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Abstract

The biotic effects of late Maastrichtian mantle plume volcanism on Ninetyeast Ridge and Deccan volcanism mirror
those of the Cretaceous^Tertiary (KT) mass extinction and impact event. Planktonic foraminifera responded to high
stress conditions with the same impoverished and small-sized species assemblages dominated by the disaster/
opportunists Guembelitria cretacea, which characterize the KT mass extinction worldwide. Similar high stress late
Maastrichtian assemblages have recently been documented from Madagascar, Israel and Egypt. Biotic effects of
volcanism cannot be differentiated from those of impacts, though every period of intense volcanism is associated with
high stress assemblages, this is not the case with every impact. The most catastrophic biotic effects occurred at the KT
boundary (65.0 Ma) when intense Deccan volcanism coincided with a major impact and caused the mass extinction of
all tropical and subtropical species. The Chicxulub impact, which now appears to have predated the KT boundary by
about 300 kyr, coincided with intense Deccan volcanism that resulted in high biotic stress and greenhouse warming,
but no major extinctions. The unequivocal connection between intense volcanism and high stress assemblages during
the late Maastrichtian to early Danian, and the evidence of multiple impacts, necessitates revision of current impact
and mass extinction theories.
9 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Major mass extinctions in Earth’s history are
generally attributed to impacts or major £ood ba-
salt volcanism and associated environmental ex-
tremes. A general consensus of impact-induced
mass extinctions currently exists only for the Cre-
taceous^Tertiary (KT) boundary, whereas quanti-
¢cation of the environmental e¡ects of major

£ood volcanism (e.g. Deccan) has remained elu-
sive. Other mass extinctions are also closely asso-
ciated with £ood volcanism (e.g. Permian^Triassic
boundary, late Devonian [1^3]). Although the bi-
otic e¡ects of £ood volcanism are still poorly
understood, volcanogenic sulfate aerosols (acid
rain), CO2 emissions (greenhouse warming) and
the dynamic e¡ects of mantle plume activity likely
contributed to the environmental extremes that
led to mass extinctions [4].
Flood basalts are generally linked to hot spots,

or superheated mantle plumes, which are believed
to erupt over periods of 1^3 million years. Biotic
e¡ects directly attributable to £ood basalts in ter-

0012-821X / 03 / $ ^ see front matter 9 2003 Elsevier B.V. All rights reserved.
doi:10.1016/S0012-821X(03)00390-X

* Tel. : +1-609-258-4117; Fax: +1-609-258-1671.
E-mail address: gkeller@princeton.edu (G. Keller).

EPSL 6771 22-9-03

Earth and Planetary Science Letters 215 (2003) 249^264

R

Available online at www.sciencedirect.com

www.elsevier.com/locate/epsl

mailto:gkeller@princeton.edu
http://www.elsevier.com/locate/epsl


restrial settings are di⁄cult to evaluate, though
they can easily be quanti¢ed in a marine environ-
ment due to the abundance of microfossils. One
example is Deep Sea Drilling Project (DSDP) Site
216 on Ninetyeast Ridge in the Indian Ocean,
which tracks the passage of the oceanic plate
over a superheated mantle plume during the late
Maastrichtian, resulting in lithospheric uplift, the
formation of islands built to sea level [5,6], and
volcanic activity lasting more than 1 million years.
DSDP Site 216 thus provides an ideal locality

to evaluate the biotic and environmental e¡ects of
mantle plume activity from inception to cessation
and the restoration of normal marine environ-
ments. The fact that this mantle plume activity
began about 2 Myr before and ended about 500
kyr prior to the KT boundary, and involved the
same biotic assemblages as at KT time, permits
comparison with the KT mass extinction. Recent
discoveries of high stress planktonic foraminiferal

assemblages in upper Maastrichtian sediments of
Madagascar, Israel and central Egypt [7^9] re-
vealed pre-KT biotic catastrophes of yet unknown
source and paleogeographic extent that could be
linked to volcanism.
This study evaluates the biotic e¡ects of late

Maastrichtian mantle plume activity at DSDP
Site 216 based on disaster/opportunist and eco-
logic generalist planktonic foraminifera (more de-
tailed analysis in preparation [10]) and compares
these with the biotic e¡ects observed in previous
studies of Madagascar, Israel, Egypt and Tunisia
(data published in [7^9,11,39] (Fig. 1). Planktonic
foraminifera are unicellular species that lived in
the upper water column and were highly sensitive
to environmental changes. They su¡ered the most
severe losses during the KT boundary mass ex-
tinction and are therefore ideal markers for eval-
uating biotic e¡ects of catastrophic events,
whether volcanism or impacts.

