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Deep-sea benthic foraminiferal faunas reflect the deep oceanic environment, the character of which
is determined by interaction of deepwater circulation patterns, physicochemical parameters of the
surface waters in the deepwater source areas, and nutrient influx from primary productivity in
overlying surface waters. Three periods of turnover in deep-seabenthic foraminiferal assemblagescan

be recognized
in Cenozoicsequences:
(1) rapid(<104 yr), globalextinctionin thelatestPaleocene,

followed by migration and diversification; (2) gradual turnover in the late middle Eocene through early
Oligocene, characterized by a decrease in diversity, a decrease in relative abundance of Nuttallides
truempyi followed by its extinction, and a decreasingrelative abundance or disappearanceof Bulimina
speciesin the lower bathyal to upper abyssalzones; and (3) gradual turnover in the late early through
middle Miocene, characterized by the decrease in relative abundance or disappearance of uniserial
speciesfrom the lower bathyal to abyssalreaches, the migration of miliolid speciesinto these regions,
and the evolution of Cibicidoides wuellerstorfi. The rapid mass extinction (35-50% of species) of
deep-sea benthic foraminifera in the latest Paleocene was coeval with a transient 1-2%odecrease in
oxygen and carbon isotope ratios in benthic as well as planktonic foraminifera, superimposed on
longer-term changes.The extinction could have resulted from a shift in dominant deepwater formation
from high to low latitudes. Such a shift would change temperature and oxygen content of the
intermediate to deep waters, but it would also change local nutrient input by changingglobal patterns
of upwelling of nutrient-rich waters to the surfaceand thus of high-productivityareas. Faunal evidence
suggeststhat this "reversed" pattern of oceanic circulation persistedno longer than the early Eocene,
and possibly not more than about half a million years. The two periods of gradual benthic faunal

changes
overlapin timewith two relativelyrapid(of the orderof 105years)shiftstowardheavier

oxygen isotopic values of benthic foraminifera, in the earliest Oligocene and middle Miocene. Faunal
changes started before the isotopic changesand were more gradual. The faunal changesmight reflect
periods of gradual change in the physicochemical character of surface waters in the source areas of
deepwater formation (e.g., decrease in temperature), as well as changesin oceanic productivity. The
more rapid changes in oxygen isotopic values are not directly reflected in benthic foraminiferal
assemblagechanges and might represent, at least in part, a rapid buildup of ice volume on land, a
process that cannot be reflected in the benthic foraminifera faunas.

INTRODUCTION

The deep oceanic environment has been more stable
through geologic time than the surface environments of
the Earth, with less short-term variability, although
spatial "patchyness" occurs [Thiel et al., 1988; Gooday
and Lambshead, 1989; Lambshead and Gooday, 1990].
This stability is reflected in the slow faunal turnover of
benthic foraminiferal faunas as compared to planktonic
microfossils. Benthic faunas have been a relatively
neglected group and are commonly overlooked in reconstructionsof deepwater circulation patterns of the past.
Much information on Cenozoic deep-sea faunas has
been obtained as an outcome of recent Ocean Drilling
Program (ODP) drilling operations in the Indian and
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Southern oceans (legs 113, 114, 118, 119, and 121). The
interpretation of these data is not straightforward, because no unequivocal relations between benthic foraminiferal faunal composition and environmental parameters have been discovered, and there exists no transfer
function

to translate

benthic

foraminiferal

data

into

environmental parameters. The collection of long-term
records, however, has helped to delineate benthic foraminiferal faunal history, making it possible to delineate
periods of faunal change, alternating with long, relatively stable periods. Benthic foraminiferal faunal Cenozoic history proceeded stepwise, as did ocean history
[e.g., Berger et al., 1981; Barron and Baldauf, 1989].
Dramatic changes in the Cenozoic oceans are documented in stable isotopic and biotic records [e.g., Savin
et al., 1981; Shackleton and Kennett, 1975; Kennett and
Shackleton, 1976; Kennett, 1977; Savin, 1977; Berger,
1981; Berger et al., 1981; Kemp, 1978; Shackleton and

142

THE

ANTARCTIC

PALEOENVIRONMENT

Boersma, 1981; Mercer, 1982; Shackleton, 1986; Miller
et al., 1987a; Kennett and Barker, 1990; Thomas,
1989, 1990a; Rea et al., 1990; Webb, 1990; Barron et
al., 1991; Wise et al., 1992; Kennett and Stott, 1990,
1991; Zachos et al., 1992c; McGowran, 1989, 1991].
Similarly dramatic changeswere recorded in land floras
[Wolfe, 1978; Wolfe and Poore, 1982; Wing, 1984;
Schmidt, 1991; Wing et al., 1991], as the Earth changed
from essentially unglaciated to a world with very cold,
glaciated polar regions.
Climatic change as reflected in the oxygen and carbon
isotopic records did not proceed gradually, but stepwise
[e.g., Berger et al., 1981]. Deep waters in the world's
oceans and surface waters at high latitudes cooled
strongly after the very warm late Paleocene to earliest
Eocene, the warmest period of the Cenozoic. Early
Eocene surface water temperatures at high latitudes
(65øS) are estimated to have been about 15ø--17øC[Stott
et al., 1990; Kennett and Stott, 1991; Wise et al., 1992;
Zachos et al., 1992a, c]. Climate as well as deepwater
circulation and ocean chemistry during the Paleocene
strongly resembled the Late Cretaceous situation [Thomas, 1990b; Corfield et al., 1991]. At some time during
the middle Eocene through early Oligocene the psychrosphere was established [Benson, 1975], as well as at
least partial ice sheets on eastern Antarctica [Savin et
al., 1981; Kennett and Shackleton, 1976; Keigwin and
Keller, 1984; Miller and Thomas, 1985; Miller et al.,
1987a; Kennett and Barker, 1990; Barron et al., 1991;
Spezzaferri and Premoli-Silva, 1991; Wise et al., 1992].
The extent and nature of these ice sheets (true continental ice sheets, temperate ice sheets, or upland and
coastal glaciers) are under intensive discussion[Kennett
and Barker, 1990; Barron et al., 1991; Wise et al., 1992;
Zachos et al., 1992a, b, c]. Evidence from glaciomarine sedimentsin the Prydz Bay area (East Antarctica)
suggeststhat some Antarctic ice sheetsor large glaciers
reached sea level during the earliest Oligocene, at least

temporarily [Barron et al., 1991], in agreementwith the
observation

of ice-rafted

material

in lowermost

Oli-

gocene sedimentson the Kerguelen Plateau [Wise et al.,
1992; Zachos et al., 1992a, b, c].
There is no agreement on the interpretation of the
Cenozoic oxygen isotopic record of benthic foraminifers, especiallyin how far it demonstratesestablishment
and growth of ice sheets (the ice volume effect) and in
how far it represents cooling of deep waters in the
oceans [e.g., Matthews and Poore, 1980; Poore and
Matthews, 1984; Keigwin and Corliss, 1986; Shackleton, 1986; Miller et al., 1987a; Prentice and Matthews,
1988; Wise et al., 1992; Zachos et al., 1992a, c;
Oberhdinsliet al., 1991; Spezzaferri and Premoli-Silva,
1991]. Additional complications in the benthic record
might result from storageof the heavier oxygen isotopes
in deeper waters when these are formed at least partially
by evaporation [Railsback et al., 1989; Railsback,
1990].

It is not clear whether equatorial surface waters were
cooler than at present during some globally warm periods [e.g., Shackleton, 1984, 1986] or remained essentially at the same temperature throughout the Cenozoic,
as indicated by the distribution of tropical biota such as
hermatypic corals, mangroves, and larger foraminifera
[Matthews and Poore, 1980; Adams et al., 1990;
McGowran, 1989, 1991]. Especially during the Oligocenethere is a discrepancybetween macrofaunaland
macrofloral, as well as microfaunal, data indicating
fairly warm climates at high to middle latitudes and
isotopic data suggestingcooler climates [Adams et al.,
1990; McGowran, 1991; Spezzaferri and Premoli-Silva,
1991]. There is no agreement on whether the flat
Eocene-Oligocene latitudinal oxygen isotopic gradient
in planktonic foraminifera truly reflects a very low
temperature gradient in surface waters [Shackleton and
Boersma, 1981; Premoli-Silva and Boersma, 1984;
Shackleton, 1984; Keigwin and Corliss, 1986; Boersma
et al., 1987; Boersma and Premoli-Silva, 1991; Zachos
et al., 1992a]. The distribution of planktonic biota
suggestsa steeper temperature gradient than the oxygen
isotopic data [Wei, 1991], and the planktonic oxygen
isotope record may be complicated by local influx of
fresh water into high-latitude surface waters [e.g., Wise
et al., 1991, 1992; Zachos et al., 1992c].
There is similar discussion on modes of deepwater
formation in the Cenozoic. The question is whether
intermediate and bottom waters dominantly formed at
high latitudes as a result of an increase in density
because of cooling [e.g., Manabe and Bryan, 1985;
Barrera et al., 1987; Katz and Miller, 1991; Thomas,
1989, 1990a, b] or at low latitudes after an increase in
density by evaporation [Chamberlin, 1906; Matthews
and Poore, 1980; Brass et al., 1982; Hay, 1989; Woodruff and Savin, 1989; Kennett and $tott, 1990]. Oceanic circulation dominated by deep and/or intermediate
waters originating from low-latitude sources represents
a reversal of the present deep-oceanic circulation [e.g.,
Keith, 1982; Prentice and Matthews, 1988; Woodruff
and Savin, 1989; Kennett and Stott, 1990]. Oceans
"running the reverse" from the modern circulation
pattern might be required to model satisfactorily the
high heat transfer from low to high latitudes required to
maintain the warm Eocene climate at high latitudes
[Barron, 1985, 1987; Barron and Peterson, 1991]. Carbon and oxygen isotopic data as well as deep-sea
benthic foraminiferal data, however, may be seen as
indicative

