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ABSTRACT

The eastern Tethys, from Israel to Egypt, experienced
unusually adverse environmental conditions for planktic
foraminifera during the last two million years of the
Maastrichtian, as evident by very low species richness,
blooms of opportunistic Guembelitria species in surface
waters, dominance of low-oxygen-tolerant heterohelicids
in subsurface waters, and near absence of deeper dwell-
ing globotruncanids. Comparison of southern Israel
(Mishor Rotem section) with central Egypt (Gebel Qrei-
ya section) reveals that adverse conditions intensified to-
wards the south with foraminiferal assemblages mimick-
ing stress conditions of the early Danian, dominated (75–
90%) by Guembelitria blooms. Faunal assemblages in-
dicate an expanded oxygen minimum and dysoxic zone
throughout the region, though at the greater depths rep-
resented by localities of southern Israel, bottom waters
remained aerobic. Primary productivity was extremely
low, as indicated by stable isotopes and low total organic
content in sediments. These adverse environmental con-
ditions are likely related to the regional paleobathymetry
of the tectonically active Syrian Arc that spans Syria to
Egypt. The paleorelief of intra-shelf and intra-slope ba-
sins of the Syrian Arc, with their differential rates of
subsidence and sedimentation, active folding and fault-
ing, likely controlled the intensity of circulation, upwell-
ing, watermass stratification and the extent of the oxygen
minimum zone. The late Maastrichtian rapid climate
and sea level changes exacerbated these conditions.

INTRODUCTION

The recognition of major paleoclimatic and paleoceano-
graphic changes during the late Maastrichtian has focused
new attention on global climate changes and their effect on
marine organisms. In particular, the last half million years
of the Maastrichtian is increasingly recognized as a time of
rapid and extreme climate changes characterized by maxi-
mum cooling at about 65.5 Ma, followed by 3–48 C green-
house warming and major Deccan volcanic activity between
65.4 and 65.2 Ma (Barrera, 1994; Courtillot and others,
1996; Li and Keller, 1998a; Hoffmann and others, 2000;
Keller, 2001). The effects of the resultant long-term envi-
ronmental instability have now been recognized by many
planktic foraminiferal workers (Abramovich and others,
1998; Kucera and Malmgren, 1998; Li and Keller, 1998b,
c; Olsson and others, 2001; MacLeod and others, 2001; Kel-
ler, 2001; Abramovich and Keller, 2002). The biotic effects
range from diversity and species abundance changes to local
disappearances, and in the most extreme case, mimic early
Danian Guembelitria-dominated assemblages, as recently
observed in late Maastrichtian sediments of central Egypt

(Keller, 2002), Bulgaria (Adatte and others, 2002a) and
Madagascar (Abramovich and others, 2002).

Until recently, a major pulse in Deccan volcanism and
CO2 release between 65.4–65.2 Ma (Courtillot and others,
1996; Hoffmann and others, 2000) seemed the most likely
cause for the greenhouse warming (Kucera and Malmgren,
1998; Li and Keller, 1998a) and associated biotic effects.
But the recent discovery of glass spherule layers in upper
Maastrichtian marls of northeastern Mexico suggests that a
late Maastrichtian impact (or comet shower) may also have
played a critical role in destabilizing the environment (Kel-
ler, 2001; Keller and others, 2002a, 2003). Three to four
glass spherule layers have been reported interbedded with
up to 10 m of upper Maastrichtian marl of the Mendez For-
mation in many localities in northeastern Mexico, with the
stratigraphically oldest spherule layer predating the K/T
boundary by about 270–300 thousand years, suggesting a
pre-K/T impact event followed by reworking of spherules,
or a comet shower (Keller and others 2002a, 2003). Re-
cently, Ellwood and others (2003) reported an Ir anomaly
also from the uppermost Maastrichtian 1.3m below the K/
T boundary and suggested a pre-K/T impact.

Three late Maastrichtian layers of ‘‘microspherules of dif-
ferent colors and chemical compositions’’ of possible impact
origin were also reported from the Mishor Rotem section at
Makhtesh Gadol in the Negev of Israel by Rosenfeld and
others (1989, p. 474). This report led us to examine this
section in an effort to determine the age and geochemical
similarity of these spherule deposits, compare them with
those in Mexico, and evaluate the associated biotic effects.
The presence of impact spherules could not be confirmed
(Adatte et al., written communication, 2002), though plank-
tic foraminiferal assemblages reveal adverse paleoenviron-
mental conditions akin to those observed in central Egypt
(Keller, 2002). This study documents the biostratigraphy and
faunal turnover of the Mishor Rotem section, correlates and
compares this section with the Qreiya section of central
Egypt, and suggests a model for the observed high-stress
assemblages of the region.

LOCATION AND PALEOGEOGRAPHIC SETTING

The Mishor Rotem section is located approximately 10
km north of the Oron phosphate mine on the road towards
Dimona (Israel coordinates 1548/0416). The outcrop is on
the Rotem syncline east of the Hatira anticline (Figs. 1a,b).
This syncline is part of the Syrian Arc structural province
of northeast trending gentle folds, which began in the San-
tonian and continued into the Tertiary (Bosworth and others,
1999; Rosenthal and others, 2000). During the late Maas-
trichtian, the anticlines and synclines were completely sub-
merged in outer neritic to upper bathyal depths (300–500
m), as indicated by diverse benthic foraminiferal assem-
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FIGURE 1. A. Location map and tectonic setting of the eastern Tethys showing geography of the Syrian arc and the locations of Mishor Rotem
in southern Israel and Qreiya in central Egypt (modified after Bosworth and others, 1999). 1B. Detail of area in the Negev showing structural trend
of anticlines and synclines (modified after Magaritz and others, 1985), and localities of upper Maastrichtian to lower Danian sections.

blages (e.g., Cibicidoides succeedens, C. pseudoacutus, C.
hyphalus, Alabamina midwayensis, Angulogavelinella av-
nimelechi; see also Speijer, 1994). The section is character-
ized by three distinct red layers that are interbedded in upper
Maastrichtian chalk and marl (Fig. 2). Additional outcrops
containing these red layers can be traced laterally along the
hillside, as well as to the south in the areas of Givat Mador,
Hor Hahar and Ein Mor (Fig. 1b). Sediments are rich in
planktic and benthic foraminifera, ostracods, fish debris and
occasional brachiopods. In the region of the Rotem syncline
(Makhtesh Gadol) the Maastrichtian Ghareb Formation
reaches a thickness of 60–80 m and consists of chalk, marly
limestone and marl.

The Qreiya section is located in the Asyut Basin of cen-
tral Egypt and near the southern end of the Syrian arc struc-
tural province (Fig. 1a). During the late Maastrichtian to
early Paleocene, the section was submerged at middle to
outer neritic depths and was subject to sea level fluctuations
(Hendriks and others, 1987; Luger and Gröschke, 1989;
Speijer, 1994). Paleoenvironmental analyses of this section
based on mineralogic, stable isotopic and foraminiferal anal-
yses are published in Keller and others (2002c) and Keller
(2002). In this study the planktic foraminiferal assemblages
of the Qreiya section are compared with those of the Mishor
Rotem section.

METHODS

In the field, the section was trenched to obtain fresh, un-
weathered sediment samples, which were collected at 10-
cm intervals and at closer sample intervals across the red
layers and K/T boundary. The section was measured and
examined with respect to lithologic changes, bioturbation,

macrofossils, sedimentary structures, erosion surfaces and
undulating contacts. Samples were processed for foraminif-
eral analysis following the standard method of Keller and
others (1995). Age and biostratigraphic control are based on
quantitative planktic foraminiferal analysis of sample splits
of about 300 specimens of the .63 mm and .150 mm size
fractions. This allows evaluation of both small and large
species populations. Species richness evaluation is based on
the presence of the total number of species in each sample
from both size fractions, as well as rare species (labeled ‘‘x’’
in Tables 1–3) detected in a search of the uncounted residue
of each sample. Dominant species are illustrated in Plates
1–2. Foraminifers are relatively well preserved morpholog-
ically, but test shells are recrystallized and commonly infil-
led with blocky calcite or silica. The section is thus not
suitable for stable isotope analyses. Planktic foraminiferal
microslides are deposited in the Geosciences Micropaleon-
tology Repository of Princeton University.