Fig. 1. Paleoenvironmental map of the Indian Ocean and eastern Tethys modi¢ed after Dercourt et al. [6] with paleolocations of
studied sections (DSDP Site 216, Amboanio, Madagascar, Mishor Rotem, Israel, Qreiya, Egypt, and Elles and El Kef, Tunisia).
Areas of plume activity, Reunion hotspot and Ninetyeast Ridge Site 216, are shaded. Note that biotic e¡ects of volcanism de-
crease westward from the Indian Ocean to the eastern Tethys, with little expression in Tunisia and none in Spain.
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2. Methods

Sediment samples from DSDP Site 216 were
soaked in water, washed through 38 Wm and 63
Wm screens and oven dried at 50‡C based on stan-
dard methods [9]. Statistical counts of planktonic
foraminiferal species are based on random sample
splits (using an Otto microsplitter) of about 150^
250 specimens (average of 5^10 species). All speci-
mens of this aliquot were counted, picked and
mounted as permanent record on microslides
and archived. Because planktonic foraminifera
are relatively rare in these volcanic sediments, sta-
tistical counts in many samples are based on the
entire residues of each sample with every speci-
men picked, counted and identi¢ed. Bias intro-
duced by preservational e¡ects (dissolution,
breakage) appears to be minimal since the most
fragile species (Guembelitria) are abundantly
present and well preserved.
In the four sections used for regional compar-

ison and correlation (Madagascar, Israel, Egypt
and Tunisia [7^9,11,39]), data collections were
based on the same methods, and two sections
were analyzed by another worker (S. Abramo-
vich). The fact that similar oceanographic signals
are evident in all sections testi¢es to the reality
of an external biotic e¡ect, rather than sample
bias.

3. DSDP Site 216

DSDP Site 216 was cored on the crest of Nine-
tyeast Ridge, which is currently located just north
of the equator (lat. 1‡27.73PN, long. 90‡12.48PE)
and at a water depth of 2237 m. During the late
Maastrichtian Site 216 was located at about 40‡S
[12,13] as it passed over a mantle plume resulting
in lithospheric uplift and the formation of islands,
extruding amygdalar and vesicular basalt that
suggest aerial or near surface lava extrusion.
With the northward passage away from the man-
tle plume, Site 216 subsided from shallow to suc-
cessively deeper marine environments. Benthic fo-
raminifera and macrofossils indicate rapid
subsidence from inner to middle neritic, outer ne-
ritic and upper bathyal depths by the end of vol-

canic deposition, and bathyal depths during the
last 500 kyr of the Maastrichtian (zones CF1^2,
Micula prinsii zone, Fig. 2). This passage is re-
£ected ¢rst in the predominantly volcanic sedi-
ments successively followed by phosphatic and
glauconitic volcanic deposits and eventually chalk
deposition as Site 216 passed beyond the in£uence
of mantle plume volcanic activity.
The onset of volcanism is di⁄cult to date accu-

rately due to impoverished microfossil assemblag-
es, though a maximum age of 66.6 Ma is esti-
mated based on the presence of the nannofossil
zone Nephrolithus frequens [14,15] and planktonic
foraminiferal zone CF3. The much younger K^Ar
age of 64.1 Q 1.0 Ma reported by McDougall [16],
based on a basalt sample from core 37, is likely
compromised by argon loss. Volcanism ceased
around 65.5 Ma, as indicated by limestone depo-
sition with more diverse microfossil assemblages
that mark zones CF1^2 and Micula prinsii. DSDP
Site 216 was thus within the sphere of mantle
plume volcanism for about 1.1 Myr, assuming
that the base of zones CF3 and N. frequens are
present. Sedimentation rates averaged about 8.5
cm/kyr, most of it due to volcanic output.

3.1. Biotic e¡ects

Late Maastrichtian planktonic foraminifera in
the volcanic-rich sediments of DSDP Site 216 are
generally well preserved, with minor recrystalliza-
tion and calcite in¢lling of test shells, and minor
dissolution e¡ects (some breakage and holes in
tests), as also indicated by the great abundance
of delicate small foraminiferal shells. The faunal
assemblages are of very low diversity with 6^10
species in the volcanic-rich sediments and 18^25
species in the overlying chalk (Fig. 2), compared
with normal diversity of 30^40 species at this lat-
itude. The high abundance of small delicate spe-
cies and relatively good preservation indicates
that the low diversity is due to environmental
factors, rather than an artifact of preservation,
which would selectively concentrate robust larger
species. Although specimens are extremely small
(63^100 Wm), they are fully developed adults, as
indicated by overall morphology, ratio of cham-
ber development and adult number of chambers.
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Fig. 2. Stratigraphy and paleoecology of planktonic foraminiferal assemblages at DSDP Site 216 on Ninetyeast Ridge, Indian Ocean. Note the disaster/opportunists
Guembelitria species thrived during high stress conditions when few other species survived. At times of ecosystem recovery (decreased volcanism), Guembelitria nearly
disappeared and low oxygen tolerant small biserial species thrived along with common small planispiral and trochospiral surface dwellers (gray shaded intervals).
Normal more diverse faunal assemblages reappeared only after volcanism ceased.
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Juvenile forms are present in the smaller size frac-
tion (38^63 Wm). Similarly dwarfed species assem-
blages are well known from the KT boundary
[17,18].
Immediately above the basement basalt at Site

