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ABSTRACT: Three new species of Streptochilus, a biserial planktic foraminiferal genus, were recognized in the lower Miocene of the
eastern Atlantic and western Indian Oceans. These species had been formerly thought to be benthic species of the genus Bolivina, but evi-
dence on their apertural morphology and stable isotopic composition indicates that they lived as plankton and should be assigned to the
genus Streptochilus. The observation that three morphological species occurred in different regions of the oceans during the same short
period of time (18.9-17.2 Ma) suggests that these biserial planktic species may have evolved polyphyletically, either from biserial
planktic or from benthic ancestors, possibly in response to the occurrence of relatively eutrophic environmental conditions caused by in-
termittent upwelling, leading to high algal growth rates but low transport efficiency of organic matter to the sea floor. The new species of
Streptochilus are described, illustrated and named: S. rockallkiddensis sp. nov. (from the northeastern Atlantic), S. cetacensis sp. nov.
(from the equatorial and southeastern Atlantic) and S. mascarenensis sp. nov. (from the western equatorial Indian Ocean) and the de-
scription of the genus is emended.

INTRODUCTION

High abundances of small biserial foraminifera assigned to the
benthic genus Bolivina have been observed in lower Miocene
sediments in the northeastern Atlantic and western Indian
Oceans (~18.9-17.2 Ma) (Thomas 1986, 1987; Smart 1992;
Smart and Murray 1994; Smart and Ramsay 1995). The early
Miocene ‘High Abundance of Bolivinid (HAB) event’, as it
was called, was not observed in sediments in the western equa-
torial Atlantic, eastern equatorial Pacific Ocean (Thomas 1985)
and the Weddell Sea (Thomas 1990), although the correct size
fraction and time interval were studied (text-fig. 1). These
foraminifera occur dominantly in the small size fraction
(>63µm) which has not been studied at many locations. At
DSDP Site 608 (Northern Atlantic Ocean), Pagani et al. (1999,
2000) identified an increase in the carbon isotopic composition
of alkenones coeval with the HAB event. This increase was in-
terpreted as resulting from increased algal growth rates, possi-
bly in response to increased local availability of nutrients. The
calcareous nannoplankton record for that site (Olafsson 1991)
shows a peak in the relative abundance of the incertae sedis
marker species Sphenolithus belemnos coeval with the lower
part of the event and of Sphenolithus heteromorphus in its
higher part. Nannofossil events have been dated in the orbitally
tuned Neogene time scale (Lourens et al. 2004), with the Low-
est Occurrence (LO) of S. belemnos at 18.92 Ma, its Highest
Occurrence (HO) at 17.89 Ma and the LO of S. heteromorphus
at 17.66 Ma (Zachos et al. 2004).

The HAB event was hard to explain. In the modern oceans such
high abundances of bolivinids occur only where an oxygen
minimum zone impinges on the sea floor, e.g., under upwelling
regions along continental margins and in silled basins (e.g.,
Bernhard 1986; Bernhard and Sen Gupta 1999). Thomas (1986,

1987), Smart (1992) and Smart and Murray (1994) speculated
that the HABs could have occurred in a period of low oxygen
conditions associated with sluggish circulation, although the
sites are in the open ocean, and there is no sedimentological evi-
dence for dysoxic conditions (e.g., high organic carbon concen-
tration, laminated sediment). Smart and Ramsay (1995) and
Ramsay et al. (1998) suggested that the event was associated
with an oxygen depleted water mass restricted to the Atlantic
and western Indian Oceans. How did the early Miocene world
look during the HAB event?

During the early Miocene a continental ice sheet was present on
East Antarctica, and possibly on Greenland (Eldrett et al. 2007).
The volume of the East Antarctic Ice Sheet fluctuated (Lear et
al. 2004; Hannah 2006; Pekar and DeConto 2006), with small-
est ice volume and highest temperatures towards the end of the
early Miocene (text-fig. 2), followed by deep-water cooling, in-
creasing latitudinal temperature gradients (e.g., Nikolaev et al.
1998), increasing vertical water mass stratification, and the
transition to a permanent, continent-wide East Antarctic Ice
Sheet (e.g., Zachos et al. 2001; Miller et al. 2005; Vlastelic et al.
2005). These changes were accompanied by turnover in oceanic
biota, possibly due to increasing vigor of upwelling, increased
nutrient levels and oceanic productivity (e.g., Hallock et al.
1991; Halfar and Mutti 2005). Early Miocene pCO2 levels may
have been similar to pre-industrial ones, as estimated from
alkenone carbon isotopes (Pagani et al. 1999), boron isotopes
(Pearson and Palmer 2000), and leaf stomates (Royer et al.
2001), suggesting ocean circulation might have been at least a
contributing factor in forcing the warm climate.

Substantial changes in circulation, oceanic productivity and the
oceanic carbon cycle may have occurred during the early-mid-
dle Miocene (e.g., Woodruff and Savin 1989; Ramsay et al.
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1998; Sykes et al. 1998; Wright 1998; Wright and Miller 1996;
Lear et al. 2003, 2004; Poore et al. 2006). Benthic foraminiferal
carbon isotope values shifted to more positive values starting at
~19 Ma, peaking between ~16.3 and ~13.5 Ma (Zachos et al.
2001; text-fig. 2). This positive excursion has been linked to or-
ganic carbon deposition in marine sediments around the Pacific
Rim (‘Monterey Event’, Vincent and Berger 1985), or in lig-
nites on land (Föllmi et al. 2005). Biogenic silica deposition
moved from the Atlantic to the Pacific Ocean near the end of
the early Miocene (Baldauf and Barron 1990). Deep-water ex-
change between the Indian and Atlantic Oceans through the
eastern Mediterranean became limited at ~21-19 Ma, with a
shallow connection persisting until ~17 Ma (Harzhauser et al.
2002), and closed by ~14 Ma (Woodruff and Savin 1989). The
closure of the eastern Mediterranean has been argued to have
ended the influx of warm, relatively salty Tethyan Outflow Wa-
ter (TOW, Wright et al. 1992; called Tethyan/Indian Saline
Water [TISW] by Woodruff and Savin 1989) into the north-
western Indian Ocean, with the possible effect of global cool-
ing, but the existence of a significant volume of such outflow
has not been confirmed (Smart et al. 2007).

Formation of Northern Component Water (NCW, a precursor
of North Atlantic Deep Water) has been alleged to have started
at ~19 Ma and reached an early peak at about ~17 Ma (Flower
et al. 1997; Wright and Miller 1996; Wright 1998), but there is
serious doubt about its significant presence before about 12 Ma
(Zachos et al. 2001; Poore et al. 2006). The opening of Drake
Passage and subsequent establishment of the Antarctic Circum-
polar Current (ACC) has been linked to the middle Miocene

global cooling (e.g., Pagani et al. 2000; Vlastelic et al. 2005). A
deep-reaching ACC may be necessary for the formation of
NCW (e.g., Sijp and England 2004), and may not have existed
before ~20 Ma (Anderson and Delaney 2005). Age estimates
for the initiation of the ACC, however, vary from late Miocene
to middle Eocene (e.g., Barker and Thomas 2004).

In conclusion, there is no agreement on early-middle Miocene
ocean circulation patterns and the cause of the rapid middle
Miocene intensification of glaciation. Recent papers argue that
orbitally driven changes in insolation may have been the main
trigger (Abels et al. 2005; Holbourn et al. 2005), reinforcing the
effects of declining levels of atmospheric greenhouses gases
(Holbourn et al. 2005). Presently available records of such
gases do not confirm this hypothesis (Pagani et al. 1999; Zachos
et al. 2001), possibly because of their lack of time resolution
(Holbourn et al. 2005).

