The enigma of early Miocene biserial planktic foraminifera
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ABSTRACT
Small biserial foraminifera were abundant in the early Miocene (ca. 18.9–17.2 Ma) in
the eastern Atlantic and western Indian Oceans, but absent in the western equatorial
Atlantic Ocean, Weddell Sea, eastern Indian Ocean, and equatorial Pacific Ocean. They
have been assigned to the benthic genus Bolivina, but their high abundances in sediments
without evidence for dysoxia could not be explained. Apertural morphology, accumulation
rates, and isotopic composition show that they were planktic (genus Streptochilus). Living
Streptochilus are common in productive waters with intermittent upwelling. The widespread early Miocene high Streptochilus abundances may reflect vigorous but intermittent
upwelling, inducing high phytoplankton growth rates. However, export production (estimated from benthic foraminiferal accumulation rates) was low, possibly due to high regeneration rates in a deep thermocline. The upwelled waters may have been an analog to
Subantarctic Mode Waters, carrying nutrients into the eastern Atlantic and western Indian Oceans as the result of the initiation of a deep-reaching Antarctic Circumpolar Current, active Agulhas Leakage, and vigorous vertical mixing in the Southern Oceans.

lantic and western Indian Oceans (Fig. 1). In
the modern oceans such high relative abundances of bolivinids occur only where an oxygen minimum zone impinges on the seafloor
(e.g., Bernhard and Sen Gupta, 1999), and
there is no evidence for dysoxia (e.g., lamination, high organic carbon) during the HAB.
We used morphological, isotopic, and accumulation rate data in samples from Walvis
Ridge, southeastern Atlantic Ocean (Ocean
Drilling Program [ODP] Leg 208, Sites 1264
and 1265) (Zachos et al., 2004), to document
that the lower Miocene biserial forms were
planktic, and speculate on possible explanations for their abundance.
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MATERIAL AND METHODS
Sites 1264 and 1265 are on Walvis Ridge,
in the oligotrophic subtropical gyre in the
southeastern Atlantic Ocean (Fig. 1; GSA
Data Repository Table DR11), outside the area
of coastal upwelling (e.g., Garzoli et al.,

INTRODUCTION
During the relatively warm early Miocene
the Antarctic ice sheet fluctuated in volume
(e.g., Lear et al., 2004). In the middle Miocene
deep waters cooled, latitudinal temperature
gradients and water-mass stratification increased, and a permanent East Antarctic Ice
Sheet formed (e.g., Zachos et al., 2001). There
was a turnover in oceanic biota, possibly due
to an increase in upwelling and oceanic productivity (Hallock et al., 1991). Early Miocene pCO2 levels may have been similar to
preindustrial ones (e.g., Pagani et al., 2005),
and ocean circulation might have been at least
a contributing factor in forcing the warm
climate.
Ocean circulation probably changed during
the early-middle Miocene (Ramsay et al.,
1998). Deep-water exchange between the Indian and Atlantic Oceans became limited (ca.
21–19 Ma), and ended by ca. 14 Ma (e.g.,
Harzhauser et al., 2002). Northern Component
Water (NCW, a precursor of North Atlantic
Deep Water) may have started to form ca. 19
Ma and peaked ca. 17 Ma (e.g., Wright, 1998).
Drake Passage, necessary for establishment of
the Antarctic Circumpolar Current (ACC),
which might drive NCW formation (e.g., Sijp
and England, 2004), may not have opened before ca. 20 Ma (Anderson and Delaney, 2005),
but estimates vary from late Miocene to middle Eocene (e.g., Barker and Thomas, 2004).
*E-mails: csmart@plymouth.ac.uk; ellen.thomas@
yale.edu.

Information on the distribution of foraminifera may help in elucidating circulation patterns. An enigmatic feature of early Miocene
(ca. 18.9–17.2 Ma) oceanography is the socalled High Abundance of Bolivinid (HAB)
event (Thomas, 1986; Smart and Murray,
1994; Smart and Ramsay, 1995; Ramsay et
al., 1998), when biserial foraminifera assigned
to the benthic genus Bolivina were abundant
at depths of 1000–2500 m in the eastern At-

1GSA Data Repository item 2006227, Tables
DR1 and DR2, occurrences of biserial planktics, oxygen and carbon isotope data, is available online at
www.geosociety.org/pubs/ft2006.htm, or on request
from editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301,
USA.