216 are clayey limestone and micrite layers that
contain abundant macrofossil fragments (bivalves,
gastropods, echinoid spines, ostracods), few
poorly preserved reworked planktonic foraminif-
era of normal large size (s 150 Wm), and a mixed
assemblage of shallow and deepwater benthic fo-
raminifera dominated by shallow water species
Anomalinoides newmanae and Epistominella minu-
ta. This assemblage indicates deposition in a shal-
low inner neritic or subtidal environment with
common reworking and transport of older deeper
water sediments. The absence of in situ planktonic
foraminifera also suggests very shallow (lagoonal/
subtidal) or adverse marine conditions.
In the overlying volcanic phosphate-rich clay

(core 35 to 34-4, Fig. 2), benthic and planktonic
foraminifera are rare or absent, probably due to
adverse conditions. Cores 34-3 through 31 contain
unusually impoverished and very small (63^100
Wm) high stress assemblages dominated (V60^
80%) by the ecological opportunist and disaster
species Guembelitria [18]. In cores 30-2 to 30-5
Guembelitria are nearly absent and the low O2

tolerant ecologic generalists dominate (e.g. small
biserial species Heterohelix dentata, H. globulosa,
Zeauvigerina waiparaensis), along with common
small planispiral and trochospiral ecologic gener-
alists in surface waters (e.g. Hedbergella, Rugoglo-
bigerina and Globigerinelloides [10,18]). This indi-
cates increased water mass strati¢cation, an
enhanced oxygen minimum zone (OMZ), and
more favorable surface ecosystem.
In the volcanic and phosphate-rich micritic car-

bonate of cores 27^29, disaster/opportunists and
low O2 tolerant generalists alternate in abun-
dance, though all species are still extremely small
(63^100 Wm). These rapid variations may be re-
lated to on^o¡ volcanic activity. Opportunists
(Guembelitria) are absent in the volcanic and glau-
conite-rich micritic carbonate of cores 25^26
where small low O2 tolerant generalists dominate
and surface generalists are common, indicating an
improved ecosystem with enhanced OMZ, though

species richness remained very low and large spe-
cialist species are absent (Fig. 2).
Further environmental improvement is indi-

cated in the chalks of core 24 where Guembelitria
opportunists are absent, low O2 tolerant hetero-
helicids decrease in abundance, small surface
dwelling generalists increase and large subsurface
dwellers are a signi¢cant component for the ¢rst
time and suggest increased water mass strati¢ca-
tion. Species richness more than doubled to 18^25
species, though still short of normal diversity (30^
40 species) at this latitude. The increased diversity
appears to be primarily due to a short-term in£ux
of species from low latitudes (e.g. globotrunca-
nids, gublerinids, racemiguembelinids, and pseu-
dotextularids), which may re£ect the climate
warming between 65.4 and 65.2 Ma [19]. Stress
tolerant species continue to dominate faunal as-
semblages. No comparison can be made with the
KT mass extinction because a major hiatus (Dan-
ian zone P1c (core 23-3, 98 cm)) overlies upper
Maastrichtian sediments (core 23-3, 140 cm) and
spans the basal 500 kyr of the Danian (zones P0,
P1a, P1b) and part of the uppermost Maastricht-
ian.
The late Maastrichtian succession of high stress

assemblages at Site 216 is clearly associated with
mantle plume volcanic activity. Maximum biotic
stress, indicated by dominance of the disaster/op-
portunists Guembelitria, occurred during the early
part of volcanic activity. The same Guembelitria
dominated assemblages characterize the earliest
Danian after the KT impact event. Increased
water mass strati¢cation and expanded OMZ (bi-
serial dominance) mark the initial recovery of the
ecosystem. After volcanic in£ux ceased and nor-
mal pelagic sedimentation resumed as Site 216
passed beyond the reach of mantle plume activity,
small stress tolerant assemblages still dominate,
though re£ecting increased water mass strati¢ca-
tion, and there is an in£ux of more specialized low
latitude species. Similar successions of high stress
assemblages can be observed in Madagascar.