LITHOLOGY

In the region of Makhtesh Gadol, the Maastrichtian Ghar-
eb Formation reaches a thickness of 60–80 m and consists
of white-tan to yellow chalk and marly limestone that form
resistant beds, separated by thin layers of laminated red marl
stained by iron oxides. Sediments are rich in planktic and
benthic foraminifera, ostracods, fish debris and occasional
brachiopods. At the Mishor Rotem section, the upper Maas-
trichtian exposure of the Ghareb Formation consists of about
9 m of horizontally stratified white, tan or yellow biotur-
bated chalk and marly limestone that form resistant beds,
separated by three prominent thin layers of laminated red
marls stained by iron oxides (Fig. 2). The overlying Taqiye
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FIGURE 2. Photo of the Mishor Rotem outcrop showing the three red marl layers interbedded with chalk and limestone beds, along with the
lithologic column and sediment description. Note that the Ir anomaly of 0.65 ng/g (Rosenfeld and others, 1989; Adatte and others, in press) at the
K/T boundary is associated with a red clay layer (RL-4) infilling depressions of an undulating erosion surface. Three red marl layers and the K/T
boundary red layer are marked red layers 1–4 (RL-1 to RL-4).

Formation is of Paleocene age and consists predominantly
of marls that reach a thickness of about 40–50 m. For this
study, the topmost 7 m of the Ghareb Formation and basal
50 cm of the Taqiye Formation were sampled.

The lower 3.5 m of the section consist of bioturbated
yellow marl, followed by a 1-m-thick, resistant, bioturbated,
tan-colored, chalky limestone. An undulating surface marks
the contact between the chalky limestone and overlying 10-
cm-thick laminated red marl (labeled RL-1) that is enriched
in Pd and Ir (Fig. 2, Adatte and others, written commun.,
2002). The red layer grades into bioturbated, white-yellow
marl with flaser-bedding and is followed by a 1.2-m-thick,
resistant, white, bioturbated chalk rich in iron oxide and
sulphide concretions. Two thin (5 cm) red layers (RL-2 and
RL-3) separated by a 2–3-cm-thick chalk are between the
white chalk and overlying 2-m-thick, tan, marly limestone.
The lower red layer (RL-2) is also enriched in Pd and minor
Ir, similar to RL-1. A 2-m-thick, tan, marly, bioturbated
limestone with iron oxide and sulphide concretions and
bounded by erosional surfaces, separates the third red layer
(RL-3) from the K/T boundary (RL-4, Fig. 2).

The upper surface of this unit marks the K/T boundary
and top of the Ghareb Formation. The dark clay that char-
acterizes the K/T boundary in most complete sections is not
present at Mishor Rotem, nor has it been reported from other
sections in Israel due to a K/T unconformity (Rosenfeld and
others, 1989; Keller and Benjamini, 1991; Abramovich and
others, 1998; Speijer, 1994). A hiatus is also present at
Mishor Rotem, as observed by the undulating erosional con-
tact at the top of the Maastrichtian tan limestone. However,
the characteristic thin K/T red layer (2–4 mm thick, labeled
RL-4) is present, though discontinuous, in depressions of

the undulating erosional surface of the underlying limestone
and contains a small Ir anomaly of 0.6 ng/g (Fig. 2) that
was reported by Rosenfeld and others (1989) and Adatte
and others (in press). This red layer also contains Fe-rich
spherules (Fig. 3) that are commonly found at this boundary
in Tunisia, Spain and elsewhere (Smit, 1999). Mottled and
bioturbated, tan marl of the Taqiye Formation marks the
overlying lower Paleocene.

Spherules in Red Layers

Rosenfeld and others (1989) reported abundant silica-rich
microspherules (100–150 mm in diameter) of possible im-
pact origin in the three late Maastrichtian-age red layers.
They described the spherules as translucent yellow with K-
Al-feldspar compositions, dull brown and green parts com-
posed of Mg-Fe-Al silicates with high FeO concentrations
(17–20%), and black parts with .50% Fe2O3, 29% SiO2
and 12% NiO. Although abundant spherules were also re-
covered from the red layers in this study, no spherules of
impact origin could be confirmed (see also Adatte and oth-
ers, in press). The translucent yellow spherules observed in
this study represent largely the silica infilling of foraminif-
eral chambers, followed by dissolution of the shell carbon-
ate and break-off of individual chambers. Small areas of
chamber attachments can be recognized on many spherules.
Similarly, many green spherules represent glauconite cham-
ber infillings or glauconite grains, which are common
throughout the section. There are also dull brown Fe-rich
spherules, which are probably associated with the iron con-
cretions found throughout the upper part of the section.
However, similar Fe-rich spherules and an Ir anomaly of 1
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TABLE 1A. Mishor Rotem, Negev, Israel. Relative percent abundance of planktic foraminifera in the lower Danian and upper Maastrichtian (.63m).
x 5 rare.

Biozone
Sample number
Sample depth (m)

P1a(2)

1
7.60

2
7.50

3
7.40

4
7.30

5
7.20

6
7.10

Plummerita hantkeninoides CF1

7
7.00

8
6.90

9
6.80

10
6.70

11
6.60

Parvularugoglobigerina alabame
P. extensa
P. eugubina
P. longiapertura
Eoglobigerina eobulloides

2
9

2

2
27
x
x
2

x
28

x
3
1

x
12

3
12

2

x
3
4

34
2

4
3
2

22
5

E. edita
Subbotina triloculinoises
S. trivialis
Parasubbotina pseudobulloides
P. varianta

5
10
1
3
2

9
26

8

5
15

x
18

2
6

9

x
1
x
x

x
2

3

Woodringina claytonensis
W. hornerstownensis
Chiloguembelina midwayensis
Globanomalina compressa
G. pentagona

6
9
1
1
7

x
2
x
x
6

1
7
3
1
8

6
1

18
11

4

1
3
2
2
x

2
1
x
x
1

G. taurica
Globocunusa daubjergensis
Guembelitria cretacea
G. danica
G. irregularis

2
16
13
x
2

4
3
x
x

1
3
2
x
x

1
5
6
2
1

3
5
x
x

10
37

5
x

6 12 5 x 1

G. trifolia
Globigerinelloides aspera
G. yaucoensis
G. rosebudensis
Globotruncanella minuta

1
x

x
x

x x x

x

7
7

2

2
20

x

21

1

19

x

14

1

16

x

G. petalloidea
G. subcarinatus
Abathomphalus mayaroensis
Globotruncana aegyptiaca
G. arca

x x x
2
3

x

1
2

3
2

2
3

1
1

2

G. esnehensis
Hedbergella holmdelensis
H. monmouthensis
Plummerita hantkeninoides
Rugoglobigerina hexacamerata

x
x

x
x
x
x

1
1

1
1
1

1
1
1

1
x

2

R. macrocephala
R. pennyi
R. reicheli
R. rugosa
R. scotti

x

x x x

2

x
2

1

2
2
1

1

1
2

1

1
x

3

1
2

2
x
x
1
x

5

5
x

Heterohelix globulosa
H. globulosa B
H. dentata
H. glabrans
H. labellosa

x

x

x

x

1

1

x

x

x

8

2
x
2

16

3

3

10
4
5
5

18

6

13
3

10
2

19
3
5
4
x

14
2
2

2
H. navarroensis
H. planata
H. pulchra
H. punctulata
Pseudoguembelina hariaensis

1 1
x

x

x 3
1

2

22
4

x
x

11
6

2
x

13
2

x

18

x
1

20

2
x

25
1
x
2

P. costulata
P. costellifera
P. kempensis
P. palpebra

x x 2 5
3
2
x

6
8

1

7
3

x

6
7

5
11

x
1

5
2
x
5

Pseudotextularia elegans
P. nuttalli
Planoglobulina carseyae

2

2

1

3

2

2 5

2
x
1

x

3

1

2
P. brazoensis
Juveniles no ID
Total counted

2
401

3
307

x
423

x
409

3
323

x
2

292
x

408
x

282
x

349
2

374
3

267

ppb have also been reported from the uppermost Maastrich-
tian in Oman by Ellwood and others (2003). These authors
suggested a pre-K/T impact event, similar to northeastern
Mexico (Keller and others, 2002a, 2003).

