productivity crisis of the 
pelagic ecosystem (Perch-Nielsen et al. 1982; 
Hs~i & McKenzie 1985; Arthur et al. 1987; 
Meyers & Simoneit 1989; Zachos et al. 1989). 
The productivity crisis appears to have been 
most profound at middle and low latitudes, but 
less dramatic at some high latitude sites (Hollis 
1993; Keller 1993; Barrera & Keller 1994). Since 
benthic foraminiferal communities largely de- 
pend on the vertical food supply from the 
overlying surface waters (see e.g. Van der Zwaan 
et al. 1992 and references therein) it seems 
plausible to expect that, in particular in tropical 
and subtropical regions, a drop in primary 
production had a profound effect on benthic 
communities. 

Several studies discussed benthic foraminiferal 
changes across the K/Pg boundary (Dailey 1983; 
Keller 1988b, 1992; Thomas 1990b; Nomura 
1991; Kaiho 1992; Schmitz et al. 1992; Widmark 
& Malmgren 1992a; Kuhnt & Kaminski 1993; 
Coccioni & Galeotti 1994). There is a threefold 
general outcome of these studies: the first is that 
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Fig. 1. Location map of the El Kef section (from Brinkhuis & Zachariasse 1988). 

in particular biserial and triserial species became 
extinct in the earliest Palaeocene (e.g. species of 
Praebulimina, Sitella, Eouvigerina, Orthokars- 
tenia and Bolivinoides), next to some trochospir- 
al species (e.g. species of Gavelinella and 
Stensioeina) (cf. Loeblich & Tappan 1988), 
suggesting ecological selectivity. The second 
outcome is that the extinctions appear to have 
occurred over a prolonged time-span (Dailey 
1983; Keller 1988b, 1992; Thomas 1990b; 
Nomura 1991; Schmitz et al. 1992; Widmark & 
Malmgren 1992a). However, in some cases 
reworking of Cretaceous material into the 
Palaeocene may have contributed to this gradual 
pattern (Dailey 1983; Keller 1992). The third 
general result of previous studies is that deep-sea 
assemblages were less severely affected than 
continental  margin assemblages (Thomas 

1990b; Kaiho 1992). Although some of the 
species previously mentioned are restricted to 
neritic deposits many others are only much less 
common in deep-sea deposits. These lower 
frequencies contribute to a less conspicuous 
turnover in quanti tat ive studies. Thomas 
(1990a) suggested that the differential effects on 
the deep and shallower benthic communities 
might be related to the pelagic productivity 
breakdown, arguing that relatively oligotrophic 
deep-sea ecosystems would hardly be affected by 
a decrease in food supply, in contrast to 
shallower more eutrophic ecosystems. We dis- 
cuss this hypothesis on the basis of a quantita- 
tive benthic foraminiferal analysis of the E1 Kef 
section (Tunisia) and semi-quantitative data 
from four K/Pg boundary profiles in the Middle 
East. 
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The E1 Kef section provides an expanded and 
probably continuous record across the K/Pg 

G) 
boundary (Perch-Nielsen 1981; Romein & Smit c 

o 

1981; MacLeod & Keller 1991a, b; Olsson & Liu N 
1993), enabling a detailed faunal analysis. A ~, 
similar study on this section has been performed 
earlier by Keller (1988b). In that paper a major =o "~ 
fall in sea-level and oxygen content was postu- o° "~ 
lated to explain the benthic foraminiferal se- o 
quence across the K/Pg boundary. Apart from ~- 
using rather different taxonomic concepts, our 
interpretation of the data is substantially differ- o 

ent. We also expanded the research further down ~ r; 
into the Maastrichtian sequence to discern pre- ~ ¢' 
boundary background variation and possible ~ 
long-term trends (e.g. sea-level change). In order g "* 

~ t,. i 

to improve our understanding of the faunal o:~ 
sequence of El Kef we studied a variety of dif- ~z 
ferent upper Maastrichtian and lower Palaeo- 
cene assemblages from Egypt and Israel. At the 
same time, these enable us to evaluate overall 
changes in southern Tethyan palaeocommunities 
in a broader context. (A list of species discussed 
can be found in Appendix 1.) 

M a t e r i a l  a n d  m e t h o d s  

El Ke f  profile 

Samples were obtained from the Maastrichtian- 
Palaeocene E1 Haria Formation (Salaj 1980), 
exposed in a section near the town of E1 Kef, 
Tunisia (Fig. 1). This paper focuses on the 
uppermost 30 m of the Maastrichtian marls and 
the lowermost 10 m of the Palaeocene shales and 
marls (Fig. 2). Basically, the widely distributed 
and studied AFN-coded samples were used. 
These samples were collected in 1982 by Drs 
A. J. T. Romein and J. Smit as representatives of 
the Cretaceous/Palaeocene Working Group of 
the International Committee on Stratigraphy. 
Drs A. J. Nederbragt and J. Smit kindly 
provided additional SN-coded samples, col- 
lected in 1992. 

Apart from a 3 m thick basal Palaeocene unit, 
the sequence mainly consists of homogeneous 
grey to greenish-brown marls, without distinct 
sedimentological features. The K/Pg boundary is 
marked by a thin (2ram) reddish ferruginous 
layer at the base of a 50 cm thick black shale bed 
(boundary clay). The boundary clay and the 
overlying 2.5m dark grey to grey shales show 
preservation of sedimentary lamination and few 
pyritized and hematitic burrow molds. Abun- 
dant pyritized Chondrites-type burrow molds 
(diameter up to 1 ram) are present in the 
overlying 6 m of marls, whereas these are absent 
in the upper metre of the profile studied. 
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Fig. 2. Lithology and biostratigraphy of the E1 Kef 
section (modified from Brinkhuis & Zachariasse 1988). 
Note the change in scale in the lower part of the 
section; figures on the left side of the column indicate 
distance (cm) relative to the K/Pg boundary. 

The samples were washed and sieved into four 
size fractions. A split of the 125-595#m frac- 
tion, containing 200--400 specimens, was used 
for benthic foraminifera counts. All specimens 
were picked and stored in Chapman-slides. The 
benthic foraminifera were, whenever possible, 
identified at species level. Nodosariacea and 
poorly preserved agglutinants were lumped in a 
higher taxonomic level. For genetic classification 
we largely followed Loeblich & Tappan (1988) 
and in general, species concepts of Cushman 
(1946), Aubert & Berggren (1976), and Salaj et 
al. (1976) were adopted. 
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After finishing census counts the initial 
dataset (containing 132 taxa) was condensed 
by lumping all highly infrequent taxa into higher 
order groupings. Fisher-o~ diversity (Murray 
1991), however, is based on the original census 
data. Foraminiferal numbers (specimens/gr dry 
sediment) are calculated from separately dried 
and weighed samples, which were washed over a 
63 #m sieve. The > 63/~m fraction was used in 
order to be able to establish planktonic forami- 
niferal numbers for the lowermost Palaeocene, 
because up to 3 m above the K/Pg boundary 
planktonic foraminifera are < 125#m in dia- 
meter (Brinkhuis & Zachariasse 1988). 

Israeli and Egyptian profiles 

Samples from other marly sequences covering 
the K/Pg boundary interval were obtained from 
a profile in Israel (Nahal Avdat) and from three 
sections in Egypt (Gebel Duwi, Gebel Qreiya 
and Wadi Nukhl; Fig. 3). Calcareous nanno- 
plankton studies of the Nahal Avdat profile 
indicate the K/Pg boundary at about 1.5m 
above the top of the Ghareb chalk (Romein 
1979a, b). The K/Pg boundary in Wadi Nukhl is 
situated about 1 m above a ferruginous hard- 
ground, in the basal part of a Maastrichtian- 

upper Palaeocene marl-shale unit (cf. Shahin 
1992). At Gebel Duwi the K/Pg boundary is 
situated within the marls just below a distinct 
1.2m thick, black, decalcified shale (cf. Fails 
1982). Samples from Nahal Avdat, Wadi Nukhl, 
and Gebel Duwi were processed in the same way 
as the ones from E1 Kef. At Gebel Qreiya the 
K/Pg boundary lies approximately 2 m above a 
limestone bed in the Dakhla Formation (Luger 
1988). Foraminiferal associations of this section 
were examined during a visit of the first author 
to Dr Luger in Bremen in 1993. 

From all sections several upper Maastrichtian 
as well as lower Palaeocene samples were 
investigated. Faunal abundances of these sam- 
ples are counted from pickings or estimated 
from strewings; all are treated semi-quantita- 
tively and averaged per time interval. Since these 
sequences are either stratigraphically incomplete 
across the boundary, or show mixed Cretaceous 
and lowermost Palaeocene assemblages (see next 
section), it was not considered useful to study 
extinction and survivorship patterns in greater 
detail. Samples that contained mixed faunas 
were omitted in this study. 

Biostratigraphy 

El Kef profile 

Since the E1 Kef section provides one of the most 
expanded and complete K/Pg boundary profiles 
(Perch-Nielsen 1981; Romein & Smit 1981; 
MacLeod & Keller 1991a, b; Olsson & Liu 
1993), it was chosen to serve as a Global 
Stratotype Section and Point (GSSP) for the 
K/Pg boundary (Smit 1990). The position of the 
'golden spike' is at the base of the boundary clay 
(i.e in the thin red ferruginous layer; Smit 1990). 
Our uppermost Maastrichtian sample spans the 
upper 10 cm of marls below the boundary clay, 
while the lowermost Palaeocene sample spans 
the lower 2.5 cm of the boundary clay. There- 
fore, the K/Pg boundary as delineated by our 
samples roughly corresponds to the officially 
defined boundary. 