of a Late Cretaceous-Paleocene

Atlantic

and

Pacific circulation dominated by deep and intermediate
waters formed at high latitudes, with possible exception
of one or more short (<0.5 m.y.) periods of high-volume
formation of warm, salty bottom waters during the early
to early middle Eocene [Barrera et al., 1987; Miller et
al., 1987b; Thomas, 1989, 1990a; Katz and Miller,
1991; Zachos et al. , 1992c; Pak et al., 1991; Barron and
Peterson, 1991; Pak and Miller, 1992]. The
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Ocean might have contained a relatively large volume of
waters from a low latitude, as a result of outflow from

the eastern end of the Tethys Ocean until its closure in
the middle Miocene [Woodruff and Savin, 1989; Nomura, 1991; Zachos et al., 1992c].
Deep waters formed at high latitudes during the

periods in which the Antarctic was essentially ice free
would have had a lower oxygen contentthan the present
deep waters, becauseof the higher temperaturesof the
surface waters in the source areas, and thus lower
oxygen content at the time of formation. The oxygen
content

would have been even lower in waters formed

by evaporation at low latitudes, because of the nonlinear, reverse relation between solubility of oxygen and
temperature. The ratio of the solubility of 02 at 0øCto
that at 24øC is 1.6 (solubilities taken per atmosphere
pressure of the gas) [Broecker and Peng, 1982]. In
recent oceans, most surface waters are supersaturated
in oxygen by a few percent; the oxygen solubilities
range from about 190/xmol/kg at 30øC, 225 mmol/kg at
20øC,275/xmol/kg at 10øC,to 350/xmol/kg at 0øC.In the
northern Pacific the oxygen content of the deep waters
is the lowest, because these waters have been out of
contact with the oxygen supply in the atmospherefor
more than 1000 years. In this region the apparent
oxygen utilization (AOU, the difference between saturated oxygen content and observed oxygen content) is
about 190 brmol/kg [Broecker and Peng, 1982]. This
value representsthe amount of oxygen used during the
travel of the deep waters from their source area, as a
result of decay of organicmaterial and respirationby the
bottom-dwelling fauna. If the waters in the source area
had been at a temperature of 30øC(and would have been
denseenoughto sink to the deep oceansat that temperature), they could not have taken up more than 190
/xmol/kg. The oxygen in these waters would have been
exhaustedby the time that they had been out of contact
with the atmosphere for about 1000 years (unless the
oxygen content of the atmosphere was considerably
higher at the time). Thus the warmer deep waters of the
past possibly contained less dissolved oxygen than the
present deep waters. A more sluggishdeepwater ventilation would decrease the dissolved oxygen content
even more [e.g., Thierstein, 1989]. Chemical and circulation modeling of the oceans suggeststhat dominance
of warm saline deep waters in the oceans might likely
drive the oceansto anoxia, which did not occur during
the last 90 million years [Herbert and Sarmiento, 1991].
Benthic foraminiferal faunas have been interpreted as
indicating good deep-ocean ventilation in Late Cretaceous through Paleocene and middle Eocene and later
[Thomas, 1990a; Kaiho, 1991].
The ratio of the solubilityof CO2 at 0øCto that at 24øC
is 2.2 (solubilitiestaken per atmospherepressureof the
gas[Broeckerand Peng, 1982]).The amountof CO2 that
can be dissolved in the colder waters of the present
oceans is thus much larger than the amount that could
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dissolve in the warmer oceans of the past. At lower
temperatures the solubility of calcite is much higher
than at high temperatures,so that the cold, present-day
deep waters are potentially more corrosive to CaCO3.
More vigorous deepwater ventilation, however, could
counteractthis effect, becauseof the presenceof overall
"younger" deep waters (out of contact with the atmosphere for a shorter period) in an ocean with a faster
turnover

rate.

High-resolution carbon and oxygen isotopic records
from many locations in the oceans and high-resolution,
reliable stratigraphic data are necessary to develop
models of deepwater sources, especially how many
significant source areas there were, what their relative
contribution to the total deepwater volume was, and
where they were [e.g., Woodruff and Savin, 1989; Mead
and Hodell, 1992; Pak and Miller, 1992]. We should not
forget that all isotope information is derived from sites
above the calcium carbonate compensation depth
(CCD), and thus we do not know what characterized
water massesin the middle and lower abyssal realms.
Recent deepwater benthic foraminiferal faunas reflect
the complex interaction of deep oceanic circulation, the
character of the surface waters in the source regions,
and local primary productivity influx [e.g., Lohmann,
1978; Douglas and Woodruff, 1981; Lutze and Coulbourn, 1984; Culver, 1987; Gooday, 1988; Gooday and
Lambshead, 1989]. Benthic foraminifera may form as
much as 50% or more of the eukaryotic biomass in the
deep sea [Gooday et al., 1992]. They are the only
fossil-providing organisms that live in large enough
numbers

on the nutrient-starved

ocean floor environ-

ment to be represented in Deep Sea Drilling Project
(DSDP)-ODP sized core samples in numbers large
enoughfor statistically valid studies, at high time resolution.

Therefore

data on benthic

foraminiferal

faunal

composition should be used as constraints in the reconstructionof deepwater formational processesas inferred
from stable isotope or trace element studies. The large
influence of nutrient influx on the deep-sea benthic
foraminiferal faunas should be kept in mind, while
assessing the influence of deepwater circulation on
faunal patterns [Gooday and Lambshead, 1989; Gooday
and Turley, 1990; Lambshead and Gooday, 1990].
In this paper I review information that has recently
become available as a result of ODP drilling in the
Southern and Indian oceans and interpret its significance for ocean circulation models for the Cenozoic,
with emphasison the Paleogene. The bathymetric division follows Berggren and Miller [1989] and van
Morkhoven [1986]: neritic, <200 m; upper bathyal,
200-600 m; middle bathyal, 600-1000 m; lower bathyal,
1000-2000 m; upper abyssal, 2000-3000 m; lower abyssal, >3000 m. The informationpresentedin this paper is
dominantly based on calcareous taxa of benthic foraminifera. The calcium carbonate compensationdepth
during the Cenozoic fluctuated between 3500 and

144

THE

ANTARCTIC

PALEOENVIRONMENT

35

total number of specimens: 334
total number of species: 66

3O

25
'"

20

ß

•5
lO
5

o
1

2

3

4

5

6

7

8

12 13 15 17 21 45 79

numbersof specimensin species
Fig. 1. Distribution of specimenswithin speciesfor a highly
diverse, Paleocene sample of benthic foraminifera (Site 690).
Note the discontinuity in scale along the horizontal axis.

m [van Andel, 1975]; thus this information does not

extend to the deeper parts of the ocean basins. The time
scale used throughout is after Berggren et al. [1985],
except where it has been modified by Aubry et al.
[1988]. Major changes in numerical ages (especially in
the Paleogene) will probably be proposed in the near
future [Montanari, 1990; I. Premoli-Silva, personal
communication, 1991; S. C. Cande and D. V. Kent,
work in preparation] but are not yet available.
DEEP-SEA

