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ABSTRACT

Comparison of Oligocene benthic foraminiferal faunas from DSDP Sites 558, 563, 549, and 366 in the North Atlan-
tic demonstrates, in the two deeper, less well preserved sections at Sites 558 and 563, lower diversity and lower abun-
dance of benthic taxa, smaller sized individuals, and lower percentages of rectilinear species than in the shallower Sites
549 and 366, both of which underlie upwellings through parts of the Oligocene.

In Paleogene deep-water sections (1500-3000 m paleodepths), an increase in the rectilinear:rotaloid ratio and the
presence of miliolids correlate with improvement in sample preservation and an apparent decrease in carbonate dissolu-
tion. Solution-resistant species in this depth range are Globocassidulina subglobosa, Stilosmella abyssorum, and Cibici-
doides cf. ungerianus; they become strongly dominant in the North Atlantic at abyssal depths, in moderately dissolved
samples from which the coarse planktonic foraminiferal carbonate has been largely dissolved.

Taxa typical of the Indo-Pacific region, such as Laticarinina altocamerata, Cibicidoides verrucosus, and Heronalle-
nia, appeared in deep-water sections in Zone-P21 time, concurrent with a slight drop in bottom-water temperatures. Rec-
tuvigerina postprandia, another Indo-Pacific species, was confined to intermediate water depths of less than approxi-
mately 1200 m. It migrated to the South Atlantic in Zone-P20 time and, along with other faunal changes, may signal
the appearance of a new intermediate-water type.

Examination of faunas across the Eocene/Oligocene boundary and through the Oligocene from 12 North and South
Atlantic locations has indicated that the distribution of Nuttallides umbonifera can be used to trace the pathways and
depth-migration of newly-derived deep-water masses through the Atlantic. After the Eocene/Oligocene boundary
event, the variations in the geographic occurrences of N. umbonifera from several deep-water and bottom-water depth
sites parallel the stable isotopic records of bottom-water characteristics, thus reflecting the incursion of cooled bottom
waters, which aged from south to north.

At one South Atlantic site (1000 m paleodepth), the brief but significant appearance of N. umbonifera is interpreted
to reflect the influx of a new intermediate-water mass that entered the Atlantic during Zone-P20 time (about 32-33 Ma
ago), coincident with the establishment of a circum-Antarctic surface circulation.

Faunas at all sites markedly changed their generic and intrageneric contents between the early and late Oligocene.
The first appearances of several characteristic Neogene species through the upper Oligocene Zones P21-P22 are hypoth-
esized to reflect the diachronous evolution of essentially "Neogene" water-mass stratification in the North and South
Atlantic.

INTRODUCTION

Census of Oligocene benthic foraminiferal faunas at
12 Atlantic Ocean sites demonstrates their utility as tra-
cers of bottom-water characteristics and circulation dur-
ing the pronounced climatic shifts of the Oligocene. Cov-
erage of North Atlantic benthic faunas in this study in-
cluded two deep DSDP sites, 558 and 563, drilled near
3700 m in the central North Atlantic (Fig. 1), which were
compared with (1) eastern North Atlantic deep-water
faunas from the Bay of Biscay (DSDP Sites 549 and
550; Vema Core V27-134; (2) equatorial northeastern
Atlantic deep-water faunas from DSDP Site 366 on the
African margin; and (3) benthic faunas from six south-
ern Atlantic sites representing a paleodepth range from
800 to nearly 4000 m (see Table 1).

This geographic coverage provided an overall picture
of typical North Atlantic deeper-water benthic species
from well-preserved calcareous sequences at a wide vari-
ety of locations and depths. The specific purposes of
obtaining this coverage were (1) to identify possible deep-
water index species for the North or South Atlantic by
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comparison of faunas from deep-water sites in both ocean
areas; (2) to determine whether such index species mi-
grated through depth or latitude during the major cli-
matic shifts of the Oligocene; and (3) to determine whe-
ther changing benthic distribution patterns could be em-
ployed to describe deep-water circulation in the North
Atlantic during the Oligocene.

METHODS

Biostratigraphy

Subdivision of low-latitude Site 366 was based on the criteria of
Hardenbol and Berggren (1978). At middle-latitude sites, however, low-
latitude criteria cannot necessarily be applied, owing to dissolution
and/or the latitudinal effect on distributions of species. A composite
of biostratigraphic criteria used to determine equivalency to the low-
latitude zones in shown in Table 2.

Benthic Census

A minimum of one sample per core from each site was processed
on a >63-µm sieve. All benthic foraminifers in 0.5 g of the >63-µm
fraction were picked and identified, and all data were determined from
this 0.5-g aliquot. Samples showing extreme carbonate dissolution were
not included in this study.

PALEOGENE GEOGRAPHIC AND/OR WATER
MASS PROPERTY INDEXES

Rey's 1954 study was one of the first to depict Paleo-
gene geographic index species. Following the hypothesis
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Figure 1. Location map of the 12 sites included in this study: base
map redrawn from Tjalsma and Lohman (1983).

Table 1. Locations and water depths of drill sites described in
this study.

Site

558
563
549
F27-134a

550
366
363
K20-220a

20
357
529
526

Latitude

37°2'N
33°53'N
49°5'N
48°00'N
48°3'N
4°40'N
19°38'S
28°30'S
28°31'S
30°00'S
28°55'S
30°7'S

Longitude

37°61'W
43°4'W
13°5'W
12°6'W
13°26'W
19°51'W
9°2'E
3O°O3'W
26°50'W
35°33'W
2°46'E
3°8'E

Depth
(m)

3754
3786
2515
3350
4420
2853
2248
4043
4506
2086
3035
1054

Location

Pico Fracture Zone
Mid-Atlantic Ridge
Bay of Biscay
Bay of Biscay
Bay of Biscay
African margin
Angola margin
Brazil Basin
Hunter Channel
Rio Grande Rise
Walvis Ridge
Walvis Ridge

a Vema core numbers.

Table 2. Biostratigraphic criteria used to assign ages to middle-latitude
sites.

Low-latitude
zone Middle-latitude criteria indicating equivalent age

PI8-19 Loss of typical Eocene genera, presence of Globoquadrina
tapuriensis, "TUrborotalia" pseudoampliapertura, and
Pseudohastigerina sp. without Globoquadrina set Hi

upper Presence of G. tapuriensis, "T." pseudoampliapertura, Pseu-
P18-P19 dohastigehna spp., and G. sellii
P20 Loss of Pseudohastigerina spp., presence of "T."pseudoam-

pliapertura, and appearance of the 4-5-chambered globo-
rotaliid-form species such as "TUrborotalia" siakensis

P21a Loss of "T." pseudoampliapertura, increase in large globo-
quadrinids, presence of Chiloguembelina spp.