We (Smart and Thomas 2006) used information on apertural
morphology, accumulation rates and isotopic composition of
the tests to show that the abundant early Miocene biserial
foraminifera, assigned to the benthic genus Bolivina, are in fact
planktic foraminifera and should be assigned to the genus
Streptochilus. We suggested that the widespread, but not global,
events during which the Streptochilus were abundant may re-
flect vigorous but variable upwelling of nutrient-rich waters, in-
ducing high growth rates of phytoplankton. Export production
as estimated from benthic foraminiferal accumulation rates,
however, was low during episodes of abundant Streptochilus,
possibly because of high regeneration rates of organic matter in
an expanded thermocline. The upwelled waters may have been
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TEXT-FIGURE 1
Occurrence of early Miocene biserial foraminifera. Red squares: S. rockallkiddensis at F: Feni Drift (DSDP Site 610); B: Bay of Biscay (DSDP Sites 400,
548); RP: Rockall Plateau (DSDP Site 608); 563: DSDP Site 563. Blue circles: S. cetacensis at 667: ODP Site 667; and WR: Walvis Ridge (DSDP Site
529; ODP Sites 1264, 1265). Green triangles: S. mascarenensisat WI: Western Indian Ocean (DSDP Site 237, ODP Site 709). No biserial foraminifera
(black squares): CR: Ceara Rise (ODP Site 926) (Smart, unpub. data); MR: Maud Rise (ODP Sites 689, 690) (Thomas 1990); NR: Ninetyeast Ridge
(ODP Site 758) (Thomas, unpub. data); EP: Equatorial Pacific Ocean (DSDP Sites 573, 574, 575) (Thomas 1985). http://www.odsn.de/odsn/ser-
vices/paleomap/paleomap.html. (Modified after Smart and Thomas 2006).



an analog to the present Subantarctic Mode Waters, carrying
nutrients into the eastern Atlantic and western Indian Oceans,
as the result of the initiation of a deep-reaching Antarctic Cir-
cumpolar Current and active Agulhas Leakage, thus vigorous
vertical mixing of nutrient-rich waters in the Southern Oceans,
while there was no significant, continuous inflow of NCW
(Poore et al. 2006).

In this paper we compile information on fossil and living spe-
cies of Streptochilus, describe the morphology of the early Mio-
cene biserial planktic species in detail, and recognize several
species, each with a restricted geographic distribution. The
early Miocene biserial foraminifera described here have aper-
tures similar to those of species described as Streptochilus , with
an internal plate formed by the infolding and downward exten-
sion of one margin of the rimmed aperture (Brönnimann and
Resig 1971; Resig and Kroopnick 1983; Poore and Gosnell
1985; Resig 1989). Their walls are relatively smooth to some-
what granular in the earlier chambers and their chambers are
less globose than in all described species of Streptochilus. Their
morphology varies between sites in the North Atlantic and In-
dian Oceans, and we consider them to belong to three morpho-
logical species that, until now, have not been described.

BISERIAL PLANKTIC FORAMINIFERA

Bi- and triserial planktic foraminifera were common during the
Late Cretaceous, with triserial forms among the rare survivors
of the end Cretaceous mass extinction (e.g., Kroon and
Nederbragt 1990; Olsson et al. 1999). Biserial forms, usually
assigned to the genus Chiloguembelina, were common to abun-
dant in the Paleogene (e.g., Olsson et al. 1999; Huber et al.
2006), and abundant occurrence of such taxa is commonly seen
as reflecting relatively high productivity (e.g., Hallock et al.
1991). The genus Chiloguembelina was generally considered to
have become extinct during the Oligocene, and the genus
Streptochilus was seen as its descendant (Kennett and Srini-
vasan 1983), ranging from late early Miocene through Pleisto-
cene (Brönniman and Resig 1971; Resig 1989). Poore and
Gosnell (1985), however, argued that some species usually as-
signed to Chiloguembelina (e.g., C. martini) should be included
in Streptochilus because of the presence of a toothplate (see be-
low), as agreed by Huber et al. (2006) and Sexton et al. (2006).
Huber at al. (2006) suggested that Streptochilus martini
evolved in the middle Eocene from Chiloguembelina ototara.
There is a stratigraphic gap in the upper Oligocene from which
no biserial planktics have been described (Kennett and
Srinivasan 1983; De Klasz et al. 1989).

The relations of the genus Streptochilus to other genera are not
clear, however, and there is a remarkable morphological resem-
blance between the forms of Streptochilus described below and
the Maastrichtian species Zeauvigerina waiparaensis, espe-
cially the forms called Z. waiparaensis sensu stricto (Huber and
Boersma 1994). There is great similarity in the ontogenetic
chamber morphologies, the adult and pre-adult apertural
morphologies, the toothplate, and the stable isotopic signature.
In addition, Z. waiparaensis is, as the Streptochilus species de-
scribed below, characterized by high morphological variability
and an unusually limited geographic distribution for a planktic
form. If the species Z. waiparaensis with an earliest described
occurrence in the middle Maastrichtian (Huber and Boersma
1994) should be assigned to the genus Streptochilus, the genus
would have a much longer history than recorded by e.g. Huber
et al. (2006). Alternatively, the phylogeny might be more com-

plicated, and evolution of biserial planktic species might have
been polyphyletic (see below).

Several Mio- and Pliocene Streptochilus species were originally
described as Bolivina, until isotope and distributional data were
collected indicating a planktic mode of life, and the name
Streptochilus was used for planktic species, the names Bolivina
and Brizalina reserved for benthic ones (Brönnimann and Resig
1971; Resig and Kroopnick 1983; Resig 1989). Late Eocene
Streptochilus species have stable isotopic signatures similar to
those of the Miocene ones (Sexton et al. 2006), and are charac-
terized by light oxygen isotope values indicating high (surface)
water temperatures. Carbon isotope values, however, are also
light, even lighter than those of benthics in the same samples
(Smart and Thomas 2006). Resig and Kroopnick (1983) argued
that this isotope signature indicated a ‘deep planktonic habitat
within the oxygen minimum layer’, but in such a habitat 18O
values would be much more positive than observed. Nikolaev et
al. (1998) classified Streptochilus as an intermediate-dwelling
species (75–150 m depth). Smart and Thomas (2006) explained
the light carbon isotope signature as resulting from rapid calcifi-
cation in a region with variable upwelling conditions, as such
isotope signatures are seen in Recent surface dwellers in regions
with intermittent upwelling, e.g. monsoonal areas in the Ara-
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TEXT-FIGURE 2
Duration of the high abundance of biserial foraminifera event (yellow
bar), plotted over carbon and oxygen data in Zachos et al. (2001), using
the time scale of Berggren et al. (1995). Age of abundant biserial event at
Site 608 using the time scale of Lourens et al. (2004): 18.9-17.2 Ma
(Lowest Occurrence [LO] of Sphenolithus belemnos at 18.92 Ma, High-
est Occurrence at 17.89 Ma; LO of S. heteromorphus at 17.66 Ma
(Zachos et al. 2004); using the time scale of Berggren et al. (1995):
19.3-17.6 Ma.
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TEXT-FIGURE 3
Scatter plots of length versus maximum width of the three new Streptochilus spp. measured in random samples. Regression lines, equations of lines, co-
efficients of determination (r2) and number (n) of specimens examined are also shown.



bian Sea (e.g., Kroon and Ganssen 1989; Naidu and Niitsuma
2004). Such a habitat would be in agreement with inferences
that Paleogene biserial forms generally indicate eutrophic
conditions (e.g., Hallock et al. 1991; Smart and Thomas 2006).

Streptochilus was thought to be extinct when the genus was first
described (Brönnimann and Resig 1971), but found to be com-
mon (up to 15%) as living forms in plankton tows south of In-
dia, where intermittent upwelling causes highly variable
conditions close to the shelf edge (Kroon and Nederbragt
1990). The spatial and temporal distribution of living Strepto-
chilus are poorly known because they are minute and their size
fraction rarely studied. They were found as rare specimens in
plankton tows in the northern Atlantic and Caribbean (Hem-
leben et al. 1989; Schmuker and Schiebel 2002). According to
Hemleben et al. (1989), Streptochilus globigerus is a deep-
dwelling species in highly productive, commonly coastal wa-
ters, but also occurs as rare forms in the northern Atlantic near
Bermuda, where they consume diatoms, being warm-temperate
forms (Hemleben et al. 1989). Schmuker and Schiebel (2002)
listed S. globigerus as rare in the higher productivity regions of
the eastern Caribbean. Miocene Streptochilus spp. have been
described as tropical to warm-subtropical (Brönnimann and
Resig 1971; Kennett and Srinivasan 1983; Resig 1989), but
they are abundant in few samples (thus reflecting a limited

time-range) from the northernmost Atlantic Ocean (Flower
1999) through the Bahama Bank (Kroon et al. 2000), the equa-
torial western Pacific (Premoli-Silva and Violanti 1981; Resig
1989) and the eastern Indian Ocean (Resig 1989).

