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Abstract

Biostratigraphic, mineralogical, geochemical and isotopic analyses of the Gebel Qreiya section in the Asyut Basin
of central Egypt indicate a depositional environment interrupted by periods of erosion due to local tectonic activity
exacerbated by eustatic sea-level fluctuations, and by high-stress environmental conditions akin to those normally
experienced during the Cretaceous^Tertiary boundary transition. During the late Maastrichtian (66.8^65.4 Ma) this
region experienced a breakdown of the biologically mediated surface to bottom gradient of the 13C/12C ratio with
planktic N

13C values 0.2^0.8x lighter than benthic values. Planktic foraminiferal species diversity was reduced by
more than 50%, with faunal assemblages dominated (75^90%) by the opportunistic disaster species Guembelitria
cretacea, which alternate with abundance of small, low oxygen-tolerant heterohelicids (Heterohelix navarroensis,
H. dentata, H. globulosa). This prolonged breakdown in ocean primary productivity occurred during a time of global
climate cooling and sea-level regressions (at 66.8 and 65.5 Ma), though clay mineralogy suggests that locally low
seasonality warm, wet, tropical and subtropical conditions prevailed. The high detrital influx suggests that the
biologically high-stress environment was primarily linked to the existing shallow shelf conditions in southern Egypt,
and possibly to local tectonic activity and restricted circulation. A normal carbon isotope gradient was briefly re-
established during the short climate warming and rising sea level between 65.4 and 65.2 Ma, a time of increased
species diversity, peak abundance of rugoglobigerinids and common heterohelicids. During the last 200 000 years of
the Maastrichtian, increased precipitation and terrestrial runoff (increased phyllosilicates and kaolinite) and increasing
total organic carbon values are associated with Heterohelix-dominated planktic foraminiferal assemblages. The K/T
boundary is marked by a red clay layer and Ir anomaly of 5.4 ppb. During the early Danian, planktic foraminiferal
populations and stable isotope data indicate that similarly fluctuating high-stress conditions prevailed in central Egypt
as elsewhere in the marginal eastern Tethys.
< 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The stratigraphic and lithologic records of the
Cretaceous^Tertiary (K/T) transition in Egypt are
variable depending on the depositional environ-
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ment. In the Western Desert sediment deposition
occurred in a shallow marginal sea which deep-
ened to the northwest (Farafra Oasis, Fig. 1). In
this region the K/T boundary is missing from
Dakhla to Farafra primarily due to erosion as a
result of local tectonic activity and a sea-level re-
gression (Issawi, 1972; Garrison et al., 1979; Bar-
thel and Herrmann-Degen, 198l; Hendriks et al.,
1987; Ganz et al., 1990a,b; Hermina, 1990;
Glenn, 1990; Schnack and Luger, 1998; Tantawy
et al., 2001). In the Eastern Desert, the Sinai and
Negev, sediment deposition occurred in a deeper
middle to outer shelf environment where sediment
deposition was primarily interrupted by erosion
due to global sea-level £uctuations (Sestini,

1984; Hendriks et al., 1987; Luger, 1988; Jen-
kyns, 1990; Keller and Benjamini, 1991; Strougo
et al., 1992; Kassab and Keheila, 1994; Luger et
al., 1989). As a result, the K/T transition is largely
discontinuous in these regions also, though hia-
tuses tend to encompass much smaller intervals
than in the Western Desert.

The Gebel Qreiya section is among the most
complete upper Maastrichtian to Danian sequen-
ces in the Eastern Desert and among the very few
localities where the planktic foraminiferal zone
Parvularugogloberina eugubina and calcareous
nannofossil zone NP1 are present (e.g. East
Qena region, Luger, 1988; Luger et al., 1989;
Duwi region, Tantawy, 1998; St. Paul, South Gal-
ala, Strougo et al., 1992; Faris, 1995, 1997; Kel-
ler, 2002; Tantawy, in press). Gebel Qreiya was
located on the stable shelf of the Asyut Basin
(Fig. 1, Said, 1962) at about middle to outer shelf
depths. This region was subject to sea-level £uc-
tuations throughout the late Cretaceous and early
Tertiary (Hendriks et al., 1987; Luger and
Groeschke, 1989). During the early Maastrichtian
sea-level transgression, open marine conditions
were established throughout central Egypt and
to the south. During subsequent sea-level regres-
sions, erosion was widespread and extensive in the
marginal seas to the south and west coupled with
local tectonic activity in the Western Desert (Hen-
driks et al., 1987; Schnack and Luger, 1998; Tan-
tawy et al., 2001). But in the Eastern Desert, ero-
sion was generally more limited. In this region
sediment deposition during the late Cretaceous
and early Paleocene was primarily controlled by
large-scale rejuvenation of the pre-existing fault
system (Hendriks et al., 1987), with major erosion
linked to active uplift during the late Campanian
to early Maastrichtian. During the late Maas-
trichtian to early Paleocene sediment deposition
was controlled primarily by sea-level £uctuations,
as suggested also by less diverse lithologies (Hen-
driks and Luger, 1987).

This report focuses on the Gebel Qreiya section
as reference point to evaluate the age and deposi-
tional environment of central Egypt during the
late Maastrichtian and early Paleocene. Age con-
trol is based on quantitative analyses of calcare-
ous nannofossils (Tantawy, in press) and planktic

Fig. 1. Location of the Gebel Qreiya section, Central Egypt.
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foraminifera (Keller, 2002). Paleoenvironmental
and paleoecological conditions are evaluated
based on an interdisciplinary approach that inte-
grates microfossil biostratigraphies and paleoecol-
ogy, stable isotope analysis of monospeci¢c
planktic and benthic foraminifera, sedimentology,
geochemistry and mineralogy. The primary objec-
tives of this study include: (a) high resolution age
control, including the recognition of hiatuses and
their evaluation within the context of local tecton-
ic activity and global sea-level £uctuations, and
(b) environmental interpretation based on faunal
and £oral changes, stable isotopes, geochemistry
and mineralogy.

2. Location and lithology

The Gebel Qreiya section is located at the
southern end of Wadi Qena, about 50 km north-
east of Qena City and 18 km north of Km53 of
the Qena-Safaga road (Lat. 26‡21PN Long.

33‡01PE, Fig. 1). The Cretaceous^Tertiary bound-
ary lies within the Dakhla Formation, which is
widely distributed in central and southern Egypt,
though with variable lithologies (e.g. Said, 1962;
Abdel Razik, 1969, 1972; Faris, 1984, 1997; Soli-
man et al., 1986). The upper Maastrichtian sedi-
ments consist of monotonous gray shales contain-
ing numerous Pecten farafrensis casts which
decrease upsection (Figs. 2 and 3). About 1.8 m
below the K/T boundary shales grade into marly
shales devoid of macrofossils (Fig. 3). About 10
cm below the K/T boundary is a pronounced un-
dulating erosional surface with burrows. The 10
cm interval consists of bioturbated marly shale
containing macrofossils (Pecten farafrensis, Fig.
3). The top of this 10 cm interval is marked by
another erosional surface that underlies a 1 cm-
thick red clay layer that marks the K/T boundary
and contains an Ir anomaly of 5.4 ppb. Above the
red layer the basal Danian sediments consist of
¢ssile dark gray marly shales (50 cm), followed
by gray shale (V2 m, Fig. 3).

