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ABSTRACT: Calcareous algae of order Bryopsidales, family Halimedaceae abound in shallow marine ramp facies of the Jbel Guersif
Formation (late Thanetian), Ait Ouarhitane Formation (middle — late Ypresian) and Jbel Tagount Formation (latest Ypresian to late
Lutetian or latest Bartonian), southern rim of central High Atlas, Morocco. The genus Halimeda includes nine new species, Halimeda
erikfluegeli, H. lacunosa, H. barbata, H. marcconradi, H. praetaenicola, H. unica, H. praemacroloba, H. praegoreaui, H. prae-
cuneata. Additionally, 14 modern and fossil taxa occur: H. cylindracea, H. incrassata, H. monile, H. opuntia, H. opuntia f. triloba, H.
simulans, H. tuna, H. tuna f. platydisca, H. gracilis, H. copiosa, H. scabra, H. fragilis, H. nana, H. praeopuntia. For the first time,
gametangia were observed in fossil species.

All new species were of short range. Most appeared during adaptive radiation in the late Thanetian, associated with some already
known fossil species and an ancient stock of modern Halimeda taxa (H. cylindracea, H. incrassata, H. monile, H. opuntia). The adap-
tive radiation was connected with the marine transgression at the southern rim of the central High Atlas and is interpreted as part of the
recovery phase after the end-Cretaceous decline of green algal diversity. Mid Ypresian to late Lutetian or latest Bartonian assemblages
show minor origination rates but the onset of long-ranging extant species. These assemblages are interpreted to represent the stabiliza-
tion phase of Paleogene green algal evolution, dominated by well-adapted species. At the beginning of the Lutetian, already twelve
modern taxa of Halimeda were present. This proves geological longevity extending over more than 50 million years and characterizes
the corresponding species, respectively the genus Halimeda, as living fossils. The results also prove the early origin of the basal clades
of the genus Halimeda, defined from morphological and molecular data of extant species. Origin of the extant Sections Rhipsalis,
Micronesicae, Halimeda and of an opuntoid basal clade is assumed to be prior to the Late Thanetian, either in the late Cretaceous or in
the earliest Paleocene, following the end-Cretaceous extinctions. Separation of the opuntoid basal clade into the lineages of the pres-
ent-day sections Pseudoopuntia and Opuntia was achieved before Mid Ypresian and further differentiation of the clades during the
Ypresian and Lutetian, much earlier than hitherto postulated. Presumed timing of the origin of the basal clades of Halimeda and delayed
first occurrences in southern Morocco invoke speciations of the recognized extant taxa outside of the peculiar Atlantic-bound Moroccan
epeiric sea somewhere on the wide shelfs of the southern Tethys. Neogene vicariance events influencing the evolution of Halimeda are
shortly discussed. Concerning the fossil record, they seem to be of minor importance except for the Holocene outburst of Recent taxa,
which might be a sampling or preservational artifact.

Halimeda-rich facies at the southern rim of the central High Atlas is comparable to modern Halimeda meadows and banks of the
Great Barrier Reef. This concerns the almost total absence of other algae, minor lateral changes in the composition of the Halimeda
flora, high diversity with analogous percentage of composition patterns, which show few dominant and common taxa, and quite a lot
rare to very rare taxa. In both cases, psammophytic and lithophytic species co-occur, demonstrating sufficiently coarse-grained, immo-
bile substrates. Both Halimeda floras flourish due to upwelling of cold, nutrient-rich waters.

INTRODUCTION

Halimeda is one of the most common green alga in modern
tropical marine environments. Thirty-four species, arranged in
five morphological groups (Sections) are recognized in tradi-
tional taxonomy. Gene sequencing (Hillis et al. 1998; Kooistra
et al. 1999, revisions in Kooistra et al. 2002 and Verbruggen
and Kooistra 2004) proved good correlation with several mor-
phological characters in spite of some phenotypical similar but
para- or polyphyletic entities. The ecological and sediment-
ological constraints of the genus are well studied (e. g.
Hillis-Colinvaux 1980) and were already highlighted in the
classical textbooks of Milliman (1974) and Wray (1977). Al-
though Halimeda is essentially a dweller of tropical environ-
ments, Halimeda cuneata Hering (in Krauss 1846) is mostly

subtropical (Hillis-Colinvaux 1980, see also Hillis 2001), and
Halimeda tuna (Ellis and Solander 1786) Lamouroux 1812 ex-
tends to the temperate zone of the Mediterranean (compare
Fornos et al. 1972). The alga has considerable extension into the
deep sublittoral (e. g. Goreau and Goreau 1973; Blair and Norris
1988; Littler and Littler 2000a). Recently, Bandeira-Pedrosa et
al. (2004) recorded Halimeda from depth of more than 160m off
Brazil. It is famous for its extensive contribution to carbonate
production through decay into algal gravel and micritic aragon-
ite needles (first noted by Chapman and Mawson 1906, and,
among many others Ginsburg 1956; Neumann and Land 1975;
Enos 1977; Drew and Abel 1985, 1988a; Macintyre and Reid
1995). Discovery of extensive Halimeda bioherms (Davies and
Marshall 1985; Roberts et al. 1987, 1988; Hine et al. 1988; Mar-
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shall and Davies 1988) prove its important potential to form hy-
drocarbon reservoirs. However, fossil Halimeda bioherms have
been described only from the Messinian (Late Miocene) of
southeastern Spain (Braga et al. 1996) and southern Italy
(Bosellini et al. 2002).

Halimeda soltanensis Poncet 1989 from the Late Permian has
been considered to be the oldest true Halimeda (Poncet 1989),
but Bucur (1994) did not exclude homeomorphism of another
taxon. Subsequent taxa from the late Triassic (Fligel 1975,
1988; Kemper et al. 1976; Dragastan et al. 2000) are now as-
signed to H. cylindracea Decaisne 1842 (Dragastan et al. 2002).
Having originated from Paleozoic ancestors grouped in the
family Protohalimedaceae, “Boueina” (late Triassic to early
Cretaceous), “Arabicodium” (mid Jurassic to Paleogene) and
“Halimeda” (early Cretaceous to Recent) all belong to the mod-
ern genus Halimeda (Dragastan et al. 2002). Halimeda, resp. its
synonyms are commonly recorded in Cretaceous shallow-water
carbonates of the Tethyan realm and abound throughout the Ce-
nozoic (Fliigel 1988 cum lit.; Dragastan et al. 2002, 2003). Al-
though Halimeda has been extensively used as an indicator of
tropical climate and mostly lagoonal and reefal to peri-reefal
shallow-water environments, the taxonomy of fossil material
on species, genus, and even suprageneric level is strongly ham-
pered by the great variabilitiy of modern and fossil taxa
(Bassoullet et al. 1983; Fliigel 1988; Dragastan et al. 2002), by
the differences in the degree of calcification and corresponding
preservation potential (Flajs 1977; Dragastan et al. 2002), by
the decay of the plants into segments of different shape and di-
ameter (Dragastan et al. 2002) and randomly orientated sections
in thin-sections from carbonate rocks. Consequently, in many
taxonomic studies, Halimeda has been described in open
nomenclature, i.e. without assignment to discrete species.

Suprageneric taxonomic controversies on fossil halimediform
algae are well elucidated by Dragastan et al. (1997). They were
the first to place fossil Halimeda into the order Bryopsidales
Schaffner 1922, suborder Halimedineae Hillis-Colinvaux 1984,
family Halimedaceae Link 1832 following the assignment of
modern Halimeda by Hillis-Colinvaux (1984). At the generic
level, Steinmann (1899), Pia (1927) and Le Maitre (1937) long
ago emphasized the close relationship between Boueina and
Halimeda. Later, Elliott (1965) regarded Boueina and Arabi-
codium as subgenera of Halimeda and Johnson (1968) postu-
lated the synonymy of these taxa with Halimeda, which has
priority. Fliigel (1988) also commented on the widely discussed
taxonomic assignment of Boueina, Arabicodium, Leck-
hamptonella and Halimeda. In an extensive study based on ma-
terial from the western Pacific, Dragastan et al. (2002)
compared Miocene to Pleistocene species with modern species
and discussed taphonomic problems. They postulated the exis-
tence of numerous synonymous fossil taxa on genus and species
level due to different calcification, description of randomly ori-
ented thin-sections, reference to single algal segments, not to
plants, and insufficient amounts of studied material. As a result,
the synonymy of Boueina, Arabicodium, Leckhamptonella and
Halimeda suggested by previous authors was strongly sup-
ported. Based on segment morphology and, to a lesser degree,
on the utricles of the cortex, Dragastan et al. (2002; see also
Dragastan and Soliman 2002) postulated the presence of three
phylogenetic lines starting first in the late Triassic (H.
cylindracea lineage — taxa with undifferentiated cylindrical to
spheroidal thallus segements and cylindrical utricles), respec-
tively in the late Cretaceous (?) (H. incrassata lineage — taxa
with undifferentiated cylindrical to reniform and subcuneate

thallus segments and conical utricles), and around the Creta-
ceous-Paleogene transition (H. opuntia lineage — taxa with
extremely variable, laterally compressed thallus segments and
differentiated utricle morphology).

Morphological and molecular cladistic analyses of Recent
Halimeda identified three major basal clades (Hillis et al. 1998;
Kooistra et al. 1999) Opuntia + Micronesica, Rhipsalis, and
Halimeda, i. e. the major modern sections of the genus. The
clades were modified by subsequent studies (Kooistra et al.
2002; Verbruggen and Kooistra 2004), but the major clades
Rhipsalis, Halimeda, and an opuntoid clade (Opuntia +
Pseudoopuntia clades) are still recognized; the small clade
Micronesicae was newly assembled from its earlier representa-
tives H. micronesica, H. fragilis and the hitherto morphologi-
cally isolated deeper-water species H. cryptica. Two basal
clades apparently match the phylogenetic lineages postulated by
Dragastan et al. (2002) from the paleontological record. The H.
cylindracea lineage, the most ancient lineage, and the next an-
cient H. incrassata lineage both plot into basal clade/extant sec-
tion Rhipsalis. The somewhat younger H. opuntia lineage
seems to correspond to the opuntoid basal clade (i. e. extant sec-
tions Pseudopuntia and Opuntia, Verbruggen and Kooistra
2004). The third basal clade, section Halimeda, was not recog-
nized as a primary paleontological stem line. Hillis (2001) pos-
tulated three vicariance events within the genus, i. e. speciation
events due to the emergence of geographic barriers. The oldest
one, associated with the Cretaceous-Tertiary boundary, should
introduce the three basal clades. The second event was associ-
ated with the late Miocene closure of the circumtropical Tethys
seaway and the Messinian salinity crisis. It should cause subdi-
vision of the section Rhipsalis. The third vicariance event could
be related to the closure of the Panama seaway during the Plio-
cene. However, due to the sparseness of modern taxonomic
studies of fossil Halimeda, timing of the phylogenetic tree re-
mained hypothetical and Hillis (2001) emphasized that the ap-
parent Holocene spike in Halimeda speciation seemed to be a
sampling artifact.

In the meantime, Dragastan and coworkers contributed appre-
ciably to the knowledge of fossil Halimeda. In a contribution on
Upper Pleistocene (Sangamon) Halimeda from southern
Florida, Dragastan et al. (2003) compared Pleistocene and mod-
ern diversities and discussed evolution of diversity in Mesozoic
and Cenozoic times. Only three modern taxa had been identified
by Dragastan and Soliman (2002) from the Ypresian (early
Eocene) of Egypt. However, H. cylindracea Decaisne 1842 and
H. incrassata (Ellis) Lamouroux 1816 have to be present in that
time slice due to the antiquity of their lineages. From the late
Miocene onwards, eight modern species are well represented
(see Dragastan et al. 2002, fig. 5). Another outburst of species
was recorded in the late Pleistocene, but the true stratigraphical
range of modern Halimeda species remains unknown, as well as
the general diversity of the genus in the Paleogene (Dragastan et
al. 2003). Because all three phylogenetic lineages were present
at the onset of the Cenozoic, a considerable diversity and diver-
sification should have occurred in the Paleogene. A paucity of
studies has precluded verification of this hypothesis.

Abundant and excellently preserved Halimeda from well-dated
late Paleocene to middle Eocene strata at the southern rim of the
central High Atlas, Morocco (Pfender in Moret 1938; Herbig
1986, 1991; Kuss and Herbig 1993) provide an important re-
gional case study to assess this problem and considerably mod-
ify our conception on evolution of Halimeda (Herbig and



TEXT-FIGURE 1
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Inferred maximum extension of the Paleogene sea in central Morocco during late Thanetian to late Lutetian or latest Bartonian. Outcrop areas of these
strata are shown in black. They outline the central Moroccan phosphate basin (Ganntour, Oulad Abdoun including the Beni Mellal — El Ksiba region, and
the increasingly marginal depositional realms of the Meskalas, Souss, northern and southern Subatlas zone, and the Middle Atlas realm. AN — Anmiter,

AS — Asseghmou, BM — Boumalne. From Herbig and Trappe 1994.

Dragastan 2005). Time-equivalent strata from the same marine
basin in the Middle Atlas also yield abundant Halimeda (Pia in
Pia et al. 1932; Segonzac et al. 1986; Herbig 1991; Kuss and
Herbig 1993), but the stratigraphy is imprecise. This microflora
will be dealt with in a separate paper.

GEOLOGICAL SETTING AND STRATIGRAPHY

General paleogeography and facies of the central Moroccan
Paleogene sea

Marine Paleogene successions at the southern rim of the Mo-
roccan central High Atlas were part of an extensive bowl-
shaped epicontinental sea, which invaded central Morocco in
the Maastrichtian and retreated in the late Lutetian or latest
Bartonian. During its maximum extension, from late Thanetian
to late Lutetian—?Bartonian, the sea advanced to the northern
margin of the Anti-Atlas Mountains between Ouarzazate and
Tinerhir, and extended into a northeastern Middle Atlas gulf

(text-fig. 1). Deposits include (1) the phosphate deposits of cen-
tral Moroccan phosphate basin in the mining districts of
Ganntour and Oulad Abdoun, (2) a variegated series of phos-
phatic sands, dolomites, porcellanites, marls and limestones in
the Meskalas and western Souss, and (3) marl-limestone succes-
sions in the northern and southern Subatlas realms, and the Mid-
dle Atlas realm. The lithostratigraphic units outside the
phosphate basin, collectively termed Subatlas Group, were for-
mally described by Trappe (1989, 1991) and Herbig (1991). A
synoptic overview is from Herbig and Trappe (1994).

Paleogeographic reconstruction (text-fig. 1) is based on detailed
lithostratigraphic and facies studies of Herbig (1986, 1991) and
Trappe (1989, 1991, 1992), who independently developed a
ramp model for the Paleogene epeiric sea of central Morocco.
Silty and sandy redbeds grading into greenish and greyish mud-
flat deposits are locally preserved at the basin margins in the
eastern Souss, the southernmost and easternmost Southern
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Subatlas Zone, and the northeasternmost Middle Atlas. The
mudflat deposits grade into diverse bioclastic carbonate rocks
of the shallow ramp, followed by phosphatic limestones, and fi-
nally by deeper ramp phosphorite-porcellanite-marl succes-
sions in the central Moroccan phosphate basin. The western
margin of the basin faced an upwelling zone at the northwest
African continental margin.

This paleogeographic model deviates strongly from earlier re-
constructions based on the spatial distribution of preserved
Paleogene strata, which postulated three independent gulfs in-
truding from the Atlantic (Choubert and Margais 1952, 1956;
Choubert and Faure-Muret 1960-1962; Boujo 1976), respec-
tively from another model postulating a complex array of is-
lands, continental peninsulas, gulfs and bays (Salvan 1960;
Azmany-Farkhani et al. 1986 — compare sketches in Michard
1976; Herbig 1991; Trappe 1991). However, all authors agree
that the Paleogene sea was an Atlantic-bound basin, separated
from Tethys, respectively the northern Moroccan Rif basin by
the “Land of the Idrissides” (Choubert and Faure-Muret
1960-1962), situated north of the central Moroccan phosphate
basin in the region of the present-day Moroccan Meseta. Ma-
rine connections with the Paleogene seas of Tunisia or the
epicontinental Libyan basins along the southern rim of the High
Atlas can be ruled out because of differences between Moroc-
can and typical Tethyan faunal assemblages of Tunisia and
Libya, and by the replacement of marine strata by lacustrine
and palustrine deposits east of the basin margin, east of Tinerhir
(Herbig 1986, 1988). In fact, Moroccan Maastrichtian to
Lutetian—?Bartonian biota are quite different from time-equiva-
lent deposits of the southern Tethys. Foraminifers are generally
rare and extremely low diversified, except for abundant
miliolids and almost monospecific mass occurrences of the
rotaliid Rotalia skourensis Pfender (in Moret 1928) in strata
south of the central High Atlas. Larger foraminifers apparently
are completely absent. Except for Acetabulariaceae, dasyclad-
alean green algae are strongly impoverished compared with
Egypt, which is typical southern Tethys (Kuss and Herbig
1993). Coralline algae and corals are also remarkably rare
(Herbig 1991).

Reasons for the biotic differences were discussed by Kuss and
Herbig (1993). They postulated extrabasinal barriers preventing
immigration and intrabasinal ecological barriers. Extrabasinal
barriers were missing migration routes along the narrow wes-
ternmost Mediterranean (mostly southern) Tethys shelf, de-
picted e.g. in Dercourt et al. (1986, pls. 6, 7), and upwelling of
cold waters at the northwestern African continental mar-
gin.Intrabasinal ecological barriers were the surplus of phos-
phorous in wide areas of the Moroccan epeiric sea.

Marine Paleogene at the southern rim of the central High
Atlas

Marine Paleogene strata (Subatlas Group) at the southern rim of
the central High Atlas extend along strike for 185km from the
Marrakech—Ourazazate road in the west to Tinerhir in the east.
However, outcrop width normal to strike is generally less than
10km except for the extended plateaus of the Khelas northwest
of Ouarzazate. The Subatlas Group is mostly part of the South-
ern Subatlas Zone (Moret 1931, Roch 1939; Gauthier 1957;
Zylka and Jacobshagen 1986), a tightly folded, south vergent
and in part imbricated structural unit consisting of Cretaceous
to Neogene rocks south of the Triassic to predominant Jurassic
rocks of the central High Atlas. Towards the south, that unit
passes rapidly into the Khelas, a typical cuesta of almost flat-ly-

ing strata, which overlie the Proterozoic to Paleozoic basement
of the Anti-Atlas (text-figs. 1, 2).

Following the early monographs of the French authors, impor-
tant contributions are from Herbig (1986, 1991, cum. lit.),
Trappe (1989, 1991, 1992), and Gheerbrant et al. (1993, 1998).
Herbig and Trappe (1994) defined two facies realms with sepa-
rate lithostratigraphic units. In the west, the “High Atlas realm”
includes all outcrops in the Southern Subatlas Zone west of
Toundout and, additionally, the outcrops of the Northern
Subatlas Zone south and southwest of Marrakech. The facies
realm is characterized by (1) a lower carbonate unit (supratidal
siltstones, dolomites and limestones of the Asseghmou Forma-
tion, overlain by commonly phosphate-bearing bioclastic lime-
stones and a few intercalated fossiliferous phosphatic marls of
the Anmiter Formation), (2) a middle marl unit (fossiliferous
grey marls of the Ounila Formation), and (3) an upper carbonate
unit (mostly bioclastic limestones of the Thersitea Formation).

The facies of the Eastern Ouarzazate basin develops gradually
from the High Atlas facies realm east of Toundout. That facies
assembles a well-differentiated carbonate-siliciclastic succes-
sion, almost without phosphatic rocks. The Eastern Ouarzazate
basin yielded the rich flora of green siphonous algae described
herein, though green algae are also known from the High Atlas
facies realm (Pfender in Moret 1938; Trappe 1989, 1991, 1992).

Formal lithostratigraphy of the eastern Ouarzazate basin
(text-fig. 3) is from Herbig (1991). He discussed and revised
earlier biostratigraphic assignments based mostly on mollus-
cans (Moret 1938; Gauthier 1957) and included new
biostratigraphic data from vertebrates (Cappetta et al. 1987 —
see also Gheerbrant et al. 1993), palynoflora (Mohr and Fechner
1986), and calcareous algae and oysters (Geyer and Herbig
1988). His results indicate an almost perfect correlation be-
tween sea-level history and sedimentary facies of the succes-
sion, a fact which is related to deposition on the margin of the
stable Pan-African West African craton (Herbig 1986, 1987).
The biostratigraphic assignments are well compatible with
those of Gheerbrant et al. (1993), included already in Herbig
and Trappe (1994). Additional biostratigraphic and few
magnetostratigraphic data from Gheerbrant et al. (1998) modify
the previous results only slightly, but should be discussed
below.

As in the High Atlas realm, the marine Subatlas Group of the
eastern Ouarzazate basin realm overlies an extensive redbed se-
ries, the “Série rouge supérieur” (Senonian—Danian). Initial de-
posits are greenish supratidal siltstones, dolomites, and micritic
lacustrine-palustrine limestones (Asseghmou Formation). The
overlying Jbel Guersif Formation consists of one to several
shallowing-upward cycles of shallow marine, white to pale-rose
colored bioclastic limestones. At its top, a sedimentary break is
indicated by borings, slight erosional relief and sharp-cut facies
boundaries. Herbig (1991) attributed a basal Thanetian age to
the Asseghmou Formation, and a late early to mid Thanetian
age to the Jbel Guersif Formation. Gheerbrant et al. (1998) con-
firmed a general Thanetian age for both formations by the pres-
ence of strongly recrystallized, probable Discoaster rosettes,
which were also recorded from the transition to the following
Ait Ouarhitane Formation. Discoaster rosettes first occur in
zone NP 7, i.e. somewhat above the base of the Thanetian. Dis-
cussing additional paleomagnetic data, Gheerbrant et al. (1998)
attributed a mid Thanetian age to the Asseghmou Formation,
spanning chron C26n and parts of the underlying and overlying
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Marine Paleogene strata (Subatlas Group) at the southern rim of the central High Atlas, Morocco. A — Geological map showing structural setting of
Paleogene strata between Permo-Triassic and predominant Jurassic of the High Atlas and Precambrian—Paleozoic of the Anti-Atlas. Studied area of
Southern Subatlas Zone is outlined (from Herbig 1986). B — Detailed outcrop pattern of marine Paleogene strata and position of sections studied. See also

appendix | (from Herbig 1991).

reversed chrons. A late Thanetian age was attributed to the Jbel
Guersif Formation, ending somewhat above chron C25n.

The overlying Jbel Ta’louit is subdivided into three unnamed
members. Lower and upper members consist of greyish to
greenish-grey siltstones with some intercalated sandstone hori-
zons. Red sediment colors and sandstones become predominant
east of the Dades valley. The middle member is composed of
marginal-marine, often sandy, oolitic and oyster-bearing lime-
stones. The Jbel Ta’louit Formation is latest Thanetian to basal
Ypresian according to Herbig (1991), who correlated the cal-
careous middle member with the significant global sea-level
rise in the latest Thanetian (text-fig. 3). Vertebrates from transi-

tional strata to the overlying Ait Ouarhitane Formation are of
early Ypresian age. These strata were assigned to the Jbel
Ta’louit in Herbig (1991), Herbig and Gregor (1992) and
Herbig and Trappe (1994), but to the Ait Ouarhitane by
Gheerbrant et al. (1993). Paleomagnetic data by Gheerbrant et
al. (1998) cannot rule out that the base of the Jbel Tal’louit
straddles the Thanetian-Ypresian boundary, but the top of the
formation is assumed to be within or on top of chron C24n. This
would indicate a mostly early Ypresian age for the formation.

The overlying Ait Ouarhitane Formation is a composite
shallowing-upward megacycle of variegated yellow bioclastic
limestones. According to Herbig (1991), it is correlated with the
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TEXT-FIGURE 3

Lithostratigraphy, biostratigraphic assignments and correlation with eustatic sea-level variatons of the marine Paleogene strata (Subatlas Group), eastern
Ouarzazate basin, modifed from Herbig and Trappe (1994). Vertical axis is thickness, showing variations for the different formations from west to east.
Correspondingly, time-scale and sea-level curve are distorted, especially obvious for the latest Thanetian. Note that paleomagnetic data of Gheerbrant et
al. (1998) indicate a mid Thanetian age for the Asseghmou-Formation, and a mid Y presian base for the Ait Ouarhitane Formation. Triangles indicate on-
set of marine transgression on top of lacustrine-palustrine Asseghmou Formation. Asterisks indicate the ambiguous position of the final regression of the
Subatlas sea, which could not be resolved biostratigraphically, but apparently is related to sea-level fall in the late Lutetian or latest Bartonian.
Lithofacies indicated by conventional signs. Y — gypsum; N —lumachelles; dotted — sand content or sandy horizons; shaded - continental rocks. Impor-
tant biostratigraphic markers: 1 — vertebrate faunas of Capetta et al. (1987) and Gheerbrant et al. (1993); 2 — palynoflora of Mohr and Fechner (1986); 3 —
oyster fauna and calcareous alga Ovulites margaritula (Lamarck) Lamarck of Geyer and Herbig (1988).



TEXT-FIGURE 4
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Range chart of Halimeda taxa, Subatlas Group, eastern Ouarzazate basin, southern rim of central High Atlas, Morocco.

high sea-levels throughout the Ypresian, base and top of the
stage excepted (cf. Haq et al. 1987). Paleomagnetic data
(Gheerbrant et al. 1998) indicate a mid Ypresian base, within or
on top of chron 24n.

The overlying Jbel Tagount Formation is a mixed carbon-
ate-siliciclastic succession of shallow-marine to marginal-ma-
rine greenish-grey siltstones, subordinate sandstones, and
irregularly intercalated bioclastic limestones. The base is latest
Ypresian, as shown by palynomorphs (Mohr and Fechner
1986). The top is either late Lutetian or latest Bartonian accord-
ing to biostratigraphic data from Gauthier (1957) and Geyer
and Herbig (1988; see also discussion in Herbig 1991) and cor-
relation with one of the two major sea-level drops towards the
end of the middle Eocene.

The transgressive-regressive megacycle of the Subatlas Group
along the southern rim of the central High Atlas is conformably
overlain by a complex continental succession (Imerhane Group,
Herbig 1991), starting with sebkha-type redbeds (Hadida
Formation).

CENOZOIC EVOLUTION OF HALIMEDA

The stratigraphical range of Recent and fossil species of
Halimeda remains provisional or unknown due to the lack of
sufficient data from the pre-Cenozoic times. Still missing or
scarce are data from the Cretaceous-Tertiary boundary interval,
from late Eocene and Oligocene, early Miocene, and from some
intervals of Pliocene and Pleistocene.
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TEXT-FIGURE 5
Percentage distribution of Halimeda species in the Jbel Guersif Forma-
tion (late Thanetian).

According to present knowledge, Halimeda showed little diver-
sification during the Mesozoic, represented only by the phyletic
line of H. cylindracea. The phyletic line of H. incrassata was
added, possibly in late Cretaceous, but stratigraphic assignment
of the earliest representative is questioned and might be
Paleocene or Eocene (Dragastan et al. 2002). Around the Creta-
ceous-Tertiary boundary the phyletic line of H. opuntia origi-
nated; the earliest representative is “H. johnsoni” = H. opuntia
from the Maastrichtian to Paleocene. Thus, the genus began to
diversify in the Paleocene at latest and during the early to mid-
dle Eocene through modifications in internal anatomy and ex-
ternal morphology of the thallus segments. Diversification
continued during the Miocene and Quaternary.

From the Paleocene—Eocene interval, three unequivocal fossil
species (Halimeda elliotti, H. nana, H. praeopuntia) were
known for long time. Three still extant species (H. opuntia, H.
fragilis and H. tuna) were reported from the Ypresian of Egypt
by Dragastan and Soliman (2002). Also H. cylindracea and H.
incrassata should be present during that period due to the anti-
quity of their phylogenic lineages and herein H. cylindracea is
unequivocally identified from the late Thanetian to late
Lutetian—(?)latest Bartonian, H. incrassata from the late Than-
etian—Ypresian (text-fig. 4). All further Paleocene and Eocene
species (e. g. those listed in Fliigel 1988) were considered to be
junior synonyms of these two taxa by Dragastan et al. (2002).
The taxonomic position of fossil H. eocaenica Morellet and
Morellet and H. johnsoni Pal remained uncertain to the latter
authors, but striking similarity with H. opuntia was noted and in
our study H. eocaenica and H. johnsoni are definitely syn-
onymized with H. opuntia.

Dragastan et al. (2002) reported eight modern taxa from the late
Miocene of Palau: H. discoidea, H. gracilis, H. cylindracea, H.
monile, H. bikinensis, H. incrassata, H. tuna, H. tuna f.
platydisca. Although not all of these taxa were recorded in
overlying Pliocene strata, first occurrences of H. fragilis, H.
simulans and H. opuntia raised the number of modern taxa to

eleven. Additionally, another taxon, H. cf. bikinensis was
identified.

The Pleistocene revealed another diversification trend. Data
from Dragastan et al. (2003) on Halimeda species from the Key
Largo and Miami Limestone Formations (late Pleistocene,
Sangamon interstadial, Florida) demonstrate the presence of
nine modern species: H. incrassata, H. monile, H. scabra, H.
gracilis, H. simulans, H. opuntia, H. tuna, H. copiosa, and H.
discoidea, acompanied by a new fossil taxon, H. floridiana n.
sp., and two species in open nomenclature (Halimeda sp. 1,
Halimeda sp. 2). Additionally, H. opuntia f. opuntia, H. opuntia
f. triloba and H. micronesica from probable Upper Pleistocene
limestones of Palau are the first appearances in the fossil record
(Dragastan et al. 2002). Neglecting the gaps in the record, 15
extant taxa were present during the Pleistocene.

Our results from the Moroccan Thanetian to late Lutetian—
(?Bartonian) interval change this picture considerably and dem-
onstrate the still fragmentary knowledge concerning the evolu-
tion of Halimeda. Altogether, 23 taxa are recorded, nine of them
new (text-fig. 4). Twelve are still flourishing today. The fluctu-
ating percentages of species and discontinous records of some
modern species await explanation.

Late Thanetian Halimeda flora

From the late Thanetian (Jbel Guersif Formation), eleven spe-
cies of Halimeda were identified (text-figs. 4, 5). They repre-
sent three categories of taxa: a single well-known fossil species
(Halimeda nana), four Recent taxa (H. incrassata, H.
cylindracea, H. opuntia, H. monile), and six new species (H.
erikfluegeli n. sp., H. lacunosa n. sp., H. barbata n. sp., H.
marcconradi n. sp., H. praetaenicola n. sp. and H.unica n. sp.).
Thus, the percentage of orginating species is high in the late
Thanetian, showing maximum diversification within the late
Thanetian through Lutetian—(?)Bartonian interval. Fossil taxa
outnumber taxa surviving into modern time.

Two modern species, H. cylindracea and H. incrassata, were
considered by Dragastan et al. (2002) to have originated in the
late Triassic, and in the late Cretaceous or Paleocene, respec-
tively. This is their first unequivocal ocurrence in the Thanetian.
This is the earliest record of the Recent species H. opuntia and
H. monile.

Percentage distribution of Halimeda species (text-fig. 5) shows
two dominant taxa, H. incrassata and H. cylindracea, contribut-
ing 24% and 20%, respectively, of the total Halimeda flora. The
exclusively Paleocene species, H.nana, contributed 17%, but
the remaining species only 2—-8%.

During the Thanetian, the dominant shape of thallus segments
was cylindrical with some compressed variants. Only one com-
mon species, H. nana, had segments, which were lobate or
incipiently branched. H. opuntia, a species with flat, disc-like
segments, appeared for the first time, but remained very rare.
Alhough the morphology of the thallus segments was little di-
versified during the Thanetian, the cortex system evolved from
simple utricle series with two cortical siphons to multiple series
containing three to four utricle series. The exception is H.
erikfluegelin. sp., unique among all known Halimeda species in
having a single primary utricle series.

Mid to late Ypresian Halimeda flora

In the mid to late Ypresian Ait Ouarhitane Formation, the
Halimeda flora changed fundamentally regarding further prolif-



TEXT-FIGURE 6
Percentage distribution of Halimeda species in the Ait Ouarhitane For-
mation (mid to late Ypresian).

eration, percentage distribution of taxa, and representation of
Recent species (text-figs. 4, 6). Twelve taxa were identified.
Among them are a single previously known fossil species (H.
praeopuntia), one new species (H. praemacroloba n. sp.), and
ten Recent species. Besides H. incrassata, H. cylindracea, H.
opuntia, and H. monile, already recorded from the late
Thanetian, H. opuntia f. triloba, H. simulans, H.tuna, H. tuna f.
platydisca, H. gracilis, and H. copiosa appeared. This is the
earliest record of all these taxa, which before had been noted
from the Miocene, Pliocene, and late Pleistocene (see above),
except for H. tuna, which previously was reported from the
Ypresian of Egypt.

In contrast to the Thanetian, originating species include only
one new taxon, Halimeda praemacroloba n. sp.Taxa surviving
to the present greatly outnumber fossil ones.

As in the late Thanetian, two Halimeda species, but different
ones dominate. Halimeda tuna and H. opuntia contribute 31%,
respectively 21% to the total Halimeda flora (text-fig. 6). H.
monile and H. simulans remain quite common (9% each). Other
species contribute less than 6% each. H. opuntia f. triloba and
H. tuna f. platydisca are extremely rare.

During the mid to late Ypresian, the dominant morphology of
thallus segments was disc-like with many variants, including
cuneate, subcuneate, and reniform. Some taxa exhibit modifica-
tions in the distribution and arrangement of medullary siphons:
loosely, compact, parallel, more or less parallel, intermingled,
or separated into round bundles found in Halimeda tuna. Con-
currently, cortex structures became more complex, as the num-
ber of utricle series increased to a maximum of five. Shape and
diameter of the utricles became more diverse.

Lutetian-?Bartonian Halimeda flora

Although the basal meters of the Jbel Tagount Formation are
still latest Ypresian (Mohr and Fechner 1986; Herbig 1991;
text-fig. 3), most Halimeda should have been derived from
Lutetian and questionable Bartonian strata. Therefore, the Jbel
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TEXT-FIGURE 7
Percentage distribution of Halimeda species in the Jbel Tagount Forma-
tion (latest Ypresian to late Lutetian or latest Bartonian).

Tagount algal flora is generally termed “Lutetian and (?)Bart-
onian”.

The Halimeda flora is similar to the mid and late Ypresian
(text-figs. 4, 7). Eleven taxa were identified, including nine
modern species and two new fossil species. H. praecuneata n.
sp. and H. praegoreaui n. sp. are considered ancestral to the ex-
tant species H. cuneata and H. goreaui. No previously occur-
ring fossil species are present. As in the mid and late Ypresian,
the percentage of originating species is low and taxa surviving
to the present greatly outnumber exclusively fossil ones.

Of the modern taxa, seven continued from the Ypresian (H.
cylindracea, H. monile, H. simulans, H. tuna, H. tuna f.
platydisca, H. gracilis, H. opuntia) and two taxa (H. fragilis, H.
scabra) first occurred in southern Morocco. H. fragilis was al-
ready known from the Ypresian of Egypt (Dragastan and
Soliman 2002), but the range of H. scabra, previously known
only from the late Pleistocene of Florida (Dragastan et al. 2003),
is greatly extended. Three modern taxa identified in the mid to
late Ypresian Ait Ouarhitane Formation, were not found in the
younger Jbel Tagount Formation, H. incrassata, H. copiosa, H.
opuntia f. triloba.

Halimeda tuna shows extreme predominance (40%), increasing
from the Ypresian (31%). The second most abundant species,
H. opuntia (18%), continued with almost unchanged dominance
(21%). As in the Ypresian, H. simulans remained quite common
(10% versus 9%), accompanied by the new species H. prae-
cuneata n. sp. (9%). Remaining species are rare (<6%), includ-
ing H. monile, which was common in the mid and late Ypresian
(9%). H. gracilis, and H. scabra are extremely rare.