BENTHIC

FORAMINIFERA

AND

PALEOCEANOGRAPHY

Deep-sea benthic foraminifera are not easy subjects
of study. In most deep-sea samples,with the exception
of those strongly affected by dissolution, they are outnumbered by several orders of magnitudeby the tests of
planktonic organisms, so that it is time consuming to
extract enough specimensfor a statistically valid study.
This is aggravated by the fact that deep-sea benthic
foraminifera form highly diverse assemblages, as do
other deep-sea organisms, and consist of specimenpoor, species-rich assemblages [e.g., Sanders, 1968;
Douglas and Woodruff, 1981]. Large numbers of specimens must be studiedto obtain a valid representationof
the total speciesrichness, and many of the total number
of species present are represented by only one or two
specimens (Figure 1; Douglas and Woodruff [1981]).
The minimum number needed to represent the species
richness depends upon the diversity and can be determined by plotting rarefaction curves (Sanders [1968];
see also Thomas [1985]). The stratigraphicranges of the
rare species cannot be determined with precision [e.g.,
Signor and Lipps, 1982]. Biology of recent deep-sea
benthic foraminifera is not well known; they feed at low
trophic levels (consumingplanktonic debris and bacte-

ria), and somespeciescan respondquickly to the pulsed
influx of detritus [Gooday et al., 1992].
As a result of the high diversity and the presence of
many rare species, results from quantitative studies are
difficult to present. Data are commonly presented after
Q mode or R mode multivariate analysis, or cluster
analysis, on relative and/or absolute abundance data,
and values of derived factors are plotted to supplement
the information shown in simple species' relative or
absolute abundances [e.g., Lohmann, 1978]. The derived factors, however, are commonly difficult to interpret unequivocally. In different studies, factors have
been interpreted as representingwater mass properties
[Lohmann, 1978; Bremer and Lohmann, 1982], a combination of water mass properties, substrate and nutrient influx [Lutze and Coulbourn, 1984], or other combinations of environmental parameters. Nutrient influx
in the shapeof aggregatesof phytodetritus appearsto be
an important factor in species composition as well as
absolute abundanceof recent deep-seafaunas [Gooday,
1988; Gooday and Lambshead, 1989; Gooday et al.,
1992]. Evaluation of the importance of this parameter
for the past (for example, by using organic carbon
content of the sediment as a proxy for nutrient influx)
indicates that nutrient influx is indeed important [e.g.,
Caralp, 1984; Lutze and Coulbourn, 1984]. These studies, however, have not resulted in a transfer function
relating absolute or relative abundances of species to
nutrient

influx.

In stratigraphic studies the factors commonly do not
show a simple vertical succession,but several assemblages (as indicated by high loadings on a factor) alternate vertically in a drill hole or stratigraphic section.
These assemblagesthus probably represent not evolutionary and extinction events, but migratory events
resulting from reversible environmental changes [e.g.,
Mueller-Merz and Oberhiinsli, 1991; Nomura, 1991 a;
Oberhiinsli et al., 1991; Mackensen, 1992].
In few instancesthe relative abundanceof specieshas
been related to specific environmental properties. The
recent speciesNuttallides umbonifera, for instance, has
been reported to be most abundant in waters that are
highly corrosive to CaCO3, thus with high concentrations of dissolved CO2 [Bremer and Lohmann, 1982].
Eilohedra weddellensis, Epistominella exigua, Cassidulina teretis, and Melonis barleeanus appear to be
dominant in faunas where there is a high influx of
phytodetritus[Caralp, 1984;Gooday, 1988; Gooday and
Lambshead, 1989; Gooday et al., 1992]. Several biserial
and triserial taxa such as Bolivina and Uvigerina spp.
and thin-walled species of Cassidulina have been well
describedas abundantto dominant in low-O2 environments, but their abundance may be primarily controlled
by high nutrient as well as low 02 conditions [e.g.,
Douglas, 1981; Sen Gupta et al., 1981; Caralp, 1984;
Lutze and Coulbourn, 1984; Bernard, 1986; Corliss
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Chen, 1988; Niensted and Arnold, 1988; van der Zwaan
et al., 1992].
Recently, attempts have been made to correlate not
abundancesof species, but general morphologicaltypes
with environmental parameters, especially to an infaunal or epifaunal mode of life [Corliss, 1985; Corliss and
Chen, 1988; Corliss and Emerson, 1990; Rosoff and
Corliss, 1992]. These authors concluded that high rela-

tive abundance of infaunal morphotypes (including the
biserial and triserial groups) reflects a relatively high
flux of nutrients to the ocean floor. A similar approach
for fossil material has been tried [Keller, 1988; Thomas,
1989, 1990a, b; Kaiho, 1991; Oberhiinsli et al., 1991],
but the validity of the correlation between test morphology and life style is not beyond doubt.
The existing data base on the geological record of
deep-sea benthic foraminiferal faunas is thus commonly
difficult to access for nonmicropaleontologists;there is
no simple numerical parameter to be plotted representing faunal composition, and there is no globally valid
biostratigraphiczonation, or environmental zonation, or
depth zonation. As a result, this data base is usually not
consulted by nonmicropaleontologists while reconstructing circulation patterns and deepwater physicochemical properties. As an example, Keith [1982] argued that the end-Cretaceous extinction episode was
caused by anoxia in the deep oceans, followed by
catastrophic overturns and extinction of planktonic organisms as a result of poisoning. This theory conflicts
with deep-seabenthic foraminiferal evidence, becauseit
has long been known that extinction of deep-seabenthic
foraminifera

at the

end

of the

Cretaceous

was

not

catastrophic and hardly reached above background levels [Cushman, 1946; Beckman, 1960; Webb, 1973; Dailey, 1983; Douglas and Woodruff, 1981].
A biostratigraphic zonation for deep-sea benthic foraminifera (bathyal and abyssal) was proposed by Berggren and Miller [1989] (Figure 2), largely using material
from Atlantic

DSDP

sites or land sections

in the Carib-

bean region. Many of the zonal species, however, do
not occur or are very rare at other sites or have different
ranges. The timing of zonal boundaries, on the other
hand, and thus of periods of faunal change, appears to
be recognizable over wider areas, especially for the
Paleogene. Faunal changes as recognized by the first
and last appearances appeared to cluster around the
times of zonal boundaries of Berggren and Miller [ 1989]
for lower bathyal to uppermost abyssal faunas from
Maud Rise, Antarctica [Thomas, 1990a] (Figure 2).
Informal benthic zones based upon cluster analysis of
quantitative faunal data were proposed for parts of the
Cenozoic for lower bathyal to upper abyssal faunas
from the Walvis Ridge (DSDP Site 525), where an
unconformity is present between middle Eocene and
upper Oligocene [Boltovskoy and Boltovskoy, 1989]
(Figure 2). For middle to upper bathyal sites on Ninetyeast Ridge and Broken Ridge (Indian Ocean), fewer
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assemblageswere recognized using multivariate analysis [Nomura, 1991a, b] (Figure 2), but periods of faunal
change were coeval with zonal boundaries in the work
of Berggren and Miller [1985]. In sections from Japan
and New

Zealand

and material

from

DSDP

sites in the

North Pacific, the South Atlantic, and the Indian Ocean,
Kaiho [1991, 1992] recognized four benthic zones, with
boundaries overlapping in time with some of the zonal
boundaries of Berggren and Miller [1989]. His data have
low time resolution (less than one data point per million
years) and are gathered at many different sites, so that
records had to be spliced, with the resultant problems of

precisionin time correlation.He concludesthat thhse
faunal changesmight reflect different oxygenation states
of the oceanic

bottom

waters

and that there

was rela-

tively low oxygenation of deep waters in the early to
earliest middle Eocene (in agreement with Thomas
[1989, 1990a]).
In

the

southernmost

Atlantic

east

of the

Falkland

Plateau, Katz and Miller [1991] recognized the major
faunal change close to the end of the Paleocene, which
is prominent in all zonal schemesin Figure 2, in addition
to faunal overturn over a wide depth range (1000-2500
m) at 54 Ma. At the southern tip of Kerguelen Plateau
(Indian Ocean) faunal assemblagesin the lower bathyal
range changed in the late middle Eocene (44 Ma), in the
middle late Eocene (39 Ma), shortly after the end of the
Eocene (36 Ma), and in the early Oligocene (32 Ma)
[Schroeder-Adams, 1991]. At middle bathyal to uppermost abyssal depths on the northern Kerguelen Plateau
(Indian Ocean), major faunal change as demonstrated in
multivariate analysis of quantitative faunal data occurred in the last part of the Paleocene and at the middle
to late Eocene boundary [Mackensen and Berggren,
1992].