Fig. 2. Photographs of the Gebel Qreiya outcrop showing the Cretaceous^Tertiary boundary marked by a thin red clay layer,
zone Pla, P1c(1) and the late Maastrichtian zone CF1.
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3. Methods

In the ¢eld the section was measured and exam-
ined for lithological changes, macrofossils, trace
fossils, bioturbation, erosion surfaces and hard-
grounds. Samples were collected for microfossils,
geochemical and mineralogical analyses at 50 cm
intervals, except for the Cretaceous^Tertiary tran-
sition, which was sampled at 5^10 cm intervals.
For foraminiferal study samples were processed
following the standard method of Keller et al.
(1995). Planktic foraminifera are generally abun-
dant and well preserved, though in some intervals

increased carbonate dissolution was observed.
The strongest dissolution is observed in the Dan-
ian zone Plc(2) (samples 72^86) where nearly all
planktic foraminifera are dissolved. Dissolution
e¡ects in the lower part of zone Plc(l) are appar-
ent by the abundance of broken specimens and
thin test walls. No dissolution e¡ects are apparent
in the late Maastrichtian sediments, though low
abundance of specimens and the presence of py-
rite in samples 34^39 suggest low oxygen condi-
tions. Planktic foraminiferal species were analyzed
based on the s 63 Wm size fraction and about 300
individuals per sample. However, since this size

Fig. 3. Lithology of the Gebel Qreiya section. Hiatuses and undulating erosion surfaces are marked by wavy lines. Note that the
K/T red layer that contains the Ir anomaly consists of a 1 cm-thick red clay that overlies a hiatus marked by an undulating ero-
sional surface with truncated burrows.
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fraction favors small species, the s 150 Wm size
fraction was also analyzed for the Maastrichtian
(there are no Danian species in the s 150 Wm size
fraction). Species identi¢cation follows standard
taxonomic concepts (Robaszynski et al., 1983-
1984; Caron, 1985; Nederbragt, 1991, 1998; Ols-
son et al., 1999). Key index species are illustrated
in Plates I and II.

Calcareous nannofossils were processed by
standard smear slide preparation from raw sedi-
ment samples as described by Perch-Nielsen
(1981a,b, 1985). Smear slides were examined using
a light photomicroscope with 1000^2000U mag-
ni¢cation. Calcareous nannofossils are generally
abundant and well preserved. Quantitative analy-
sis was based on smear slides of unprocessed sedi-
mentary samples to prevent loss of smaller-sized
specimens. Relative species abundances were de-
termined based on about 300 specimens along a
random traverse with a light microscope at a

magni¢cation of about 1250U and rare species
were searched in additional transects as described
in Jiang and Gartner (1986). Data are discussed in
Tantawy (in press).

Stable isotope analyses were done separately on
left and right coiling specimens of the benthic for-
aminifer Cibicidoides pseudoacutus at Gebel
Qreiya and El Kef, Tunisia, in order to test the
hypothesis that a change in coiling direction re-
£ects climatic changes as proposed by Coccioni
and Galeotti (1998) and Galeotti and Coccioni,
2002). For the late Maastrichtian the surface-
dwelling planktic foraminifer Rugoglobigerina ru-
gosa was analyzed. Analyses were conducted at
the laboratory of the University of Bern, Switzer-
land, using a VG Prism II ratio mass spectrometer
equipped with a common acid bath. The results
are reported relative to the VPDB standard refer-
ence material with a standard error of 0.1x for
oxygen and 0.05x for carbon.

Fig. 4. Planktic foraminiferal biozonation and datum events used in this study are from Keller et al. (1995) and Li and Keller
(1998a); the Berggren et al. (1995) biozonation is given for comparison. Calcareous nannofossil biozonation is based on Sissingh
(1977), Martini (1971) and Tantawy, in press). Lithological changes, macrofossils, undulating erosional surfaces and hiatuses in
the Gebel Qreiya section indicate an interrupted sediment record probably as a result of sea-level £uctuations. Age estimates for
late Maastrichtian biozones are based on foraminiferal datum events of DSDP Site 525 tied to the paleomagnetic stratigraphy of
the same core, and biostratigraphic correlation with El Kef, Tunisia (Li and Keller, 1998c; Li et al., 1999). Age estimates for
Danian biozones are from Berggren et al. (1995). Ages for these Maastrichtian and Danian datum events and biozones are
broadly valid for the eastern Tethys region, including Egypt.
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Plate I.

PALAEO 2926 8-10-02

G. Keller et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 187 (2002) 35^6040



Whole rock and clay mineral compositions
were analyzed at the Geological Institute of the
University of Neucha“tel, Switzerland, using a
Scintag XRD 2000 Di¡ractometer based on meth-
ods described by Ku«bler (1983, 1987) and Adatte
et al. (1996). Total organic carbon (TOC) analysis
was performed with a Rock Eval 6 pyrolyser on
powdered bulk samples, based on the analytical
methods of Espitalie¤ et al. (1986a^c).

4. Biostratigraphy

Planktic foraminifera and calcareous nannofos-
sils of the Gebel Qreiya section are relatively well
preserved and abundant and provide excellent bi-
ostratigraphic control as discussed in Keller
(2002) and Tantawy (in press) and only a brief
summary is provided here (Fig. 4). The Qreiya
section analyzed spans from the late Maastricht-
ian planktic foraminiferal zone CF3 and calcare-
ous nannofossil Micula murus zone to the early
Danian zones Plc and NP2, respectively. All nan-
nofossil zones and all planktic foraminiferal
zones, except the short interval of CF2, are at
least partially present. However, several hiatuses
in this section re£ect erosion at times of low sea
levels and/or tectonic activity (Fig. 4). The basal
7.5 m of the section spans zone CF3 and the
M. murus zone (Figs. 5 and 6). The presence of
M. murus in this interval suggests that the lower
part of zone CF3, which corresponds to the upper
Lithraphidites quadratus zone, was not recovered.
Zone CF2 is missing (juxtaposition of index spe-
cies Gansserina gansseri and Plummerita hantkeni-

noides, Plate I, Figs. 5^7), and marks a hiatus
correlative with a sea-level lowstand at 65.5 Ma.
Zone CF1 (range of P. hantkeninoides) and
M. prinsii zone mark the uppermost l.8 m of the
Maastrichtian. A burrowed erosional surface
marks another short hiatus and probably lower
sea level about 10 cm below the K/T boundary
clay layer (Figs. 3 and 4). The 10 cm thick interval
bounded by these two hiatuses contains macro-
fossils, including bivalves and gastropods that
may have been transported from shallower envi-
ronments to the south (Luger, 1988; Luger et al.,
1989).

Throughout Egypt, including the Sinai and the
Negev, the K/T boundary interval is generally
condensed, often highly bioturbated and fre-
quently marked by erosion surfaces. As a result,
the characteristic K/T boundary clay layer and
basal red layer that mark zone P0 and contain
the Ir anomaly are generally absent or unrecog-
nizable due to erosion and sediment mixing by
bioturbation (Keller and Benjamini, 1991; Sha-
hin, 1992; Faris, 1997; Luger et al., 1998; Tanta-
wy et al., 2001). However, at Gebel Qreiya the
K/T boundary is marked by a 1 cm-thick red
clay layer and thin layer of diagenetic gypsum,
similar to that at the stratotype section at El
Kef and other complete K/T transitions. An Ir
anomaly of 5.4 ppb was identi¢ed in this red
clay layer (sample 11.5) and marks the ¢rst re-
ported occurrence of this anomaly in Egypt. The
red layer is devoid of microfossils and overlies an
undulating burrowed erosional surface that indi-
cates another short hiatus.