Morphology of thallus segments continued to be predominantly
disc-like, as in the mid and late Ypresian, with folded, ribbed, or
lobed margins, accompanied by many other types of small orna-
mentations. Arrangement of medullary siphons did not change
significantly; intermingled dispositions and round bundles pre-
vailed. Structure of the cortex system remained similar to that of
the mid and late Ypresian.
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Mechanisms of evolution

The evolution patterns of the paleoecologically closely related
green algal order Dasycladales, described by Barattolo (2002),
is useful for comparison with the evolution of Halimeda at the
southern rim of the central High Atlas. Both probably experi-
enced analogous extinctions at the Cretaceous-Tertiary bound-
ary and adaptive radiation during the Paleogene. According to
Barattolo (2002), the recovery phase began in the late Danian
and continued into the Thanetian. It was characterized by new
occurrences and major increase in diversity. This fits well with
the large number of our late Thanetian Halimeda species and
the appearance of many short-ranging new species, a pattern of
adaptive radiation well-known from the fossil record. However,
two facts have to be taken into account concerning the
Halimeda flora at the southern rim of the central High Atlas.
First, the sea invaded the area as late as late Thanetian. Thus,
immigration and diversification might have been delayed in
comparison to the general pattern sketched by Barattolo (2002).
Second, the Moroccan epicontinental sea encroached from the
Atlantic, without direct connection to Tethys. This could cause
the rise of endemic species, but should not invalidate the
general model of adaptive radiations.

For Dasycladales, the Ypresian—Bartonian represents the sta-
bilisation phase, indicated by an increasing number of species
per genus (Barattolo 2002). In the Moroccan Halimeda, the sta-
bilisation interval is indicated by the onset and proliferation of
better adapted, i. e. long-ranging taxa. This is a reasonable ex-
planation of the relatively slight floral differences in the inter-
val from the mid Ypresian to the late Lutetian—(?)latest
Bartonian. The stable, long-ranging taxa are without exception
modern, which proves their exceptional longevity and, indeed,
gives the genus Halimeda the character of a living fossil
(Kooistra et al. 1999). Notwithstanding our results, the time and
place of speciation of the modern taxa encountered remains un-
known. Considering the paleogeographic setting of the Moroc-
can epicontinental sea as a relatively small embayment of the
Atlantic ocean, bordered by an upwelling zone and character-
ized by predominantly phosphatic deposits, immigration of taxa
originating elsewhere in the course of the Danian-Thanetian
recovery phase seems to be more reasonable. We envisage
speciation on the wide shallow-water platforms of Tethys and
spreading by the circum-equatorial paleo-current to the west.
Both, substitution by better adapted taxa and extinction of the
new short-ranging late Thanetian species was probably related
to a sea-level fall at the top of the Jbel Guersif Formation. The
fall is demonstrated by an erosional unconformity and onset of
mostly siliciclastic, marginal-marine environments in the over-
lying Jbel Ta’louit Formation (text-fig. 3), which did not yield
Halimeda in the study area (Herbig 1991).

The Ypresian—Lutetian transition was less drastic in terms of
sea-level history. In the uppermost Ypresian to late Lutetian—
(Nlatest Bartonian Jbel Tagount Formation distribution of spe-
cies is extremely uneven, with one species predominating (H.
tuna 40%) and three others becoming very rare (1%). Some
modern taxa, identified in the preceding Ypresian, are absent.
This distribution pattern suggests relatively unfavourable eco-
logical conditions, probably triggered by stronger fluctuating
sea-levels and concommitant stronger influx of terrigeneous
material (text-fig. 3). As an effect, only the best adapted species
proliferated in the lack of competition. These unfavourable
conditions are clearly demonstrated by the mixed carbon-
ate-siliciclastic succession of the shallow marine to marginal
marine Jbel Tagount Formation (Herbig 1991). It is interesting
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to note that Barattolo (2002) described a gradual decrease of
Dasycladales during the Bartonian. It is apparently closely re-
lated to global sea-level fall (Haq 1987 and text-fig. 3) and con-
comitant climate deterioration. Analogously, several species in
our Halimeda flora decline in the upper Jbel Tagount Formation
(text-fig. 4).

Towards the end of the Bartonian and continuing through the
Priabonian, a new crisis was indicated for Dasycladales, fol-
lowed by renewed proliferation starting in the early Oligocene
(Barattolo 2002). This evolutionary pathway seems reasonable,
accompanying the drastic global sea-level fall and climate dete-
rioration during the late Eocene mentioned before. Although
data are lacking, a very similar development may be envisaged
for late Eocene—Oligocene Halimeda.

Data presented herein show that modern species of Halimeda
evolved much earlier than hitherto thought (text-fig. 8). From
the late Thanetian, four modern taxa have been identified that
prove the antiquity of the three phyletic lines postulated by
Dragastan et al. (2002), H. cylindracea, H. incrassata and H.
opuntia. In the mid and late Ypresian, ten modern taxa were
present. In the Lutetian—?Bartonian twelve modern taxa oc-
curred, including those known from the Ypresian, which could
not be identified from the younger stage at the southern rim of
the central High Atlas. Thus, the postulated first diversification
in the late Miocene (Dragastan et al. 2002, see above) has to be
revised, since only two additional modern taxa appeared at that
time, H. discoidea and H. bikinensis. This raises the number of
known modern taxa to fourteen. In the Pliocene, no new taxa
have been encountered. Also a Pleistocene diversification is not
supported by fossil data, as only one additional modern species
(H. micronesica, Palau Limestone, Dragastan et al. 2002) was
identified, increasing the number of modern taxa to fifteen.

Hillis (2001) discussed the timing of the diversification of
Halimeda into phylogenetic lineages by vicariance events using
molecular-morphological phylograms presented by Hillis et al.
(1998) and Kooistra et al. (1999). Based on the material from
the Moroccan Paleogene, Herbig and Dragastan (2005) evalu-
ated her hypotheses. They stated diversification of the basal
clades, i. e. the extant Sections, already in early to mid Eocene
times, i. e. much earlier than postulated. Accordingly, they
stressed the attribution of the genus Halimeda, including quite a
lot of its extant species, as living fossils, as already done by
Kooistra et al. (1999) based on DNA data.

Molecular phylogenetic reconstructions from Kooistra et al.
(2002) modified the earlier phylograms and in a subsequent pa-
per by Verbruggen and Kooistra (2004) resulted in a revised
subdivision of Halimeda in five basal clades/sections (lineage 1
— Rhipsalis; lineage 2 — Micronesicae; lineage 3 — Halimeda;
lineage 4 — Pseudoopuntia; lineage 5 — Opuntia). Of importance
for our discussion is a revised content of lineage 2
—Micronesicae, which now is closer to Rhipsalis than to
Opuntia. Besides its earlier representatives H. micronesica and
H. fragilis it contains the anatomically and ecologically quite
isolated H. cryptica, which before formed the monospecific
clade/section Cryptica (Hillis-Colinvaux 1980). H. gracilis and
H. macroloba, previously very isolated in clade/section
Halimeda (Kooistra et al. 1999), now form the new lineage 4 —
Pseudoopuntia, which together with lineage 5 — Opuntia is
grouped in a opuntoid basal clade. Further attributions remain
unchanged.



TEXT-FIGURE 8
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Evolution of diversity of modern species and subspecies of Halimeda according to data presented herein and data from previous authors. The curve sug-
gests that the post-Pleistocene Halimeda outburst might be an artefact due to insufficient knowledge of fossil material, or to insufficient preserva-
tion/palaeontological differentiation of certain Recent species. Calibration of Cenozoic stages from Gradstein et al. (2005).

These revisions were not taken into account by Herbig and
Dragastan (2005) and are discussed below.

According to the data from southern Morocco and compatible
with cladistic data from Kooistra et al. (2002) and Verbruggen
and Kooistra (2004), lineage 1 — section Rhipsalis, is the oldest
clade. It contains the oldest paleontologically defined stem lines
of the genus, i. e. H. cylindracea lineage, known since the late
Triassic, and the next oldest stem line, H. incrassata lineage,
known since the late Cretaceous (?), latest since Paleocene or
Eocene (Dragastan et al. 2002). The antiquity of the lineage
Rhipsalis is stressed by H. monile, cooccurring with H.
cylindracea and H. incrassata in the oldest marine (late
Thanetian) strata from southern Morocco.

The earliest representative of the third paleontologically de-
fined stemline, H. opuntia lineage, is latest Cretaceous (Maas-
trichtian) (Dragastan et al. 2002). In southern Morocco, H.
opuntia occurs first in the late Thanetian. This means that sepa-
ration of lineage 1 — Rhipsalis, and lineages 4+5 - the opuntoid
basal clade, must be prior, either already in the late Cretaceous,
or, if one does not accept the Maastrichtian H. opuntia, latest
above the Cretaceous-Tertiary boundary in the earliest Paleo-
cene, as postulated by Hillis (2001) for separation of all basal
clades. Since in the phylogram of Kooistra et al. (2002) the
opuntoid basal clade shares a common ancestor with basal clade
Halimeda, and both a common ancestor with basal clade
Micronesicae, separation of all basal lineages from clade

Rhipsalis has to be sought in the late Cretaceous to early
Paleocene interval. As with Dasycladales (Barattolo 2002), sep-
aration of the clades might be connected to adaptive radiation in
the early Paleocene, following extinction events at the
Cretaceous-Paleogene boundary.

In southern Morocco, oldest occurrence of a taxon from lineage
3 — basal clade Halimeda, is mid Ypresian, documented by the
outburst of H. tuna. Oldest known occurrence of a taxon from
lineage 2 — basal clade Micronesicae, is Lutetian with first oc-
currence of H. fragilis. The late occurrence of members of these
lineages in Morocco supports our hypothesis that the origin of
the species is elsewhere on the wide shelfs of the southern
Tethys.

Separation of the opuntoid basal clade into lineage 4 —
Pseudoopuntia, and lineage 5 — Opuntia, already occurred be-
fore mid Ypresian; at that time H. gracilis, a taxon belonging to
section Pseudoopuntia occurred first in southern Morocco. Fur-
ther separation of lineage 5 — Opuntia apparently was rapid and
also might have occurred prior to the mid Ypresian. This is indi-
cated by the mid Ypresian first occurrence of H. copiosa and the
Lutetian first occurrence of H. praegoreaui, a precursor of H.
goreaui, which form a remarkable subclade in the phylogram of
Kooistra et al. (2002).

As already outlined by Herbig and Dragastan (2005), species
richness in the late Palacocene—-middle Eocene of southern Mo-
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rocco indicates rapid diversification within the five basal clades
in the early Paleogene. Diversifaction occurred much earlier
than the postulated vicariance event in the late Miocene, with
closure of the circum-equatorial Tethys currents and the
Messinian salinity crisis (Hillis 2001). According to paleonto-
logical data, the late Miocene event was of minor importance,
with only the H. discoidea subclade originating. However,
based on phylogram patterns, Kooistra et al. (2002) even postu-
lated an origin of the complete extant Halimeda clade at that
time, and considered older Halimeda to be the result of iterative
evolution in different lineages. The wealth of detailed data from
the Moroccan Paleogene contradicts that hypothesis. Moreover,
it has to be stressed that Paleogene Halimeda was restricted to
the Tethys realm from eastern Asia and beyond to the western-
most Mediterranean, i. e. Spain and Morocco. Until the late
Miocene that latitudinal tropical seaway offered mostly unre-
stricted genetic exchange across wide shallow carbonate shelfs.
Therefore, it apparently accommodated a common genetic pool
of Halimeda species of the modern Indo-Pacific province. For
unknown reasons, there is no undoubted record of Halimeda in
the Caribbean-Florida province before the Miocene (fide
Bassoullett et al. 1983, see also Dragastan et al. 2003, tab. 1).
This settlement should be the starting point of (in part still cryp-
tic) allopatric speciations observed in DNA-based phylogenetic
trees of extant Halimeda.

The Pliocene closure of the Panama seaway seems to have had
no effect on speciation according to paleontological data, con-
trary to the suggestions of Hillis (2001). However, Kooistra et
al. (2002) convincingly related so-called pan-tropical species of
Indo-Pacific and Atlantic cognate pairs to that vicariance event,
which are phenotypically almost identical but genetically dif-
ferent. Also phenotypical convergent but taxonomically differ-
entiated Atlantic and Indo-Pacific taxa, which moreover
occupy same habitats, were related to that event.

Latest speciations within Halimeda apparently occurred in the
Pleistocene.

PALEOENVIRONMENTAL ASPECTS

The marine Paleogene at the southern rim of the central High
Atlas was a shallow carbonate ramp sloping towards north and
west (Herbig 1991). Due to later uplift of the Jurassic central
High Atlas in the north and ensuing complete erosion of all
Paleogene strata, the northward directed slope is not well pre-
served (Herbig 1986, 1991). For the late Thanetian Jbel Guersif
Formation, Kuss and Herbig (1993, figs. 5, 6) deduced a tidal
flat and restricted lagoon in the easternmost 30 kilometers of
the outcrop area around Tinerhir (text-figs. 1, 2). Further west
an open lagoon passed into deeper ramp facies some kilometers
east of Toundout, west of section SA-5 Oued Imassine. A simi-
lar pattern is valid for the mid to late Ypresian Ait Ouarhitane
and the uppermost Ypresian to late Lutetian or latest Bartonian
Jbel Tagount Formation, but higher energy, oolitic fore-shore
deposits replaced tidal flats in the easternmost outcrop areas.
Reef and fore-reef deposits are completely missing, so facies
models for modern Halimeda distribution developed in steep
platform-margin environments (e. g. Goreau and Goreau 1973,
Johns and Moore 1988) cannot be applied unambiguously to
these ramp deposits.

Our Halimeda distribution shows little facies-related differenti-
ation. Within the late Thanetian Jbel Guersif Formation,
Halimeda diversity is highest in shoreward sections (SA-5,
SA-8, SA-11, SA-13; text-fig. 2b) in restricted lagoon and tidal
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flat environments. Fossil assemblages are characterized by pre-
dominance of low-diverse miliolids and thick-shelled rotaliids
(Rotalia skourensis Pfender in Moret 1938), accompanied by
echinoids and oysters occurring in lumachelles and (?)
biostromes. In the mid to late Ypresian Ait Ouarhitane Forma-
tion, maximum Halimeda diversity shifted from very near-
shore environments to somewhat more open environments,
mostly in the transition towards, and within the outer lagoon de-
picted by Kuss and Herbig (1993) (sections SA-21, SA-7,
SA-15, SA-8, SA-18, SA-14, SA-11). Characteristic accompa-
nying biota are molluscs (bivalves, gastropods), commonly as
cortoids, and bryozans with a predominance of flexible
cellariiform growth types. Oolitic fore-shore facies in the east-
ernmost sections still contain quite common Halimeda. Within
the latest Ypresian to late Lutetian or latest Bartonian Jbel
Tagount Formation, maximum Halimeda diversity is concen-
trated in the transition towards the outer lagoon (section Sa-25a)
and in inner lagoon to fore-shore environments (sections
SA-18, SA-11) east of Boumalne. Associated biota are predom-
inately echinoids, miliolids, and cellariiform bryozoans in
bioclastic facies in section Sa-25a. Oolitic facies becomes im-
portant in both eastern sections, and oyster-rich facies is abun-
dant in the easternmost section SA-11. In all formations,
grainstones, packstones, and rudstones composed almost exclu-
sively of Halimeda segments occur. Many segments are
unbroken, suggesting an autochthonous to parautochthonous
source.

The best modern analogue may be luxuriant, non-reefal
Halimeda meadows of the Great Barrier Reef province (Drew
and Abel 1985, 1988a, Orme and Salama 1988). They grow in
outer shelf environments without mound (biohermal) morphol-
ogy or association with reefs. Diversity and percentage distribu-
tion pattern of species is similar to our fossil examples.
Latitudinal position, 10 to 23° S, is comparable with the
Paleogene paleolatitude of the southern rim of the central High
Atlas, 22 to 23° N (Herbig 1986).

The great diversity of Paleogene Halimeda at the southern rim
of the central High Atlas and the distribution pattern, with two
predominating species, one or two quite common species and
many rare to very rare species is remarkable, but not excep-
tional in modern environments (e. g., Eniwetok atoll/Pacific,
Hillis-Colinvaux 1980; Chagos Archipelago/Indian Ocean,
Drew 1995; Caribbean region, Littler and Littler 2000; Florida;
Dragastan et al. 2003, tab. 1). In the Great Barrier Reef prov-
ince, Drew and Abel (1985, 1988a) identified fourteen species
from Halimeda meadows. Halimeda assemblages consist of one
or two dominant species with maximum abundances of about 18
to 65%, generally one common species with abundance of about
10 to 20%, and several rare species. Species composition and
percentages of species varied among traverses, but without
showing a certain pattern or gradient. This is perhaps analogous
to irregular variations between single sections in each of the
studied formations. Possibly, it also reflects the unexplained
compositional differences among the different time slices in our
study according to Walther’s law (text-figs. 5-7). Drew and
Abel (1988a) stressed that taxa of section Opuntia, which are
lithophytic and normally prefer somewhat sheltered reef cre-
vasses (Hillis-Colinvaux 1980), are the most common contribu-
tors. Moreover, the lithophytic taxa of section Halimeda, which
favor high-energy reefal environments are present in minor per-
centages, and the psammophytic taxa of section Rhipsalis are
generally quite rare. This means that the Halimeda-rich gravels
of the Great Barrier Reef province must offer sufficiently stable



substrates for colonisation, and that the high species diversity
reflects the preference of the three species groups (sections) for
different (micro-)habitats within the Halimeda meadows. At
the southern rim of the central High Atlas, the dominant late
Thanetian species, H. cylindracea and H. incrassata, belong to
the psammophytic taxa of section Rhipsalis and point to exis-
tence of wide-spread mobile sands. In contrast, the dominant
mid Ypresian to late Lutetian or latest Bartonian species, H.
tuna and H. opuntia, belong to the lithophytic sections
Halimeda and Opuntia, in the sense of Hillis-Colinvaux (1980).
They point to the existence of coarse, stable gravels. Mobile
sands may still have been present during the mid and late
Ypresian because the psammophytes, H. simulans and H.
monile, are quite common, but the abundance of mobile sands
apparently further decreased during the Lutetian—?Bartonian,
where only the psammophyte H. simulans remained somewhat
common. Another parallel between the Recent Halimeda mead-
ows of the Great Barrier Reef province and our Paleogene de-
posits is the abundance of Halimeda to exclusion of other algae,
apparently representing dense, monogeneric stands.

The almost imperceptible spatial floral gradient at the southern
rim of the central Atlas appears well comparable to that of the
extended Halimeda meadows of the Great Barrier Reef prov-
ince. Drew and Abel (1985) extensively sampled the meadows
between Cooktown and Lizard Island, an area about 125km
long and less than 20km wide. It is comparable to our outcrop
belt in size and shape. Like in the fossil counterpart, Halimeda
distribution does not show any spatial gradient along the length
of the area (= along strike), though composition varies irregu-
larly between single traverses. In width (= across strike) no data
are available, but considering the open marine outer shelf set-
ting, variations seem unlikely. Differentiation of Halimeda spe-
cies in transects across fore-reef, reef, and lagoon environments
appears to be much stronger developed due to highly varied
ecological factors (e.g. Goreau and Goreau 1973). In contrast,
Halimeda meadows developing in open-marine environments,
like in the modern Great Barrier Reef province, or on ramp set-
tings, like at the southern rim of the central High Atlas, are
characterized by very low paleoenvironmental gradients,
resulting in almost unchanged to very slowly changing distribu-
tion patterns.

Halimeda can take up nutrients very rapidly. The luxuriant
Halimeda meadows of the Great Barrier Reef province are con-
nected with upwelling bringing cold, nutrient-rich waters into
otherwise nutrient-depleted outer-shelf areas (Drew and Abel
1985, 1988a). Halimeda bioherms in the eastern Java Sea (In-
donesia) are also tied to upwelling (Roberts et al. 1988). In the
case of the Moroccan Paleogene, nutrient-rich waters were de-
livered via upwelling at the northwest African continental mar-
gin, as recorded by the central Moroccan phosphate sea.
Riverine input from the hinterland might also have contributed
(Herbig and Gregor 1992).

Although no mound-shaped Halimeda accumulations, resp.
Halimeda bioherms could be proved in the Paleogene at the
southern rim of the central High Atlas, comparison with
lithofacies of modern examples is useful. Hine et al. (1988) de-
scribed Halimeda bioherms from the Caribbean region, which
border as a continuous band the margins of a shallow open sea-
way, the Miskito channel. Dredge samples are coarse, poorly
cemented packstones and grainstones, dominated by mostly un-
broken, disarticulated Halimeda segments set in a poorly sorted
sandy matrix. Same lithologies are common in our Paleogene
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samples. Though we consider the existence of Halimeda mead-
ows, not bioherms, the comparison stresses the volumetrically
important contribution of Halimeda to the shallow Paleogene
ramp limestones, probably forming a similar algal belt than in
the modern Carribean example.

PALEOALGOLOGY

Green siphonous algae from Morocco

Dasycladalean algae and coralline algae are rare in the central
Moroccan epicontinental Paleogene deposits (Herbig 1991,
Kuss and Herbig 1993), but green siphonous algae belonging to
Halimeda and Ovulites abound in shallow-marine ramp lime-
stones in certain horizons of the eastern Souss, in the western
part of the southern Subatlas-Zone, and the western Khelas
(Trappe 1989, 1991, 1992). Both taxa are especially widespread
in the eastern Ouarzazate basin (Herbig 1986, 1991), forming
extensive Halimeda grainstones, packstones and rudstones. In
most parts of the Middle Atlas deposits Halimeda is ubiquitous,
but Ovulites is completely absent (Herbig 1991). However, tax-
onomic studies of the Paleogene algae from Morocco are rare.
Pfender (in Pia 1932) noted abundant Halimeda from the early
Thanetian to late Lutetian or Bartonian Bekrit-Timahdit Forma-
tion (Herbig 1991, following Rahhali 1971). She defined
Halimeda nana from material from a section in the village of
Timahdit, Middle Atlas. Material from the type section was re-
studied by Segonzac et al. (1986), who noted similarities with
H. elliotti Conard and Rioult 1977 and H. praemonilis Morellet
1940. Moreover, she mentioned two bigger-sized species of
Halimeda in open nomenclature.

Pfender (in Moret 1938, pl. 10, fig. 1-2) noted common Hali-
meda sp. from Skoura, southern rim of the central High Atlas;
“Griphoporella arabica” Pfender 1938 [= Ovulites arabica
(Pfender 1938) Massieux 1966] is from the “calcaire a Nautiles
de Tamdakht of the western Khelas, about 27km northwest of
Ouarzazate. The type stratum is most probably correlated with
the nautilid concentrations known from the Middle Anmiter
Formation (Kuss and Herbig 1993), a lateral equivalent of the
latest Thanetian middle Jbel Ta’louit Formation (Herbig and
Trappe 1994, figs. 6, 7). The taxon was reconsidered by Pfender
(1940) and Massieux (1966). Herbig (1991) and Kuss and
Herbig (1993) did not find typical Ovulites arabica in the Mid-
dle Anmiter Formation some 55km ENE of the type region, but
noted sections corresponding in diameter to O. maillolensis
Massieux 1966. That taxon was considered by Elliott (1968) to
be a junior synonym of O. arabica. At the southern rim of the
central High Atlas, O. arabica is restricted to the latest
Thanetian Middle Anmiter Formation (Kuss and Herbig 1993).

Herbig and Geyer (1988) noted abundant Ovulites margaritula
(Lamarck 1801) Lamarck 1816 from the topmost marine beds
(uppermost Jbel Tagount Formation) in sections in the eastern
Ouarzazate basin. It commonly occurs at the southern rim of the
central High Atlas in the Anmiter and Thersitea Formation
(Trappe 1989, 1992) as well as in the Ait Ouarhitane and Jbel
Tagount Formation (Herbig 1991). Thus, its local stratigraphic
range is restricted from the mid Ypresian to the late Lutetian or
Bartonian (Kuss and Herbig 1993).

Herbig (1991) gave short taxonomic descriptions of Halimeda
sp., O. arabica, and O. margaritula from these formations, am-
ply illustrated corresponding algal microfacies, and sketched
the major spatial distribution of the green siphonous algae at the
southern rim of the central High Atlas and in the Middle Atlas.
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This material was also used in a taxonomic comparison of green
algae between Egypt and Morocco (Kuss and Herbig 1993). In
addition data on Halimeda nana Pia was reported for the first
time from the southern rim of the central High Atlas. It is re-
stricted to the late Thanetian Jbel Guersif and Middle Anmiter
Formation (Kuss and Herbig 1993).

Pathways of taxonomy and the evolution of green
siphonaceous algae

Conceptions regarding suprageneric taxonomy, anatomy and
thallus architecture of Recent green siphonaceous algae have
been synthetized amongst others by Feldmann (1946, 1954),
Taylor (1950, 1960), Round (1963, 1984), Emberger (1968),
Hillis-Colinvaux (1980, 1984), Mattox and Stewart (1984), Lee
(1989), Silva (1980, 1982), and Silva et al. (1996). The evolu-
tion of these partly strongly deviating taxonomic concepts, in-
cluding that of fossil siphonaceous algae was portrayed by
Dragastan et al. (1997).

Classification of fossil — calcified — green siphonaceous algae is
based on skeleton morphology. In general, internal morphology
shows siphons, arranged in central medulla and external cortex.
Descriptive terms have been used with different meanings, such
as tubes or filaments. Littler and Littler (1990, 1992) correctly
emphasized that the term filament, used by previous workers, is
generally defined as a chain of cells and is incorrectly applied to
siphonaceous algae such as Udotea, Halimeda, and Penicillus.
They proposed the terms siphon for the medulla and utricle for
the cortex.

“Tubular filamentous algae” were assigned to the Codiaceae
(Hedstroemia, Garwoodia) by Rothpletz (1913) and Garwood
(1913, 1914), or to different families by Elliott (1956, 1963,
1965, 1975, 1982) including Siphonocladiaceae (Pycnopor-
idium), Codiaceae (Arabicodium), or later, Udoteaceae (Aphro-
diticodium, Boueina, Arabicodium, Halimeda).

Tappan (1980) first applied data from Recent algae (morphol-
ogy, reproductive cycle, and genetic code) to fossil material and
related skeletal thallus morphology of fossil algae to modern
classification. She jointly assigned modern and fossil siphon-
aceous genera to the class Bryopsidophyceae, as follows:

(1) Order Codiales Setchell 1929 with families Bryopsidaceae
(Bory) De Toni 1888 (Bryopsis) and Codiaceae (Trevisan)
Zanardini 1843 (Codium).

(2) Order Caulerpales Setchell 1929 with four families:
Garwoodiaceae (Johnson) Shuysky 1973 (Garwoodia, Hed-
stroemia, Mitcheldeania, Ortonella), Udoteaceae (Endlicher)
Agardh 1887 (Anchicodium, Arabicodium, Avrainvillea, Baci-
nella, Boueina, Clibeca, Halimeda, Hikorocodium, Litaneia,
Lithocodium, Marinella, Orthriosiphon, Paleoporella, Udotea,
Uva, Zaporella), Dichotomosiphonaceae Chadefaud ex Feld-
man 1946, Caulerpaceae Greville 1830. Only Garwoodiaceae
and Udoteaceae include modern and fossil taxa.

Concerning fossil siphonaceous genera like Arabicodium,
Halimeda, Boueina and Ovulites, Bassoullet et al. (1983) used
in part earlier classifications, like that from Feldmann (1946,
1954) and Tappan (1980), and placed these taxa in class
Chlorophyceae, order Caulerpales, family Udoteaceae. Shuy-
sky (1987), in a work mostly devoted to Paleozoic algae, in-
cluded them in class Siphonophyceae, order Siphonales, which
is characterized by genera with thalli crossed by a polysiphonal
medullar zone. However, he dispersed the taxa in different fam-
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ilies. Again, Mu (1991) discussed the tortuous pathway and di-
vergent opinions concerning suprageneric taxonomy of siphon-
ous green algae. Though he mentioned “Halimedaceae” with
reference to Hillis-Colinvaux (1984), he still placed Halimeda
into Udoteaceae.

Hillis-Colinvaux (1984), Dragastan et al. (1997), Littler and
Littler (2000, 2003), and Dragastan et al. (2000) referred to the
inner structure of Recent and fossil Halimeda thalli and indi-
cated that they are correctly assigned to the class
Bryopsidophyceae, order Bryopsidales, family Halimedaceae
Link 1832.

In a scheme proposed by Dragastan et al. (1997), taxa from the
suborder Halimedineae Hillis-Colinvaux 1984 were given
higher rank and new suprageneric taxa were introduced. Ac-
cordingly, the class Bryopsidophyceae, order Bryopsidales, in-
cludes two suborders: Bryopsidineae Hillis-Colinvaux 1984
with three families containing uncalcified extant genera, and
Halimedineae Hillis-Colinvaux 1984 with six families. The
latter are:

(1) Halimedaceae Link 1832 - they contain Recent and fossil
taxa; thalli are calcified, disc-like or more diverse in shape, the
segments are crossed by medullar and cortical siphons
(utricles), the latter branched (two to seven times). Type genus
is Halimeda Lamouroux 1812.

(2) Udoteaceae Endlicher 1843 - also known from Recent and
fossil material; they are characterized by calcified thalli com-
posed of three parts: uncalcified rhizoidal mass, an upright
corticated stalk (= stipe), and a fan-shaped terminal blade or
flabellum.The blades are crossed by dichotomically branched
siphons and various lateral appendages (Littler and Littler
1990). Type genus is Udotea Lamouroux 1812. Fossil taxa in-
clude the genera Ovulites and Pseudopenicillus from the Meso-
zoic and Cenozoic as well Penicillus dumetosus from
Pleistocene limestones of the Florida Keys (Dragastan et al.
2003). Kooistra (2002) showed that the brush of genus
Penicillus is essentially an uncorticated Udotea blade, in which
the siphons lost their adherence. This demonstrates that Peni-
cillus belongs to family Udoteaceae and not to the Caulerpaceae
or Halimedaceae.

Further families are the (3) Caulerpaceae Feldmann 1946 and
(4)—(6) three families introduced by Dragastan et al. (1997) (for
latin diagnoses see also Dragastan and Richter 1999): Pseudo-
udoteaceae, containing only calcified fossil genera like Pseudo-
udotea, Hydraea, Carpathea, Garwoodia, and Hedstroemia;
Avrainvilleaceae, containing the non-calcified Recent Avrain-
villea, and the calcified fossil taxa Mitcheldeania, Pseudo-
mitcheldeania, Niteckiella, and Bevocastria; and Rhipiliaceae,
containing the non-calcified Recent Rhipilia, and the calcified
fossil genera Baratangia and Dendronella(?).

Hillis et al. (1998) and Kooistra et al.(1999) studied morpholog-
ical features in relation to molecular phylogeny of the 34 known
Recent species of Halimeda and described three principal lin-
eages corresponding to sections Rhipsalis, Halimeda, and
Opuntia + Micronesicae. In a following study, Verbruggen and
Kooistra (2004) stated the existence of five sections, resp.
monophyletic lineages, Rhipsalis, Micronesicae, Halimeda,
Pseudoopuntia, and Opuntia. In spite of punctuated uncertain-
ties, they recognized surprisingly good correlation between mo-
lecular data and morphology. Only one morphological
character, breadth of segments, does not correlate, a fact already



noted by Barton (1901), who also mentioned that the shape of
segments is so different along the thallus of the same specimen
that this parameter is not taxonomically useful. However, the
results of Hillis et al. (1998) and Kooistra et al. (1999) mean
that the morphology of fossil and Recent Halimeda segments
are comparable for taxonomic purposes, if suitable parameters
are used.

However, Hillis (2000) still doubted the possibility to align fos-
sil and extant species of Halimeda. On the contrary, she pointed
out that “the apparent explosion of speciation during the Holo-
cene is most likely an artifact of effort.” Our study now un-
equivocally demonstrates the fossil roots of modern species by
using primarily the characters of the utricular system, intro-
duced for extant Halimeda by Littler and Littler (1997, 2000),
and successfully used e.g. by Bandeira-Pedrosa et al. (2004) as
a main character for recognition of species.

Dragastan et al. (2000) first used that concept in fossil material
and segregated two evolutionary lines of Halimedaceans during
the Phanerozoic. The more ancient evolutionary line included
fossil and Recent taxa with cylindriform primary cortical si-
phons (utricles); it evolved in the Ordovician. The second evo-
lutionary line is characterized by vesiculiferous (conical),
bulbuous primary siphons; representatives are known from
Permian to Recent.

Dragastan et al. (2002) stressed the fact that extant species of
Halimeda present variable shapes of the segments with a con-
comitant wide range of internal anatomical differences.
Halimeda thalli have a large degree of variation regarding the
siphon diameters within the inner portion of the medullary
zone, as well as a variable number of utricle layers. Therefore,
if the thallus segments are disconnected during fossilization, in-
dividual segments will present varying numbers and dimen-
sions of utricle layers. Consequently, segments from the base of
a plant might be mistaken as separate species from those at the
middle or the top. However, due to their relatively nar-
row-spaced stratigraphical occurrences and identical morphol-
ogy, Halimeda segments from late Miocene to Pleistocene
limestones of Palau, western Pacific, were considered to repre-
sent the same species than the modern anatomical counterparts.
This stresses the concept of punctuated equilibrium (Gould and
Eldredge 1977) for Halimeda species, which thrived in mor-
phological stasis for long periods after first appearance (see also
Kooistra et al. 2002: 133). It contradicts the assumption of
homology and paralellism between fossil and Recent taxa, as
expressed for Halimeda opuntia by Hillis (2000), as well as the
model of iterative evolution forwarded by Kooistra et al.
(2002).

Nevertheless, the cortical system with variously shaped utricle
series remains the primary key for identification of fossil mate-
rial and corresponding extant species. Currently, only a few
fossil Halimeda species can be considered true species. Based
on the utricular characters, it can be shown that 21 Triassic—Ce-
nozoic taxa were based on the long-ranging Halimeda
cylindracea (late Triassic to Recent), which has only two seg-
ment morphotypes. Only a few taxa remained valid (Dragastan
et al. 2002). H. incrassata (Cretaceous—Recent) has variously
shaped segments. It includes seven apparently synonymous fos-
sil taxa. H. opuntia, which originated at the K/T-boundary and
still thrives today, has extremely variable thalli segments and
includes two synonymous fossil taxa (H. johnsoni and H.
eocaenica).
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Taxa now included in the family Halimedaceae originated from
the Paleozoic and Mesozoic family Protohalimedaceae, which
represents an ancestral group of green siphonaceous algae
(Dragastan et al. 2002, 2003). Data gathered in recent years
from Pleistocene, Pliocene, and Miocene, and data presented
herein from early and mid Eocene, and late Paleocene demon-
strate that H. cylindracea, H. incrassata, and H. opuntia have
persisted in various shallow-marine calcareous facies. Many
gaps still remain in our knowledge concerning the stratigraphi-
cal record of Halimeda species, particulary in pre-Cenozoic and
Oligocene strata, at the Oligocene-Miocene boundary, and in
parts of the Pliocene and Pleistocene. However, it is clear that
the genus Halimeda can be considered as a living fossil
(Kooistra et al. 1999), because more than twelve species
evolved between the Cretaceous-Tertiary boundary and the
Pleistocene.