Biserial planktic foraminifera have been said to be represented
by only one living species, Streptochilus globigerus (Hemleben
et al. 1989), but there might be more than one morphological
species. Some Streptochilus species have a fairly smooth wall
(e.g., the type species of the genus, S. globulosus). Others have
a macroperforate, cancellate wall, with large pores inside a hex-
agonal system of ridges (e.g., S. globigerus). An extinct species,
S. subglobigerum, was described as being partially cancellate-
walled, but having smooth-walled later chambers (Resig 1989).
Note that the description of macroperforate species as belong-
ing to the genus Streptochilus (Hemleben et al. 1989) could be
seen as problematic, since the genus is classified as micro-
perforate (Huber et al. 2006). Kroon and Nederbragt (1990) ob-
served living species (Streptochilus spp.) south of India, but
they were not named, not described at the species level, and not
figured. De Klasz et al. (1989) named that species S. globulosus ,
a smooth-walled species, which had been thought to have a
Plio-Pleistocene range (Kennett and Srinivasan 1983; Resig
1989). In contrast, Hemleben et al. (1989) and Schmuker and
Schiebel (2002) state that there is only one living species, which
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TABLE 1
Lower Miocene occurrences of high abundances of Streptochilus spp.



they call S. globigerus, a macroperforate species with a
cancellate wall, originally said to have a Mio-Pliocene range
(Kennett and Srinivasan 1983; Resig 1989). None of these au-
thors shows a picture or includes a detailed description, and it
thus is not clear whether there is one living morphological spe-
cies or at least two, one smooth-walled and one cancellate. Liv-
ing Streptochilus specimens collected in the Indian Ocean by
K. Darling (pers. comm., 2005) have a cancellate wall and are
macroperforate, and thus should be assigned to the species S.
globigerus.

In conclusion, we argue that the present taxonomic status of the
genus Streptochilus is not satisfactory, and that there is uncer-
tainty regarding the taxonomic and/or habitat status of biserial
species that have not been studied in detail. It is thus surpris-
ingly difficult to ascertain whether biserial foraminifera are
planktic or benthic based on morphology only. Most biserial
planktics have more inflated chambers than benthics, and pos-
sess a wide, arched aperture without an internal toothplate, as in
Chiloguembelina. The genus Streptochilus, however, is charac-
terized by an aperture bordered by a collar, with a connecting
internal plate superficially resembling the bolivinid toothplate
(e.g., Huber et al. 2006), but this toothplate in Streptochilus
does not extend freely outside the aperture (Brönnimann and
Resig 1971; Resig and Kroopnick 1983; see also Smart and
Thomas 2006). The name Streptochilus was derived from
streptos, Greek () for ‘twisted’ and cheilos , Greek

(for ‘lip’, indicating the change to an inward directed
lip (Brönnimann and Resig 1971). The exact nature of the
toothplate, however, is not easily observed in a light microscope
because of the small size. In addition, in some specimens the
toothplate is missing, and many published figures do not show
this feature. Brönnimann and Resig (1971) did not specify a
wall-type for the genus, and Resig (1989) included both smooth
and cancellate-walled species in the genus. Huber et al. (2006)
said that ‘smooth to granular, rather than pustulose to costate
surface texture’ belongs to the distinguishing feature of the ge-
nus, but since they describe only the Eocene-Oligocene S. mar-
tini they do not discuss the exclusively Neogene cancellate wall
type.

We are of the opinion that there is no solid evidence that a
planktic or benthic lifestyle reflects phylogenetic relationships
of biserial taxa. Non-morphological (e.g., stable isotopic) infor-
mation on lifestyle, as described above, possibly should not be
used in assigning biserial species to a genus, and morphology
might not always be a foolproof way of defining lifestyle. Many
biserial taxa have been assigned to the genera Bolivina or
Brizalina, and thus are assumed to be benthic forms by defini-
tion, not because of the existence of evidence that they actually
live or have lived in a benthic environment. Biserial forms
thought to have been planktic have been seen as a monophyletic
group, with all Cenozoic forms descended from a survivor
group of the Cretaceous-Paleogene extinction (e.g., Kennett and
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PLATE 1
Scanning electron micrographs of Streptochilus rockallkiddensis sp. nov.; 1 holotype; 2-13 paratypes.

Note smooth wall in 2 and 4-7, and varying degrees of granular surface texture in 3, 8-13.
Note parallel-sided shape of 4-6 and 11, and tending to uniserial in 13.

1 a, Side view of holotype, reg. no. BM(NH) PF 67972,
uncoated, note half of test with granular surface tex-
ture and parallel-sided shape, scale bar = 50µm; b, de-
tail of wall, scale bar = 10µm (DSDP 94-608-37X-4,
38-40cm, 343.78 mbsf).

2-13 Side views of paratypes, all uncoated, all scale bars =
50µm;

2 reg. no. BM(NH) PF 67973, from DSDP 94-608-
37X-6, 38-40cm, 346.78 mbsf

3 reg. no. BM(NH) PF 67974, from DSDP 94-608-
37X-4, 38-40cm, 343.78 mbsf

4 reg. no. BM(NH) PF 67975, from DSDP 94-608-
37X-6, 38-40cm, 346.78 mbsf

5 reg. no. BM(NH) PF 67976, from DSDP 94-608-
37X-4, 38-40cm, 343.78 mbsf

6 reg. no. BM(NH) PF 67977, from DSDP 94-608-
37X-6, 38-40cm, 346.78 mbsf

7 reg. no. BM(NH) PF 67978, from DSDP 94-608-
37X-6, 38-40cm, 346.78 mbsf

8 reg. no. BM(NH) PF 67979, from DSDP 94-608-
37X-6, 38-40cm, 346.78 mbsf

9 reg. no. BM(NH) PF 67980, from DSDP 94-608-
37X-4, 38-40cm, 343.78 mbsf;

10 reg. no. BM(NH) PF 67981, from DSDP 94-608-
37X-6, 38-40cm, 346.78 mbsf

11 reg. no. BM(NH) PF 67982, from DSDP 94-608-
37X-6, 38-40cm, 346.78 mbsf

12 reg. no. BM(NH) PF 67983, from DSDP 94-608-
37X-6, 38-40cm, 346.78 mbsf

13 reg. no. BM(NH) PF 67984, from DSDP 94-608-
37X-6, 38-40cm, 346.78 mbsf.
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Srinivasan 1983; De Klasz et al. 1989; Olsson et al. 1999;
Huber et al. 2006). Benthic biserial specimens assigned to the
genus Bolivina, however, are commonly seen in plankton tows
(Lidz 1966; Hueni et al. 1978, D. Kroon, pers. comm.. 2005; R.
Schiebel, pers. comm. 2005), and are abundant among species
transported off the shelves into open ocean during storms (e.g.,
Brunner and Biscaye 1997). Some of the shelf dwelling
Bolivina, e.g., Bolivina variabilis (Williamson 1858) have
cancellate walls resembling those of S. globigerus, with large
pores in hexagonal depressions. The exact shape of the aperture
of this species and its toothplate have not been described, be-
cause the type figure of B. variabilis shows an aperture without
a toothplate: either the figure is incorrect or the toothplate has
been broken. A plesiotype at the Smithsonian Museum of Natu-
ral History (Washington DC, USA; Cushman Collection #
23807) also lacks the toothplate. This species therefore could be
a Streptochilus rather than a Bolivina, with its apertural struc-
ture strongly resembling that of Streptochilus in photographs of
some specimens assigned to this species (Murray 1971;
Boltovskoy et al. 1980). Since details of toothplates have not
been commonly described, biserial benthic species might have
different types of toothplate, and the toothplate type described
in the type species of Streptochilus could thus possibly occur in
some benthic species. The genus Laterostomella has an aper-
ture similar to that of Streptochilus, and at least some species
placed in this genus have a macro-perforate, cancellate wall (De
Klasz et al. 1989). Loeblich and Tappan (1987) considered
Laterostomella to be a morphological synonym of Strepto-

chilus, but oxygen isotope data indicate it had a benthic life
style, the reason for De Klasz et al. (1989) to argue that this
name can not be synonymous to the planktic Streptochilus .