Above the K/T red layer, the simultaneous ¢rst

Plate I. Scale bar= 200 Wm. All specimens from the latest Maastrichtian zone CF1 (Plummerita hantkeninoides) at Qreiya, Egypt.

1, 2. Rugoglobigerina macrocephala
3, 4. R. scotti
5^7. Plummerita hantkeninoides
8. R. rugosa
9. Heterohelix navarroensis
10. H. globulosa
11. H. dentata
12. H. planata
13. Laeterohelix labellosa
14. Pseudoguembelina costulata
15. P. palpebra
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Plate II.
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appearances of six Danian planktic foraminiferal
species, including the zone Pla index species Par-
vularugoglobigerina eugubina and P. longiapertura,
indicate that the earliest Danian zone P0 is re-
stricted to the red layer (Fig. 5). In addition, the
lower part of the overlying zone Pla is missing, as
indicated by: (a) the absence of abundant Guem-
belitria, which are characteristic of the P0 and
lower Pla zones, and (b) the presence of common

Danian species in the s 63 Wm size fraction which
do not generally appear below the upper part of
the P. eugubina zone or in Pla(2) (Keller et al.,
1995, 2001). Moreover, the presence of abundant
reworked Cretaceous species in the shale of zone
Pla indicates erosion and redeposition under in-
tensi¢ed current activity and/or shallower waters
(Fig. 5).

Zone Pla(2) (P. eugubina) assemblages are

Plate II. Scale bar= 50 Wm. Specimens 3 and 4 from the late Maastrichtian zone CF1. All other specimens from the early Danian
zone Pla (P. eugubina) at Qreiya, Egypt.

1^4. Guembelitria cretacea
5, 6. Woodringina hornerstownensis
7. Chiloguembelina midwayensis
8. Woodringina claytonensis
9, 10. Parvularugoglobigerina eugubina
11, 12. Parasubbotina varianta
13, 14. Parvularugoglobigerina extensa ( =Globoconusa conusa)
15. Globoconusa daubjergensis
16. Globigerina (Eoglobigerina) pentagona

Fig. 5. Planktic foraminiferal species ranges at Gebel Qreiya, Egypt. Dashed lines mark hiatuses. Zone CF2 is missing (65.45^
65.3 Ma), zone CF1 is only partially present, the earliest Danian zone P0 is restricted to the K/T red layer, the lower part of
zone Pla is missing, hiatuses also mark zone Pla/b, Plb/Plc boundaries and within zone Plc. Note the overall low species richness
in the late Maastrichtian is about half of normal Tethyan assemblages. Maximum species richness at Gebel Qreiya corresponds
to the short warm event within the latest Maastrichtian zone CF1.
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present in the 50 cm-thick ¢ssile dark gray shale
that overlies the red clay and contains a well de-
veloped early Danian zone Pla assemblage that
includes Globoconusa daubjergensis, Parvularugo-
globigerina eugubina, P. longiapertura, P. extensa
( =G. conusa), Eoglobigerina edita and E. eobul-
loides, followed by Subbotina triloculinoides,
S. trivialis and Woodringina claytonensis (Fig. 5,
Plates I and II). Calcareous nannofossils place
this interval in zone NP1a (Fig. 6).

Zone Plb, the interval between the last occur-
rence of P. eugubina and/or P. longiapertura and
the ¢rst appearance of Parasubbotina varianta, is
condensed, partly due to dissolution and a hiatus
as indicated by the abrupt disappearance of
P. longiapertura immediately after its most abun-
dant stage (53%), the peak abundance (63%) of
P. extensa (formerly G. conusa), and the simulta-
neous ¢rst appearances of P. alabamensis, Wood-
ringina hornerstownensis, and Globanomalina tau-
rica (Fig. 5, Plate II). The calcareous nannofossil

zone boundary NP1a/b coincides with this hiatus
(Fig. 6).

Zone Plc, the interval between the ¢rst appear-
ance of Parasubbotina varianta to the ¢rst appear-
ance of Praemurica trinidadensis, marks the top
5 m of the section analyzed.

Zone P1c is divided into P1c(l) and P1c(2)
based on the ¢rst appearance of Praemurica in-
constans (Fig. 4), which ¢rst appears about 3.8
m above the K/T boundary and just below an
interval of carbonate dissolution (Figs. 5 and 6).
There are abrupt faunal assemblage changes with-
in Plc(l) that indicate another hiatus at 2.5 m
above the K/T boundary. Evidence for this hiatus
includes (a) a sharp lithological break from marly
shale to shale, (b) the abrupt disappearance of
abundant G. cretacea and G. daubjergensis, and
(c) the abrupt abundance decrease in W. calyto-
nensis, W. hornerstownensis, G. pentagona and P.
varianta. The calcareous nannofossil zone bound-
ary NP1b/c coincides with this hiatus (Fig. 6).

Fig. 6. Calcareous nannofossil species ranges and species richness at Gebel Qreiya, Egypt. Note the gradual decrease in Creta-
ceous species richness in the early Danian is partly due to reworked sediments. However, species that are considered as K/T sur-
vivors show a marked increase in their relative abundance in the early Danian.
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Few planktic foraminifera or calcareous nanno-
fossils are present in the interval above the car-
bonate dissolution in zones Plc(2) and NP1c
(Figs. 5 and 6).

The hiatuses identi¢ed at Gebel Qreiya have
also been identi¢ed in Israel, southern Tunisia,
Bulgaria, Italy, Spain, Mexico, Guatemala and
many deep-sea sections (e.g. MacLeod and Keller,
1991; Keller and Benjamini, 1991; Canudo et al.,
1991; Keller et al., 1994, 1998, 2002; Luciani,
1997, 2002; Stinnesbeck et al., 1997; Adatte et
al., 2002a,b). These hiatuses are generally associ-
ated with climate cooling, lower sea levels and
intensi¢ed bottom circulation.

5. Stable isotopes

Foraminifera are relatively well preserved at
Gebel Qreiya. However, even well preserved tests
tend to be partially recrystallized with up to 50%
diagenetic calcite (Pearson et al. (2001). Recrystal-
lization of foraminiferal tests occurs upon settling
in the cool waters of the ocean £oor. As a result,
oxygen isotopes tend to shift towards more pos-
itive (cooler) values and carbon isotopes towards
more negative values (lower productivity). Iso-
topic values are thus biased towards cooler tem-
peratures and lower productivity even in well pre-
served foraminiferal tests. However, carbon and
oxygen isotope di¡erentials between species tend
to be retained during diagenesis, but with the ef-
fect of reducing the di¡erential depending on the
degree of diagenesis. Thus, in completely recrys-
tallized tests, N13C values of benthic and planktic
species converge (Pearson et al., 2001).

Since oxygen isotopic values are more sensitive
to post-depositional alteration than carbon iso-
tope values, no paleotemperature data can be
obtained, although climatic trends are generally
preserved. At Gebel Qreiya N

18O values of Rugo-
globierina rugosa vary, with an average about
2.0x lighter as compared with El Kef, Tunisia
(Keller and Lindinger, 1989; Li et al., 2000),
partly due to diagenetic alteration and partly to
the shallower water depth at Qreiya (middle ne-
ritic as compared with outer neritic to upper slope
at El Kef) and hence warmer waters. This study is

primarily concerned with variations in primary
productivity as re£ected in surface-to-deep gra-
dient changes in N

13C, and in evaluating the left
and right coiling individuals of Cibicidoides pseu-
doacutus as potential environmental indicators.