In addition, we found one type of yellow translucent
spherule in the 200–400 mm size range that is present in
the basal 0.5 cm of red layers RL-1 to RL-3, but also in the
marl interval of sample 58 (Fig. 2). These spherules are
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TABLE 1A. Extended.

Plummerita hantkeninoides CF1

12
6.50

13
6.40

14
6.30

16
6.20

18
6.10

19
6.05

20
6.00

21
5.98

21a
5.97

21c
5.95

22
5.91

23
5.85

24
5.75

25
5.65

26
5.55

27
5.45

28
5.35

29
5.25

30
5.15

31
5.05

32
4.95

x 5 3 2 3 21 19 21 49 48 14 42 46 33 34 23 30 30 17 20 18

17 19
x

x

16

2

23

2

5 18 9

x

8 4 1 x 3 1 3 3 3 7 3
1

6 8

x

6

2
x
x

x 1 1
2

x
2

x 2
2

x

1
x

x

2
2 x

x
1

x
x

x
x

x
x

x
x

2 x

x
1

x
x
x

x
x

x
2
x

2 2
2

4
x

x

x
x
x

x

5
x

1
2 2 1 1

1
x 2

1
1

5

x

2
2

5
x

3
1

3

1
1

x

1

1

x
1

x

x

x

2
x
1

1

1

1

x
x

x

x
1

2

2 x

2

2

2

x
1

1

x
x

1

1

2

x
x

1

x
x

x
x

1
1

x

1

26
3
2
1
1

17

5
2
x

18
4

10
2

15

10
5
1

21
6
2

15

8
x
x

16

8
x
1

12

3
1
x

13

3
1

17
x
x
x

29

5

13

5
1

14

2
x

20

4
x
1

19

3
1

20

8
1

17

4
1
2

11
6
5
x
x

22
x
3
1
1

19

6
2

30

7
2
2

9
2

2

23

x
1
1

21
x
x

14
1
2

1

27
3
x

15
3
1
1

15

1
2
1

16
3
1
1
x

12
x

x

10
1

x

15
3

x
2

10
2
1
3
x

6
4

6

15
3

x

11
2
1
2

18
x
1
1
2

15
2
x
4

20

1
2

17

x

15

2

11
3
1
3

5
2
1
7

5
x
x
1

6
3

5
2
1

11
2
2

3
1
x

8
1
1
1

10
1
2
1

5
2
1
x

3
x
3
1

7
1

3

2
2
1

3
4
2
x

3
4
1

4
4
1
2

2
7
x
1

7
1
x
1

4
3

6
7
2
1

4
x

x

2
5

1
7

4

10

2

5

3

7

3

6

1

3

3

2
x
1

5

5

3

x

2

3

5

4

5

1

3

1

5

1

5

1

4

2

1

3

3

2

5

2

2

2

1

2

2
344

3
416

2
306

x
388

3
242

3
296

2
286

1
354

x
275

x
231

2
239

x
238

x
243

2
268

2
335

x
246

x
285

2
271

3
252

1
312

x
198

glassy in appearance with smooth surfaces, conchoidal frac-
tures, and frequently zoned outer rims (Fig. 3). Some spher-
ules have residual calcite crystals on the outer surface or on
broken fragments; others have tiny air bubble inclusions.

The chemical composition of some spherules is almost pure
carbon (;90–95%), whereas others are high in sulfur. These
spherules appear to be amber. Similar spherules have been
observed from upper Cretaceous sequences in Jordan, Leb-
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TABLE 1B. Mishor Rotem Negev, Israel. Relative percent abundance of planktic foraminifera in the upper Maastrichtian (.63). x 5 rare.

Biozone
Sample number
Sample depth (m)

CF1

33
4.85

34
4.75

35
4.71

36
4.65

37
4.60

39
4.50

CF3

40
4.40

41
4.30

42
4.20

43
4.10

44
4.00

45
3.90

Guembelitria cretacea
G. danica
G. trifolia
Globigerinelloides aspera
G. yaucoensis

15

4

10
x

10
x

x

2

2

6

1

4
x

2

7

1

1

1

4

10

9
2

12

9
1

12

12
x

1

5

G. rosebudensis
Globotruncanella minuta
G. petalloidea
G. subcarinatus
Abathomphalus mayaroensis

x

1
x 2 1

1
x 1

1 2
2

x

4
5
6

2
2

Globotruncana aegyptiaca
G. arca
G. esnehensis
Globotruncanita conica
G. pettersi

x

x

x

x x

x
x

x

G. stuarti
Hedbergella holmdelensis
H. monmouthensis
Plummerita hantkeninoides
Rugoglobigerina hexacamerata

1
1

x
2

1

1
1
1

x 1
x

1
2
1 1

x
3

R. macrocephala
R. pennyi
R. reicheli
R. rugosa
R. scotti

1

x

2

1
x
x

2

x
x

3

x
x
1

4

1
2

2

x
x

2

2
2
1

2

2
x
x

3

x
x
x

2

2
x

1

x

5

x
x

Heterohelix globulosa
H. globulosa B
H. carinata
H. dentata
H. glabrans

19
5

5
2

18
7

6
4

21
11

1

19
9

5
1

11
19

3

19
x

6
2

11
12

7
2

16
10

3
1

9
12

4
3

17
9

4
1

7
8

8
3

4
38

4
4

H. labellosa
H. moremani
H. navarroensis
H. planata
H. pulchra

15
2
1

x

21
2
2

6
7
x

1

11
x
x

8
1
2

x

13
2
x

1

3
6

3

10
2

15

1

10
2

8

1

5

x
H. punctulata
H. cf. punctulata
Pseudoguembelina hariaensis
P. costulata
P. costellifera

3
6

10

2

x
3
4

4

1
11
8

3

2
5
7

6

1
10
11

x

x
15
14

3

2
10
13

1

9
16

11
12

1

5
10

1

7
10

2

9
4

P. kempensis
P. palpebra
Pseudotextularia elegans
P. nuttalli
Planoglobulina carseyae

3
4

1

1
x
1

1

2
2

11

3

1
1
8
4
4

2
x
8

3

x
1
6
x
2

1
4

11
x
1

2
1
7

4

1
x

x

x
1

3

x
2

1

x
1
3

6
P. brazoensis
P. multicamerata
Juveniles no ID
Total counted

x
215

x
278

3
190

x
x

252

x

x
228

2
298

2
148

x
284

x
248

2
222

x

1
225

2
141

anon and Syria, where they were derived from Araucaria
forests (Bandel et al., 1997).

BIOSTRATIGRAPHY

The Mishor Rotem section of the Makhtesh Gadol area
of the Negev is the first locality in Israel where a thin K/T
boundary clay layer with spherules and Ir anomaly has been
found (Rosenfeld et al., 1989; Adatte and others, in press).
In other published localities throughout southern Israel, the
K/T boundary clay and most of the basal Danian is missing
due to erosion (Magaritz and others, 1985; Rosenfeld and
others, 1989; Keller and Benjamini, 1991). To evaluate the
nature and continuity of the sedimentary record, the bio-

stratigraphy is here evaluated based on the early Danian
zonal scheme by Keller and others (1995) and the Creta-
ceous foraminiferal (CF) zonal scheme by Li and Keller
(1998a, b) which replaces the Abathomphalus mayaroensis
zone with four zones for a much improved age control for
the late Maastrichtian (Fig. 4). Age estimates for late Maas-
trichtian biozones are based on foraminiferal datum events
of DSDP Site 525 and Agost, Spain, tied to the paleomag-
netic stratigraphy of the same sections (Pardo and others,
1996; Li and Keller, 1998a). Ages for these Maastrichtian
and Danian datum events and biozones are broadly valid for
the eastern Tethys region (Fig. 5).