As mentioned above, we are not fully convinced that this argu-
ment from habitat (rather than from morphology) is valid. It
could be speculated that at least some bolivinids might live
tychopelagically as some diatom species do, rather than exclu-
sively as part of the benthos. If this is correct, benthic specimens
of Bolivina swept out to the open ocean might survive and live
and even reproduce within the planktic habitat, hence having a
planktic lifestyle as indicated by their oxygen isotopic and trace
element signature. Such bolivinids, a group generally adapted to
high-food conditions (e.g., Jorissen et al., in press), would be
expected to be most successful in survival in regions with a high
food supply, i.e., upwelling regions. One taxonomic group (e.g.,
Bolivina) would then have either a benthic or a planktic life-
style, depending upon the circumstances. One could go a step
further in speculation, and argue that a planktic-living popula-
tion could survive and evolve into a purely planktic species. In
that case, there might be no close phylogenetic linkage between
different biserial planktic groups, with polyphyletic evolution
of planktic from benthic biserial groups occurring several times,
thus explaining such a feature as the lack of biserial taxa in the
late Oligocene. If such were true, taxonomic affiliation may not
give clear information on planktic or benthic status. We argue
that more detailed, morphological as well as stable isotopic in-
vestigations are needed, in addition to genetic investigations of

80

C. W. Smart and E. Thomas: Emendation of the genus Streptochilus and new species from the lower Miocene, Atlantic and Indian Oceans

PLATE 2
Scanning electron micrographs of Streptochilus rockallkiddensis sp. nov.; paratypes.

1 Side view of paratype (reg. no. BM(NH) PF 67985),
uncoated, note elongate shape becoming uniserial,
scale bar = 50µm (DSDP 94-608-37X-4, 38-40cm,
343.78 mbsf).

2 Side view of paratype (reg. no. BM(NH) PF 67986),
uncoated, note becoming uniserial towards apertural
end, scale bar = 50µm (DSDP 94-608-37X-4,
38-40cm, 343.78 mbsf).

3 a, Edge view of paratype (reg. no. BM(NH) PF
67987), uncoated, showing aperture, scale bar =
50µm; b, detail of aperture showing infolded rimmed
margin, scale bar = 10µm (DSDP 94-608-37X-6,
38-40cm, 346.78 mbsf).

4 a, Edge view of paratype (reg. no. BM(NH) PF
67988), uncoated, showing aperture, scale bar =
50µm; b, detail of aperture, scale bar = 10µm (DSDP
94-608-37X-6, 38-40cm, 346.78 mbsf).

5 a, Edge view of paratype (reg. no. BM(NH) PF
67989), uncoated, showing aperture, scale bar =
50µm; b, detail of aperture, note thickened rim of final
chamber, scale bar = 10µm (DSDP 94-608-37X-6,
38-40cm, 346.78 mbsf).

6 a, Edge view of paratype (reg. no. BM(NH) PF
67990), gold coated, showing aperture, scale bar =
50µm; b, detail of aperture, note aperture obscured by
thickening and thickened rim of final chamber, scale
bar = 10µm (DSDP 94-608-37X-6, 38-40cm, 346.78
mbsf).

7 a, Oblique view of paratype (reg. no. BM(NH) PF
67991), gold coated, showing aperture, scale bar =
50µm; b, detail of aperture, note aperture obscured by
thickening and thickened rim of final chamber, scale
bar = 10µm (DSDP 94-608-37X-6, 38-40cm, 346.78
mbsf).
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living biserial taxa, in order to solve the question of phylogen-
etic relations between biserial taxa, and whether biserial
planktic foraminifera constitute a monophyletic group. Such in-
formation is also needed in order to solve the question whether
detailed morphological information can be sufficient to deter-
mine the planktic or benthic lifestyle of biserial taxa, or whether
this must be resolved by non-morphological (e.g., stable
isotopic) data.

METHODS

For each sample, foraminifers were picked from the >63µm
size-fraction, because Streptochilus spp. are absent in larger
size-fractions. A random sample of specimens was chosen for
size measurements. Specimen length, width and thickness were
determined using a micrometer eyepiece (accuracy 10µm) fitted
to a reflected-light microscope. For scanning electron micro-
scope (SEM) analysis, specimens were mounted on small metal
stubs with gummed adhesives and, in some cases, were sput-
ter-coated with a thin layer of gold. Specimens were studied
and photographed using a JEOL JSM-5600LV SEM at the Uni-
versity of Plymouth, UK. Gold-coated specimens were ob-
served in high vacuum mode and uncoated specimens were
examined in low vacuum mode. Specimens to be sectioned
were embedded in epoxy resin and set. They were then
manually polished and studied in low vacuum mode under the
SEM.

Light photograph digital images were taken of various speci-
mens by A. S. Henderson at the Natural History Museum, Lon-
don. High-resolution digital photography and an image
manipulation application are used to produce focused (and

color) composite images of specimens. This technique (known
as PalaeoVision), developed at the Natural History Museum,
London, UK, provides detailed digital images that closely rep-
resent how the specimens look under a light microscope (e.g.,
Holbourn and Henderson 2002). Apart from one specimen
(plate 7, fig. 11b), the specimens were too small to obtain clear
focused images. All type specimens are deposited in the Depart-
ment of Palaeontology, The Natural History Museum,
Cromwell Road, London, UK.

SYSTEMATIC DESCRIPTIONS

The suprageneric classification scheme follows Loeblich and
Tappan (1992).

Class FORAMINIFEREA Lee 1990
Order GLOBIGERINIDA Lankester 1885 (as Globigerinidea;

nom. corr. Calkins 1909)
Superfamily HETEROHELICACEA Cushman 1927
Family CHILOGUEMBELINIDAE Reiss 1963

Genus Streptochilus Brönnimann and Resig 1971, emend. Smart
and Thomas this paper

We propose that the original description of Streptochilus given
by Brönnimann and Resig (1971) should be emended as fol-
lows, due to features of the new species S. rockallkiddensis (see
below), i.e. the test may become staggered uniserial, and the ap-
erture may be obscured by a thickening of the wall including the
rim of the aperture:
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PLATE 3
Scanning electron micrographs of Streptochilus rockallkiddensis sp. nov.; paratypes.

1 a, Oblique view of paratype (reg. no. BM(NH) PF
67992), gold coated, showing aperture, scale bar =
50µm; b, detail of aperture, note aperture obscured by
thickening and thickened rim of final chamber, scale
bar = 10µm (DSDP 94-608-37X-6, 38-40cm, 346.78
mbsf).

2 a, Edge view of paratype (reg. no. BM(NH) PF
67993), gold coated, showing aperture, scale bar =
50µm; b, detail of aperture, note aperture obscured
somewhat by thickening and thickened rim of final
chamber, scale bar = 10µm (DSDP 94-608-37X-6,
38-40cm, 346.78 mbsf).

3 a, Edge view of paratype (reg. no. BM(NH) PF
67994), gold coated showing aperture, note slight
twisting, scale bar = 50µm; b, detail of aperture, note
thickened rim of final chamber, scale bar = 10µm
(DSDP 94-608-37X-6, 38-40cm, 346.78 mbsf).

4 a, Edge view of paratype (reg. no. BM(NH) PF
67995), dissected specimen, gold coated, scale bar =
50µm; b, detail of aperture, note internal plate con-
necting with apertural rim, scale bar = 10µm (DSDP
94-608-37X-6, 38-40cm, 346.78 mbsf).

5 a, Oblique view of paratype (reg. no. BM(NH) PF
67996), dissected specimen, gold coated, scale bar =
50µm; b, detail of aperture, note internal plate con-
necting with apertural rim, scale bar = 10µm (DSDP
94-608-37X-6, 38-40cm, 346.78 mbsf).