4. Amboanio, Madagascar

The Amboanio section is located in a cement

EPSL 6771 22-9-03

G. Keller / Earth and Planetary Science Letters 215 (2003) 249^264 253



quarry near the village of Amboanio about 28 km
south of the city of Mahajanga. During the late
Maastrichtian, Amboanio was located at about
28‡S latitude (Fig. 1). The base of the section
may be as much as 1 Myr older (zone CF4)
than at DSDP Site 216 (zone CF3), though dating
is uncertain [7]. In the lower part of the section
(CF4) sediment deposition occurred in an outer
shelf environment (200^300 m), followed by mid-
dle shelf (150^200 m) deposition in the upper part
(CF3^CF1). Three major hiatuses are present and
mark eustatic sea level lowstands at 67 Ma (CF4/
CF3 boundary), 65.5 Ma (CF3/CF2 boundary)

and KT boundary (hiatus 64.5^65.2 Ma, Fig. 3
[7,20,21]. Each biozone is therefore incomplete,
though the faunal assemblages can be correlated
with DSDP Site 216.
During the late Maastrichtian at Amboanio the

overall faunal diversity was low, varying between
15 and 27 species, and dominated by the disaster/
opportunist Guembelitria and low O2 tolerant
small heterohelicids (Fig. 3). However, over the
entire interval there are rare single specimen iso-
lated occurrences of an additional 40 species of
mostly tropical to subtropical a⁄nity that appear
to be migrants and suggest an open ocean envi-

Fig. 3. Stratigraphy and paleoecology of planktonic foraminiferal assemblages at Amboanio, Madagascar. Note that the domi-
nance of the disaster/opportunists Guembelitria during the late Maastrichtian re£ects high stress conditions. Ecosystem recovery
in zone CF3 is accompanied by dominance of low oxygen tolerant small biserial species (gray shaded intervals). Note zones
CF1^2 and CF3 are incomplete due to hiatuses.
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ronment. Adding these migrants to the species
richness curve will increase the overall diversity
to between 25 and 38 species [7].
Faunal assemblages are dominated by the same

small species as at DSDP Site 216 and reveal a
similar alternating succession of ecological oppor-
tunists and generalists (Fig. 3). In zone CF4 the
disaster/opportunist Guembelitria and low O2 tol-
erant small biserial ecologic generalists dominate
with 40^50% and 30^40% respectively. This sug-
gests a high stress surface environment and well
developed OMZ. The relatively deep open ocean
marine environment argues against stress induced

by a shallow nearshore setting. The absence of
ash layers in this interval may be due to diagenet-
ic alteration [7].
Most of zone CF3 is missing due to a hiatus,

but the part present is dominated by low O2

tolerant species (60^70%), few Guembelitria
(6 10%), a minor increase in generalist surface
dwellers (6 10%) and ecologic specialists (10^
15%). This interval re£ects increased water mass
strati¢cation, expanded OMZ and more favorable
surface and deeper water environments for plank-
tonic foraminifera. The coeval interval at DSDP
Site 216 is likely the lower expanded OMZ in zone

Fig. 4. Stratigraphy and paleoecology of planktonic foraminiferal assemblages at Qreiya, Egypt. Note that the disaster/opportun-
ist Guembelitria species, which thrived during high stress conditions, alternate with low oxygen tolerant small biserial species and
increased ecologic generalists in surface waters at times of ecosystem recovery during the late Maastrichtian and early Danian
(gray shaded intervals). Note hiatuses at CF3/CF1 (CF2 missing), the KT boundary, and early Danian P1a/P1b, P1b/P1c zones.
Data at asterisk from Tantawy [38].
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CF3 (shaded intervals in Fig. 2), because the
upper part of CF3 is missing at Amboanio.
The uppermost Maastrichtian is only partially

present at Amboanio, but di¡ers from Site 216 in
that Guembelitria is abundant (40%) indicating
high stress conditions. The presence of ash layers
in this interval indicates a volcanic source [7].
Similarly high stress assemblages are observed in
Egypt.