Identification of fossil and modern Halimeda species based on
segment morphology

Identification keys for modern Halimeda species were given by
different authors (e. g. Taylor 1960; Hillis-Colinvaux 1980; Lit-
tler and Littler 1997, 2000, 2003;Verbruggen et al. 2005b).
Mostly, the general morphology of the thallus (holdfast, shape
of segments, branching, ornamentations, nodes, medullary si-
phons and the shape of utricle series are the most important
characters to discriminate species. A special attention was given
to the shape and distributional pattern of surface utricles, re-
spectively peripheral utricles by Hillis-Colinvaux (1980, p.38,
fig. 17) ,which correspond to tertiary or higher utricle series in
the nomenclature of fossil Halimeda. We propose to use the
same nomenclature regarding the utricle series for fossil and
modern Halimeda species. Accordingly, primary utricles are
disposed closest to the medulla, followed by secondary utricles,
tertiary utricles (= equivalent of peripheral utricles), etc., to-
wards the periphery of the cortex. Nodal structure, which is an
easily observed, important character for discrimination of
modern species, is not preserved in fossil material.

Verbruggen et al (2005a, b) presented a complete key for mod-
ern Halimeda species from section Rhipsalis. They used differ-
ent morphometric methods and discriminant analysis for
species differentiation, starting from segment morphology and
internal anatomy. Not all anatomical characters are equally im-
portant for recognition of fossil species, as rarely preserved pe-
ripheral utricles, nodal height, or even medullar siphons, which
might be completely dissolved.

Attribution of calcified segments of fossil and modern
Halimeda to discern species is based on hierarchical morpho-
logical/dimensional criteria (Tab. 1), as seen in ideal sections
crossing thalli segments at least in two planes: vertical-axial,
transversal, and, subordinate, in a third vertical tangential corti-
cal section. As stressed above, size, shape and arrangement of
cortical utricles are the most important criteria to discriminate
species. For the first time in fossil record, cavities were ob-
served in the cortex of some species (Halimeda monile, H.
lacunosa n. sp., H. praetaenicola n. sp.), which are interpreted
to be gametangia. In modern species, differences in size, shape
and position of gametangia are species characters
(Hillis-Collinvaux 1980; Drew and Abel 1988b; Bandeira et al.
2004), but were not included by Verbruggen et al. (2005) in
their key of modern Halimeda species.
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TABLE 1

Hierarchical grouped identification characters for extant and fossil species of Halimeda based on segment morphology

Studied material and repository

The study is based on 410 stratigraphically collected samples
from 25 sections. About 100 thin-sections were studied,
7x10cm or 10x15cm in size, from Halimeda-rich facies con-
taining thousands of segments. Sample numbers refer to sec-
tions in Herbig (1991, figs. 17, 27, 30). Numbering is based on
sampling date followed by number of each sample taken during
the day (day-month-year/xx). All thin-sections are housed at the
Institut fiir Geologie und Mineralogie, Universitit zu Koln, un-
der these numbers. Figured thin-sections received additional
numbers GIK 1872 to GIK 1919 (collections “Geologisches
Institut Koln”); suffices a—x denote either different figured spe-
cies or holotype and paratypes within a single thin-section.

SYSTEMATIC PALEONTOLOGY

Division CHLOROPHYTA

Class BRYOPSIDOPHYCEAE Round 1963

Order BRYOPSIDALES Schaffner 1922

Suborder HALIMEDINEAE Hillis-Colinvaux 1984

Family HALIMEDACEAE Link 1832

Genus Halimeda Lamouroux 1812

Type species: Halimeda tuna (Ellis and Solander) Lamouroux

Halimeda cylindracea Decaisne 1842
Plate 1, figures 1-6; Plate 2, figures 1-7; Plate 16, figures 1-4;
Plate 27, figures 14

Halimeda cylindracea n. sp. — DECAISNE 1842, p. 103. — HILLIS-
COLINVAUX 1980, p. 100; figs. 4-5, 104. — DRAGASTAN,
LITTLER and LITTLER 2002, pl. 2, figs. 1- 3. — LITTLER and
LITTLER 2003, p. 244-245.

Halimeda sp. — PFENDER in MASSIEUX 1966, pl. 5, figs. 5-6, 8, 10. —
DELOFFRE, POIGNANT and TEHERANI 1977, pl. 6, figs. 3-4. —
RADOICIC 1990, pl. 12, fig. 3. — SIMMONS and JOHNSTON 1991,
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pl. 2, figs. 1-2. — RADOICIC 1992, pl. 9, figs. 1-2. — KUSS and
HERBIG 1993, pl. 8, fig. 9.

Boueina (?) pygmaea Pia. - BECKMANN and BECKMANN 1966, pl.
9, fig. 129.

Halimeda sp. 1 - SEGONZAC, PEYBERNES and RAHHALI 1986, pl.
1, fig. 3.

Halimeda elliotti Conard and Rioult 1977 —RADOICIC 1998, p. 186; pl.
3, only fig. 2.

Halimeda nana Pia. — KUSS and HERBIG 1993, pl. 5, fig. 8.

Arabicodium tibeticum Yu-Ling. — RADOICIC 1998, pl. 6, fig. 7.

Material: lower—upper Jbel Guersif-Formation, late Thanetian
(Pls. 1, 2) — 130584/5, section SA-5 (GIK 1874a); 160584/8,
section SA-8 (GIK 1879a); 180584/6, section SA-11 (GIK
1886a); 031085/5, section SA-13 (GIK 1897a).

Middle—upper Ait Ouarhitane Formation, mid to late Ypresian
(pl. 16, figs.1-4) — 160584/16, section SA-8 (GIK 1882a);
180584/26b, section SA-11 (GIK 1889); 180584/28b, section
SA-11 (GIK 1890a); 121085/8, section SA-21 (GIK 1916a).

Lower-middle Jbel Tagount Formation, latest Ypresian to late
Lutetian or latest Bartonian (pl. 27) —091085/15, section SA-18
(GIK 1912a); 161086/6, section SA-25a (GIK 1918); 161086/7,
section SA-25a (GIK 1919a)

Description: Thalli segments cylindrical, in some cases slightly
compressed, crossed in the central area by tubular, medullar si-
phons (pl. 1, figs. 1-2, 5-6; pl. 2, figs. 1, 7). The medullar area
has plenty of tubular siphons, or in some cases is empty or par-
tially preserved.

In a transverse section, the medullar area appears round in
shape, with medullary siphons more or less parallel and regu-
larly disposed (pl. 2, fig. 6). In oblique-longitudinal section the
medullary siphons are pearl-shaped, with slightly constricted



TABLE 2
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Size parameters of Halimeda cylindracea Decaisne 1842 (in millimeters) from Paleogene formations, southern Morocco and late Miocene interval of

Palau Limestone (Dragastan et al. 2002).

intervals between. They are dichotomously branched, in some
cases at 90 degree and are loosely disposed in parallel to irregu-
lar manner. The number of rows of medullar siphons is variable
between fourteen to eighteen, exceptionally up to twenty (pl. 1,
figs 5-6; pl. 2, figs. 6-7).

The cortex system is moderately thick and has three or four
utricle-series (pl. 1, figs. 2-3; pl. 2, figs. 6-7).

The primary utricles are long, cylindrical, faintly conical in
shape, increasing slightly in diameter distally. The primary
utricles support secondary utricles, which are small and tubular
in shape and branch dichotomously. These secondary utricles
bear short, tubular, slightly inflated distally tertiary utricles and
these support a ultimate, fourth series of utricles, very short,
and extremely small in diameter. Dimensions are listed in Table
2.

Remarks: Specimens from the late Thanetian and from the mid
Ypresian to late Lutetian or latest Bartonian interval differ
somewhat in morphology of medullar siphons, and shape and
dimensions of the cortical utricle series. The specimens from
the mid to late Ypresian (pl. 16, figs. 1-4) have strongly calci-
fied segments, much longer and larger in diameter, but with
thinner cortex.The medullar area is larger and crossed by nu-
merous rows of siphons (maximal 14). In tangential sections,
distributional pattern for terminal utricles is the same, being
disposed like a “rosette” with 8 up to 10 very small, round si-
phons (pl. 2, figs. 2-3 — arrows; pl. 16, figs.2-3 — arrows). The
Lutetian—?Bartonian specimens of Halimeda cylindracea,
mostly seen in longitudinal-oblique and transverse sections in
entire or broken segments, present slightly larger dimensional
parameters of thalli compared with specimens from the late
Thanetian and mid to late Ypresian. In the Lutetian—?Bartonian,
the specimens have only three utricle series: primary are long,
cylindrical (pl. 27, figs. 1-4 ), secondary are tubular and distally
also slightly inflated, dichotomously branched (pl. 27, figs. 1,
3), third series of very short and tubular utricles (pl. 27, figs. 1,
4).

Halimeda cylindracea is considered to be the oldest taxon from
the stock of fossil and Recent Halimeda species, arising latest in
the late Triassic (Dragastan et al. 2002). The morphological and
biometrical data of specimens from the late Thanetian, mid to
late Ypresian, Lutetian—?Bartonian, and late Miocene (material
from Dragastan et al. 2002) conserved the same medullar pat-
tern and cortex structure with three or four utricle series, almost
identical with Recent specimens.

H. cylindracea can be compared with Paleocene H. nana, which
also has cylindrical thallus, small in diameter, but the latter dif-
fers because some segments are branched. Segments are crossed
by 6-8 rows of medullary siphons. The cortex presents in most
cases two, rarely three utricle series. Also Recent H. incrassata
differs by the morphology of the utricles. Primary utricles are
sturdy, well inflated distally, secondary are medium long,
subglobose and the tertiary ones are short and conical in shape.

Halimeda nana Pia 1932
Plate 3, figures 1-9; Plate 5, figures 5-6

Halimeda nanan. sp. —PIA 1932 in PIA, PFENDER and TERMIER, pl.
2, fig. 4. —ELLIOTT 1955, p. 126, p. 128; pl. 1, fig. 3. - SEGONZAC,
PEYBERNES and RAHHALI 1986, p. 502; pl. 1, figs. 1, 2, 4, 5-8. —
BASSOULLET et al. 1983, p. 488; pl. 7, figs. 5-6. - TRAGELEHN
1996, pl. 48, fig. 1. - KUSS and HERBIG 1993, p. 277; pl. 5, figs. 1-5;
pl. 8, figs. 4-5.

Halimeda sp. 2 — SEGONZAC, PEYBERNES and RAHHALI 1986, p.
503; pl. 1, fig. 4.

Material: lower—upper Jbel Guersif-Formation, late Thanetian —
130584/3, section SA-5 (GIK 1872a); 160584/12, section SA-8
(GIK 1881); 180584/6, section SA-11 (GIK 1886b); 031085/2,
SA-13 (GIK 1895a).

Description: Thallus segments cylindrical, small in diameter, in
some cases branched or with a small lobe or protuberance (pl. 3,
fig. 8). Segments crossed by narrow medullar area; siphons fine,
undulose, disposed more or less parallel in 68 rows and dichot-
omously branched (pl. 3, figs. 1-2, 4, 6-7, 9; pl. 5, fig. 6). Cor-
tex not thick, composed in majority of specimens by two, or,
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TABLE 3

Size parameters of Halimeda incrassata (Ellis) Lamouroux 1816 (in millimeters) from Paleogene formations, southern Morocco, late Miocene interval
of Palau Limestone (Dragastan et al. 2002), and late Pleistocene Key Largo Formation, Florida (Dragastan et al. 2003).

rarely, three utricle series. Primary utricles rather short, tubular,
cylindrical inflated to the distal part (pl. 3, figs. 1, 9; pl. 5, fig.
5). Secondary utricles short, cylindrical, dichotomously
branched; tiny tertiary utricles very short (pl. 3, fig. 9, arrow).

Dimensions in mm (for abbreviations see table 2): D —
0.30-0.87, md - 0.15-0.38, msd - 0.016-0.035, cth -
0.082-0.10, pudp + pudd - 0.010-0.016, pul — 0.060-0.082,
sud — 0.012-0.020, sul — 0.025-0.032, tud — 0.005-0.007
(rarely present), tul — 0.010-0.012?

Remarks: Pia (1932) described Halimeda nana quite insuffi-
ciently from its type locality Timahdit, Middle Atlas (Mo-
rocco). Originally considered to be Danian in age, Herbig
(1991) concluded a late early Thanetian—Lutetian—?Bartonian
age of the algal-bearing strata (see also Segonzac et al. 1986).
According to Kuss and Herbig (1993) and our data, the species
is restricted to the Paleocene; at the southern rim of the central
High Atlas, it is an index species of the Thanetian. A revision
based on specimens from the type locality by Segonzac et al.
(1986) provided biometric data, a good description of the
medullar area and the structure of the cortex, and very good
ilustrations. In spite of that study the taxon needs further con-
sideration, since it is only represented by small, cylindrical
thallus segments close to the stock of H. cylindracea. Like the
Turonian H. elliotti, a species with four cortical utricle series, it
might fall into synonymy with H. cylindracea.

Halimeda incrassata (Ellis) Lamouroux 1816
Plate 4, figures 1-9; Plate 5, figures 1-4; Plate 16, figures 5-6

Corallina incrassata n. sp. — ELLIS 1768, p. 408; figs. 20-27.

Halimeda incrassata (Ellis) — LAMOUROUX 1812, p. 186. —
LAMOUROUX 1816, p. 307. — HILLIS-COLINVAUX 1980, p. 93;
fig. 22. — LITTLER and LITTLER 2000, p.402-403; figs. 1 -2. —
DRAGASTAN, LITTLER and LITTLER 2002, p. 10; pl. 3, fig. 7. —
DRAGASTAN, LITTLER and LITTLER 2003, p. 21; pl. 1, figs.
1-11; pl. 2, figs. 6-7; pl. 5, figs 3-4, 7; pl. 6, fig. 3.

Halimeda pipaldehlaenisis n. sp. — BADVE and NAYAK 1983, p. 140;
pl. 6, figs. 1-2, 4, 10.

Halimeda robustan. sp.—BADVE and NAYAK 1983, p. 140; pl. 6, figs
9, 12.

Halimeda corneola n. sp. — BADVE and NAYAK 1983, p. 140; pl. 6,
fig. 11.
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Halimeda densituba n. sp. - BADVE and NAYAK 1983, p. 142; pl. 6,
Hi?%riegj;riradiata n. sp. —- BADVE and NAYAK 1983, p. 142; pl. 6,
Hi?%r:ez’aségiplonkari n. sp. - BADVE and KUNDAL 1986, p. 155;
Hclel%;rlle:;a.fa agharkarin. sp.— BADVE and KUNDAL 1986, p. 156; figs.
Hil‘z"iﬁesc;fa nana Pia—KUSS and HERBIG 1993, pl. 5, fig. 7; pl. 8, fig. 10.

Material: lower—upper Jbel Guersif-Formation, late Thanetian
(pl. 4; pl. 5, figs. 1-4) — 130584/4, section SA-5 (GIK 1873a);
130584/5, section SA-5 (GIK 1874b); 160584/8, section SA-8
(GIK 1879b); 160584/11, section SA-8 (GIK 1880a);
170584/31, section SA-10 (GIK 1885); 031085/4, section
SA-13 (GIK 1896a); 031085/5, section SA-13 (GIK 1897b);
131085/16; section SA-22 (GIK 1917a).

Lower and middle Ait Ouarhitane Formation, mid to late
Ypresian (pl. 16, figs. 5-6) — 041085/4, section SA-14 (GIK
1900a); 061085/2; section SA-15 (GIK 1905a).

Description: Thallus segments mostly cylindrical in shape, in
some cases flattened. Segments crossed by medullar area with
large variability in diameter. The medullar area is pierced by
long, cylindrical, parallel siphons disposed in 8—10 rows (pl. 4,
fig. 6; pl. 5, fig. 1). The cortex is thick, but thickness depends on
position, that is, age of segment within specimen; it consists of
three, in some cases up to five utricle series (pl. 4, figs. 8-9).The
primary utricles are sturdy, cylindrical-conical, well inflated to-
wards the distal end and have large diameters (pl. 4, figs. 1, 5,
8-9; pl. 5, fig. 4; pl. 16, figs. 5-6). The primary utricles support
tubular, medium-long, subglobose, dichotomously branched
secondary utricles, which in turn bear short tertiary utricles,
small in diameter and conical in shape (pl. 4, figs. 6, 8-9, pl. 5,
figs. 1-2, 4, pl. 16, fig. 5). In tangential section, the tertiary
utricles are round in shape; they are disposed in regular
polygonal pattern. Dimensions are listed in Tab. 3.

Remarks: Fossil Halimeda incrassata was found in the late
Miocene of Palau limestone, western Pacific (Dragastan et al.
2002). Thalli segments are cylindrical in shape, crossed by large
medullar area and cortex with three utricle series. The cortex
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Size parameters of Halimeda monile (Ellis and Solander) Lamouroux 1816 (in millimeters) from Paleogene formations, southern Morocco, late Miocene
interval of Palau Limestone, (Dragastan et al. 2002), and late Pleistocene Key Largo Formation, Florida (Dragastan et al. 2003).

utricles are of shape and dimensions close to the specimens
found in the late Pleistocene limestones from the Florida Keys
(Dragastan et al. 2003).

During the late Thanetian and mid to late Ypresian, Halimeda
incrassata had only cylindrical thalli segments with some ten-
dency to flattening. However, in the Upper Pleistocene deposits
the same species has variable shaped segments, depending on
their position along the thallus: segments from the basal part of
the thallus are predominantly cylindrical, those from the middle
part and from the tips of the thallus are subcuneate to
flat-subtriangular.

We suppose that the differentiation into variously shaped
thallus segments started in the Eocene and became more intense
during the Miocene. This observation is a solid argument that
fossil representatives of H. incrassata belong to the evolution-
ary line of Recent H. incrassata and do not represent morpho-
logical nearly identical, that is, homologous species evolving in
parallel.

See H. cylindracea for discussion of differences.

Halimeda monile (Ellis and Solander) Lamouroux 1816
Plate 6, figures 2-5; Plate 14, figures 1-6

Corallina monile n. sp. — ELLIS and SOLANDER 1786, p. 110; pl. 20,
fig. C.

Halimeda monile (Ellis and Solander) - LAMOUROUX 1816, p. 306. —
HILLIS-COLINVAUX 1980, p. 98; fig. 24. - DRAGASTAN, LIT-
TLER and LITTLER 2002, p. 10; pl. 2, figs. 4-5. — LITTLER and
LITTLER 1989, p. 92. - DRAGASTAN, LITTLER and LITTLER
2003, p. 22; pl. 2, figs. 1-5; pl. 5, fig. 6. — LITTLER and LITTLER
2000, p. 404; figs. 1-2.

Halimeda incrassata f. monilis (Ellis and Solander) - BARTON 1901,
p. 27.

Material: middle Jbel Guersif-Formation, late Thanetian (pl. 6,
figs. 2-5) — 130584/4, section SA-5 (GIK 1873b); 131085/16,
section SA-22 (GIK 1917b).

Middle—upper Ait Ouarhitane Formation, mid to late Ypresian
(pl. 14, figs. 1-2, 4-6) — 180584/23, section SA-11 (GIK 1888),
180584/28b, section SA-11 (GIK 1890b); 121085/8, section
SA-21 (GIK 1916b).

Upper Jbel Tagount Formation, Lutetian—?Bartonian (pl. 14,
fig. 3) — 110988/3, section SA-5 (GIK 1875a).

Description: Thallus segments cylindrical, semicylindrical or
plane, disc-like in shape, trilobed or ribbed (pl. 6, figs. 3—4). In
transverse-oblique sections, the cylindrical or semicylindrical
segments (pl. 6, figs 2-3, 5) show a narrow central medullar
area, which is crossed by few medullar siphons disposed in 4-6,
more or less parallel rows, loosely disposed. In transverse and
oblique sections (pl. 6, figs. 3-5), the disc-like segments have
some ribs, small lobes or protuberances. In the central area of
the medulla, the siphons are loosely disposed and large in diam-
eter. To the margin of the medulla, they become small in diame-
ter, and are dense and regular disposed. In oblique transverse
section, we observed in some cases that the small medullary si-
phons are arranged in round, compact bundles, which radiate to
the outside (pl. 6, fig. 2).

The cortex, not so thick, is composed of three utricle series. Pri-
mary utricles are subtriangular to conical in shape. They support
numerous parallel, medium short, gently conical secondary
utricles, which are dichotomously branched. The secondary
utricles bear very small and short tertiary utricles, distally less
expanded. In the mid Ypresian to late Lutetian or latest
Bartonian deposits, many plane, disc-like segments occur, dis-
posing large cavities within the cortex in the place of utricles,
where gamentangial cavities first originated, to continue as
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gametophore towards the outside (pl. 14, fig. 3). In many cases,
they are located on the secondary or tertiary utricles and rarely
on the primary utricles. The cavities are of elongate, ellipsoidal
to sphaeroidal shape, large in diameter. In some cases they are
disposed intracortical instead of utricular. Dimensions are listed
in Table 4

Remarks: Recent Halimeda monile has a thallus composed by
cylindrical, elsewhere disc-like or trilobed segments, 1-5 mm
wide, 3-8 mm long and 0.70-1.5 mm thick. The cortex is
crossed by three to five utricle series (Hillis-Colinvaux 1980;
Littler and Littler 2000). Fossil specimens of H. monile also
have differently shaped segments, cylindrical in the late
Thanetian, disc-like, flattened during the mid Ypresian to late
Lutetian or latest Bartonian, and in the late Miocene. During
late Pleistocene, many isolated thalli segments deriving from
the middle part of branched thalli, and also some deriving from
the tips, are disc-like, trilobed, similar to Recent forms.

Recent and fossil specimens differ somewhat in the constitution
of the cortex. Only three utricle series are observed in pre-Plio-
cene specimens, three to five from the Pliocene onward to the
Recent. Additionally, to present knowledge, segments of
pre-Pliocene specimens show only one, maximally three
morphotypes compared with Pliocene—late Pleistocene thalli,
which contain multiple morphotypes, similar to the the multi-
ple-shaped segments in the branched thallus of Recent
specimens.

From Recent Halimeda monile, Hillis-Colinvaux (1980, p. 203)
described the shape of gametangia and the gametophores. She
mentioned that gametangia arise as extensions from peripheral
or secondary utricles in the cortex, a fact which is now proved
in fossil specimens. Like in the Recent, their position is
intracortical or utricular. Such cavities were also cited and de-
scribed as gametangial cavities from Dasycladaceae, Halimed-
aceae or Gymnocodiaceae (see Permocalculus? halimedaformis
described by Bucur 1994).

The Paleocene—Eocene H. praemonilis Morellet is very close to
H. monile, but to present knowledge, it seems not to be identi-
cal. However, a revision of the type material, which could not
be located, is urgently needed.

Halimeda erikfluegeli Dragastan and Herbig n. sp.
Plate 6, figures 67

Derivatio nominis: dedicated to Prof. Dr. Erik Fliigel from
Erlangen University, Germany, for his contributions to carbon-
ate microfacies and a life dedicated to paleontology.

Holotype: Plate 6, figure 6, sample 021085/7 (GIK 1894a).
Paratype: Plate 6, figure 7.

Locus typicus: Section SA-12 of Herbig (1991) (see Appendix
1).

Stratum typicum: upper Jbel Guersif Formation, late Thanetian

Additional material: 031085/2, section SA-13 (GIK 1895b),
lowermost Jbel Guersif Formation, late Thanetian.

Description: Thallus segments cylindrical, with large medullar
area crossed by long, parallel siphons, and surrounded by a thin
cortex. In longitudinal section (pl. 6, fig. 6), the medullar si-
phons have a small diameter and are disposed in very long, reg-
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ular rows parallel along the axis. The cortex is crossed only by
primary utricles. They are of subconical shape and are distally
inflated club-like. The transverse section (pl. 6, fig. 7) presents a
circular (round) thallus segment crossed by six to eight
medullar siphons.

Dimensions in mm (for abbreviations see table 2): D — 0.58-0.60,
md - 0.36-0.42, msd — 0.0320.040, cth — 0.090-0.10, pudp —
0.024-0.026, pudd -0.036-0.042 , pul — 0.076-0.090.

Remarks: Halimeda erikfluegeli n.sp. is a unique taxon from the
late Thanetian, which has only primary utricles in the cortex.
Their shape is characteristic for the new species. The presence
of only primary utricles might represent a primitive character.

To our knowledges, all other fossil and Recent Halimeda spe-
cies have a cortex pierced at least by two utricle series; the ma-
jority of the taxa have multiple utricle series, from three up to
seven.

The genus Codium, a non-calcifying modern green siphon-
aceous alga could be compared with the new taxon because it
also has a large medullar area and a cortex pierced only by pri-
mary utricles. However, medullar siphons intermingle and are
not regularly arranged.

Halimeda lacunosa Dragastan and Herbig n. sp.
Plate 7, figures 1-3

Derivatio nominis: “lacunosa” — from the presence of large cav-
ities or excavations in the cortex.

Holotype: Plate 7, figure 1, sample 031085/4 (GIK 1896b).

Paratype: Plate 7, figure 2, an additional section from the same
sample (GIK 1896¢).

Locus typicus: Section SA-13 of Herbig (1991) (see Appendix
D).

Stratum typicum: middle Jbel Guersif Formation, late Thanetian

Additional material: 160584/11, section SA-8 (GIK 1880b),
middle Jbel Guersif Formation, late Thanetian.

Description. Thallus segments cylindrical or subglobose,
crossed by medium large medullar area; cortex well calcified.

The medullar area presents fine medullar siphons, small in di-
ameter, disposed in ten to twelve rows. Medullar siphons are not
preserved in the two additional specimens known (pl. 7, figs.
2-3). The cortex is pierced by three to four utricle series. Large
gamentangial cavities occur intracortical or utricular (pl. 7, figs.
1-3). They are ellipsoidal or sphaeroidal in shape (pl. 7, fig.3).
The primary utricles have a cylindrical shape (pl. 7, fig. 1, ar-
row). They are followed by shorter secondary utricles, also cy-
lindrical and dichotomously branched. They support the tertiary
utricles, which are fine, short, tubular and also dichotomously
branched. In some cases a fourth utricle series appears, ex-
tremely short and very small, observed only in completely pre-
served areas of the most external part of the cortex (pl. 7, fig. 1).

Dimensions in mm (for abbreviations see table 2): D —
1.20-1.50, md - 0.28-0.35, msd - 0.020-0.024, cth —
0.18-0.22, pudp + pudd — 0.024-0.030, pul — 0.10-0.12, sud —
0.014-0.020, sul — 0.065-0.070, tud — 0.008-0.010, tul —
0.018-0.020, dsc — 0.065-0.072, 1sc — 0.22-0.28.



Remarks: Halimeda lacunosa n. sp. is comparable with the
modern species H. micronesica. Both have three utricle series,
but differ in shape, diameter, and length of the utricles. The fos-
sil species also shows more loosely disposed medullary si-
phons. Another modern species, H. lacunalis, is comparable by
presence of two to four utricle series in the cortex. Moreover,
both Recent species have multiform segments (subcylindrical,
subcuneate, obovate, discoidal to reniform, occasionally
ribbed) opposed to cylindrical to subglobose segments of the
new species. The latter can be also compared with Permo-
calculus? halimedaformis Bucur 1994 from the Lower Creta-
ceous. Bucur (1994) considered that taxon was a green alga
which has some characteristics of the genus Halimeda, like the
structure of the cortex and the presence of large gametangial
cavities disposed in places of cortical utricles (see Bucur 1994,
pl. 6, fig. 4). However, we consider that this taxon belongs to
Halimeda.

Halimeda barbata Dragastan and Herbig n. sp.
Plate 7, figures 4-5

Derivatio nominis: “barbata” — from the Latin, “bearded”, re-
ferring to the tiny, short “hairs” of the ultimate utricle series dis-
posed in solitary tufts.

Holotype: Plate 7, figure 4, sample 160584/11 (GIK 1880c).

Paratype: Plate 7, figure 5, an additional section from the same
sample (GIK 1880d).

Locus typicus: Section SA-8 of Herbig (1991) (see Appendix
1).

Stratum typicum: middle Jbel Guersif Formation, late
Thanetian.

Description: Thallus segments entire or broken, cylindrical in
shape, crossed by a large, empty medullar area. The cortex is
medium thick, pierced by four utricle series. The primary
utricles are long, tubular (cylindrical), increasing gently to the
distal part (pl. 7, fig. 4, arrows). They support secondary
utricles, which are short, also tubular, and dichotomously
branched. The secondary utricles bear tiny, very short tertiary
utricles. The following fourth utricles are extremely short,
hair-like, appearing like a row of very small pores along the
cortex margin (pl. 7, figs. 4-5 ,arrow).

Dimensions in mm (for abbreviations see table 2): D —
1.08-1.10, md — 0.50, msd — not observed, cth — 0.28-0.30,
pudp — 0.020-0.025, pudd — 0.030, pul — 0.14-0.16, sud —
0.015-0.016, sul — 0.045-0.050, tud — 0.010, tul — 0.015-0.020,
qud - 0.006, qul — 0.004.

Remarks: Halimeda barbata n. sp. can be compared with the
Recent species H. gracilis, H. micronesica, and H. lacunalis.
Fossil (late Miocene, Dragastan et al. 2002) and Recent H.
gracilis show a cortex composed of two or three utricle series.
The long primary utricles of H. gracilis are conical to bulbuous
and, thus, differ from the new taxon. The primary utricles of H.
gracilis support clavate secondary utricles, which in turn bear
short subconical tertiary utricles, which again differ from those
of the new species.

H. micronesica presents a cortex mainly of three, rarely of four
utricle series with successive dichotomies. The morphology of
primary, secondary and tertiary utricle series is nearest to the
new species, only the fourth utricles differ.

Micropaleontology, vol. 53, nos. 1-2, 2007

H. lacunalis also has a cortex pierced by four utricle series. The
primary utricles are identical, secondary and tertiary utricles are
clavate, and thus different from the new species. The fourth,
densely disposed utricles differ by their tiny conical shape

Halimeda marcconradi Dragastan and Herbig n. sp.
Plate 8, figures 1-5

Derivatio nominis: dedicated to Dr. Marc Conrad for his contri-
butions in the field of Paleoalgology.

Holotype: Plate 8, figure 1, sample 021085/7 (GIK 1894b).

Paratypes: Plate 8, figures 2-5, additional sections from the
same sample (GIK 1894c-f).

Locus typicus: Section SA-12 of Herbig (1991) (see Appendix
1).

Stratum typicum: upper Jbel Guersif Formation, late Thanetian.

Description: Thallus segments of cylindrical shape. The seg-
ments show a medium, large medullar area surrounded by a
thick cortex. The medullar area is crossed by long siphons dis-
tributed in 6-14 parallel rows of siphons, slightly constricted
and not branched (pl. 8, fig. 5). Due to abrasion in transport,
some segments present empty medullar areas (pl. 8, figs. 3—4).
The cortex is composed only of two utricle series. The primary
utricles are long, tubular and slightly inflated in their distal part
(pl. 8, figs 1-3). They support medium long, tubular, dichoto-
mously branched secondary utricles, also distally inflated (pl. 8,
figs 1-2, 4). Broken segments in plate 8, figure 3 show only a
part of the medullar area and the cortex.

Dimensions in mm (for abbreviations see table 2): D —0.58-1.0,
md — 0.20-0.25, msd — 0.032-0.040, cth — 0.20-0.30, pudp —
0.020-0.030, pudd — 0.032-0.038, pul — 0.070-0.082, sud —
0.016-0.024, sul — 0.040-0.046.

Remarks: The characteristic feature of the new species is the
thick cortex pierced only by two utricle series combined with a
medullar area, which is rich in siphons, disposed in up 14 rows.
Halimeda marcconradi n.sp. is comparable to fossil specimens
of H. gracilis from late Miocene and late Pliocene (Dragastan et
al. 2003), and also to Recent specimens by identically shaped
cylindrical, somewhat compressed segments, but it differs by
the cortex, pierced only by two utricle series. Moreover, H.
gracilis has multiform segments, including subcuneate and
reniform segments, showing entire,undulose or lobed margins.

Halimeda praetaenicola Dragastan and Herbig n. sp.
Plate 9, figures 1-6

Derivatio nominis: “praetaenicola” — comparable with the mod-
ern species H. taenicola, but occuring earlier in geologic his-
tory.

Holotype: Plate 9, figure 1, sample 021085/7 (GIK 1894g).

Paratypes: Plate 9, figure 5, an additional section from the same
sample (GIK 1894h).

Locus typicus: Section SA-12 of Herbig (1991) (see Appendix
D).

Stratum typicum: upper Jbel Guersif Formation, late Thanetian.
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Additional material: 130584/3, section SA-5 (GIK 1872b),
031085/2, section SA-13 (GIK 1895c¢), both lower Jbel Guersif
Formation, late Thanetian.

Description: Thallus segments cylindrical or subcylindrical,
having a large medullar area and pierced by six to eight cylin-
drical medullary siphons, large in diameter (pl. 9, figs. 2, 4). In
some cases, siphons not preserved in the central area of the me-
dulla (pl. 9, figs. 1, 6). Thick, strongly calcified cortex crossed
by two or rarely three utricle series. Primary utricles of moder-
ate length, tubular, slightly increasing distally (pl. 9, figs. 1, 3,
5) and becoming club-shaped near the connection to the sec-
ondary utricles (pl. 9, figs. 3, 5). Secondary utricles subconical
and dichotomously branched (pl. 9, fig. 3). In some cases ter-
tiary utricles appear short and conical (pl. 9, fig. 3). In trans-
verse sections, the morphology of primary and secondary
utricles is very clear (pl. 9, figs. 2, 4, 6). In one transverse sec-
tion (pl. 9, fig. 2), two utricles are very long, club-shaped, and
project across the margin of the segment. They correspond to
pedunculate gametangia. The club-shaped, long terminal part
represents the origination place of the gametangium, which is
situated already outside of the proper thallus.

Dimensions in mm (for abbreviations see table 2): D —
0.84-1.80, md - 0.42-0.72, msd — 0.040-0.060, cth -
0.16-0.36, pudp — 0.024-0.036, pudd — 0.042-0.048, pul —
0.084-0.096, sud — 0.016-0.032, sul — 0.032-0.050, length of
gametangial penducule — 0.20-0.24, diameter of club-shaped
gametangia — 0.070-0.085.

Remarks: Halimeda praetaenicola n.sp. is comparable with the
Recent H. taenicola, which has a thallus composed of cylindri-
cal to subcuneate segments. Subcuneate segments are absent in
the new species. The morphology of primary utricles is very
similar, but the secondaries are different, being short,
club-shaped in the new species. The tertiary utricle series
known from the Recent species was not found in the new taxon.
The Paleocene species H. nana has also cylindrical, rarely
branched segments, but differs in its internal structures with
two, rarely three utricle series densely disposed in the cortex.
Primary utricles are short, tubular to slightly inflated and sec-
ondaries are short and tubular. H. praeopuntia differs by
disc-like, in cases trilobed segments. The cortex of the new spe-
cies differs from the comparable species discussed above
having a cortex with three to four utricle series.

The presence of utricles, modified into gametangia and project-
ing outside the cortex, is an important discovery with taxo-
nomic relevance and a suggestion of the “power of
proliferation” in some fossil species. In modern species, the
size, shape, and number of mature gametangia are of significant
taxonomic value for species discrimination (Hillis-Colinvaux
1980; Drew and Abel 1988b).

Halimeda unica Dragastan and Herbig n. sp.
Plate 10, figures 1-7

Derivatio nominis: “unica” — from unexpected morphology, re-
spectively unique in the spectrum of Halimeda species.

Holotype: Plate 10, figure 1, sample 031085/5 (GIK 1897¢c).

Paratypes: Plate 10, figures 2-7, additional sections from the
same sample (GIK 1897d-i).

Locus typicus: Section SA-13 of Herbig (1991) (see Appendix
D).
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Stratum typicum: lower Jbel Guersif Formation, late Thanetian.