Figure 1. Abundant early Miocene biserial foraminifera (green circles): F—Feni Drift (Deep
Sea Drilling Project [DSDP] Site 610); B—Bay of Biscay (DSDP Sites 400, 548); RP—Rockall
Plateau (DSDP Site 608); 563—DSDP Site 563; 667—Ocean Drilling Program (ODP) Site 667;
WR—Walvis Ridge (DSDP Site 529; ODP Sites 1264, 1265); WI—Western Indian Ocean
(DSDP Site 237, ODP Site 709). No biserial foraminifera (black squares): CR—Ceara Rise
(ODP Site 926) (Smart, unpublished data); MR—Maud Rise (ODP Sites 689, 690) (Thomas,
1990); NR—Ninetyeast Ridge (ODP Site 758) (Thomas, unpublished data); EP—equatorial
Pacific Ocean (DSDP Sites 573, 574, 575) (Thomas, 1985). http://www.odsn.de/odsn/services/
paleomap/paleomap.html.

䉷 2006 Geological Society of America. For permission to copy, contact Copyright Permissions, GSA, or editing@geosociety.org.
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ence to the international standard Vienna Peedee Belemnite calibrated through the NBS19
standard (Coplen, 1995); precision is better
than ⫾0.06‰ for 13C/12C and better than
⫾0.08‰ for 18O/16O.

Figure 2. Scanning electron microscope micrographs of Streptochilus sp. (A–D) and Bolivina plicata (E). A: Oblique view (scale bar 50 m). B: Detail of aperture (scale bar 10 m)
(Ocean Drilling Program 208–1264B–21–1, 78–80 cm, Walvis Ridge). C: Oblique view (scale
bar 50 m). D: Detail of aperture (scale bar 10 m) (Deep Sea Drilling Project 24–237–18–
6, 69–71 cm, western Indian Ocean). E: Aperture of type specimen of Bolivina plicata, type
species of genus Bolivina (magnification ⴛ500 in original figure) (from Loeblich and Tappan,
1987, their plate 547; Fig. 3).

1996). Age control is based on microfossil datum levels and paleomagnetic data (Zachos et
al., 2004), with numerical ages according to
Lourens et al. (2004). The lower boundary of
abundant biserial forms is slightly above the
lowest occurrence (LO) of Sphenolithus belemnos, as at northeastern Atlantic Ocean Site
608 (Olafsson, 1991; I. Raffi, 2005, personal
commun.); the upper boundary is slightly
above the LO of Sphenolithus heteromorphus.

Figure 3. Accumulation rates (numbers/cm2
ⴛ k.y.ⴚ1) of biserial planktic foraminifera
(solid lines) and total benthic foraminifera
(dashed lines) at Ocean Drilling Program
Sites 1264 and 1265 (Walvis Ridge, southeastern Atlantic Ocean), calculated according to NF x LSR x DBD, where NF is number
of foraminifera per gram of dry sediment,
LSR is linear sediment rate (cm/k.y.), and
DBD is dry bulk density (g/cm3) of sediment.
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More than 250 foraminifers were picked
from the ⬎63 m size fraction of each sample. Accumulation rates (numbers/cm2 ⫻
k.y.⫺1) of benthic foraminifera and biserial
planktics were calculated. For stable isotope
analyses ⬃100 monospecific biserial specimens were picked from the 63–150 m size
fraction, 10–20 Globigerinoides quadrilobatus were picked from the 250–355 m size
fraction, 10–20 Globoquadrina venezuelana
were picked from the 250–355 m and ⬎355
m size fractions, and 10–15 Cibicidoides
kullenbergi and Cibicidoides sp. were picked
from the ⬎63 m size fraction (Table DR2;
see footnote 1). Stable isotope analyses were
performed on a VG PRISM mass spectrometer
(Godwin Laboratory, University of Cambridge, UK). Results are reported with refer-