5.1. Sinistral and dextral coiling Cibicidoides
pseudoacutus

We have analyzed monospeci¢c samples of the
benthic foraminifer Cibicidoides pseudoacutus and
the surface-dwelling planktic foraminifer Rugoglo-
bigerina rugosa for the Maastrichtian. Cibicidoides
pseudoacutus is frequently used for stable isotope
analyses in continental shelf-slope sections. Re-
cently, Coccioni and Galeotti (1998) and Galeotti
and Coccioni (2002)) reported that sinistral coil-
ing individuals dominated during climatic cooling
immediately after the K/T boundary event, where-
as dextral coiling individuals dominated during
warmer periods, although they provided no sup-
porting stable isotope data for individuals with
di¡erent coiling directions. They concluded that
the brief interval of dominantly sinistral individu-
als provides evidence for a prolonged period of
nuclear winter following the K/T impact. In order
to test this hypothesis we have separately ana-
lyzed samples of sinistral and dextral coiling indi-
viduals at El Kef and Gebel Qreiya. At El Kef,
the test site of Coccioni and Galeotti (1998), we
con¢rmed a predominance of sinistrally coiled in-
dividuals within the basal 15 cm of the boundary
clay (zone P0, Fig. 7). However, N18O and N

13C
values show no signi¢cant variations between in-
dividuals with di¡erent coiling directions. In most
samples isotopic values of sinistral and dextral
individuals deviate less than 0.1x (Fig. 7, Table
3). In addition, there is no consistent correlation
between samples with abundant sinistral individ-
uals and cooling, though the overall pattern is
intriguing for the immediate post-K/T interval.

At Gebel Qreiya we analyzed sinistral and dex-
tral coiling individuals spanning climatic £uctua-
tions from the late Maastrichtian zone CF3
(V66.8 Ma) through the Danian zone Plc (V64
Ma). As at El Kef, dextral and sinistral coiling
individuals covary throughout the section. N

13C
and N

18O values deviate an average of 0.2x,
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Fig. 7. Stable isotope values of sinistral and dextral coiling individuals of the benthic species Cibicidoides pseudoacutus and its
coiling ratio across the Cretaceous^Tertiary boundary at El Kef, Tunisia. Note that coiling direction appears to be unrelated to
temperature changes and that the relative abundance of sinistral coiling individuals does not correspond with tempearature
changes as suggested by Galeotti and Coccioni (2002), though there seems to be a correlation with productivity.

Fig. 8. Stable isotope values of sinistral and dextral coiling individuals of the benthic species Cibicidoides pseudoacutus and its
coiling ratio during the late Maastrichtian and early Danian at Gebel Qreiya, Egypt. Note that sinistral and dextral coiling indi-
viduals show similar values and that there is no correlation between cooling and higher abundances of sinistrally coiled individu-
als as suggested by Galeotti and Coccioni (2002), except for an interval in zone Plb.
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with deviation greater in oxygen isotope values
(Fig. 8). There appears to be no systematic iso-
topic di¡erence between individuals with di¡erent
coiling directions, although sinistral coiling indi-
viduals record more often slightly heavier N

18O
values during the late Maastrichtian and early
Danian, but this trend is reversed in Plc. The coil-
ing ratio of C. pseudoacutus fails to show a con-
sistent relationship with climatic trends. In gener-
al, sinistrally coiled individuals more often
predominate during warmer intervals than dex-
trally coiled individuals. There is only one interval
in Plb where cooling coincides with abundant sin-
istrally coiled individuals (Fig. 8). Our data thus
fail to support the hypothesis that sinistrally
coiled individuals indicate climatic cooling. The
increased abundance of sinistrally coiled individ-
uals in the basal 15 cm of the boundary clay at El

Kef and a similar increase in zone Plb at Qreiya
appear to be anomalies related to environmental
factors other than temperature. Instead, coiling
direction in C. psuedoacutus appears to be related
to primary productivity. This is suggested by the
coincidence of high abundance of sinistrally coiled
specimens at the base of the Danian (P0) and in
Plb, the two intervals with lowest N

13C values,
indicating lowest productivity (e.g. Magaritz et
al., 1992; Barrera and Keller, 1994).

5.2. Productivity and temperature trends

In view of the closely similar isotopic values
obtained for dextral and sinistral coiling individ-
uals of C. pseudoacutus, there appears to be no
need for separate analyses by coiling direction.
We have therefore averaged these values for Ge-

Fig. 9. Stable isotope values of averaged dextral and sinistral coiling individuals of the benthic species C. pseudoacutus and
planktic species Rugoglobigerina rugosa at Gebel Qreiya, Egypt. Note the inverse surface-to-deep N

13C gradient in zone CF3 (M.
murus) that indicates a Strangelove ocean with surface productivity lower than in bottom waters, similar to that characteristically
observed at the K/T boundary in low to middle latitudes. Oxygen isotopes indicate cooler temperatures in zone CF3 with respect
to CF1, and higher though £uctuating temperatures in the early Danian followed by cooling in zone Plc. Note that these bottom
water temperature trends may re£ect the shallow, though £uctuating early Danian marginal sea, rather than climate trends.
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Table 1
Stable isotopes of left and right coiling Cibicidoides pseudoacutus at Gebel Qreiya, Egypt

No. Depth C. Pseudoacutus 13C 18O % Species left coil

(m) left coiling right coiling

N
13C N

18O N
13C N

18O

90 14.95 0.70 33.82 30.48 34.79 1.18 0.97 53
87 14.65 0.06 32.70 30.26 34.16 0.32 1.46 52
68 13.15 0.19 34.81 30.38 35.32 0.57 0.51 40a

64 12.95 0.16 34.26 30.28 34.20 0.44 0.06 54
60 12.75 0.09 33.91 30.15 33.68 0.24 0.23 68a

56 12.55 0.01 34.20 30.14 33.63 0.15 0.57 49
52 12.35 30.17 34.46 30.08 33.35 0.25 1.11 49
48 12.15 30.07 34.24 50
44 11.95 30.41 34.55 30.30 34.05 0.11 0.50 49
40 11.75 30.81 35.58 30.38 33.75 0.43 1.83 50
36 11.55 30.26 35.09 30.42 34.94 0.16 0.15 49
32 11.30 30.29 35.29 30.46 35.22 0.17 0.07 52
28 11.10 30.08 34.86 30.30 35.01 0.22 0.15 57
24 10.90 30.39 33.92 57
22 10.80 30.88 35.39 30.72 34.48 0.16 0.91 56
20 10.70 30.29 34.40 30.67 34.45 0.38 0.05 52
18 10.60 30.34 35.04 44
1 10.50 30.44 33.92 30.40 33.21 0.04 0.71 63
2 10.40 30.04 33.56 30.04 32.51 0.00 1.05 61
3 10.30 30.25 34.37 30.36 34.23 0.11 0.14 57
4 10.20 30.28 33.50 30.66 34.82 0.38 1.32 59
5 10.10 31.21 32.80 49a

6 10.00 30.37 33.51 30.87 35.06 0.50 1.55 52
7 9.90 30.58 34.60 48
8 9.80 30.36 34.02 30.30 34.33 0.06 0.31 54
9 9.70 30.26 34.53 49
10 9.60 30.59 33.25 30.39 33.95 0.20 0.70 49
11 9.50 30.11 33.80 30.51 34.00 0.30 0.20 46
12 9.40 30.11 33.73 50
13 9.30 30.11 34.07 30.34 34.27 0.23 0.20 48
14 9.20 30.10 32.83 45
16 9.00 52
18 8.80 30.10 33.51 54
20 8.60 30.12 33.54 30.19 33.86 0.07 0.32 59
22 8.40 30.06 33.09 30.18 33.55 0.12 0.46 52
24 8.20 30.05 33.26 30.13 33.44 0.08 0.18 49
26 8.00 0.01 31.95 44a