6 a, Edge view of paratype (reg. no. BM(NH) PF
67997), dissected specimen, gold coated, scale bar =
50µm; b, detail of aperture, note internal plate con-
necting with apertural rim, scale bar = 10µm (DSDP
94-608-37X-6, 38-40cm, 346.78 mbsf).
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Test biserial, may become staggered uniserial, sometimes
twisted; wall calcareous, perforate; aperture a high arch, eccen-
tric in position, extending from the base of the last chamber
onto the apertural face. On the outside margin, a collar borders
the aperture. Near the base of the inside margin, the collar and
apertural edge are turned inward, producing a plate-like con-
nection with the proximal margin of the collar of the previous
aperture. Aperture may be obscured by a thickening of the wall
including the rim of the aperture. The length of the test varies
between 75 and 300m.

Streptochilus rockallkiddensis Smart and Thomas n. sp.
Plates 1-5

Bolivina sp. 9 – POAG and LOW 1985, pl. 1, figs. 16-18
Bolivina spathulata (Williamson). – THOMAS 1987, Tables 1-2
Bolivina sp. – SMART AND MURRAY 1994, fig. 2, no. 1. – SMART

and RAMSAY 1995, fig. 2

Diagnosis. Test small, elongate, laterally slightly compressed,
biserial becoming staggered uniserial, commonly rectilinear
and often narrower towards apertural end, aperture with thick-
ened rim and often obscured, surface ornamentation varying
from smooth to granular.

Description. Test small, elongate, laterally slightly compressed,
periphery rounded and non-lobulate, shape variable, commonly
elongate, parallel-sided and rectilinear, occasionally flared, in
some elongate specimens the later formed part of the test may
narrow towards the apertural end, biserial tending to staggered
uniserial in some elongate specimens, rarely twisted; most
specimens have 6 pairs of chambers but the number of pairs
varies from 5-8 or more, chambers increase regularly in size as
added, slightly wider than high, initial chambers small and of-
ten obscured by granular surface ornamentation; sutures

slightly curved and depressed; final chamber often has thick-
ened rim; aperture low-arch shaped, offset to one side of test,
with an internal plate formed by the infolding and downward
extension of one margin of the rimmed aperture, often small and
obscured by thickening; wall uniformly very finely perforate,
surface ornamentation varies from smooth to finely granular to
coarsely granular and, where present, ornamentation constitutes
half or more of the test occurring from proloculus towards
apertural end; no obvious differences between micro- and
megalospheric specimens.

Dimensions. Length, 260-130µm (mean 187µm, St. Dev. 28, n =
115); maximum width, 100-70µm (mean 84 µm, St. Dev. 6, n =
115); thickness, 70-60µm (mean 63 µm, St. Dev. 4, n = 20).

Etymology. Named after the area where it has been found, i.e.
Rockall Plateau, NE Atlantic Ocean and in honor of the late
Professor Robert B. Kidd (1947-1996), a marine geologist and
colleague who was one of the co-chief scientists on DSDP Leg
94 responsible for drilling DSDP Site 608, the site from which
the highest abundances of the species have been reported to
date.

Type locality and distribution. Lower Miocene, NE Atlantic
Ocean, DSDP Site 608. Also reported from North Atlantic
DSDP Sites 400, 548, 563 and 610 (Table 1).

Type specimens. The figured holotype, figured paratypes and
unfigured paratypes are deposited in the Department of Palae-
ontology, The Natural History Museum, Cromwell Road, Lon-
don, UK. The holotype (reg. no. BM(NH) PF 67972) is from
DSDP 94-608-37X-4, 38-40cm, 343.78 mbsf [Deep Sea Drill-
ing Project Leg-Hole-Core-Section-Interval, meters below sea
floor] (Plate 1, Fig. 1a,b). All other examined and illustrated
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PLATE 4
Scanning electron micrographs of Streptochilus rockallkiddensis sp. nov.; paratypes.

1 a, Edge view of paratype (reg. no. BM(NH) PF
67998), dissected specimen, gold coated, scale bar =
50µm; b, detail of aperture, note internal plate con-
necting with apertural rim, scale bar = 10µm (DSDP
94-608-37X-6, 38-40cm, 346.78 mbsf).

2 a, Side view of paratype (reg. no. BM(NH) PF 67999),
gold coated, note smooth wall, scale bar = 50µm; b,
detai l of wal l , scale bar = 10µm (DSDP
94-608-37X-6, 38-40cm, 346.78 mbsf).

3 a, Side view of paratype (reg. no. BM(NH) PF 68000),
gold coated, note smooth wall, scale bar = 50µm; b,
detail of wall, scale bar = 10µm; c, greater detail of
wall showing fine pores, scale bar = 5µm (DSDP
94-608-37X-6, 38-40cm, 346.78 mbsf).

4 a, Side view of paratype (reg. no. BM(NH) PF 68001),
gold coated, note coarse granular wall texture, scale
bar = 50µm; b, detail of wall, scale bar = 10µm; c,
greater detail of wall, scale bar = 5µm (DSDP
94-608-37X-6, 38-40cm, 346.78 mbsf).

5 a, Side view of paratype (reg. no. BM(NH) PF 68002),
gold coated, note granular wall texture, scale bar =
50µm; b, detail of wall, scale bar = 10µm (DSDP
94-608-37X-6, 38-40cm, 346.78 mbsf).

6 a, Side view of paratype (reg. no. BM(NH) PF 68003),
gold coated, note granular wall texture, scale bar =
50µm; b, detail of wall, scale bar = 10µm (DSDP
94-608-37X-6, 38-40cm, 346.78 mbsf).
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specimens are designated paratypes (reg. no. BM(NH) PF
67973-68061, BM(NH) PF 68192-68221) and are from DSDP
94-608-37X-4, 38-40cm, 343.78 mbsf; DSDP 94-608-37X-6,
38-40cm, 346.78 mbsf; and DSDP 82-563-11-5, 19-21cm,
257.69 mbsf (Plate 1, Figs. 2-13; Plates 2-5).

Remarks. The granular surface texture displayed by a high pro-
portion of specimens can be difficult to discern under a light
microscope, but becomes clear when specimens are viewed un-
der a SEM. The degree of roughness of the test varies from
specimen to specimen and from sample to sample. In the speci-
mens examined from Site 608, the percentage of roughened
specimens varies from ~68% (sample DSDP 608-37X-4,
38-40cm, n = 110) to ~37% (sample DSDP 608-37X-6,
38-40cm, n = 115). Specimens from DSDP Sites 400 and 563
often have a roughened appearance. Typically the roughened
appearance makes up half of the test, although in some speci-
mens this may be one-third, two-thirds, three-quarters or more
of the test. The number of parallel-sided and flared tests varies
between specimens and between samples, although paral-
lel-sided individuals are generally more common. The rough-
ened appearance obscures the chambers, although these are
discernible when specimen is wetted.

Streptochilus rockallkiddensis sp. nov. closely resembles
Bolivina sp. 9 of Poag and Low (1985, pl. 1, figs 16, 17, 18) re-
ported from DSDP Site 548. Their illustrations clearly show the
variability of test roughness ranging from smooth (pl. 1, fig.
16), to one-third roughened (pl. 1, fig. 17) to three-quarters
roughened (pl. 1, fig. 18).

Thomas (1986, 1987) referred to Streptochilus rockallkiddensis
sp. nov. as Bolivina spathulata (Williamson). A specimen from
Site 563 has been illustrated in Smart and Murray (1994, Fig. 2,
1) and Smart and Ramsay (1995, Fig. 2). For a description of

the differences between the three new Miocene Streptochilus
spp., see differential analysis (below).

Streptochilus cetacensis Smart and Thomas n. sp.
Plates 6-11

Bolivina sp. – SMART and MURRAY 1994, fig. 2, no. 2, – SMART
and RAMSAY 1995, fig. 2

Streptochilus sp. – SMART and THOMAS 2006, fig. 2, A, B

Diagnosis. Test elongate, laterally slightly compressed, flared
and typically ‘triangular’ in shape with curved and depressed
sutures, with many specimens covered with evenly distributed
pores.