Description: Thallus segments long, cylindrical in shape,
crossed by a medium-large medullar area (pl. 10, figs. 1-2);
medullary siphons only in some cases preserved (pl. 10, figs.
4-5, 7). In longitudinal or oblique-longitudinal sections, long,
undulose medullar siphons, filiform, small in diameter, distrib-
uted in 614 parallel rows (pl. 10, figs 1-2). In transverse sec-
tion, segments of circular outline, empty or with many medullar
siphons in the central area (pl. 10, figs. 4-5). Medium-thick cor-
tex, pierced by three utricle series. Primary utricles
subcylindrical, medium-long and distally slightly inflated.
Short secondary utricles also cylindrical, dichotomously
branched, carrying fine, short tertiary utricles (pl. 10, figs 2,
4-6). In tangential section, the tertiary utricles show a regular
disposition in polygonal bundles of six to eight siphons (pl. 10,
fig.3, arrow).

Dimensions in mm (for abbreviations see table 2): D —
0.60-0.96, md — 0.42-0.48, msd — 0.032-0.038, cth — 0.14-0.16,
pudp — 0.020-0.024, pudd — 0.030-0.032, pul — 0.060-0.068,
sud — 0.016-0.020, sul — 0.030-0.046, tud — 0.006, tul
0.005-0.006.

Remarks: In overall shape, Halimeda unica n. sp. is comparable
to Recent and fossil H. cylindracea and H. incrassata, and to the
Paleocene H. nana. However, H. cylindracea differs from the
new taxon by having a cortex with four utricle series, and H.
incrassata by a different morphology of the utricle series, which
are more conically inflated distally. H. nana is a small cylindri-
cal, branched or unbranched species having a protuberance or
lobe and a cortex with two, rarely three, utricle series (see
descriptions).

Halimeda opuntia (Linnaeus) Lamouroux 1812
Plate 6, figure 1; Plate 11, figures 1-11; Plate 12, figures 1-4;
Plate 24, figures 1-5

Corallina opuntia n. sp. Linnaeus 1758, p. 805.

Halimeda opuntia (Linnaeus) - LAMOUROUX 1812, p. 3; p. 181-188.
— MORELLET and MORELLET 1922, p. 296; pl. 12, figs. 1-5. —
HILLIS-COLINVAUX 1980, p. 110; figs. 19, 51, 52. -
BASSOULLET etal. 1983, p. 490; pl. 7, fig. 9. — LITTLER et al.1989,
p- 94-95. — LITTLER and LITTLER 2000, p. 406-407. —- DRAGA-
STAN, LITTLER and LITTLER 2002, p. 12; pl. 9, figs 1-2. —
DRAGASTAN and SOLIMAN 2002, p. 18; pl. 7, figs 5-8, 10. —
DRAGASTAN, LITTLER and LITTLER 2003, p. 23; pl. 3, figs 1-3;
pl. 5, fig. 2.

Halimeda eocaenica n.sp— MORELLET and MORELLET 1940, p.
203-205; fig. 2.

Halimeda sp. — PFENDER in MASSIEUX 1966, p. 126; fig. 6.

Halimeda johnsoni n.sp. — PAL 1971, p. 133-134; pl. 1, fig. 1.

Halimedacea gen et sp. indet. 1 - TRAGELEHN 1996, pl. 48, fig. 6.

Material: Lower Jbel Guersif-Formation, late Thanetian —
180584/6, section SA-11 (GIK 1886¢).

Middle—upper Ait Ouarhitane Formation, mid to late Ypresian
(pl. 11, pl. 12, figs. 1-4) — 160584/22, section SA-8 (GIK
1883a); 061085/2, section SA-15 (GIK 1905b); 091085/9, sec-
tion SA-18 (GIK 1908); 091085/10, section SA-18 (GIK
1909a).

Lower—upper Jbel Tagount Formation, latest Ypresian to late
Lutetian or latest Bartonian (pl. 24) — 110988/3, section SA-5
(GIK 1875b); 180584/36, section SA-11 (GIK 1893a);
041085/18, section SA-14 (GIK 1902a).
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Size parameters of Halimeda opuntia (Linnaeus) Lamouroux 1812 (in millimeters) from Paleogene formations, southern Morocco, Pliocene interval of
Palau Limestone, (Dragastan et al. 2002), and Late Pleistocene Key Largo Formation, Florida (Dragastan et al. 2003).

Description: Thallus segments disc-like, flat or somewhat con-
torted, frequently ribbed. The upper margin entire, undulate, or
rarely lobed. Numerous randomly cut sections allowed an ideal-
ized reconstruction of the general shape of the segment (pl. 11,
fig. 11), since the outlines of the cutting planes (pl. 11, figs 1-9)
are a function of their position in the thallus and, thus, can be at-
tributed to base, middle part, or upper part of the segments or to
the laterals. Transverse sections of the middle and upper part of
the segments show their true flat disc-like shape and prove that
the large undulose margins have ribs or small angular protuber-
ances (pl. 11, figs. 3—4, 9). Oblique transverse sections across
the lower part of the laterals of the segments are of the same
shape, also showing large, undulose margins (pl. 11, figs. 1-2,
5). Oblique longitudinal sections across the laterals in the upper
parts of the segments again demonstrate the flat, disc-like, in
cases somewhat ribbed, shape (pl. 11, figs. 7-8).

A single late Thanetian specimen (pl. 6, fig. 1) presents a
disc-like shape with large, undulose margins, but without ribs.
mid to late Ypresian segments (pl. 11, figs. 1-11; pl. 12, figs.
1-4) are somewhat larger. They are also disc-like in shape, but
contorted with ribs or folded. Their margins are entire and
undulose.Thallus segments from the Lutetian—?Bartonian have
a very flat, disc-like shape, some with small lobes (pl. 24, figs.
1, 3); the entire margins are less undulose.

In transverse section, the segments are crossed in the central
area by numerous medullary siphons. They are grouped in eight
to ten round bundles, each containing six siphons. In some
specimens, large cavities filled with microcrystalline calcite
conceal the medullar siphons (pl. 11, figs. 3-4). In
oblique-transverse section, the segments present only the
medullar siphons and traces of a thin cortex destroyed during
reworking.

In transverse section, the cortex shows small internal projec-
tions, which separate the medullar bundles (PI 11, fig. 10). The
primary utricles are long, tubular, and distally slightly inflated.
They support tubular, medium-long, dichotomously branched
secondary utricles (pl. 11, figs. 5-6, 8; pl. 12, figs. 1, 4), which,
in turn, support short, tiny, subconical tertiary utricles, which

are also dichotomously branched (pl. 11, figs. 1-2, 8). Dimen-
sions are listed in Tab. 5.

Remarks: Most mid to late Ypresian specimens of Halimeda
opuntia are small, flat, disc-like thallus segments with undulose
margins and ornamented by ribs, developing into small lobes
during Lutetian—?Bartonian. The late Thanetian specimen is of
same general shape, but less ornamented. Pliocene and Pleisto-
cene specimens of H. opuntia have large, millimetric-sized,
disc-like segments, and are ornamented by ribs, contortions and
lobes. Recent thallus segments are of identical shape, but still
larger and variously ornamented. Thus, in general size and or-
namentation of thallus segments has apparently been increasing
since the Thanetian. A similar development is seen in the cor-
tex. From Thanetian until late Miocene, it conserves three
utricle series, but in Pliocene and Pleistocene has five utricle
series.

It seems plausible that some areas of the cortex of fossil speci-
mens, which are very thin or almost disappear, represent the lo-
cations of cavities at which gametangia start to develop from the
inner part of the cortex (pl. 12, fig. 1, lower right). In Recent
Halimeda opuntia, gametangia originate at the top and the lat-
eral margins of the segments within the cortex and migrate to-
wards the outside. They are visible as black spots on the
marginal part of the segments in text-fig. 9.

Halimeda opuntia f. triloba (Decaisne) Agardh 1887
Plate 12, figure 5

Halimeda triloba n. sp. — DECAISNE 1842, p. 102.

Halimeda opuntia f. triloba (Decaisne) — AGARDH 1887, p. 84.

Halimeda opuntiaf. triloba (Decaisne) — LITTLER and LITTLER 2000,
p-406-407. — DRAGASTAN, LITTLER and LITTLER 2000, p. 12;
pl.10, figs. 6-9; pl. 11, figs. 1, 4; pl. 12, fig. 8.\

Material: middle Ait OQOuarhitane Formation, mid to late
Ypresian — 150584/12, section SA-7 (GIK 1878a).

Description: A single slightly oblique transverse section shows
a well-calcified thallus segment of discoidal, wing-like shape.
The segment is slightly contorted, possibly ribbed with three
lobes, one in the central part and two lobes towards the extremi-
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TEXT-FIGURE 9

Halimeda opuntia (Linnaeus) Lamouroux 1816. Branched calcified
thallus composed by disc-like segments showing gametangia at their
margins (black in photograph, green in life). Recent, Atlantic Ocean
(Coll.Dragastan), x5.

ties. It is crossed by a large round to elongate medullar area;
medullar siphons are grouped in large round bundles, observed
well on the left side of the segment figured on plate 12, figure 5.
The thick cortex is crossed by three utricle series. The primary
utricles are slightly conical and support short, cylindrical, di-
chotomously branched secondary utricles. Secondary utricles
bear small, very short, conical tertiary utricles.

Dimensions in mm (for abbreviations see table 2): dm —
0.90-1.20, dms - 0.070-0.10, cth — 0.030-0.040, pud -
0.060-0.10, pul — 0.20-0.25, sud — 0.030-0.042, sul -
0.10-0.12, tud — 0.020-0.030, tul — 0.030-0.045.

Remarks: The mid to late Ypresian segment of Halimeda
opuntia f. triloba differs from Pleistocene segments of the same
species by its small dimensions, and the tendency of medullary
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siphons to be disposed in round bundles, crossing the segment
vertical and radially.

Halimeda simulans Howe 1907
Plate 13, figures 1-7; Plate 26, figures 1-7

Halimeda simulans n. sp. — HOWE 1907, p. 503, pl. 29. —
HILLIS-COLINVAUX 1980, p. 103; fig. 26. — LITTLER and LIT-
TLER 1997, p. 112; fig. 163. — LITTLER and LITTLER 2000, p. 408.
— DRAGASTAN, LITTLER and LITTLER 2002, p. 11; pl. 7, figs.
6-8; pl. 9, figs. 3-4. - DRAGASTAN, LITTLER and LITTLER 2003,
p- 23; pl. 3, figs. 4-6; pl. 5, fig. 5; pl. 7, fig. 5.

Material: lower-middle Ait Ouarhitane Formation, mid to late
Ypresian (pl. 13) —150584/11, section SA-7 (GIK 1877a);
031085/12, section SA-13 (GIK 1899); 041085/4, section
SA-14 (GIK 1900b); 061085/2, section SA-15 (GIK 1905¢).

Lower and uppermost Jbel Tagount Formation, latest Ypresian
to late Lutetian or latest Bartonian (pl. 26) — 180584/31, section
SA-11 (GIK 1891a); 180584/36, section SA-11 (GIK 1893b).

Description: Thallus segments flat, subcylindrical or sub-
cuneate; segment margins entire, but mostly fragmentarily pre-
served. In transverse section, the subcuneate shape is clear (pl.
13, figs. 4-5). Segments well calcified, with a medium-large
medullar area in the central part (pl. 13, figs.1-6). Long, more
or less parallel, cylindrical medullary siphons, loosely disposed.
Depending of age and position along thallus, segments show
numerous medullary siphons (pl. 13, fig.1), or, distally, fewer
siphons (pl. 13, figs. 2, 6). In some specimens siphons are not
preserved (pl. 13, fig. 7). Thick cortex crossed by two, rarely by
three, utricle series. Primary utricles (pl. 13, figs. 3—4, 6-7) are
conical in shape and support small, bulbuous, shorter secondary
utricles, which are dichotomously branched. Rarely, segments
have a third utricle ; series consisting of very short, conical, dis-
tally inflated utricles (pl. 13, fig. 7, pl. 26, fig. 6-7). Dimensions
are listed in Table 6.

Remarks: Mid Ypresian to Pleistocene Halimeda simulans
show in the cortex mostly two utricle series, rarely three series.
Recent specimens differ by the presence of three to five utricle
series (Littler and Littler 2000).

Halimeda praeopuntia Morellet and Morellet 1922
Plate 15, figures 1-4

Halimeda praeopuntia n. sp. — MORELLET and MORELLET 1922, p.
295-296; pl. 12, figs. 6-10, 12-14.

? Halimeda eocaenican. sp.— MORELLET and MORELLET 1940b, p.
203-205; fig. 2.

Material: lower—middle Ait Ouarhitane Formation, mid to late
Ypresian — 091085/10, section SA-18 (GIK 1909b); 111085/18,
section SA-20 (GIK 1914); 121085/6, SA-21 (GIK 1915a).

Description: Thallus segments more or less flat, disc-like or
fan-shaped, having undulose margins. In longitudinal and
oblique longitudinal sections, the segments show a slight expan-
sion in the central part, indicating an incipient small lobe (pl.
15, fig. 1). The large medullar area is crossed by sparse, inter-
mingled medullar siphons, which are cylindrical, slightly con-
stricted and arranged in four to six rows (pl. 15, figs. 1-4).
Cortex of variable thickness, with an irregular transitional zone
between medulla and cortex. Cortex pierced by two or three
utricle series. Primary utricles are conical to subconical, me-
dium-short, and support short, tiny, conical, dichotomously
branched secondary utricles. Sometimes they bear ultra-short,
fine tertiary utricles.



TABLE 6

Micropaleontology, vol. 53, nos. 1-2, 2007

Size parameters of Halimeda simulans Howe 1907 (in millimeters) from Paleogene formations, southern Morocco, Pliocene interval of Palau Lime-
stone, (Dragastan et al. 2002), and late Pleistocene Key Largo Formation, Florida (Dragastan et al. 2003).

Dimensions in mm (for abbreviations see table 2): md —
0.28-0.47, msd — 0.028-0.076, cth — 0.090-1.20, pudd —
0.042-0.048, pul — 0.068-0.075 , sud — 0.014-0.020, sul —
0.018-0.022, tud - 0.004-0.006, tul — 0.04.

Remarks: Halimeda praeopuntia was described by Morellet
and Morellet (1922), and H. eocaenica by Morellet and
Morellet (1940b), both based only on the outer morphology of
detached segments; internal features are unknown. The present
study tried to use entire or broken segments (pl. 15, figs. 1, 3-4)
in cutting planes very close to Morellet’s illustrations. H.
eocaenica appears to be very similar to H. praeopuntia in seg-
ment morphology. It might be a junior synonym.

Halimeda tuna (Ellis and Solander) Lamouroux 1816
Plate 17, figs 1-10; Plate 18, figs. 1-15; Plate 21, figs. 1-8; Plate
22, figures 1-10

Corallina tunan. sp.— ELLIS and SOLANDER 1786, p. 111; pl. 20, fig.

e.

Halimeda tuna (Ellis and Solander) - LAMOUROUX 1816, p. 309. —
HILLIS-COLINVAUX 1980, p. 122; fig. 35. — LITTLER and LIT-
TLER 1997, p. 113; fig. 164. — LITTLER and LITTLER 2000, p. 408.
— DRAGASTAN, LITTLER and LITTLER 2002, p. 11; pl. 4, figs.
1-3; pl. 11, figs. 7-8; pl. 12, figs 1-6. - DRAGASTAN and SOLIMAN
2002, p. 16; pl. 6, figs 1-4, 6. — LITTLER and LITTLER 2003, p.
252-253. -~ DRAGASTAN, LITTLER and LITTLER 2003, p. 22; pl.
2, figs. 9-10.

Halimeda sp. — PFENDER in PFENDER and MASSIEUX 1966, p. 124;
fig. 5.

Halimeda praemonilis Morellet 1940 — DELOFFRE, POIGNANT and
TEHERANI. 1977, p. 43; pl. 6, figs. 1-2.

Halimeda segments — MARTIN, BRAGA and RIDING 1997, p. 447,
fig. 7a.

Material: lower—upper Ait Ouarhitane Formation, mid to late
Ypresian (Pls. 17, 18) — 150584/11, section SA-7 (GIK 1877b);
150584/12, section SA-7 (GIK 1878b); 160584/16, section
SA-8 (GIK 1882b); 160584/22, section SA-8 (GIK 1883b);
031085/10, section SA-13 (GIK 1898); 041085/4, section
SA-14 (GIK 1900c); 041085/16, section SA-14 (GIK 1901);
061085/2, section SA-15 (GIK 1905d); 061085/4, section
SA-15 (GIK 1906); 091085/10, section SA-18 (GIK 1909c);
121085/6, section SA-21 (GIK 1915b).

Lower—upper Jbel Tagount Formation, latest Ypresian to late
Lutetian or latest Bartonian (Pls. 21, 22) — 110988/3, section

SA-5 (GIK 1875c); 110988/5, section SA-5 (GIK 1876);
041085/18, section SA-14 (GIK 1902b); 041085/20, section
SA-14 (GIK 1903); 041085/21, section SA-14 (GIK 1904);
091085/14, section SA-18 (GIK 1911a); 101085/13, section
SA-19 (GIK 1913); 161086/7, section SA-25a (GIK 1919b).

Description: Thallus segments extremely variable in shape, cor-
responding to orientation of randomly cut sections. The lightly
calcified segments are flat, disc-like, linear or recurved in mid
to late Ypresian samples (Pls. 17-18), some in Lutetian—
?Bartonian specimens are contorted (Pls. 21-22). In general, the
segments are not ornamented by lobes or ribs and pointed at the
extremities; only rarely the segments have small lobes (pl. 22,
fig. 1). The medullar area is moderate in size, pierced by long,
medium-large medullar siphons distributed in round to oval,
compact bundles, composed by four to six siphons. The bundles
are disposed separate from each other, diverging towards the
top the segment (pl.17, figs. 1-3, 5, pl. 18, fig.2). In Lutetian—
?Bartonian specimens, these siphons bundles are separated by
small inner projections of the cortex (pl. 21, figs. 7-8). The cor-
tex system is composed of two or three utricle series similar to
Recent Halimeda tuna. Primary utricles are short, robust, coni-
cal in shape. They support numerous small, subconical, dichoto-
mously branched secondary utricles. The latter bear various
very small, conical tertiary utricles. (pl. 18, fig. 5). Dimensions
are listed in Table 7.

Remarks: Fossil Halimeda tuna were first described from Upper
Miocene limestones of Palau, western Pacific (Dragastan et al.
2002). Pfender and Massieux (1966) figured eight vertically
and transversely sectioned specimens from the Egyptian
Eocene, showing typical discoidal fan-shaped segments. Their
figs. 5.5 (vertical section) and 5.6 (transverse section) present
disc-like segments crossed by a narrow medullar zone with two
parallel, tubular siphons and a cortex system showing three
utricle series. Dragastan and Soliman (2002) confirmed the
presence of the species in the Ypresian of Egypt. Deloffre et al.
(1977) figured two thallus segments from the Paleocene of cen-
tral Iran, which were referred to Halimeda praemonilis
Morellet. The disc-like segments and the internal anatomy
clearly correspond to H. tuna. Finally, three thallus segments
figured by Martin et al. (1997) from the late Miocene of south-
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TABLE 7

Size parameters of Halimeda tuna (Ellis and Solander) Lamouroux 1816 (in millimeters) from Paleogene formations, southern Morocco, late Miocene
interval of Palau limestone (Dragastan et al. 2002), and late Pleistocene Key Largo Limestone, Florida (Dragastan et al. 2003).

eastern Spain also belong to species H. tuna based on the shape
of the cortical utricles, occuring in three series.

Halimeda gracilis Harvey ex Agardh 1887
Plate 19, figures 1-3; Plate 23, figure 1

Halimeda gracilis n. sp. — HARVEY ex AGARDH 1887, p. 82. —
HILLIS-COLINVAUX 1980, p. 144; fig. 44. — LITTLER and LIT-
TLER 2000, p. 402. — DRAGASTAN, LITTLER and LITTLER
2002, p. 9; pl. 1, figs. 6-8; pl. 3, figs. 1-4, 6, 8. — LITTLER and LIT-
TLER 2003, p. 246-247. - DRAGASTAN, LITTLER and LITTLER
2003, p. 24; pl. 3, figs. 7-16; pl. 5, fig. 1; pl. 7, fig. 4.

Material: Middle Ait Ouarhitane Formation, mid to late
Ypresian — 061085/2, section SA-15 (GIK 1905e); middle Jbel
Tagount Formation, Lutetian—?Bartonian — 091085/13, section
SA-18 (GIK 1910a).

Description: The broken, well-calcified thallus segments are
flat disc-like, oval to reniform in shape. Due to the fragmented
material and availability of only longitudinal and oblique longi-
tudinal sections, the outer shape of the segments is only sugges-
tive, but internal structure is clear (pl. 19, figs. 1-2).The narrow
medullar area is crossed by less than six thin, slightly intermin-
gled medullary siphons. The medium-thick cortex is pierced by
two utricle series. Primary utricles are approximately cylindri-
cal, distally clavate (pl. 19, fig. 2). They support short tubular,
distally conical secondary utricles.

Dimensions in mm (for abbreviations see table 2): md —
0.20-0.36, mds — 0.032-0.040, cth — 0.30-0.45, pudd -
0.035-0.050, pul — 0.020-0.050, sud — 0.020-0.028, sul —
0.020-0.036.

Remarks: Halimeda gracilis is rare in the mid Ypresian to late
Lutetian or latest Bartonian (text-figs. 6, 7). It is comparable to
specimens from the late Miocene (Dragastan et al. 2002) and
the late Pleistocene (Dragastan et al. 2003), which differ only
slightly in biometric data. It is also similar to Recent specimens
of the species.

Halimeda praemacroloba Dragastan and Herbig n. sp.
Plate 19, figures 4-8
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Derivatio nominis: “praemacroloba” — comparable with the
modern species H. macroloba, but occuring earlier in geologic
history.

Holotype: Plate 19, figure 4, sample 061085/2 (GIK 1905f).

Paratypes: Plate 19, figures 5-6, additional sections from the
same sample (GIK 1905g-h).

Locus typicus: Section SA-15 of Herbig (1991) (see Appendix
1).

Stratum typicum: Middle Ait Ouarhitane Formation, mid to late
Ypresian.

Additional material: Ait Ouarhitane Formation, mid to late
Ypresian — 150584/12, section SA-7 (GIK 1878c); 160584/16,
section SA-8 (GIK 1882c¢).

Description: Most thallus segments are broken debris; shape
possibly compressed cylindrical (pl. 19, figs. 5-6), discoidal
(pl. 19, fig 4), in some cases subreniform with entire, undulating
margins. Medium-large medullar area filled by six cylindral
medullar siphons, which are medium-large in diameter, round
in transverse sections, tubular in oblique longitudinal sections,
slightly intermingled. Well calcified, thick cortex pierced by
two (pl. 19, figs. 4, 6) or three (pl. 19, figs 7-8) utricle series.
Primary utricles long, conical, claviform (pl. 19, figs. 4, 7).
They support short, subconical, distally inflated secondary
utricles, which are dichotomously branched (pl. 19, figs. 5-8).
The tiny tertiary utricles are also short and subconical (pl. 19,
figs. 4, 7-8).

Dimensions in mm (for abbreviations see table 2): md —
0.15-0.50, msd — 0.060-0.12, cth — 0.15-0.25, pudd -
0.058-0.075, pul — 0.10-0.12, sud — 0.028-0.036, sul —
0.050-0.070, tud — 0.020-0.026, tul — 0.030-0.032.

Remarks: Halimeda praemacroloba n. sp. is comparable with
the Recent species H. macroloba, which has identically shaped
segments. H. macroloba has however short, claviform primary
utricles and globose secondary utricles. The new species is also
comparable with the Recent Halimeda stuposa, which has cy-
lindrical or subcylindrical, compressed or plane segments,
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Size parameters of Halimeda tunaf. platydisca (Decaisne) Barton 1901 (in millimeters) from Paleogene formations, southern Morocco and late Miocene

and Pliocene intervals of Palau Limestone (Dragastan et al. 2002).

which become subcuneate and subsphaerical towards the apex.
Differences are obvious, because H. stuposa has commonly
more utricle series in the cortex (three to five); primary utricles
are long, subcylindrical; secondary utricles cylindrical; tertiary
utricles short, subglobose and dichotomously branched; fourth
utricles tiny, globose; fifth utricles short and filiform.

Halimeda copiosa Goreau and Graham 1967
Plate 20, figures 1-3

Halimeda copiosan. sp. — GOREAU and GRAHAM 1967, p. 433; figs.
1-10. — HILLIS-COLINVAUX 1980, p. 118; figs. 33, 101. — LIT-
TLER et al., p. 88. — LITTLER and LITTLER 2000, p. 398-399. —
DRAGASTAN, LITTLER and LITTLER 2003, p. 23; pl.2, figs.
11-15.

Material: lower Ait Ouarhitane Formation, mid to late Ypresian
— 180584/22, section SA-11 (GIK 1887); 091085/8, section
SA-18 (GIK 1907).

Description: Thallus segments preserved entire or broken; seg-
ments are disc-shaped with smooth, undulating, rarely ribbed
margins (pl. 20, figs. 1-3). In transverse section, the segments
present a narrow medullar area pierced by numerous, densely
arranged medullar siphons, small in diameter and round to oval
in transverse sections. They are disposed in four to six, round to
oval bundles. The cortex is composed of three utricle series (pl.
20, figs. 1). Primary utricle series are long, cylindrical, slightly
inflated distally; secondary utricles are short, conical, dichoto-
mously branched, and tiny tertiary utricles are short, filiform.
The utricle series have morphology similar to the Recent
species.

Dimensions in mm: md — 0.28-0.32, msd — 0.030-0.045, cth —
0.12-0.15, pudd - 0.032-0.042, pul — 0.060-0.075, sud —
0.016-0.030, sul — 0.038-0.040, tud — 0.022-0.028, tul —
0.022-0.030.

Remarks: Halimeda copiosa is for the first time described from
the Ypresian. The fragmentarily preserved specimens are
smaller than Upper Pleistocene specimens (Dragastan et al.
2003) and Recent ones. Morphology of cortical utricle series is
similar to Recent specimens.

Halimeda tuna f. platydisca (Decaisne) Barton 1901
Plate 20, figure 4; Plate 25, figures 1-4

Halimeda platydisca n. sp. - DECAISNE 1842, p. 102.

Halimeda tuna t. platydisca (Decaisne) — BARTON 1901, p. 14; pl. 1,
fig. 2.—LITTLER and LITTLER 2000, p. 408. -DRAGASTAN, LIT-
TLER and LITTLER 2002, p. 11; pl. 4, figs. 4-5.

Material: Ait Ouarhitane Formation, mid to late Ypresian (pl.
20, fig. 4) — 160584/16, section SA-8 (GIK 1882d).

Lower—uppermost Jbel Tagount Formation, latest Ypresian to
late Lutetian or latest Bartonian (pl. 25) — 180584/31, section
SA-11 (GIK 1891b); 18584/36, section SA-11 (GIK 1893c¢);
91085/15, section SA-18 (GIK 1912b).

Description: Thallus segments are disc-shaped, in cases show
two small lateral wings. Medullar area narrow or large.
Medullar siphons are large in diameter and round in transverse
section. The cortex of the Ypresian specimen, a broken seg-
ment, is pierced by three utricle series (pl. 20, fig. 4, arrow). Pri-
mary utricles are medium long, claviform in shape. They
support conical, dichotomously branched secondary utricles,
which are bulbous at the distal end. Tertiary utricles are very
short, also conical. The morphology of the utricle series is simi-
lar to Recent specimens described from the Carribean by Littler
and Littler (2000). The Lutetian—?Bartonian specimens (pl. 25,
figs. 1-4) are disc-like, with a large medullar area. The medullar
area contains densely packed medullar siphons in four to six
vertical rows and are round in transverse section. The cortex is
composed by three utricle series, also similar in morphology to
Recent specimens. Dimensions are listed in Tab. 8.

Halimeda praegoreaui Dragastan and Herbig n. sp.
Plate 23, figures 2-3

Derivatio nominis: “praegoreaui” — comparable with the mod-
ern species H. goreaui, but occuring earlier in geological his-
tory.

Holotype: Plate 23, figure 3, sample 180584/36 (GIK 1893d).

Paratype: Plate 23, figure 2.
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Locus typicus: Section SA-11 of Herbig (1991) (see Appendix
1).

Stratum typicum: uppermost Jbel Tagount Formation, Lutetian—
?Bartonian

Additional material: 110988/3, section SA-5 (GIK 1875d), up-
per Jbel Tagount Formation, Lutetian—?Bartonian.

Description: Thallus segments flat, subcuneate, possibly bar-
rel-shaped, according to the shape of the two known transverse
sections, which cross the basal part of the segment (pl. 23, fig.
2) and a lateral in the upper part of a segment (pl. 23, fig. 3).
Medullar area large, covering most of the central part of the
segments. In transverse section, the medullary siphons, large in
diameter, are round or oval to elongated. Loosely disposed si-
phons, without contact to each other, are arranged in four to six
round bundles. Cortex of variable thickness, crossed by two
utricle series. Primary siphons are of conical shape, long com-
pared with secondary utricles (pl. 23, fig. 3). The latter are very
small, short, cylindrical, distally slightly inflated, and
dichotomously branched.

Dimensions in mm (for abbreviations see table 2): md —
0.15-0.25, mds — 0.040-0.042, cth — 0.042-0.10, pudd -
0.038—-0.040, pul — 0.070-0.090, sud — 0.010-0.014, sul —
0.012-0.018.

Remarks: Halimeda praegoreaui n. sp. is a species with flat,
subcuneate, unornamented thallus segments and a simple cortex
system composed only by two utricle series. In contrast, Recent
H. goreaui has thallus segments of various shapes and a cortex
crossed by multiseriate utricles. The long, claviform primary
utricles support also long, cylindrical, distally slightly inflated,
dichotomously branched secondaries. The secondaries continue
with short cylindrical tertiary utricles, and conical fourth
urticles, both dichotomously branched. In some cases, H.
goreaui presents five to six utricle series. It differs from H.
gracilis, which has short, dichotomously branched medullar si-
phons and different shape and dimensions of cortical utricles.

Halimeda scabra Howe 1905
Plate 23, figure 4

Halimeda scabra n. sp. — HOWE 1905, p. 241; pls. 11-12. —
HILLIS-COLINVAUX 1980, p. 125; fig. 37. — LITTLER and LIT-
TLER 2000, p. 406-407. - DRAGASTAN, LITTLER and LITTLER
2003, p. 24; pl. 3, fig. 17.

Material: middle Jbel Tagount Formation, Lutetian—?Bartonian
—091085/14, section SA-18 (GIK 1911b).

Description: Only one moderately calcified, broken thallus seg-
ment was observed. It is disc-like in shape, with rounded undu-
late margin. The large medullar area contains sparse medullar
siphons of medium large diameter. The relatively thin cortex is
crossed by three utricle series. Primary utricles are long, tubu-
lar, distally slightly inflated and continue into short, conical, di-
chotomously branched secondary utricles. The latter bear very
small, hair-like tertiary utricles. They are disposed regular and
linear along the margin of the segment (pl.23, fig. 4, arrows).
Dimensional data are not diagnostic for the broken segment
available.

Remarks: Halimeda scabra is identified for the first time in

Lutetian—?Bartonian deposits. Previously, it was known only
from a single, completely preserved segment from the late
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Pleistocene Key Largo Formation, Florida (Dragastan et al.
2003).

Halimeda fragilis Taylor 1950
Plate 23, figures 5-7

Halimeda fragilis n. sp. — TAYLOR 1950, p. 80; pl. 48, fig. 2. —
HILLIS-COLINVAUX 1980, p. 151; fig. 47. - DRAGASTAN, LIT-
TLER and LITTLER 2002, p. 1 1; pl. 5, figs. 1-9.—DRAGASTAN and
SOLIMAN 2002, p. 18; pl. 7, figs. 1-3.

Material: middle Jbel Tagount Formation, Lutetian—?Bartonian
- 091085/13, section SA-18 (GIK 1910b); 161086/7, section
SA-25a (GIK 1919c).

Description: Thalli segments flattened, broken, possibly
subcuneate in shape. The actual shape of the segments difficult
to reconstruct. The narrow medullar area is crossed by me-
dium-long siphons disposed in four more or less parallel rows
(pl. 23, figs. 6-7). Cortex composed of three utricle series. The
primary utricles are long, cylindriform (pl. 23, fig. 5). The short
secondary utricles are cylindrical, slightly inflated distally, and
dichotomously branched. The secondary utricles bear very
short, tiny conical tertiary utricles.

Dimensions in mm (for abbreviations see table 2): md —
0.25-0.30, msd - 0.060-0.080, cth — 0.10-0.15, pudd -
0.040-0.050, pul — 0.090-0.10, sud — 0.028-0.036, sul —
0.040-0.060, tud — 0.010, tul — 0.020.

Remarks: Halimeda fragilis was previously described from the
Ypresian of Egypt (Dragastan and Soliman 2002) and from the
Pliocene of Palau, western Pacific (Dragastan et al. 2002 ).

Halimeda praecuneata Dragastan and Herbig n. sp.
Plate 28, figures 1-3

Derivatio nominis: *“ praecuneata” — comparable with the mod-
ern species H. cuneata, but occuring earlier in geologic history.

Holotype: Plate 28, figure 1, sample 180584/35 (GIK 1892).
Paratypes: Plate 28, figures 2-3.

Locus typicus: Section SA-11 of Herbig (1991) (see Appendix
1).

Stratum  typicum: Uppermost Jbel Tagount Formation,
Lutetian—?Bartonian.

Additional material: 041085/18, section SA-14 (GIK 1902c),
middle Jbel Tagount Formation.

Description: Thallus segments flat, discoidal, slightly cuneate
with entire, undulate margins, which in cases have local small
protuberances (pl. 28, fig. 1). The medullar area is narrow in ju-
venile segments, medium-large in mature segments. It contains
numerous, loosely to densely disposed medullary siphons of
round shape in transverse section. Cortex is composed by three
utricle series. Long primary utricles are conical, globose to
claviform in shape (pl. 28, figs. 1-3). They support short,
subconical, dichotomously branched secondary utricles. The
very short third utricles are cylindrical (pl. 28, fig. 1, arrow
lower right).

Dimensions in mm (for abbreviations see table 2): md —
0.10-0.25, msd -.028-0.070, cth — 0.050-0.10, pudd -
0.042-0.052, pul — 0.050-0.070, sud — 0.025-0.050, sul —
0.020-0.052.



Remarks: Halimeda praecuneata n. sp. can be compared with
Recent Halimeda cuneata, which has more or less the same
shape of segments and the same shape of primary and second-
ary utricles. Contrary to H. praecuneata, which has only pri-
mary and secondary utricles, H. cuneata has up to six utricle
series.

CONCLUSIONS

The present study of Halimeda from the eastern Ouarzazate ba-
sin, southern rim of the central High Atlas, Morocco, was the
first study of the genus relying on abundant, systematically
sampled material from numerous, well-dated Paleocene to mid-
dle Eocene strata, which were previously thoroughly described
as far as carbonate microfacies, paleoecology, and paleogeo-
graphy are concerned. Three Halimeda-bearing time slices
were discerned, i. e. late Thanetian (Jbel Guersif Formation),
mid to late Ypresian (Ait Ouarhitane Formation), latest
Ypresian to late Lutetian or latest Bartonian (Jbel Tagount
Formation).

Nine new species and fourteen modern and fossil taxa are de-
scribed. Eleven late Thanetian taxa are represented by one fos-
sil species, four modern taxa, and six new species. The new
species are short-ranging and restricted to the Thanetian. They
developed by adaptive radiation during transgression of the
Moroccan epeiric sea to the southern rim of the central High At-
las and represent the recovery phase following extinctions at the
Cretaceous-Tertiary boundary, as analogous shown for dasy-
cladalean algae (Barattolo 2002). In the Ypresian, twelve taxa
were identified, and in the Lutetian—?Bartonian eleven taxa,
most belonging to modern species of Halimeda. The onset of
long-ranging taxa and the low rate of originating taxa indicate
the stabilization phase known from Dasycladales (Barattolo
2002). Disappearance of some taxa in the upper Jbel Tagount
Formation seems to indicate a gradual decrease in diversity in
the late Lutetian or Bartonian and the onset of a new crisis,
known for Dasycladales from the Priabonian. The recovery
phase with adaptive radiation, stabilization phase, and onset of
a new crisis are most surely related to global eustatic sea-level
changes. Moreover, deterioration of climate towards the end of
middle Eocene contributed to the late Eocene crisis.