5. Qreiya, central Egypt

During the late Maastrichtian, Qreiya was lo-
cated in the Asyut Basin of central Egypt at a
paleodepth of 150^300 m. Similar to Amboanio,
Madagascar, erosional surfaces bound most bio-
zones as a result of sea level lowstands, though all
biozones, except CF2, are present and the KT
boundary event is preserved in a thin clay layer
and Ir anomaly [8]. The early Danian is present
albeit fragmented due to erosion as a result of sea
level £uctuations (Fig. 4). Limited outcrop expo-
sure prevents evaluation of the lower part of zone
CF3 and zone CF4.
Late Maastrichtian faunal assemblages are re-

markably similar to coeval assemblages at DSDP
Site 216 and Amboanio. Species assemblages are
of low diversity (20^30 species) and dominated by
the disaster/opportunist Guembelitria (70^90%),
which alternates with low O2 tolerant ecologic
generalists. One interval in zone CF3 is character-
ized by low O2 tolerant generalists, increased sur-
face generalists (small planispiral and trochospiral
species, 20^30%), and near absence of opportun-
ists. This interval is correlative with similar faunal
assemblages of zone CF3 at Site 216 and at Am-
boanio (gray intervals, Figs. 2^4). The upper parts
of zones CF3 and CF2 are missing at Qreiya due
to a hiatus and sea level lowstand at 65.5 Ma
[21].
The latest Maastrichtian zone CF1 (65.0^65.3

Ma) is incomplete at Qreiya, Amboanio and
DSDP Site 216 due to hiatuses. Nevertheless,
some comparisons can be made. In all three sec-
tions, low O2 tolerant ecologic generalists average
about 40%, surface generalists 10^30%, disaster/
opportunists are absent in Site 216 and greatly

reduced in the other sections and large specialist
species vary from 5 to 20%. These assemblages
reveal relatively improved ecological conditions
during the last 300 kyr of the Maastrichtian, but
still re£ect high stress at these localities. During
the early Danian, the succession of disaster/op-
portunists and generalists at Qreiya is temporally
and quantitatively similar to Israel and Tunisia,
although more condensed due to hiatuses as dis-
cussed below.

6. Mishor Rotem, Israel

The Mishor Rotem section is located on the
Rotem syncline of the Syrian Arc structural prov-
ince near Dimona in the Negev of Israel [22].
During the late Maastrichtian the Rotem syncline
was submerged at outer neritic to upper bathyal
depths (300^500 m [9]). Sediments are character-
ized by three distinct red clay layers with Pd, Pt
and minor Ir anomalies, which are interbedded in
chalk and marl of the upper Maastrichtian zone
CF1. The KT boundary is marked by a 3 mm thin
red clay layer, altered impact spherules and Ir
anomaly. This section thus contains evidence of
the KT impact event as well as pre-KT events
possibly related to volcanism [9,23,24].
Late Maastrichtian planktonic foraminiferal

species richness is unusually low (25^35 species)
for a Tethyan pelagic assemblage (Fig. 5), similar
to Qreiya in Egypt [8]. Low O2 tolerant, small,
biserial ecologic generalists dominate (s 50%)
the assemblages, surface dwelling ecologic gener-
alists average 15%, and large specialist species
(globotruncanids) are rare or absent. The disas-
ter/opportunist Guembelitria appears in distinct
peaks of 30^40% in upper zone CF3, zones
CF2, CF1 and lower Danian zone P1a. Correla-
tive Guembelitria peaks can be observed at Elles
and El Kef in Tunisia.

7. El Kef and Elles, Tunisia

The best-known and most expanded KT
boundary records are known from the El Kef
global stratotype and point (GSSP) and Elles lo-
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cated 75 km east of El Kef, Tunisia [11,18,39].
Sediment deposition occurred in a middle to outer
neritic environment (150^250 m) at Elles and out-
er neritic^upper bathyal environment (250^500 m)
at El Kef. Fig. 6 shows the more complete Elles
record for the late Maastrichtian, and the early
Danian of El Kef. Late Maastrichtian species
richness varies between 35 and 45 species and is

signi¢cantly higher than diversity at similar paleo-
depths at Qreiya in Egypt or the deeper Mishor
Rotem section of Israel. Danian species richness
patterns are the same in all sections.
During the late Maastrichtian small biserial

species dominated, varying between 60 and 90%,
small planispiral and trochospiral species varied
between 3 and 15% and large specialized species