P21b Loss of Chiloguembelina spp., floods of Globigerina praebul-
loides in fine fraction

P22 Increase of large globoquadrinids, occasional presence of
Globigerina angulisturalis and/or Globigerina ciperoensis
in well-preserved faunas, presence of "TUrborotalia"
birnagae and/or "TUrborotalia" pseudokugleri and the
predecessor of Globoquadrina dehiscens

of Bettenstaedt and Wiener (1955) that there were strong
similarities between Cretaceous benthic faunas through-
out the world ocean, Rey compared the benthic forami-
niferal faunas from several Paleogene Caribbean and Mex-
ican localities with coeval faunas from North Africa, doc-
umenting their marked similarities. In addition, he iden-
tified several species that are dissimilar on the two sides
of the Atlantic; these represented some of the first pa-
leogeographic index species of the Paleogene.

Using similar reasoning, Berggren and Aubert (1975)
distinguished Paleocene-Eocene shallower "Midway" fau-
nas from deeper-water "Velasco" faunas, and plotted
their distributions worldwide, thus further documenting
the cosmopolitan distributions of many Paleogene spe-
cies. "Velasco" faunas have since been charted elsewhere,
for example by Schnitker (1979) in the Bay of Biscay
and by Tjalsma and Lohmann (1983) at many Atlantic
DSDP sites. Berggren and Aubert (1975) and Gradstein
and Berggren (1981) continued to divide Atlantic Paleo-
gene calcareous and agglutinated faunas into index as-
semblages named after analogous faunas from the older
literature—for example, the "Barbados" fauna of Beck-
man (1953), the Cibicidoides mexicanus fauna first de-
scribed by Nuttall (1932), and the Rhabdammina faunas
known from the central European flysch basins (Brou-
wer, 1965).

Using the ideas of Streeter (1973), Schnitker (1974),
and Bremer and Lohman (1982), among others, on the
distributions of Pleistocene benthic taxa in the Atlantic,
a few researchers have tried to relate distributions of At-
lantic benthic foraminifers to Paleogene climatic changes
and inferred water-mass characteristics. Tjalsma and Loh-
man (1983) used multivariate analyses to depict benthic
faunal factors that could be related to changes in the ox-
ygen-isotopic record of climate and bottom paleotem-
peratures. Although they reported no relationship be-
tween benthic foraminifers and the isotopically estimated
paleotemperatures of the deep ocean, their data did in-
dicate major biogeographic differentiation of benthic
foraminifers in the middle Eocene at the time of the ini-
tial reduction in bottom-water temperatures (Savin, 1977;
Boersma and Shackleton, 1977). Their data also sug-
gested that a Nuttallides biofacies migrated to shallower
depths during the warmest, most climatically equable
phase of the Paleogene from the late Paleocene into the
early Eocene. They concluded that in such regimes ocean
circulation slows down, the lysocline migrates to shal-
lower depths, and the presence of the Nuttallides biofa-
cies reflects the migration of these more corrosive waters
to shallower depths.

Schnitker (1979) demonstrated the depth migration of
the bathyal benthic genus Osangularia into the abyssal
regions of the Bay of Biscay during the bottom-temper-
ature drop at Eocene/Oligocene boundary time. Miller
(1982) attempted to relate changes in the Nuttallides um-
bonifera percentages to the carbon-isotope record at the
bottom. He suggested that an acme of N. umbonifera in
the middle Oligocene correlated with increased age and
corrosiveness of bottom waters.

Boersma and Shackleton (1977) and Boersma (1977)
attempted to relate increased spinosity of several Oligo-
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cene rectilinear benthic foraminifers from the Rio Grande
Rise (South Atlantic) to the late Oligocene reduction in
bottom-water temperatures. Boersma (1984b) demon-
strated a consistent relationship between uvigerinid in-
dexes and bottom depth in the upper bathyal zone on the
Walvis Ridge. Alterations in the uvigerinid faunas, spe-
cies diversity, and the rectilinear rotaloid ratio were re-
lated to the late Oligocene decrease in bottom-water tem-
peratures.

By analogy with the research on Pleistocene and mod-
ern benthic foraminifers, several index groups are pro-
posed for the Paleogene. Uvigerinids are thought to char-
acterize glacial-age, productive water masses; they are
also most common in areas of high production of or-
ganic matter at the surface (Lutze, 1978) and in zones of
high content of organic matter in clay along the conti-
nental margins. Several species of Rectuvigerina are lim-
ited to intermediate and shallower waters. N. umbonif-
era occupies corrosive, oxygen-rich, and generally cooled
waters, and its abundance, along with that of other epi-
stomellids, may be correlated with the presence of a type
of Antarctic-derived bottom water. Miliolids, in part be-
cause of their high magnesium contents, are thought to
be particularly susceptible to solution, and hence pre-
sumably avoid areas of colder, more corrosive bottom
water. Planulina-Cibicidoides-Cibicides faunas are known
to have predominated in the less productive, warmer, in-
terglacial waters when uvigerinids became scarce, and
may have alternated in abundance with uvigerinds dur-
ing the Paleogene. Rectilinear benthic foraminifers, like
those with large pores, are generally more susceptible to
solution than rotaloid forms and therefore are not likely
to occur in high percentages in corrosive bottom waters
(Woodruff, 1979).

Because all these groups were present in the later Pa-
leogene of the Atlantic, their distributions and/or histo-
ries may be relatable to the climatic and temperature rec-
ords of that time.

BENTHIC FORAMINIFERAL FAUNAS

Site 558 (Hole 558)

Hole 558 was drilled at 37°2'N, 37°61' W (Fig. 1), at
a water depth of 3754 m, near the Pico Fracture Zone of
the Mid-Atlantic Ridge (Table 1). Oligocene calcareous
sediments were recovered in Cores 27-18; benthic fora-
minifers from these cores are listed in Figure 2.

