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The Eocene/Oligocene boundary is of
interest to geologists in large part be-
cause of numerous associated geological
events, including major changes in sedi-
mentation patterns and chemistry of the
oceans (), biogeographic distributions
(2), as well as a dramatic global climatic
cooling (3-5). Reports of an iridium
anomaly in the latest Eocene and its
suggested association with extinctions in

Chagos Ridge in the northern Indian
Ocean at a depth of 1764 m (/3); site 292
(15°49.11'N, 124°39.05'E) is located on
the Benham Rise in the western Pacific
at 2943 m (/4); and site 363 (19°38.75'S,
9°2.8'E) is located on the Walvis Ridge in
the southeastern Atlantic at 2248 m (/5).
At the Eocene/Oligocene boundary
(~36.6 million years ago), the paleolati-
tudes and paleodepths of these sites,

Abstract. Analysis of middle Eocene to early Oligocene calcareous and siliceous
microfossils shows gradual biotic changes with no massive extinction event across
the EocenelOligocene boundary. Biotic changes in the late Paleogene appear to
reflect changing paleoclimatic and paleoceanograplhic conditions and do not support
suggestions of a catastrophic biotic event caused by a bolide impact at the Eocenel/

Oligocene boundary.

the marine and terrestrial record due to a
bolide impact have led to the extension
of a catastrophe scenario ptroposed for
the Cretaceous/Tertiary boundary to ac-
count for the Eocene/Oligocene event
(6-9). Our study of planktonic and ben-
thic foraminifera, calcareous nanno-
plankton, and planktonic diatom data
from four Deep Sea Drilling Project
(DSDP) sites (10) from the Atlantic, Indi-
an, and Pacific oceans suggests thdt no
catastrophic extinction event occurred,
but rather that sequential mid-Paleogene
faunal and floral changes were a re-
sponse to changing oceanographic and
climatic conditions.

Calcareous Microfossils

Analysis of calcareous microfossils
and of oxygen isotopic measurements
from DSDP sites 219, 292, and 363 (Figs.
1 to 3) provided ranges of individual
species for each fossil group (/1/), the
number of first and last appearances of
taxa for each sample, and the number of
species per sample, which is presented
as an approximate measure of species

diversity (12). Site 219 (9°1.75'N,
72°52.67'E) is located on the Laccadive-
806

respectively, were 3°S and 1100 m (/6,
17); 0° and 1500 m (/8); and 30°S and
2000 m (79).

At site 292 (Fig. 1), the benthic forami-
niferal oxygen isotopic data show rela-
tively constant values preceding and fol-
lowing an approximate 1 per miil enrich-
ment in 80 beginning at the Eocene/
Oligocene boundary (5). The planktonic
foraminiferal isotopic data show a sub-
stantially smaller enrichment, ~0.3 per
mil, from the late Eocene to early Oligo-
cene. The number of first and last ap-
pearances is generally low (fewer than
five) throughout the sequence, with
peaks of benthic foraminiferal first and
last appearances and a peak in plankton-
ic foraminiferal first appearances in the
late Eocene. The benthic foraminiferal
species diversity is relatively constant,
but planktonic foraminifera and calcare-
ous nannoplankton diversities vary, pos-
sibly as a result of increased calcium
carbonate dissolution. The diversity in
all three groups is relatively constant
across the Eocene/Oligocene boundary.
Microtektites are found preceding the
Eocene/Oligocene boundary (located at
321 m) at 351 m in the Globigerinatheka
semiinvoluta zone (20) and between 332
and 335 m (21) within the Globorotalia

cerroazulensis zone; no major biotic
changes are associated with the tektites.

Benthic foraminiferal 3'80 from site
363 (Fig. 2) increases by 1.0 per mil near
the middle to late Eocene boundary and
at the Eocene/Oligocene boundary with
generally constant values in the early
Oligocene (22). Planktonic foraminiferal
380 shows an increase of approximately
1.0 per mil from the late Eocene to the
early Oligocene, which may result from
cooling surface waters at this temperate
location. First appearances are found in
the Eocene for all three groups, but are
rare in the early Oligocene, and there are
last appearances throughout the se-
quences. The planktonic and benthic fo-
raminiferal diversities are generally con-
stant, with a low diversity among plank-
tonic foraminifera at the top of core 8
coinciding with severe calcium carbon-
ate dissolution. Calcareous nannoplank-
ton show relatively constant diversity in
the late Eocene, but exhibit a decrease in
species number after the Eocene/Oligo-
cene boundary.