Description. Test small to medium sized, elongate, increasing
regularly in size, flared and typically ‘triangular’ in shape, later-
ally slightly compressed, periphery broadly rounded to some-
what lobulate, sometimes twisted, biserial; 5-8 pairs of
chambers, slightly inflated, wider than high, increasing regu-
larly in size as added; sutures curved and depressed; aperture
high arch-shaped, offset slightly to one side of test, extending
from the base of the last chamber onto apertural face, bordered
by a thickened rim/collar along the top and outer side of the
arch, the opposite side is turned inward to a plate connecting
with the top of the collar and the inturned portion of the preced-
ing foramen; wall smooth to finely granular, commonly af-
fected by dissolution, finely perforate although mostly obscured
by dissolution, chambers often show numerous, small pores
evenly distributed over test, in some specimens enlarged by dis-
solution; no obvious differences between micro- and
megalospheric specimens.

Dimensions. Specimens at the two sites (529 and 1264) on
Walvis Ridge: length, 300-120µm (mean 188µm, St. Dev. 39, n
= 249); maximum width, 180-80µm (mean 114µm, St. Dev. 19,
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PLATE 5
Scanning electron micrographs of Streptochilus rockallkiddensis sp. nov.; paratypes.

1 a, Side view of paratype (reg. no. BM(NH) PF 68004),
gold coated, note granular wall texture, scale bar =
50µm; b, detail of wall, scale bar = 10µm (DSDP
94-608-37X-6, 38-40cm, 346.78 mbsf).

2 a, Side view of paratype (reg. no. BM(NH) PF 68005),
gold coated, note granular wall texture, scale bar =
50µm; b, detail of wall, scale bar = 10µm (DSDP
94-608-37X-6, 38-40cm, 346.78 mbsf).

3 a, Side view of paratype (reg. no. BM(NH) PF 68204),
polished microspheric specimen, uncoated, scale bar
= 50µm; b, detail of initial part, scale bar = 10µm
(DSDP 94-608-37X-4, 38-40cm, 343.78 mbsf).

4 a, Side view of paratype (reg. no. BM(NH) PF 68206),
polished microspheric specimen, uncoated, scale bar
= 50µm; b, detail of initial part, scale bar = 10µm
(DSDP 94-608-37X-4, 38-40cm, 343.78 mbsf).

5 Side view of paratype (reg. no. BM(NH) PF 68200),
polished megalospheric specimen, uncoated, scale bar
= 50µm (DSDP 94-608-37X-4, 38-40cm, 343.78
mbsf).

6 Side view of paratype (reg. no. BM(NH) PF 68203),
polished microspheric specimen, uncoated, scale bar
= 50µm (DSDP 94-608-37X-4, 38-40cm, 343.78
mbsf).
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n = 249); thickness, 75-50µm (mean 62 µm, St. Dev. 6, n = 40).
Specimens at Site 667: length, 230-120µm (mean 157µm, St.
Dev. 21, n = 105); maximum width, 120-80 µm (mean 91 µm,
St. Dev. 10, n = 105); thickness, 65-45 µm (mean 55 µm, St.
Dev. 6, n = 20).

Etymology. Named after the Latin for a large marine animal
such as a whale, cetus, after the area where it has been found
(Walvis Ridge [Walvis = Dutch for whale], SE Atlantic Ocean,
ODP Sites 1264 and 1265 and DSDP Site 529).

Type locality and distribution. Lower Miocene, SE Atlantic
Ocean, ODP Site 1264 (Table 1); equatorial Atlantic Ocean,
ODP Site 667.

Type specimens. The figured holotype, figured paratypes and
unfigured paratypes are deposited in the Department of Palae-
ontology, The Natural History Museum, Cromwell Road, Lon-
don, UK. The holotype (reg. no. BM(NH) PF 68062) is from
ODP 208-1264B-21-1, 78-80cm, 210.60 mcd [Ocean Drilling
Program Leg-Hole-Core-Section-Interval, meters coring depth]
(Plate 6, Fig. 1a,b). All other examined and illustrated speci-
mens are designated paratypes (reg. no. BM(NH) PF
68063-68151, BM(NH) PF 68222-68251) and are from ODP
208-1264B-21-1, 78-80cm, 210.60 mcd; DSDP 74-529-8-4,
72-74cm, 70.72 mbsf [Deep Sea Drilling Project
Leg-Hole-Core-Section-Interval, meters below sea floor];
DSDP 74-529-8-3, 74-76cm, 69.24 mbsf; and ODP
108-667A-22H-7, 6-8cm, 200.36 mbsf (Plate 6, Figs. 2-11;
Plates 7-11).

Remarks. Dissolution of tests commonly obscures detail; fine
pores observable in later chambers unaffected by dissolution.
Specimen size is variable with some specimens being relatively
large, e.g., in sample DSDP 74-529-8-3, 74-76cm (69.24 mbsf)

the size of the specimens examined was: length, 300-130µm
(mean 211µm, St. Dev. 38, n = 62); maximum width, 180-80µm
(mean 131µm, St. Dev. 19, n = 62). In contrast, specimens in
sample DSDP 74-529-8-4, 72-74cm (70.72 mbsf) were consis-
tently smaller: length, 260-130µm (mean 168µm, St. Dev. 29, n
= 69); maximum width, 140-80µm (mean 107µm, St. Dev. 17, n
= 69). Specimens from Site 667 (equatorial Atlantic Ocean) are
overall smaller (text-fig. 3d) than those from the Walvis Ridge
sites, and tend to have pores over all chambers of the test. We
have included specimens from this location in S. cetacensis be-
cause they resemble the specimens from Walvis Ridge strongly,
and the differences in size and pore distribution and size might
be due to differential dissolution. Detailed morphological infor-
mation from more locations is necessary in order to evaluate
whether the equatorial group could be a different morphological
species, or whether the variability is within the intra-group
morphological variability of the species within the larger
geographic region.

Streptochilus cetacensis sp. nov. resembles Streptochilus sp.
aff. S. martini (Pijpers) as illustrated in Poore and Gosnell
(1985; Plate 1, figs. 8-16). Streptochilus cetacensis resembles
Streptochilus globulosum (Cushman), but the latter is much
more globose. Originally, the size of the holotype (Holotype
USNM26172 in the Smithsonian Museum of Natural History,
USA) was given as: length, 700µm; width, 400µm; thickness,
150µm (Cushman 1933), which would have been much larger
than our species, but these measurements were incorrect; the
size of the holotype is length, 300µm and width, 130µm
(Cushman et al. 1954), as checked by E. Thomas. For a descrip-
tion of the differences between the three new Miocene
Streptochilus spp., see differential analysis (below).

Streptochilus mascarenensis Smart and Thomas n. sp.
Plates 12-13
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PLATE 6
Scanning electron micrographs of Streptochilus cetacensis sp. nov.; 1 holotype, 2-11 paratypes.

All specimens are from ODP 208-1264B-21-1, 78-80cm, 210.60 mcd.

1 a, Side view of holotype, reg. no. BM(NH) PF 68062,
uncoated, scale bar = 50µm; b, detail of wall, scale bar
= 10µm (ODP 208-1264B-21-1, 78-80cm, 210.60
mcd);

2-11 Side views of paratypes, uncoated, all scale bars = 50µm
2 reg. no. BM(NH) PF 68063;

3 reg. no. BM(NH) PF 68064;

4 reg. no. BM(NH) PF 68065, slightly curved speci-
men;

5 reg. no. BM(NH) PF 68066;

6 reg. no. BM(NH) PF 68067;

7 reg. no. BM(NH) PF 68068;

8 reg. no. BM(NH) PF 68069;

9 reg. no. BM(NH) PF 68070;

10 reg. no. BM(NH) PF 68071, slightly curved speci-
men;

11 reg. no. BM(NH) PF 68072, slightly curved specimen.
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Bolivina sp. – SMART 2002, fig. 3.1, no. 2
Streptochilus sp. – SMART and THOMAS 2006, fig. 2, C, D

Diagnosis. Test small, elongate, laterally compressed, com-
monly flared with distinct chambers and curved and depressed
sutures.

Description. Test small, elongate, increasing regularly in size,
flared and occasionally almost parallel-sided, laterally com-
pressed, periphery broadly rounded and lobulate, rarely twisted,
biserial; 5-7 pairs of chambers, wider than high, increasing
gradually in size as added; sutures distinct, curved and slightly
depressed; aperture high arch-shaped, offset slightly to one side
of test, extending from the base of the last chamber onto aper-
tural face, bordered by a thickened rim/collar along the top and
outer side of the arch, the opposite side is turned inward to a
plate connecting with the top of the collar and the inturned por-
tion of the preceding foramen; wall smooth to finely granular,
very finely perforate; no obvious differences between micro-
and megalospheric specimens.