Sediments throughout the sections from Hole 558 are
moderately well preserved, except in the lower two cores
(27 and 26), which show evidence of strong alteration
caused by contact with basement. Fossils appear dolo-
mitized, fragmented, and cemented into lumps. Preser-
vation deteriorates again above Core 21 (Zones P21-P22),
where dissolution has removed large amounts of plank-
tonic and benthic tests from the coarse fraction (> 250
µm) and caused erosion and fragmentation of a large
number of the remaining benthic tests. Most faunas from
these cores are considered to be dissolution residues and
therefore nonrepresentative of true upper Oligocene ben-
thic diversity (species richness) in this area.

In most samples, the abundance of benthic tests per
0.5 g of sediment, called the benthic number (BN), is con-
sidered to reflect sediment dissolution rather than initial
production and/or sediment accumulation rates. An oc-
casional sample from Zone P22, however, shows improve-
ment in preservation, so that even the solution-suscepti-
ble species Globigerina angulisuturalis is found. In these
samples, true benthic diversity is assumed.

In the best-preserved samples, the rectilinear genera,
especially Stilostomella and Pleurostomella, predominate.
Cibicidids and anomalinids are the most abundant rota-
loid groups of the lower Oligocene; in the upper Oligo-
cene, the cibicidids are the most abundant.

The most consistently occurring species include Ori-
dorsalis umbonatus, Globocassidulina subglobosa, Sti-
lostomella abyssorum, and Cibicidoides cf. ungerianus.
Since they occur in even the most dissolved samples,
they may be considered dissolution-resistant forms. Uvi-
gerina pygmaea and Pleurostomella alternans occur con-
sistently, but only in the upper Oligocene, whereas S.
subspinosa and Anomalinoides cf. spissiformis occur
commonly only in the lower Oligocene section. The most
common cibicidid is Cibicidoides havanensis.

Within genera, also, different species predominate in
the lower and the upper Oligocene parts of the section.
Among the uvigerinids, U. spinicostata in the lower Oli-
gocene is replaced in importance by U. pygmaea in the
upper Oligocene. The typical lower Oligocene cibicidids,
Heterolepa grimsdalei and Cibicides laurisae, are replaced
by Cibicidoides haitiensis and H. kullenbergi in the up-
per Oligocene. The lower Oligocene buliminid, Bulimi-
na semicostata, has no upper Oligocene counterpart.

At least two species originally identified in New Zea-
land faunas by Finlay (1939) occur at Site 558. Anoma-
linoides orbiculus (Stache), an anomalinid with an or-
namented umbilicus, was found in Section 558-25-5 (low-
er Oligocene). This species originated in the late Eocene
in the New Zealand area. One specimen of Laticarinina
altocamerata Chapman and Parr, a late Eocene to Plio-
cene form from New Zealand and the southwestern Pa-
cific, occurred in Section 558-18-1 (uppermost Oligo-
cene).

The influx of several new species in Zones P21b-P22
caused the faunas to assume a more Neogene character.
These species include Pullenia quinqueloba, U. pygmaea,
H. kullenbergi, Textularia sp. A, Alabamina haitiensis,
and Trifarina bradyi.

Site 563
Site 563 is situated on the Mid-Atlantic Ridge (Fig. 1)

at a depth of 3786 m (Table 1). Oligocene calcareous
sediments were recovered in Cores 22 to 17; benthic for-
aminifers from these cores are listed in Figure 3. Al-
though this section includes species from all Oligocene
planktonic foraminiferal zones, the shortness of the zones
suggests numerous erosional hiatuses and/or removal of
large amounts of sediment by dissolution.

Preservation of the sediments at Site 563 is only mod-
erately good to fair, and most faunas are less well pre-
served than their age equivalents at Site 558. Unlike sed-
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Figure 2. Stratigraphic distribution of the most common benthic foraminifers through the Oligocene at DSDP Site 558 in the central North Atlantic.
Zonal assignments for Figures 2-5 and 9-10 according to the criteria of Hardenbol and Berggren (1978) and as in Table 2. G = good, M = mod-
erate, P = poor; A = abundant, C = common; F = frequent; I = infrequent; V = very.

iments in the lower cores from Site 558, the sediments
here show no evidence of contact with basement. As at
Site 558, dissolution removal of large-fraction foramini-
fers increases markedly in upper Oligocene Zones P21b-
P22; benthic faunas in Cores 19 to 17 are all considered
dissolution residues.

The mediocre state of preservation of most of these
sediments makes it difficult to assess benthic faunal pat-
terns. No upper Oligocene fauna is considered represen-
tative of actual benthic production or diversity in this
area of the Atlantic. As at Site 558, in the best-preserved
samples rectilinear genera predominate over the rotaloids,
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Figure 3. Stratigraphic distribution of the most common benthic foraminifers through the Oligocene at DSDP Site 563 in the
central North Atlantic. Abbreviations and zonal assignments as in Figure 2.

and the cibicidids are the most common rotaloid forms.
In such dissolution-depleted faunas, however, even the
generic composition may not be representative of the ori-
ginal populations.

In the lower Oligocene, the most consistently occur-
ring species are Globocαssidulinα subglobosα, Cibicidoi-
des cf. ungeriαnus, and Pleurostomellα αlternαns. The
most abundant species, however, include Oridorsαlis um-
bonαtus, Hαnzαwαiα cushmαni, and Buliminα semicos-
tαtα. As at Site 558, the most common buliminid is B.
semicostαtα, and the most frequently encountered cibi-
cidid is C. cf. ungeriαnus. In contrast with Site 558, the
common lower Oligocene uvigerinid here is the nonspi-
nose Uvigerina havanensis.

Site 549 (Hole 549A)

Hole 549A was drilled on DSDP Leg 80 in the Bay of
Biscay (Fig. 1) at a water depth of 2515 m (Table 1). Oli-
gocene calcareous-siliceous sediments were recovered in
Cores 6-13; the ranges of benthic species in these cores
are shown in Figure 4. The section at this site includes at
least two hiatuses in the lower Oligocene and may be mis-
sing part of Zone P21 as well. In view of the siliceous
contribution to the sediments, the section seems unusu-
ally short and the sediment accumulation rates too low,
particularly in the upper Oligocene, where sediment ac-
cumulation increased in other oceanic areas.

Preservation at Site 549 is good in the lower Oligo-
cene but only moderately good in the upper Oligocene.
The sediments of the washed residues described here (all
> 63 µm) are nearly 99% carbonate; the 1 % of siliceous

material consists primarily of broken radiolarians. The
amount of siliceous fossils decreases in upper Oligocene
Cores 9 to 6, in which there has also been increased dis-
solution removal of large-fraction (>250 µm) foramini-
fers; preservation is only moderately good throughout
the upper Oligocene section.