Benthic foraminiferal 3'%0 at site 219
(Fig. 3) increases by about 1.0 per mil
within the Truncorotaloides rohri zone in
the late middle Eocene and by 0.7 per mil
across the Eocene/Oligocene boundary.
Planktonic foraminiferal oxygen isotope
values are nearly constant in the T. rohri
zone and show an enrichiment of about
0.3 per mil in the late Eocene. First
appearances are nearly constant
throughotit the interval with small peaks
of first appeararices per sample (4-8) in
all groups in the early T. rohri zone and
of benthic foraminifera in the earliest
Oligocene. Last appearances are found
throuighout, with the last appearance of
28 benthic foraminiferal species concen-
trated in the early Oligocene. Because of
the sporadic occurrence of rare benthic
foraminifera, the number of last appear-
ances in the early Oligocene is probably
overestimated, but since no Oligocene
material was recovered above core 15,
we are unable to evaluate this possibility
at this location. Also, the number of last
appearances reflects a combination of
extinctions and migrations due to chang-
ing environmental conditions. Of the six
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sites considered in our on-going study
this is the only one to show such an
event among benthic foraminifera. Other
detailed studies of Paleogene deep-sea
benthic foraminifera have documented
only gradual changes across the Eocene/
Oligocene boundary (23-25). The diver-
sity of the foraminifera is nearly con-
stant, whereas the calcareous nanno-
plankton diversity, constant in the Eo-
cene, is reduced by about 50 percent in
the early Oligocene.

Planktonic Diatoms: Site 366

Planktonic diatoms were not well pre-
served at sites 219, 292, and 363, and
additional well-preserved siliceous mate-
rial from sites 167, 366, and 511 was
studied. Data from site 366 (Fig. 4) (26)
are typical of the diatom results. Site
366, located at 5°40.7'N, 19°5.1'W with a
present-day water depth of 2853 m, was
located about 10° south of its present
position 36.6 million years ago (/9). The
oxygen isotopic data, based on analysis
of bulk carbonate (26), show an enrich-
ment of about 1 per mil in the early
Oligocene. Species numbers rise in the
late Eocene, followed by a decrease in
the early Oligocene. The low species
numbers in core 6 and upper part of core
7 are probably due in part to opal disso-
lution. First and last appearances occur
throughout, with last appearances out-
numbering the first appearances in the
early Oligocene.

Estimate of Evolutionary Change

The number of extinctions per million
years for each of the fossil groups (Figs.
1 to 4) was calculated in order to evalu-
ate the faunal and floral records (Fig. 5)
(27, 28). With the exception of the 35.5
million-year-old data point from site 219,
the number of benthic foraminiferal ex-
tinctions ranges from 0 to 4, with most
intervals having between 0 and 2 extinc-
tions. The number of extinctions per
million years of planktonic foraminifera
ranges from 0 to 9, of calcareous nanno-
plankton from 0 to 3, and of planktonic

Fig. 2. Summary of stratigraphic (33, 35),
isotopic (22), and faunal and floral data from
site 363 in the Atlantic Ocean. The sediments
are foraminiferal-nannofossil ooze or chalks.
Symbols are the same as in Fig. 1. Benthic
foraminiferal isotopic data are shown as open
triangles, and planktonic foraminiferal data
are shown as closed circles. Hatched sections
indicate coring gaps. Abbreviations: NP, nan-
noplankton zones; and cc, core catcher.
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Fig. 1. Summary of stratigraphic (33, 35), isotopic (5), and faunal and floral data from site 292 in
the Pacific Ocean. The sediment consists of foraminiferal nannofossil chalks. The first and last
appearance data and the species number per sample are shown for benthic foraminifera (@),
planktonic foraminifera (A), and calcareous nannoplankton (M). The dashed line indicates the
location of the Eocene/Oligocene boundary at 36.6 million years. Isotopic scale for benthic
foraminiferal data (@) is shown at the top and for planktonic foraminiferal data (A) is shown at
the bottom. Locations of microtektite occurrences (20, 21) are stippled and are shown with
oxygen isotopic data. Abbreviation: NP, nannoplankton zones.
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Fig. 3. Summary of stratigraphic (33, 35), isotopic (22), and faunal and floral data from site 219
in the Indian Ocean. Symbols are the same as in Fig. 1. Isotopic scale for benthic foraminiferal
data (A) is shown at the top and for planktonic foraminiferal data (A) at the bottom. Hatched
sections indicate coring gaps; NP, nannoplankton zones.