Many biostratigraphers studied this section, 
or a nearby parallel section (e.g. Verbeek 1977; 
Salaj 1978, 1980; Wonders 1980; Perch-Nielsen 
1981; Brinkhuis & Zachariasse 1988; Keller 
1988a; Pospichal 1994). We adopted the plank- 
tonic foraminiferal biozonation (Fig. 2) of 
Brinkhuis & Zachariasse (1988). For an elabo- 
rate account of biozonal definitions we refer to 
Brinkhuis & Zachariasse (1988); we confine 
ourselves to some brief remarks. 

The lower 30.4m of the section belongs to 
the uppermost Maastrichtian Abathomphalus 
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Fig. 4. The proportion of planktonic foraminifera (%P) and palaeoproductivity proxies for the K/Pg boundary 
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indicated by sample ticks on the left side of the vertical line; samples for which the other calculations have been 
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mayaroensis Zone (Brinkhuis & Zachariasse 
1988). Since the zonal marker is very rare in El 
Kef, the local Racemiguembelinafructicosa Zone 
was proposed, and considered to overlap with 
the A. mayaroensis Zone (Nederbragt 1992). The 
base of the R. fructicosa Zone, is at approxi- 
mately 100 m below the K/Pg boundary; a single 
specimen of A. mayaroensis was found eight 
metres higher up in the section (A. Nederbragt 
pers. comm. 1992). The presence of the calcar- 
eous nannoplankton species Micula prinsii in the 
upper 20 m of the Maastrichtian suggests that 
the youngest part of the Maastrichtian is present 
in the E1 Kef section (Perch-Nielsen et al. 1982; 
Pospichal 1994). Slightly deviating from Brink- 
huis & Zachariasse (1988), we define the base of 
the Guembelitria cretacea Zone by the first 
common occurrence of the nominate species in 
the > 63/zm size fraction in the studied interval. 

This level corresponds to the K/Pg boundary. 
The subsequent Palaeocene zones as well as the 
Chiloguembelina taurica Subzone are marked by 
the entry of their respective nominate (sub)zonal 
markers at the base of each (sub)zone; the base 
of the Globoconusa minutula Subzone is defined 
by the entry of Parvularugoglobigerina eugubina. 
In this paper the lowermost two biozones and 
the lower to middle part of the P. eugubina Zone 
are generally taken together and referred to as 
lowermost (or earliest) Palaeocene. The upper 
part of the studied interval of the E1 Kef section 
comprises the basal 7m of the 40m thick 
Parasubbotina pseudobulloides Zone (Brinkhuis 
et al. 1994). For convenience, the upper part of 
the P. eugubina Zone (samples AFN 585-587), 
together with the P. pseudobulloides Zone will 
generally be referred to as lower (or early) 
Palaeocene. 
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Israeli and Egyptian profiles 

Abathomphalus mayaroensis has been recovered 
neither from the Israeli nor from the Egyptian 
Cretaceous samples. Environmental circum- 
stances (e.g. too shallow conditions) have been 
proposed to explain the general absence or rarity 
of A. mayaroensis in upper Maastrichtian 
deposits from the southern Tethys and the Gulf 
Coastal plain (Keller 1989a, b). Therefore the 
uppermost Maastrichtian has to be differen- 
tiated in another way. Plummerita reicheli has 
been considered as an alternative index species 
for the uppermost Maastrichtian in many low 
latitude sites (Luger 1988; Rosenfeld et al. 1989; 
Masters 1993). According to Masters (1993) the 
first appearance of P. reicheli is well after the 
first appearance of A. mayaroensis. The former 
species has been observed in all Cretaceous 
samples studied, indicating that the uppermost 
Maastrichtian is present indeed in the Israeli and 
Egyptian sections. In Gebel Qreiya an upper- 
most Maastrichtian assignment is confirmed 
independently by the presence of M. prinsii 
(Luger 1988). The other sections yield other 
upper Maastrichtian calcareous nannoplankton 
markers such as Micula murus, Lithraphidites 
quadratus, or Nephrolithus frequens (Romein 
1979b; Fails 1982; A. Henriksson pers. comm. 
1993). 

In Wadi Nukhl and Nahal Avdat we did not 
encounter the lowermost Palaeocene biozones. 
Although this may be related to a relatively wide 
sample spacing, it indicates that in the best case 
the lowermost Palaeocene is very condensed 
compared to E1 Kef. At Gebel Qreiya Palaeo- 
cene planktonic foraminifera of the P. eugubina 
Zone are mixed with up to 95°/'0 of Maastrich- 
tian foraminifera (Luger 1988). Although some 
of the Cretaceous species may be true survivors 
(e.g.G. cretacea; cf. Smit 1982; Keller 1989a, b; 
Olsson & Liu 1993), this most likely does not 
apply to large specimens of Globotruncana and 
Rugoglobigerina (Luger 1988; and cf. MacLeod 
& Keller 1991b). More or less the same applies 
to Gebel Duwi, where we encountered extremely 
rare (< 1%) specimens of Parvularugoglobiger- 
ina fringa within an otherwise Maastrichtian 
fauna. Severe reworking of Maastrichtian for- 
aminifera in lower Palaeocene deposits is a 
common feature in the Middle East and has 
been explained by sea-level related erosional 
events (Luger 1988; Keller et al. 1990). In all 
sections the P. pseudobulloides Zone was present 
and yielded samples with few, if any, reworked 
Cretaceous foraminifera. 

Palaeoproductivity 

Relative abundances of planktonic foraminifera 
(P/B ratios expressed as %P) and both plank- 
tonic as well as benthic foraminiferal numbers 
(named PFN and BFN, respectively) for a 
selected number of samples are shown in Fig. 
4. Maastrichtian P/B ratios are high and stable, 
varying between 93%P and 97%P. Also BFN 
and PFN values are high: BFN values vary 
between 2300 and 2900 specimens/gr, whereas 
PFN ranges between 33 000 and 73 000 speci- 
mens/gr. The K/Pg boundary is marked by a 
sharp fall in all three variables. The proportion 
of planktonic foraminifera drops to 20%; BFN 
values are approximately 200-300 specimens/gr, 
while PFN values go down to 20-100 specimens/ 
gr, i.e. a reduction by one and three orders of 
magnitude, respectively. The proportion of 
planktonic foraminifera remains low up to 
2.5m above the K/Pg boundary, from where 
the P/B ratio gradually increases up to around 
90%P in the top of the profile. The restoration 
towards approximately pre-boundary levels in 
BFN (up to 4700 specimens/gr) and PFN (up to 
49 000 specimens/~r) is similar. 

Fine fraction 6 3C and CaCO3 records of E1 
Kef (Fig. 4) indicate relatively high surface water 
productivity during the Maastrichtian followed 
by strongly reduced productivity from the K/Pg 
boundary onwards into the earliest Palaeocene 
(Keller & Lindinger 1989). Planktonic forami- 
niferal accumulation rates (PFARs) have also 
been used to estimate surface productivity levels 
(Berger & Diester-Haass 1988), but in order to 
obtain reliable PFAR values a good time control 
for calculating sedimentation rates is crucial. 
Unfortunately, there is considerable uncertainty 
with respect to the exact amount of time 
involved within the E1 Kef  sequence (e.g. 
MacLeod & Keller 1991b; Olsson & Liu 1993; 
Berggren et al. 1995), and estimated average 
sedimentation rates vary accordingly. The esti- 
mated average sedimentation rate for the Upper 
Maastrichtian is about 4cm/ka (Brinkhuis & 
Zachariasse 1988). For the boundary  clay 
estimates vary between 0.7 and 1.7cm/ka, 
whereas for the P. eugubina Zone they vary 
between 1.9 and 4cm/ka (Brinkhuis & Zachar- 
iasse 1988; MacLeod & Keller 1991b; Olsson & 
Liu 1993). In the lower part of the P. pseudo- 
bulloides Zone average sedimentation rate may 
have decreased to 1.1 cm/ka (MacLeod & Keller 
1991b). Due to these uncertainties we refrain 
from calculating PFARs and consider plank- 
tonic foraminiferal numbers as an alternative, 
though very crude, way of assessing productivity 
changes in a relative sense. We calculated an 
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almost three orders of magnitude decrease in 
PFN at the K/Pg boundary, at a level where 
sedimentation rates are generally considered to 
have reduced. Although some taphonomical loss 
by dissolution probably contributed to this 
decrease, it concurs with the geochemical inter- 
pretation of a sharp pelagic production decline 
during the earliest Palaeocene. At about 2.5m 
above the K/Pg boundary (i.e. in the upper part 
of the P. eugubina Zone), PFN values gradually 
increase, together with an increase in the CaCO3 
and 613C records. This could indicate a gradual 
restoration towards former (Maastrichtian) sur- 
face fertility levels as proposed by Keller & 
Lindinger (1989). However, both PFN and ~13C 
values remained slightly depressed relative to the 
Maastrichtian, suggesting that surface produc- 
tivity probably did not fully recover within the 
studied interval. 

Benthic foraminiferal numbers decrease in a 
similar way as PFN, though with lesser magni- 
tude, across the K/Pg boundary. This coincidence 
is not surprising since benthic foraminifera that 
live below the euphotic zone primarily depend 
on the vertical organic carbon flux for their food 
supply (Van der Zwaan et al. 1990; Herguera & 
Berger 1991). In addition, oxygen deficiency may 
have contributed to reduced benthic productiv- 
ity as well (Van der Zwaan et al. 1990). With 
increasing surface productivity, BFN values also 
increase again. 

Benthic foraminiferal assemblages from 

El Kef 

Stratigraphic distribution 

The frequency data (Table 1) of the sixty most 
common taxa in the K/Pg boundary interval are 
displayed graphically in Fig. 5. The taxa are 
arranged and grouped according to their pre- 
sence within three biostratigraphic intervals. 
These intervals are approximately the A. mayar- 
oensis Zone, the G. cretacea Zone to the upper 
part of the P. eugubina Zone (= lower Palaeo- 
cene). In this way, we discriminate six strati- 
graphic assemblages (SA 1-6), each having its 
specific range, but note that this does not mean 
that the ranges of individual taxa span the entire 
range of the stratigraphic assemblages to which 
they belong. 