Sixty-three species of benthic foraminifers were iden-
tified from the Oligocene section at Site 549. Maximum
diversity in a well-preserved lower Oligocene sample
(549A-11-4, 110 cm) was 33 species. By contrast, upper
Oligocene moderately well preserved samples contained
only 16 to 18 species.

Individual calcareous specimens in these samples were
noticeably larger than at the two previously described
North Atlantic sites. Agglutinated individuals were also
large, and frequently their grains were pyritized.

The most consistently occurring species were Oridor-
salis umbonatus, Globosassidulina subglobosa, Hanza-
waia cushmani, Cibicidoides cf. ungerianus, Stilosto-
mella subspinosa, and Cibicides laurisae. In some sam-
ples Uvigerina spinicostata and Vulvulina spinosa also
became very abundant. Species common in upper, but
not lower, Oligocene faunas include Alabamina haitien-
sis, Cibicidoides havanensis, and a large rugose cibici-
did tentatively referred to the New Zealand form C. ver-
rucosus (Finlay).

The most commonly occurring group is the cibicidids;
Cibicidoides haitiensis is more common in the lower Oli-
gocene, whereas C. havanensis is more typical in the up-
per Oligocene. At the top of the section (549A-6-5, 50
cm), H. mexicana occurs for the first time.
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Figure 4. Stratigraphic distribution of the most common benthic foraminifers through the Oligocene at DSDP Site 549 (Hole 549A) in the Bay of
Biscay. Abbreviations and zonal assignments as in Figure 2.

U. spinicostata, the uvigerinid typical of the lower Oli-
gocene, becomes very abundant in the intermediate size
fraction (149-250 µm) in Zone P20. In this interval there
is a marked increase in siliceous fossils in the washed fo-
raminiferal fraction.

Taxa found at Site 549, but not at the deeper, more
westerly Sites 558 and 563, include Robulus ex. gr. occi-
dentalism large nodosariids such as Nodosaria spirostri-
olata, and large orthomorphinids such as Orthomorphi-
na havanensis, Gavelinella aragonensis, Anomalinoides
globulosa, and Planulina renzi.

Unusually large individuals of several species appeared
in Zone P20 (Section 549A-10-5), accompanied by rare
specimens of the genus Heronallenia. The first occur-
ences of this genus outside the Indo-Pacific are consid-
ered synchronous worldwide (Aubert, pers. comm., 1974).

Site 366

Site 366, at 2853 m water depth on the continental
slope of northwest Africa (Fig. 1, Table 1), was a locus
of investigation on DSDP Leg 41. A long calcareous
section with secondary amounts of siliceous fossils was
recovered from Hole 366 (Cores 39 to 28) and from Hole
366A (Cores 10 to 6); faunas are listed in Figure 5. The
top of Hole 366A overlaps in age (Zone P21) with the
bottom of the section in Hole 366, so this long compos-
ite section appears nearly complete.

Sediments at Site 366 demonstrate variable degrees of
induration, which Dean and Gardner (1978) have sug-
gested represent Oligocene climatic cycles. Foraminifer-

al faunas in the more indurated samples are moderately
well preserved; in one less indurated upper Oligocene sam-
ple (366-31-1, 8 cm), faunas are well preserved and very
diverse. As as Site 549, the amount of the siliceous com-
ponent in the washed residues decreases in upper Zone
P21 and is minimal through the remainder of the Oligo-
cene.

Faunas at this site closely resemble those described by
Beckman (1953) from the Oligocene of Barbados. Of
the 66 benthic species identified, the maximum diversity
of 33 species occurs in Zone P22. As at Site 549, indi-
vidual foraminifers at this site are large relative to those
at Sites 558 and 563. Agglutinated foraminifers are py-
ritized.

The most consistently occurring species include Ori-
dorsalis umbonatus, Globocassidulina subglobosa, Stilos-
tomella abyssorum, Cibicidoides haitiensis, S. subspino-
sa, Pullenia bulloides, and Bolivina tectiformis.

Several genera are more diversified here than at any
of the other sites. Eight species commonly attributed to
Cibicidoides were identified. Uvigerinids, also more di-
verse, include Uvigerina havanensis, U. spinicostata, an
elongate form called U. longa, and U. pygmaea. The
several buliminids include Bulimina consanguinea, a tax-
on not found at any of the other North Atlantic sites
but frequent in several deep-water sites in the South At-
lantic (Boersma, 1984b).

Species found at Site 366, but not at other North At-
lantic sites, are Pleurostomella ecuadorana, Laticarini-
na bullbrooki, Siphonina pulchra, and several miliolids.
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figure 5. Stratigraphic distribution of the most common benthic foraminifers through the Oligocene at DSDP Site 366 (Holes 366 and 366A) in the equatorial North At-
lantic. Abbreviations and zonal assignments as in Figure 2.
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Bolivina tectiformis, Robulus spp., Planulina renzi, and
Anomalinoides globulosa all occur at Sites 366 and 549,
but not at the two deeper central North Atlantic sites.

Upper Oligocene faunas differ markedly from those
below. Bulimina semicostata replaces B. consanguinea
as the dominant buliminid. Other species that first oc-
curred in the late Oligocene include Pullenia quinque-
loba, Alabamina haitiensis, Nuttallides umbonifera, U.
pygmaea, U. longa, and Pleurostomella alternans.

Distributional History of Nuttallides umbonifera
The distributional history of Nuttallides umbonifera

is summarized in Figure 6 and Table 3 on the basis of its
appearances and disappearances from the latest Eocene
through the Oligocene at the 12 sites listed in Table 2.
The first appearance of N. umbonifera at these sites,
not considered here as the first evolutionary appearance
(which Tjalsma and Lohman [1983] record in Zone P15),
occurred at the time of the intensification of bottom and
near-surface temperature decreases in the Atlantic Ocean
during Zone-P16 time (around 37.5 Ma in Fig. 7). N.
umbonifera occurred only in the western South Atlantic
abyssal areas represented by Vema Core F20-220. There
was, however, no eastern South Atlantic site of equiva-
lent depth available to this study. I assume, nevertheless,
that N. umbonifera initially adapted to and preferred
the deepest, coldest areas of the South Atlantic Ocean.
Tjalsma and Lohman (1983) also record N. umbonifera
initially from DSDP Hole 20C, at a very deep central
South Atlantic site.