Zone CF3. The late Maastrichtian Zone CF3 defines the
interval from the first appearance of Pseudoguembelina
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CF3

46
3.80

47
3.70

48
3.60

49
3.50

50
3.40

51
3.30

52
3.20

54
3.00

56
2.80

58
2.60

60
2.40

62
2.20

64
2.00

66
1.80

68
1.60

70
1.40

72
1.20

74
1.00

76
0.80

78
0.40

80
0.20

4

3

13
2

5

1

16

3

22

8
1

23

9

16

8

36

6

18

10
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5
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x
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x
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x
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3
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2
1
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5
2
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7
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x
9
x
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7
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8
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3
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1
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x
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x

2
21
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x

x
3

25
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x
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256

1
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1
223

2
227

1
243

2
246

1
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2
302

hariaensis (Plate 1, Figs. 7, 8) to the last appearance of G.
gansseri (66.83–65.45 Ma) and spans the nannofossil Mi-
cula murus zone (Figs. 4, 5). At Mishor Rotem, the lower
2.2 m of the section analyzed mark zone CF3 as indicated
by the co-occurrence of Gansserina gansseri and P. har-
iaensis (Fig. 6). Among small planktic foraminifera (63–
150 mm), zone CF3 is dominated by Heterohelix navar-
roensis and H. globulosa, and one peak of Guembelitria
cretacea (Fig. 7, Plate 1), whereas the larger species group
(.150 mm) is dominated by Heterohelix globulosa (see
also Abramovich and others, 1998).

Zone CF2. Zone CF2 defines the interval from the last
appearance of Gansserina gansseri to the first appearance
of Plummerita hantkeninoides (65.45–65.3 Ma, Fig. 4,

Plate 2, Figs. 4–6) and corresponds to the lower part of the
Micula prinsii zone (Fig. 5). At Mishor Rotem zone CF2
spans the interval from 2.2 m to 4.5 m, just below the first
red layer (RL-1, Fig. 6). An undulating erosional surface
marks the CF2/CF1 boundary. The smaller size fraction in
CF2 is dominated by H. globulosa and H. navarroensis,
though the latter decreases in the upper part of the zone,
whereas a Guembelitria cretacea peak and corresponding
decrease in H. globulosa marks the lower part of CF2 (Fig.
7). Heterohelix globulosa also dominates the larger size
fraction, but decreases in the uppermost meter (Fig. 8).

Zone CF1. Zone CF1 defines the total range of Plum-
merita hantkeninoides (Plate 2, Figs. 4–6), which spans the
last 300,000 kyr of the Maastrichtian (Pardo and others,



56 KELLER

TABLE 2A. Mishor Rotem, Negev, Israel. relative percent abundance of planktic foraminifera in the upper Maastrichtian (. 150m).

Biozone
Sample number
Sample depth (m)

Plummerita hantkeninoides CF1

7
7.00

8
6.90

9
6.80

10
6.70

11
6.60

12
6.50

13
6.40

14
6.30

16
6.20

18
6.10

19
6.05

20
6.00

21
5.98

21a
5.97

Guembelitria cretacea
Globigerinelloides aspera
G. yaucoensis
G. rosebudensis
Globotruncanella minuta

0
12

3

0
13

x

0
14

1

0
5

1
x

0
7

0
11

0
12

1

0
12

0
15

1

0
x

x

0
7

1

x
x

0
2

0
1

G. petalloidea
G. subcarinatus
Abathomphalus mayaroensis
Globotruncana aegyptiaca
G. arca

x
1
x

8

x
x

3
x
x
x

5

x
x

2
x
x
1

1

x
x

2
1
x
x

3

x

x
2

1

x

x

2
2

1 2

x

x
x

x

G. duwi
G. dupeublei
G. esnehensis
G. insignis
G. rosetta x

x

x

x

x

x x

x

x

x

x

x x

x x x
x
x

x
Globotruncanita conica
G. pettersi
G. stuarti
Hedbergella holmdelensis
H. monmouthensis

x x x x

x

x x x

1

x

x

x x x x
x
x

Plummerita hantkeninoides
Rugoglobigerina hexacamerata
R. macrocephala
R. pennyi
R. reicheli

2

5

x

2

6

x

12

3

10

x

1

9

1

4

2

4

2

3

x

2

4

x

4

7

2

2

5

6

5
x
x

4

5

x

2

9

1
R. rugosa
R. scotti
Heterohelix globulosa
H. globulosa B
H. dentata

7
x

32
6
0

6
x

18
7
4

5
3

14
7
3

6
2

19
9
2

11
x

11
7
5

2
1

19
10

4

2
1

18
x
9

3

13
x
9

2
x

13
5
8

3
2
8

10
5

2
1

20
9
x

7
2

16
6
8

3
3

14
5
4

7
1

21
9
0

H. glabrans
H. labellosa
H. moremani
H. navarroensis
H. planata

1
x

5
3

1
x
6
0
2

0
3

2
1

0
2

5
4

3

2
2

0
3
x
x
0

2
1
x
4
2

0

1
6

2
4

5
1

3

4
1

0
2
2
3
1

0
3
2
2
5

1
3

4
2

0
4

0
3

H. pulchra
H. punctulata
Pseudoguembelina hariaensis
P. costulata
P. costellifera

1
1
5

x
3
x
6
3

4
2
6
3

2
1
4
8

x
8
5
1

2
2

12
1

3

3
1

9

10
x

x
3
x
6
4

x
1

15
3

x
x
x
6
3

x
3
7
x

5
3
7
4

4
5
5
2

P. kempensis
P. palpebra
Pseudotextularia elegans
P. nuttalli
Planoglobulina carseyae

1
1
5
x
7

x
4
2
1
5

x
4
1
6

x
2
1
2
5

x
3
8

9

0
0

14
x
9

1
5

13
1
7

1
7

11
1
7

0
4
9
x
3

1
4

14
2
5

1
5

16
1
5

0
2
9
x

10

0
1

10
2

13

x
3

10
1
7

P. brazoensis
P. multicamerata
Racemiguembelina intermedia
Juveniles no ID
Total counted 353

x

x
334

x

292 310

x

x
345

x
x
x

278

x

x
302

x

x
295

x

x
377

x

x

203
2

300

x

1
320

x
275

x

x
333

x 5 rare in . 150 mm size fraction, 0 5 present in ,150 mm size fraction.

1996; Li and Keller, 1998a, b) and corresponds to the upper
part of the Micula prinsii zone (Fig. 5). At Mishor Rotem,
this zone ranges from the base of RL-1 to the undulating
erosional surface that marks the top of the last resistant
chalk layer and underlies the K/T boundary (Figs. 2, 6). This
undulating surface indicates erosion of part of the uppermost
Maastrichtian prior to deposition of the K/T boundary clay.
The smaller size fraction is dominated by H. globulosa and
H. narvarroensis with a peak of G. cretacea in the lower
half (between RL-2 and RL-3), whereas G. aspera is com-
mon in the upper part (Fig. 7). In the larger size fraction,
H. globulosa is less abundant than in CF-2 and CF-3, but

there is increased abundance of Pseudotextularia elegans,
Pseudoguembelina costulata, H. dentata and in the upper
part, G. aspera (Fig. 8, Plate 1).

Zone P0. Zone P0 marks the K/T boundary and is defined
as the interval between the extinction of Cretaceous tropical
and subtropical planktic foraminifera and the first appear-
ance of Parvularugoglobigerina eugubina and/or P. lon-
giapertura (Fig. 4, Keller and others, 1995). Lithologically,
zone P0 is marked by a dark clay layer with a thin red clay
at the base. At Mishor Rotem, the K/T boundary is not
easily identified in the field because there is no dark clay
layer as a result of erosion, as also observed in many other
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Plummerita hantkeninoides CF1

21c
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23
5.85

24
5.75
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1
273

x

x
249 308

x
312

1

x
322

x

x
265

x

1
190

x

252

x

228
x

321
x

148
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sections (Magaritz and others, 1985; Rosenfeld and others,
1989; Keller and Benjamini, 1991). However, a thin red lay-
er (2–4 mm) with spherules and an Ir anomaly (see Lithol-
ogy section) is discontinuously present (Fig. 2). The first
Danian species of zone Pla appear in the marl immediately
above the red layer. Most Cretaceous species are present in
the basal Danian sediments above the K/T boundary red
layer due to reworking (Fig. 7), as also observed in many
other section in southern Israel (Keller and Benjamini,
1991).