Modern species of Halimeda evolved and diversified much ear-
lier than hitherto thought. From the Thanetian, four modern
taxa were identified. They prove the antiquity of the phylogen-
etic lines postulated by Dragastan et al. (2002). The Halimeda
cylindracea lineage began at latest in late Triassic; H.
incrassata lineage doubtfully in the late Cretaceous, at latest in
the Paleocene or Eocene, and H. opuntia lineage at earliest in
Maastrichtian, at latest in the Paleocene. The results also match
cladistic phylogeny of the genus based on molecular character-
istics (Hillis et al. 1998, Kooistra et al. 1999) and discussed for
their geological relevance by Hillis (2001) (see Herbig and
Dragastan 2005). Revised phylograms (Kooistra et al. 2002)
and resulting revision of the subdivision of the genus Halimeda
in five phylogenetic lineages/sections (Verbruggen and
Kooistra 2004) modified the results but slightly. Accordingly,
the lineages of the present-day sections Rhipsalis, Micro-
nesicae, Halimeda, and the opuntoid basal clade originated
prior to the late Thanetian, either in the late Cretaceous or in the
earliest Paleocene. Incorporating data from Dragastan (2002)
and the Barattolo model (2002) for evolution of Dasycladales, a
common origin in the earliest Paleocene, subsequent to
end-Cretaceous extinctions, seems to be most reasonable. Sepa-
ration of the opuntoid basal clade into the lineages of the pres-
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ent-day sections Pseudoopuntia and Opuntia was achieved be-
fore mid Ypresian. Further differentiation of the basal clades
occurred during the Ypresian and Lutetian, since ten and twelve
modern taxa were already present. Concomitantly, morphologi-
cal features of medullar siphons and complexity and variety of
cortex structures increased. This suggests that the assumed
vicariance event in the late Miocene (Hillis 2001), when only
two new taxa appeared, is of minor importance. The origin of
the extant clades of the genus Halimeda during that time, based
on phylogram patterns (Kooistra et al. 2002) is rejected due to
the wealth of detailed paleontological data presented herein, and
the assumption of genetically homogenous Halimeda species
flourishing without barriers on the wide shallow shelfs of the
Paleogene Tethys. A Pliocene vicariance event associated with
the closure of the isthmus of Panama resulted mostly in genetic
differentiation of cognate pairs. Also the proposed major Pleis-
tocene radiation (Hillis 2001) apparently results from sampling
and study bias. Still, the diversification between late Pleistocene
(15 modern taxa) and Recent (34 taxa) remains unexplained. It
might be mostly attributed to the fact that weakly calcified
extant species are not preserved in the fossil record.

Strong similarities in ecology are noted between the extensive
and luxuriant Halimeda meadows of the modern Great Barrier
Reef province and the Halimeda-rich facies at the southern rim
of the central High Atlas. Both are characterized by predomi-
nance of Halimeda and near absence of other algae, by minor
lateral floral changes, by high diversity with comparable per-
centage distribution patterns, and in showing two dominant spe-
cies, one or two quite common, and several rare to very rare
species. Both environments show psammophytic and litho-
phytic taxa of the three most important sections of the genus, i.
e. Rhipsalis, Opuntia, and Halimeda, suggesting that the high
diversity results from habitat differentiation. The important
contribution of lithophytyic taxa at the southern rim of the cen-
tral High Atlas indicates the presence of sufficiently coarse-
grained, non-mobile Halimeda sands and gravels, as indicated
by microfacies analysis (Herbig 1991). Finally, in both the
modern and Paleogene case nutrient-rich waters are due to
upwelling. Halimeda meadows were very important sediment
factories stretching as an almost continuous band along the
shallow ramp of the southern Moroccan Paleogene sea.

Our results prove the extreme geological longevity of at least
twelve of the thirdy-four Recent Halimeda taxa, which origi-
nated between 57 million years (late Thanetian) and 45 million
years (early Lutetian) ago. This gives Halimeda truly the char-
acter of a living fossil (Kooistra et al. 1999, Herbig and
Dragastan 2005). The place and exact time of speciation is still
uncertain, because the Atlantic-bound Moroccan epeiric sea
most probably saw the immigration of taxa that originating ear-
lier elsewhere in Tethys. Therefore, investigation of other
Paleocene—Eocene strata is needed to solve this question. Also
needed are studies of hitherto non-analysed Cenozoic time
slices in the long interval between late Eocene and late
Miocene.
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Halimeda-bearing sections, southern rim of central High Atlas, Morocco. Indicated are section code, geographic position, sheet of topographic map
“Carte du Maroc 1 : 100.000,” and Lambert coordinates (x/y) (from Herbig 1991)

SA-5 Oued Imassine, 0.8km N of height 1630. NH-29-
XXIV-2 Qalaa’t Mgouna. 403.6/73.8.

SA-7 Jbel Riguit, northern slope, 1.8km W Ait Youl, Dades
valley). NH-29-XXIV-2 Qalaa’t Mgouna. 440.5/92.0.

SA-8 Assif n’Ougalt, southern side, 7.0km W of Arg n’Sidi
Ali ou Bourek. NH-30-XIX-1 Boumalne. 463.8/99.8

SA-10 1.6km N of Timadriouine, gravel road to Arg n’Sidi
Ali ou Bourek,. NH-30-XIX-1 Boumalne. 469.8/91.9.

SA-11 5km N of Tinerhir, road to Todrha gorge. NH-30-
XIX-3 Tinerhir. 483.9/104.7. Hypostratotype of Jbel Guersif
Formation and Ait Ouarhitane Formation.

SA-12  4.5km N of Tinerhir, N of height 1478. NH-30-XIX-3
Tinerhir. 487.4/107.8.

SA-13 Akka Mellal plateau, 7km WSW of Tinerhir. NH-30-
XIX-3 Tinerhir. 480.0/100.6.

SA-14 Jbel Tagount, southern foot 8.5km W of Tinerhir.
NH-30-XIX-3 Tinerhir. 478.5/104.2. Stratotype of Ait Ouarhi-
tane Formation and Jbel Tagount Formation.

SA-15 Jbel Bou Aissa, western end, 10km NW Imider.
NH-30-XIX-1 Boumalne. 457.7/95.7.

SA-18 Jbel Istefane, 2.5km W of Arg n’Sidi Ali ou Bourek.
NH-30-XIX-1 Boumalne. 468.5/98.5.

SA-19 Jbel Guersif, eastern end, 12.0km N of Qalaa’t
Mgouna. NH-29-XXIV-2 Qalaa’t Mgouna. 431.8/84.0. Strato-
type of Jbel Guersif Formation.

SA-20 Jbel Ta’louit, northern slope, gravel road to Bou
Taghrar. NH-29-XXIV-2 Qalaa’t Mgouna. 430.0/87.6. Hypo-
stratotype of Ait Ouarhitane Formation and Jbel Tagount For-
mation.

SA-21 1.1km NW of Bou Taghrar. NH-29-XXIV-2 Qalaa’t
Mgouna. 429.4/89.7.

SA-22 5.0km W of Agouti et Tahtani. NH-29-XXIV-2
Qalaa’t Mgouna. 420.8/85.8.

Sa-25a Jbel Tassa n’Tlerhoumt, 2.7km E of Ait Ouglif,
Dades valley. NH-30-XIX-1 Boumalne. 448.8/95.4.
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PLATE 1 (page 37)

Halimeda cylindracea Decaisne 1842. Jbel Guersif Formation (late Thanetian). Figures x63.
Sample numbers refer to Herbig (1991, fig. 17). For location of sections see text-figure 2b and Appendix 1.

Longitudinal-oblique section. 130584/5, section
SA-5 (GIK 1874a).

Detail in the transitional area between medullar and
cortical zones showing the shape and disposition of
1%, 2™ and 3" cortical utricle series (see arrow ).
130584/5, section SA-5 (GIK 1874a).

Longitudinal-oblique section. 180584/6, section
SA-11(GIK 1886a).

4 Transverse sections showing empty medullar (m) area

and cortex with three utricle series. 130584/5, section
SA-5 (GIK 1874a).

Transverse section showing large medullar (m) area
and cortex with three utricle series. 031085/5, section
SA-13 (GIK 1897a).

Transverse section showing large medullar (m) area
and cortex with three utricle series. 031085/5, section
SA-13(GIK 1897a).

PLATE 2 (page 38)

Halimeda cylindracea Decaisne 1842. Jbel Guersif Formation (late Thanetian). Figures x63.
Sample numbers refer to Herbig (1991, fig. 17). For location of sections see text-figure 2b and Appendix 1.

Longitudinal-oblique section showing the disposition
of medullar siphons (m) and the cortical utricle series.
160584/8, section SA-8 (GIK 1879a).

Tangential-oblique section. 130584/5, section SA-5
(GIK 1874a).

3 Tangential-oblique section, detail and arrangement of

cortical utricles, eight in number, small and round (see
arrows). 130584/5, section SA-5 (GIK 1874a).

Transverse sectigns in medullar area (m) and the char-
acteristic lSt, 28 3¢ and 4™ utricle series (note ar-
row in Fig. 6). 180584/6, section SA-11 (GIK 1886a).

PLATE 3 (page 39)
Halimeda nana Pia 1932. Jbel Guersif Formation (late Thanetian). Sample numbers refer to Herbig (1991, fig. 17).
For location of sections see text-fig. 2b and Appendix 1.

1 Longitudinal-oblique section. 180584/6, section
SA-11 (GIK 1886b). x63.

6 Longitudinal-oblique section showing the two or
three small, fine utricle series (arrow). 180584/6, sec-

o . . . tion SA-11 (GIK 1886b). x27.
2 Longitudinal-oblique section. 180584/6, section

SA-11 (GIK 1886b). x27. 7 Longitudinal-oblique section. 130584/3, section

oo . . . SA-5 (GIK 1872a). x63.
3 Longitudinal-oblique section and transverse section

showing the two or three small, fine utricle series (ar-
row). 180584/6 (GIK 1886b), section SA-11. x27.

8 Longitudinal-oblique section showing segment with
small lobe looking like a ,,lateral branch”. 160584/12,

o ) ) ) section SA-8 (GIK 1881). x63.

4 Longitudinal-oblique section. 160584/12, section
SA-8 (GIK 1881). x63. 9 Longitudinal-oblique section showing the two or
three small, fine utricle series (arrow). 031085/2, sec-

5 Longitudinal-oblique section. 180584/6, section tion SA-13 (GIK 1895a). x27.

SA-11 (GIK 1886b). x63.
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PLATE 4 (page 41)

Halimeda incrassata (J. Ellis) Lamouroux 1816. Figs. 1, 3-9: Jbel Guersif Formation (late Thanetian).

Figures x63 except Fig. 2a-b: Recent, scale bar: 50pm. Sample numbers refer to Herbig (1991, fig. 17).
For location of sections see text-fig 2b and Appendix 1.

Longitudinal-oblique sections showing three utricle
series (arrows). 160584/11, section SA-8 (GIK
1880a).

Transverse (a) and longitudinal (b) sections from a
Recent specimen. fm: medullar siphons, ul —ul'V: cor-
tical utricle series (from Dragastan and Soliman,
2002).

Tangential section showing the disposition of six cor-
tical utricles in a rosette-like bundle (arrow).
131085/16, section SA-22 (GIK 1917a).

Longitudinal-oblique sections showing three utricle
series (arrow). 031085/4, section SA-13 (GIK 1896a).

5

Transverse section showing cortex with typical three
up to four utricle series (arrow). 130584/5, section
SA-5 (GIK 1874b).

Transverse section showing cortex with typical three
up to four utricle series (arrow). 160584/8, section
SA-8 (GIK 1879).

Transverse section showing cortex with typical three
up to four utricle series (arrow). 031085/4, section
SA-13 (GIK 1896a).

Fragment of cortex showing up to five utricle series
(arrow). 130584/4, section SA-5 (GIK 1873a).

Fragment of cortex showing up to five utricle series
(arrow). 170584/31, section SA-10 (GIK 1885).

PLATE 5 (page 42)

Halimeda incrassata (J. Ellis) Lamouroux 1816 (Figs. 1-4) and, for comparison, Halimeda nana Pia 1932 (Figs. 5-6).

Jbel Guersif Formation (late Thanetian). Figures x63. Sample numbers refer to Herbig (1991, fig. 17).
For location of sections see text-fig 2b and Appendix 1.

Halimeda incrassata (J. Ellis) Lamouroux 1816. Lon-
gitudinal-oblique section with four utricle series.
031085/5, section SA-13 (GIK 1897b).

Halimeda incrassata (J. Ellis) Lamouroux 1816.
Transverse section with medullar area (m) and thick
cortex. 130584/4, section SA-5 (GIK 1873a).

Halimeda incrassata (J. Ellis) Lamouroux 1816. Lon-
gitudinal-oblique section with three utricle series.
160584/8, section SA-8 (GIK 1879).

4  Halimeda incrassata (J. Ellis) Lamouroux 1816. Bro-

ken segment showing cortex with four utricle series
(arrow). 130584/5, section SA-5 (GIK 1874b).

56 Halimeda nana Pia 1932. Specimens illustrated in

plate 3, figure 3 for comparison with H. incrassata
showing the cortex with two up to three utricle series.
180584/6, section SA-11 (GIK 1886b).
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PLATE 6 (page 43)

Halimeda opuntia (Linnaeus) Lamouroux 1816 (Fig. 1), Halimeda monile (J. Ellis and Solander) Lamouroux 1816 (Figs. 2-5)

and H. erikfluegeli n. sp. (Figs. 6-7) from Jbel Guersif Formation (late Thanetian). Figures x63.
Sample numbers refer to Herbig (1991, fig. 17). For location of sections see text-fig 2b and Appendix 1.

1 Halimeda opuntia (Linnaeus) Lamouroux 1816. Tan-

gential oblique section in a disc-like segment showing
large medullar area (m)and the cortex (c). 180584/6,
section SA-11 (GIK 1886c¢).

2 Halimeda monile (J. Ellis and Solander) Lamouroux

1816. Oblique-transverse section showing three
utricle series (arrow). Note arrangement of medullar
siphons in round bundle in lowest part of medulla.
131085/16, section SA-22 (GIK 1917b).

35 Halimeda monile (J. Ellis and Solander) Lamouroux

1816. Transverse-oblique and transverse section
showing few medullar siphons and in the cortex three
utricle series (arrows). 130584/4, section SA-5 (GIK
1873b).

Halimeda erikfluegeli n.sp. Holotype. Longitudinal
section. 021085/7, section SA-12 (GIK 1894a).

Halimeda erikfluegeli n.sp. Paratype. (GIK). Trans-
verse section. 031085/2, section SA-13 (GIK 1895b).
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PLATE 7 (page 45)
Halimeda lacunosa n. sp (Fig. 1-3) and Halimeda barbata n.sp. (Fig. 4-5) from Jbel Guersif Formation (late Thanetian).
Figures x63. Sample numbers refer to Herbig (1991, fig. 17). For location of sections see text-fig 2b and Appendix 1.

1 Halimeda lacunosa n.sp. Holotype. Longitudi- and intracortical gamentangial cavities (s). 160584/11,

nal-oblique section showing utricular gamentangial
(s) cavities (arrow). 031085/4, section SA-13 (GIK
1896b).

2 Halimeda lacunosa n.sp. Paratype. Tangen-

tial-oblique section with gamentangial cavities dis-
posed intracortical as well as utricular (arrows). From
holotype sample 031085/4, section SA-13 (GIK
1896¢).

Halimeda lacunosa n.sp. Additional material. Broken
segment showing three to four utricle-series (arrow),

section SA-8 (GIK 1880b).

Halimeda barbata n.sp. Holotype. Longitudi-
nal-oblique section showing four to five (?) utricle se-
ries (arrows). 160584/11, section SA-8 (GIK 1880c).

Halimeda barbata n.sp. Paratype. Broken segment in
large intraclast showing the cortex with tiny utricles,
especially to the periphery (arrow). From holotype
sample 160584/11, section SA-8 (GIK 1880d).

PLATE 8 (page 46)
Halimeda marcconradi n.sp. Jbel Guersif Formation (late Thanetian). Figures x63. Sample 21085/7, section SA-12

(sample number refers to Herbig 1991, fig. 17). For location of section see text-fig 2b and Appendix 1.

Holotype. Longitudinal-oblique section. 021085/7,
section SA-12 (GIK 1894b).

Paratype. Longitudinal oblique section. From
holotype sample 021085/7, section SA-12 (GIK
1894c).

Paratype. Transverse section in broken segment
showing only medullar siphons (m) and longitudinal
section (left) showing the cortex. From holotype sam-
ple 021085/7, section SA-12 (GIK 1894d).

4 Paratype. Transverse section showing the medullar

area (m) and the abraded cortex; longitudinal-oblique
section above. From holotype sample 021085/7, sec-
tion SA-12 (GIK 1894e).

Paratype. Two longitudinal-oblique section showing
medullar siphons (m) and thin cortex (c). From
holotype sample 021085/7, section SA-12 (GIK
1894f).
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PLATE 9 (page 47)

Halimeda praetaenicola n.sp. Jbel Guersif Formation (late Thanetian). Figures x63.
Sample numbers refer to Herbig (1991, fig. 17). For location of sections see text-fig 2b and Appendix 1.

Holotype. Longitudinal-oblique section with large,
empty medullar area and two utricle series. 021085/7,
section SA-12 (GIK 1894g).

Additional material. Transverse section showing a
long fertile siphon as pedunculate gamentangium (g).
031085/2, section SA-13 (GIK 1895c).

Additional material. Broken segment showing the
cortex with three utricle series (arrows). 031085/2,
section SA-13 (GIK 1895c¢).

4 Additional material. Transverse sections. 130584/3,

section SA-5 (GIK 1872b).

Paratype. Broken segment showing the cortex with
three utricle series (arrows). From the holotype sam-
ple 021085/7, section SA-12 (GIK 1894h).

6 Additional material. Transverse section. 130584/3,

section SA-5 (GIK 1872b).
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PLATE 10 (page 49)
Halimeda unica n.sp. Jbel Guersif Formation (late Thanetian). Figures x45. Sample numbers refer to Herbig (1991, fig. 17).
For location of sections see Text-Fig. 2b and Appendix 1.

1 Holotype. Longitudinal-oblique section showing

medullar area crossed by tiny, medium long siphons
(m) and cortex with three utricle series (c). 031085/5,
section SA-13 (GIK 1897¢).

Paratype. Longitudinal-oblique section. From the
holotype sample 031085/5, section SA-13 (GIK
18974).

Paratype. Tangential section showing the dense distri-
bution of outermost, third utricle series. From the

holotype sample 031085/5, section SA-13 (GIK
1897e).

Paratypes. Transverse sections showing the medullar
siphons or empty medullar area and the cortex with
clear shapes of utricles. From the holotype sample
031085/5, section SA-13 (GIK 1897f-h).

Paratypes. Longitudinal-oblique section showing a
large empty medullar area. From the holotype sample
031085/5, section SA-13. (GIK 1897i)

1911

PLATE 11 (page 50)

Halimeda opuntia (Linnaeus) Lamouroux 1816. Fig. 1-10: Ait Ouarhitane Formation (mid to late Ypresian).

Figures1-5, 7-10 x54; Fig. 11: reconstructed idealised segment. Fig. 12: Cortex system of Recent H. opuntia.
Sample numbers refer to Herbig (1991, fig. 27). For location of sections see text-fig 2b and Appendix 1.

Idealised thallus segment in Fig. 11 reconstructed af-
ter different planes of the sections crossing many flat
disc-like, ribbed thalli segments as follows: 1, 2, 5,
transverse, slightly oblique sections in the basal and
lateral parts of the segments; 3-4, 9, transverse sec-
tions in the middle and upper part of the segments
showing some ribs like small ,horns”; 6, magnified
area from figure 5 showing the morphology of the
utricle series in the cortex; 7-8, longitudinal oblique
sections in the middle and lateral areas. Figs. 1-8 from

10

12

061085/2, section SA-15 (GIK 1905b), Fig. 9 from
091085/9, section SA-18 (GIK 1908).

Transverse sections in disc-like segments showing in-
ternal projections separating medullar siphonal bun-
dles. 091085/9, section SA-18 (GIK 1908).

Recent H. opuntia (after Littler and Littler 2000 )
showing typical morphology of the utricle series.
Scale bar 100pm.
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PLATE 12 (page 51)

Halimeda opuntia (Linnaeus) Lamouroux 1812 (Figs. 1-4) and Halimeda opuntia f. triloba (Decaisne) Agardh,1887 (Fig. 5).

Ait Ouarhitane Formation (mid to late Ypresian). Sample numbers refer to Herbig (1991, fig. 27).
For location of sections see text-fig 2b and Appendix 1.

Halimeda opuntia (Linnaeus) Lamouroux 1816.
Transverse-oblique section. 091085/10, section
SA-18 (GIK 1909a). x54.

Halimeda opuntia (Linnaeus) Lamouroux 1816.
Same specimen as in Figure 1, magnified to show
rib-like protuberances and the shape of utricles.
091085/10, section SA-18 (GIK 1909a). x90.

Halimeda opuntia (Linnaeus) Lamouroux 1816.
Transverse section of a protuberance that sustains an-
other segment. 160584/22, section SA-8 (GIK
1883a). x90.

4

Halimeda opuntia (Linnaeus) Lamouroux 1816.
Magnified part of the cortex crossed by three utricle
series (1,2, 3).061085/2, section SA-15 (GIK 1905b).
x90.

Halimeda opuntia f. triloba (Decaisne) Agardh 1887.
Slightly oblique transverse section showing three
lobes at middle part, left margin and right margin (ar-
rows) of segment. Note medullary siphons (m) and
strongly calcified cortex crossed by four utricle series.
150584/12, section SA-7 (GIK 1878a). x54.
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1

PLATE 13 (page 53)

Halimeda simulans Howe 1907. Ait Ouarhitane Formation (mid to late Ypresian).
Figures x63. Sample numbers refer to Herbig (1991, fig. 27). For location of sections see text-fig 2b and Appendix 1.

Longitudinal section crossed by few medullary si-
phons (m) and cortex having three utricle series (ar-
row). 031085/12, section SA-13 (GIK 1899).

Longitudinal section crossed by few medullary si-
phons (m) and cortex having three utricle series.
150584/11, section SA-7 (GIK 1877a).

Longitudinal section crossed by few medullary si-
phons and cortex having three utricle series (arrow).
150584/11, section SA-7 (GIK 1877a).

Oblique-longitudinal section showing cortex with
three utricle series (arrow). 150584/11, section SA-7
(GIK 1877a).

5 Transverse section. 150584/11, section SA-7 (GIK

1877a).

Longitudinal section crossed by few medullary si-
phons (m) and cortex having three utricle series.
061085/2, section SA-15 (GIK 1905c¢).

Transverse section. Arrow indicates morphology of
the utricle series). 041085/4, section SA-14 (GIK
1900b).

PLATE 14 (page 54)

Halimeda monile (J. Ellis and Solander) Lamouroux 1816. Figs. 1-2, 4-6 from Ait Ouarhitane Formation (mid to late Ypresian),
Fig. 3 from Jbel Tagount Formation (latest Ypresian to late Lutetian or latest Bartonian). Figures x63. Sample numbers refer to
Herbig (1991, figs. 27, 30). For location of sections see text-fig 2b and Appendix 1.

1

Transverse section in disc-like segment. 121085/8,
section SA-21 (GIK 1916b).

Longitudinal-oblique section in a broken, disc-like,
trilobed(?) segment. 180584/23, section SA-11 (GIK
1888).

Transverse section in a flat, disc-like segment crossed
by medullar area. Typical utricles disposed in three se-
ries (arrows); note the round gametangial cavities lo-
cated on secondary and tertiary utricles. 110988/3,
section SA-5 (GIK 1875a).

4 Broken thallus segment showing in the cortex charac-

teristic shape of three utricle series (arrow). 121085/8,
section SA-21 (GIK 1916b).

Transverse section in disc-like segment showing the
typical disposition of medullar siphons. 180584/28b,
section SA-11 (GIK 1890b).

Transverse section in a basal cylindrical segment.
180584/23, section SA-11 (GIK 1888).

1
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PLATE 15 (page 55)

Halimeda praeopuntia J and L. Morellet 1922. Ait Ouarhitane Formation (mid to late Ypresian).
Figures x63. Sample numbers refer to Herbig (1991, fig. 27). For location of sections see text-fig 2b and Appendix 1.

Longitudinal-oblique sections, showing large, irregu-
lar medullar area (m) and thin cortex crossed by two or
three utricle series (arrow). 091085/10, section SA-18
(GIK 1909b).

Longitudinal-oblique section, showing large, irregu-
lar medullar area (m) and thin cortex crossed by two or
three utricle series. 091085/10, section SA-18 (GIK
1909b).

3 Transverse-oblique section showing typical utricle se-

ries (arrows). 111085/18, section SA-20 (GIK 1914).

4 Longitudinal section with medullar siphons (m). In

the cortex two or three utricle series are visible (ar-
rows). 121085/6, section SA-21 (GIK 1915a).
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PLATE 16 (page 57)

Halimeda cylindracea Decaisne 1842 (Fig. 1-4) and Halimeda incrassata (J. Ellis) Lamouroux 1816 (Fig. 5-6).
Ait Ouarhitane Formation (mid to late Ypresian). Figures x63. Sample numbers refer to Herbig (1991, fig. 27).
For location of sections see text-fig 2b and Appendix 1.

Halimeda cylindracea Decaisne 1842. Tangential
(subcortical) oblique-longitudinal section with
medullar area (m) and cortex with three utricle series.
180584/28b, section SA-11 (GIK 1890a).

Halimeda cylindracea Decaisne 1842. Longitudinal
section at the transition between medulla and cortex,
large medullar area (m) and cortex crossed by three up
to four utricle series. 180584/26b, section SA-11
(GIK 1889).

Halimeda cylindracea Decaisne 1842. Longitudi-
nal-oblique section with clear, medullar area (m) and
cortex with three up to four utricle series (arrows).
121085/8, section SA-21 (GIK 1916a).

4 Halimeda cylindracea Decaisne 1842. Transverse

section showing the large medullar area. 160584/16,
section SA- 8 (GIK 1882a).

5 Halimeda incrassata (J.Ellis) Lamouroux 1816.

Transverse section showing medullar area (m) and
cortex with three utricle series (arrow). 041085/4, sec-
tion SA-14 (GIK 1900a).

6 Halimeda incrassata (J.Ellis) Lamouroux 1816. Lon-

gitudinal-oblique section showing the typical shape of
utricle series (arrows). 061085/2, section SA-15 (GIK
1905a).

PLATE 17 (page 58)

Halimeda tuna (Ellis and Solander) Lamouroux 1816. Ait Ouarhitane Formation (mid to late Ypresian).
Figures x54. Sample numbers refer to Herbig (1991, fig. 27). For location of sections see text-fig 2b and Appendix 1.

19 Transverse or transverse-oblique sections in disc-like,

contorted segments. Narrow, medullar area with si-
phons disposed in round bundles in Figs. 1, 3, 6 (ar-
rows) and cortex crossed by two or three utricle series.
Figs. 1, 5 from 061085/4, section SA-15 (GIK 1906);
Fig. 2 from 121085/6, section SA-21 (GIK 1915b);
Figs. 4,8 from 150584/11, section SA-7 (GIK 1877b);

Figs. 3,7 from 061085/2, section SA-15 (GIK 1905d);
Figs. 6,9 from 031085/10, section SA-13 (GIK 1898).

10 Longitudinal-oblique lateral section. 041085/4, sec-

tion SA-14 (GIK 1901).
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PLATE 18 (page 59)

Halimeda tuna (Ellis and Solander) Lamouroux 1816. Ait Ouarhitane Formation (mid to late Ypresian).
Sample numbers refer to Herbig (1991, fig. 27). For location of sections see text-fig 2b and Appendix 1.

Different transverse and transverse oblique sections,
some in broken segments. Figs. 2, 9 11 12 show
medullar siphons, which are partially arranged in
clearly visible round bundles (arrows). Fig.1 from
031085/10, section SA-13 (GIK 1898); Figs. 2 14
from 160584/16, section SA-8 (GIK 1882b); Figs. 4
12 from 041085/16, section SA-14 (GIK 1901); Figs.
6, 8 from 041085/4, section SA-14 (GIK 1900c¢); Figs.
7,9 from 150584/11, section SA-7 (GIK 1877b); Figs.
10 11 from 150584/12, section SA-7 (GIK 1878b);

Fig. 13 15 from 160584/22, section SA-8 (GIK
1883b). All x54.

Transverse section in a flat, disc-like segment with
two lateral lobes. 091085/10, section SA-18 (GIK
1909c). x63.

Magnified part of Figure 4 showing typical three
utricle series (arrow). x90.
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Halimeda gracilis Harvey ex Agardh 1887 (Fig. 1-3) and Halimeda praemacroloba n. sp. (Fig. 4-8).
Ait Ouarhitane Formation (mid to late Ypresian). Figures x63. Sample numbers refer to Herbig (1991, fig. 27).
For location of sections see text-fig 2b and Appendix 1.

Halimeda gracilis Harvey ex Agardh 1887. Longitu-
dinal section in a very flat disc-like segment with nar-
row medullar area and cortex with two utricle series.
061085/2, section SA-15 (GIK 1905e).

Halimeda gracilis Harvey ex Agardh 1887. Longitu-
dinal section in the central part of a broken disc-like
segment; note typical shape of cortical siphons (ar-
rows). 061085/2, section SA-15 (GIK 1905¢).

Halimeda gracilis Harvey ex Agardh 1887. Longitu-
dinal-oblique section in the lateral part of a broken
disc-like segment. 061085/2, section SA-15 (GIK
1905¢).

Halimeda praemacroloban. sp. Holotype. Longitudi-
nal-oblique section in a broken disc-like segment, nar-
row medullar area (m) and cortex with two or three
utricle series (arrow). 061085/2, section SA-15 (GIK
1905f).

5 Halimeda praemacroloba n. sp. Paratype. Transverse

section in a cylindrical basal segment. From holotype
sample 061085/2, section SA-15 (GIK 1905g).

6 Halimeda praemacroloba n. sp. Paratype. Trans-

verse-oblique section in a broken cylindrical or
slightly compressed basal segment. From holotype
sample 061085/2, section SA-15 (GIK 1905h).

7 Halimeda praemacroloba n. sp. Additional material.

Broken thallus segment with three utricle series in the
cortex (arrow). 160584/16, section SA-8 (GIK
1882c).

8 Halimeda praemacroloba n. sp. Additional material.

Broken thallus segment with three utricle series in the
cortex (arrow). 150584/12, section SA-7 (GIK
1878c).

PLATE 20 (page 62)
Halimeda copiosa Goreau and Graham 1967 (Fig. 1-3) and Halimeda tuna f. platydisca (Decaisne) Barton 1901 (Fig. 4).

Ait Ouarhitane Formation (mid to late Ypresian). Figures x63. Sample numbers refer to Herbig (1991, fig. 27).
For location of sections see text-fig 2b and Appendix 1.

1 Halimeda copiosa Goreau and Graham 1967. Trans-

verse section of a broken segment showing medullar
siphons and cortex crossed by three utricle series (ar-
row). 091085/8, section SA-18 (GIK 1907).

Halimeda copiosa Goreau and Graham 1967. Trans-
verse section of a disc showing large medullar siphons
and thin cortex. 180584/22, section SA -11 (GIK
1887).

3 Halimeda copiosa Goreau and Graham 1967. Trans-

verse-oblique section of a broken segment showing
large medullar siphons and cortex crossed by three
utricle series. 180584/22, section SA-11 (GIK 1887).

4 Halimeda tuna f. platydisca(Decaisne) Barton 1901.

Transverse-oblique section showing shape and dispo-
sition of utricle series (arrow) in the cortex.
160584/16, section SA-8 (GIK 1882d).

PLATE 21 (page 63)
Halimeda tuna (Ellis and Solander) Lamouroux 1816. Jbel Tagount Formation (latest Ypresian to late Lutetian or latest Bartonian).
Figures x63 except Fig. 7 (x 90). Sample 041085/20, section SA-14 (sample number refers to Herbig 1991, fig. 30) (GIK 1903).
For location of section see text-fig 2b and Appendix 1.

1 Longitudinal section in a disc-like segment showing
the short medullar siphon and thin cortex..

disposition of the medullar siphon in round clusters
with six siphons each.

26 Transverse and transverse oblique sections at differ-
ent levels of disc-like segments showing the regular

7-8 Like 2-6, but note clear tendency to constrict the
medullar area by short projections of the cortex (i).
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1

26,8

PLATE 22 (page 65)
Halimeda tuna (Ellis and Solander) Lamouroux 1816. Jbel Tagount Formation (latest Ypresian to late Lutetian or latest Bartonian).
Figures x54 except Fig 1a (x90). Sample numbers refer to Herbig (1991, fig. 30).

For location of sections see text-fig 2b and Appendix 1.

Longitudinal-oblique section of a small disc-like seg-
ment with small lobes (d) and a transverse section in a
lateral part of a broken segment (b). 1a — detail of cor-
tex showing shape and disposition of utricle series (ar-
row). 041085/18, section SA-14 (GIK 1902b).

Transverse sections in different disc-like segments
showing disposition of medullar siphons in round
bundles and thin cortex. Fig. 2 from 110988/3, section
SA-5 (GIK 1875c); Figs. 3, 5-6 from 091085/14, sec-
tion SA-18 (GIK 1911a); Fig. 4 from 110988/5, sec-
tion SA-5 (GIK 1876); Fig.8 from 041085/21, section
SA-14 (GIK 1904).

7

10

\Various longitudinal and transverse sections mostly
in broken thalli segments. 101085/13, section SA-19
(GIK 1913).

Transverse-oblique section showing the medullar si-
phons disposed in round bundles (arrows). 161086/7,
section SA-25a (GIK 1919b).

Longitudinal section crossing the upper lateral part of
a disc-like segment with narrow medullar area and
short medullar siphons because of frequent
dichotomic branching; cortex crossed by two or three
utricle series. 091085/14, section SA-18 (GIK 1911a).

1

PLATE 23 (page 66)

Halimeda gracilis Harvey ex Agardh 1887 (Fig. 1), Halimeda praegoreaui n. sp. (Fig. 2-3), Halimeda scabra Howe 1905 (Fig. 4),

and Halimeda fragilis Taylor 1950 (Fig. 5-7). Jbel Tagount Formation (latest Ypresian to late Lutetian or latest Bartonian).
Figures x63. Sample numbers refer to Herbig (1991, fig. 30). For location of sections see text-fig 2b and Appendix 1.

Halimeda gracilis Harvey ex Agardh 1887. Longitu-
dinal section of a broken disc-like segment showing
long medullar siphons; cortex crossed by two or three
utricle series. 091085/13, section SA-18 (GIK 1910a).

Halimeda praegoreaui n. sp. Additional material.
Transverse-oblique section of a disc-like segment
with large medullar area and thin cortex crossed only
by two utricle series. 110988/3, section SA-5 (GIK
1875d).

Halimeda praegoreaui n. sp. Holotype. Transverse
section in a long, flat, subcuneate segment, cut in the
lateral of the upper part of the segment. 180584/36,
section SA-11 (GIK 1893d).

Halimeda scabra Howe 1905. Transverse-oblique
section of a thallus segment showing sparse medullar

siphons and cortex crossed by three utricle series. The
third series is tiny, hair-like (arrows). 091085/14, sec-
tion SA-18 (GIK 1911b).

Halimeda fragilis Taylor 1950. Transverse section of
thallus fragment showing disposition of medullar si-
phons and cortex with three utricle series. 091085/13,
section SA-18 (GIK 1910b).