Just after the Eocene/Oligocene boundary event and
following the isotopic event pictured in Figure 8, N. um-

Tkble 3. Occurrence and abundance of Nuttallides umbonifera through
the Oligocene and across the Eocene/Oligocene boundary in the
North and South Atlantic.

5000

Figure 6. Schematic representation of the distribution of Nuttallides
umbonifera through the latest Eocene and Oligocene in the Atlan-
tic Ocean. Samples from the 12 sites listed in Table 1 were exam-
ined for this species; North Atlantic sites are indicated by open cir-
cles, South Atlantic sites by solid triangles. Samples examined for,
but lacking, N. umbonifera are indicated by long dashes. Paleo-
depth estimates for the sites are taken from Supko, Perch-Nielsen,
et al., 1977; Melguen, 1978; Moore, Rabinowitz, et al., 1984; and
Boersma, 1984b. Sites 558, 563, and 549 are plotted slightly shal-
lower than their actual drilling depths because their paleodepths
are not presently available.

Hole

K20-220b

526A
363
363
357
K27-134
549A
529

529
549A
366A
F27-134
357
F20-220
558
526A
526A
563
357
366
549A
529
558
550
20C

357
549A
366
563
558
529

Levela

462
43.CC
9-3, 117
9-3, 67
20-2, 40
260

20-2, 120

20-1, 120
13-9, 9
10-2, 42
180
Cores 18 to 20
332
23-4
Cores 41 to 37
Core 36
20-3
17-3
33-2
8-4
15-3
21-3
15.CC
2-1
Cores 15 to 16
7-6
30-6
18-1
19-4
14-1

Planktonic
zone

P16
P16
P17
P17
P16
P16
P17
P17

P18-19
P18-19
P18-19
P18-19
P18-19
P18-19
P18-19
P20
P20
P20
P21
P21
P21
P21
P21
P22
P22
P22
P22
P22
P22
P22
P22

Presence of
N. umbonifera

X
—
—
—
—
—
—
—

X
X
—
X
—
X
X
—
X
X
X
X
X
X
X
X
X
—
—
—
—
—
X

N. umbonifera
abundance

3
—
—
—
—
—
—
—

3
1

—
3

—
3
1

—
4
1
1
2
2
3
1
2
2

—
—
—
—
—
2

Note: Since N. umbonifera made up < 1 % at all but Site 526, Core 526A-36, the
table reflects its relative rarity at the various sites. 1 = very, very rare; 2 =
very rare; 3 = rare; and 4 = 1 °/o of the fauna picked from the > 63 µm frac-
tion. X indicates present; — indicates absent.

a Levels for Vema cores in cm. Levels at DSDP sites expressed as section-core,
level in cm.
Vema cores.

bonifera migrated from the deep South Atlantic both
upward into the 2000-m depth range in the South Atlantic
and northward into the North Atlantic, where it occurred
through approximately 2500 m depth. Sample refinement
at Site 529 in the South Atlantic (Boersma, 1984a) indi-
cates that N. umbonifera appeared some 20 cm above the
level of the isotopic event; but an interval of strong dissolu-
tion bracketing the isotopic event may have erased part of
the record of N. umbonifera there. Corliss (1981) also
found an offset between faunal changes and the oxygen-
isotopic event at the Eocene/Oligocene boundary.

Synchronous with the slight negative trend in oxygen
isotopes in basal Zone PI8-19 (shown on Figs. 7, 11B),
N. umbonifera descends from the 2000-m depth range
to levels below about 2500 m. The temporary disappear-
ance of N. umbonifera from Site 529 at this time is ac-
companied by improved carbonate preservation and a
pulse of miliolids (Fig. 9). The species is still more com-
mon in the South Atlantic than in the North Atlantic.

In basal Zone P18-19, shown on Figure 6, N. umbo-
nifera descends from the 2000-m depth range to levels
below about 2400-2500 m. The distribution of N. um-
bonifera, like the record of bottom temperatures, fluctu-
ates only slightly through Zones PI8-19 and into basal
Zone P20. It appears, but is rare, during one interval in

618



OLIGOCENE BENTHIC FORAMINIFERS
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Figure 7. Oxygen isotope record in benthic and planktonic foraminifers, compiled from data for Sites 525, 526, and 529 on the Walvis Ridge (from
Shackleton et al., 1984). Data are plotted on the time scale of Ness et al. (1980).

Figure 8. Oxygen-isotopic measurements across the Eocene/Oligocene
boundary at DSDP Site 529 on the Walvis Ridge. The most nega-
tive value among the planktonic taxa measured was used to con-
struct the planktonic curve. The most positive planktonic values
were consistently registered by Catapsydrax spp. Benthic curves are
composed of Uvigerina or Bulimina values and those for Cibici-
doides spp. (from Shackleton et al., 1984).

Zone PI8-19 at Site 558 (Fig. 2); the exact timing of this
event is unclear, however, owing to uncertainties in the
biostratigraphy. The species remains more common
(though rare), and occurs more consistently, in the
South Atlantic.

At most sites, N. umbonifera occurs with greater con-
sistency beginning in Zone P20, although it is still very
rare. For example, only two specimens were found in 0.5
g of sediment from Site 563. During Zone-P20 time it
extended its depth range from near 3700 m to as shallow
as 1000 m in the southeastern South Atlantic, and occu-
pied most intermediate depths from 2000 to near 3700 m
in both the North and the South Atlantic.

In one anomalous, brief instance, N. umbonifera as-
cended to nearly 900 m (Boersma, 1984b) at Site 526 on
the Walvis Ridge (Fig. 10) during Zone-P20 time (about
32-33 Ma on Fig. 7). It constitutes up to 1 % of the fau-
na, and is thus more abundant than at any other locality
included in this study. Tjalsma (1983) does not, how-
ever, report finding this species in coeval Oligocene sam-
ples from Site 516, located at equivalent paleodepths on
the Rio Grande Rise in the southwestern South Atlantic.
Other faunal changes at this time at Site 526 (Figs. 10,
11 A, Sample 526-37-3, 70 cm) include an increase in the
ratio of rotaloid to rectilinear species, caused by a mark-
ed increase in large, fragmented robulinids; an increase
in the benthic number from 249 to over 360 individuals;
an increase in uvigerinids from more than 1% to over
8% of the picked fauna; a marked increase in pleurosto-
mellids, in spinosity of buliminids, and in the ornamen-
tation of several forms; and the first appearance of an
Indo-Pacific morphotype, here called Cibicidoides semi-
teres. The overlying sample (526-37-2, 70 cm) contains
the first incursion of several other Indo-Pacific morpho-
types, including Rectuvigerina postprandia, a form char-
acteristic of intermediate-depth ocean sites worldwide.
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Figure 9. Stratigraphic distribution of the most common benthic foraminifers through the Oligocene at
DSDP Site 529 on the Walvis Ridge.