Zone Pla. This zone is defined by the range of Parvu-
larugoglobigerina eugubina and/or P. longiapertura. Zone
Pla can be subdivided based on the first appearance of Par-

asubbotina pseudobulloides and Subbotina triloculinoides
(Fig. 5). At Mishor Rotem, the presence of a diverse early
Danian assemblage, including the above index species, in-
dicates that the upper part of zone Pla, or subzone Pla(2),
directly overlies the boundary red clay. This is also sug-
gested by the presence of early Danian species in the 63–
105 mm size fraction, which generally do not occur until
subzone Pla(2) (Keller and others, 2002). The early Danian
subzone Pla(1) is thus absent due to a short hiatus as sug-
gested by the abundance of reworked Cretaceous species
near the base of subzone Pla(2) (Figs. 7). An early Danian
zone Pla hiatus has been observed in all other studied sec-
tions of the Negev (Keller and Benjamini, 1991), and in
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TABLE 2B. Mishor Rotem, Negev, Israel. Relative percent abundance of planktic foraminifera in the upper Maastrichtian (.150 m).

Biozone
Sample number
Sample depth (m)

CF3

43
4.1

44
4.0

45
3.9

46
3.8

47
3.7

48
3.6

49
3.5

50
3.4

51
3.2

52
3.1

54
3.0

56
2.8

58
2.6

60
2.4

62
2.2

64
2.0

66
1.8

68
1.6

70
1.4

72
1.2

74
1.0

76
0.8

78
0.4

80
0.2

Guembelitria cretacea
Globigerinelloides aspera
G. yaucoensis
G. rosebudensis
Globotruncanella minuta

0
2
0

0
2
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0
4
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0
3
x
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0
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0
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0
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0
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0
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R. macrocephala
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R. reicheli
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3
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14
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4
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5
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x
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4
9
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3

0
10
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5

0
6
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1

1
5

25

1

5
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x
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0

x
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x
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7
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many early Danian sections worldwide (MacLeod and Kel-
ler, 1991), and may thus represent a regional, if not global,
sea level change. The overlying subzone Pla(2) spans 45 cm
of shaly marl that forms the base of the Taqiye Formation
(Fig. 2). Subzone Pla(2) is dominated by Parvularugoglo-
bigerina longiapertura and increasing abundances of P. ex-
tensa, S. triloculinoides, P. pseudobulloides and C. mid-
wayensis (Fig. 7).

FORAMINIFERAL POPULATIONS

Species Richness Patterns

Species diversity is the total number of species in an as-
semblage, whereas species richness reflects the actual num-
ber of species present at a given time and is therefore a
measure of environmental variability (e.g., climate, season-
ality, nutrient fluctuations), but may be influenced by fossil
preservation (e.g., dissolution, breakage of shells). Species
richness may be significantly lower than species diversity
as a result of sample preservation, climate variations and/or
local environmental conditions. For example, in the absence
of preservational bias at El Kef, species diversity at the end
of the Maastrichtian is estimated between 55–65 species
based on extensive surveys conducted as part of a blind test
to find every possible species (Olsson, 1997; Orue-etxebar-
ria, 1997; Masters, 1997; Keller and others, 1995, 2002b),
but species richness is only between 45–55 species, Li and
Keller, 1998c). This means that up to one third of the species
are absent or too rare to be detected by normal statistical
analysis in most sample intervals. These rare species are
ecologic specialists, driven to near-extinction as a result of
changing environmental conditions and elimination of their
ecological niches.

Species richness at Mishor Rotem is unusually low during
the late Maastrichtian and narrowly fluctuates around 30
species, except for the lower part of the section where 33–
35 species are present and across the lowermost red layer
(RL-1) where it drops to 21–22 species (Figs. 6, 9). Even
lower species richness was observed at Qreiya in central
Egypt with 22–30 species in zones CF3-2, with a brief in-
terval of 32–33 species in CF1 (Fig. 9, Keller, 2002). Sed-
iment deposition at these localities occurred at outer neritic-
upper bathyal and middle-outer neritic depths, respectively.
Comparable depth localities in Tunisia, Spain, and Mexico
average 45–55 species (Lopez and Keller, 1996; Pardo and
others, 1996; Abramovich and Keller, 2002). Fossil preser-
vation at Qreiya or Mishor Rotem is relatively good and
does not account for the low species richness, which appears
to be regional throughout Israel and Egypt (Keller and Ben-
jamini, 1991; Abramovich and others, 1998; Keller, 2002).
To understand these unusually impoverished species assem-
blages, it is helpful to examine species richness patterns
across the continental shelf in Tunisia.

Species richness and diversity tend to be highest in outer
shelf-upper slope environments (250–500 m) and progres-
sively decrease in shallower waters across the continental
shelf. This can be demonstrated in Tunisia, where preser-
vational bias is not a major factor in generally well pre-
served foraminiferal assemblages. In the upper Maastrich-
tian zones CF1 to CF3, species richness varies between 42–
54 species at the outer shelf-upper slope section at El Kef
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PLATE 1
All specimens from the upper Maastrichtian P. hantkeninoides zone of the Mishor Rotem section, Israel. Scale bar 5 100 mm for Figures 1–12

and 50 mm for Figures 13–16.
1. Pseudotextularia elegans, 2. Heterohelix dentata, 3. H. globulosa, 4. H. navarroensis, 5. Pseudoguembelina costellifera, 6. P. palpebra, 7, 8.
Plummerita hariaensis, 9, 10. Pseudoguembelina costulata, 11, 12. Laeterohelix glabrans, 13–15. Guembelitria cretacea, 16. G. trifolia.
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PLATE 2
All specimens from the upper Maastrichtian P. hantkeninoides zone of the Mishor Rotem section, Israel. Scale bar 5 100 mm.

1. Globotruncana esnehensis, 2. Abathomphalus mayaroensis, 3. Globotruncanella petaloidea, 4–6. Plummerita hantkeninoides, 7. Globigerinel-
loides subcarinatus, 8. Rugoglobigerina rugosa, 9, 10. R. scotti.
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FIGURE 3. Spherules from the Mishor Rotem red layers RL-1 to RL-4. 1–2, Fe-rich spherule and surface detail from the K/T red layer (RL-4)
and Ir anomaly. 3–6, Translucent, yellow amber spherules from the upper Maastrichtian red marl layers showing conchoidal fractures and surface
details. The chemical composition is almost pure carbon (;90–95%). These are amber spherules derived from the late Cretaceous forests of Jordan
and Syria (Bandel and others, 1997).

(Fig. 10, Keller, 1988; Li and Keller, 1998c; Keller and oth-
ers, 2002b). At the shallower middle neritic locality of Elles,
species richness is consistently lower, but shows similar
trends (Abramovich and Keller, 2002), though different
sample resolutions at the two localities prevent precise cor-
relation. The lowest species richness is found at the inner-
middle neritic locality of Seldja in southern Tunisia where
on average only 10–15 species are present, except for a peak
of 24 species marking an incursion of open marine species
associated with a sea level rise (Keller and others, 1998).

Species richness is directly related to niche availability,
which is related to water depth and watermass stratification.
In shallow inner neritic environments species richness is
lowest because ecological niches are largely restricted to the

surface mixed layer (;50 m) of the upper photic zone (e.g.,
Leckie, 1987; Keller and others, 1998). This environment is
primarily populated by ecological opportunists (Guembeli-
tria) and generalists (small heterohelicids, hedbergellids,
globigerinellids, and rugoglobigerinids, Keller and others,
2002b). In deeper middle neritic environments (;100–200
m), more specialized species occupy various ecological
niches, including pseudotextularids, pseudoguembelinids,
racemiguembelinids and some keeled globotruncanids. Eco-
logic niche availability is at a maximum in deeper outer
neritic to upper slope environments with well stratified wa-
termasses, and so is species richness with the addition of
highly specialized, large and ornate species living at or be-
low thermocline depths (e.g., globotruncanids, gublerinids,
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FIGURE 4. High-resolution planktic foraminiferal biozonation for the late Maastrichtian (Li and Keller, 1998b) and early Danian (Keller and
others, 1995). Note that this biozonation significantly refines the resolution for the upper Maastrichtian by replacing the upper Abathomphalus
mayaroensis zone by three biozones and by subdividing the Parvularugoglobigerina eugubina (Pla) zone into two subzones based on the first
appearances of Parasubbotina pseudobulloides and Subbotina triloculinoides.