These results appear to be roughly in agreement, but
in detail many differences in timing are seen (Figure 2),
which can only partially be attributed to problems in
stratigraphic correlation. Many of the data sets have
fairly high resolution, and isotope, biostratigraphic, and
magnetostratigraphicdata allow reasonably reliable correlation. There is considerable agreement in the different evaluations of deep-sea benthic foraminiferal data if
one realizes that some of the apparently conflicting data
on the timing of zonal boundaries or assemblageranges
result from the difficulty of assigning an exact location
to a boundary, when faunal change occurs gradually
over one or several millions of years. Many authors
have recognized that there was an extended period of
faunal change over the full middle bathyal to abyssal
depth range, starting in the late early Miocene through
the middle to late middle Miocene [Woodruff and Douglas, 1981; Thomas, 1985, 1986a, b; Woodruff, 1985;
Schnitker, 1979b, 1986; Murray et al., 1986; van
Morkhoven et al., 1986; Miller and Katz, 1987; Boltovskoy and Boltovskoy, 1988, 1989; Nomura et al.,
1991b, 1992]. Another extended period of
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Fig. 2. Compilationof assemblages
and informaland formal biostratigraphiczones of deep-sea
benthic foraminifera. Data after Boltovskoyand Boltovskoy[1989], Thomas[1990a], Berggren and
Miller [1989], Kaiho [1991], and Nomura [1991a, b]. Numerical ages after Berggren et al. [1985],
except where amendedby Aubry et al. [1988].

changestartedtoward the end of the middle Eocene and
ended close to the early/late Oligocene boundary [e.g.,
Corliss, 1981; Tjalsma and Lohmann, 1983; Miller,
1983; Miller et al., 1984; Boersma, 1984, 1985, 1986;
Corliss and Keigwin, 1986; McGowran, 1987; Berggren
and Miller, 1989; Boltovskoy, 1980; Boltovskoy and
Boltovskoy, 1988, 1989; Mueller-Merz and Oberhiinsli,
1991; Oberhiinsli et al., 1991; Thomas, 1992] (see reviews in the work of Douglas and Woodruff[1981] and
Culver [1987]).

In contrast with these extended periods of faunal
change was the most profound benthic faunal change
over the last 75 m.y. that occurred at the end of the
Paleocene [Cushman, 1946; Braga et al., 1975; Schnitker, 1979b; Tjalsma and Lohmann, 1983;Miller et al.,
1987b; Berggren and Miller, 1989; Boltovskoy and
Boltovskoy, 1988, 1989; Katz and Miller, 1991; Mack-

ensenand Berggren, 1992;Nomura, 1991;Kaiho, 1988,
1991; Thomas, 1989, 1990a, b; Katz and Miller, 1991;
Berggrenet al., 1992].This was the only benthicforaminiferal mass extinction documented, resulting in a loss of
diversityof 35 to 50% (Figure2). The extinctionoccurred
over 10,000years or less [Thomas, 1990b, 1991;Kennett
and Stott, 1991;E. Thomasand N.J. Shackleton,work in
preparation].At many sites,another,lessprominentperiod of faunal change was observed at the boundary
betweenupperand lower Paleocene(Figure2); over this
period,however,there are not many high-resolution
data
sets available. There was no major deep-sea benthic
foraminiferal extinction at the end of the Cretaceous, and
Paleocenefaunas closely resemble upper Maestrichtian
faunas[Beckmann,1960;Dailey, 1983;Keller, 1988;Thomas, 1990b; Widmark, 1990; Widmark and Malmgren,
1992; Kaiho,
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Fig. 3. Simplificationof deep-seabenthicforaminiferaldata, comparedwith the combinedbenthic
foraminiferaloxygenisotopiccurvefor the AtlanticOcean[Miller et al., 1987a].Numericalagesafter

Berggren et al. [1985], except where amendedby Aubry et al. [1988].

Thus we can subdividethe Cenozoic into essentially
three broad benthic foraminiferal zones (Figure 2), as
was earlier recognizedby Berggren et al. [1992]. These
zones can be recognized worldwide and over a very
large depth range (upper to middle bathyal to upper
abyssal), suggestingthat the periods of changereflect
major changesin the deep oceanic environment. The
first of the zonesendedat the rapid extinctionat the end
of the Paleocene.This extinctionoccurredat the beginning of a long-termwarming trend of deep waters as
seen in oxygen isotopic records of deep-sea benthic
foraminifera (Figure 3), and at the end of a strong

more gradual, lasted longer, and started before the
isotopic shifts.
THREE

PERIODS

OF BENTHIC

FAUNAL

CHANGE

Paleocene/Eocene
BoundaryEvents

The Paleocene/Eoceneboundaryhas not been generally recognized as a time of major biotic turnover,
becausegeneric extinction rates were low [e.g., Raup
and Sepkoski, 1986]. These extinction patterns, however, largely show events in terrestrial and shallow

decrease
of /i•3C valuesin surfaceanddeepwaters

marine environmentsand not in the deep ocean [Tho-

fastshiftsto heaviervaluesof/5•80in deep-sea
benthic

Paleoceneis within the lower reversed-polarityinterval
in Chron 24R [Berggrenet al., 1985;Aubry et al., 1988],
a period of profoundchangesin plate tectonic configuration [Williams, 1986; McGowran, 1989, 1989, 1991].

(Figure 4; events X and A of Shackleton [1986] and
event C of McGowran [1990]). The more gradualperiods of faunal change in the Eocene/Oligocene and
early/middle Miocene overlappedwith the two large,

foraminifera in the earliest Oligocene(35.8 Ma) and the
middle Miocene (14.6 Ma), but the faunal changewas

mas, 1990b; Kennett and Stott, 1991]. The end of the

The

northward

motion

of the

Indian

slowed because of collision with Asia

subcontinent
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1991; Klootwijk et al., 1991], the direction of subduction
in the northern Pacific changed [Goldfarb et al., 1991],
and continental breakup started in the northern Atlantic. In this area, several millions of cubic kilometers of
flood basalts erupted [Roberts et al., 1984; White and
MacKenzie, 1989; White, 1989; Eldholm, 1990] in unusually explosive eruptions [Knox and Morton, 1983,
1988; Eldholm, 1990]. The hydrothermal activity along
the oceanic ridges in the Pacific was at its highest levels
for the Cenozoic [Leinen and Stakes, 1979; Owen and
Rea, 1985; Leinen, 1987; Rea et al., 1990; Kyte et al.,
1992].

Rapid (103-104years) environmental
changeoc-

curred in the oceans, as observed in fluctuations in
oxygen and carbon isotopic ratios of planktonic and
benthic foraminifera. Carbon and oxygen isotopic values in benthic and planktonic foraminifera decreasedby
1 to 2%0;the shift occurred within a few thousand years,
and low values persisted for no longer than a few
hundred thousand years [Kennett and Stott, 1991; Pak
and Miller, 1992; Lu and Keller, 1992; E. Thomas and
N.J. Shackleton, unpublished data]. The transient,
large isotopic change has now been recognized in the
Southern Ocean [Kennett and Stott, 1991; E. Thomas
and N.J. Shackleton, unpublished data], the Atlantic
Ocean [Pak and Miller, 1992; E. Thomas and N.J.
Shackleton, unpublisheddata], the Atlantic Ocean [Pak
and Miller, 1992; E. Thomas and N.J. Shackleton,
unpublished data], the Indian Ocean [Seto et al., 1991;
Barrera and Keller, 1991; Lu and Keller, 1992; Kennett,
1991; Thomas et al., 1992], and the equatorial Pacific
[Pak and Miller, 1992] and is thus a global phenomenon.
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mineral kaolinite in deep-sea sediment at high southern
latitudes suggestsa more humid climate over the Antarctic continent [Robert and Maillot, 1990; Robert and
Chamley, 1991; Robert and Kennett, 1992].
The benthic

foraminiferal

extinction

at the end of the

Paleocene was the only catastrophically sudden, global
extinction of bathyal and upper abyssalbenthic foraminifera during the last 75 m.y. [Cushman, 1946; Braga et
al., 1975; Schnitker, 1979b; Tjalsma and Lohmann,
1983; Miller et al., 1987; Berggren and Miller, 1989;
Boltovskoy and Boltovskoy, 1988, 1989; Katz and
Miller, 1991; Mackensen and Berggren, 1992; Nomura,
1991; Kaiho, 1988, 1991; Thomas, 1989, 1990a, b;
Katz and Miller, 1991]. There was no bathyal to abyssal
benthic foraminiferal

mass extinction

at the Cretaceous/

Tertiary boundary [Beckmann, 1960; Dailey, 1983;
Keller, 1988; Thomas, 1990b; Widmark and Malmgren,
1992; Kaiho, 1992]. Paleocene deep-sea benthic foraminiferal

faunas are so similar to Cretaceous

faunas that

early studies [e.g., Cushman, 1946] placed the Paleocene in the Cretaceous. The Paleocene 813C values
of pelagic carbonates are more similar (heavy) to Cretaceous values than to values during the rest of the
Cenozoic [Shackleton, 1987; Corfield et al., 1991]. As to
the development of the carbon cycle, the major break
event

in evolution

toward

the modern

world

seems to

vore tooth enamel in North American land sections,
suggestingthat there was a major disturbance of the
global carbon cycle, atmospheric as well as oceanic

have occurred at the end of the Paleocene, and the
major extinction at the end of the Cretaceous could be
seen as a "freak accident," resulting from an impacting
Apollo object [e.g., Alvarez, 1986]. The major environmental change in the latest Paleocene severely affected
the deep oceans, which are volumetrically a very large
part of the world's environment and of great importance
to the heat balance of the ocean-atmosphere system.
At Maud Rise (Weddell Sea, Antarctica), Walvis
Ridge (southern Atlantic Ocean), and Kerguelen Plateau
(southern Indian Ocean), the extinction occurred

[Koch et al., 1992]. The transient isotopic shift is at all

slightly later than a decrease in CaCO3 content of the

A coeval,large,transientshiftto lower813Cvalueshas
also been observed

oceanic

sites coeval

in carbonate

with

concretions

the benthic

and herbi-

foraminiferal

ex-

tinction, suggesting that the extinction was coeval
worldwide.