RESULTS
Most biserial planktics have more inflated
chambers than benthics, and a wide, arched
aperture without an internal tooth plate. Benthic biserials have a tooth plate connecting the
aperture of the last chamber to that of earlier
ones. Some Streptochilus species are less inflated, but all have an aperture with an internal
plate formed by the infolding and downward
extension of a margin of the aperture (Brönnimann and Resig, 1971). The plate resembles
the bolivinid tooth plate, but is formed from
the rim around the aperture rather than sticking up from the interior of the chamber (Fig.
2). Test morphology of the lower Miocene biserials varies between sites, and we consider
them representatives of several undescribed
species.
There is no relation between the accumulation rates of benthic species and of the biserial foraminifera in the same size fraction of
the same samples (Fig. 3). The biserial planktic taxa compose 1%–2% of total foraminifera
at Site 1264, comparable to late Miocene Indian Ocean Streptochilus abundances (Resig,
1989).
Oxygen isotope values of the biserial planktics overlap with those of surface dwelling
planktic foraminifera in the same samples
(Fig. 4; Table DR2 [see footnote 1]). Carbon
isotope values of the biserial taxa are lighter
than the values for other planktics, and overlap with, or are lighter than, those of benthics
in the same samples.

Figure 4. Oxygen and carbon isotope values of biserial planktic foraminifera (Streptochilus spp.),
other planktics (shallowdwelling Globigerinoides
quadrilobatus and deepdwelling Globoquadrina
venezuelana), and benthic foraminifera (Cibicidoides kullenbergi and
Cibicidoides sp.) at Sites
608 (northeastern Atlantic) and 1264 (southeastern Atlantic). Isotope data
are not corrected for
disequilibrium.
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DISCUSSION
Benthic biserial species are swept out to the
open sea by storms (Brunner and Biscaye,
1997) to occur as rare specimens in plankton
tows (Hueni et al., 1978). The early Miocene
biserials were not displaced benthics: their aperture (Fig. 2) indicates that they belong to the
planktic genus Streptochilus and they occur at
many pelagic locations (Fig. 1) over a period
of ⬃2 m.y.
The oxygen isotope values of the lower
Miocene biserials overlap with those of
surface-dwelling planktic species in the same
samples (Fig. 4). Some benthic foraminifera
are offset in oxygen isotope values from equilibrium with the seawater in which they
formed (vital effects), but no benthic species
has such a large offset in its ␦18O values. Bolivina species do not have significant ␦18O vital effects (e.g., Kennett et al., 2000).
The carbon isotope values of the biserials
are as low as or lower than those of benthic
foraminifera, as in upper Miocene and middle
Eocene Streptochilus (Resig and Kroopnick,
1983; Sexton et al., 2006). Resig and Kroopnick (1983, p. 244) argued for a ‘‘deep planktonic habitat within the oxygen minimum layer’’; this would, however, result in more
positive ␦18O values than observed. Nikolaev
et al. (1998) classified late Miocene Streptochilus as an intermediate-dwelling species
(75–150 m depth). We explain the low carbon
isotope values as resulting from rapid calcification in a region with variable upwelling
conditions, as seen in modern surface dwellers
(e.g., Kroon and Ganssen, 1989). In the Arabian Sea, Globigerina bulloides (a nonsymbiont species), for example, has more depleted
␦13C values than benthic Uvigerina excellens,
but a light oxygen isotope signature, suggesting that the light carbon isotopic signature
persists when upwelled waters warm (Naidu
and Niitsuma, 2004).
Little is known about the ecology of living
Streptochilus and no isotope data have been
reported. They constitute as much as 15% of
assemblages in plankton tows close to the
shelf in regions of high productivity, with intermittent upwelling, south of India (De Klasz
et al., 1989; Kroon and Nederbragt, 1990).
Hemleben et al. (1989) described them as
deep dwelling in temperate to tropical, highly
productive waters, but present in shallow surface waters close to upwelling in coastal regions. Streptochilus are rare (⬍1%) near Bermuda (Hemleben et al., 1989) and in the
Caribbean (Schmuker and Schiebel, 2002).