Stratigraphic assemblage 1 (SA 1) consists of 
taxa that are virtually restricted to the A. 
mayaroensis Zone. Gavelinella martini occurs 
persistently in all Maastrichtian samples; all 
other taxa have a discontinuous distribution 
within the data set. Only one species (Stensioeina 

pommerana) disappeared permanently well be- 
low the K/Pg boundary. Six taxa (Bolivinopsis 
clotho, Heterostomella spp., Eouvigerina sub- 
sculptura, Praebulimina reussi, Coryphostoma 
plaitum and Anomalinoides sp. 1) disappeared 
at the K/Pg boundary. Scattered occurrences 
(only one or two specimens per sample) of six 
other species (Bolivinoides draco draco, Sitella 
colonensis, S. cushmani, Cibicides beaumontianus, 
Gyroidinoides tellburmaensis and G. martin 0 
were encountered up to 3.6cm above the 
boundary; only Sitella fabilis was found in 
considerable numbers (2.5%) at 1.2cm above 
the boundary. One poorly preserved specimen of 
Coryphostoma incrassata gigantea was encoun- 
tered at 12.5cm above the boundary. 

Stratigraphic assemblage 2 (SA 2) contains 
taxa that are virtually absent in the lowermost 
Palaeocene, whereas they are more or less 
common in the A. mayaroensis Zone as well as 
in the lower Palaeocene. Four species (Loxo- 
stomoides applinae, Cibicidoides sp. 1, Oridorsalis 
plummerae and Anomalinoides sp. 2) of this 
assemblage disappeared temporarily well below 
the K/Pg boundary. Most taxa, however, dis- 
appeared near the K/Pg boundary: three taxa 
at the boundary (Cibicidoides cf. hyphalus - 
biconvex morphology -, Gyroidinoides spp., 
and 'calcareous agglutinants rest'), four taxa 
between 1.2 and 3.6cm above the boundary 
(Pseudouvigerina plummerae, Cibicidoides suza- 
kensis, Pullenia spp. and Anomalinoides affinis), 
and seven taxa (Gaudryina pyramidata, Cibici- 
doides abudurbensis, C. cf. hyphalus - planocon- 
vex morphology -, Valvalabamina depressa, 
Gyroidinoides octocameratus, miliolids and 'tro- 
chospiral rest') between 3.6 and 12.5cm above 
the boundary. Only very low frequencies of most 
of these taxa (one to three specimens per sample) 
are recorded in the lowermost Palaeocene. The 
uppermost part of the P. eugubina Zone (from 
AFN 583 onwards) and the P. pseudobulloides 
Zone show a gradual reappearance of all (so- 
called Lazarus) taxa of this assemblage. 

The taxa in stratigraphic assemblage 3 (SA 3) 
show a fairly continuous distribution pattern 
along the entire sequence and most of them have 
relatively constant frequencies as well. Note 
that most taxa in SA 3, except for Bolivinoides 
decoratus and Anomalinoides simplex, are 
lumped categories. Taxa of stratigraphic assem- 
blage 4 (SA 4) have a similar stratigraphic 
distribution to SA 3, but all show either a 
highest abundance or a frequency increase in the 
lowermost Palaeocene. Most taxa of SA 4 
decrease in relative abundance in the lower 
Palaeocene. Stratigraphic assemblage 5 (SA 5) 
consists of taxa that first appear in the basal part 
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Fig. 6. Cumulative relative abundance of the stratigraphic assemblages (SA 1-6) and Fisher-o~ diversity visualize 
the abrupt community impoverishment at the K/Pg boundary and the more gradual community diversification at 
El Kef. Note the change of scale in the upper Maastrichtian as in Fig. 2. 

of the boundary clay. Four species (Arenoturri- 
spirillina sp. 1, Ammomarginulina aubertae, 
Pseudouvigerina sp. 1 and Gyroidinoides sp. 1) 
appear in the basal sample overlying the K/Pg 
boundary. Alabamina wilcoxensis appears 10 cm 
higher up. All taxa of SA 5 either disappear, or 
at least decline in relative numbers in the lower 
Palaeocene. Finally, stratigraphic assemblage 6 
(SA 6) is composed of taxa that have their first 
appearance in the top of the P. eugubina Zone 
(Gavelinella beccariiformis) or in the P. pseudo- 
bulloides Zone (Pulsiphonina prima, Anomali- 
noides susanaensis and A. cf. acutus). 

Faunal turnover 

For each stratigraphic assemblage the cumula- 
tive frequencies are displayed in Fig. 6; in 
addition Fisher-a diversity values, based on the 
primary data set, are shown. The graph shows 
three main stages in benthic foraminiferal 
palaeocommunity development: the first stage 

comprises the late Maastrichtian interval, the 
second the earliest Palaeocene, and the third the 
early Palaeocene. The first and second stages 
display a relatively stable taxonomical composi- 
tion (Fig. 5), whereas the third stage shows a 
gradual taxonomic change from bottom to top. 

Stage one: the upper Maastrichtian assem- 
blage (SN 136 to AFN 540) is highly diversified 
(average a = 19.2). Apart from the abundant 
poorly preserved, and unspecified, silicious 
agglutinants in the lower part of the profile, 
the Maastrichtian assemblage is dominated by 
taxa of SA 1 (all together up to 46%): in 
particular, Heterostomella spp., S. colonensis, S. 
fabilis and G. martini reach peak abundances of 
10-15%. Although frequencies of individual 
taxa vary strongly, the assemblage as a whole 
is relatively stable up to the K/Pg boundary (Fig. 
6). Within less than 12.5cm above the K/Pg 
boundary, 67% of the taxa that are present in 
the uppermost metre of the Maastrichtian 
disappear (partly temporarily) from the record 
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(disregarding lumped taxa at supra-generic 
level). Whereas these taxa comprise more than 
70% of the total assemblage in the uppermost 
Maastrichtian sample, they constitute only 8% 
of the sample 1.2 cm above the K/Pg boundary 
and only 3% at 3.6cm. This rapid decrease 
marks a sharp faunal transition at the base of 
the boundary clay. The original transition, 
however, may well have been even sharper, since 
it is not unlikely that rare occurrences of SA 1 
and SA 2 taxa in the boundary clay are 
reworked. Distinguishing reworked from in situ 
benthic foraminifera from this record by means 
of geochemical studies is very difficult, if not 
impossible, because of the state of preservation 
of the foraminifera tests. But, when we consider 
benthic foraminiferal numbers below and above 
the boundary (Fig. 4), it shows that merely a one 
percent mixing of Maastrichtian sediment into 
the basal boundary clay may account for the 
total number of SA1 and SA2 specimens found. 

Stage two: the lowermost Palaeocene assem- 
blage (SN 221b to AFN 583) is poorly diverse 
(average c~ = 6.6). All samples are dominated by 
SA 4 taxa (together up to 77%), and for all but 
the lowermost sample the dominant species is 
Cibicidoides pseudoacutus (29--45%). The lower- 
most sample is dominated by Bulimina quad- 
rata-ovata, showing a distinct spike in its 
distribution pattern at the base of the boundary 
clay. Other species reaching relative abundances 
greater than 10% are Anomalinoides praeacutus 
and A. aubertae. Most common taxa in this 
assemblage, except for the supra-generic groups, 
were either absent or infrequent in the Maas- 
trichtian, in particular in the upper metre of this 
interval. Faunal composition is fairly constant 
within the lowermost Palaeocene. There is, 
however, a marked increase in relative abun- 
dance of C. pseudoacutus, coinciding with a 
decrease of SA 5 taxa (Figs 5, 6) at the base of 
the C. taurica Subzone. 

Stage three: the faunal transition from the 
lowermost Palaeocene to the lower Palaeocene is 
very gradual compared to the K/Pg boundary 
transition. The boundary between the second 
and third stages is drawn at the first distinct 
decrease of C. pseudoacutus and the concomitant 
increase in diversity (at 2.65 m above the K/Pg 
boundary, in between AFN 583 and AFN 585). 
The lower Palaeocene assemblage is moderately 
diversified (average a = 10.9), but gradually 
increasing upwards. Initially, SA 4 species are 
still dominant (in particular C. pseudoacutus), 
but the proportion of reappearing Lazarus taxa 
(SA 2) steadily increases up to the level where 
new taxa of SA 6 appear at the expense of the 
proportion of taxa of SA 3-5. Cibicidoides sp. 1, 

C. abudurbensis, A. affinis, Bulimina strobila, C. 
pseudoacutus, P. prima and G. beccariiformis 
reach peak abundances of 10-31%. The lower 
Palaeocene assemblage clearly evolves within the 
P. pseudobulloides Zone and it does not appear 
to have stabilized at the top of the studied 
interval, judging from the increase of G. 
beccariiformis in the uppermost  samples. 
Further developments of benthic foraminiferal 
assemblages in the Palaeocene are beyond the 
scope of this study and will be treated in detail in 
a separate paper. 

Benthic foraminiferal assemblages from the 

Middle East 

Semi-quantitative benthic foraminiferal data of 
the K/Pg boundary profiles of Nahal Avdat, 
Wadi Nukhul, Gebl Qreiya and Gebel Duwi are 
listed in Table 2. The table lists the taxa of E1 
Kef, and in addition the more common taxa 
(average >2%) occurring in any of the other 
localities. As explained earlier, we can only 
address upper Maastrichtian and lower Palaeo- 
cene distribution patterns and discuss the overall 
faunal change across the K/Pg boundary. 