Figure 10. Stratigraphic distribution of the most common benthic foraminifers through the Oligocene at DSDP Site 526
(Hole 526A) on the Walvis Ridge.

Although sampling density is inadequate, the migra-
tion of the Indo-Pacific morphotypes, the indications of
deteriorating carbonate preservation, and the increased
abundance of uvigerinids all suggest the appearance of
a different intermediate water impinging on the bottom
at Site 526.

During Zone-P21b time, paralleling a slight positive
trend in the bottom oxygen-isotope record (Fig. 7, about
26 Ma) which has been recorded also at DSDP Sites 357,
366, 526, and 529 (Boersma and Shackleton, 1977, 1978;
Shackleton et al., 1984), N. umbonifera again ascended
into the 2000-m depth range, just as it did after the Eo-
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cene/Oligocene boundary event. It spread, however, in-
to a larger range of habitats, including Site 357 on the
Rio Grande Rise and Site 366 on the North African mar-
gin, under a limited equatorial upwelling system. Again,
it is more abundant in the South Atlantic than in the
North Atlantic.

In conjunction with the negative trend in surface tem-
peratures signaling the beginning of the late Oligocene-
early Miocene warming, shown in Figure 7 at about 24-
25 Ma, TV. umbonifera disappeared from all but the deep-
est basins of the North and South Atlantic, where it
occurred in nearly equal abundances.

To summarize: TV. umbonifera appeared first in the
late Eocene in the South Atlantic, where it resided only
in abyssal areas. Immediately after the proposed Eocene/
Oligocene boundary event and the increased carbonate
dissolution at deep sites, TV. umbonifera spread through
the North and South Atlantic from abyssal depths to
near 2500 m. It was more abundant and occurred more
consistently in the South Atlantic, suggesting that it was
occupying conditions closer to its preferred water type.
TV. umbonifera ascended into the 2000-m range both af-
ter the Eocene/Oligocene boundary event, during Zone-
P20 time, (it occurs most consistently in Atlantic sam-
ples of Zone P20), and in Zone-P21b time, when (on
the evidence of the oxygen-isotope record) cooling of
bottom waters took place. This species occupied only
abyssal areas in Zone-P16 time, during the gradual tem-
perature drop preceding the Eocene/Oligocene bound-
ary event, and again in Zone-P22 time, during the be-
ginning phases of the late Oligocene to early Miocene
warming. In this latter period, TV. umbonifera occurred
in nearly equal numbers at the North and South Atlan-
tic sites and spread into areas of equatorial upwelling
for the first time.

BENTHIC FORAMINIFERS AS POSSIBLE
TRACERS OF BOTTOM-WATER MASS

PROPERTIES

From studies of Quaternary benthic foraminifers, cor-
relations have been suggested between the frequencies of
benthic foraminiferal species and various properties of
bottom-water masses. Properties of bottom or surface
waters, which are reflected in the character of the sedi-
ment, are most likely to affect benthic foraminifers. It is
thus feasible to seek similar relationships among Paleo-
gene benthic foraminifers, particularly because several
species already studied from the Pleistocene first oc-
curred in the later Paleogene. Therefore, the data base
of this study was expanded to include all Oligocene cores
from the 12 sites listed in Table 1, in order to track fau-
nal changes from both the South Atlantic and the North
Atlantic, and to include the Eocene/Oligocene bound-
ary as well. Benthic foraminiferal ranges from two addi-
tional sites, 529 and 526 on the Walvis Ridge, are shown
in Figures 9 and 10.

In Quaternary studies, several forms have been related
to carbonate saturation levels in bottom waters. Milio-
lids and Nuttalides umbonifera behave inversely with re-
spect to carbonate saturation (Bremer and Lohman, 1982),
whereas rectilinear species in general reflect less carbon-

ate dissolution in ancient sediments (Woodruff, 1979).
In the Paleogene of Sites 558 and 563, rectilinear ben-
thic forms increase relative to rotaloid forms in the bet-
ter-preserved samples. At Site 529, miliolids first appear
in the better-preserved samples just above the dissolu-
tion interval marking the Eocene/Oligocene boundary.
TV. umbonifera first appears during this same dissolu-
tion interval. It is therefore possible that these forms may
reflect the state of carbonate preservation in the Paleo-
gene, as they appear to do in the Quaternary.

In other studies of Quaternary benthic foraminifers,
TV. umbonifera is considered an index of Antarctic Bot-
tom Water (AABW) (Schnitker, 1974), a "new" cooled
bottom-water type deriving from the Antarctic. Bremer
and Lohman (1982) suggest, however, that TV. umbonif-
era may be related primarily to carbonate saturation lev-
els in waters such as AABW and may characterize other
bottom waters similarly corrosive to carbonates. By anal-
ogy, TV. umbonifera may be useful as a tracer for Ant-
arctic-derived "new" and corrosive water masses in the
Paleogene.

Evidence at the Eocene/Oligocene boundary for the
initiation of a cooled, "new" water mass deriving from
the Antarctic region includes (1) the concurrent increase
in sediment erosion in the North Atlantic (Tucholke and
Vogt, 1979); (2) increased clay entrainment in a new bot-
tom-water current through the Argentine Basin (Supko,
Perch-Nielsen, et al., 1977); (3) increased dissolution of
carbonate in deep South Atlantic basins and its replace-
ment by siliceous sediments (McCoy and Zimmerman,
1977); (4) a discrete dissolution interval across the Eo-
cene/Oligocene boundary at deep South Atlantic sites
such as Site 529 on the Walvis Ridge (Boersma, 1984b);
and (5) a strong positive peak in oxygen isotopes at the
bottom (Figure 8), which is now considered to represent
both a decrease in bottom-water temperatures (Shackle-
ton and Kennett, 1975; Keigwin, 1980; Vernaud Grazzi-
ni, et al., 1979) and a compositional effect resulting from
the increased volume of Antarctic glacial mass (Math-
ews and Poore, 1980; Shackleton et al., 1984).