28 7.80 30.08 33.49 30.15 34.09 0.07 0.60 58
30 7.60 30.01 32.54 49
31 few
32 few
33 6.50 30.37 32.99 30.23 33.10 0.14 0.11 54
34 6.00 30.03 33.08 30.19 33.21 0.16 0.13 51
35 5.50 0.15 32.04 0.03 32.30 0.12 0.26 52
36 5.00 30.04 32.88 30.10 33.59 0.06 0.71 55
37 4.50 30.05 32.37 30.15 33.00 0.10 0.63 55
38 4.00 30.25 34.14 30.20 33.78 0.05 0.36 54
39 3.50 0.49 32.97 30.19 33.84 0.68 0.87 57
40 3.00 30.13 32.55 30.21 33.61 0.08 1.06 55
41 2.50 30.49 33.56 50
42 2.00 30.53 32.90 30.33 33.14 0.20 0.14 52

a Percent based on less than 100 specimens.
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bel Qreiya in each sample to obtain overall N13C
and N

18O trends (Fig. 9). The data show strong
surface and bottom water trends that are largely
consistent with coeval eastern Tethys isotopic rec-
ords of the same species (Keller and Lindinger,
1989; Stueben et al., 2002), except for the sur-
face-to-deep carbon isotope gradient.

The late Maastrichtian surface-to-deep N
13C

gradient of the benthic foraminifer Cibicidoides
pseudoacutus and planktic foraminifer Rugoglobi-
gerina rugosa at Qreiya is very unusual. Benthic
N
13C values show relatively minor variations be-

tween 0x and 30.3x, though there are major
excursions in planktic N

13C values (Fig. 9). Near
the base of the section, a small positive surface-to-

deep N
13C gradient is present. This is followed by

a negative planktic N
13C excursion of 0.5^0.8x

and establishes an inverse surface-to-deep gra-
dient for the remainder of zone CF3 and into
the base of CF1 (Fig. 9, Tables 1 and 2). A pos-
itive shift of 0.8x in planktic N

13C values re-es-
tablishes a slightly positive surface-to-deep gra-
dient in zone CF1. Near the top of the
Maastrichtian (top 20 cm), planktic N

13C values
drop by 0.6x and are again more negative than
benthic values, as is characteristic of the K/T
boundary.

Is the observed reversal in the surface-to-deep
gradient real or an artifact of diagenesis? Recrys-
tallization of foraminiferal tests occurs in the
cooler waters of the ocean £oor, which shifts
planktics towards more negative carbon values
than benthic species, and hence reduces the sur-
face-to-deep gradient. Total (100%) recrystalliza-
tion would result in convergence of planktic and
benthic values (Pearson et al., 2001). Thus, recrys-
tallization alone cannot account for the more neg-
ative planktic values during the late Maastrichtian
at Qreiya, and strongly suggests that surface pro-
ductivity was very low. The unusual high-stress
planktic foraminiferal assemblages dominated by
Guembelitria and small Heterohelix species sup-
port this interpretation.

Benthic N13C values show only a minor decrease

Table 2
Stable isotopes of planktic foraminifera Rugoglobigerina ru-
gosa and Subbotina triloculinoides at Gebel Qreiya, Egypt

Species No. Depth N
13C

(m)

Maastrichtian (s 150 Wm)
R. rugosa 11 9.50 30.08
R. rugosa 12 9.40 30.57
R. rugosa 13 9.30 30.24
R. rugosa 14 9.20 30.08
R. rugosa 16 9.00 0.00
R. rugosa 18 8.80 0.04
R. rugosa 20 8.60 30.07
R. rugosa 22 8.40 0.11
R. rugosa 24 8.20 0.03
R. rugosa 26 8.00 0.55
R. rugosa 28 7.80 30.63
R. rugosa 30 7.60 30.44
R. rugosa 32 7.40 30.72
R. rugosa 33 6.50 30.51
R. rugosa 34 6.00 30.70
R. rugosa 36 5.00 30.78
R. rugosa 37 4.50 30.91
R. rugosa 38 4.00 30.32
R. rugosa 40 3.00 30.70
R. rugosa 41 2.50 30.21
R. rugosa 42 2.00 30.17
Danian (100^150 Wm)
S. triloculinoides 90 14.95 30.12
S. triloculinoides 87 14.65 30.13
S. triloculinoides 60 12.75 0.15
S. triloculinoides 56 12.55 30.14
S. triloculinoides 52 12.35 0.09
S. triloculinoides 48 12.15 30.36
S. triloculinoides 44 11.95 0.11
S. triloculinoides 40 11.75 0.12
S. triloculinoides 36 11.55 0.00

Table 3
Stable isotopes of left and right coiling benthic foraminifera
Cibicidoides pseudoacutus, at El Kef, Tunisia

Depth left coiling right coiling

(cm) N
13C N

18O N
13C N

18O

+50 30.06 34.12 32.22 33.88
+10^23 30.12 33.76 0.21 33.65
+15^20 30.08 33.74 0.00 33.94
+10^15 0.04 33.67 30.25 34.61
+7^13 30.04 33.76 30.02 33.77
+6^8 0.12 33.47 0.26 33.17
+2^4 0.32 33.31 0.16 33.17
+1^2 0.06 33.43 30.02 33.45
0^1 K/T 30.13 33.60 30.23 33.76
31^5 30.41 34.72 30.52 34.91
35^10 30.69 35.05 30.67 35.03
315^20 30.44 34.28 30.33 34.14
320^25 30.77 35.10 30.65 34.94
350^55 30.47 34.34 30.37 34.97

(+) above K/T boundary, (3) below K/T boundary
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(30.3x) across the K/T boundary, consistent
with benthic patterns elsewhere (Keller and Lin-
dinger, 1989; Zachos et al., 1989). However, in
the early Danian Pla^Plb interval benthic values
continued to drop and reached minimum values
at the Pla/Plb hiatus (Fig. 9). The ¢rst recovery is
indicated at the P1b/Plc boundary and hiatus by a
brief positive excursion, followed by another neg-
ative excursion in the lower part of Plc(l). Similar
positive and negative excursions were observed at
these time intervals in the Negev (Magaritz et al.,
1992) and South Atlantic (Stott and Kennett,
1990; Barrera and Keller, 1994), and various
low latitude deep sea localities (Zachos et al.,
1989; Keller and Lindinger, 1989).

Temperature trends indicate that relative to the
late Maastrichtian zone CF1 and early Danian
zone Plc(l), benthic and planktic N

18O values sug-
gest cooler temperatures during the late Maas-
trichtian zone CF3 (Fig. 9). This warming trend
in zone CF1 is consistent with middle to high
latitude climate trends between 65.4 and 65.2
Ma (CF1^2 interval, Li and Keller, 1998a). Dur-
ing the early Danian lower part of zone Plc,
benthic N

18O values indicate warmer tempera-
tures, whereas planktic values suggest variably
cooler conditions. The warmer bottom water at
Gebel Qreiya likely re£ects a shallowing and re-
stricted sea. A lower sea level at this time has been
observed on carbonate shelves of the southern
Tethys (e.g. Guatemala, Fourcade et al., 1998;
Stinnesbeck et al., 1997). Cooler temperatures be-
ginning in the lower part of Plc(l) parallel in-
creased N

13C values and the recovery of normal
primary productivity in the middle and low lati-
tude ocean. Although these data provide a
glimpse of early Danian climate changes, this in-
terval is still poorly understood because of incom-
plete stratigraphic records, diagenetic alteration,
and the absence of long-ranging planktic species
for isotopic analyses of surface waters.