Fig. 5. Stratigraphy and paleoecology of planktonic foraminiferal assemblages at Mishor Rotem in the Negev, Israel. Note that
the disaster/opportunists Guembelitria species are signi¢cantly less abundant than in Egypt, Madagascar, or Site 216, but occur in
distinct abundance peaks correlative with maximum abundances in those sections. Low oxygen tolerant small biserial species
dominate during the late Maastrichtian and indicate an enhanced OMZ and well-strati¢ed ocean (gray intervals). Note that the
three red marl layers in the late Maastrichtian zone CF1 are enriched in platinum group elements with a signi¢cant Ir enrichment
in the lowermost red marl layer, correlative with an Ir enrichment in Oman [8,31].
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Fig. 6. Stratigraphy and paleoecology of planktonic foraminiferal assemblages at Elles (late Maastrichtian) and El Kef (Danian),
Tunisia. Note that the disaster/opportunist Guembelitria species show only a minor abundance increase correlative with abun-
dance peaks in Israel. This indicates a further westward decrease in biotic e¡ects during the late Maastrichtian. During the KT
and early Danian Guembelitria is dominant, subsequently it is replaced by low oxygen tolerant biserials, followed by surface
dwelling ecologic generalists.
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Fig. 7. Correlation of the disaster/opportunist Guembelitria species in sections spanning the Indian Ocean and eastern Tethys. Correlation is based on planktonic fo-
raminiferal biozones (dashed lines) and initial recovery intervals (gray shaded). Note the westward decrease in biotic e¡ects. Disaster and recovery intervals are
summarized for comparison with periods of intense volcanic activity at Site 216 and Deccan Traps [25,26], and multiple impact events [20,29^31,35]. Note that all
periods of intense volcanism correspond with disaster/opportunists, but not all impact events do. See text for discussion.
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gradually decreased from 15% to 4%. These as-
semblages re£ect a well-strati¢ed marine environ-
ment with enhanced OMZ on the Tunisian mar-
gin of the Tethys during the late Maastrichtian.
The disaster/opportunist Guembelitria species
reached about 10% in zone CF1 and the upper
zone CF3 (Fig. 6), as compared with 30^40% in
the Negev. In Egypt and Madagascar, the equiv-
alent intervals (though reduced due to hiatuses)
are dominated (60^90%) by the disaster/opportun-
ist Guembelitria. The reduced Guembelitria abun-
dance at Mishor Rotem and further reduction at
El Kef and Elles appear to re£ect decreased biotic
e¡ects towards the west (Fig. 7). Between Guem-
belitria enriched intervals heterohelicids generally
increased along with small trochospiral and large
specialist species, re£ecting increased water mass
strati¢cation, similar to the initial recovery phases
observed at Qreiya, Amboanio and Site 216.
An abrupt faunal change marks the KT bound-

ary mass extinction. All large, complex species, as
well as the small trochospiral taxa, except for the
hedbergellids, disappeared [18]. Maastrichtian bi-
serial species decreased dramatically and together
with hedbergellids disappeared in the early Dan-
ian. Only the disaster/opportunist Guembelitria
thrived after the mass extinction, dominating
(80^90%) in zones P0 to early P1a and again in
P1c. With initial ecosystem recovery newly evolv-
ing small biserial low O2 tolerant generalists
(Woodringina hornerstownensis, W. claytonensis,
Chiloguembelina taurica) succeeded disaster/op-
portunists (Guembelitria, gray intervals, Fig. 6).
Further ecosystem recovery led to dominance of
the newly evolved small trochospiral ecologic gen-
eralists (Parvularugoglobigerina eugubina, P. longi-
apertura, P. extensa, Eoglobigerina edita, E. pen-
tagona).
The early Danian at El Kef and Elles [18] thus

shows the same succession of disaster/opportun-
ists followed by low O2 tolerant ecologic general-
ists (gray interval, Fig. 6) as at DSDP Site 216,
Amboanio, and Qreiya during the late Maas-
trichtian zone CF3. The foraminiferal response
is thus very similar, although both the timing
(early Danian vs. late Maastrichtian) and causes
(impact vs. volcanism) for the high stress condi-
tions may di¡er.

8. Discussion

8.1. High stress biotic environments

Most previous studies have associated plank-
tonic foraminiferal blooms of the disaster/oppor-
tunist Guembelitria exclusively with the KT mass
extinction. This study shows that high stress en-
vironments are always characterized by Guembeli-
tria blooms, which may arise at any time (late
Maastrichtian to early Tertiary) or place (near-
shore to open ocean) and last from thousands to
several hundred thousand years (Fig. 7). Plank-
tonic foraminifera show the same biotic response
to high stress environments during the late Maas-
trichtian in the Indian Ocean DSDP Site 216,
Madagascar, Israel and Egypt as in the post-KT
mass extinction recovery phase in Tunisia, Egypt,
Israel and worldwide. Moreover, the biotic re-
sponse is the same, a single species (Guembelitria
cretacea) generally dominates (70^90%) during
maximum stress, though the timing and cause(s)
for the high stress conditions may di¡er.
With the ¢rst abatement of stress conditions,

the disaster/opportunists give way to small eco-
logic generalists in surface waters (planispiral
and trochospiral species) and the OMZ (small bi-
serial species). Only with the return to normal
marine conditions are diverse planktonic forami-
niferal communities with ecological specialists re-
stored. This pattern of disaster and initial recov-
ery (Disaster/Recovery, Fig. 7) repeats itself
through the late Maastrichtian and early Danian
and indicates statistical universality in the plank-
tonic foraminiferal response to high stress envi-
ronments independent of time or cause(s).
What triggers this statistical universality in re-