This evidence suggests the origination of a "new" and
erosive, cooled bottom water deriving from the south,
presumably from the Antarctic region, correlative with
the glacial episode at the Eocene/Oligocene boundary.
The idea that these cooled, Antarctic-derived waters would
penetrate into the abyssal North Atlantic is corroborated
by recent evidence on Atlantic equatorial fracture zones,
which indicates that passage was possible through deep
channels as early as the Eocene in both the Romanche
and Vema fracture zones (Bonatti et al., 1977).

Support for a southern origin of this bottom water
comes also from carbon-isotopic evidence. Carbon-iso-
topic patterns in the Recent Pacific Ocean (Kroopnick,
1974) indicate that benthic foraminiferal 13C should be
depleted in "older" water which has also become in-
creasingly depleted in oxygen along its course (Broecker,
1974). Boersma and Shackleton (1978) demonstrated
south-to-north depletion in benthic foraminifers through-
out the South Atlantic during the time corresponding to
Oligocene Zones P18-P19. Although there are isotopic
disequilibrium effects and inter-ocean and intra-ocean
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Figure 11. Oxygen and carbon isotope records through the Oligocene at (A) DSDP Site 526, Hole 526A (from Shackleton et al., 1984) and (B)
Site 529. Planktonic records are constructed from the most negative planktonic taxa of those measured. Both Uvigerina and Cibicidoides
curves could be constructed for this site.
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complexities in 13C patterns, Table 4 demonstrates clear
south-to-north depletion in 13C beginning just above the
Eocene/Oligocene boundary, but not below it. Although
more synoptic data should be acquired, the data avail-
able at present corroborate a southern origin of the cooled
mass of bottom waters after the Eocene/Oligocene bound-
ary event.

If N. umbonifera can be used to trace cooled and
corrosive bottom waters, one may wonder at its pres-
ence during Zone-P20 time at Site 526, with a paleo-
depth near 800 to 1000 m. As discussed in the preceding
section, faunal changes suggest that during that time a
different intermediate-water mass appeared, impinging
on the bottom at Site 526. Faunal and isotopic evidence
both suggest a southern source of this intermediate-wa-
ter mass. The presence of Indo-Pacific benthic forms
implies a connection to that region. Indo-Pacific species
had migrated into the Mediterranean (Braga et al., 1975)
and into intermediate-depth sites of the equatorial At-
lantic, the Bay of Biscay (Schnitker, 1979), and the Gulf
of Mexico during the middle Eocene. Several different
deep-water species are reported from the Paleogene of
DSDP Site 360 in the Cape Basin (Proto Decima and
Bolli, 1978). They did not occur at intermediate-depth
eastern South Atlantic sites, however, before Zone-P20
time. The additional fact that similar species are not re-
corded from the southwestern Atlantic intermediate-
depth sites on the Falkland Plateau or Rio Grande Rise
(Tjalsma, 1977; 1983) further suggests the derivation of
these forms from the direction of the Indian Ocean.

Isotopic evidence from the South Atlantic has dem-
onstrated a stronger connection between the Indian Ocean
and the middle-latitude southeastern Atlantic than be-
tween the southeastern and southwestern Atlantic. Evi-
dence for this connection includes a strong east-west
middle-latitude paleotemperature gradient, which resulted
from the strong influence of equatorially derived near-
surface waters in the southwestern Atlantic (Boersma
and Premoli Silva, 1983). Intermediate-depth bottom wa-
ters in the southeastern Atlantic were slightly cooler than
in the southwestern Atlantic, though there was little over-
all temperature gradient through depth before the Eo-
cene/Oligocene boundary event (Shackleton and Boers-
ma, 1981). The paleotemperature data thus suggest cir-

Table 4. Carbon isotopic measurements (δ C, ‰) on Atlantic Eo-

cene-Oligocene benthic foraminifers.

F27-202 529 357 K20-220 94 548 K27-134
Cape Walvis Rio Grande Brazil Gulf of Bay of Bay of
Basin Ridge Rise Basin Mexico Biscay Biscay

1.12

1.30

1.12

1.95

0.47 0.60
Eocene

1.13

Oligocene
1.73

1.27

0.74 0.45

Note: Data are from Shackleton et al. (1984) and from N. J. Shackleton, A. Bo-
ersma, unpublished data. All values are based on measurements of Cibici-
doides sp. or are corrected to Cibicidoides according to the factors deter-
mined by Boersma and Shackleton (1977) and Shackleton et al. (1984). Sam-
ples are arranged from south to north. Eocene values are the uppermost
Eocene measured at each site except Site 357, which is Zone P16 in age. Oli-
gocene measurements are from the lowermost Oligocene at all sites.

culation between the southeastern Atlantic and higher
latitudes to the south and the southeast.

Unfortunately, isotopic data for Site 526 (Fig. 11) show
no marked changes during Zone-P20 time correlative
with the incursion of TV. umbonifera into the 1000-m pal-
eodepth range. In view of the faunal changes already
discussed, it is clear that a change at the bottom had oc-
curred. It is possible, therefore, that isotopic measure-
ments at this site contain a diagenetic overprint. Shack-
leton et al. (1984) also suggest a problem with interme-
diate depth measurements, on the basis of anomalous
comparative benthic oxygen-isotopic values.

Kennett et al. (1975), Kennett (1980), and Jenkins
(1979), among others, have proposed initiation of a ful-
ly circum-Antarctic surface circulation by late Oligo-
cene time. The exact timing of this event remains uncer-
tain, but possibly the pulse of N. umbonifera at shallow
depths in the South Atlantic reflects the northern influ-
ence of the initiation of a "new," more corrosive inter-
mediate water of southern origin, generated by the pro-
gressive opening of the Indian Ocean to the Pacific be-
fore the establishment of a fully circum-Atlantic surface
circulation.

The Evolution of Neogene Faunas and Water-Mass
Structure

The appearance of several typically Neogene benthic
foraminiferal species in the late Oligocene in the Atlan-
tic Ocean changed the general aspect of both deep-water
and intermediate-water benthic foraminiferal assemblages,
giving them a more "Neogene character" for the first time.
These species include Uvigerina pygmaea, Rectuvigerina
postprandia, Pullenia quinqueloba, Alabamina haitiensis,
Trifarina bradyi, Eggerella bradyi, Heterolepa kullenber-
gi, and an as yet unidentified species of Textularia, called
Textularia sp. A. The first occurrences of four of these
species from north to south in the Atlantic are shown in
Figure 12.