6. Mineralogy

6.1. Bulk rock

During the late Maastrichtian at Gebel Qreiya,

sediments were dominated by calcite, phyllosili-
cates, quartz and plagioclase. In the lowermost
2 m of the section (base of zone CF3), calcite
deposition averages V70%, quartz 3%, and phyl-
losilicates vary between 15 and 25%, suggesting
relatively low energy conditions (Fig. 10). A sig-
ni¢cant change occurs between 2 and 7.5 m
(upper 2/3 of zone CF3), where calcite decreases
to 40%, phyllosilicates increase to 40^45%, and
detritus (quartz and plagioclase) increases to 5^
6%. This suggests increased erosion and runo¡
associated with a lower sea level, as also indicated
by a hiatus (CF3/CF1 zones) and the presence of
macrofossils. In the 2 m below the K/T boundary
(zone CF1), deposition of calcite is high again
(60^70%, except for two isolated samples that
were not analyzed for foraminifera), and phyllo-
silicates low (20^30%), followed by a reversed
trend in the 1 m below the K/T boundary (Fig.
10). These data suggest decreased detrital in£ux
during a relatively higher sea level and globally
warmer climate indicated by oxyen isotope data
at Qreiya (Fig. 9) and elsewhere (Stott and Ken-
nett, 1990; Li and Keller, 1998a^c; Olsson et al.,
2001).

There are also strong Danian trends in bulk
rock compositions. The early Danian interval of
zone Pla (Parvularugoglobigerina eugubina) is rel-
atively high in calcite (V45%) and phyllosilicates
(V45%), and low in quartz (V2.5%). This high
calcite content is inconsistent with the very low
foraminiferal numbers, but can be explained by
the presence of common reworked Cretaceous
species (Fig. 5). Upsection, calcite decreases to a
variable 20^30% and dropped to near 0% in a
dissolution interval at the Plc(l)/Plc(2) zone
boundary where foraminifera and nannofossils
are absent (Figs. 5 and 6). At the same time,
phyllosilicates gradually increase to a maximum
of 80%, and detrital input is variable (3^4%
quartz, 1% K-feldspar, 1^1.5% plagioclase), sug-
gesting increased erosion and transport, as also
indicated by several short hiatuses (Fig. 5).

6.2. Clay minerals

At Qreiya, the main clay phases are kaolinite
(55^85%), smectite (10^30%), chlorite (5^25%)
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and illite (2^15%, Fig. 11). The smectite presence
implies that the clay minerals are not transformed
due to burial diagenesis, and smectites are there-
fore mostly of detrital origin as a result of local
uplift and/or variations in weathering processes
and soil formation in the bordering continental
areas (Chamley, 1989; Weaver, 1989). Clay min-
eral compositions remain relatively stable in zone
CF3, with kaolinite dominant (68^78%), common
smectite (9^16%) and chlorite (10^18%), and mi-
nor amounts of illite (6 3%). The base of zone
CF1 is marked by £uctuating but decreasing
smectite and kaolinite, with 10% and 59%,
respectively, and increasing mica (s 3%) and
chlorite (up to 25%). Above this interval in
CF1, kaolinite (60^70%) and smectite (15^25%)

increase, whereas chlorite (7^14%) decreases.
Across the K/T boundary (top of CF1 and Pla,
Fig. 11) mica and chlorite increase and kaolinite
decreases along with the smectite/chlorite+mica
and kaolinite/smectite ratios. Above this inter-
val kaolinite gradually increases and reaches
maximum values (76^88%) at the base of P1b,
whereas smectite, mica and chlorite decrease.
Near the top of the section (zone Plc(2)),
smectite increases (29%), kaolinite remains rela-
tively stable (65^75%), whereas chlorite (6 10%)
decreases.

6.2.1. Interpretation
During the late Cretaceous, Gebel Qreiya was

located near the paleoequator (Smith et al., 1994),

Fig. 10. Bulk rock composition and total organic carbon (TOC) at Gebel Qreiya, Egypt. Note that the unusually high calcite
content immediately above the K/T boundary is the result of abundant reworked Maastrichtian foraminifera in this interval.
High TOC values across the K/T boundary most likely re£ect increased erosion and runo¡. HI and OI indices indicate that the
organic matter is of terrigenous origin and may have been oxidized and partly altered during erosion and transport. See text for
discussion.
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as also indicated by the high abundance of kao-
linite, which is a weathering product in subtrop-
ical to tropical environments where perennial
rainfall and mean annual soil temperatures exceed
15‡C (Gaucher, 1981). Dominance of kaolinite
was also observed in Tunisia (Li et al., 2000;
Adatte et al., 2002a,b). At Qreiya, warm wet,
tropical and subtropical late Maastrichtian condi-
tions characterized by low seasonality contrasts
and predominantly chemical weathering are sug-
gested by the high kaolinite, moderate smectite,
and low mica and chlorite contents (Fig. 11).
The presence of crystallized mica, characterized
by a large XRD peak also indicates that active
chemical weathering prevailed during the late
Maastrichtian and in the early Danian. Wet hu-
mid conditions are also indicated by the presence
of Tricopolites reticulates (comparable to the ge-
nus Gunnera) in nearby sections, a genus which is

restricted to environments of heavy rainfall and
higher elevations (s 750 m, Schrank, 1984).

Smectite at Qreiya is variable but gradually in-
creases from the bottom to the top of the section.
Smectite in marine sediments may have several
origins. Detrital smectite eroded from suitable
soils, typically with ¢ne grain sizes, may preferen-
tially settle in distal open marine environments,
whereas chlorite, kaolinite and mica are deposited
closer to the shoreline (Porrenga, 1966; Gibbs,
1977; Adatte and Rumley, 1989). In the absence
of other changes, detrital smectite in marine sedi-
ments increases during sea-level highstand peri-
ods, whereas kaolinite, chlorite and mica increase
during lowstand periods. The presence of abun-
dant smectite is generally linked to transgressive
seas and warm climate with alternating humid
and arid seasons, but can also re£ect volcanic
activity (Chamley, 1989, 1998; Deconinck and

Fig. 11. Clay mineral content at Gebel Qreiya, Egypt. The main clay phases are kaolinite and smectite, suggesting a mostly detri-
tal origin as a result of uplift and/or variations in weathering processes and soil formation in bordering continental areas. The
high abundance of kaolinite suggests a warm, wet, tropical to subtropical environment. See text for discussion.
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Chamley, 1995). At Qreiya the overall increase in
smectite during the early Danian re£ects the in-
creasing sea-level trend that has been documented
from many sections in Egypt (e.g. Schnack and
Luger, 1998; Tantawy et al., 2001). Major varia-
tions in smectite abundance coincide with hiatuses
at the CF3/CF1, CF1/P0, P1a/P1b intervals and
generally correspond to increases in chlorite and
mica to the detriment of smectite and kaolinite,
and hence indicate signi¢cant mechanical erosion
of nearby areas. The coeval increase in smectite
and chlorite observed in the topmost Maastricht-
ian may also indicate drier conditions (seasonal-
ity) in elevated areas (Figs. 11 and 12).