Upper Maastrichtian 

Upper Maastrichtian assemblages from Wadi 
Nukhl and Nahal Avdat bear great resemblance 
to those from E1 Kef. Although relative abun- 
dances of many taxa may differ significantly 
between the localities, the overall taxonomical 
composition is very similar. In Wadi Nukhl the 
most common species (> 5%) are P. reussL C. 
incrassata gigantea, C. abudurbensis, C. pseudo- 
acutus and Osangularia plummerae. In Nahal 
Avdat the most common species are B. draco 
draco, Eouvigerina subsculptura, S. cushmani and 
C. abudurbensis. The proportion of planktonic 
foraminifera (80-95%P) in Wadi Nukhl and 
Nahal Avdat is similar to, though more variable 
than, those of E1 Kef. 

The upper Maastrichtian assemblage from 
Gebel Qreiya differs significantly from the 
former assemblages; diversity is much lower 
and in particular most taxa of SA 1 are absent. 
Instead we find Orthokarstenia oveyi, Pyrami- 
dina aegyptiaca, Elhasaella cf. allanwoodi, Neo- 
bulimina canadensis and Anomalinoides umbo- 
niferus; none of these species was ever encoun- 
tered in the assemblages from E1 Kef, Wadi 
Nukhl or Nahal Avdat. The most common 
species are B. strobila, C. pseudoacutus, and 
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Table 2. Semi-quant i ta t ive  data o f  K / P g  prof i les  in Israel  and Egy p t  

SA 

Strat igraphic  interval:  

Locali ty:  
P/B rat io  (%P) :  

Upper Maastrichtian 

Nuldd Avdat Qreiya Duwi 
80-95 80-95 80 50-80 

Lower Palaeoeene 

Nukld  Avdat Qreiya Duwi 
> 90 > 90 40-80 50-90 

1 Bolivinopsis clotho * • 
Heterostomella spp. • * 
Bolivinoides draco draco • C 
Eouvigerina subsculptura • C 
Praebulimina reussi C * 
Sitella colonensis 
Sitella fabilis • 
Sitella cushmani * C • 
Coryphostoma incrassata gigantea C * 
Coryphostoma plaitum * • 
Cibicides beaumontianus • * 
Gyroidinoides tellburmaensis * * 
Anomalinoides sp. 1 * • 
Stensioeina pommerana 
Gavelinella martini * • 

2 Gaudryina pyramidata * * 
calcareous agglut inants  rest • • • 
miliolids 
Loxostomoides applinae * • 
Pseudouvigerina plummerae * • 
Cibicidoides abudurbensis C C * 
Cibicidoides c f  . hyphalus (planoc. ) * 
Cibicidoides cf. hyphalus (biconvex) * * 
Cibicidoides suzakensis * * 
Cibicidoides sp. 1 
Pullenia spp. * * 
Valvalabamina depressa * * * 
Oridorsalis plummerae * * * 
Anomalinoides affinis * * 
Anomalinoides sp. 2 
Gyroidinoides octocameratus * * * 
Gyroidinoides spp. * * * 
trochospiral rest * * * 

3 Ammodiscus spp. 
silicious agglut inants  rest * * * 
nodosar i ids  * * * 
vaginulinids * * * 
po lymorphin ids  * * * 
uni locular  spp. * * 
Bolivinoides decoratus * * 
bi- / t r isedal  rest * * * 
Anomalinoides simplex * 

4 Hormosina spp. 
Bulimina quadrata-ovata * * * 
Bulimina strobila * C 
Coryphostoma spp. * 
Cibicidoides pseudoacutus C * C 
Osangularia plummerae C * * 
Anomalinoides danicus 
Anomalinoides ekblomi 
Anomalinoides praeacutus * 

5 Arenoturrispirillina sp. 1 
Ammomarginulina aubertae 
Pseudouvigerina sp. 1 
Alabamina wilcoxensis * * 
Gyroidinoides sp. 1 

6 Pulsiphonina prima 
Anomalinoides cf. acutus 
Anomalinoides susanaensis 
Gavelinella beccariiformis 
Gyroidinoides cf. cibaoensis * * 
Gyroidinoides girardanus 
Orthokarstenia oveyi * 
Pyramidina aegyptiaca • 
Elhasaella cfi allanwoodi * 
Anomalinoides umboniferus C 
Neobulimina canadensis • 
Cibicidoides sp. 2 
Alabamina midwayensis 

Pseudoeponides c f  elevatus 
Siphogenerinoides sp. 1 

C * 

C * * • 

• • • , 

, 

C * • 

• C • • 

C • • * 

C C C * 
C C * * 

C C 

D a t a  o f  the lowermost  Palaeocene are n o t  considered because o f  suspected reworking and /o r  hiatuses (see text). 
* marks  average abundance  < 5%;  C marks  average abundance  > 5%. 
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A. umboniferus. P/B ratio's (80%P) in Gebel 
Qreiya are lower than in El Kef, Wadi Nukhl 
and Nahal Avdat. 

The upper Maastrichtian assemblage of Gebel 
Duwi has even fewer taxa in common with E1 
Kef, Wadi Nukhl and Nahal Avdat (actually 
only in the lump categories), whereas O. oveyi, 
P. aegyptiaca, E. allanwoodi, N. canadensis and 
A. umboniferus are highly abundant. The pro- 
portion of planktonic foraminifera (50-80%P) 
in Gebel Duwi is somewhat lower than in Gebel 
Qreiya. 

Lower Palaeocene 

Similar to the upper Maastrichtian situation, the 
lower Palaeocene faunas of Wadi Nukhl and 
Nahal Avdat bear great resemblance to the one 
from E1 Kef; most taxa of SA 2, 3, 4 and 6 are 
present, some of the more common ones 
also in similar relative frequencies: e . g . C .  
abudurbensis, C. pseudoacutus, Osangularia 
plummerae and G. beccariiformis. Next to these 
we find very common C. incrassata gigantea, G. 
pyramidata, other large calcareous agglutinants 
and vaginulinids in Wadi Nukhl, while V. 
depressa is highly frequent in Nahal Avdat. 
Two SA 1 species (C. incrassata gigantea and C. 
beaumontianus) range into the lower Palaeocene 
of Wadi Nukhl (in these cases reworking can be 
excluded), indicating that their extinction in E1 
Kef is just a local feature. The same applies to 
Bolivinopsis clotho and P. reussi, which have 
occasionally been observed in lower and upper 
Palaeocene assemblages from Wadi Nukhl and 
Nahal Avdat (unpubl. data). P/B ratios are 
> 90%P. 

The lower Palaeocene assemblages of Gebel 
Qreiya are less diverse than the ones of E1 
Kef, Wadi Nukhl and Nahal Avdat, although 
they are more similar than the Maastrichtian 
assemblages. Cibicidoides pseudoacutus is the 
dominant species, while Gyroidinoides girardanus 
is also a common species. The proportion of 
planktonic foraminifera (40080%P) is consider- 
ably lower than in E1 Kef, Wadi Nukhl and 
Nahal Avdat. 

The lower Palaeocene fauna of Gebel Duwi is 
again the one that is most different from El Kef, 
but as for Gebel Qreiya the similarity is greater 
and diversity is higher than in the Maastrichtian. 
Cibicidoides sp. 2 and A. umboniferus are the 
most abundant taxa. Relative numbers of 
planktonic foraminifera (50-90%P) are some- 
what higher than in Gebel Qreiya. 

Stages in southern Tethyan 
palaeoenvironment and benthic 
palaeocommunity development 

Late Maastrichtian 

As indicated in the previous section, the upper 
Maastrichtian benthic foraminiferal faunas from 
Wadi Nukhl and Nahal Avdat show a great 
resemblance to the ones from E1 Kef. Very 
similar assemblages were documented from 
other localities in southern Israel as well 
(Benjamini et aL 1992; Keller 1992), while the 
ones reported from northern Egypt (LeRoy 
1953; Said & Kenawy 1956) also appear 
comparable. 

Little is known about Maastrichtian palaeo- 
bathymetrical distribution of benthic foramini- 
fera in North Africa. For a palaeobathymetrieal 
estimate, we compared our assemblages with the 
ones documented in Campanian-Maastrichtian 
palaeoslope models of North America (Silter & 
Baker 1972; Olsson 1977; Nyong & Olsson 1984; 
Olsson & Nyong 1984). Our assemblages con- 
tain a few species that are most common in 
North American shelf environments, e .g .C .  
incrassata gigantea, C. plaitum and V. depressa. 
Other taxa are common in outer neritic and 
upper bathyal environments, e.g.P, plummerae, 
B. draco draco, Anomalinoides (mentioned as 
Gavelinella), Gaudryina, Pullenia and nodosar- 
iids. Bathyal taxa are, for example, Stensioeina, 
Gyroidinoides, S. cushmani and G. martini. From 
this comparison it follows that there is greatest 
similarity (though still limited) with upper bath- 
yal assemblages from North America. There- 
fore, we suggest that the highly diverse 
Maastrichtian assemblages of E1 Kef, northern 
Egypt, and southern Israel are indicative for a 
similar upper bathyal (300°500 m) setting. High 
propor t ions  of  p l a n k t o n i c  fo r amin i f e r a  
(> 90%P) concur with such an assignment. In 
a similar way Keller (1988b, 1992) inferred upper 
bathyal--outer neritic depths for assemblages 
from E1 Kef and southern Israel. According to 
Donze et al. (1982) the ostracoda microfauna of 
E1 Kef points to a palaeodepth of 400-500m, 
whereas Peypouquet et al. (1986) suggested 
shallower depths (150-300 m). 

Maastrichtian assemblages from Gebel Qreiya 
and Gebel Duwi, respectively, are increasingly 
different from the upper bathyal faunas. The 
combination of a decreasing diversity and 
proportion of planktonic foraminifera (80%P 
and 50%P, respectively) suggests that these 
localities were situated in shallower parts of the 
epicontinental basin that covered most of Egypt. 
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This view is substantiated by basinwide facies 
analysis (Hendriks et al. 1987; Luger 1988) 
and palaeogeographic reconstructions (Said 
1990a, b). Gebel Qreiya was situated in an outer 
shelf environment, whereas Gebel Duwi was 
part of a shallower inner to middle neritic part of 
the basin (Hendriks et al. 1987: Luger 1988). In 
conclusion, the Gebel Qreiya assemblage may 
indicate 100-150 m palaeodepth, whereas the 
Gebel Duwi assemblage is indicative for an even 
shallower palaeodepth (50--100 m). 