The short-term changesare superimposedon longer-

term (106 years)changes[Shackleton
and Hall, 1984,
1990; Shackleton et al., 1984a, b, 1985; Shackleton,
1986, 1987; Rea et al., 1990; Thomas, 1989, 1990b;
Corfield et al., 1991; McGowran, 1991; Hovan and Rea,

1992]; compare Figures 4-6. A reduction in the intensity
of atmospheric circulation during this time was inferred
from a sudden decrease of aeolian grain size, coeval
with, or slightly before, the benthic foraminiferal extinction [Rea et al., 1990; Miller et at., 1987b; Hovan and
Rea, 1992]. On land, there were major changes in
mammalian faunas [Butler et al., 1981, 1987; Rea et al.,

1990;KOChet al., 1992].Vegetationpatternssuggest

that the climate

was warm

and humid

on the American

continent [Wolfe, 1978; Wing, 1984; Schmidt, 1991;
Wing et al., 1991]. Increased abundance of the clay

sediments (Figure 6). At sites 525, 527 (Walvis Ridge),

and 738 (Kerguelen), this decrease in CaCO3 content
from about 80-90% to 25-30% resulted in the presence
of a dark brown clay layer acrossthe extinction interval.

The decreasein CaCO3 content might reflect increased
dissolutionand a temporarily raised CCD. Directly after
the extinction, both foraminiferal faunas and ostracode

faunas are representedby small, thin-walled specimens,
suggestingthat the CCD did indeed move higher in the
water column [Thomas, 1990a; P. Steineck, personal
communication,1991]. The decreasein CaCO3 values,
however, could also reflect a lowering of primary productivity, as is indicated to have occurred by a decrease

in the 813Cgradientbetweenplanktonicand benthic

foraminifera [Kennett and Stott, 1991], and thus be
similar in origin to the clay layers acrossthe Cretaceous/
Tertiary boundary.
A general, oceanwide drop in productivity was
thought to have occurred in the latest Paleocene
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Fig. 5. Simplifiedbenthicforaminiferalfaunalchangescomparedwith simplespeciesrichnessat Site
689 (pluses)and Site 690 (circles)(Maud Rise, Antarctica).The numberof species(normalizedto 300
specimens)
fluctuatesstrongly,but thereis an overalldecreasethroughthe middleEocene.Diversity
is usuallyhigher at the deepersite. Note the strong,suddendecreasein diversity at the end of the

Paleocene.

earlier Eocene, from biogeographicpatterns of planktonic foraminifera and carbon isotopes[Shackletonet
al., 1985; Shackleton, 1987; Boersma and PremoliSilva, 1991; Hallock et al., 1991]. Preliminary investi-

gation of samplesfrom Exmouth Plateau Site 762 and

New Jerseymargin Site 605, however, indicatesthat at
these sites the productivity increased instead of decreased(E. Thomas,unpublished
data), as inferredfrom
absoluteabundanceof planktonicforaminifera,aswell as
from highrelative abundanceof
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During the latestPaleocenedeep-seabenthicforaminiferal extinctionthe diversitydroppedsharply(by about
50%), and many long-lived,cosmopolitanand common
species (such as Gavelinella beccariiformis) disappeared, as well as several typically Paleoceneagglutinant species(e.g., Tritaxia havanensis,Tritaxiapaleocenica, and Dorothia oxycona). After the extinction,
low-diversity faunas were dominated by small, thinwalled specimens.Several species(e.g., T. selmensis)
may have immigratedfrom shallowerwaters. Diversity
never fully reached the levels of the Cretaceous and
Paleogene,but it recoveredin about 0.5 m.y. [Berggren
and Miller, 1989;Berggren et al., 1992; Thomas, 1989,

Age, Ma

1990a, b, 1991; E. Thomas and N.J. Shackleton, work

in preparation](Figure 6). The faunal patternsafter the
extinctionvary by site: at Atlantic sites the speciesN.
truempyi is abundant after the extinction and is accompanied by small species such as Abyssaminapoagi,
Ouadrimorphinaprofunda, and Clinapertinaplanispira
[Tjalsma and Lohmann, 1983; Miller et al., 1987b;
Berggren and Miller, 1989; Pak and Miller, 1992; E.
Thomas and N.J. Shackleton, work in preparation]
(Figure 7). The faunal pattern at Site 762 in the eastern
Indian Ocean resembles that at the Atlantic sites, but at

age, Ma

•

•

I',..

(30

age, Ma

o

age, Ma

o')

,

Broken Ridge various Anomalinoides species dominated, togetherwith N. truempyi [Nomura, 199la ]. At
high-latitudesites on Maud Rise (Weddell Sea) and on
the KerguelenPlateau(IndianOcean)the postextinction
faunas are dominatedby biserial species,most notably
Tappaninaselmensis[Thomas,1989, 1990a, b, unpublished data]; at these sites N. truempyi disappeared
temporarily,to return after about 150,000years (Figure
7). The increasein the abundanceof the biserialspecies
at the high southern latitude sites could have resulted
from lower oxygen content of the bottom waters and/or
highernutrient contents.It is difficultto seefrom where
higher nutrient levels could have been derived at these
sites,when there was a time of presumablylow productivity (see above).
In land sectionson Japanand New Zealand (deposited in the upper to middle bathyal zone) the typical
Paleocenecosmopolitantaxa disappeared,and in the
early Eocenemore geographicallylimited faunasdeveloped: the South Pacific-Atlantic-Tethyan Fauna (in
New Zealand, Trinidad, and Italy) and the North Pacific
Fauna (Japanand the Pacificcoastof the United States
[Kaiho, 1988].
The Paleocene deep oceans were populated by a
cosmopolitanbenthic fauna that occurred over a wide
depth range, suggestingthat a homogeneouswater mass
was present over large geographicand depth ranges
[e.g., Katz and Miller, 1991]).After the extinction,more
regional differencesappeared, possibly indicatingthat
deep and intermediatewaters duringthe early to middle
Eocenewere more varied in physicochemicalcharacter
and might have been derived from a number of source
regions.This suggestion
is in agreementwith
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Fig. 7. Relativeabundance
of themostcommongroupsof benthicforaminiferaacrosstheextinction
at the end of the Paleocene,for two siteson Maud Rise (Weddell Sea: (a) Site 689, paleodepthof 1100

m; (b) Site690,paleodepthof 1900m) andtwo sitesonWalvisRidge(southernAtlanticOcean:(c) Site
525, paleodepthof 1600m; (d) Site 527, paleodepthof 3400 m).

models derived from carbon isotopic values [Katz and
Miller, 1991; Pak and Miller, 1992; Zachos et al.,

planktonicforaminifera [Stott et al., 1991] (Figure 6)
and by the penetrationof tropical speciesof planktonic

1992c].

foraminifera and nannofossilsto high southern latitudes
[Haq et al., 1977; Kennett, 1978; Stott and Kennett,
1990;Pospichaland Wise, 1990;Boersma and PremoliSilva, 1991;Hallock et al., 1991;Lu and Keller, 1992;E.
Thomas and N.J. Shackleton, work in preparation]. No
mass extinctions were documented for planktonic foraminifera and calcareous nannoplankton, but both
groups show global high diversity and peak turnover
rates [Haq et al., 1977;Backman, 1986a,b; Corfieldand
Shackleton, 1988; Corfield and Cartlidge, 1992;
Boersma and Premoli-Silva, 1991; Hallock et al., 1991;
Ottens and Nederbragt, 1992; Lu and Keller,