The kaolinite/smectite ratio is a climate proxy
that re£ects humid/warm to more dry and season-
al climate variations (e.g. Robert and Chamley,
1991; Robert and Kennett, 1992). The ratio of
kaolinite to smectite (K/SM) can therefore be
used as proxy for climate change. Based on this
proxy, perennially humid conditions prevailed in
central Egypt during the late Maastrichtian and
early Danian except for two intervals with drier,
more seasonally humid climates during the latest
Maastrichtian and in the early Danian zone Plc(2)
(Fig. 12).

6.3. Total organic carbon

Organic carbon and Rock-Eval pyrolysis data
indicate that throughout CF3, TOC values rarely
exceed 0.25 wt%, with average values about 0.22
wt% (Fig. 10). The highest TOC values (1.96%)
occur in a single sample (Nr. 39) in the lower part
of zone CF3 (Fig. 10). Although this peak value is
anomalous within the otherwise low TOC con-
tent, planktic foraminiferal data show a major
increase in low oxygen-tolerant heterohelicids in
this sample (Keller, in press), which suggests an
in£ux of nutrient-rich waters and expansion of the
oxygen minimum zone. In the lower and middle
parts of zone CF1, TOC values remain low, but
increase rapidly to a maximum of 0.96% within
the upper part. This interval, bounded by two
erosion surfaces, also contains gastropod and bi-
valve shells and suggests increased erosion and
transport from shallower areas, as also indicated
by bulk rock minerals. TOC values decrease to

0.6% in the K/T red layer, but gradually increase
to a mximum of 0.94% at the P1a/P1b hiatus and
remain high in P1b with average values of 0.75%
(Fig. 10).

The kerogens present at Gebel Qreiya are ther-
mally immature, as indicated by the low to
slightly elevated Tmax values between 415 and
425‡C. The pyrolysis data further suggest a terrig-
enous source (Type III or IV), high sediment di-
lution and perhaps oxidizing bottom water con-
ditions. However, post-depositional alteration is
also indicated by the low hydrogen index (HI)
(20^30 HC/g TOC) and high oxygen index (OI)
values (180^200 mg CO2/g TOC). The upper part
of CF3 exhibits very high OI values (1500^3000
mg CO2/g TOC) and suggests that the main part
of the organic matter in the shale could have been
altered and partly destroyed. Thus, because of
post-depositional alteration, TOC values provide
no clues to the origin of the very low surface
productivity values observed in carbon isotope
values.

7. Discussion

7.1. Hiatuses

Biostratigraphic analyses of the Gebel Qreiya
section based on planktic foraminifera and calcar-
eous nannofossils indicate that late Maastrichtian
to early Danian sediment deposition was inter-
rupted repeatedly by erosion and non-deposition
related to sea-level regressions and tectonic activ-
ity (Figs. 3 and 12). As a result, all of the planktic
foraminiferal and calcareous nannofossil biozones
are incomplete due to hiatuses (Figs. 5 and 6).
Short hiatuses can be recognized in the latest
Maastrichtian between zones CF3/CF1 (M. mu-
rus/M. prinsii) and within CF1 just below the
K/T boundary based on erosional surfaces, litho-
logical, geochemical and mineralogical changes,
and faunal assemblage and species abundance
variations. These hiatuses coincide with local tec-
tonic activity (Klitzsch and Wycisk, 1987) and
climate and sea-level £uctuations. For example,
the late Maastrichtian climatic cooling that culmi-
nated at 65.5 Ma with a major sea-level drop co-
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incides with the major CF3/CF1 hiatus. The sub-
sequent short warm event between 65.4 and 65.2
Ma (zone CF1), followed by gradual cooling dur-
ing the last 100 000 years of the Maastrichtian (Li
and Keller, 1998a,c), coincides with an erosional
surface near the top of CF1 (Figs. 3 and 5). The
1 cm-thin K/T boundary red clay layer and Ir
anomaly also overlies an undulose, burrowed,
erosional surface that marks another hiatus or
condensed interval. Above the red clay, the lower
part of zone Pla (Pla(l) is missing. Short hiatuses
are also present between zones Pla/Plb, Plb/Plc
and within Plc(l).

In the fossil record, these hiatuses can be rec-
ognized by the simultaneous ¢rst or last appear-
ances of several species which normally appear
sequentially, the absence of certain acme peaks
(e.g. Guembelitria peak in the earliest Danian),
the absence of the characteristically tiny (6 63
Wm) earliest Danian fauna, and the abrupt disap-
pearances or ¢rst appearances of new species with
abundant well developed specimens that are
known to appear at a later evolutionary transi-
tion. In the ¢eld, hiatuses can often be recognized
by hardgrounds, undulating erosional surfaces,
truncated burrowed surfacs, macrofossils and lith-
ological changes. In the mineralogical record, ero-
sion and hiatuses are frequently apparent by sud-
den mineralogical changes and increased detrital
in£ux. The hiatuses observed at Gebel Qreiya
have also been observed in numerous K/T bound-
ary sections, including the Negev, Israel, Tunisia,
Bulgaria, Denmark, Spain, Mexico, Haiti and
deep sea sites (e.g. MacLeod and Keller, 1991;
Canudo et al., 1991; Keller and Benjamini,
1991; Shahin, 1992; Keller, 1993; Samir, 1994;
Keller et al., 1993; 1994; 1998, 2001; Apellaniz
et al., 1997; Luciani, 1997). Sea-level lowstands
accompanied by intensi¢ed bottom water circula-
tion are most likely responsible for these hiatuses,
though locally tectonic activity may signi¢cantly
contribute to erosion, as was likely the case in
central Egypt (Schnack and Luger, 1998).

7.2. Sea level and climate

The late Maastrichtian climate record is well
known from studies in the Tethys, equatorial Pa-

ci¢c and the high latitudes (Brinkhuis and Za-
chariasse, 1988; Keller et al., 1993, 1995; Barrera,
1994; Barrera et al., 1997; Li and Keller, 1998a,c;
Kucera and Malmgren, 1998). These records show
that the Maastrichtian cooling trend reached its
maximum at about 65.5 Ma, coincident with a
sea-level lowstand and widespread hiatus (Baum
and Vail, 1988; Donovan et al., 1988; Keller and
Stinnesbeck, 1996; Li et al., 2000). At Gebel
Qreiya, the equivalent interval is likely the hiatus
between CF3 and CF1 (Figs. 3 and 12). This cold
event was followed by rapid global warming of
sea surface temperatures by 3^4‡C in middle and
high latitudes between 65.45 Ma and 65.20 Ma
(Li and Keller, 1998c). This warm event is easily
recognized in planktic foraminifera by increased
abundance of tropical and subtropical species in
low latitudes and maximum species diversity. At
Gebel Qreiya, this warm event is at least partially
present in CF1, marked by an abundance of
Plummerita hantkeninoides (10^15%) and rugoglo-
bigerinids (25^30%), maximum species richness,
high calcite and kaolinite, and warmer surface
water temperatures (Figs. 5, 9 and 12). Climate
cooled gradually during the last 100 kyr of the
Maastrichtian (Li and Keller, 1998c). This cli-
matic cooling appears to be at least partly present
at Gebel Qreiya in the top 50 cm of the Maas-
trichtian, as indicated by decreased abundance of
rugoglobigerinids and P. hantkeninoides, de-
creased calcite and kaolinite and increased phyl-
losilicates, quartz, smectite, chlorite and TOC
(Figs. 10 and 11).