Although various studies have been per- 
formed on the distribution of Palaeocene 
benthic foraminifera in Tunisia (Aubert & 
Berggren 1976; Salaj et al. 1976; Saint-Marc & 
Berggren 1988; Saint-Marc 1993), very little has 
been documented on Maastrichtian distribu- 
tions. To our knowledge, only one paper briefly 
describes Maastrichtian benthic foraminifera 
from an area 50 km southeast of E1 Kef (Said 
1978); taxonomically the fauna shows consider- 
able similarity to the one from E1 Kef. Without 
any more data from Tunisia, we cannot assess 
whether a palaeobathymetrically biofacial ar- 
rangement, similar to the one in Egypt, is 
present in Tunisia. However, since most of the 
shallow water taxa of Gebel Qreiya and Gebel 
Duwi (i.e. Orthokarstenia, A. umboniferus, P. 
aegyptiaca and N. canadensis) are also known 
from the Maastrichtian of West Africa (Petters 
1982), it seems plausible that similar neritic 
assemblages are present in Tunisia. At any rate, 
the Maastrichtian assemblage of E1 Kef repre- 
sents a relatively deep off-shore fauna, that is 
very similar to the deepest biofacies as seen in 
Egypt and Israel and has a wide distribution 
along the southern Tethyan margin. 

Upper Maastrichtian planktonic foraminiferal 
assemblages from E1 Kef are characterized by a 
few dominant heterohelicids, whereas globo- 
truncanids are relatively rare compared to open 
ocean sites (Brinkhuis & Zachariasse 1988; 
Keller 1988a; Nederbragt 1991). This planktonic 

13 assemblage, together with the ~ C record and 
oceanic circulation models, has been interpreted 
to reflect high fertility in surface waters induced 
by (possibly intermittent) coastal upwelling 
(Parish & Curtis 1982; Reiss 1988; Keller & 
Lindinger 1989; Kroon & Nederbragt 1990; 
Nederbragt 1992). The resulting high organic 
carbon flux to the sea-floor may have favoured 
the most common taxa, such as Heterostomella 
spp., Sitella spp. and G. martini. A preference 
for a high nutrient supply of these taxa could 
explain why they are usually infrequent or even 
absent in more oligotrophic deep-sea assem- 
blages. The presence of E. subsculptura in outer 
neritic to middle bathyal assemblages from mid 

latitude ODP and DSDP sites has been inter- 
preted to indicate more eutrophic deep water 
regimes (Widmark 1995). The high relative 
abundance (> 20%) of this species in Nahal 
Avdat may indicate similar trophic conditions 
there as well. High nutrient availability may also 
explain why many other common bathyal taxa, 
such as G. beccariiformis, C. hyphalus, Nuttal- 
lides truempyi and Gyroidinoides globosus, that 
are associated with more oligotrophic deep-sea 
environments (Van Morkhoven et al. 1986; 
Widmark & Malmgren 1992b), were absent at 
southern Tethyan upper bathyal depths during 
the late Maastrichtian. 

Judging from the high diversity of the benthic 
assemblage, a severe oxygen minimum zone 
(OMZ) did not develop at this depth, despite 
the inferred high organic carbon flux; concomi- 
tant oxygen advection was apparently sufficient 
to prevent the ecosystem from high stress levels. 
Our interpretation of trophic conditions and 
palaeoxygenation at the sea-floor during the late 
Maastrichtian concurs well with inferences 
from ostracoda assemblages. The ostracod 
microfauna points to slightly depressed oxygen 
saturation (4.5ml/102) in a weakly developed 
OMZ, that probably resulted from high, upwel- 
ling related, surface productivity (Donze et al. 
1982; Peypouquet et al. 1986). 

Earliest Palaeocene 

The rather peculiar lowermost Palaeocene as- 
semblage of E1 Kef has, to our knowledge, not 
been identified from any other area. An excep- 
tion might be one of the assemblages encoun- 
tered by Said (1978); this author noted the 
presence of abundant B. quadrata-ovata and 
Cibicidoides alleni (which might correspond to 
our C. pseudoacutus) next to several Nodosar- 
iacea in lower(most) Palaeocene faunas. Without 
more detailed information we can, however, 
only speculate whether this assemblage is similar 
to the one from E1 Kef. Aubert & Berggren 
(1976) studied 160 samples from nine Palaeocene 
sequences, located in central Tunisia, but 
apparently none of them yielded an assemblage 
similar to ours from E1 Kef, although there are 
several species in common. The following 
common species in the lowermost Palaeocene 
of El Kef were not encountered in other 
localities in Tunisia: Anomalinoides ekblomi, A. 
aubertae, Pseudouvigerina sp. 1, A. wilcoxensis 
and Gyroidinoides sp. 1 (Aubert & Berggren 
1976). Ammomarginulina aubertae and A. ekblo- 
mi have been recorded in boreal areas (Brotzen 
1948; Gradstein & Kaminski 1989; Kuhn 1992), 
while we observed Pseudouvigerina sp. 1 in the 
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lowermost Palaeocene of a K/Pg boundary 
profile in the Maastrichtian type-area (unpubl. 
data). 

Of all assemblages studied, the Maastrichtian 
and the lower Palaeocene faunas of Gebel 
Qreiya show the greatest similarity with the 
lowermost Palaeocene fauna of E1 Kef. The 
presence and proportion of several SA 4 taxa, 
such as C. pseudoacutus and B. strobila, next to 
B. quadrata--ovata and Osangularia plummerae, 
is striking. On the other hand, they differ in the 
presence of SA 2 taxa, such as C. abudurbensis, 
V. depressa, G. octocameratus and Oridorsalis 

plummerae next to several shallow water taxa, 
that are more common in Gebel Duwi. More- 
over, all SA 5 taxa, except A. midwayensis, are 
absent in Gebel Qreiya. Despite these differ- 
ences, these shallow outer neritic (100--150 m) 
Egyptian assemblages show the best correspon- 
dence, and it could be argued that the lowermost 
Palaeocene assemblage of E1 Kef also indicates 
such palaeodepths (cf. Keller 1988b, 1992). 
Unfortunately, it is not possible to infer an 
independent palaeodepth estimate by means of 
ostracoda; during the earliest Palaeocene sea- 
floor redox conditions entirely control the 
composition of the assemblages (Donze et al. 
1982; Peypouquet et al. 1986). 

Low diversity, high dominance (C. pseudo- 
acutus) and reduced numbers of burrowing 
organisms, judging from the preserved lamina- 
tions, strongly suggest considerable oxygen 
deficiency at the sea-floor during the earliest 
Palaeocene. The abundance of Tappanina sel- 

mensis (up to 30%) in the 63-595#m size 
fraction also suggested depressed oxygenation 
during the lowermost Palaeocene (Speijer 1992). 
Elsewhere, neritic and bathyal low diversity 
assemblages dominated by T. selmensis, have 
been considered to indicate oxygen deficiency as 
well (Olsson & Wise 1987; Thomas 1990b; 
Gibson et al. 1993; Gibson & Bybell 1995). 
The two samples from the base of the boundary 
clay (K/Pg + 1.2 and 3.6 cm) show a unique spike 
of B. quadrata-ovata. In morphological features 
this taxon is very similar to the modern 
Globobulimina. The latter is able to live deep 
within the sediment where it feeds on degraded 
organic matter and/or associated bacteria under 
nearly anoxic conditions (Corliss 1985; Buzas et 
al. 1993; Jorissen et al. 1994). Bulimina quad- 

rata-ovata may have adopted a similar strategy; 
peak values of this species coinciding with a 
peak in total organic carbon (TOC) content (3- 
5%; Keller & Lindinger 1989), suggest that this 
taxon was relatively successful in coping with 
oxygen deficient conditions. The subsequent 
decrease in B. quadrata--ovata and TOC sig- 

nailed slightly better ventilation, which favoured 
the proliferation of the epibenthic C. pseudo- 

aeutus. These conditions appear to have been 
fairly stable until the early Palaeocene, although 
a sharp decrease in SA 5 taxa 1 m above the 
K/Pg boundary (at the base of the C. tauriea 

Subzone) marks a second order faunal change. 
This purely quantitative change in the benthic 
assemblage coincides with a minor rise in 
planktonic foraminiferal numbers and %P, and 
with a compositional turnover in the pelagic 
ecosystem, interpreted to reflect elevated nutri- 
ent levels in surface waters (Brinkhuis & 
Zachariasse 1988). Provided that these elevated 
nutrient levels were converted into a higher 
organic carbon flux to the sea-floor, this may 
indicate that SA 5 taxa were particularly well 
adapted to minimal food supply under oxygen 
deficient conditions. More distribution data for 
these taxa are required to test this hypothesis. 

The ostracod record across the K/Pg bound- 
ary gives support to our interpretation. Accord- 
ing to Donze et al. (1982) and Peypouquet et al. 
(1986), oxygen saturation dropped below 2ml/1 
at the K/Pg boundary and it stepped up to 3 ml/l 
within the P. eugubina Zone. Furthermore, 
nutrient levels dropped at the K/Pg boundary 
and remained relatively low within the P. 
eugubina Zone. 