High abundances of Paleogene biserial
planktics are indicative of eutrophic waters
(e.g., Hallock et al., 1991), and Resig (1989)
correlated high abundances of Miocene–
Pliocene Streptochilus species with high accumulation rates of foraminiferal oozes. Late
Miocene Streptochilus spp. have been de-
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scribed as tropical to warm subtropical (Resig,
1989), but are abundant in samples from the
northernmost Atlantic Ocean (Flower, 1999),
the Bahama Bank (Kroon et al., 2000), the
equatorial western Pacific Ocean (Premoli Silva and Violanti, 1981; Resig, 1989), and the
eastern Indian Ocean (Resig, 1989).
Early Miocene Streptochilus were abundant
over a wide range of latitudes (Fig. 1). At
northeastern Atlantic Ocean Site 608 an increase in the carbon isotopic composition of
alkenones, coeval with the peak Streptochilus
abundance, has been interpreted as due to high
algal growth rates in response to high nutrient
availability (Pagani et al., 1999). The early
Miocene Streptochilus may thus have
bloomed opportunistically in response to
highly fluctuating nutrient conditions where
nutrient-rich waters upwelled intermittently,
as suggested by their small size and high
abundance and as inferred for Paleogene biserial planktics (e.g., Hallock et al., 1991).
The blooms did not result in high export
productivity. Benthic foraminiferal accumulation rates, a proxy for delivery of food to the
seafloor (Herguera and Berger, 1991), are low
when biserials are abundant (Fig. 3; DiesterHaass and Billups, 2005). Low export productivity occurs where the thermocline is deep
and regeneration rates of organic matter are
high (e.g., Fischer et al., 2003). The widespread abundant occurrence of Streptochilus
would have required the occurrence of a deep
thermocline, broken up intermittently, over
large regions. Such a situation does not occur
in the present oceans, but average thermocline
depth may have been greater in the warm early Miocene (e.g., Philander and Fedorov,
2003). The small Indian Ocean area where
modern Streptochilus is abundant (De Klasz
et al., 1989; Kroon and Nederbragt, 1990)
could be the closest modern counterpart, not
comparable in geographic extent.
Why was there widespread, intermittent upwelling in the eastern Atlantic and western Indian Oceans only at 18.9–17.2 Ma? Maybe it
was the circulation: NCW may have been
present between 19 and 17 Ma, its formation
triggered by the sinking of the GreenlandScotland Ridge (Wright, 1998), or by the development of a deep ACC (e.g., Anderson and
Delaney, 2005) leading to the formation of
NCW (Sijp and England, 2004). A deep ACC
causes strong mixing in the Southern Oceans,
triggering increased nutrient contents in the
Subantarctic Mode Waters that support global
productivity (Sarmiento et al., 2004).
The closing of the Mediterranean to the Indian Ocean (Harzhauser et al., 2002) may
have increased the flow of surface waters from
the Indian Ocean around South Africa (Agulhas Leakage), leading to deep convection (De
Ruijter et al., 2006) in the Southern Oceans,
thus providing the nutrient-rich waters up-

welled in the eastern Atlantic and western Indian Oceans.
Why did the high abundance of biserial
planktics end ca. 17.2 Ma? Possibly, vigorous
North Atlantic deep circulation ended earlier
than envisaged by Wright (1998, using carbon
isotope records). It is not clear why high abundances of Streptochilus did not resume during
the middle Miocene cooling and formation of
NCW, but upwelling might have become constrained to its modern locations rather than being widespread because of the overall increase
of circulation vigor.
CONCLUSIONS
The early Miocene HAB events in the eastern Atlantic and western Indian Oceans were
planktic events, and the biserial foraminifera
belong to the genus Streptochilus.
During the early Miocene (19–17 Ma) large
stretches of the eastern Atlantic and western
Indian Oceans may have been characterized
by a deep thermocline intermittently broken
up by vigorous upwelling.
The high productivity in surface waters did
not result in high export to the seafloor, possibly because of high regeneration in an expanded thermocline.
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