sponse to high stress conditions appears to be a
throwback to the simplest morphologies of these
unicellular microplankton: small globular cham-
bers arranged in either triserial or biserial form
and adaptation to opportunistic or generalist life
strategies ^ also known as r-strategy. The triserial
Guembelitria species are the disaster/opportunists
of planktonic foraminiferal assemblages with fast
reproduction, very small size (often 35^60 Wm),
large numbers of o¡spring, the ability to endure
a wide range of environmental conditions, and
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rapid increase in populations as opportunity
arises [25,26]. Opportunists are typically smaller
than non-opportunist species, ine⁄cient in utiliz-
ing food and incapable of competing with more
advanced species when food resources are scarce.
These observations and the ubiquitous abun-

dance of Guembelitria in shallow nearshore post-
KT environments have long suggested a prefer-
ence for eutrophic conditions, possibly due to riv-
erine nutrient in£ux and the opportunity of va-
cated ecologic niches due to the mass extinction
[18]. However, Guembelitria blooms are equally
abundant in post-KT deepwater marine environ-
ments where riverine nutrient in£ux is not a con-
tributing factor, suggesting that other still un-
known factors play a key role. This study shows
that Guembelitria blooms in late Maastrichtian
deep marine environments of the Indian Ocean,
Madagascar, Israel and Egypt are proxies for
environmental catastrophes, whether due to
impacts, volcanism or any other type of cata-
strophe.

8.1.1. Further studies
The environmental conditions that triggered

Guembelitria blooms still need to be investigated.
While the geographic distribution of this disaster
opportunist is well documented for the KT
boundary event, little is known of its spatial and
temporal distribution in other time intervals. This
is largely because routine species analysis does not
include the small size fraction (38^100 Wm) that
contains Guembelitria or several other small low
O2 tolerant biserial species. A major e¡ort is re-
quired to investigate the small size fraction for the
late Maastrichtian across latitudes to reveal back-
ground levels, crisis response, and latitudinal dis-
tribution of this species. Temporal and spatial
distributions in volcanic provinces and at times
of impacts need to be investigated and mapped
to gain a better understanding of the biotic ef-
fects. Preliminary N

13C species ranking suggests
that Guembelitria is one of the isotopically lightest
species living in the upper few meters of surface
waters, and thrived in eutrophic waters. Further
geochemical studies, including stable isotope and
trace element analyses, are required on Guembeli-
tria tests to investigate toxicity levels that proved

lethal for specialized species, as well as nutrients,
salinity, temperature and oxygen variations.

8.2. Volcanism

Mantle plume volcanism (amygdalar and vesic-
ular basalt) at DSDP Site 216 directly correlates
with the disaster opportunist Guembelitria blooms
or dominance during the late Maastrichtian zone
CF3 and ends with their disappearance in the
uppermost part of this zone (Fig. 2). This suggests
a cause-and-e¡ect relationship between volcanism
and high stress environments. Stress conditions
are variable with Guembelitria blooms alternating
with low O2 tolerant species signaling early recov-
ery. The ¢rst major and apparently unique recov-
ery event in CF3 represents a correlatable horizon
in Madagascar, Egypt and Israel, but is not rec-
ognized in Tunisia (shaded interval in Fig. 7) sug-
gesting a westward decrease in the intensity of
environmental e¡ects. Three such disaster/recov-
ery horizons have previously been recognized in
late Maastrichtian (zones CF1-CF3) sediments of
Israel [9,27] and Tunisia [11,39], two in Egypt
where the middle recovery event (zone CF2) is
missing due to a hiatus [8], but only one is present
(zone CF3) in Madagascar due to hiatuses [7]
(Fig. 7). The same alternating disaster/recovery
pattern is repeated in the early Danian.
Periods of intense Deccan volcanism [4,28,29]

correlate well with periods dominated by disaster
opportunists (Fig. 7). This pattern suggests that
Guembelitria blooms are directly related to the
intensity of volcanism with recovery periods re-
lated to decreased volcanic input. The nature of
this cause and e¡ect relationship is uncertain and
needs to be investigated. Studies of trace elements
incorporated in foraminiferal shells during the or-
ganism’s life cycle may yield clues to toxic levels
lethal to most species.