Early Palaeocene 

Faunas similar to the ones in the lower 
Palaeocene of El Kef, Wadi Nukhl and Nahal 
Avdat have also been recorded in other localities 
of northern Egypt, southern Israel and Tunisia 
(Said & Kenawy 1956; Aubert & Berggren 1976; 
Benjamini et al. 1992; Keller 1992). Many of the 
species (e.g. Anomalinoides spp., Cibicidoides 
spp., Gyroidinoides spp., Osangularia plummerae 
and P. prima) belong to the neritic Midway 
Fauna (Berggren & Aubert 1975). In contrast, 
G. beccariiformis is a typical Late Cretaceous- 
Palaeocene deep-sea species (Tjalsma & Loh- 
mann 1983; Van Morkhoven et al. 1986), but it 
has also been observed in deposits from locally 
subsided basins in Tunisia (Aubert & Berggren 
1976; Saint-Marc & Berggren 1988). The com- 
mon presence of G. beccariiformis, next to low 
frequencies of other deep-sea species present in 
the lower Palaeocene (e.g. Angulogavelinella 
avnimelechi and Nuttallides sp., that are lumped 
in 'trochospiral rest') indicate a palaeodepth of 
200-400 m, which is in agreement with Tunisian 
palaeobathymetrical models (Saint-Marc & 
Berggren 1988; Saint-Marc 1993), and with a 
palaeobathymetric estimate based on ostracoda 
(Donze et al. 1982). Based on the same ostracod 
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dataset, Peypouquet et al. (1986) inferred a 75- 
150m palaeodepth for this interval. Keller 
(1988b) interpreted even shallower depths (50- 
100 m), but abandoned this view in a later paper 
(Keller 1992). Palaeodepth estimates shallower 
than 200m are in conflict with the well 
established Palaeocene upper depth limit of G. 
beccariiformis (Van Morkhoven et al. 1986). 
Already during the Maastrichtian G. beccarii- 

formis was a ubiquitous cosmopolitan deep-sea 
species (e.g. Dailey 1983; Thomas 1990b; No- 
mura 1991; Widmark & Malmgren 1992b), and 
it has only been recorded in considerable 
numbers in deeper bathyal deposits of the 
Tethys (e.g. in Spain: Keller 1992; in Austria 
and Romania: unpubl, data). These distribution 
patterns suggest that G. beccariiformis acquired 
a shallower upper depth limit in the early 
Palaeocene. 

The lower Palaeocene assemblages of Gebel 
Qreiya and Gebel Duwi show a strong resem- 
blance with neritic assemblages from central 
Egypt and Tunisia (Aubert & Berggren 1976; 
Luger 1985; Saint-Marc & Berggren, 1988; 
Saint-Marc 1993). At Gebel Qreiya the palaeo- 
depth was probably between 100 and 150m, 
whereas Gebel Duwi was still somewhat shal- 
lower 75-100m, although P/B ratios in these 
localities suggest more similar palaeodepths. 

The sequential (re-)appearance of many taxa 
and the resulting diversification in E1 Kef clearly 
reflects progressive amelioration of the bottom 
environment. Increasing oxygen levels are also 
suggested by the more intensively bioturbated 
sediments. The return of only the less common 
Maastrichtian taxa and the appearance of the 
deep-sea marker G. beccariiformis, inferred to be 
an indicator of more oligotrophic conditions, 
may point at a slightly reduced food supply to 
the sea-floor compared to the late Maastrich- 
tian. The 613C record as well as PFN values 
support this view. Assemblages of planktonic 
foraminifera and dinoflagellates also suggest a 
return to more stable conditions and higher 
nutrient availability (Brinkhuis & Zachariasse 
1988). Based on the appearance of Parakrithe, 

Donze et al. (1982) and Peypouquet et al. (1986) 
speculated on high nutrient levels due to 
intermittent upwelling within the P. pseudo- 

bulloides Zone. Their data show, however, that 
this change did not occur at the base of this zone 
but higher up. Since we only studied the basal 
7m (of in total 40 m) of the P. pseudobulloides 

Zone, our interpretation of nutrient levels 
matches with the ostracoda record. Ostracod- 
based palaeoxygenation, however, is incompa- 
tible with our interpretation, since oxygen levels 
in the lower part of the P. pseudobulloides Zone 

were considered to be as low as within the P. 
eugubina Zone. 

Discussion 

Sea-level change across the K / P g  boundary 

Successive cycle charts and eustatic sea-level 
curves by the EXXON group (Vail et al. 1977; 
Haq et al. 1987, 1988; Donovan et al. 1988) as 
well as the sea-level curve established for E1 Kef 
(Brinkhuis & Zachariasse 1988) have played a 
central role in the discussion on sea-level related 
K/Pg boundary extinctions (e.g. Brinkhuis & 
Zachariasse 1988; Keller 1988a, b, 1989a, b, 
1992; Schmitz 1988; Keller et al. 1990; MacLeod 
& Keller 1991a, b; Rohling et al. 1991; Habib et 

al. 1992; Schmitz et al. 1992). In the cycle chart 
by Vail et al. (1977) a major eustatic sea-level 
fall, in the order of 150-200 m, marks the K/Pg 
boundary, which is followed by a gradual rise in 
the early Palaeocene. A large number of papers 
is in support of a longer term sea-level fall or 
regression at the close of the Cretaceous (e.g. 
Hancock & Kauffman 1979; Matsumoto 1980; 
Ekdale & Bromley 1984; Hultberg & Malmgren 
1986; Peypouquet et al. 1986). Other studies 
support a sharp sea-level fall close to the 
boundary, followed by sea-level rise during the 
earliest Palaeocene (e.g. Jones et al. 1987; 
Brinkhuis & Zachariasse 1988; Habib et al. 

1992; Moshkovitz & Habib 1993). 
In the revised cycle chart (Haq et al. 1987, 

1988) a prominent 100 m sea-level fall is situated 
well below the K/Pg boundary (G. contusa Zone; 
sequence boundary age 68 Ma), and is followed 
by a rapid 75 m eustatic rise. A relatively minor 
fall (10-20m) marks the uppermost Maastrich- 
tian (A. mayaroensis Zone; sequence boundary 
at 67 Ma) and is followed by a 25 m sea-level rise 
from the K/Pg boundary onwards. Based on a 
study in Braggs, Alabama, Donovan et al. 

(1988) modified this part of the cycle chart of 
Haq et al. (1987, 1988) in such a way that the 
relative magnitudes of these two sea-level events 
were switched, so that the major sea-level event 
corresponds to the 67 Ma sequence boundary. 
Few papers (e.g. Flexer & Reyment 1989; 
Schmitz et al. 1992) have provided independent 
(palaeontological) data suggesting sea-level rise 
or transgression across the K/Pg boundary. 

At E1 Kef both the relative abundance of 
land-derived sporomorphs and the proportion 
of nearshore groups of dinoflageUates (Spinifer- 

ites and Cyclonephelium) suggest a marked sea- 
level fall starting some 50cm (~12ka) below the 
boundary and culminating in the K/Pg bound- 
ary interval (Brinkhuis & Zachariasse 1988). 
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Highest relative numbers of sporomorphs and 
nearshore dinoflagellates are found between 
20 cm above and below the boundary (and also 
between 50 and 85cm above the K/Pg bound- 
ary). Based on these frequency patterns Brink- 
huis & Zachariasse (1988) erected a relative sea- 
level curve for El Kef with shallowest conditions 
in the K/Pg boundary interval, followed by a 
gradually rising, though fluctuating, sea-level in 
the earliest Palaeocene. 

Our analysis of benthic foraminiferal assem- 
blages from the upper 30 m of upper Maastrich- 
tian of E1 Kef reveals no particular trend that 
can be related to either shallowing or deepening. 
Even in a relatively deep water site as E1 Kef 
eustatic sea-level variations in the order of 50- 
100m as suggested by Donovan et al. (1988) 
would result in a distinct pattern of taxonomic 
replacement and frequency changes. Therefore, 
we can only conclude that such sea-level varia- 
tions did not occur in E1 Kef within the studied 
part of the upper Maastrichtian. Moreover, both 
the rather stable benthic assemblages as well as 
the continuously high P/B ratios in the upper- 
most 4.5m of the Maastrichtian also argue 
against a major sea-level fall at the end of 
the Cretaceous. A refined foraminifera-based 
palaeobathymetrical distribution model for the 
late Maastrichtian southern Tethys is required 
to trace minor sea-level events as suggested by 
Haq et al. (1987, 1988) in E1 Kef. Without such 
refinement we cannot be conclusive with respect 
to possible low amplitude sea-level variations. 
Also, since Brinkhuis & Zachariasse (1988) do 
not indicate the relative magnitude of sea-level 
change across the K/Pg boundary, we are unable 
to test their hypothesis by means of alterna- 
tive, foraminifera-based, palaeobathymetrical 
analyses. 

Independently of Brinkhuis & Zachariasse 
(1988), Keller (1988b) argued for a significant 
sea-level fall at the K/Pg boundary because of 
the disappearance of many upper bathyal to 
outer neritic benthic foraminifera. In a later 
paper the results of E1 Kef are discussed in a 
wider, Tethyan context (Keller 1992). In that 
paper much credit is given to the sea-level curve 
of Brinkhuis & Zachariasse (1988), which as 
outlined above, indicates failing sea-level at 
least up to the boundary (i.e. to the base of the 
boundary clay). The turnover in Tethyan 
benthic foraminifera, however, is related to a 
pre-boundary sea-level rise and resulting OMZ 
expansion (Keller 1992). Since at the same time 
the upper Maastrichtian assemblages are con- 
sidered to indicate greater depths than the lower- 
most Palaeocene assemblages (Keller 1992), this 
scenario appears rather contradictory. 

We agree with Keller (1988b) that the faunal 
change at the K/Pg boundary may suggest a 
significant shallowing. However, according to 
our palaeodepth estimates a very rapid shallow- 
ing of at least 150m up to 400m would be 
required to explain these faunal changes inde- 
pendently of any other parameters. Further- 
more, this apparent lowstand of sea-level would 
have persisted well into the early Palaeocene i.e. 
until outer neritic and upper bathyal taxa 
reappeared. Such prolonged sea-level lowstand 
is incompatible with the sea-level curve of either 
Brinkhuis & Zachariasse (1988) or Haq et al. 