Dimensions. Length, 260-110µm (mean 169µm, St. Dev. 30, n
= 106); maximum width, 120-80µm (mean 98µm, St. Dev. 8, n
= 106); thickness, 60-45µm (mean 50µm, St. Dev. 3, n = 20).

Etymology. Named after the area where it has been found, i.e.
the Mascarene Plateau, NW Indian Ocean (DSDP Site 237).

Type locality and distribution. Lower Miocene, NW Indian
Ocean, DSDP Site 237 (Table 1). Also reported from ODP Site
709.

Type specimens. The figured holotype, figured paratypes and
unfigured paratypes are deposited in the Department of Palae-
ontology, The Natural History Museum, Cromwell Road, Lon-
don, UK. The holotype (reg. no. BM(NH) PF 68152) is from

DSDP 24-237-18-6, 69-71cm, 166.69 mbsf [Deep Sea Drilling
Project Leg-Hole-Core-Section-Interval, meters below sea
floor] (Plate 12, Figs. 1a,b,c). All other examined and illustrated
specimens are designated paratypes (reg. no. BM(NH) PF
68153-68191, BM(NH) PF 68252-68279) and are from DSDP
24-237-18-3, 72-74cm, 162.22 mbsf; and DSDP 24-237-18-6,
69-71cm, 166.69 mbsf (Plate 12, Figs. 2-8; Plate 13).

Remarks. Streptochilus mascarenensis sp. nov. was called
Bolivina sp. and specimens from DSDP Site 237 are illustrated
in Smart (2002, Fig. 3.1, 2) and Smart and Thomas (2006, fig. 2,
C, D). For a description of the differences between the three
new Miocene Streptochilus spp., see differential analysis
(below).

DIFFERENTIAL ANALYSIS

Early Miocene Streptochilus spp. occurred coevally at various
sites in the Atlantic and Indian Oceans, but the species differ
morphologically from site to site. Streptochilus rockall-
kiddensis sp. nov. is the most variable species and differs from
all other species in its typically parallel-sided/rectilinear shape
which often narrows towards the apertural end, the tendency to
become staggered uniserial, and thickening of the wall includ-
ing the rim of the aperture which may obscure the aperture. The
variability of surface ornamentation is a feature of this species
which varies from smooth to granular, the granular nature con-
stituting typically half or more of the test occurring from
proloculus to apertural end.

Streptochilus mascarenensis sp. nov. closely resembles Strepto-
chilus cetacensis, but Streptochilus mascarenensis sp. nov. is
consistently more laterally compressed (thickness 50µm com-
pared with 62µm), its periphery is more lobulate, and its pores
are smaller. Streptochilus cetacensis sp. nov. is typically ‘trian-
gular’ in shape and flared, and is clearly different from S.
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PLATE 7
Scanning electron micrographs of Streptochilus cetacensis sp. nov.; paratypes.

1 Side view of paratype (reg. no. BM(NH) PF 68073),
uncoated, slightly twisted specimen, scale bar = 50µm
(ODP 208-1264B-21-1, 78-80cm, 210.60 mcd).

2 Side view of paratype (reg. no. BM(NH) PF 68074),
uncoated, twisted specimen, scale bar = 50µm (ODP
208-1264B-21-1, 78-80cm, 210.60 mcd).

3-11 Side views of paratypes, all uncoated, all scale bars =
50µm;

3 reg. no. BM(NH) PF 68075, from DSDP 74-529-8-4,
72-74cm, 70.72 mbsf;

4 reg. no. BM(NH) PF 68076, from DSDP 74-529-8-4,
72-74cm, 70.72 mbsf;

5 slightly twisted specimen, reg. no. BM(NH) PF
68077, from DSDP 74-529-8-4, 72-74cm, 70.72
mbsf;

6 reg. no. BM(NH) PF 68078, from DSDP 74-529-8-4,
72-74cm, 70.72 mbsf;

7 reg. no. BM(NH) PF 68079, from DSDP 74-529-8-4,
72-74cm, 70.72 mbsf;

8 reg. no. BM(NH) PF 68080, from DSDP 74-529-8-3,
74-76cm, 69.24 mbsf;

9 reg. no. BM(NH) PF 68081, from DSDP 74-529-8-3,
74-76cm, 69.24 mbsf;

10 curved specimen, reg. no. BM(NH) PF 68082, from
DSDP 74-529-8-4, 72-74cm, 70.72 mbsf;

11 a, SEM micrograph and b, light photograph (using
PalaeoVision System) of same specimen; reg. no.
BM(NH) PF 68083, from DSDP 74-529-8-4,
72-74cm, 70.72 mbsf.
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rockallkiddensis sp. nov. (text-fig. 3). Specimens of S.
cetacensis at Site 667 are overall smaller than those from the
southeastern Atlantic (Sites 529 and 1264) (text-fig. 3), and
have distinctive pores over all chambers of the test. The differ-
ences in pore distribution and size of S. cetacensis between the
equatorial Atlantic specimens (Site 667) and southeastern At-
lantic specimens might be due to differential dissolution.
Streptochilus cetacensis sp. nov. closely resembles S. mas-
carenensis sp. nov., but S. cetacensis sp. nov. is consistently
less laterally compressed (thickness 62µm compared with
50µm), becomes thicker towards the apertural end, its periphery
is less lobulate, and is more ‘triangular’ in shape. S. mascar-
enensis sp. nov. is clearly different from S. rockallkiddensis sp.
nov. in its general shape, its more pronounced chambers, and
absence of a coarsely roughened test. For all three new species,
differentiating between microspheric and megalospheric speci-
mens in non-sectioned specimens is often unclear and specula-
tive, although in sectioned/polished specimens it is possible to
distinguish between specimens that have relatively small
(microspheric) or large (megalospheric) proloculi.

CONCLUSIONS

Several morphological species of Streptochilus (Foraminifera)
occur in the lower Miocene in the eastern Atlantic and western
Indian Oceans (18.9-17.2 Ma in the Lourens et al. 2004 time
scale; 19.3-17.6 Ma in the Berggren et al. 1995 time scale).
They had previously been assigned to the benthic genus
Bolivina, but evidence on their apertural morphology, together
with accumulation rate data and isotopic composition show that
they lived as plankton, and should be assigned to the planktic
genus Streptochilus (Smart and Thomas 2006). Three new spe-
cies are described, illustrated and named: S. rockallkiddensis
sp. nov. (from the northeastern Atlantic), S. cetacensis sp. nov.

(from the equatorial and southeastern Atlantic), and S.
mascarenensis sp. nov. (from the western equatorial Indian
Oceans). The description of the genus Streptochilus is emended
to include the observation that in some specimens of S.
rockallkiddensis sp. nov. the test occasionally becomes stag-
gered uniserial, typically parallel-sided/rectilinear in shape and
the aperture is often obscured by a thickening of the wall includ-
ing the rim of the aperture. The three species occurred in differ-
ent regions of the oceans during the same short period of time
(18.9-17.2 Ma) which suggests that they may have evolved (ei-
ther from biserial planktic or from benthic ancestors)
polyphyletically. If they evolved from benthic ancestors, e.g.,
from specimens swept out to sea during storms, their evolution
may have been made possible by relatively eutrophic conditions
in the surface waters (Smart and Thomas 2006), during which
there were high algal growth rates but low transport efficiency
of organic matter to the sea floor, possibly in a deep
thermocline. There are no modern analog environments over
such large areas of the eastern Atlantic and western Indian
Oceans.
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PLATE 8
Scanning electron micrographs of Streptochilus cetacensis sp. nov.; paratypes.

1 a, Edge view of paratype (reg. no. BM(NH) PF
68084), uncoated, scale bar = 50µm; b, detail of aper-
ture showing infolded rimmed margin, scale bar =
10µm (DSDP 74-529-8-4, 72-74cm, 70.72 mbsf).