The Danian climatic and sea-level records are
more di⁄cult to compare with other Tethyan sec-
tions because very little of the early Danian sedi-
ment record is preserved at Gebel Qreiya. In the
most complete sections, such as the El Kef stra-
totype of Tunisia, the K/T boundary is marked by
a 2^3x drop in surface water N

13C values, sug-
gesting greatly reduced productivity and climate
cooling (Fig. 7). Climate remained cool, though
£uctuating, whereas primary productivity did not
recover until zone Plc (Keller and Lindinger,
1989; Zachos et al., 1989). Similar climatic and
productivity changes are observed in the early
Danian at Gebel Qreiya, where the return to a
warmer climate and pre-K/T carbon-13 values
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was also delayed until the upper part of zone Plb,
when kaolinite reached maximum values to the
detriment of smectite and chlorite (Fig. 11).

7.3. Paleoenvironment of the Eastern Desert of
Egypt

During the late Maastrichtian zone CF3 (66.8^
65.5 Ma) the Eastern Desert of Egypt experienced
the critical high-stress conditions that are usually
associated with the K/T boundary event. Surface
productivity dropped well below levels necessary
to maintain the normal carbon isotopic gradient
in the ocean, resulting in an inverse surface-to-
deep gradient (Strangelove ocean). Species diver-
sity dropped to less than half of normal faunal
assemblages, and the opportunistic disaster spe-
cies Guembelitria dominated (60^90%), though al-

ternating with low oxygen-tolerant heterohelicids
(H. navarroensis, H. dentate, H. globulosa, Fig. 5,
Keller, 2002). The conditions that created this
high-stress environment are likely related to local
tectonic activity coupled with global climate and
sea-level changes. Sediment deposition occurred
in a middle to outer neritic (100^250 m) environ-
ment interrupted by erosion due to sea-level £uc-
tuations (Fig. 12). Similar paleodepth environ-
ments in Tunisia, the Sinai or Negev retained
normal species diversity, and the disaster species
Guembelitria is rare or absent, except in two short
intervals in the Negev which are marked by
syntectonic activity (Almogi-Labin et al., 1990;
Abramovich et al., 1998; Abdelmalik et al.,
1978; Shahin, 1992).

To create the observed high-stress environment
at Gebel Qreiya, local tectonic conditions,

Fig. 12. Summary of paleoenvironmental indices, including bulk and clay mineralogy, stable isotopes, species richness, sea-level
changes, climate and local tectonic activity at Gebel Qreiya, Egypt. Note that the late Maastrichtian to early Paleocene Asyut
Basin in central Egypt was bordered by deltaic complexes to the south and experienced tectonic uplift that may have resulted in
the formation of localized basins with restricted circulation leading to high-stress biotic conditions for marine plankton and low
species richness. Note also that the observed hiatuses coincide with coeval erosion events globally and hence re£ect a eustatic
sea-level component that may have exacerbated erosion due to local tectonic activity.
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coupled with lower sea levels due to global sea-
level regressions (at 66.8 and 66.5 Ma) may have
temporarily isolated the Eastern Desert sea. In the
south of Egypt, the late Maastrichtian (zone CF3)
coincided with the onset of tectonic activity and
the development of uplifted areas may have cre-
ated semi-restricted basins with sluggish circula-
tion, which in turn resulted in stagnant low oxy-
gen conditions and decreased surface productivity
that favored low species diversity and high-stress
tolerant heterohelicid and guembelitrid species, as
observed within zones CF3 and CF1 (Fig. 5, Kel-
ler, 2002). Alternatively, a lower sea level coupled
with the deltaic conditions and increased evapo-
ration in southern Egypt (Schnack and Luger,
1998; Schnack, 2000) may have signi¢cantly al-
tered marine conditions (e.g. increased salinity,
decreased oxygen) in the Asyut Basin, leading to
the observed low surface productivity and low
species diversity. The lower part of CF1 is asso-
ciated with locally warmer temperatures, a rising
sea level and global climate warming between 65.4
and 65.2 Ma, whereas the upper part is marked
by cooling and a lower sea level (Li and Keller,
1998c).

During the early Danian, planktic foraminiferal
populations and stable isotope data indicate that
the depositional environment in the Eastern Des-
ert was very similar to that of the Tethys region in
general, though speci¢c comparisons are di⁄cult
to make due to several hiatuses at Gebel Qreiya
and the in£uence of local tectonic activity as sug-
gested by a general increase in detritus (Fig. 10).
This is evident by the unusually high calcite con-
tent in the very incomplete zone P1a as a result of
reworked Cretaceous species, and the increased
detrital in£ux in the early Danian. Since the early
Danian is generally characterized by a gradually
rising though £uctuating sea level (MacLeod and
Keller, 1991; Keller and Stinnesbeck, 1996;
Brinkhuis and Zachariasse, 1988; Adatte et al.,
2002a,b), the detrital increase is likely due to ero-
sion of uplifted areas and/or in£ux from deltaic
complexes to the south (Schnack and Luger,
1998; Schnack, 2000; Tantawy et al., 2001). A
gradual increase in smectite during the early Dan-
ian (zones Pla^Plc) re£ects a sea-level rise and/or
increased seasonality.

8. Conclusions

1. Gebel Qreiya contains one of the most com-
plete K/T boundary transitions in Egypt, as indi-
cated by the presence of the characteristic K/T
boundary red layer and Ir anomaly. However,
there are frequent short hiatuses due to local tec-
tonic activity and global sea-level changes, as evi-
dent by the short and incomplete planktic forami-
niferal and calcareous nannofossil zones.

2. Planktic foraminiferal assemblages are gener-
ally impoverished, with species diversity about
half of normal marine conditions and assemblages
dominated by ecological generalists and oppor-
tunists.

3. Stable isotope analysis of the left and right
coiling benthic foraminifer Cibicidoides pseudo-
acutus indicates no signi¢cant di¡erence between
right and left coiling species in either N13C or N18O
values, suggesting that coiling ratio is not related
to temperature or nutrient levels.

4. Stable isotope data indicate surface produc-
tivity was greatly decreased during zone CF3, cre-
ating an inverse surface-to-deep gradient, possibly
because of the in£uence of deltaic complexes to
the south exacerbated by local tectonic conditions
and global sea-level regressions.

5. Normal environmental conditions were es-
tablished during the latest Maastrichtian zone
CF1 (upper Micula prinsii zone), when climate
warmed and surface productivity increased, but
surface productivity again decreased signi¢cantly
at the end of the Maastrichtian.

6. During the early Danian, faunal and stable
isotopic data indicate that similarly £uctuating
high-stress conditions prevailed in the Eastern
Desert as elsewhere in the marginal eastern Te-
thys, with normal conditions established in the
lower part of zone Plc, or calcareous nannofossil
zone NP1c. Mineralogical data indicate increased
erosion and detrital in£ux due to local tectonic
activity.

7. During the late Cretaceous to early Danian,
high abundance of kaolinite suggests warm wet,
tropical and subtropical conditions characterized
by low seasonality contrasts, and predominantly
chemical weathering (high kaolinite and smectite,
very low mica and chlorite contents).
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8. Observed hiatuses (e.g. CF3/CF1, CF1/P0,
P0/Pla, P1a/P1b intervals) generally correspond
to increases in chlorite and mica to the detriment
of smectite and kaolinite, and suggest signi¢cant
mechanical erosion of nearby uplifted areas and/
or in£ux from deltaic complexes to the south. The
coeval increase in smectite and chlorite observed
near the top of the Maastrichtian may also indi-
cate drier conditions (seasonality) in elevated
areas, whereas dominance of kaolinite suggests
more humid conditions with enhanced runo¡ pre-
vailed in low-lying areas.
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