(1987, 1988), nor does the sedimentary record 
show any signs of erosion or redeposited shallow 
water sediments which could be expected with a 
sea-level fall of that magnitude. 

Quasi-palaeobathymetrical faunal  change 

In previous discussions it was shown that the 
benthic faunal changes reflect fundamental 
ecosystem alterations. In our view these are 
not necessarily related to sea-level change. The 
tight coincidence between faunal change and 
proxy records for oxygenation and productivity 
suggests a more complex situation. Food and 
oxygen supply are generally considered to be the 
fundamental parameters that determine the 
overall composition of benthic foraminiferal 
assemblages (e.g. Harman 1964; Van der Zwaan 
1982; Lutze & Coulbourn 1984; Jorissen 1987; 
Corliss & Chen 1988; Sjoerdsma & Van der 
Zwaan 1992; Sen Gupta & Machain-Castillo 
1993). Palaeoecological model simulations pre- 
dict that a significant change in either one of 
these parameters could result in considerable 
community alteration, e.g. reflecting a quasi- 
bathymetrical change (Sjoerdsma & Van der 
Zwaan 1992). The 'delta effect' in the Gulf of 
Mexico (Pflum & Frerichs 1976) might be the 
expression of such a change. It was shown that 
in the Mississippi delta front the bathymetrical 
distribution of many species differs significantly 
from the distribution in other parts of the Gulf 
of Mexico: enhanced food supply and variation 
in other environmental parameters generated 
these modifications. 

Examples from the fossil record of deep water 
community turnover and temporal replacement 
by a shallow water community, are documented 
for the deep-sea extinction event at the end of 
the Palaeocene (Thomas 1990a, b; Speijer & Van 
der Zwaan 1994). At Maud Rise (Southern 
Ocean; 1500-2000 m palaeodepth) a low diver- 
sity assemblage dominated by T. selmensis 

temporarily replaced the highly diverse late 
Palaeocene deep-sea assemblage (Thomas 
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1990b). Tappanina selmensis occurs more often 
in bathyal deposits, but it is typically a neritic 
species (Van Morkhoven et al. 1986; Gibson & 
Bybell 1995). This faunal change has been 
related to deep-sea oxygen deficiency in the 
latest Palaeocene, favouring the more tolerant 
and opportunistic species T. selmensis (Thomas 
1990b). A similar faunal response was observed 
in Wadi Nukhl; at the end of the Palaeocene this 
site had deepened to 500-700m and a highly 
diverse upper-middle bathyal benthic assem- 
blage flourished (Speijer 1995). Within a sapro- 
pelitic bed this fauna was temporarily but 
abruptly replaced by a low diversity assemblage 
dominated by Anomalinoides aegyptiacus, a 

species that typifies middle neritic deposits in 
southern and eastern Egypt (Speijer & Van der 
Zwaan 1994; Speijer et al. 1996). As at Maud 
Rise, oxygen deficiency played an important role 
here. A similar faunal response to changing 
trophic and redox conditions, unrelated to a 
significant sea-level fluctuation, may have oc- 
curred as well at E1 Kef during the K/Pg 
boundary transition. We realise, however, that 
proposing a similar scenario for E1 Kef is rather 
speculative and more detailed information from 
shallower deposits in Tunisia is required to test 
this hypothesis. 

In a similar way we interpret the apparent 
deepening during the early Palaeocene primarily 
as reflecting gradual ecosystem restoration, 
closely following ameliorating redox and trophic 
conditions. Restoration started with the remi- 
gration of many Lazarus taxa (probably from 
deeper waters) in an otherwise rather empty 
ecospace. Subsequent immigration of other taxa 
eventually led to the development of a normal 
Palaeocene upper bathyal fauna that is present 
in many places along the north African con- 
tinental margin. 

Although sea-level variations (Haq et al. 1987, 
1988; Brinkhuis & Zachariasse 1988) may have 
played a role within the studied interval as well, 
we believe that these were not instrumental in 
the prominent palaeoenvironmental changes 
during the earliest-early Palaeocene. Thus, 
rather than depth controlled faunal changes, 
we suggest that major perturbations in oxygen 
and food supply determined a quasi-palaeo- 
bathymetrical faunal sequence. 

Tethyan cont&ental  margin product iv i ty  and  

oxygen  deficiency 

Basically, the results from E1 Kef can be reduced 
into signals of two main palaeoenvironmental 
events: at the K/Pg boundary a sudden drop in 
productivity (surface and bottom) and reduced 

bottom oxygenation, followed by gradual re- 
covery during the early Palaeocene. The surface 
productivity failure appears to have been an 
ocean-wide phenomenon (Perch-Nielsen et al. 

1982; Hsii & McKenzie 1985; Arthur et al. 1987; 
Meyers & Simoneit 1989; Stott & Kennett 1989; 
Zachos et al. 1989), although at several high 
latitude sites this seems not to be the case (Hollis 
1993; Keller 1993; Barrera & Keller 1994). 
Restoration of ocean productivity up to pre- 
boundary levels is thought to have taken place 
over a time-span of 0.3-1.5Ma (Arthur et al. 

1987; Stott & Kennett 1989; Zachos et al. 1989). 
This time-span probably stretches beyond our 
record of E1 Kef', several productivity proxies 
indeed indicate that pre-boundary levels were 
not reached within the studied time interval. 
Earliest Palaeocene oxygen deficiency also seems 
to have been a widespread phenomenon, in 
particular in Tethyan marginal basins (Magaritz 
et al. 1985; Lahodynsky 1988; Schmitz 1988; 
Wiedmann 1988; Kaijwara & Kaiho 1992; 
Sarkar et al. 1992; Kuhnt & Kaminski 1993; 
Coccioni & Galeotti 1994), although quite 
variable in duration. 

Oxygen concentrations at the sea-floor depend 
on the balance between oxygen supply and 
consumption (e.g. Demaison & Moore 1980). 
Below the mixed layer oxygen is supplied 
through turbulent mixing and advection, 
whereas it is consumed by degradation of 
organic matter and respiration (e.g. Southam 
et al. 1982). Furthermore, oxygen solubility 
decreases with increasing temperature and aging 
of the water, i.e. longer exposure to organic 
breakdown, results in decreasing oxygen con- 
tents. There is considerable evidence that supply 
of organic matter from Tethyan surface waters 
was greatly reduced during the earliest Palaeo- 
cene. In spite of this, oxygen concentration at 
the sea-floor was depressed; therefore we can 
only conclude that the oxygen supply to inter- 
mediate waters also strongly diminished. We 
speculate that the production of Tethyan inter- 
mediate water was curtailed at the K/Pg  

boundary, perhaps as a result of climatic 
perturbations at low-middle latitudes, triggered 
by the impact of an extraterrestrial object and 
amplified by various feedback mechanisms. 

Extinct ion and survivorship selectivity 

In E1 Kef, the extinction of many species in the 
earliest Palaeocene is related to both oxygen 
deficiency and nutrient limitations. As condi- 
tions ameliorated in the early Palaeocene, half 
the number of taxa that became locally extinct at 
the K/Pg boundary, were able to re-occupy a 
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niche. Meanwhile, many other species had 
become extinct, although at least some (e.g.C. 
incrassata gigantea and C. beaumontianus) per- 
sisted a while longer in the early Palaeocene. 

Although it may be argued that widespread 
oxygen deficiency was the prime cause for 
benthic extinctions in Tethyan margin localities 
as E1 Kef and Caravaca (see Coccioni & Galeotti 
1994), it cannot account for extinctions in the 
deep-sea. There, oxygen concentration of bot- 
tom waters appears to have remained normal 
(Thomas 1990a, 1992; Nomura 1991; Widmark 
& Malmgren 1992a). Another mechanism must 
account for these extinctions. 

Our data suggest extinction selectivity be- 
tween various morphogroups: elongate bi-/tri- 
serial taxa appear more severely affected than 
trochospiral taxa. In modern environments 
abundance of the bi-/triserial morphogroup (in 
particular, Bulimina, Bolivina and Stainforthia) 
is often related to depressed oxygen levels, 
enhanced food levels, or to a combination of 
both (e.g. Van der Zwaan 1982; Lutze & 
Coulbourn 1984; Corliss & C h e n  1988; Sen 
Gupta & Machain-Castillo 1993; Rathburn & 
Corliss 1994). In a general sense, there also 
appears to be a relationship between test-shape 
and microhabitats: low trochospiral forms are 
usually found to live on the sediment surface, 
whereas elongate bi-/triserial forms often occupy 
a habitat within the sediment (Corliss 1985, 
1991; Corliss & Chen 1988; but see also 
Barmawidjaja et al. 1992; Linke & Lutze 1993; 
Rathburn & Corliss 1994). Combining these 
morphogroup-environment relationships has 
led to the suggestion that the amount of organic 
carbon within the sediment may determine the 
abundance of endobenthic (and thus often bi-/ 
triserial) taxa (Rathburn & Corliss 1994). 

Three aspects of benthic extinction selectivity 
in the earliest Palaeocene suggest that the long- 
term surface productivity crisis, starting at the 
K/Pg boundary was the prime controlling 
parameter. (1) Shallower more eutrophic envir- 
onments show a more distinct turnover and a 
greater loss in number of species than oligo- 
trophic deeper waters (Thomas 1990b; Kaiho 
1992). (2) Many of the species that became 
extinct were rather common in these more 
eutrophic environments. This is particularly 
clear in our data from E1 Kef and Gebel Duwi. 
(3) Species that are supposed to have lived 
within organic carbon-rich sediments were most 
prone to extinction. Elongate endobenthic taxa 
(e.g. Coryphostoma, Sitella, Bolivinoides, Ortho- 
karstenia, Pyramidina and Eouvigerina) were 
much more severely affected than trochospiral 
taxa. This pattern observed earlier by Keller 

(1992), is very consistent in upper bathyal as well 
as neritic assemblages: despite the much higher 
number of trochospiral taxa in our dataset, 
we record only four extinctions in this mor- 
phogroup, against ten in the bi-/triserial mor- 
phogroup. 