An explanation of the far-reaching, rapid climate
change at the end of the Paleocene, and the benthic
foraminiferal extinction, is not yet at hand [McGowran,
1991]. If the transient decrease in oxygen isotopic
values at the time of extinction is explained wholly by
increasingtemperatures, there was a whole water column rise in temperature of 6ø-7øCat Maud Rise [Kennett and Stott, 1990, 1991] (Figure 6). This increasewas
superimposedon a long-term increasein surfacewater

temperatures at high latitudes, as indicated by the
records of oxygen isotope values in bulk carbonateand
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Calcareousnannoplanktonshowsextinction in Fascicu-

of shelf sediments, because there is no evidence for a

lithus and Rhomboaster

precipitousdrop in sea level at the time [Haq et al.,

and radiations

in Discoaster

and Cruciplacolithus[Romein, 1979;Backman, 1986a].
Synchronouswith the decreasein oxygen isotopic
values there was a decreaseof whole-ocean •i•3C values
of dissolved carbonate by 1-2%o (Figure 6; see also
Shackleton[1987]). This changein carbonisotopevalue
probably reflects at least partially an addition of isotopically light carbon to the oceans as well as the atmosphere(a so-calledreservoir effect). It cannotpurely be
the result of productivity changes,becauseboth surface
and deep oceanic values are affected. The source of this
isotopically light carbon was probably not continental
weathering and erosion, because of the short time scale
involved. It might have been the terrestrial biosphere,
but there is no evidencefor a collapseof terrestrialbiota
at the time [Rea et al., 1990; Wolfe, 1978; Wing, 1984].
There is no indication of highly increasedrate of erosion

1987].

Isotopically light carbon might possibly have been
derivedfrom CO2 emissionsrelated to the massiveflood
basaltic activity related to the opening of the North
Atlantic and the very explosive phase of subaerial
volcanismin the latest Paleocene[Backman et al., 1984;
Roberts et al., 1984;Berggren et al., 1985;Aubry et al.,
1986; White and MacKenzie, 1989; Thomas, 1991; Thomas and Varekamp, 1992]. Additional volcanic input
might have been derived from the Pacific region, where
there was a strongincreasein hydrothermal activity at
the end of the Paleocene [Owen and Rea, 1985;Leinen,
1987; Leinen and Stakes, 1979; Lenotre et al., 1985;
Olivarez and Owen, 1989; Rea et al., 1990].
Speculating about the causes of the benthic foraminiferal extinction, we could hypothesize that a
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strong pulse volcanic activity in the northern Atlantic
caused high CO2 levels in atmosphere and ocean
[Eldholm, 1990], leading to transient global warming,
especially at high latitudes [Manabe and Bryan, 1985].
The high temperatures at high latitudes could have led
to formation of a low-densitysurfacewater layer, effectively preventing the formation of deep to intermediate
waters at these latitudes. Deepwater circulation could
then have changed, to formation dominantly at low
latitudes. Such a change in circulation would have
caused an overall decrease in oxygen content of the
deep to intermediate waters. High relative abundances
of biserialand triserial speciesof benthicforaminiferaat
high latitudes suggestthat the oxygen content of the
waters at depths from 1000 to 2000 m decreased at the
time of extinction [Kaiho, 1988; Thomas, 1990a, b].
This change in oxygen content of deep to intermediate
waters specifically at high latitudes could be the result of
a combinationof (1) lower oxygen contentsof the deep
to intermediate waters in the source area, as a result of
higher temperatures, and (2) the longer route from the
source area to high latitudes, and thus a longer "aging"
time of the waters, resulting in even more increased
levels of CO2 and nutrientsand decreasedlevelsof 02.
There

is no indication

in the benthic

foraminiferal

faunas that oxygen levels in the deep oceans, and
especially at the high-latitude sites at Maud Rise in the
Weddell Sea, were very low before the latest Paleocene
extinction or after the early to earliest middle Eocene
[Thomas, 1990a; Kaiho, 1988, 1991]. At Site 689
(1100-m paleodepth) and Site 690 (1900-m paleodepth)
on Maud Rise (Antarctica) benthic faunas were very
similar during the Eocene, suggestingthat a similar
water mass bathed both sites. This suggestionconflicts
with oxygen isotopic evidence [Kennett and Stott,
1990]. At the deeper site, benthic oxygen isotopicvalues
were lower during the Eocene, which has been interpreted as a temperature inversion due to the presenceof
warm, salty bottom water at Site 690. At present, this
discrepancy cannot be explained, but it has been suggested that alternative explanations of the oxygen isotopic records are possible [Wright and Miller, 1992].
There

is thus no benthic

foraminiferal

evidence

that

poorly oxygenatedwarm salty bottom water persistedin
the Atlantic

or Pacific oceans after the earliest middle

Eocene. Carbon isotopic patterns suggestthat the postulated source of warm salty bottom water was active
for less than several 100,000years, at least for waters in
the Pacific and Atlantic oceans [Miller et al., 1987a;
Katz and Miller, 1991; Pak and Miller, 1992; Zachos et
al., 1992c].
Benthic faunal changesat the boundarybetween early
and late Paleocene

were at a much smaller

scale than

events at the end of the Paleocene, but they have been
recognizedat many sites, by many different researchers
(Figure 2). These faunal changeswere approximately
coeval with the strongincreasein carbonisotopicvalues

of benthicand planktonicforaminiferaand bulk carbonate (event Y of Shackleton [1987]; Figure 4). Presently,
there is no clear explanation of this shift in carbon
isotopes; it might at least result from increased productivity after recovery from the mass extinction at the end
of the Cretaceous. The large isotopic shift, however,
occurs in surface as well as deep waters [Shackleton
and Hall, 1984; Shackleton et al., 1984a, b, 1985;
Miller et al., 1987b; Shackleton, 1987; Stott et al.,
1990], and a reservoir effect must thus be involved.
Possibly, the shift reflects the recovery of land biota
after the end-Cretaceousextinction and thus storageof
more light carbon in the terrestrial biosphere. More
high-resolution records are needed over this interval
that is commonly poorly recovered in DSDP and ODP
drill holes.

The Middle Eocene Through Early Oligocene
The late Eocene was probably a period of cooling and
growth of ice caps at high latitudes, as indicated by a
relatively rapid increase in oxygen isotopic values of
deep-seabenthic foraminifera [e.g., Savin, 1977; Shackleton and Kennett, 1975; Kennett, 1977; Berger et al.,
1981; Corliss et al., 1984; Shackleton, 1984; Corliss and
Keigwin, 1986; Kennett and Stott, 1990; Zachos et al.,
1992c]. It was also a 'period of high extinction rates in
planktonic organismsas well as land faunas [Raup and
Sepkoski, 1986; Prothero and Berggren, 1992]. Late
Eocene extinctions have been suggestedto have been
caused by meteorite impact, because the tektites of the
North American strewn field are upper Eocene [Ganapathy, 1982a, b; Glass, 1982; Glass et al., 1983; Glass
and Zwart, 1979; Montanari, 1990]. Overall, however,
there is a poor correlation between the levels with
tektites and those with extinctions. The tektites postdate the interval

with

most

numerous

extinctions

in

planktonic oceanic organismsand land fauna, the end of
the middle Eocene, and predate the major shift in
oxygen isotopic values of deep-seabenthic foraminifera
[Keller et al., 1983; Keller, 1983a, b, 1986; MacLeod,
1990; Montanari, 1990]. There is no short period of
catastrophically sudden extinctions of deep-sea benthic
foraminifera coeval with the short (100,000 years) oxygen isotopic shift in the earliest Oligocene [Corliss,
1981; Thomas, 1985, 1992; Mackensen and Berggren,
1992]. Benthic as well as planktonic foraminifera
[Keller, 1983a, b; Boersma and Premoli-Silva, 1991;
Spezzaferri and Premoli-Silva, 1991] show gradual extinction patterns from the middle middle Eocene on,
without clustersof last appearancesat the isotopic shift.
The samepattern of gradual changesoccurred in larger,
neritic benthic foraminifera [Hallock et al., 1991;
McGowran, 1991] and smaller foraminifera in neritic
sections [McGowran, 1987]. Extinctions occurred over

a period of several millions of years from the middle
Eocene into the early Oligocene in benthic
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faunas as well as in ostracode faunas [e.g., Corliss,
1981; Tjalsma and Lohmann, 1983; Miller, 1983; Miller
et al., 1984; Boersma, 1984, 1985, 1986; Corliss and
Keigwin, 1986; Kaiho, 1988, 1991; Berggren and Miller,
1989; Berggren et al., 1992; Boltovskoy, 1980; Boltovskoy and Boltovskoy, 1988, 1989; Oberhiinsli et al.,
1991; Thomas, 1992] (see reviews in the work of Douglas and Woodruff[1981] and Culver [1987]).
Benthic foraminiferal faunal change started in the
earliest part of the middle Eocene, between zones AB4
and AB5 [Berggren and Miller, 1989] and between
assemblages 4B and 4A [Thomas, 1990a, 1992]; this
change may not be worldwide and was certainly not
noted by all investigators (Figure 2). It appears to be
about coeval with oxygen isotopic event B of Shackleton [1986] (Figure 4), the first initiation of the gradual
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correlated the gradual faunal change at Maud Rise over
this period primarily with the gradual decrease in temperatures of the deep waters and the concomitant increase in corrosivity of the waters as a result of increasedsolubilityof CO2. This increasein corrosivity is
obvious at high-latitude sites, where the CCD decreased
precipitously [Barker et al., 1988], but at many sites in
the Pacific and Atlantic

oceans the CCD increased

in the

earliest Oligocene [van Andel, 1975]. Possibly the increased ventilation of the deep ocean, which started at
the end of the Eocene [Miller et al., 1987a], resulted in
decreasedlevels of CO2 in deep waters at middle to low

latitudes and thus counteracted the increase in CO2
levels resulting from a temperature drop at high latitudes.