diatoms from site 366 from 1 to 8. Values
of the net change or turnover (first ap-
pearances minus extinctions) for sam-
ples at the four sites (Fig. 6) are generally
between 5 and —5 per million years, and
positive and negative values are found
throughout the sequences with a trend of
generally negative values in the early
Oligocene.

The data in Figs. 5 and 6 show changes
of benthic and planktonic taxa across the

Eocene/Oligocene boundary, but the
magnitude of these faunal and floral
changes is similar to that found through-
out the middle Eocene—early Oligocene
interval, reflecting a sequence of faunal
and floral changes during the mid-Paleo-
gene. These patterns are not restricted to
low-latitude sites but are also found in
high-latitude sites 277, 511, and 549 (29),
where paleoclimatic changes are docu-
mented to be greater (5, 22).
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Discussion

The absence of catastrophic change in
the deep-sea benthic data at the Eocene/
Oligocene boundary is consistent with
work showing a gradual faunal turnover
of benthic foraminifera in the middle
Eocene to early Oligocene interval (23—
25). The major faunal change in benthic
foraminifera is associated not with the
Eocene/Oligocene boundary but rather
with (i) the progressive restriction during
the middle to late Eocene of abyssal
Eocene taxa to greater depths; (ii) the
replacement in the early late Eocene of
the abyssal assemblage by increasingly
abundant, bathymetrically wide-ranging
and stratigraphically long-ranging taxa;
and (iii) the extinction of several abyssal
taxa (for example, Nuttallides truempyi,
Clinapertina spp., Abyssamina spp.,
Alabamina dissonata, and Aragonia
spp.). These faunal changes are inter-
preted as a depth migration by deep-
water Eocene assemblages which were
derived from relict Cretaceous and Pa-
leocene forms after a major taxonomic
turnover at the Paleocene/Eocene
boundary (23, 30). Viewed in this man-
ner, the Paleogene faunal changes may
be seen as a series of threshold events
contributing to the evolution of the mod-
ern deep-water benthic foraminiferal fau-
na (317).

Previous estimates of evolutionary
change in planktonic foraminifera (32)
show a steady decline in evolutionary
turnover beginning in the early Eocene
and continuing in the middle and late
Eocene. The rate accelerated near the
top of the Eocene with several well-
known and biostratigraphically impor-
tant taxa becoming extinct (for example,
Hantkenina and G. cerroazulensis). Yet
this scenario must be seen against the
background of a sequential series of ex-
tinctions and appearances of other
planktonic foraminifera that occurred
continuously during the late Eocene, as
shown in our data. Major planktonic
foraminiferal assemblage changes during
middle Eocene to Oligocene time, re-
corded in material from the Atlantic,
Indian, and Pacific oceans (/0), include
three changes between the middle Eo-
cene and early Oligocene rather than one
catastrophic event (33), suggesting that
climatic coolings occurred in a series of
threshold events with the transition be-
tween events marked by rapid cooling,
as indicated in the '30 record. These
coolings are indicated by the replace-
ment of warm middle Eocene faunas by
successively cooler faunas of lower di-
versity consisting of species of simple
morphology (34).
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A survey of the distribution of calcare-
ous nannoplankton from the middle Eo-
cene to early Oligocene from various
DSDP sites shows that, with the excep-
tion of the discoasters, a much greater
qualitative difference exists between
middle and late Eocene assemblages
than between late Eocene and early Oli-
gocene assemblages (35, 36). At equato-
rial sites, three species became extinct
near the Eocene/Oligocene boundary:
Discoaster saipanensis, Discoaster bar-
badiensis, and Reticulofenestra reticu-
lata. The last appearance of the latter
two taxa was time-transgressive, occur-
ring as early as early late Eocene in high
latitudes. These time-transgressive last
appearances suggest that the geographic
distributions of these species were grad-
ually reduced because of changing envi-
ronmental conditions until they became
extinct at the Eocene/Oligocene bound-
ary at low latitudes. The calcareous nan-
noplankton data indicate that extinctions
occurred in a sequential, step-like man-
ner over an interval of several million
years (37). The extinctions of D. barba-
diensis and D. saipanensis, while tempo-
rally close, are not simultaneous and
precede those of the late Eocene extinc-
tions of the planktonic foraminiferal taxa
G. cerroazulensis and Hantkenina spp.