2 a, Oblique view of paratype (reg. no. BM(NH) PF
68085), uncoated, scale bar = 50µm; b, detail of aper-
ture showing rimmed margin, scale bar = 10µm
(DSDP 74-529-8-4, 72-74cm, 70.72 mbsf).

3 a, Oblique view of paratype (reg. no. BM(NH) PF
68086), gold coated, scale bar = 50µm; b, detail of ap-
erture showing infolded rimmed margin, scale bar =
10µm; c, detail of wall showing fine granular texture
and smal l pores , scale bar = 10µm (ODP
208-1264B-21-1, 78-80cm, 210.60 mcd).

4 a, Edge view of paratype (reg. no. BM(NH) PF
68087), dissected specimen, gold coated, scale bar =
50µm; b, detail of aperture, note internal plate con-
necting with apertural rim, scale bar = 10µm (ODP
208-1264B-21-1, 78-80cm, 210.60 mcd).

5 a, Oblique view of paratype (reg. no. BM(NH) PF
68088), dissected specimen, gold coated, scale bar =
50µm; b, detail of aperture, note internal plate con-
necting with apertural rim, scale bar = 10µm (ODP
208-1264B-21-1, 78-80cm, 210.60 mcd).

6 a, Side view of paratype (reg. no. BM(NH) PF 68089),
uncoated, scale bar = 50µm; b, detail of wall showing
fine granular texture and small pores, scale bar =
10µm (ODP 208-1264B-21-1, 78-80cm, 210.60
mcd).
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PLATE 9
Scanning electron micrographs of Streptochilus cetacensis sp. nov.; paratypes.

1 a, Side view of paratype (reg. no. BM(NH) PF 68090),
uncoated, scale bar = 50µm; b, detail of wall showing
fine granular texture and small pores, scale bar =
10µm (DSDP 74-529-8-3, 74-76cm, 69.24 mbsf).

2 a, Side view of paratype (reg. no. BM(NH) PF 68224),
polished megalospheric specimen, uncoated, scale bar
= 50µm; 3b detail of initial part, scale bar = 10µm
(ODP 208-1264B-21-1, 78-80cm, 210.60 mcd).

3 a, Side view of paratype (reg. no. BM(NH) PF 68235),
polished microspheric specimen, uncoated, scale bar
= 50µm; b, detail of initial part, scale bar = 10µm
(ODP 208-1264B-21-1, 78-80cm, 210.60 mcd).

4-5 Side views of paratypes (4 reg. no. BM(NH) PF
68227, 5 reg. no. BM(NH) PF 68232), polished
megalospheric specimens, uncoated, scale bars =
50µm (ODP 208-1264B-21-1, 78-80cm, 210.60
mcd).
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PLATE 10
Scanning electron micrographs of Streptochilus cetacensis sp. nov.; paratypes.

All specimens are from ODP 108-667A-22H-7, 6-8cm, 200.36 mbsf.

1 a, Side view of paratype (reg. no. BM(NH) PF 68122),
uncoated, scale bar = 50µm; b, detail of wall showing
pores, scale bar = 10µm.

2-7 Side views of paratypes, all uncoated..
2 reg. no. BM(NH) PF 68123, scale bar = 50µm;

3 reg. no. BM(NH) PF 68124, scale bar = 50µm;

4 reg. no. BM(NH) PF 68125, scale bar = 50µm;

5 reg. no. BM(NH) PF 68126, scale bar = 50µm;

6 reg. no. BM(NH) PF 68127, scale bar = 50µm;

7 reg. no. BM(NH) PF 68128, scale bar = 50µm;

8 a, Edge view of paratype (reg. no. BM(NH) PF
68129), uncoated, scale bar = 50µm; b, detail of aper-
ture showing infolded rimmed margin, scale bar =
10µm;

9 a, Oblique view of paratype (reg. no. BM(NH) PF
68130), gold coated, scale bar = 50µm; b, detail of ap-
erture showing rimmed infolded margin, scale bar =
10µm.
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PLATE 11
Scanning electron micrographs of Streptochilus cetacensis sp. nov.; paratypes.

All specimens are from ODP 108-667A-22H-7, 6-8cm, 200.36 mbsf.

1 a, Edge view of paratype (reg. no. PF 68131), dis-
sected specimen, gold coated, scale bar = 50µm; b, de-
tail of aperture, note internal plate connecting with
apertural rim, scale bar = 10µm;

2 a, Edge view of paratype (reg. no. PF 68132), dis-
sected specimen, gold coated, scale bar = 50µm; b, de-
tail of aperture, note internal plate connecting with
apertural rim, scale bar = 10µm;

3 a, Oblique view of paratype (reg. no. PF 68133), gold
coated, scale bar = 50µm; b, detail of wall showing
pores, scale bar = 10µm;

4 Side view of paratype (reg. no. PF 68244), polished
specimen (probably microspheric), uncoated, scale
bar = 50µm;

5-7 Side views of paratypes (5 reg. no. PF 68243, 6 reg.
no. PF 68246, 7 reg. no. PF 68248), polished megalo-
spheric specimens, uncoated, scale bars = 50µm.
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PLATE 12
Scanning electron micrographs of Streptochilus mascarenensis sp. nov.; 1 holotype, 2-8 paratypes.

1 a, Side view of holotype (reg. no. BM(NH) PF 68152),
uncoated, scale bar = 50µm; b, detail of wall, scale bar
= 10µm; c, greater detail of wall showing granular tex-
ture and small pores, scale bar 5µm (DSDP
24-237-18-6, 69-71cm, 166.69 mbsf)

2-5 Side views of paratypes, all uncoated, all scale bars =
50µm; 2 (reg. no. BM(NH) PF 68153), 3 (reg. no.
BM(NH) PF 68154), 4 (reg. no. BM(NH) PF 68155),
5 (reg. no. BM(NH) PF 68156) (all from DSDP
24-237-18-6, 69-71cm, 166.69 mbsf).

6 a, Edge view of paratype (reg. no. BM(NH) PF
68157), uncoated, scale bar = 50µm; b, oblique view,

scale bar = 50µm; c, detail of aperture showing
infolded rimmed margin, scale bar = 10µm (DSDP
24-237-18-6, 69-71cm, 166.69 mbsf).

7 a, Edge view of paratype (reg. no. BM(NH) PF
68158), gold coated, scale bar = 50µm; b, detail of ap-
erture showing infolded rimmed margin, scale bar =
10µm (DSDP 24-237-18-3, 72-74cm, 162.22 mbsf).

8 a, Edge view of paratype (reg. no. BM(NH) PF
68159), gold coated, scale bar = 50µm; b, detail of ap-
erture showing infolded rimmed margin, scale bar =
10µm (DSDP 24-237-18-3, 72-74cm, 162.22 mbsf).
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PLATE 13
Scanning electron micrographs of Streptochilus mascarenensis sp. nov.; paratypes.

1 a, Edge view of paratype (reg. no. BM(NH) PF
68160), dissected specimen, gold coated, scale bar =
50µm; b, detail of aperture, note internal plate con-
necting with apertural rim, scale bar = 10µm; greater
detail of aperture, scale bar = 10µm (DSDP
24-237-18-3, 72-74cm, 162.22 mbsf).

2 a, Side view of paratype (reg. no. BM(NH) PF 68161),
uncoated, scale bar = 50µm; 2b, detail of wall showing
fine granular texture and small pores, scale bar =
10µm (DSDP 24-237-18-6, 69-71cm, 166.69 mbsf).

3 a, Side view of paratype (reg. no. BM(NH) PF 68258),
polished megalospheric specimen, uncoated, scale bar
= 50µm; 3b, detail of initial part, scale bar = 10µm
(DSDP 24-237-18-3, 72-74cm, 162.22 mbsf).

4-7 Side views of paratypes (4 reg. no. BM(NH) PF
68260, 5 reg. no. BM(NH) PF 68264, 6 reg. no.
BM(NH) PF 68265, 7 reg. no. BM(NH) PF 68271),
polished microspheric specimens, uncoated, all scale
bars = 50µm; 4 is from DSDP 24-237-18-3, 72-74cm,
162.22 mbsf; 5-7 are from DSDP 24-237-18-6,
69-71cm, 166.69 mbsf.
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