The pelagic productivity crisis not only caused 
a decrease in the amount of food supply to the 
sea-floor, but also a reduction in nutrient 
heterogeneity, as evidenced by widely recognized 
oligotaxic algal blooms of, for example, 
Thoracosphaera and Braarudosphaera, that 
characterize the earliest Palaeocene (Romein 
1979a, b; Perch-Nielsen et al. 1982; Alcala- 
Herrera et al. 1992; Pospichal 1994). Since some 
recent foraminifera are considered to be selective 
feeders (e.g. Lee 1974; Murray 1991), it seems 
likely that at least some extinctions may be due 
to this reduction of nutrient heterogeneity. 

With the present data we can only speculate 
on where the Lazarus taxa (SA 2) of E1 Kef 
survived, but most likely the majority survived 
in deep-sea environments unaffected by oxygen 
deficiency. Taxa such as G. pyramidata, P. 
plummerae, I1". depressa and Pullenia spp. are 
indeed widely documented from Upper Creta- 
ceous and Palaeocene deep-sea deposits (e.g. 
Sliter 1977a, b; Dailey 1983; Thomas 1990b; 
Nomura 1991; Widmark & Malmgren 1992b). 
These taxa were unable to withstand dysoxic 
conditions at E1 Kef, but were probably less 
dependent on the amount and heterogeneity of 
the food supply than the species that eventually 
became extinct. 

Conclusions 

The K/Pg boundary succession of E1 Kef 
provides a distinct sequence of sudden ecosys- 
tem collapse followed by gradual recovery. A 
severe reduction of oxygenation and trophic 
resources on the sea-floor invoked temporal 
replacement of a stable upper bathyal palaeo- 
community by one primarily consisting of more 
tolerant and opportunistic shallow water taxa. 
Gradual amelioration of the environment was 
followed by the settlement of a normal Palaeo- 
cene upper bathyal fauna, very different from 
the Maastrichtian one. 

In contrast to the deep-sea, shallow palaeo- 
communities were severely affected by the K/Pg 
event. Many taxa that are thought to have been 
dependent on high and heterogeneous nutrient 
resources (in particular endobenthic deposit 
feeders) suffered extinction most severely during 
the earliest Palaeocene. The differential effects in 
various bathymetrical compartments and ecolo- 
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gical groups result from a prolonged period of 
reduced surface fertility, that started at the K/Pg 
boundary. 
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Appendix 1. 

Discussions on taxonomy and synoymies are 
beyond the general scope of this volume. For 
more information on these topics we refer the 
reader to the taxonomy section of an earlier 
version of this paper in the first author's 
doctoral thesis (Speijer 1994, p. 44-64). Here 
we confine ourselves to listing the primary 
references of the species discussed in this paper. 
Alabamina wiIeoxensis Toulmin, 1941, p. 603, pl. 
81, figs 10-14. 
Ammomarginulina aubertae Gradstein & Ka- 
minski, 1989, p. 74, pl. 3, figs 1-8; pl. 4, figs 1- 
3; text-fig. 2. 
Anomalinoides cf. aeutus (Plummer)= cf. Anom- 
alina ammonoides (Reuss) var. aeuta Plummer, 
1926, p. 149, pl. 10, fig. 2. 
Anomalinoides affinis (Hantken)= Pulvinulina 
affinis Hantken, 1875, p. 78, pl. 10, fig. 6. 
Anomalinoides ekblomi (Brotzen)= Cibieides ek- 
blomi Brotzen, 1948, p. 82, pl. 13, fig. 2. 
Anomalinoides praeacutus (Vasilenko) =Anoma- 
lina praeacuta Vasilenko, 1950, p. 208, pl. 5, figs 
2, 3. 
Anomalinoides rubiginosus (Cushman)= Anoma- 
lina rubiginosa Cushman, 1926, p. 607, pl. 21, fig. 
6. 
Anomalinoides simplex (Brotzen) = Cibicides sim- 
plex Brotzen, 1948, p. 83, pl. 13, figs 4, 5. 
Anomalinoides umboniferus (Schwager)= Discor- 
bis umbonifer Schwager, 1883, p. 126, pl. 27, fig. 
14. 
Anomalinoides susanaensis (Browning)= Cibi- 
cides susanaensis Browning (in Mallory), 1959, 
p. 271, pl. 32, figs 11, 12. 
Bolivinoides decoratus (Jones)= Bolivina decora- 
ta Jones, 1886, p. 330, pl. 27, figs 7, 8. 
Bolivinoides draco draco (Marsson)=Bolivina 
draco Marson, 1878, p. 157, pl. 3, fig. 25. 
Bolivinopsis clotho (Grzybowski)= Bolivinopsis? 
clotho (Grzybowski) in: Cushman, 1946, p. 103, 
pl. 44, figs 10-13. 

Bulimina strobila Marie, 1941, p. 265, pl. 32, fig. 
302. 
Cibi¢ides beaumontianus (D'Orbigny)=Trunca - 
tulina beaumontiana D'Orbigny, 1840, p. 35, pl. 
3, figs 17-19. 
Cibicidoides abudurbensis (Nakkady)= Cibicides 
abudurbensis Nakkady, 1950, p. 691, pl. 90, figs 
35-38. 
Cibieidoides cf. hyphalus (Fisher)= cf. Anomali- 
noides hyphalus Fisher, 1969, p. 197, pl. 3. 
(pc) = planoconvex morphology; (bc) = biconvex 
morphology. 
Cibicidoides pseudoaeutus (Nakkady) = Anomali- 
na pseudoacuta Nakkady, 1950, p. 691, pl. 90, 
figs 29-32. 
Cibieidoides suzakensis (Bykova)= Cibieides su- 
zakensis Bykova in: Salaj et al. 1976, p. 158, pl. 
16, figs 7, 8. 
Coryphostoma inerassata gigantea (Wicher)= 
Bolivina inerassata Reuss var. gigantea Wicher, 
1956, p. 120, pl. 12, figs 2-3. 
Coryphostoma plaitum (Carsey)= Bolivina plai- 
turn Carsey, 1926, p. 26, pl. 4, fig. 2. 
Eouvigerina subseulptura McNeil & Caldwell, 
1981, p. 231, pl. 18, figs 20, 21. 
Elhasaella ef  allanwoodi Hamam = cf. Elhasaella 
allanwoodi Hamam, 1976, p. 454, pl. 1, figs 1-7; 
pl. 2, figs 1-8. 
Gaudryina pyramidata Cushman = Gaudryina 
laevigata Franke var. pyramidata Cushman, 
1926, p. 587, pl. 16, fig. 8. 
Gavelinella beeeariiformis (White)= Rotalia bee- 
eariiformis White, 1928, p. 287, pl. 39, figs 2--4. 
Gavelinella martini (Sliter)= Gyroidinoides quad- 
ratus martini Sliter, 1968, p. 121, pl. 22, fig. 9. 
Gyroidinoides girardanus (Reuss)= Rotalina gir- 
ardana Reuss, 1851, p. 73, pl. 5, fig. 34. 
Gyroidinoides oetoeameratus (Cushman & Han- 
na) = Gyroidina soldanii D'Orbigny octoeamer- 
ata Cushman & Hanna, 1927, p. 223, pl. 14, figs 
16-18. 
Gyroidinoides tellburmaensis Futyan, 1976, p. 
532, pl. 81, figs 10-12. 
Loxostomoides applinae (Plummer)=Bolivina 
applini Plummer, 1926, p. 69, pl. 4, fig. 1. 
Neobulimina eanadensis Cushman & Wickenden, 
1928, p. 13, pl. 1, figs 1-2. 
Oridorsalis plummerae (Cushman) = Eponides 
plummerae Cushman, 1948, p. 44, pl. 8, fig. 9. 
Orthokarstenia oveyi (Nakkady) = Siphogeneri- 
noides oveyi Nakkady, 1950, p. 686, pl. 89, fig. 
20. 
Osangularia plummerae Brotzen, 1940, p. 30, 
text-fig. 8. 
Praebulimina reussi Morrow=Bulimina reussi 
Morrow, 1934, p. 195, pl. 29, fig. 12. 
Pseudoeponides cf. elevatus (Plummer)=cf.  
Truncatulina elevatus Plummer, 1926, p. 142, 
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pl. 11, fig. 1. 
Pseudouvigerina plummerae Cushman, 1927, p. 
115, pl. 23, fig. 8. 
Pulsiphonina prima (Plummer) = Siphonina prima 

Plummer, 1926, p. 148, pl. 12, fig. 4. 
Pyramidina aegyptiaca (Nakkady)=Reussella 

aegyptiaca Nakkady,  1950, p. 687, pl. 90, fig. 1. 
Sitella colonensis (Cushman & Hedberg)= Buli- 

minella colonensis Cushman & Hedberg, 1930, p. 
65, pl. 9, figs 6, 7. 
Sitella cushmani (Sandidge)=Buliminella cush- 

mani Sandidge, 1932, p. 280, pl. 42, figs 18, 19. 
Sitellafabilis (Cushman & Parker)= Buliminella 

fabilis Cushman & Parker, 1936, p. 7, pl. 2, fig. 5. 
Tappanina selmensis (Cushman)= Bolivinita sel- 

mensis Cushman, 1933, p. 58, pl. 7, figs 3-4. 
Valvalabamina depressa (Alth)=Gyroidina de- 

pressa (Alth) in: Cushman, 1946, p. 139, pl. 58, 
figs 1-4. 
Stensioeina pommerana Brotzen, 1936, p. 165. 
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