Halimeda fragilis Taylor 1950. Longitudinal section
of thallus segment showing medium long medullar si-
phon and cortex. 091085/13, section SA-18 (GIK
1910b).

Halimeda fragilis Taylor 1950. Longitudinal-oblique
section of thalli segments showing medullar area and
shape of the utricle series. 161086/7, section SA-25a
(GIK 1919c¢).
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PLATE 24 (page 67)

Halimeda opuntia (Linnaeus) Lamouroux 1816. Jbel Tagount Formation (latest Ypresian to late Lutetian or latest Bartonian).

Figures x63. Sample numbers refer to Herbig (1991, fig. 30). For location of sections see text-fig 2b and Appendix 1.

1

Longitudinal-tangential section of a disc-like segment
with two lobes. 110988/3, section SA-5 (GIK 1875b).

Transverse-oblique section in a lobe of a disc-like seg-
ment. 180584/36, section SA-11 (GIK 1893a).

Longitudinal section in a disc-like segment (above)
showing three lobes , the large medullar area and thin
cortex. Below another oblique-transverse section in

the lateral part of the segment. 041085/18, section
SA-14 (GIK 1902a).

Transverse-oblique section in the lobe of a disc-like
segment. 041085/18, section SA-14 (GIK 1902a).

Transverse section in the middle part of a disc-like
segment. 041085/18, section SA-14 (GIK 1902a).
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PLATE 25 (page 69)

Halimeda tuna f. platydisca (Decaisne) Barton 1901. Jbel Tagount Formation (latest Ypresian to late Lutetian or latest Bartonian).
Figures x63. Sample numbers refer to Herbig (1991, fig. 30). For location of sections see text-fig 2b and Appendix 1.

14

Transverse sections crossing various levels of
disc-like segments, showing large medullar siphons
(m) and cortex with three utricle series (arrows). Seg-
ments are not well preserved. Cortices are partially
destroyed during reworking (especially in Figures

2-3). Fig. 1 from 180584/31, section SA-11 (GIK
1891b); Fig.2 from 091085/15, section SA-18 (GIK
1912b); Figs.3-4 from 180584/36, section SA-11
(GIK 1893c).

PLATE 26 (page 70)

Halimeda simulans Howe 1907. Jbel Tagount Formation (latest Ypresian to late Lutetian or latest Bartonian).
Figures x63. Sample numbers refer to Herbig (1991, fig. 30). For location of sections see text-fig 2b and Appendix 1.

1-2,4,7 Transverse sections crossing at different levels in

disc-like segments, showing large medullar siphons
(m, Fig. 2) and cortex crossed by two utricle series (ar-
rows in Figs. 2, 4). Figs. 1, 4, 7 from 180584/36, sec-
tion SA-11 (GIK 1893b); Fig. 2 from 180584/31,
section SA-11 (GIK 1891a).

3,56 Longitudinal sections showing large, medullar si-

phons (m, Fig. 3). 180584/36, section SA-11 (GIK
1893b).

PLATE 27 (page 71)

Halimeda cylindracea Decaisne 1842. Jbel Tagount Formation (latest Ypresian to late Lutetian or latest Bartonian).
Figures x27. Sample numbers refer to Herbig (1991, fig. 30). For location of sections see text-fig 2b and Appendix 1.

1

Longitudinal-oblique section. Arrows point to char-
acteristic long cylindrical primary utricles. 161086/6,
section SA-25a (GIK 1918).

Transverse section of cylindrical, slightly compressed
segment showing large medullar area (m) and cortex
with three utricle series (arrow). 161086/6, section
SA-25a (GIK 1918).

3 Longitudinal oblique section showing three utricle se-

ries (arrow). 161086/7, section SA-25a (GIK 1919a).

4 Transverse section of a broken thallus segment show-

ing the cortex and utricle series (arrow). 091085/15,
section SA-18 (GIK 1912a).
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PLATE 28 (page 72)

Halimeda praecuneata n. sp. Jbel Tagount Formation (latest Ypresian to late Lutetian or latest Bartonian).
Figures x63. Sample numbers refer to Herbig (1991, fig. 30). For location of sections see text-fig 2b and Appendix 1.

Holotype. Transverse section of a cuneate, discoid
segment showing uneven, large medullar area (m) and
cortex crossed by three utricle series (arrows).
180584/35, section SA-11 (GIK 1892).

Additional material. Transverse sections at different
levels in cuneate disc-like segments. 041085/18, sec-
tion SA-14 (GIK 1902c).

3 Additional material. Above, transverse-oblique sec-

tion in the lateral part of the segment. Below, trans-
verse section of badly preserved, transported segment.
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Emendation of the genus Streptochilus Bronnimann and
Resig 1971 (Foraminifera) and new species from the lower
Miocene of the Atlantic and Indian Oceans
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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
(>63um) 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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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. mascarenensis at 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).

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 (Follmi 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
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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



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 (Bronnimann 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 (Bronniman 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 Streprochilus, the genus
would have a much longer history than recorded by e.g. Huber
et al. (2006). Alternatively, the phylogeny might be more com-
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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 etal. (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.

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 (Bronnimann 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 §'30
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 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.
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TABLE 1
Lower Miocene occurrences of high abundances of Streptochilus spp.
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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 (Bronnimann 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 (Bronnimann 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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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 (Bronnimann and
Resig 1971; Resig and Kroopnick 1983; see also Smart and
Thomas 2006). The name Streptochilus was derived from
streptos, Greek (otpentoc) for ‘twisted’ and cheilos, Greek

(xewhoo) for ‘lip’, indicating the change to an inward directed
lip (Bronnimann 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. Bronnimann 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

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 = 50um; b, de-
tail of wall, scale bar = 10pm (DSDP 94-608-37X-4,
38-40cm, 343.78 mbsf).

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

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 = 50um (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 = 50um (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 =
50um; b, detail of aperture showing infolded rimmed
margin, scale bar = 10um (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 =
50um; b, detail of aperture, scale bar = 10um (DSDP
94-608-37X-6, 38-40cm, 346.78 mbsf).
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5 a, Edge view of paratype (reg. no. BM(NH) PF
67989), uncoated, showing aperture, scale bar =
50um; b, detail of aperture, note thickened rim of final
chamber, scale bar = 10um (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 =
50um; b, detail of aperture, note aperture obscured by
thickening and thickened rim of final chamber, scale
bar = 10um (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 =
50um; b, detail of aperture, note aperture obscured by
thickening and thickened rim of final chamber, scale
bar = 10um (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 >63um
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 10um) 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 Bronnimann and Resig 1971, emend. Smart
and Thomas this paper

We propose that the original description of Streptochilus given
by Bronnimann 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:

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 =
50um; b, detail of aperture, note aperture obscured by
thickening and thickened rim of final chamber, scale
bar = 10um (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 =
50um; b, detail of aperture, note aperture obscured
somewhat by thickening and thickened rim of final
chamber, scale bar = 10um (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 = 50um; b, detail of aperture, note
thickened rim of final chamber, scale bar = 10um
(DSDP 94-608-37X-6, 38-40cm, 346.78 mbsf).
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4 a, Edge view of paratype (reg. no. BM(NH) PF
67995), dissected specimen, gold coated, scale bar =
50um; b, detail of aperture, note internal plate con-
necting with apertural rim, scale bar = 10um (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 =
50um; b, detail of aperture, note internal plate con-
necting with apertural rim, scale bar = 10um (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 =
50um; b, detail of aperture, note internal plate con-
necting with apertural rim, scale bar = 10um (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 300um.

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, 260-130um (mean 187um, St. Dev. 28, n =
115); maximum width, 100-70um (mean 84 um, St. Dev. 6, n =
115); thickness, 70-60um (mean 63 pum, 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. la,b). All other examined and illustrated

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 =
50um; b, detail of aperture, note internal plate con-

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

6 a, Side view of paratype (reg. no. BM(INH) PF 68003),
gold coated, note granular wall texture, scale bar =
50um; b, detail of wall, scale bar = 10um (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, 300-120pm (mean 188um, St. Dev. 39, n
= 249); maximum width, 180-80um (mean 114um, St. Dev. 19,

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 =
50um; b, detail of wall, scale bar = 10um (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 =
50um; b, detail of wall, scale bar = 10um (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
= 50um; b, detail of initial part, scale bar = 10um
(DSDP 94-608-37X-4, 38-40cm, 343.78 mbsf).
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4 a, Side view of paratype (reg. no. BM(NH) PF 68200),
polished microspheric specimen, uncoated, scale bar
= 50um; b, detail of initial part, scale bar = 10um
(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
= 50um (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
= 50um (DSDP 94-608-37X-4, 38-40cm, 343.78
mbsf).
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n = 249); thickness, 75-50pum (mean 62 um, St. Dev. 6, n = 40).
Specimens at Site 667: length, 230-120um (mean 157um, St.
Dev. 21, n = 105); maximum width, 120-80 pm (mean 91 pm,
St. Dev. 10, n = 105); thickness, 65-45 ym (mean 55 pm, 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. la,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, 74-76¢cm (69.24 mbst)

the size of the specimens examined was: length, 300-130um
(mean 211pm, St. Dev. 38, n = 62); maximum width, 180-80um
(mean 131um, 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, 260-130um (mean 168um, St. Dev. 29, n
=69); maximum width, 140-80um (mean 107um, 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, 700um; width, 400um; thickness,
150pm (Cushman 1933), which would have been much larger
than our species, but these measurements were incorrect; the
size of the holotype is length, 300um and width, 130um
(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

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 = 50um; b, detail of wall, scale bar
= 10um (ODP 208-1264B-21-1, 78-80cm, 210.60

mcd);

2-11 Side views of paratypes, uncoated, all scale bars = 50um
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;
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reg. no. BM(NH) PF 68067;
reg. no. BM(NH) PF 68068;
reg. no. BM(NH) PF 68069;

Nl I e )

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.



Christopher W. Smart and Ellen Thomas Plate 6

micropaleontology, vol. 53, nos. 1-2, 2007 89



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

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, 260-110um (mean 169um, St. Dev. 30, n
= 106); maximum width, 120-80um (mean 98um, St. Dev. 8, n
= 106); thickness, 60-45um (mean 50um, 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 50um com-
pared with 62um), 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.

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 = 50um
(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 = 50um (ODP
208-1264B-21-1, 78-80cm, 210.60 mcd).

3-11 Side views of paratypes, all uncoated, all scale bars =
50um;
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,
72-7T4cm, 70.72 mbsf;

5 slightly twisted specimen, reg. no. BM(NH) PF
68077, from DSDP 74-529-8-4, 72-74cm, 70.72
mbsf;
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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,
72-7T4cm, 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 62um compared with
50um), 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 = 50um; b, detail of aper-
ture showing infolded rimmed margin, scale bar =
10um (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 = 50um; b, detail of aper-
ture showing rimmed margin, scale bar = 10um
(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 = 50um; b, detail of ap-
erture showing infolded rimmed margin, scale bar =
10um; c, detail of wall showing fine granular texture
and small pores, scale bar = 10um (ODP
208-1264B-21-1, 78-80cm, 210.60 mcd).
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4 a, Edge view of paratype (reg. no. BM(NH) PF
68087), dissected specimen, gold coated, scale bar =
50um; b, detail of aperture, note internal plate con-

necting with apertural rim, scale bar = 10pm (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 =
50um; b, detail of aperture, note internal plate con-

necting with apertural rim, scale bar = 10pm (ODP
208-1264B-21-1, 78-80cm, 210.60 mcd).

6 a, Side view of paratype (reg. no. BM(INH) PF 68089),
uncoated, scale bar = 50um; b, detail of wall showing
fine granular texture and small pores, scale bar =
10um (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.

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

a, Side view of paratype (reg. no. BM(NH) PF 68224),
polished megalospheric specimen, uncoated, scale bar
= 50um; 3b detail of initial part, scale bar = 10um
(ODP 208-1264B-21-1, 78-80cm, 210.60 mcd).
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a, Side view of paratype (reg. no. BM(NH) PF 68235),
polished microspheric specimen, uncoated, scale bar
= 50um; b, detail of initial part, scale bar = 10um
(ODP 208-1264B-21-1, 78-80cm, 210.60 mcd).

Side views of paratypes (4 reg. no. BM(NH) PF
68227, 5 reg. no. BM(NH) PF 68232), polished
megalospheric specimens, uncoated, scale bars =
50um (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 = 50um; b, detail of wall showing
pores, scale bar = 10um.

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

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

~

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

9}

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

@)

reg. no. BM(NH) PF 68127, scale bar = 50um;
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7 reg. no. BM(NH) PF 68128, scale bar = 50um;

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

9 a, Oblique view of paratype (reg. no. BM(NH) PF
68130), gold coated, scale bar = 50um; b, detail of ap-
erture showing rimmed infolded margin, scale bar =
10um.
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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 = 50um; b, de-
tail of aperture, note internal plate connecting with
apertural rim, scale bar = 10um;

2 a, Edge view of paratype (reg. no. PF 68132), dis-
sected specimen, gold coated, scale bar = 50um; b, de-
tail of aperture, note internal plate connecting with
apertural rim, scale bar = 10um;
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3 a, Oblique view of paratype (reg. no. PF 68133), gold
coated, scale bar = 50um; b, detail of wall showing
pores, scale bar = 10um;

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

57 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 = 50um.
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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 = 50um; b, detail of wall, scale bar
= 10um; c, greater detail of wall showing granular tex-
ture and small pores, scale bar Sum (DSDP
24-237-18-6, 69-71cm, 166.69 mbsf)

2-5 Side views of paratypes, all uncoated, all scale bars =
50um; 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 = 50um; b, oblique view,
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scale bar = 50um; c, detail of aperture showing
infolded rimmed margin, scale bar = 10um (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 = 50um; b, detail of ap-
erture showing infolded rimmed margin, scale bar =
10um (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 = 50um; b, detail of ap-
erture showing infolded rimmed margin, scale bar =
10um (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 =
50um; b, detail of aperture, note internal plate con-
necting with apertural rim, scale bar = 10um; greater
detail of aperture, scale bar = 10um (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 = 50um; 2b, detail of wall showing

fine granular texture and small pores, scale bar =
10pm (DSDP 24-237-18-6, 69-71cm, 166.69 mbsf).
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3 a, Side view of paratype (reg. no. BM(NH) PF 68258),
polished megalospheric specimen, uncoated, scale bar
= 50um; 3b, detail of initial part, scale bar = 10um
(DSDP 24-237-18-3, 72-74cm, 162.22 mbsf).

47 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 = 50pm; 4 is from DSDP 24-237-18-3, 72-74cm,
162.22 mbst; 5-7 are from DSDP 24-237-18-6,
69-71cm, 166.69 mbsf.
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TAXONOMIC NOTE

New names for two Triassic radiolarian genera from the
Queen Charlotte Islands: Ellisus replaces Harsa Carter 1991
non Marcus 1951; Serilla replaces Risella Carter 1993 non
Gray 1840 (1847)

Elizabeth S. Carter
Portland State University, Portland, Oregon 97701
mailing address: 17375 Jordan Road, Sisters, Oregon 97759
email: cartermicro @earthlink.net

It has recently come to my attention that the names of two Tri-
assic genera Harsa Carter1991 and Risella Carter 1993 are
pre-occupied by a free-living flatworm and a gastropod, respec-
tively.

In 1991, I erected the genus Harsa for an early Norian
radiolarian (Entactinaria) with a large flattened cortical shell
and three triradiate spines. Recently, I discovered that Marcus
(1951) first gave the name Harsa to a flatworm (Platyhel-
minthes (Turbellaria)). The name Ellisus is herein proposed as a
replacement (type species Ellisus siswaiensis (Carter) 1991) for
the preoccupied homonym Harsa Carter 1991, non Marcus
1951. Ellisus is named after Ellis Point near the type locality on
Fredrick Island, Queen Charlotte Islands; masculine gender.

Similarly, Gray (1840 [n.n], 1847) gave the name Risella to a
mollusk in the collections of the British Museum. Nearly one
hundred and fifty years later, I assigned the name Risella to a
new spumellarian radiolarian genus with a subtriangular shell
and three strongly twisted spines that is diagnostic for the late
Rhaetian (Carter1993). Serilla is now proposed as a replace-
ment name (type species Serilla tledoensis (Carter) 1993) for
the preoccupied homonym Risella Carter 1993 non Gray 1840
(1847). The name Serilla is an anagram of Risella; feminine
gender.
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Mid-Pliocene planktic foraminifer assemblage of the
North Atlantic Ocean

Harry J. Dowsett and Marci M. Robinson
US Geological Survey, 926A National Center, Reston, Virginia, 20192
email: hdowsett@usgs.gov

ABSTRACT: The US Geological Survey Pliocene Research, Interpretation and Synoptic Mapping (PRISM) North Atlantic faunal data
set provides a unique, temporally constrained perspective to document and evaluate the quantitative geographic distribution of key
mid-Pliocene taxa. Planktic foraminifer census data from within the PRISM time slab (3.29 to 2.97 Ma) at thirteen sites in the North At-
lantic Ocean have been analyzed. We have compiled Scanning Electron Micrographs for an atlas of mid-Pliocene assemblages from the
North Atlantic with descriptions of each taxon to document the taxonomic concepts that accompany the PRISM data. In mid-Pliocene as-
semblages, the geographic distributions of extant taxa are similar to their present day distributions, although some are extended to the
north. We use the distribution of extinct taxa to assess previous assumptions regarding environmental preferences.

INTRODUCTION

Understanding future climate change is fundamentaly impor-
tant, and identifying and predicting human related changes
must take into account natural climate variability and the com-
plex interactions of the different components of the Earth’s cli-
mate system (National Research Council 2002). One approach
to understand such interactions uses analyses of past intervals
of global warmth. The mid-Pliocene is the most recent period in
Earth’s history that was significantly warmer than today; in
many respects the mid-Pliocene was as warm as climate models
predict for the next century (Intergovernmental Panel on Cli-
mate Change [[PCC] 2001). The US Geological Survey Plio-
cene Research, Interpretation and Synoptic Mapping (PRISM)
Project has documented the characteristics of mid-Pliocene cli-
mate on a global scale, relying heavily on quantitative analyses
of planktic foraminifer assemblages. The PRISM paleoclimate
reconstruction is being used to test the ability of climate models
to simulate past warmer conditions on Earth and to provide in-
sights into the causes, mechanisms and effects of global warm-
ing (e.g., Dowsett et al. 1992, Chandler et al. 1994, Sloan et al.
1996, Haywood et al. 2002, Haywood and Valdes 2004,
Dowsett et al. 2005, Jiang et al. 2005, Haywood et al. 2007).

A wealth of foraminiferal species abundance data has been gen-
erated by PRISM, and the highest concentration of these data
are in the North Atlantic. In this paper we document the North
Atlantic planktic foraminifer assemblage from the PRISM time
slab, the ~300kyr interval between 3.29 Ma and 2.97 Ma
(Dowsett and Robinson 2006). We first document the taxo-
nomic concepts used by PRISM workers in generating species
census data in a detailed list of species descriptions and accom-
panying plates. Secondly, we take advantage of the unique large
array of foraminiferal abundance data from a focused strati-
graphic interval to establish mid-Pliocene quantitative geo-
graphic distributions of key taxa and to compare them to
modern distributions. Finally, we evaluate previous taxonomic
grouping schemes and associated assumptions utilized by
PRISM workers to facilitate application of factor analytic trans-
fer functions and modern analog techniques to Pliocene marine
sequences (Dowsett and Poore 1990, Dowsett 1991, Dowsett
and Robinson 1998).

DATA AND METHODS

Chronology. The PRISM time slab is a ~300kyr interval lying
between the transition of oxygen isotope stages M2/M1 and
G19/G18 (Shackleton et al. 1995) in the middle part of the
Gauss Normal Polarity Chron (Dowsett et al. 1999, 2005,
Dowsett and Robinson 2006) (text-fig. 1). The interval of 3.29
Mato 2.97 Ma (geomagnetic polarity time scale of Berggren et
al. 1995; astronomically tuned timescale of Lourens et al.
1996) ranges from near the bottom of C2Anl (just above
Kaena reversed polarity) to within C2An2r (Mammoth re-
versed polarity). This interval correlates in part to planktic
foraminiferal zones PL3 (Globorotalia margaritae-Sphaer-
oidinellopsis seminulina Interval Zone), PL4 (Sphaer-
oidinellopsis seminulina-Dentoglobigerina altispira Interval
Zone) and PL5 (Dentoglobigerina altispira-Globorotalia
miocenica Interval Zone) of Berggren et al. (1995). It falls
within calcareous nannofossil zone NN16 of Martini (1971) or
CN12a of Bukry (1973, 1975).

Sample Processing. Samples were obtained from the 3.29 to
2.97 Ma interval of DSDP Holes 5024, 541, 546, 548, 552A,
603C, 606, 609B and 610 and ODP Holes 659A, 661A, 667A
and 672A (text-fig. 2). Data from Holes 541 and 672A were
combined as each covered only a portion of the time slab. Sedi-
ment samples used in this study were oven dried at <50°C. The
dried bulk samples were disaggregated in 250ml of warm tap
water with ~2ml of dilute sodium hexametaphosphate (5gm/1
water). The samples were agitated for 1 hour at room tempera-
ture and then washed over a 63um sieve using a fine spray hose.
The coarse fraction was dried in an oven at <50°C. Some sam-
ples required an additional wash cycle and a few required 10ml
of 10% hydrogen peroxide added to the wash in order to obtain
clean specimens. A split of 300-350 planktic foraminifer speci-
mens was obtained from the >150um size fraction using a
Carpco™ sample splitter. Specimens were sorted, identified
and glued to 60-square micropaleontological slides.

Taxonomy. Planktic foraminifers have been analyzed from the
North Atlantic region for over a century, and while classifica-
tion and higher taxonomic nomenclature are constantly chang-
ing, most species concepts are fairly stable. In general we
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TABLE 1

Location and water depths of DSDP and ODP Holes examined in this study, availability of paleomagnetic data, average temporal resolution of samples,
number of taxa found within the PRISM time slab, and references for the faunal data.

follow the taxonomy of Parker (1962, 1967) and Blow (1969)
with modifications (see annotated species list). The scope of
this paper is limited in a temporal sense to the mid-Pliocene
PRISM time slab. Therefore, we treat the taxa as distinct and
recognizable morphologic units, without consideration to their
phylogenetic relationships.

The faunal census data analyzed in this paper were generated by
a number of workers, and raw data are available from all cores
(Table 1). For this study, we extracted only those samples from
each time series that have been attributed to the PRISM time
slab, using the stratigraphic framework of Dowsett and
Robinson (2006).

Data Analysis. Since the temporal distribution of samples
within the PRISM time slab, at each site, is highly variable, we
produced multiple values for each taxon across all sites to aid in
comparison. First, all counts were transformed to percent data.
From the percent data, we determined mean and maximum per-
cent abundance for each taxon at each locality (Table 2).

To aid understanding of the quantitative geographic distribution
of the mid-Pliocene assemblage, R-mode and Q-mode
Hierarchial Cluster Analyses were performed. We used a simi-
larity metric based upon the Pearson correlation coefficient.
The correlation between two vectors (samples) x ={x,,x,,...,x, }
and y ={y;,y,,....y,} is given by:

The coefficient (r) ranges from 1 to -1 and is transformed into
distance (0 to 2.0) where 0 equals no distance between vectors,
and higher values indicate increasing distance. Clusters are
formed using a weighted pair-group method with arithmetic
averaging.

RESULTS

Text-figure 3 provides a stratigraphic summary of the cores in-
cluded in this study and the approximate positions of
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paleomagnetic reversal boundaries. Using standard techniques,
calibrated fossil first and last occurrence data and the
magnetobiochronology of Berggren et al. (1995) were used to
construct age models for the cores (Dowsett and Robinson
2006). In text-figure 3 the jagged band highlights the approxi-
mate position of the PRISM time slab. Average temporal reso-
lution ranges from ~50kyr to ~12kyr depending on sample
spacing as well as sediment accumulation rates, dissolution, and
post-depositional changes (Dowsett and Robinson 2006).

Cluster analysis of the mid-Pliocene planktic foraminifer abun-
dance data reveals a simple three-part division both in terms of
core location (Q-mode) and assemblage composition (R-mode)
(text-figs. 4 and 5). Three assemblages designated Low Latitude
(LL), Mid-Latitude (ML) and High Latitude (HL) are identified
in text-figure 4. The LL assemblage is characterized by
Dentoglobigerina altispira, Globigerinoides obliquus, Globi-
gerinoides ruber, Globigerinoides sacculifer, Globorotalia
menardii, Globigerina woodi, Pulleniatina obliquiloculata,
Neogloboquadrina humerosa, Orbulina universa and Sphaer-
oidinellopsis spp. DSDP Holes 502A (Caribbean Sea),
541/672A (Western Equatorial Atlantic), ODP Holes 661A and
667A (Eastern Equatorial Atlantic) are all quantitatively domi-
nated by the LL assemblage (text-figs. 2 and 5).

The ML assemblage is distinguished by Globigerina falcon-
ensis, Globigerinita glutinata, Globigerinella aequilateralis,
Globorotalia crassafomis, Globorotalia scitula and Globo-
rotalia hirsuta. The cluster analysis defines a group of core sites
(DSDP Holes 546, 603C, 606 and ODP Hole 659A) geographi-
cally intermediate to LL and HL characterized by the taxa listed
above (text-figs. 2, 4 and 5).

The HL assemblage is found north of 48° North in the north-
eastern Atlantic at DSDP Holes 548, 552A, 609B and 610
(text-figs. 2 and 5). Neogloboquadrina atlantica (sinistrally and
dextrally coiled varieties), Neogloboquadrina pachyderma
(sinistrally and dextrally coiled varieties), Neogloboquadrina
acostaensis, Turborotalita quinqueloba, Globigerina bulloides



TEXT-FIGURE 1
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Pliocene magnetobiostratigraphic framework after Berggren et al. 1995. Gray band approximates the PRISM time slab. Benthic 8'%0 record from

Lisiecki and Raymo 2005.

and Globorotalia puncticulata characterize the HL assemblage
(text-fig. 4).

These three assemblages are similar to those defined by the
5-factor models used previously for North Atlantic foraminifer
studies. These models are applicable to Pliocene through Re-
cent sediments for the North Atlantic which included tropical,
subtropical, subpolar, polar and gyre margin assemblages
(Dowsett and Poore 1990, Dowsett 1991). In this study the sub-
tropical and subpolar assemblages of these earlier studies are
mixed into a transitional assemblage roughly equivalent to ML.
The density and distribution of core sites is insufficient to rec-
ognize a gyre margin component (text-fig. 2).

Extant taxa

Extant taxa in this study, present in significant abundances, in-
clude: Neogloboquadrina pachyderma, Globorotalia hirsuta,

Globorotalia menardii, Globorotalia crassaformis, Globi-
gerina bulloides, Globigerina falconensis, Globigerinoides
ruber, Globigerinoides sacculifer and Globigerinita glutinata.
The following discussion relies on both the mean and maximum
abundance data sets; however, maximum abundance is often
noisy and misrepresentative of the time slab as a whole. Mod-
ern sea-floor distribution maps are provided (text-fig. 6 A-J) for
extant taxa discussed below except those with rare and patchy
occurences at the core top (e.g. Globorotalia crassaformis).

Neogloboquadrina pachyderma. Recent molecular data on
Neogloboquadrina pachyderma (sinistral) from the North At-
lantic suggest its present affinity for polar (cold) waters
(text-fig. 6A) can be traced back to just over 1.1 Ma (Darling
et al. 2004). Molecular evidence exists to consider N. pachy-
derma (dextral) a different species from the sinistral form
(Darling et al. 2004). Because mid-Pliocene forms provide
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TEXT-FIGURE 2

Location of open ocean core sites discussed in this study (bold). Approximate position of present day currents also shown. LL, ML and HL: Low-Lati-

tude, Mid-Latitude, and High-Latitude assemblage domains, respectively.

only morphologic data, and because N. pachyderma (sensu
lato) has been documented from subpolar to polar regions
since its first appearance in the Miocene, we continue to as-
sign present day cold water preferences to the mid-Pliocene
morphospecies (text-figs. 6A and 7A-B). Text-figure 7A
shows that, at least in the mid-Pliocene assemblages from the
North Atlantic, N. pachyderma (sinistral) is rare, although its
highest abundance is attained at our most northern site, DSDP
552A. The dextral coiling variety is only slightly more abun-
dant (Table 2, text-fig. 7B) and has a similar maximum in the
northeast Atlantic.

In practice PRISM procedure is to combine Neogloboquad-
rinids into two simple groups for transfer function analyses:
warm and cool. Both dextral and sinistral N. pachyderma are
assigned to the cool group along with N. atlantica. If in fact
mid-Pliocene N. pachyderma had a preference for warmer wa-
ters, designating it a cool-water signal carrier would drive tem-
perature estimates cooler, resulting in a conservative estimate
for surface water warming. The mid-Pliocene warm group con-
tains N. acostaensis and N. humerosa, both generally recog-
nized throughout the Neogene as warm-water taxa (Hooper and
Weaver 1987). The abundance plots of these two latter taxa
(text-fig. 7C-D) show similarity in abundance in the LL region,
although N. acostaensis reaches maximum abundance in the
northeastern Atlantic and thus clusters with the HL assemblage
(see N. acostaensis discussion below).
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Globorotalia hirsuta. The distribution of Globorotalia hirsuta
in the mid-Pliocene is similar to the modern core-top distribu-
tion (text-fig. 6B) with maximum abundance in the central part
of the gyre. The mid-Pliocene distribution (text-fig. 7E) shows a
displacement to the northeast, as do many taxa from this time
period. The maximum abundance data set (Table 2) shows a
value more than twice the maximum at the core-top (Kipp
1976). Close inspection of the quantitative distribution in a tem-
poral sense shows that this spuriously high value is restricted to
the base of the time slab interval at DSDP 606 and is attributed
to dissolution which removed many of the more fragile ele-
ments of the fauna, thus artificially increasing the abundance of
Gr. hirsuta.

Globorotalia menardii. The mid-Pliocene distribution of
Globorotalia menardii (including Globorotalia tumida) is es-
sentially identical to the modern core-top distribution (text-fig.
6C). Today, this taxon reaches peak abundance in the southeast-
ern North Atlantic (30%) and generally follows the path of the
Gulf Stream. It is present today in low abundance in the central
gyre. The maximum abundance of 26% during the PRISM time
slab at ODP Hole 667A (text-fig. 7F) and presence at Holes
502A and 603C corroborate a similar geographic distribution
during the mid-Pliocene.

Globorotalia crassaformis. The mid-Pliocene distribution of
Globorotalia crassaformis is shown in text-fig. 7G. It is associ-



TABLE 2
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Mid-Pliocene mean (maximum) abundance data for selected North Atlantic sites

ated with the ML assemblage, and the pattern of mean distribu-
tion shows extension into the HL region, as do many taxa from
this time period. In core-top samples, Gr. crassaformis never
exceeds 8% abundance, but the distribution is patchy and diffi-
cult to map (Kipp 1976). During the PRISM time slab interval,
mean abundance is essentially the same (1-13%) as at the
core-top. The maximum abundance data set shows several high
values, but samples from which these values were derived all
exhibit signs of pervasive dissolution (Table 2).

Globigerina bulloides. Globigerina bulloides has a basically
ubiquitous mid-Pliocene distribution, with slightly higher max-
imum abundance in the Northeastern Atlantic (17%) (Table 2,
text-fig. 7H). While G. bulloides is reported to comprise up to
50% of some core-top samples (Kipp 1976), maximum abun-
dances over ~20% are uncommon (Prell et al. 1999) (text-fig.
6D). This taxon is recognized as an important component of the
HL assemblage in this study and a sub-polar taxon in modern
core-top studies (Kipp 1976, Dowsett 1991).

Globigerina falconensis. The mid-Pliocene distribution of
Globigerina falconensis (text-fig. 71), with maximum abun-
dance at sites in the northern part of the central gyre (DSDP
603C and 606), is similar to its coretop distribution (text-fig.
6E). On the seabed today, G. falconensis is most abundant in
the eastern Atlantic, south of the G. bulloides maxima. G.
falconensis is associated with the mid-Pliocene ML
assemblage.

Globigerinita glutinata. This taxon is present at most sites dur-
ing the mid-Pliocene at abundances ranging from 2-10% with a
maximum abundance of ~20% at a few locations (text-fig. 7J,
Table 2). The present day seabed distribution of Globigerinita
glutinata (text-fig. 6F) closely matches the mid-Pliocene distri-
bution. During the mid-Pliocene, G. glutinata helps distinguish
the ML assemblage but also makes important contributions to
the HL assemblage.

Globigerinoides ruber. The low latitude distribution of Globi-
gerinoides ruber during the mid-Pliocene (text-fig. 7K) is simi-
lar to its core-top abundance pattern (text-fig. 6G). The actual
abundances during the PRISM interval are significantly less
than what is seen in the distribution of both pink and white vari-
eties of Gs. ruber on the seabed today. During the mid-Plio-
cene, now extinct Gs. obliquus (see below) had an almost

identical geographic distribution as Gs. ruber, and the two taxa
together reach abundances similar to the present day core-top
distribution of Gs. ruber.

Globigerinoides sacculifer. During the mid-Pliocene, Globi-
gerinoides sacculifer sensu lato is restricted to the low latitude
region and appears to be most abundant in the southern and
western limbs of the main gyre (text-fig. 7L). This mid-Pliocene
abundance pattern is similar to the present day “gyre-margin”
distribution of this low latitude taxon (text-fig. 6H). In the pres-
ent day ocean, Gs. sacculifer is a stenohaline species, usually
representing high salinity conditions (Dowsett 1991).

Extinct taxa

Extinct taxa are problematic for understanding paleoclimate re-
cords. The mid-Pliocene geographic distribution of now extinct
taxa are documented below, and environmental tolerances can
be inferred by co-occurrence with extant taxa and assumptions
based upon ancestor-decendent pairs. Extinct taxa present in
significant quantities and/or taxa considered important in the
mid-Pliocene North Atlantic include Dentoglobigerina alti-
spira, Globigerinoides obliquus, Neogloboquadrina atlantica,
Neogloboquadrina acostaensis, Neogloboquadrina humerosa,
Globorotalia puncticulata, and Globigerina woodi.

Dentoglobigerina altispira. During the mid-Pliocene this taxon
is present at all sites south of 40°N in the North Atlantic
(text-fig. 7M). Dentoglobigerina altispira is most abundant in
low latitudes where its average abundance reaches 4% - 12%
(Table 2, text-fig. 7M). Dentoglobigerina altispira groups with
extant and other extinct taxa in the LL assemblage. Its mid-Plio-
cene geographic distribution matches closely that of extant
Globigerinoides ruber (text-fig. 6G) and extinct Neoglobo-
quadrina humerosa (text-fig. 7D). This does not imply a rela-
tionship with either of these taxa, but suggests that
environmental preferences of the three may be similar.

Globigerinoides obliquus. In the mid-Pliocene North Atlantic,
the quantitative geographic distribution of Globigerinoides
obliquus closely matches that of extant Gs. ruber (text-fig. 7N).
A well-known replacement of Gs. obliquus by Gs. ruber takes
place within the Pliocene. The exact reason for the switch in
dominance within the Globigerinoides is not clear, but assign-
ing similar evironmental preferences to both groups seems rea-
sonable. The combination of Gs. ruber and Gs. obliquus, first

109



Harry J. Dowsett and Marci M. Robinson: Mid-Pliocene planktic foraminifer assemblage of the North Atlantic Ocean

TEXT-FIGURE 3

Magnetobiostratigraphy of North Atlantic DSDP and ODP cores arranged in order of increasing latitude. Section of core analyzed is shown in dark gray.
Magnetic polarity shown as normal (black) or reversed (white) with broken lines indicating unknown boundaries. Jagged correlation lines mark approxi-

mate limits of PRISM time slab.

suggested by Thunnell (1979a,b) and utilized by Dowsett and
Poore (1990) and Dowsett (1991), produces a mid-Pliocene low
latitude Atlantic taxon roughly equivalent in terms of
quantitave dominance to present day Gs. ruber.