FIGURE 5. Biostratigraphy of the Mishor Rotem section based on planktic foraminifera and calcareous nannofossils tied to the planktic fora-
miniferal biozonation of Li and Keller (1998b) and Keller and others (1995). Note the section has an early Danian hiatus, and the three red layers
are present in the lower part of zone CF1.
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FIGURE 6. Planktic foraminiferal species ranges and species richness at Mishor Rotem, Israel. Grey lines mark red marl layers (RL-1 to RL-4);
dashed line marks hiatus at the K/T boundary where zones P0 and the lower part of the P. eugubina zone (subzone Pla(1) are missing. Note species
richness is unusually low at 28–30 species and nearly one third below normal Tethyan assemblages. Most Cretaceous species in the early Danian
are reworked.

planoglobulinids). The progressive increase in species rich-
ness across the continental shelf is thus directly related to
increasing water depth and water mass stratification that
provide specialized niche habitats related to variations in
temperature, nutrients, oxygen and salinity. Intraspecific
variations in stable isotope signals of species confirm these
trends (D’Hondt and Arthur, 1995; Abramovich and others,
2003).

The significantly lower (;30%) species richness in cen-
tral Egypt and southern Israel, compared with Tunisia, ap-
pears to be the result of special environmental conditions,
as indicated by dominance of ecological opportunists and
generalists, and the absence or near absence of most deeper
water dwellers (e.g., globotruncanids) despite water depths
where these species normally thrive (Figs. 7, 8, Keller,
2002). Clues to the nature of these high stress conditions
can be gained from presence/absence data and the relative
abundances of ecological generalists, specialists and oppor-
tunists.

PALEOENVIRONMENT OF PLANKTIC
FORAMINIFERA

Ecological Generalists

More than half of the late Maastrichtian assemblages in
the small (63–150 mm) size fraction and almost half in the
larger (.150 mm) size fraction are dominated by small bise-

rial heterohelicids (Heterohelix globulosa, H. dentata, H.
navarroensis, H. labellosa, H. moremani; Fig. 11, Plate 1).
Heterohelicids are the garden weeds of the foraminiferal
community. These biserial taxa are characterized by medium
or small test sizes, simple morphologies, little surface or-
namentation, and nearly global biogeographic range. They
appear to have tolerated significant fluctuations in temper-
ature and/or salinity, oxygen and nutrients and can therefore
be considered ecological generalists. The isotopic compo-
sitions of these species indicate that they lived below the
surface mixed layer and thrived at times of an expanded
oxygen minimum zone (Boersma and Premoli Silva, 1989;
Barrera and Keller, 1994; MacLeod and others, 2001; Abra-
movich and others, 2003), whereas their global biogeo-
graphic distribution suggests a tolerance for temperature
changes (Nederbragt, 1998). Heterohelix globulosa, the
most abundant of these species, tends to exhibit a preference
for continental margins (Leckie, 1987; Keller, 1989; Malm-
gren, 1991). Late Maastrichtian heterohelicid dominance has
been observed in sections throughout Israel, Egypt, Tunisia,
Italy, Spain, Texas, Denmark and DSDP Site 525 (Keller,
1988, 1989, 2002; Nederbragt, 1991, 1998; Malmgren,
1991; Keller and others, 1995, 1993; Luciani, 1997, 2002;
Abramovich and others, 1998; Li and Keller, 1998b; Abra-
movich and Keller, 2002). Dominance of these ecological
generalists in southern Israel likely reflects an expanded ox-
ygen minimum zone and generally dysaerobic conditions.
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FIGURE 7. Relative abundance of planktic foraminifera in the 63–150 mm size fraction at Mishor Rotem, Israel. Note the low species diversity,
dominance of low-oxygen-tolerant heterohelicids (H. globulosa, H. navarroensis), and blooms of the opportunist Guembelitria in the upper Maas-
trichtian. Heterohelix globulosa B is a large morphovariant of H. globulosa. Presence of common Cretaceous species in lower Danian sediments
is due to reworking. Grey lines mark red marl layers, dashed line at K/T boundary marks hiatus.

FIGURE 8. Relative abundance of planktic foraminifera in the .150 mm size fraction at Mishor Rotem, Israel during the late Maastrichtian.
Note dominance of H. globulosa (including the large morphovariant H. globulosa B), common larger biserial taxa (P. elegans, P. carseyae), and
rare sporadic occurrences of globotruncanids. Grey lines mark red marl layers, dashed line at K/T boundary marks hiatus.
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FIGURE 9. Planktic foraminiferal species richness at Mishor Ro-
tem, Israel, and Gebel Qreiya, Egypt. Note late Maastrichtian species
richness in both localities is unusually low (25–32 species) compared
with normal Tethyan assemblages (45–50 species). At Qreiya, species
richness is on average lower than in southern Israel. Low species rich-
ness reflects adverse environmental conditions for species habitats and
life modes.

FIGURE 10. Planktic foraminiferal species richness across the Tu-
nisian continental shelf-slope based on data from the inner shelf Seldja
section (Keller and others, 1998), middle shelf Elles section (Abra-
movich and Keller, 2002), and outer shelf to upper slope El Kef section
(Li and Keller, 1998c). Note that species richness increases with in-
creasing depth across the shelf and is a function of available ecological
niches and depth habitats.

Small planispiral and trochospiral species, including Glo-
bigerinelloides aspera, G. yaucoensis, Hedbergella mon-
mounthensis, H. holmdelensis, Rugoglobigerina rugosa
and R. macrocephala, constitute another group of ecological
generalists with a widespread geographic distribution, but
living largely in the photic zone (surface) and above the
oxygen minimum zone. At Mishor Rotem, this group ac-
counts for less than 15% in the smaller size fraction, and
only slightly more in the larger size fraction (10–20%), but
increases to 30% in the uppermost part of zone CF1 (Fig.
11).

Ecological Specialists

The second largest group comprises the large, ornate, bi-
serial or multiserial species of the genera Pseudoguembel-
ina, Pseudotextularia, Planoglobulina and Racemiguem-
belina (Fig. 11, Pl. 1). In the larger size fraction (.150 mm),
this group averages 25% in zones CF2 and CF3, but in-
creases to 40% in CF1 and decreases to 20% by K/T time.
Species of this group have narrow tolerance limits and geo-
graphic ranges restricted to low and mid-latitudes. Stable
isotopic ranking shows them to be surface dwellers. Other
surface-dwelling ecological specialists (small trochospiral
species) of the Rugoblobigerina group (R. scotti, R. hex-
acmerata, Plummerita hantkeninoides, Pl. 2) are rare, ex-
cept during the warming in zone CF1, which reflects the
global climate warming between 65.4–65.2Ma (Li and Kel-
ler, 1998a, b).

Most notably absent in upper Maastrichtian sediments of
southern Israel is the second group of ecological specialists,

the deeper dwelling (thermocline) globotruncanids with
heavily calcified tests, keels and ridges. Globotruncanids are
rare and only sporadically present at Mishor Rotem (Fig.
8). Although 11 species are recorded, their combined rela-
tive abundance rarely exceeds 1%. Similar rarity of this
group has been recorded from other sections in southern
Israel (Abramovich and others, 1998). The absence of glo-
botruncanids in this outer shelf to upper bathyal depositional
environment is likely related to an expanded oxygen mini-
mum zone (suggested by abundant biserial species) and dys-
aerobic conditions into the thermocline layer, and hence the
reduction of ecological niche space for this species group.

Ecological Opportunists

The most unusual aspect of the late Maastrichtian faunal
assemblages at Mishor Rotem are three abundance peaks in
Guembelitria cretacea (20–40%, .63 mm size fraction,
Figs. 7, 12, Pl. 1, Figs. 13–16). Similar abundance peaks
have been observed throughout southern Israel (Abramovich
and others, 1998), and even higher abundances (70–90%)
in central Egypt (Fig. 12). In Tunisia, correlative Guembel-
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FIGURE 11. Late Maastrichtian to early Danian planktic foraminifera grouped into ecological opportunists, generalists and specialists representing
life modes and depth habitats at Mishor Rotem, Israel. Sea level changes and climatic interpretation based on bulk rock and clay mineralogy from
Adatte and others, (in press). Grey lines mark red marl layers, dashed line at K/T boundary marks hiatus.

itria peaks average only 5–10% (Abramovich and Keller,
2002). Outside the eastern Tethys, Guembelitria is generally
rare or absent in late Maastrichtian age sediments, except
for very shallow nearshore environments (e.g., Alabama,
Texas, Denmark, southern Tunisia, and Madagascar, Keller
and others, 2002c; Abramovich and others, 2002), and G.
dammula is abundant in the upper bathyal environment of
eastern Bulgaria (Adatte and others, 2002a).