The

decrease

in the relative

abundance

of the

Bulimina species could then be, at least partly, caused

increase
in •i•80 valuesin deep-sea
benthicforaminif- by increasinglevels of oxygenation of the deep waters.
eral tests. Over this interval there are, however, few

high-resolutiondata available. There is a parallel trend
between the deep-sea benthic foraminiferal faunal
events and the deep-seaoxygen isotopic record (Figure
5): the diversity of the faunas at Maud Rise sites 689 and
690, for instance, declinesin parallel with the increasein
oxygen isotopic values (compare Figure 5 with Figure
4).
At most sites the beginning of fast faunal overturn is
placed somewhere near the end of the middle Eocene

(Figure 2). At this time, there was a general decline in
diversity at the high-latitude sites on Maud Rise (Antarctica; Figure 5). The cosmopolitan, very common
speciesNuttallides truempyi started to decline in abundance and migrated from bathyal to lower bathyal and
abyssal depths [e.g., Tjalsma and Lohmann, 1983;
Miller, 1983; Miller et al., 1984; Boersma, 1984, 1985;
Corliss and Keigwin, 1986; Berggren and Miller, 1989;
Mueller-Merz and Oberhiinsli, 1991; Oberhiinsli et al.,
1991; Thomas, 1992]. The species had its last appearance at middle to lower bathyal depths at the end of the
middle Eocene, at the end of the Eocene at lower
bathyal to abyssal depths. A common phenomenon at
many sites is the decline in relative abundance (to
<10%) of buliminid speciesat lower bathyal to abyssal
depths,especiallyof the larger, heavily calcifiedspecies
[Miller, 1983; Miller et al., 1984; Boersma, 1984, 1985;
Thomas, 1989, 1990a, 1992; Mueller-Merz and Oberhiinsli, 1991; Oberhiinsli et al., 1991].
There does not appear to be a time correlation between these benthic faunal changes and fluctuation in
large-scale features of the carbon isotopic record, but
Diester-Haass [1991] and Thomas [1992] argued that
there is evidence for increased surface productivity at
the timing of the oxygen isotopic shift, as well as at the
beginningof the benthic foraminiferal faunal change, at
Site 689 (Maud Rise, Antarctica). Zachos et al. [ 1992c]
recognizeda changein carbon isotopesin Indian Ocean
sites, which suggestsincreased productivity, starting
shortly before the oxygen isotopic shift. Thomas [1992]

This increased oxygenation could have resulted in more
thorough oxidation of organic material, leaving less
nutrients

available

for the benthic

foraminiferal

faunas.

The Early to Middle Miocene

Major changes occurred in the biosphere and the
Earth's climate in the middle Miocene. The oxygen
isotopicrecordsindicate that some combinationof rapid
(100,000 years) ice growth and temperature decline at
high latitudes occurred, as at the end of the Eocene
[e.g., Shackleton and Kennett, 1975; Kennett and
Shackleton, 1976; Kennett, 1977; Savin, 1977;Berger et
al., 1981; Douglas and Woodruff, 1981; Woodruff and
Douglas, 1981; Kemp, 1983; Savin et al., 1985; Shackleton, 1984; Berger and Vincent, 1985; Vincent and
Killingley, 1985; Webb, 1990]. High-resolution studies
have shown that during the Miocene isotopic changes,

short-term
high•i•3Cvaluesappearto occurat timesof
high•180 values,suggesting
thatperiodsof coolingand
ice buildup were associatedwith rapid burial of organic
material and lowered atmospheric CO2 levels [Berger
and Vincent, 1985; Woodruff and Savin, 1991]. The
middle Miocene has been named as a period of faunal
overturn in studies that argue for periodicity in extinction patterns [e.g., Raup and Sepkoski, 1986]. At some
locations, iridium enrichments have been detected at

middle Miocene levels, but no global pattern has been
found [Asaro et al., 1988].
Benthic faunal change clearly occurred during this
time (about 17-13 Ma) [Berggren and Miller, 1989]) and

started before the oxygen isotopic increase [Thomas,
1985, 1986; Woodruff, 1985; Thomas and Vincent, 1987,
1988; Miller and Katz, 1987; Boltovskoy and Boltovskoy, 1988, 1989; Nomura, 1991b; Nomura et al.,
1992]. The faunal change affected about 20% of the
species [Boltovskoy and Boltovskoy, 1988; Thomas,
1986b]. The widespread species Cibicidoides wuellerstorfi and Pyrgo murrhyna evolved toward the end of
the period of faunal change [e.g., Thomas, 1985;
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ovskoy, 1980, 1987; Boltovskoy and Boltovskoy, 1988;
Thomas and Vincent, 1987, 1988; Woodruff and Savin,
1991]. Earlier in the period, uniserial species such as
nodosariids and pleurostomellids, that had been numerous during the Cretaceous and the Paleogene, decreased
in relative abundance, and miliolid speciesincreased in
relative abundance in the deep sea [Boltovskoy and
Boltovskoy, 1988; Thomas, 1986]. The environmental
significance of these faunal data is not clear.
The offset in timing between oxygen isotopic and
benthic faunal change with the benthic faunal change
leading cannot result from problems in correlation,
because it has been noted at many sites where faunal
and isotopic data were obtained from the same cores or
even the same samples [Woodruff, 1985; Miller and
Katz, 1987; Thomas and Vincent, 1987]. There might be
a correlation

in time

between

the initiation

of benthic

foraminiferal faunal change (about 17 Ma) and the early
Miocene (Chron 16) carbon shift (the so-called Monterey event of Berger and Vincent [1985, 1986] Miller
and Fairbanks, 1985; Thomas and Vincent, 1987]). The
evolution of C. wuellerstorfi (15.0-15.6 Ma [Thomas,
1985] and 15.3 Ma [Woodruff and Savin, 1991]) occurred
in the equatorial Pacific, from where the speciesspread
out into the world's oceans fairly late in the period of
faunal

overturn.

It has been suggestedthat this faunal overturn was
causedby changesin surface-oceanproductivity or flux
of organic carbon to the ocean floor [Miller and Katz,
1987; Thomas and Vincent, 1987; Boltovskoy and Boltovskoy, 1987]. Thomas and Vincent [1987] suggested
that faunal overturn was influenced by changes in
productivity as well as changes in corrosivity of the
deep waters. Woodruff and Savin [1989], however,
suggestedthat changingpatterns of deepwater circulation, especially the volume of the outflow of salty,
high-density waters at intermediate depths from the
closing eastern end of the Tethys Ocean, might have
been involved. Deep-sea benthic foraminiferal assemblages at DSDP sites 608 and 610 in the northeastern
Atlantic suggestthat just before the carbon isotopic shift
there were episodesof at least local, sluggishcirculation
leading to poorly oxygenated basinsin the North Atlantic [Thomas, 1986b]. For a period of about 1 m.y.
(19-18 Ma), benthic faunas at these sites were strongly
dominated by small, thin-walled bolivinids. Recently,
these episodes of bolivinid-dominated faunas have also
been recognized at other sites in the northern, southern,
and equatorial Atlantic [Smart, 1991] but not in the
equatorial Pacific [Thomas, 1985; Woodruff, 1985].
Presently, there is thus no clear, unequivocal correlation between faunal and oxygen or carbon isotopic
events in the early to middle Miocene, but there appears
to be some correlation between faunal change and
changesin productivity.

DISCUSSION

AND

SPECULATION

In theory, we might expect global deep-sea benthic
foraminiferal faunal change to occur as a result of
change in source area of the deepwater masses and
change in character of the waters in the source areas.
This signal is expected to have become complicated by
changesin productivity, which in turn might also have
been influenced by changing oceanic circulation patterns.