Neogloboquadrina atlantica. This taxon is by far the most
problematic foraminiferal species of the mid-Pliocene. In terms
of distribution, Neogloboquadrina atlantica has a maximum
abundance at Holes 548, 552A, 609B and 610, the most north-
ern sites addressed in this study (text-fig. 70-P). Previous work
in the North Atlantic (Berggren 1972, Poore 1979, Weaver
1987, Hooper and Weaver 1987, Dowsett and Poore 1990,
PRISM 1996) establishes N. atlantica as a cold water taxon,
and it is present outside the North Atlantic as well (Dowsett and
Ishman 1995, Dowsett and Poore 2000). Dowsett and Poore
(1990) considered N. atlantica to be the cold end member of the
genus Neogloboquadrina during the mid-Pliocene. In so doing,
they consciously placed a cool bias on possible high-latitude
SST warming. If N. atlantica occupied warmer waters than
those occupied by sinistrally coiling N. pachyderma in the mod-
ern ocean, transfer function results would assign cooler SST es-
timates to the high latitudes. The division of Neogloboquadrina
into two groups, warm and cold, further reinforced this planned
conservative (with respect to estimates of warming) approach.

G. bulloides and N. atlantica can appear very similar under the

light microscope. Although the difference in surface texture in
pristine specimens is clear, preservational alteration often im-
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pedes proper identification. Dowsett and Poore (1990) found
the separation of the two taxa at Site 552 so troublesome that
they performed sensitivity tests to determine the effect of mis-
identifying individuals on the estimated SSTs. Those tests
showed that misidentification of small amounts of G. bulloides
as N. atlantica had negligable effects on transfer function re-
sults (Dowsett and Poore 1990). As before, the assignment of
some G. bulloides (subpolar in the modern ocean) to N.
atlantica would result in cooler SST estimates and therefore
conservative estimates of mid-Pliocene warming at high
latitudes.

Neogloboquadrina humerosa. The mid-Pliocene distribution
of Neogloboquadrina humerosa shows maxima in the south-
eastern North Atlantic in the upwelling region off Africa
(text-fig. 7D). It is also present in moderate abundances in the
Colombia Basin at Hole 502A. This distribution, both in geo-
graphic extent and magnitude, is remarkably similar to that of
N. dutertrei on the modern seabed (text-fig. 6I).

Neogloboquadrina acostaensis. Specimens we identify as
Neogloboquadrina acostaensis occur at all sites, but the mean
abundance data set shows moderate abundance in the southern
and eastern part of the North Atlantic similar to the distribution
of N. humerosa.N. acostaensis differs from N. humerosa by in-
creasing to maximum abundance in the northeast Atlantic
(text-fig. 7C-D). Dowsett and Poore (1990) and Dowsett (1991)
divided the present day Neogloboquadrina into two groups with



TEXT-FIGURE 4

R-mode cluster analysis showing species groupings within the mid-Plio-
cene interval of the North Atlantic Ocean (see text for details). Cluster
HL =High Latitude, ML = Mid-Latitude and LL = Low Latitude. Extinct
taxa preceded by “*.”

warm and cool preferences. Present day N. pachyderma
(dextral and sinistral) represented the cool group while N.
dutertrei represented the warm group. The artificial “dupac” or
N. dutertrei-N. pachyderma intergrade of Kipp (1976), a 4 12
chambered dextrally coiling form of N. pachyderma with a sim-
ilar temperature salinity response (Dowsett, 1991), is included
in the warm category.

The Neogloboquadina acostaensis — N. humerosa — N. dutertrei
lineage began in the late Miocene (N16) and has been restricted
to relatively warm water regions throughout its history (Kennett
and Srinivasan 1983, Bolli and Saunders 1985, Dowsett 1991).
For Pliocene sequences containing extinct taxa, N. atlantica
(sinistral and dextral) are combined with N. pachyderma to
form the cool group, while N. humerosa is considered analo-
gous in terms of environmental preferences to present day N.
dutertrei. N. acostaensis is also included in the warm category
as well as Pliocene representatives of the “aco-pac” taxon of
Loubere (1988). The overall grouping of modern taxa in this
fashion was intended to produce conservative estimates of
warming. However if the N. acostaensis observed in the north-
east Atlantic from the mid Pliocene was actually a different
population from those found in the low latitudes, inclusion in
the warm subgroup of Neogloboquadrina could result in artifi-
cially high estimates of warming. Conversely, if all mid-Plio-
cene specimens assigned to N. acostaensis and N. humerosa
had similar temperature preferences, then the abundance of N.
acostaensis in the northeast Atlantic during the mid-Pliocene
documents considerable warming. Since N. humerosa does not
show elevated abundance in the northeast Atlantic during the
mid-Pliocene, further work is necessary to refine the environ-
mental tolerance of N. acostaensis using muti-species isotopic
and Mg/Ca studies.

Micropaleontology, vol. 53, nos. 1-2, 2007

TEXT-FIGURE 5

Q-mode cluster analysis showing sample groupings within the mid-Plio-
cene interval of the North Atlantic Ocean (see text for details). Cluster
HL = High Latitude, ML = Mid-Latitude and LL = Low Latitude.

Globorotalia puncticulata. Globorotalia puncticulata is well
established as the ancestor to the extant Gr. inflata (Kennett and
Vella 1975). The distribution of Gr. puncticulata within the
PRISM time slab shows highest abundances in the east and
northeast North Atlantic (text-fig. 7Q). The present-day distri-
bution of Gr. inflata (text-fig. 6J) shows highest abundances as-
sociated with the northern limb of the subtropical gyre, the
North Atlantic Drift. A patch of high abundance of Gr. inflata is
located south of the core sites that fall in the Pliocene HL as-
semblage (text-figs. 2 and 6J). Allowing for a northward shift of
the Pliocene Gulf Stream Current, relative to today, the
mid-Pliocene quantitative distribution of Gr. puncticulata
closely resembles the modern distribution of Gr. inflata.

Globigerina woodi. Globigerina woodi reaches highest abun-
dance in the Caribbean (Hole 502A) and off Africa and clusters
with the LL assemblage. It does however reach moderate abun-
dance in cores assigned to the ML assemblage. G. woodi, in-
cluding closely related G. apertura, is rare in the HL region
(text-fig. 7R).

Sphaeroidinellopsis seminulina. In terms of mean abundance,
this taxon is most significant in the low latitude regions of the
North Atlantic during the mid-Pliocene (text-fig. 7S).

SUMMARY AND CONCLUSIONS

The species concepts used by PRISM researchers to identify
mid-Pliocene planktic foraminifers are presented in Plates 1-3
and noted in the species list below. The mid-Pliocene was cho-
sen as a target for paleoclimate reconstruction in part because a
large fraction of the taxa found in that interval are extant. Both
extant and extinct taxa are common entries in the literature, and
the taxonomic concepts presented are consistent with the
planktic foraminifer community.
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TEXT-FIGURE 6A-F

Sea floor (present) distribution of selected planktic foraminifer species. A = Neogloboquadrina pachyderma (s); B = Globorotalia hirsuta; C =
Globorotalia menardii; D = Globigerina bulloides; E = Globigerina falconensis; F = Globigerinita glutinata.

The quantitative distribution of foraminifers in the North Atlan-
tic during the mid-Pliocene is a useful representation of envi-
ronmental preferences of individual species. The distribution
patterns reconstructed from this limited data set suggest species
distributions similar to modern, although often shifted north-
ward. PRISM SST reconstructions based on these distributions
indicate warming at mid- and high latitudes during the
mid-Pliocene. It is important to note that available multi-proxy
estimates of surface conditions (pollen spectra, quantitative dis-
tribution of shallow water ostracodes, Mg/Ca estimates of SST
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from Globigerina bulloides, and alkenone SST estimates
(text-fig. 8)) all indicate warming of the same magnitude sug-
gested by foraminiferal-based faunal estimates, in the northeast
Atlantic during the mid-Pliocene (e.g., Cronin 1991a,b, Willard
1994, Dowsett et al. 1994). Thus, we feel that assigning modern
environmental preferences to mid-Pliocene taxa is justified for
most taxa at most sites. The next step in verifying previously re-
ported high latitude warming in the North Atlantic must await
results of experiments in progress utilizing multiproxy ap-
proaches at multiple sites.



TEXT-FIGURE 6G-J
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Sea floor (present) distribution of selected planktic foraminifer species. G = Globigerinoides ruber; H = Globigerinoides sacculifer; 1 = Neoglobo-

quadrina dutertrei; ] = Globorotalia inflata.

The high abundances of Globorotalia puncticulata and Neo-
globoquadrina acostensis in the northeastern Atlantic region
are puzzling. These taxa may be present in high abundances in
this region because they had the same preferences as present
day Globorotalia inflata and Neogloboquadrina dutertrei, re-
spectively. This would demonstrate significant warming in the
northeastern Atlantic during the mid-Pliocene in agreement
with other fossil and geochemical indicators. Alternatively,
mid-Pliocene SST could have been unchanged relative to today,
implying these taxa had broader temperature preferences than
the modern taxa we associate with them. Stated differently, as-
signment of ecological preferences based upon ances-
tor-decendent relationships could be incorrect. In the case of N.
acostaensis, it is possible that combining it with N. humerosa to
represent a “warm end member” of the genus Neoglobo-
quadrina, is inapropriate, and the high abundances of N.
acostaensis in the northeast Atlantic drive the transfer function
equations to produce anomalously high SSTs. Since both taxa
are commonly thought to be subsurface dwellers, it may be im-
portant to decouple them from surface temperature estimates.
They may be monitoring a unique and possibly non-analogous
oceanographic situation where surface temperatures were
elevated and not necessarily related to subsurface productivity.

SPECIES LIST

Candeina nitida
Plate 1, figure 1

Candeina nitida D’ORBIGNY 1839, p. 107, pl. 2, figs. 27-28

Description: Test high trochospire; 3 globular chambers in final
whorl, increasing regularly in size; primary aperture not visible;
multiple round supplementary apertures bordered by lips com-
pletely surrounding final few chambers; sutures depressed, ra-
dial; test surface smooth.

Dentoglobigerina altispira (Cushman and Jarvis)
Plate 1, figure 2

Globigerina altispira CUSHMAN and JARVIS 1936, p. 5, pl. 1, figs.
13a-c

Description: Test high trochospire, early chambers sub spheri-
cal, 4-5 compressed and elongated chambers in final whorl in-
creasing regularly in size; aperture umbilical; umbilicus wide
and open with projecting teeth; sutures depressed, radial to
slightly curved, equatorial periphery lobate; surface cancellate.

Globigerina bulloides d’Orbigny
Plate 1, figures 3-5

Globigerina bulloides D’ORBIGNY 1826, p. 3, pl. 1, figs. 1-4
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TEXT-FIGURE 7A-H

Mean and maximum (Pliocene) abundance of selected taxa within the PRISM time slab. A= Neogloboquarina pachyderma (d); B = Neogloboquadrina

pachyderma (s); C = Neogloboquadrina acostaensis; D = Neogloboquadrina humerosa; E = Globorotalia hirsuta; F = Globorotalia menardii; G =
Globorotalia crassaformis; H = Globigerina bulloides.
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TEXT-FIGURE 71-P

Mean and maximum (Pliocene) abundance of selected taxa within the PRISM time slab. I = Globigerina falconensis; J = Globigerinita glutinata; K=
Globigerinoides ruber; L = Globigerinoides sacculifer; M = Dentoglobigerina altispira; N = Globigerinoides obliquus; O = Neogloboquadrina
atlantica (s); P = Neogloboquadrina atlantica (d).
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TEXT-FIGURE 7Q-T

Mean and maximum (Pliocene) abundance of selected taxa within the PRISM time slab. Q = Globorotalia puncticulata; R = Globigerina woodi; S =

Sphaeroidinellopsis spp.; T = Orbulina spp.

Description: Test low-trochospire; 4 spherical to sub spherical
chambers in final whorl, increasing regularly in size; aperture
interiomarginal, umbilical, a high arch; sutures depressed; test
surface densely perforate and pustulate (spine bases).

Remarks: See Neogloboquadrina atlantica below for note con-
cerning recalcification of typical G. bulloides pore-pitted sur-
face with pustules (see also Dowsett and Ishman, 1995).

Globigerina decoraperta Takayanagi and Saito
Plate 1, figure 6

Globigerina druryi Akers decoraperta TAKAYANAGI and SAITO,
1962, p. 85, pl. 28, figs 10a-c.

Description: Test medium-to-high trochospire; 4 spherical to
sub spherical chambers in final whorl, increasing regularly in
size; aperture interiomarginal, umbilical, semicircular arch bor-
dered by a rim; sutures radial, depressed; equatorial periphery
lobate; test surface cancellate.

Globigerina falconensis Blow
Plate 1, figure 7

Globigerina falconensis BLOW 1969, p.177, pl. 9, figs. 40a-c, 41

Description: Test low trochospire; 4 spherical chambers in final
whorl increasing gradually in size; last chamber often smaller
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than penultimate chamber; aperture interiomarginal, umbilical,
bordered by a low broad lip; sutures depressed, radial; equato-
rial periphery lobate, test surface perforate and pustulate (spine
bases).

Remarks: Globigerina falconensis is distinguished from G.
bulloides by its ultimate chamber with distinctive lip.

Globigerina incisa (Bronnimann and Resig)
Plate 1, figure 8

Globorotalia incisa BRONNIMANN and RESIG 1971, p. 1278-1279,
pl. 45, figs. 5,7, pl. 46, figs. 1-8.

Description: Test low-trochospire; 3 %2 -5 chambers in the final
whorl, increasing rapidly in size; aperture extraumbilical-um-
bilical low arch bordered by a rim; sutures radial and deeply de-
pressed; equatorial periphery sub-lobate; test surface dense with
pustules surrounding pores.

Globigerina nepenthes Todd
Plate 1, figure 9

Globigerina nepenthes TODD 1957, p. 3-1, figs. 7a-7b.

Description: Test low-medium trochospire; 4 sub spherical
compressed chambers in the final whorl, increasing gradually in
size; ultimate chamber distinctly hood shaped; aperture umbili-



cal low arch bordered by a thickened rim; sutures radial to
curved, depressed; test surface cancellate.

Remarks: Globigerina nepenthes has a last appearance prior to
the PRISM time slab but is included because it is an important
element of the Early Pliocene fauna.

Globigerina praedigitata Parker
Plate 1, figure 10

Globigerina praedigitata PARKER 1967, p. 151, pl. 19, figs. 5-8.

Description: Test low-medium trochospire; 4-5 subspherical
becoming ovate chambers in the final whorl, increasing rapidly
in size; aperture interiomarginal, umbilical, low arch bordered
by a distinct lip; sutures depressed; equatorial periphery lobate;
test surface smooth, dense with pores and irregularly spaced
spine bases.

Globigerina woodi Jenkins
Plate 1, figure 11

Globigerina woodi JENKINS 1960, p. 352, pl. 2, figs. 2a-2c.

Description: Test low trochospire; 4 spherical to sub spherical
chambers in the final whorl increasing regularly in size; aper-
ture interiomarginal, umbilical, high circular arch bordered by a
thickened rim; sutures radial, depressed; equatorial periphery
quadrate; test surface cancellate with regularly spaced pores in
the center of pore pits.

Remarks: Globigerina apertura Cushman is similar in all re-
spects to G. woodi but is distinguished by a larger aperture. We
identify both taxa in North Atlantic samples but consider them
as one group for paleoclimate applications.

Globigerinella aequilateralis (Brady)
Plate 1, figures 12-13

Globigerina aequilateralis BRADY 1879, p. 285 (figs. in Brady 1884,
pl. 80, figs. 18-21).

Description: Test low trochospire becoming planispiral in last

few chambers; 5-6 globular chambers in final whorl, increasing

rapidly in size; aperture interiomarginal, equatorial, low arch;

sutures radial, depressed; equatorial periphery lobate; test sur-

face hispid with regularly spaced pores.

Globigerinella pseudobesa (Salvatorini)
Plate 1, figure 14

Turborotalita pseudobesa SALVATORINI 1966, p.10, pl. 2, figs.
6a-15.

Description: Test low trochospire; 4 spherical chambers in final
whorl, increasing rapidly in size; aperture interiomarginal,
extraumbilical-umbilical, low arch; sutures depressed, radial
(sometimes slightly curved on umbilical side); equatorial pe-
riphery lobate; test surface densely perforate with spine bases.

Globigerinita glutinata (Egger)
Plate 1, figures 15-16

Globigerina glutinata EGGER 1893, p. 371, pl. 13, figs. 19-21

Description: Test low trochospire; 3-4 spherical chambers in fi-
nal whorl, increasing rapidly in size; aperture interiomarginal,
umbilical, low arch bordered by lip; umbilicus sometimes cov-
ered by bulla with peripheral supplementary apertures; sutures
depressed, radial; equatorial periphery lobate; test surface
microperforate and covered with pustules.

Micropaleontology, vol. 53, nos. 1-2, 2007

TEXT-FIGURE 8

Multiple proxy mid-Pliocene SST estimates plotted on modern tempera-
ture vs. depth curves. C = faunal-based cold season SST estimate. W =
faunal-based warm season SST estimate. A = alkenone-derived SST esti-
mate. Dot indicates Mg/Ca-derived SST estimate from G. bulloides plot-
ted at this species’ preferred habitat. SST estimates are corrected for
calibration differences between proxies and plotted as anomalies from
modern. August, annual average and February temperatures at depth are
from Levitus and Boyer (1994).

Globigerinoides conglobatus Brady
Plate 2, figure 1

Globigerinoides conglobatus BRADY 1879, p. 28b.

Description: Test medium trochospire; 3-3 2 sub globular
chambers in final whorl, increasing gradually in size, ultimate
chamber compressed; primary aperture interiomarginal, umbili-
cal, low arch bordered by a rim; sutural supplementary aper-
tures on spiral side; sutures depressed, radial; equatorial
periphery rounded; test surface coarsely perforated and covered
with spine bases.

Globigerinoides extremus Bolli and Bermudez
Plate 2, figure 2

Globigerinoides obliquus extremus BOLLI and BERMUDEZ 1965, p.
139, pl. 1, figs. 10-12

Description: Test medium to high trochospire; 4 compressed
chambers in the final whorl, increasing regularly in size, ulti-
mate chamber often flattened and smaller than penultimate
chamber; primary aperture interiomarginal, umbilical, medium
arch; supplementary aperture opposite primary aperture on
chambers of the final whorl; sutures depressed, radial to slightly
curved; test surface pitted.

Remarks: This taxon differs from Globigerinoides obliquus by

possessing a higher spire and laterally compressed and flattened
final chamber.
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Globigerinoides fistulosus (Schubert)
Plate 2, figure 3

Globigerina fistulosa SCHUBERT 1910, p. 323, text fig. 1.

Description: Test low trochospire; 3-4 spherical chambers in
the final whorl, increasing regularly in size; ultimate and penul-
timate chambers elongated with fistular extensions; primary ap-
erture interiomarginal, umbilical, broad arch; supplementary
apertures over sutures of earlier chambers; sutures depressed,
radial to slightly curved; test surface densely perforated.

Globigerinoides obliqguus Bolli
Plate 2, figure 4

Globigerinoides obliquus BOLLI 1957, p. 113, pl. 25, figs. 10a-c

Description: Test low trochospire; 3-4 spherical chambers in fi-
nal whorl, increasing rapidly in size, final chamber compressed,;
primary aperture interiomarginal, umbilical, high arch; supple-
mentary apertures opposite primary aperture on chambers of
the final whorl; sutures depressed, radial; test surface pitted and
perforated.

Remarks: Globigerinoides extremus differs from this taxon by
possessing a higher spire and laterally compressed and flattened
final chamber.

Globigerinoides ruber (d’Orbigny)
Plate 2, figure 5

Globigerina rubra D’ORBIGNY 1839, p. 82, pl. 4, figs. 12-14

Description: Test low to high trochospire; 3 sub spherical
chambers in final whorl, increasing regularly in size; primary
aperture interiomarginal, umbilical, wide arch bordered by a
rim; supplementary sutural apertures opposite sutures of earlier
chambers; sutures depressed, radial; test surface densely perfo-
rated with honeycomb appearance.

Remarks: Globigerinoides ruber is differentiated from G.
obliquus by its primary aperture being centered over the suture
between the antepenultimate and penultimate chambers.

Globigerinoides obliquus has the primary aperture centered
over antepenultimate chamber.

Globigerinoides sacculifer (Brady)
Plate 2, figure 6

Globigerina sacculifera BRADY 1877, p. 164, pl. 9, figs. 7-10.

Description: Test low trochospire; 3Y2 - 4 spherical chambers in
final whorl, increasing gradually in size; ultimate chamber often
elongated and sack-like; primary aperture interiomarginal, um-
bilical, low to medium arch bordered by rim; sutures slightly
curved and depressed.

Remarks: We include specimens assignable to Globigerina
guadrilobatus (d’ Orbigny) and Globigerina trilobus (Reuss).
Thus the equatorial periphery ranges from triangular to
subquadrate to lobate.

Globorotalia crassaformis (Galloway and Wissler)
Plate 2, figures 7-10

Globigerina crassaformis GALLOWAY and WISSLER 1927, p. 41, pl.
7, fig. 12.

Description: Test low trochospire; 4 compressed chambers in
final whorl, increasing rapidly in size, flat on spiral side convex
on umbilical side; aperture interiomarginal, extraumbilical-um-
bilical, low slit arch bordered by lip; sutures depressed, curved
on spiral side, radial on umbilical side; equatorial periphery
lobate to subquadrate; axial periphery planoconvex-hemispheri-
cal; test surface finely perforated and pustulate.

Remarks: We include specimens referable to Globorotalia
ronda Blow, Globorotalia oceanica Cushman and Bermudez
and Globorotalia crassaformis viola Blow in our concept of this
taxon. Specimens of “keeled” Gr. crassaformis (Plate 2 figure
10), similar to Gr. crassaformis viola are tallied separately from
the other morphotypes in our quantitative data.

Globorotalia hirsuta (d’Orbigny)
Plate 2, figure 11

PLATE 1
Scale bars = 100um

1 Candeina nitida, ODP 667A, 6-6, 13cm;

2 Dentoglobigerina altispira, DSDP 502A, 19-3,
49.5cm;

Globigerina bulloides, DSDP 552A, 10-3, 93cm;
Globigerina bulloides, DSDP 606, 12-1, 132cm;
Globigerina bulloides, DSDP 552A, 10-2, 90-92cm;

3

4

5

6 Globigerina decoraperta, DSDP 607, 14-5, 126¢cm;
7 Globigerina falconensis, DSDP 606, 12-1, 132cm;
8

Globigerina incisa, DSDP 610A, 17-2, 42cm;
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9 Globigerina nepenthes, DSDP 502A, 34-1, 49.5cm;
10 Globigerina praedigitata, DSDP 606, 11-6, 56¢cm;
11 Globigerina woodi, DSDP 609B, 24-3, 135cm,;

12 Globigerinella aequilateralis, DSDP 607, 14-6,
84cm;

13 Globigerinella aequilateralis, DSDP 607, 14-6,
24cm;

14 Globigerinella psuedobesa, DSDP 606, 11-2, 98cm;
15 Globigerinita glutinata, DSDP 502A, 20-1, 50.5cm;
16 Globigerinita glutinata, DSDP 502A, 20-1, 50.5cm.
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Rotalina hirsuta D’ORBIGNY 1839, p. 131, pl. 1, figs. 34-36.

Description: Test high trochospire; 4 chambers in final whorl
increasing rapidly in size; aperture interiomarginal, extra-
umbilical-umbilical, low slit bordered by a weak lip; sutures de-
pressed, curved on spiral side and sinuous on umbilical side;
equatorial periphery ovate; axial periphery concavo-convex to
weakly biconvex; test surface finely perforated and pustulate.

Globorotalia margaritae Bolli and Bermudez
Plate 2, figure 12

Globorotalia margaritae BOLLI and BERMUDEZ, 1965, p. 138, pl. 1,
figs. 1-9.

Description: Test low trochospire; umbilical side slightly con-
cave, spiral side convex; 5 compressed chambers in the final
whorl, increasing rapidly in size; aperture interiomarginal,
extraumbilical-umbilical, low slit bordered by a lip; sutures on
spiral side curved, limbate, raised; sutures on umbilical side de-
pressed and curved; equatorial periphery slightly ovate; axial
periphery acute, keeled; test surface densely perforated, early
chambers pustulose.

Remarks: Globorotalia margaritae has a last appearance prior
to the PRISM time slab but is included because it is an impor-
tant element of the Early Pliocene fauna.

Globorotalia menardii (Parker, Jones, and Brady)
Plate 2, figure 13, 14

Rotalia menardii PARKER, JONES, and BRADY 1865, p. 20, pl. 3, fig.
81

Description: Test low trochospire; 5-6 wedge shaped chambers
in the final whorl, increasing regularly in size; aperture
interioriomarginal, extraumbilical-umbilical, low arch bor-
dered by a lip; spiral side sutures raised, strongly curved, umbil-
ical side sutures radial to slightly curved, depressed; equatorial
periphery lobate; axial periphery acute, keeled; test surface
smooth, densely perforated.

Globorotalia puncticulata (Deshayes)
Plate 2, figure 15, Plate 3, figure 1

Globigerina puncticulata DESHAYES 1832, p. 170 (figs. in Fornasini,
1899, fig. 5)

Description: Test low trochospire; spiral side flat, umbilical
side high and vaulted; 4 conical chambers in the final whorl, in-
creasing gradually in size; aperture interiomarginal, extra-
umbilical-umbilical, high arch bordered by a rim; spiral side
sutures depressed, curved; umbilical side sutures sinuous and
depressed; equatorial periphery weakly quadrate; axial periph-
ery rounded; test surface finely perforate.

Globorotalia scitula (Brady)
Plate 3, figure 2

Pulvinulina scitula BRADY 1882, p. 27, pl. 5, fig. 5

Description: Test low-medium trochospire; biconvex; 4-5 cres-
cent shaped chambers in final whorl, increasing regularly in
size; aperture interiomarginal, extraumbilical-umbilical, low
slit bordered by a lip; spiral side sutures raised and curved; um-
bilical side sutures radial to slightly curved and depressed;
equatorial periphery lobate; axial periphery angular with a rim;
test surface densely perforated.

Globorotalia tumida (Brady)
Plate 3, figure 3

Pulvinulina menardii (d’Orbigny) var. tumida BRADY 1877, pl. 103,
figs. 4-6.

Description: Test low trochospire; biconvex; 5-6 wedge shaped
chambers in final whorl, increasing gradually in size; aperture
interiomarginal, extraumbilical-umbilical, low arch bordered by
flat lip; spiral side sutures raised, limbate and curved; umbilical
side sutures radial and depressed; equatorial periphery ovate;
axial periphery acute with thick keel; test surface densely perfo-
rated.

Globorotaloides hexagona (Natland)
Plate 3, figure 4-5

PLATE 2
Scale bars = 100um

1 Globigerinoides conglobatus, ODP 667A, 6-6,44cm;

2 Globigerinoides extremus, DSDP 502A, 21-1,
65.5cm;

3 Globigerinoides fistulosus, DSDP 502A, 20-1,
140cm;

4 Globigerinoides obliquus, DSDP 502A, 20-1,
50.5¢cm;

5 Globigerinoides ruber, DSDP 502A, 20-1, 50.5cm;

6 Globigerinoides sacculifer, DSDP 502A, 20-1,
50.5cm;

7 Globorotalia crassaformis, DSDP 606, 11-6, 21cm;
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8 Globorotalia crassaformis, DSDP 609B, 24-2,26cm;
9 Globorotalia crassaformis, DSDP 609B, 24-2,26cm;
10 Globorotalia crassaformis, DSDP 606, 11-6, 21cm;
11 Globorotalia hirsuta, DSDP 606, 12-4, 119cm;
12 Globorotalia margaritae, DSDP 502A,26-1,95.5cm;
13 Globorotalia menardii, ODP 661A, 7-1, 83cm;
14 Globorotalia menardii, ODP 661A, 7-1, 83cm;
15 Globorotalia puncticulata, DSDP 609B, 24-2, 26cm.
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Globigerina hexagona NATLAND 1938, p. 149, pl. 7, figs. la-c

Description: Test low trochospire; 5 spherical chambers in final
whorl increasing rapidly in size; aperture interiomarginal,
extraumbilical-umbilical, low arch bordered by plate; sutures
depressed and curved; equatorial periphery lobate; axial periph-
ery rounded; test surface cancellate with pores in hexagonal
pore pits.

Neogloboquadrina acostaensis (Blow)
Plate 3, figure 6

Globorotalia acostaensis BLOW 1959, p. 208, pl. 17, figs. 106a-106c.

Description: Test low trochospire; 5-5 2 spherical chambers in
final whorl, increasing gradually in size; aperture
interiomarginal, extraumbilical-umbilical, low arch bordered
by rim or plate; sutures depressed, radial; equatorial periphery
lobate; axial periphery rounded; test surface cancellate with
pores and pore pits.

Remarks: We include 4 ¥2 chambered dextral coiled forms tran-
sitional between N. acostaensis and N. pachyderma. These tran-
sitional forms have a distribution similar to the artificial
“dupac” taxon of Kipp (1976). See also N. pachyderma.

Neogloboquadrina atlantica Berggren
Plate 3, figures 7-8

Neogloboquadrina atlantica BERGGREN 1972, pl. 1, figs. 7-9.

Description: Test low to medium trochospire; 4-5 sub spherical
chambers in final whorl, increasing gradually in size; ultimate
chamber sometimes kummerform; aperture interiomarginal,
extraumbilical-umbilical, low arch bordered by a rim; sutures
depressed and radial; equatorial periphery ovate; test surface
primarily cancellate.

Remarks: This is a highly variable taxon (see Poore and
Berggren 1975). When preservation conditions are less than ex-
cellent and using light microscopy, the gross chamber arrange-
ment of Neogloboquadrina atlantica and Globigerina bulloides

can be quite similar in the sub-polar North Atlantic. Care must
be taken to distinguish true reticulate-microcrystalline test sur-
face ultrastructure from recalcified globigerine test surface
ultrastructure of Globigerina bulloides (see also Dowsett and
Ishman 1995).

Neogloboquadrina humerosa (Takayanagi and Saito)
Plate 3, figures 9-10

Globorotalia humerosa TAKAYANAGI and SAITO 1962, p. 78, pl. 28,
figs. la-2b.

Description: Test low trochospire; 6-7 ovate chambers in final
whorl, increasing gradually in size; aperture interiomarginal,
extraumbilical-umbilical, low arch bordered by a rim; sutures
depressed, radial; equatorial periphery lobate, axial periphery
rounded; test surface cancellate.

Neogloboquadrina pachyderma (Ehrenberg)
Plate 3, figure 11

Aristopira pachyderma EHRENBERG 1861, p. 276-277, 303.

Description: Test low trochospire; 4-4 2 sub spherical cham-
bers increasing rapidly in size; ultimate chamber sometimes
kummerform; aperture innteriomarginal, extraumbilical-umbil-
ical, low arch bordered by a rim; sutures radial, depressed;
equatorial periphery sub quadrate to lobate; test surface
cancellate.

Remarks: We recognize dextral and sinistral morphologies in
the mid-Pliocene as follows: sinistral are relatively small, com-
pact Neogloboquadrina with 4-5 chambers in the ultimate
whorl, kummerform ultimate chamber, and a slightly-to-distinct
oval equatorial outline. Separating small sinistral Neoglobo-
quadrina atlantica from large sinistral Neogloboquadrina
pachyderma is arbitrary in many high-latitude North Atlantic
sites. The dextral coiling morphology is restricted to specimens
with four chambers in the ultimate whorl. Dextral forms with
more than four chambers in the ultimate whorl have a distinct
distribution during the mid-Pliocene, similar to the artificial

PLATE 3
Scale bars = 100um

1 Globorotalia puncticulata, DSDP 502A,21-2,20cm;
Globorotalia scitula, ODP 661A, 7-2, 120cm;
Globorotalia tumida, ODP 661A, 6-6, 119cm;
Globorotaloides hexagona, ODP 659A, 10-4, 119cm;
Globorotaloides hexagona, ODP 659A, 10-4, 119cm;
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Neogloboquadrina acostaensis, DSDP 606, 11-3,
58cm;

3

Neogloboquadrina atlantica, DSDP 606, 11-4, 79cm;

8 Neogloboquadrina atlantica, DSDP 552A, 10-2,
9lcm;
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9 Neogloboquadrina humerosa, ODP 661A,7-1, 83cm;
10 Neogloboquadrina humerosa, ODP 661A,7-1,83cm;

11 Neogloboquadrina pachyderma, DSDP 552A, 10-3,
93cm;

12 Orbulina universa, DSDP 609B, 24-3, 135cm;

13 Pulleniatina obliquiloculata, DSDP 502B, 11-2,
131cm;

14 Sphaeroidinellopsis seminulina, ODP 661A, 7-1,
83cm;

15 Turborotalita quinqueloba, DSDP 552A,10-3,93cm.
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“du-pac” or N. pachyderma — N. dutertrei intergrade category
used in many Pleistocene studies. See also N. acostaensis.

Orbulina universa d’Orbigny
Plate 3, figure 12

Orbulina universa D’ORBIGNY 1839, p. 3, pl. 1, fig. 1

Description: Spherical ultimate chamber completely envelop-
ing earlier whorls; test surface densely perforated with apertural
pores scattered across ultimate chamber.

Pulleniatina obliquiloculata (d’Orbigny)
Plate 3, figure 13

Pullenia sphaeroides (d’Orbigny) var. obliquiloculata PARKER and
JONES 1865, p. 368, pl. 19, figs. 4a-b.

Description: Test streptospiral; 4-5 rounded chambers in final
whorl; aperture spiro-umbilical, low arch; sutures indistinct;
axial periphery rounded; test surface smooth.

Sphaeroidinellopsis seminulina (Schwager)
Plate 3, figure 14

Globigerina seminulina SCHWAGER 1866, p. 256, pl. 7, fig. 112.

Description: Test low trochospire; 3 sub globular chambers in
final whorl; aperture elongate umbilical opening through cor-
tex; sutures hidden by cortex; equatorial periphery ovate to tri-
angular; test surface covered by perforated secondary cortex.

Turborotalita quinqueloba (Natland)
Plate 3, figure 15

Globigerina quinqueloba NATLAND 1938, p. 149, pl. 6, figs. 7a-c.

Description: Test low trochospire; 5 sub globular chambers in
final whorl, increasing rapidly in size; ultimate chamber elon-
gated, ovate with flap extending over umbilicus; aperture um-
bilical, low slit bordered by umbilical flap extending from
ultimate chamber; sutures depressed, radial; equatorial periph-
ery slightly lobate; test surface spinose.
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ABSTRACT: In the Thamad area, east central Sinai, two stratigraphic sections are measured and sampled; Gebel El Mishiti and G. El
Keeh, in order to determine the nannofossil biostratigrapy of the Paleocene-lower Eocene rocks. Gebel El Mishiti section is considered
one of the most complete sections across the K/P boundary in Egypt where all the exposed rocks at G. El Keeh belong to the lower
Eocene Egma Formation.

A nearly complete sucession of Paleocene nannofossil biozones is recorded from the Esna Formation at G. El Mishiti. They are ar-
ranged from base to top as follows: Markalius inversus (NP1), Cruciplacolithus tenuis (NP2), Chiasmolithus danicus (NP3), Ellipso-
lithus macellus (NP4), Fasciculithus tympaniformis (NP5S), Heliolithus kleinpellii (NP6), Discoaster mohleri (NP7/8) and Discoaster
multiradiatus (NP9) zones.