Guembelitria cretacea is generally abundant during times
of high ecological stress when few other species thrive, and
it has therefore been labeled an opportunist or disaster spe-
cies (Keller and others, 2002b). This species is present in
very low frequencies (,1%) in late Maastrichtian forami-
niferal assemblages of normal open marine environments,
but more abundant (10–20%) in shallow nearshore environ-
ments. However, during crisis conditions when other species
populations show reduced abundances and diversity and
many species disappeared altogether, Guembelitria spp. tend
to produce opportunistic blooms, as is well known for the
K/T boundary clay and early Danian (Keller and others,
2002b).

The persistent and relatively high abundances of this spe-
cies group in shallow or nearshore areas during the late
Maastrichtian suggest a high tolerance for salinity, nutrient
and temperature fluctuations. In southern Tunisia (Seldja),
Guembelitria dominance is associated with a warm humid
climate, high rainfall, low salinity, high organic matter in-
flux from nearby terrestrial areas, and low oxygen bottom

water conditions (Keller and others, 1998). Guembelitria
abundances tend to show opposite trends to Rugoglobiger-
ina, Heterohelix navaroensis and H. globulosa in southern
Tunisia and central Egypt, as also observed in the Negev at
Mishor Rotem (Fig. 12).

COMPARISON OF SOUTHERN ISRAEL AND
CENTRAL EGYPT

The unusually impoverished planktic foramniferal assem-
blages of the southern Negev, Israrel, can be compared with
the even more impoverished assemblages from Qreiya in
central Egypt. Both localities show similar aspects with un-
usually high abundances of Guembelitria and low oxygen
tolerant biserial species during the late Maastrichtian (Figs.
11, 12), although in central Egypt Guembelitria abundances
are much higher (75–90%) and comparable to abundances
in the early Danian after the K/T mass extinction (Keller,
2002). The Guembelitria peaks at the Qreiya section appear
to be correlative with the smaller (30–40%) peaks in the
Mishor Rotem section (Fig. 13) and elsewhere in southern
Israel (Abramovich and others, 1998). At times of low
Guembelitria abundance, small biserial species dominate,
indicating low oxygen conditions. Ecological generalists are
rare, except during the warming of the uppermost Maas-
trichtian zone CF1 when the small trochospiral species (in-
cluding Plummerita hantkeninoides and R. reicheli) reach
peak abundance of 40% (Fig. 12). Rugoglobigerinids tend
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FIGURE 12. Late Maastrichtian to early Danian planktic foraminifera grouped into ecological opportunists, generalists and specialists representing
life modes and depth habitats at Qreiya, Egypt. Sea level changes, tectonic and climatic interpretations from Keller and others (2002).

to be most abundant during climate warming, and the peak
abundance in CF1 in Egypt may reflect the global warming
between 65.4–65.2 Ma (Kucera and Malmgren, 1998; Li
and Keller, 1998a). The absence of this peak abundance at
Mishor Rotem suggests that the upper part of zone CF1 is
missing at the undulating erosional surface that marks the
top of the Ghareb Formation and K/T boundary (Fig. 11).

Carbon isotope data of the Qreiya section show a sharply
decreased surface-to-deep gradient correlative with maxi-
mum Guembelitria abundance (Fig. 13), similar to the de-
creased gradient associated with Guembelitria dominance
after the K/T boundary event. At the K/T boundary these
isotopic and biotic patterns are generally interpreted as ev-
idence of a productivity crash after the mass extinction (Kel-
ler and Lindinger, 1989; Zachos and others, 1989; Barrera
and Keller, 1994). By analogy, the Qreiya section experi-
enced a similar productivity crash in the late Maastrichtian,
though unlike the K/T boundary there is no evidence of a
sudden catastrophe (e.g., impact or volcanism). The Qreiya
section thus suggests that the planktic foraminiferal re-
sponse to the K/T catastrophe was not unique, but followed
a similar pattern of response to severe environmental dis-
turbances that is expressed in high Guembelitria abundanc-

es. Moreover, the southern Israel sections indicate that this
late Maastrichtian disturbance was widespread and at least
regional encompassing the eastern Tethys, though it may
even be global, as suggested by recent data from Bulgaria
and Madagascar (Adatte and others, 2002, Abramovich and
others, 2002) that reveal similar Guembelitria dominance
during the late Maastrichtian.

MAASTRICHTIAN PALEOECOLOGY OF THE
EASTERN TETHYS

Although the ultimate cause of the late Maastrichtian en-
vironmental disturbance in the eastern Tethys is still unclear,
a major contributing factor appears to be the strong global
cooling at about 65.5 Ma accompanied by a lower sea level
and followed by rapid warming and a sea level rise between
65.45 and 65.2 Ma (Barrera, 1994; Li and Keller, 1998a,b).
The warming is associated with generally improved envi-
ronmental conditions (e.g., higher species diversity, decrease
in ecological opportunists and increase in ecological gen-
eralists and specialists), whereas the cooling (and lower sea
level) is associated with the opposite. Eustatic sea level
changes, coupled with the tectonically active basin and ridge
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FIGURE 13. Late Maastrichtian carbon isotope values of benthic and planktic foraminifera at Qreiya, Egypt (Keller and others, 2002c), compared
with occurrences of opportunistic blooms of Guembelitria at the Qreiya and Mishor Rotem sections. Note the inverse surface-to-deep d13C gradient
in zone CF3-2 is similar to the productivity crash observed in K/T boundary sections in low and middle latitudes (see text for discussion).

paleotopography of the Syrian Arc in the eastern Tethys,
would have affected the paleobathymetry of both the deeper
Mishor Rotem section of the Negev and the shallower Qrei-
ya section of central Egypt with attendant changes in cir-
culation and upwelling regimes (Fig. 14).

In central Egypt, the Qreiya section was located in a rel-
atively shallow marginal sea at a depth of about 100–200
m (Fig. 1a) (Hendriks and others, 1987; Luger, 1988;
Schnack and Luger, 1998; Keller and others, 2002c). A sea
level lowering of 50 m (Li and others, 1999) would have
severely restricted circulation, perhaps isolated basins by to-
pographic highs, resulting in salinity, oxygen and nutrient
changes. A possible scenario for the high-stress planktic fo-
raminiferal fauna of this locality is shown in Figure 14a.
Sediment deposition likely occurred in a relatively shallow
basin (100–200 m) with restricted bottom circulation, as
suggested by dysaerobic bottom waters indicated by gen-
erally low diversity assemblages consisting of Globobuli-
mina, Uvigerina, Nodosaria and Cibicidoides. The surface
mixed layer (;50 m) is dominated by the opportunist
Guembelitria (;75–90%) to the near-exclusion of most oth-
er species, and suggests high stress possibly due to high
detrital influx from nearby continental areas (high quartz
and plagioclase, Keller and others, 2002c). The dominance

of subsurface dwelling, low-oxygen-tolerant, biserial spe-
cies suggests reduced watermass stratification with an ex-
panded oxygen minimum zone and dysaerobic (oxygen de-
pleted) zone. This is also indicated by the notable absence
of the deeper dwelling species of the globotruncanid group
(,1%) that thrived in well-stratified aerobic waters. The
generally low productivity indicated by carbon isotopes
(Fig. 13), low species diversity (Fig. 9), and assemblages
consisting of ecological generalists and opportunists, is also
reflected by the low organic content in sediments (,0.5%,
Keller and others, 2002c).