8.3. Multiple impacts

The KT boundary impact is well documented
and generally recognized as the cause for the end-
Cretaceous mass extinction. This study shows that
periods of intense volcanism caused similar biotic
e¡ects during the late Maastrichtian and early
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Danian. What sets the KT boundary and basal
Danian apart from these other high stress periods
is the mass extinction of all specialized larger spe-
cies [18]. The coincidence of this mass extinction
and the impact event is the primary evidence that
supports a cause and e¡ect scenario. However, the
current data indicate that the mass extinction was
likely caused by the coincidence of intense volca-
nism and a large impact.
To separate the biotic e¡ects of impacts from

those of volcanism documented in this study is
di⁄cult, if not impossible. This task is further
complicated by the recent discoveries of multiple
impacts across the KT boundary [30]. The new
core Yaxcopoil-1 drilled inside the Chicxulub cra-
ter revealed late Maastrichtian planktonic forami-
niferal assemblages of zone CF1 in dolomitic
limestones overlying the impact breccia and
underlying a KT hiatus [31]. This reveals that
Chicxulub is not the KT boundary impact crater,
but an earlier pre-KT impact, and the crater was
probably much smaller (6 120 km) than previ-
ously estimated [32]. An alternative interpretation
explains these late Maastrichtian dolomitic lime-
stones as backwash after the impact and cratering
event [32]. However, this interpretation cannot
explain the absence of reworked breccia clasts,
or clasts from shallow water limestones, gypsum
and anhydrite underlying the breccia, or the ab-
sence of size grading and sorting, or the origin of
pelagic planktonic foraminifera which did not ex-
ist in the lagoonal to subtidal Yucatan platform
prior to the impact [31].
The recent discovery of three or four microtek-

tite layers interbedded in up to 10 m of late Maas-
trichtian marls (zone CF1) in numerous sections
throughout northeastern Mexico also indicates
that the Chicxulub impact predates the KT
boundary [33]. The oldest microtektite layer is
near the base of zone CF1 and indicates the im-
pact occurred about 300 kyr prior to the KT
boundary. The younger microtektite layers are
likely reworked, as suggested by reworked marl
clasts and shallow water benthic foraminifera.
An alternative interpretation is that these multiple
microtektite layers are slump structures due to
seismic shaking after the impact. However, only
small local slumps have been found and the geo-

graphic distribution and similar patterns of the
multiple microtektite layers is more consistent
with repeated reworking episodes of spherule de-
posits in shallow waters and transport into the
deeper upper bathyal setting where they rest.
Although these new ¢ndings are still controver-
sial, perhaps mainly due to the entrenched view
that Chicxulub is the KT impact crater, they re-
veal a consistent pattern of a pre-KT age that is
di⁄cult to ignore.
There is mounting evidence of multiple impacts

in Late Maastrichtian and KT sediments. In
Oman [34] two distinct Ir anomalies mark the
KT and pre-KT impacts. In addition, there is evi-
dence for two small impact craters during the late
Maastrichtian. One is the 24 km wide Boltysh
crater of Ukraine dated at 65.2 Q 0.6 Ma [35]
and the other is the 12 km wide Silverpit crater
of the North Sea [36]. Neither of these smaller
craters likely had long-term biotic e¡ects, though
they suggest a period of comet showers associated
with the KT mass extinction and volcanism (Fig.
7). There also appears to have been an impact in
the early Danian. An Ir anomaly has been docu-
mented in the Parvularugoglobigerina eugubina
zone (P1a) in ¢ve Central American localities (Bo-
chil, Coxquihui and Trinitaria in Mexico, Actela,
Guatemala, and Beloc, Haiti) and is tentatively
identi¢ed as an impact event at about 64.9 Ma
[30,37]. This impact event is not associated with
the disaster/opportunist Guembelitria and appears
to have had a relatively minor biotic e¡ect.

9. Conclusions

Although both impacts and volcanism can
cause high biotic stress conditions characterized
by blooms of the disaster/opportunist Guembeli-
tria species, not every impact does. In contrast,
every period of intense volcanism is associated
with a high stress environment. The geographic
distribution of high stress environments depends
on the cause and nature of the catastrophes, and
may be global or regional and associated with
impacts or volcanism. Based on the current
data, the biotic e¡ects of volcanism cannot be
distinguished from those of impacts, but the co-
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incidence of volcanism and impact(s) caused the
most severe biotic e¡ects. Thus the most cata-
strophic biotic e¡ects occurred at the KT bound-
ary where intense Deccan volcanism coincided
with a major impact and caused the mass extinc-
tion of all tropical and subtropical species. The
pre-KT boundary Deccan volcanism and im-
pact(s) about 300 kyr before the end of the Creta-
ceous resulted in high biotic stress and greenhouse
warming, but no major extinctions. No signi¢cant
biotic stress or volcanism is associated with the
early Danian impact (64.9 Ma), though it may
have contributed to the delayed recovery in pro-
ductivity and evolutionary diversity.
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