Rapid Faunal Change

Commonly, benthic faunal change occurs rapidly at
one site, as one assemblageis replaced by another. This
type of faunal change is reversible, and several assemblages may alternate at one site in time [e.g., MuellerMerz and Oberh?insli, 1991; Nomura, 1991b; Oberh?insliet al., 1991]. There may appear to be a general
correlation in the timing of these faunal changes from
one site to another, but in the presence of highresolutionbiostratigraphicand/or magnetostratigraphic
data the timing proves to differ from site to site. In the
absence of local effects such as tectonic changes in
water depth at the site, we can interpret these changes
mostprobably as indicatingthat the depth of boundaries
between water massesat the site(s) fluctuated over time
[e.g., Oberh•insli et al., 1991], owing to changes in
volume of the different water masses. Such an explanation has been proposed for the glacial/interglacial
benthic foraminiferal faunal change in the northern
Atlantic Ocean [Streeter, 1973; Streeter and Shackleton, 1979; Schnitker, 1974, 1979a].
To illustrate the pattern of faunal change expected
from such a change in circulation, compare Figures 8a
and 8b. The volume of deep water from the northern
high latitude is greater in Figure 8a than in Figure 8b. If
Figure 8b type circulation changes to Figure 8a type
circulation, faunal change may be expected at site C,
but not at other sites. The faunal changeswill be rapid,
because the water mass boundary passes quickly over
each location. We need data on (at least) several sites at
different depths, in the same general area, to decipher
such motion of water mass boundaries [Woodruff, 1985;
Thomas, 1986a; Kurihara and Kennett, 1988]. The
faunal changes are diachronous from site to site, because the timing of the passage of water mass boundaries over different sites differs by site.

Gradual Faunal Change

Another type of faunal change occurs over millions of
years and can be recognized globally. During the Cenozoic

there

were

at least

two

times

of such faunal

change: (1) the late Eocene through early Oligocene and
(2) the early middle Miocene through late middle Miocene [e.g., Corliss, 1981; Tjalsma and Lohmann, 1983;
Miller, 1983; Miller et al., 1984; Boersma, 1984,
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north

Fig. 8. North-south crosssectionsacrossan imaginary ocean to illustrate someof the many possible
patterns of deepwater circulation. Letters A through D show possiblelocations from which deep-sea
benthic foraminifera are studied and how these are affected by the changesin deepwater circulation.
Fig. 8a. Deep water formed dominantly at high northern as well as southern latitudes, with waters
from the northern source filling the larger part of the ocean; the volume of warm salty deep water is
very small (similar to the present Atlantic Ocean).

Corliss and Keigwin, 1986; Berggren and Miller, 1989;
Boltovskoy, 1980; Boltovskoy and Boltovskoy, 1988,
1989; Oberhiinsli et al., 1991; Douglas and Woodruff,
1981; Culver, 1987; Woodruff and Douglas, 1981; Thomas, 1985, 1986a, b, 1992; Woodruff, 1985; Murray et
al., 1986; Schnitker, 1986; Thomas and Vincent, 1987,
1988; Miller and Katz, 1987]. Each of these periods of
faunal overturn has been correlated, at least tentatively,
with changes in productivity. These gradual changes
might be influenced by gradual climate change in the
areas of deep or intermediate water formation. During
gradual climate changein the source region of the deep
water, the surface waters change, and thus the deep

I

waters that form from these surface waters (e.g., temperature, 02 content, CO2 content, and preformed
nutrient content) change.
Oxygen isotopic records suggest that deep waters
cooled gradually from the middle Eocene on [e.g.,
Miller et al., 1987a], while benthic faunas suffered
gradual turnover at the same time (Figure 5). The

benthic faunal overturn can thus be thought to reflect
the gradual environmental change. This speculation
suggests that at least part of the earliest Oligocene
oxygen isotopic shifts must have been related to ice
volume increase, because there was no rapid benthic
extinction coeval with the isotopic shift. Benthic fora-

I

south

equator

Fig. 8b. Deep water formed at high northern as well as southernlatitudes, but less dominated by the
northern source (possibly similar to the Atlantic during the last glacial). Note that after a change in
circulation from Figure 8a to Figure 8b the faunas at site C are affected, but not those at sites A, B,
and

north
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I

I

south

equator

north

Fig. 8c. A hypotheticaloceanin which the role of warm salty bottom water is muchlarger than that
in Figures 8a and 8b, but deepestwaters are formed at high latitudes. We can envisagethis situation
as well as the possibility that the high-latitude waters flow over the warm salty bottom waters (the
Proteus Ocean [Kennett and $tott, 1990]). A changefrom Figure 8c to Figure 8a or 8b will be reflected
in faunas at sites C and D, but not at sites A and B.

miniferal faunas would "see" the gradual decrease in
temperatures leading up to the rapid isotopic shift, but
not the increased ice volume on land. The correlation

of

benthic faunal change and decreasinghigh-latitudetemperatures might be partially indirect and reflect changes
in oceanic productivity resulting from high-latitude
cooling and changesin the rate of oceanic turnover.
Global Mass Extinctions

This type of faunal changehas been recorded only in
the latest Paleocene, not at any other time in the
Maestrichtian through Recent [Schnitker, 1979b;
Tjalsma and Lohmann, 1983; Miller et al., 1987; Kaiho,
1988; Thomas, 1989, 1990a, b; Nomura, 1991a]. The

south

extinction
israpid(102-103 years)andprobably
globally
synchronous. An explanation for such an oceanwide
event is hard to find. We need to speculate that there
were either very fast changesin physicochemical character of the surface water in all deepwater source
regions or a change in source area of deep waters
affecting the circulation patterns of the whole ocean, not
just one oceanic basin. After all, the Pleistoceneglacialinterglacial circulation changesin the North Atlantic did
not result in a mass extinction of deep-sea benthic
foraminifera; assemblagesappear to have migrated with
the water masses [Streeter, 1974; Streeter and Shackle-

ton, 1979; Schnitker, 1974]. The rarity of global extinction suggeststhat complete turnovers in deepwater

equator

Fig. 8d. A hypotheticaloceanin whichthe deepestpartsof the basinsare filledwith warm saltydeep
water, but the largestparts of the oceans(includingalmostthe entire depth range above the CCD) are
filled with intermediate waters derived from high latitudes. In suchan oceanthe faunasover wide areas
and depth rangeswould be very similar(sitesA, C, and D are in the samewater mass),except for the
deep regions of the basins (site B) from which we do not have

north
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I

I
south

north

equator

15

warmsaltybottom
water

.i[--•5•southern
highlatitude
deepwater

intermediate
water

":"""• northern high latitude deep

warm

surface

water

water

Fig. 8e. Similar to the proposedoceanin Figure 8d, but the overall volume of the warm salty bottom
water is much larger, and the intermediatewaters are limited to a thin zone. Note that a changefrom
the situation in Figure 8e to that in Figure 8d (and the reverse) will result in faunal change at sites A,
C, and D from which we can obtain information.

circulation during Late Cretaceous through Cenozoic
occurred only in the latest Paleocene.
We can envisage several possible configurations of
"reversed" circulation in the deep oceans, as indicated
in Figures 8c and 8d. A changefrom the type of oceanic
circulation as shown in Figures 8a and 8b to one as
shown in Figures 8d and 8e could occur, possibly
through an intermediary stage similar to that in Figure
8c [see also Kennett and Stott, 1990]. Such large-scale
circulation changes might affect faunas at all locations
(hypothetical sites A through D). Faunal change might
be exacerbated because of changes in locations of
upwelling and in nutrient content of upwelled water and
thus of the location of areas of high surface productivity.
Such a reversal in circulation of the deep to intermediate waters might have been triggered by the warming
of surface waters at high latitudes (as indicated by
oxygen isotopic as well as faunal data), resulting in
high-latitude surface waters with a low density. This
could have been aggravated by an increasingly humid
climate and more precipitation at high latitudes, as
indicated by changes in clay mineral assemblagesat
Maud Rise [Robert and Maillot, 1990; Robert and
Chamley, 1991; Robert and Kennett, 1992]. Such a
reversed circulation could have influenced upwelling
patterns and nutrient availability to the plankton and
thus plankton evolutionary patterns.

CONCLUSIONS

Benthic foraminiferal faunal data do not support the
hypothesis that "warm salty bottom water" existed
over large parts of the oceans during most of the Late
Cretaceous and the Paleogene. They do support the
possibilitythat suchwaters were dominant in the Atlantic and Pacific during one or a few such episodesduring
the early to earliest middle Eocene. The initiation of
such an event of warm salty deepwater dominance in
the oceansmight have causedthe extinction in the latest
Paleocene. Benthic foraminiferal faunal data suggest
that at least parts of the oxygen isotopic shiftsto heavier
values in the earliest Oligocene and the middle Miocene
represent the buildup of ice volume.
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