Planktic foraminiferal assemblages indicate that similar,
though less severe, stress conditions also prevailed at the
Mishor Rotem section in southern Israel. The main differ-
ence between these sections is the greater paleodepth at
Mishor Rotem, where benthic foraminifera indicate depo-
sition in an upper bathyal environment at about 300–500 m
depth. Diverse benthic assemblages dominated by rotaliids,
including Cibicidoides, Stensioiina, Pullenia and Planuli-
na, indicate aerobic bottom conditions controlled by deep
water circulation (Keller, 1992; this study). Planktic fora-
miniferal assemblages are of slightly higher diversity than
at Qreiya, but also indicate reduced watermass stratification.
The surface assemblage consists of small planispiral and
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FIGURE 14a. Model of late Maastrichtian paleoecologic conditions at Qreiya, Egypt, showing restricted circulation and poorly stratified water-
mass with dysaerobic (DZ) bottom waters populated by low diversity benthic assemblages (e.g., Globobulimina, Uvigerina, Nodosaria, Cibici-
doides), an expanded oxygen minimum zone (OMZ) populated by low oxygen tolerant small biserial species, and mixed surface water populated
by the opportunist or disaster species Guembelitria. Perennially humid climate and high terrigenous influx result in low primary productivity,
nutrient and salinity fluctuations which favor blooms of opportunistic species.

FIGURE 14b. Model of late Maastrichtian paleoecologic conditions at Mishor Rotem, Israel, showing less restricted bottom circulation and hence
aerobic bottom waters with diverse benthic assemblages dominated by rotaliids (Cibicidoides, Stensioina, Pullenia, Planulina). The upper watermass
is poorly stratified with a well-developed oxygen minimum zone (OMZ) and dysaerobic zone (DZ) populated by low-oxygen-tolerant, small and
large biserial species. Primary productivity in the mixed surface layer is variable with blooms of the opportunist or disaster species Guembelitria
at times of low productivity, but high nutrient influx from terrestrial areas during seasonally humid climates.
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trochospiral ecological generalists (G. aspera, Hedbergella,
R. rugosa), some biserial specialists (Pseudoguembelina,
Pseudotextularia, Planoglobulina), and three Guembelitria
blooms during the late Maastrichtian (Fig. 11). These sur-
face assemblages suggest variable stress conditions possibly
related to salinity and nutrient variations, as supported by
high terrigenous influx, similar to Qreiya in central Egypt
(Adatte and others, in press). The subsurface assemblage is
dominated by low-oxygen-tolerant, small, biserial hetero-
helicids that indicate oxygen-depleted waters (oxygen min-
imum and dysaerobic zone, Fig. 14b). Similar to Qreiya, the
deeper dwelling globotruncanids are nearly absent (;1–2%,
Fig. 8) indicating disruption of normal water mass stratifi-
cation and reduction or elimination of intermediate depth
habitats as a result of an expanding oxygen minimum zone.

The vertical extent of the oxygen minimum zone (OMZ)
depends on primary productivity in surface waters. At times
of high primary productivity, the OMZ expands to the det-
riment of species requiring well-aerated waters and favoring
low-oxygen-tolerant heterohelicids. In an analysis of pre-
Maastrichtian upwelling systems in Israel, Almogi-Labin
and others (1993) suggested that high abundance of the sur-
face dweller Globigerinelloides reflects high surface-water
productivity and implies intensification and shallowing of
the OMZ. However, a stable isotope study of Globigerinel-
loides at the Cenomanian-Turonian transition of Pueblo,
Colorado, indicates that high abundances (.35%) of Glo-
bigerinelloides thrived in low-salinity waters that excluded
Guembelitria (Keller and Pardo, 2004). At the Mishor Ro-
tem and Qreiya sections, Globigerinelloides are a minor
component (1–8%), except in the upper part of zone CF1
where they reach 20%. By this proxy, low surface salinity
is not responsible for the expanded OMZ or the high abun-
dance of Guembelitria. On the other hand, low surface pro-
ductivity (Fig. 13) is indicated by low carbon isotope values,
low TOC (Keller and others, 2002c), low surface diversity
and deposition of chalk and limestones in southern Israel.
In view of these observations, the expanded OMZ is prob-
ably more likely a function of increased water mass strati-
fication and detrital influx from adjacent continental areas.

DISCUSSION AND CONCLUSIONS

Late Maastrichtian planktic foraminiferal assemblages of
Mishor Rotem reveal high-stress environmental conditions
in southern Israel that resulted in low species diversity, the
near absence of globotruncanids, dominance of heteroheli-
cids, and intermittent blooms of the opportunists Guembel-
itria (Figs. 11–12). Similarly impoverished and high-stress
assemblages were earlier reported from four other sections
in southern Israel by Abramovich and others (1998), who
relate these to global paleoenvironmental changes, including
changes in productivity and climate. Global climate changes
very likely account for the long-term decrease in species
richness, but probably not for the anomalous peaks in
Guembelitria and the very low abundance of keeled glo-
botruncanids that appear to be more particular to the eastern
Tethys.

What role, if any, did the red marl layers of the Mishor
Rotem section play in the accelerated decline of the late
Maastrichtian assemblages in southern Israel? Data from the

Mishor Rotem section suggest that they represent times of
relatively optimum conditions for the region, as suggested
by the absence of Guembelitria blooms (Fig. 12). Although
ecological generalists, H. navarroensis, H. globulosa, H.
dentata, R. rugosa and R. macrocephala show decreased
abundances (Figs. 7, 8), these are not unique and cannot be
tied to the red marl layers with confidence. Lithologically,
the laminated red marls represent condensed deposition un-
der locally elevated sea levels (e.g., tectonic effects) relative
to the chalks and marly limestones above and below, as also
suggested by high concentrations of platinum group ele-
ments (Adatte and others, in press). However, the anomalous
trace element concentrations, including Ir, and the fact that
an Ir anomaly has also been observed in Oman at this strati-
graphic interval (Ellwood and others, 2003), indicates that
a pre-K/T impact cannot be ruled out.

In central Egypt, planktic foraminiferal assemblages in-
dicate even higher stress conditions in the late Maastrichtian
than in southern Israel, as suggested by Guembelitria
blooms dominating (75–90%) the foraminiferal population.
These assemblages are accompanied by strongly negative
d13C values that suggest a breakdown of the surface-to-bot-
tom gradient of the 13C/12C ratio (Fig. 13, Keller, 2002). This
breakdown in primary productivity occurred during glo-
bal climate cooling in CF3 and a sea level regression that
peaked at 65.5 Ma and probably accounts for a widespread
hiatus at this time (Li and others, 2000; Adatte and others,
2002a, b).

However, at similar paleodepths in Tunisia these unsual
Guembelitria blooms are absent, though slightly increased
abundances (5–10%) are observed in the upper zone CF3
and in CF1 (e.g., the middle to outer neritic Elles section
and outer neritic to upper bathyal El Kef section; Abramov-
ich and Keller, 2002; Li and Keller, 1998c). This suggests
that the environmental conditions of the eastern Tethys did
not extend far to the west (no data available for Libya) and
no Guembelitria blooms have been observed in Spain.
However, unusual Guemblitria dominance was observed in
the Bjala section in eastern Bulgaria where Guembelitria
cretacea is common (;10%) in the upper zone CF1 and
the larger G. dammula dominates the assemblages by 60–
80% (Adatte and others, 2002b). In Madagascar, Guembel-
itria dammula is common and G. cretacea dominant during
the late Maastrichtian. It is still unclear what relationship,
if any, these Guembelitria dominances have to the eastern
Tethys and further studies are necessary to determine the
environmental conditions in which G. dammula thrived.

The high-stress conditions exhibited by planktic forami-
niferal assemblages in the eastern Tethys are at least partly
related to regional paleobathymetry of the tectonically ac-
tive Syrian Arc (Fig. 1) coupled with global climate and sea
level changes. The paleorelief of intra-shelf and intra-slope
basins of the Syrian Arc with their differential rates of sub-
sidence and sedimentation, and active folding and faulting,
likely controlled the intensity of circulation, upwelling, wa-
termass stratification and the extent of the oxygen minimum
zone (Reiss, 1988), though the decreasing sea level associ-
ated with global cooling during the late Maastrichtian prob-
ably exacerbated these conditions. However, volcanism and
impacts cannot be ruled out as primary causes for the high-
stress conditions, particularly in view of the accumulating
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evidence of at least one pre-K/T impact (e.g., northeastern
Mexico, Oman, Israel; Keller and others, 2002a, 2003; Ell-
wood and others, 2003).
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