All these species are recorded first from the South At-
lantic. Except for E. bradyi, T. bradyi, and R. postpran-
dia, all first occurred in the deeper-water Sites 366, 529,
and 357 in the South Atlantic and equatorial Atlantic
during Zone-P21b time, synchronously with the extinc-
tion of Chiloguembelina spp. At South Atlantic inter-
mediate-depth Site 526, the major change in species oc-
curred first in Zone-P20 time with the appearances of a
characteristic southwestern Pacific/early Oligocene cibi-
cidid-anomalinid fauna (Boersma, 1984b) (which was
more typical of the late Oligocene and early Neogene in
the southeastern Atlantic), of Nuttallides umbonifera, of
the rectuvigerinids, and of several shallower-water forms
such as Nodogenerina sp. and Palmula sp. (Fig. 10). Lat-
er in Zone-P21 time, several other of the characteristi-
cally Neogene species already listed first occurred at Site
526. Concurrently there was a sharp drop in specific di-
versity and in the overall abundance of benthic forms,
paralleling an increase in sedimentation rate, which con-
tinued through the earliest Neogene at this site.

The appearances of these same taxa at deeper-water
North Atlantic Sites 558, 563, and 549 were delayed un-
til Zone-P21b-P22 time (Figs. 2-4), and accompanied
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Figure 12. Stratigraphic distribution of four benthic species through
the Oligocene at South Atlantic Site 529 on the Walvis Ridge, equa-
torial North Atlantic Site 366, Site 549 in the Bay of Biscay, and
central North Atlantic Site 558. Data are summarized from Figures
2, 4, 5, and 9.

the retraction of N. umboniferα to deep ocean basins.
Concurrently, a fauna containing Heterolepα mexicαnα
first moved into the Bay of Biscay. Before this time, the
H. mexicαnα fauna (called the Cibicidoides mexicαnus
fauna) is reported to have lived at bottom sites underly-
ing the Norwegian Sea (Berggren and Schnitker, in press).

If benthic foraminiferal faunas reflect physicochemi-
cal water-mass properties as they affect the sediment/
water interface and hence the sediment in the Paleogene
as they appear to do in the Quaternary, then it can be
stated that a more typically Neogene water-mass stratifi-
cation occurred diachronously through depth and be-
tween the North and South Atlantic. Deeper sites de-
veloped a Neogene character slightly later than shallow-
er areas, and the North Atlantic later than the South
Atlantic.

CONCLUSIONS

Comparison of Oligocene North Atlantic faunas from
Sites 558, 563, 549, and 366 produced the following
results:

1. At the two deepest sites, 558 and 563, with drilling
depths near 3700 m, individuals of most species are smal-
ler than at the two shallower sites, 549 and 366, both lo-
cated in areas of moderate silica production. The per-
centages of rectilinear species are less at the deeper Sites
558 and 563. Diversity, expressed as species richness, is
also lower at the two deeper sites, which, in addition, of-
ten show the effects of significant carbonate dissolution.

2. Dissolution-resistant taxa include Globocαssiduli-
nα subglobosα, Stilostomellα αbyssorum, Cibicidoides
cf. ungeriαnus, and Pleurostomellα αlternαns.

3. Criteria signaling decreased dissolution and possi-
bly increased carbonate saturation levels include an in-
crease in the rectilinear :rotaloid ratio and pulses of mili-
olids.

4. A "Barbados" fauna occurs at equatorial Site 366
and developed to a lesser degree at Site 549 in the Bay of
Biscay. Diversity is highest at Site 366, where intrageneric
diversity is particularly high among the uvigerinids, cibi-
cidids, anomalinids, nodosariids, and pleurostomellids.
Robulinids are present, though not abundant, at Sites
549 and 366, but absent at the two deeper central Atlan-
tic sites.

5. The New Zealand species Lαticαrininα αltocαmerα-
tα, Anomαlinoides semiteres, and Rectuvigerinα postprαn-
diα, and the Indo-Pacific genus Heronallenia all migrated
into the Atlantic during Oligocene time.

6. Sites 558 and 563 contain only large spino-costate
uvigerinids in the lower Oligocene. A peak of uvigerinids
accompanies a pulse of radiolarians in Zone P20 in the
Bay of Biscay. Uvigerinids were diverse, only for a short
period during Zone-P22 time at equatorial Site 366; U.
pygmaea is the only common form of the genus in the
upper Oligocene at all sites.

Comparison of coeval North and South Atlantic fau-
nas to identify water-mass or biogeographic index spe-
cies, and to determine their relation to the reorganization
of oceanic circulation during the climatic shifts of the
Oligocene, provides a basis for proposing the following
summary interpretations:

1. The distribution of Nuttallides umbonifera paral-
lels in general the oxygen-isotopic record of paleotem-
peratures. When bottom temperature dropped, N. um-
bonifera spread more widely through the North and
South Atlantic and migrated upslope to depths near
2000 m in the South Atlantic and 2500 m in the North
Atlantic. During the apparent warming of near-surface
temperatures at the end of the Oligocene, N. um-
bonifera was restricted to deepest basinal areas. This
species was generally more abundant, and occurred
more consistently, in the South Atlantic.

2. In the Oligocene the distribution of N. umbonif-
era from north to south and through the 2000-4000-m
paleodepth range is an indicator of the pathway and dis-
tribution of "new" and/or cooled water-mass types, which
aged from south to north thus demonstrating their south-
ern origin.

3. The unusual occurrence and abundance of N. um-
bonifera near 900 m paleodepth on the Walvis Ridge at
Site 526 during Zone-P20 time is interpreted to indicate
the first influx of "new," surface-derived intermediate
water, signaling the initiation of a circum-Antarctic cir-
culation, which was fully developed in the late Oligocene.
In this case the occurrence of N. umbonifera corresponds
to the development of a "new" oxygenated, but not nec-
essarily cooled, water type at the bottom.

4. The evolution of typically Neogene water-mass stra-
tification in the North and South Atlantic is indicated
by the appearances of typically Neogene benthic forami-
niferal species through the latest Oligocene Zones P20-
P22. The appearances of these species suggest that the
South Atlantic was restructured first by the introduction
of a new intermediate-water in Zone-P20 time, which
was followed by a new deep-water type later in Zone-
P21b time. The North Atlantic, however, apparently ac-
quired a more typically Neogene water-mass stratifica-
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tion in Zone-P22 time with the influx of deep waters pos-
sibly deriving from the Norwegian-Greenland Sea area.
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