Although no extinction event is seen in
the planktonic diatom data, a distinct
change in the diatom composition occurs
in low-latitude sites (sites 77B, 167, 366,
369A) in the earliest Oligocene and is
associated with the oxygen isotope en-
richment (Fig. 4). Relatively large and
robust low- to mid-latitude species of the
genus Cestodiscus, which were of minor
qualitative importance during the late
Eocene (5 to 20 percent), increase to 60
to 80 percent in the early Oligocene. A
second floral turnover occurs in the Oli-
gocene in planktonic foraminiferal zones
P20 and P21, with the evolution of and
quantitative increase of cosmopolitan
species of the genera Synedra, Rossiella,
and Rocella.

Our faunal and floral data from the

Fig. § (top right). The number of extinctions
per million years for benthic foraminifera,
calcareous nannoplankton, and planktonic fo-
raminifera from analysis of sites 219, 292, and
363, and for planktonic diatoms from site 366.
The Eocene/Oligocene boundary is shown as
a vertical line at 36.6 million years (m.y.).
Fig. 6 (bottom right). The net change (first
appearances minus extinctions) of benthic fo-
raminifera (@), planktonic foraminifera (A),
and calcareous nannoplankton (M) per million
years for sites 219, 292, and 363, and for
planktonic diatoms in site 366 is shown. The
Eocene/Oligocene boundary is shown as a
vertical line at 36.6 million years (m.y.).
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three oceans do not rule out a possible
influence of a bolide impact near the
Eocene/Oligocene boundary, but the
data show that it is not necessary to
invoke an extraterrestrial event (or
events) to account for the observed biot-
ic changes. These changes in the deep
sea had been interpreted to be of an
abrupt (that is, catastrophic) nature be-
cause of the precipitous benthic forami-
niferal oxygen isotopic change at the
boundary (4). Detailed oxygen isotopic

Benthic foraminifera

studies from throughout the world
oceans show that surface and deep wa-
ters experienced a series of sharp cool-
ings during the Paleogene, with the cool-
ing at the Eocene/Oligocene boundary
being part of this sequence of events (3,
4). This sequential climatic cooling is
seen in the land record as well (38).
Hence, the Eocene/Oligocene boundary
event should not be regarded as an iso-
lated event, but rather as part of the
evolution of the Paleogene ocean in

Planktonic foraminifera
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which biotic changes occurred in re-
sponse to a series of worldwide climatic
events that marked the transition from a
warm, perhaps ice-free, climate to a
colder climate with more polar ice,
stronger pole-equator temperature gradi-
ents, and more vigorous surface and
deep-water circulation.

On the basis of our study of DSDP
sites from three oceans, we find no evi-
dence for a simultaneous and massive
extinction event at the Eocene/Oligo-
cene boundary or at any time during
middle Eocene to middle Oligocene
time. These findings are similar to results
from paleontological and paleobiogeo-
graphic studies of European and North
American mammalian fossils that show
no catastrophic event at the Eocene/
Oligocene boundary, but instead indicate
a turnover spanning the late Eocene and
early Oligocene (39). These observations
argue against a bolide impact having a
major influence on the earth’s biosphere
near the Eocene/Oligocene boundary.

Catastrophism, although a viable
working hypothesis in the interpretation
of some geologic events, is not reflected
in the geologic record across the Eocene/
Oligocene boundary. Rather, we inter-
pret the sequence of changes found in
the deep-sea benthic fauna and in the
planktonic fauna and flora within the
middle Eocene—early Oligocene interval
as responses to complex interactions of
changing paleoceanographic and paleo-
climatic conditions.
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