The Danian/Selandian boundary is located at the base of Zone NP5 at the level of the first appearance of Fasciculithus taxa. The
Selandian/Thanetian boundary can be traced tentatively at the base of the Discoaster mohleri Zone (NP7/8). The Paleocene/Eocene
boundary is traced between the NP9a/NP9b subzonal boundary which is marked by the first appearances of Discoaster araneus,
Rhomboaster calcitrapa, R. bitrifida and R.cuspis. The Paleocene /Eocene boundary lies within the upper part of the Esna Formation.

A very thin layer of conglomeratic chalk with no paleontological break is located between Zone NP9 and NP10. However, a very
short nannofossil break is noted within Zone NP10 (subzones NP10b and NP10c are missing) which is overlain by Zone NP11. The
lower part of the latter covers the topmost part of the Esna Formation where its upper part lies within the base of the Egma Formation;
therefore, a conformable relationship between the two formations is suggested.

At Gebel El Mishiti, the lower Eocene nannofossil biozones NP11, NP12, NP13 and lower/middle Eocene Zone NP14 are re-
corded. On the other hand, Gebel El Keeh section, which is about 95m thick is only represented by the Discoaster sublodoensis Zone

(NP14).

INTRODUCTION

The Thamad (Themed) area is located in east central Sinai be-
tween latitude 29°32'-29°52'N and longitudes 34°8-34°40" E.
The material for the present study was collected from the
Paleocene and lower Eocene secession in this area. Two
lithostratigraphic sections were measured, described and sam-
pled in detail. These were Gebel El Mishiti and Gebewl El Keeh
(text-fig. 1).

The Paleocene-lower Eocene succession in the studied area
comprises two mappable rock units with the Esna Formation
(shale facies) underlying the Egma Formation (limestone fa-
cies). The Esna Formation consists of calcareous and argilla-
ceous marl intercalated by carbonate ledges. The Egma
Formation rests conformably on the Esna Formation and is
composed of massive to poorly bedded chalky limestone with
several chert bands (text-fig. 2).

This study describes the nannofossil biozones of the Paleo-
cene-Eocene interval and discusses the most critical nanno-
fossil evidences for the location of the Danian/Selandian,
Selandian/Thanetian, Paleocene/Eocene and lower Eocene/
middle Eocene boundaries in the Thamad area, east central Si-
nai, Egypt. Examination of the calcareous nannofossils was car-
ried out in the present study with the help of the polarizing
microscope (Olympus BH) using 1250X magnification. Smear
slides of each sample were prepared using the techniques used
by Perch-Nielsen (1985). Geochemical analyses were carried

out at the Central Laboratories Sector of the Egyptian Geologi-
cal Survey.

NANNOFOSSIL BIOSTRATIGRAPHY

The lower Paleogene standard zonation proposed by Martini
(1971) is adopted here. The nannofossil events in the Paleo-
cene-Eocene interval in the studied sections are shown on
text-figure 3. The distribution of the biozones and the strati-
graphic ranges of the nannofossil species are presented in
text-figures 4-5. Selected nannofossil taxa are illustrated on
plates 1-3.

PALEOCENE BIOZONES

At Gebel El Mishiti, all the Paleocene biozones of Martini
(1971) are recognized and they conformably overlie the upper-
most Maastrichtian Micula prinsii Zone. This section is re-
garded as one of the most complete Cretaceous/Paleocene
boundary interval in Egypt (Faris and Abu Shama 2003). The
Paleocene biozones at Gebel El Mishiti and their characteristics
are discussed below:

Markalius inversus Zone (NP1)

This zone includes the interval from the increased frequency of
Thoracosphaera operculata to the lowest occurrence (LO) of
the Cruciplacolithus tenuis. The calcareous nannoplankton taxa
in Zone NP1 are the same as the Micula prinsii Zone, in addi-
tion to the increased frequency of Thoracosphaera operculata
and T. saxea and the presence of rare Biantholithus sparsus and

micropaleontology, vol. 53, nos. 1-2, pp. 127-144, text-figures 1-5, plates 1-3, tables 1-2, 2007 127
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TEXT-FIGURE 1

Geological map of the Thamad area, east central Sinai (modified from Geological Map of Sinai, 1994).

Biscutum constans. The abundance of Placozygus sigmoides
varies from rare to few. However, abrupt decrease of Creta-
ceous taxa is recorded in this zone. Rare specimens of
Cruciplacolithus primus (small) are present at the lower part of
this zone, but rare C. primus of large sizes are recorded at the
top of the zone.

Cruciplacolithus tenuis Zone (NP2)

The Cruciplacolithus tenuis Zone is the interval from the LO of
C. tenuis to the LO of Chiasmolithus danicus. This zone
reaches about one meter in thickness, and it consists of dark
grey argillaceous marl. It is represented by Sample M46 and
M47 where the nannofossils are very abundant and well pre-
served. Although Cretaceous taxa are still present, their abun-
dance is greatly reduced. Survivors such as Thoracosphaera
operculata, T. saxea, Cyclagelosphaera reinhardtii, Chiasto-
zygus ultimus and Placozygus sigmoides are still abundant.
However, Zygolithus crux does not occur in this zone. In addi-
tion, the total abundance of survivors has decreased in Zone
NP2.

Chiasmolithus danicus Zone (NP3)

This zone is defined as the interval from the LO of
Chiasmolithus danicus to the LO of Ellipsolithus macellus. Its
thickness reaches about 21m; it consists of dark grey argilla-
ceous marl and dark grey calcareous marl, represented by Sam-
ples M48-M69. Except for Samples M55, M60 and M61 that
contain moderately preserved calcareous nannofossils, all sam-
ples yielded well-preserved taxa. The LOs of the two zonal
markers Chiasmolithus danicus and Cruciplacolithus edwardsii
are found together in Sample M48. At the top of this zone only
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two vanishing Cretaceous species, Micula decussata and
Watznaueria barnesae, are recorded. These are dissolution re-
sistant forms. The incoming early Paleocene species become
more common and diversified at the top of Zone NP3.

A count of tentatively interpreted warm-water and cool-water
taxa in our sections reveals the prevalence of cool-water taxa at
the end of Danian. Similarly, Bassiouni et al. (1991) recorded
decreased values of the ratio between warm-water/cool-water
taxa in the Ain Dabadib section, Kharga Oasis, suggesting a
slight cooling in the surface waters at the end of the Danian. It is
worth mentioning here that the mid Zone NP3 (Samples M55
and M56) contains none of the incoming Paleocene species but
the abundance of the vanishing Cretaceous and survivors in-
creases. At the base of this zone, the size of Placozygus
sigmoides increases to about 10um while the size of Eiffellithus
turriseffelii is decreased.

Ellipsolithus macellus Zone (NP4)

It is defined as the interval from the LO of Ellipsolithus macel-
lus to the LO of Fasciculithus tympaniformis. Noticeable litho-
logic changes took place from yellowish grey, nodular
calcareous marl at the top of NP3 to dark grey, fissile calcareous
marl at the base of Zone NP4. This zone is about 5.5m thick,
and represented by Samples M70 and M71. The calcareous
nannofossil assemblages which are very abundant at the base of
the zone, becoming abundant at its top and most assemblages
are well preserved. Except for the occurrence of the delicate
form Ellipsolithus macellus, all the nannofossil taxa are the
same as in the top of Zone NP3.
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TEXT-FIGURE 2
Litholological description of the Upper Maastrichtian -Lower Eocene succession at Gebel El-Mishiti. (S: Selandian; Th: Thanetian ages)
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Fasciculithus tympaniformis Zone (NP5)

This is the interval from the LO of Fasciculithus tympaniformis
to the LO of Heliolithus kleinpellii. It consists of about 2.5m of
dark grey, fissile calcareous marl that is intercalated with gyp-
sum bands in its upper part. It is represented by Samples M72,
M72a and M72b in which all the calcareous nannoplankton are
very abundant and well preserved.

At the base of Zone NP5, Fasiculithus taxa are easily recog-
nized and thus their lowest occurrence readily mark the
NP4/NP5 zonal boundary. A number of new nannofossil taxa
characteristic of the Paleocene are recorded in this zone such as
rare Bomolithus elegans, Fasciculithus pileatus and few to rare
Chiasmolithus consuetus (=Sullivania consueta), Fasciculithus
billii, F. ulii, few Sphenolithus primus in addition to the marker
species Fasciculithus tympaniformis. According to Romein
(1979) and Perch-Nielsen (1981), several new species of
Fasciculithus and related genera such as Heliolithus and
Bomolithus evolved prior to Heliolithus kleinpellii. A notice-
able increase in abundance of Ericsonia subpertusa and E.
robusta and a decrease in E. cava/eoplagica occurs in this zone.
The warm-water species, such as Ericsonia subpertusa,
Fasciculithus spp., Sphenolithus spp. are more abundant than
the cool-water forms, Ericsonia cava/eoplagica and Chiasmo-
lithus spp. Bassiouni et al. (1991) suggested a warm surface wa-
ter paleotemperature for the middle part of Ellipsolithus
macellus Zone in Dabadib, Kharga Oasis.

Heliolithus kleinpellii Zone (NP6)

This zone comprises the interval from the LO of Heliolithus
kleinpellii to the LO of Discoaster mohleri. It is about 2m thick,
of the same lithology as the underlying Zone NP5 (gypsiferous,
dark grey calcareous marl), and is represented by Samples M73
and M73a. The calcareous nannofossil species are well pre-
served and are very abundant in Sample M73 and abundant in
Sample M73a.

Bomolithus conicus, Heliolithus cantabriae, Chiasmolithus
bidens, Toweius pertusus, Neochiastozygus denticulatus and
Neochiastozygus digitosus have their LO in this zone, in
addtioon to the marker species Heliolithus kleinpellii. It is noted
that Fasciculithus pileatus, F. billii, F. ulii occur from Zone
NP5 through the base of Zone NP6. Although Perch-Nielsen
(1985) mentioned that these Fasciculithus taxa became extinct
Biochron NP6, Aubry (1989) recognized that F. pileatus ranges
from NP5 through NP9.

Discoaster mohleri Zone (NP7/8)

This (combined) zonal entry is defined here following Romein
(1979) as the interval from the LO of Discoaster mohleri to the
LO of Discoaster multiradiatus due to the absence of the
marker species for the top of Zone NP7 (Heliolithus riedellii). It
is represented by Samples M73b, M74 and M74a. The first
sample is a gypsiferous, dark grey calcareous marl (about 0.5m
thick), whereas the other two samples (about 1m) form a hard
yellowish brown limestone intercalation. The calcareous
nannofossil assemblages are well preserved in all samples; they
are abundant in the calcareous marl and very abundant in the
limestone. The calcareous nannofossil assemblages are of gen-
erally similar composition as those of the underlying Zone NP6.
Incoming species are Discoaster mohleri, Rhabdosphaera
pinguis and Neochiastozygus junctus.
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Discoaster multiradiatus Zone (NP9)

This zone is defined as the interval from the LO of Discoaster
multiradiatus to the LO of Tribrachiatus bramlettei. It is repre-
sented by Samples M75, 75a and 75b. It consists of about 90cm
of dark brown calcareous marl which overlies the hard yellow-
ish brown limestone of Zone NP7/8. The calcareous nanno-
fossils are very abundant and well preserved in Sample M75
while in Samples M75a and M75b they are abundant and
moderately preserved.

The Discoaster multiradiatus Zone (NP9) is considered the last
nannofossil zone in the Paleocene (Martini 1971, Romein 1979,
Perch-Nielsen 1981, 1985 and others). In Egypt, the NP9 Zone
is well represented in G. Owaina, G. Um el Ghanayem (Sadek
and Teleb 1978); and Taramsa (Faris et al. 1985); as well as in
NE Sinai (Faris 1988); Safaga area (Hewaidy and Faris 1989);
Gurnah, Luxor (Faris 1991) and many other localities in Egypt
(see Faris 1997; Ouda and Aubry 2003).

In this zone we record 13 incoming species characteristic of the
Paleocene. Seven of these species have their LO at the base of
the zone: Discoaster multiradiatus, D. lenticularis, D. nobilis,
Fasciculithus alanii, F. lillianae, F. bobii and Rhomboaster
intermedia. Six species have their LO in the middle part of the
zone: Fasciculithus involutus, Rhomboaster cuspis, R. calci-
trapa, R. bitrifida, Discoaster mahmoudii and D. araneus. The
incoming taxa of zone NP7/8 also occur through this zone. In
fact most taxa of Zone NP9 had their LO in older zones. This
agrees well with the statement of Perch-Nielsen (1985) that
Paleocene diversity reached a maximum in Zone NP9.

The NP9a/NP9b subzonal boundary occurs between samples
M75 and 75a owing to the FOs of Rhomboaster calcitrapa, R.
cuspis, R. bitrifida and Discoaster araneus in Sample M75a.
The highest occurrence (HO) of Fasciculithus alanii is slightly
above the NP9a/NP9b subzonal boundary as previously re-
corded by Aubry et al. (1999) in the Dababiya section, Nile Val-
ley. We note also that all Fasciculithus spp. are absent in the

upper part of Subzone NP9b except for Fasciculithus tympani-
formis whose HO coincides with the NP9/NP10 zonal
boundary.

EOCENE BIOZONES

Four calcareous nannofossil biozones (NP10-NP13) are re-
corded from the lower Eocene at Gebel El Mishiti section. The
lower middle Eocene Zone NP14 is recorded in the upper part
of the Gebel El Mishiti section and from Gebel El Keeh section
which is restricted mainly by this zone. The distribution of
Eocene calcareous nannofossils at Gebel El Mishiti is given in
text-figure 4; their distribution in the lower middle Eocene at
Gebel El Keeh is given in text-figure 5. The identified biozones
and their characteristics are discussed below.

Tribrachiatus contortus Zone (NP10)

This biostratigraphic interval is defined by the LO of
Tribrachiatus bramlettei or Discoaster diastypus and its base,
and the HO of Tribrachiatus contortus at its top. It occupies
about 4.5m of yellowish to greenish grey calcareous marl at the
upper most part of the Esna Formation. It is represented by
Samples M76-M79. Most of the calcareous nannofossil taxa are
very abundant and well-preserved except in Sample M77, in
which they are abundant and moderately preserved.

Aubry (1996) has subdivided the Zone NP10 into four
subzones based on the sequential occurrnece of the different



TEXT-FIGURE 3
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Proposed calcareous nannoplankton zonal scheme in the studied area. (S: Selandian; T: Thanetian ages)

species of Tribrachiatus: 1) Subzone NP10a (Tribrachiatus
bramlettei-Tribrachiatus digitalis Interval Range Subzone)
is defined as the interval between the LO of T. bramlettei and
the LO of T. digitalis; 2) Subzone NP10b (7. digitalis Total
Range Subzone) is defined by the total range of the nominate
taxon; 3) Subzone NP10c (T. digitalis-T. contortus Interval
Subzone) is the interval between the HO of T. digitalis and
the LO of T. contortus; 4) Subzone NP10d (T. contortus To-
tal Range Subzone) is defined by the total range of the nomi-
nate taxon. In Egypt, Faris and Strougo (1998) have recorded
the four subzones (NP10a through NP10c) in G. Gurnah sec-
tion, Nile Valley.

In this study the base of Zone NP10 is delineated by the LO of
T. bramlettei, Discoaster binodosus, and D. diastypus, recorded
in the upper part of the Esna Formation. Other incoming taxa
are Discoaster falcatus, Pontosphera sp., P. multipora, Cam-
pylosphaera dela and Tribrachiatus contortus. In the Gebel
Mishiti section, only subzones NP10a and NP10d are recorded,
subzones NP10b and NP10c are missing. A minor gap is sug-
gested to have formed in the Gebel El Mishti section slightly af-
ter the beginning of the early Eocene.

Discoaster binodosus Zone (NP11)

Zone NP11 is the interval from the HO of Tribrachiatus
contortus to the LO of Discoaster lodoensis. This zone is repre-
sented by Sample M80 from the upper 70cm of the geeenish
grey calcareous marl on the top of the Esna Formation and
Sample M81 from the lowest 80cm of the base of the Egma
Formation. The calcareous nannofossil assemblages are very
abundant and well preserved in Sample M80 (Esna Formation)
and become abundant and moderately preserved in Sample
M81 (Egma Formation).

An exceptional abundance of Tribrachiatus contortus is re-
corded (< 1 specimen/field of view) in Sample M79. The over-
lying sample M80 yielded few specimens (1-3 specimens/field
of view) of Tribrachiatus orthostylus and Sphenollithus radians
and no T. contortus. The LO of T. orthostylus usually occurs in
the uppermost part of Zone NP10, whereas the LO of
Sphenollithus radians is recorded in the lower part of Zone
NPI11 in many areas in the world. The co-occurrence of
Tribrachiatus orthostylus and Sphenolithus radians in Sample
MS80 may suggest a minor hiatus between Subzone NP10d and
Zone NP11 within the uppermost part of the Esna Formation,
although no lithologic changes are observed. However, this may
be due to sampling gaps rather than non deposition. Zone NP11
extends from the uppermost part of the Esna Formation to the
basal part of the Egma Formation. Therefore, the Egma Forma-
tion is conformably overlying the Esna Formation. It is noted
that nearly all the recorded specimens of T. orthostylus in this
zone have three arms with slight bifurcation.

Tribrachiatus orthostylus Zone (NP12)

This zone is defined as the interval from the LO of Discoaster
lodoensis to the HO of Tribrachiatus orthostylus or the LO of
Toweius (?) crassus. It occupies about 4.5m of the basal part of
the Egma Limestone and is represented by Samples M82-M84.
All calcareous nannofossil species are abundant and moderately
preserved in this zone except at its top, where they are very
abundant. As a rule, the lowest few meters of the Egma Forma-
tion yielded abundant and moderately preserved calcareous
nannofossil assemblages.

All the calcareous nannofossil taxa in Zone NP11 are observed

in this zone. Additional seven genera represented by 14 species
are introduced into the calcareous nannofossil assemblages of
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TEXT-FIGURE 4
Distribution of calcareous nannofossil species in Gebel El-Mishiti section (M) northwest E1 Thamad Village.
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TEXT-FIGURE 4
continued.
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TEXT-FIGURE 5

Distribution of calcareous nannofossil species in Gebel El Keeh section, east El Thamad Village.

the early Eocene in this zone. These are Chiasmolithus
eograndis, Ch. solitus, Ch. grandis, Discoaster lodoensis, D.
deflandprei, D. cruciformis, D. gemmifer, D. kuepperi, Ericsonia
formosa, Neococcolithus dubius, Sphenolithus moriformis,
Transversopontis puchler, Toweius? gamation and T. occu-
latus. Some of reworked vanishing Cretaceous taxa are re-
corded in Sample M83 such as rare Micula decussata and
Watznaueria barnesae and specimens of Arkhangelskiella
cymbiformis, Lithraphidites carniolensis, Microrhabdulus
decoratus and Tetrapodorhabdus decorus. The presence of the
above Cretaceous taxa in the Eocene sediments may pose some
problems and needs explanation.

Tribrachiatus orthostylus is common in many early Eocene
(uppermost of Zone NP10 to the top of Zone NP12) sections in
the world but it is more abundant at mid and high latitudes. The
last occurrence of T. orthostylus is usually used to define the
base of Zone NP13 (Martini 1971). Although the Zone NP12
has generally been distinguished by the overlap of the
Tribrachiatus orthostylus and Discoaster lodoensis, the last oc-
currence of T. orthostylus may range higher than previously in-
dicated. In Arroyo El Bulito section, California, Bukry (1973b)
mentioned that the stratigraphic range of T. orthostylus is high
as the middle Eocene Nannotetrina quadrata (= N. fulgens)
Zone as several zones present above its presumed level of dis-
appearance. He defined the top of NP12 Zone by the LO of
Coccolithus crassus (= Toweius crassus). From the ODP Hole
690B, Aubry et al. (1996) also recorded 7. orthostylus in Zone
NP14, but they considered these forms as reworked species.
Perch-Nielsen (1985) dashed the range of T. orthostylus up to
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CP13 (= NP15). The sporadic occurrence of this taxon above
the NP12/NP13 boundary could be attributed to ecological fac-
tors or to reworking. Because of reworking of T. orthostylus,
Hazel et al. (1984) have proposed substituting the first (tempo-
ral; evolutionary) appearance datum (FAD) of Helicosphaera
lophota for the last (temporal; extinction) appearance datum
(LAD) of T. orthostylus to define the base of NP13. In this study
T. orthostylus is recorded in the same samples with Discoaster
sublodoensis, the maker species of NP14. Therefore, the top of
NP12 Zone is defined by the LO of Toweius crassus following
Bukry (1973b) due to the high range of T. orthostylus. Two
morphotypes of T. orthostylus were recognized, however the
common one is Type B with no bifurcation in contrast to Zone
NP11 where Type A with a slight bifurcation of T. orthostylus
was the common form.

Discoaster lodoensis Zone (NP13)

This zone includes the interval from the LO of Tribrachiatus
orthostylus or LO of Toweius? crassus to the LO of Discoaster
sublodoensis. It is represented by Samples M85-M88 and occu-
pies about 9.5m of yellowish chalky limestone intercalated by
few thin disconnected cherty bands and disseminated chert nod-
ules. Generally, the recorded calcareous nannofossils are very
abundant, moderately preserved in Samples M85 and M86 and
good preserved in Samples M87-M88.

Except for Chiasmolithus eograndis and Discoaster cruci-
formis, all the calcareous nannofossils recorded in Zone NP12
are still observed in this zone. Rare of Toweius? crassus,
Helicosphaera seminulum, Reticulofenestra dictyoda, Blackites



TABLE 1
Mineralological and geochemical data in some samples around the P/E
boundary at Gebel El Mishiti section.
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TABLE 2
Geochemical data of some trace and rare earth elements in some selected
samples at Gebel El Mishiti section

spinosus, Discoaster distinctus, D. germanicus and Lopho-
dolithus nascens, few Transversopontis rectipons and Helico-
sphaera lophota are observed. Tribrachiatus orthostylus ranges
above its presumed level of disappearance and having sizes
smaller than its sizes in the lower zones (NP11 and NP12).
Therefore, ecological factors may be responsible for this spo-
radic occurrence rather than reworking.

Discoaster sublodoensis Zone (NP14)

This zone is defined as the interval from the LO of Discoaster
sublodoensis to the LO of Nannotetrina fulgens and/or LO of
Rhabdosphaera inflata. It is represented by Samples
M89-M105 at Gebel El Mishiti, is about 40m thick, and con-
sists of white yellowish chalky limestone intercalated with the
discontinuous chert bands of the Egma Formation. The expo-
sure of Gebel El Keeh, which consists of about 95m of the
Egma Limestone belongs mainly to this zone.

At Gebel El Mishiti the calcareous nannofossil assemblages in
this zone are very abundant except in Sample M 103 of partially
solidified chalk. The assemblages are poorly preserved in two
samples, moderately in four samples and well preserved in
eleven samples. At Gebel El Keeh, most of the samples are
fossiliferous with very poorly preserved calcareous nanno-
fossils. From a total of 46 samples, 8 are poorly preserved, 16
are moderately preserved, 9 samples are well preserved, and 13
samples are barren (text-fig. 5).

The base of the D. sublodoensis Zone is defined by the LO of
the nominative taxon in Sample M89 at Gebel El Mishiti. Ex-
cept for the disappearance of Toweius occultatus, all the calcar-
eous nannofossil taxa of Zone NP13 occur in Zone NP14 at
Gebel El Mishiti. Additional taxa include rare D. wemmelensis,
rare to few Neococcolithus minutus, D. nonaradiatus and
Scyphosphaera sp. The latter taxon is recorded for the first time
in Egyptian Eocene sedimentary rocks. Rare D. septem-
radiatus, D. strictus, D. saipanensis and very rare Braarudo-
sphaera bigelowii, and Micrantholithus vesper also occur in the
upper part of the section.

At Gebel El Keeh, D. sublodoensis is recorded in Sample K1
through Sample K45. Discoaster lodoensis is recorded from
sample K1 through sample K42, being completely absent above
this sample. Discoaster kuepperi is sporadic above sample .14,
very rare up to Sample K29. It is absenet above Sample K29.
The LO of D. kuepperi defines the top of CP12a (Okada and
Bukry 1980). An overlap between D. sublodoensis, D.
lodoensis and D. Kuepperi is observed from Sample K1 up to
Sample K29. The co-occurrence of these three taxa character-
izes Subzone NP14a (see Aubry 1991).

At Gebel El Keeh, the LOs of D. saipanensis and D. martini are
located in Sample K11. Perch-Nielsen (1985) tentatively ex-
tended the occurrence of D. saipanensis throughout Zone NP15,
its range being confidently established from Zone NP16
through the top of Zone NP20. However, Aubry (1986) noted
the first appearance of D. saipanensis in upper Zone NP14.
While Prins (1971) showed a distribution of D. martini from
Zone NP13 through Zone NP16, Aubry (1983) used its presence
to indicate Zone NP15 and the basal part of Zone NP16 only. In
this study, the first occurrence of D. bifaxis observed in Sample
K23. According to Okada and Bukry (1980) its presence defines
Zone CP14a (= NP16). However, Aubry (1983, 1986) found D.
bifax ranging down into NP14 in the hemipelagic or neritic sedi-
ments of the Paris and London Basins. Therefore, it is difficult
to establish the zonal age of the interval above Subzone NP14a
(above Sample K9) in this study. It is surprising that D.
lodoensis overlaps with D. sublodoensis through 85m of the
Egma Formation in Zone NP14 at Gebel El Keeh. In the litera-
tures, difficulties related to calcareous nannofossil
biostratigraphy of epicontinental deposits are mostly restricted
to reworking (Hay and Mohler 1967; Hay et al. 1967) and
diagenetic processes, in particular, secondary silicification
(Aubry 1986).

STAGE BOUNDARIES

Cretaceous /Paleogene Boundary

The K/P boundary in Gebel El Mishiti section has been delin-
eated between samples M37 and M38 based on the increased
frequency of Thoracosphaera operculata in sample M38 (Faris
and Abu Shama 2003). They mentioned also that the first occur-
rence of Biantholithus sparsus was in Sample M39 (about 0.5m
above the boundary). The next taxon to appear in the early
Paleocene is Cruciplacolithus primus (small), followed by C.
tenuis, Ericsonia cava, and C. edwardsii. This plus the presence
of Micula prinsii suggested a complete succession from upper-
most Maastrichtian through lower Paleocene (Danian).

Danian/Selandian Boundary

The total thickness of rocks of Danian age is about 30m in
Gebel El Mishiti section. The base of the Selandian stage was
placed by Berggren et al. (1995) in the upper part of ZoneNP4 .
The most profound evolutionary changes in the Paleocene cal-
careous nannoplankton occurred during the later part of
Biochron NP4 (Aubry 1998) and the most characteristic genera
of the Paleocene originated during this time. The closely related
genera Sphenolithus and Fasciculithus evolved during the
Biochron NP4, subsequently giving rise to Heliolithus and
Discoaster. At Gebel El Mishiti, the Danian/Selandian bound-
ary is tentatively placed at the base of Zone NP5 (LO of
Fasciculithus taxa).

In this study, as mentioned earlier, the base of Zone NP5 is de-
fined by the LO of Fasciculithus tympaniformis as well as the
LO of Sphenolithus. The latter is generally found in Zone NP4
and shortly before the LO of Fasciculithus tympaniformis.
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However, at Gebel El Mishiti, the LO of S. primus coincides
with the LO of Fasciculithus tympaniformis. Thus either the LO
of S. primus reprensented a delayed first occurrence, and Zone
NP5 overlies Zone NP4 conformably or the stratigraphy juxta-
position reflects a short hiatus without visible lithologic
changes. The Danian age was a time of particulary pronounced
global highstand of sea level followed by regression at its end
(Vail et al. 1977). However, based on the calcareous nanno-
fossils complete sequences across the Paleocene interval re-
corded in localities in Egypt (Faris 1988; Faris et al. 1999; El
Dawoody 1990; Marzouk and Luning 1998) as in this study.

Selandian/Thanethian Boundary

On the bases of calcareous nannofossil bioevents, the
Selandian/Thanetian is tentatively placed at the uppermost part
of Zone NP6 or the lowermost part of Zone NP7/8 (Berggren et
al. 1995). In the current study the first appearance of D. mohleri
(marker taxon of Zone NP7/8) is used to delineate the bound-
ary. A marked lithologic change from gypsiferous, dark grey
calcareous marl to yellowish brown limestone is noted from the
upper part of Zone NP6 to Zone NP7/8.

The Paleocene/Eocene (P/E) Boundary

The latest Paleocene-earliest Eocene boundary now clearly ap-
pears as a critical interval in earth history. Many events took
place in this interval such as global warming (Stott and Kennett

1990; Kennett and Stott 1991), reduction in atmospheric
circulation (Rea et al. 1990) and changes in oceanic circulation
associated with brief production of deep water at low latitude
(Miller et al. 1987; Kennett and Stott 1991; Thomas 1990a, b,
1993). These events were concomitant with major turnovers in
the bathyal and abyssal benthic foraminifera (Tjalsma and
Lohmann, 1983; Thomas 1990a, b) and the terrestrial mammals
(see review in Hooker 1991). Isotopic (813C and ;30 excur-
sion) and mineralogical (kaolinite peak) evidence suggest that
these evolutionary turnovers were related to deep water warm-
ing associated with climatic change. Although the proximate
cause of the carbon isotope excursion (CIE) may be the massive
dissociation of carbon hydrates, the ultimate cause for global
warming has not been well identified.

The P/E boundary has traditionally been correlated on the basis
of the NP9/NP10 zonal boundary which is defined by the LO of
Tribrachiatus bramlettei (Martini 1971). The LO of Discoaster
diastypus was used by Okada and Bukry (1980) to recognize
this boudary. Romein (1979) has shown how T. bramlettei
evolved into 7. contortus which itself evolved into T. ortho-
stylus in the later part of Biochron NP10. Tribrachiatus con-
tortus seems to be less restricted in occurrence than T.
bramlettei. In the absence of T. bramlettei, the LO of Fascicu-
lithus tympaniformis (or Fasciculithus spp.) is used to approxi-
mate the NP9/NP10 zonal boundary (Shackleton et al. 1984).
Although the three species of Tribrachiatus clearly constitute a

PLATE 1
All Figures x2000, from Gebel El Mishiti

1 Cruciplacolithus tenuis (Stradner 1961) Hay and
Mohler in Hay et al. 1967. Sample No. 49, Chiasmo-
lithus danicus Zone.

2 Chiasmolithus danicus (Brotzen 1959) Hay and
Mohler 1967. Sample No. 54, Discoaster lodoensis
Zone.

3 Sphenolithus radians Deflandre in Grasse 1952. Sam-
ple No.80, Discoaster binodosus Zone.

4,5 Ellipsolithus macellus (Bramlette and Sullivan 1961)
Sullivan 1964; 4, Sample No.70; 5, Sample No.71,
Ellipsolithus macellus Zone.

6 Discoaster cruciformis Martini 1958. Sample No.83,
Tribrachiatus orthostylus Zone.

7 Discoaster binodosus Martini 1958. Sample No. 83,
Tribrachiatus orthostylus Zone.

89 Toweius ? gammation (Bramlette and Sullivan 1961)
Romein (1979). Sample No. 8; 8, Discoaster
lodoensis Zone.

10 Toweius ?crassus (Bramlette and Sullivan 1961)
Perch-Nielsen (1984). Sample No. 88, Discoaster
lodoensis Zone.

11 Micula prinsii Perch-Nielsen 1979. Sample No.39,
Markalius inversus Zone.
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12 Heliolithus kleinpellii Sullivan 1964. Sample No.73,
Heliolithus kleinpellii Zone.

13,14 Tribrachiatus bramlettei (Bronnimann and Stradner
1960) Proto Decima et al. 1975. Sample No.79,
Tribrachiatus contortus Zone.

15 Discoaster multiradiatus (Bramlette and Riedel
1954). Sample No. 83, Tribrachiatus orthostylus
Zone.

16,20 Fasculithus tympaniformis Hay and Mohler in Hay et
al. 1967. Sample No. 72, Fasculithus tympaniformis
Zone.

17 Discoaster gemmifer Stradner 1961. Sample No.83,
Tribrachiatus orthostylus Zone.

18 Discoaster barbadiensis Tan 1927. Sample No.83,
Tribrachiatus orthostylus Zone.

19 Discoaster araneus Bukry 1971. Sample No.75b,
Discoaster multiradiatus Zone.

21 Tribrachiatus contortus (Stradner 1958) Bukry 1972.
Sample No.83, Tribrachiatus orthostylus Zone.

2225 Tribrachiatus orthostylus Shamrai 1963. 22, sample
No. 87, Discoaster lodoensis Zone; 23, 24, sample
No. 80, Discoaster binodosus Zone; 25, sample No.
83, Tribrachiatus orthostylus Zone.
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lineage, their stratigraphic relationships remain somewhat un-
clear (see Aubry et al. 1996 for detailed discussion).

In Egypt, the calcareous nannofossil events at the standard P/E
boundary were studied by El-Dawoody (1992, 1994), Faris
(1991, 1993a), Strougo and Faris (1993), Aubry et al. (1999,
2000), Faris et al. (1999), Dupuis et al. (2003) and Knox et al.
(2003). Faris (1993a) used the LO of T. bramlettei, Discoaster
diastypus and D. binodosus to delineate the base of the Eocene
in several Egyptian sections. The HO of Fasciculithus spp. may
have taken place below or slightly above the P/E boundary in
different sections in Egypt (see Faris et al. 1999). The boundary
lies in the upper part of the Esna Formation and can be traced
between the nannofossil zones NP9 and NP10 in some sections
and in the uppermost part of Zone NP9 in other sections (Faris
et al. 1999). The boundary is marked by a lithologic change in
some sections (Strougo and Faris 1993) while no lithologic
variations were observed in others (Faris 1991). In West Cen-
tral Sinai, El-Dawoody (1992) placed the P/E boundary at the
contact between the Esna and Thebes Formations which corre-
sponds to the Discoaster multiradiatus/Tribrachiatus contortus
zonal boundary.

The P/E boundary GSSP is located between Subzones NP9a
and NP9b in the Dababiya Quarry section (Dupuis et al. 2003).
The NP9a/NP9b subzonal boundary is characterized by the LOs
of Discoaster anartios, D. araneus and Rhomboaster spp. In the
present study, the P/E boundary is located between Subzones
NP9a and NP9b at Gebel El Mishiti based on the LOs of
Rhomboaster calcitrapa, R. cuspis, R. bitrifida and Discoaster
araneus in Sample M75a.

A sedimentological discontinuity between NP9 and NP10a is
noted by the presence of intraclasts of calcareous marl of the
underlying strata, normally 1-2mm in diameter, forming a few
centimeters of intraformational conglomeratic bed. However,
this discontinuity can not be detected by the means of calcare-
ous nannofossils. Moreover, the Subzones NP10b and NP10c
are absent in Gebel Mishiti section. Therefore, the Zone NP9 is
conformably overlain by Subzone NP10a which is uncomfort-
ably overlain by Subzone NP10d. This suggests that Subzones

NP10b and NP10c have been eroded slightly after the beginning
of the early Eocene.

Smectite reaches about 91.5% (Table 1) in the uppermost
Paleocene and its maximum value (96.3%) is just above the
Paleocene/Eocene boundary. It is surprising to find that
kaolinite completely disappeared at the beginning of the Eocene
and instead smectite reaches its maximum value. Very small
peak of kaolinite representing about 0.9% of the total clay frac-
tion occur at about 5 meters above the P/E boundary. This con-
trasts with the observations by many authors such as Egger et al.
(1999) who suggested that an increase of kaolinite input took
place near the end of Paleocene as a result of climatic change
toward more humid conditions.

In Gebel El Mishiti section, the CaCOs content reach about
95.84% (Table 1) at the top of Zone NP7/8 and decreased to
about 54.3% (avg.) through Zone NP9. P,Os is relatively higher
at the P/E boundary (Table 2). An increase of total organic mat-
ter around the P/E boundary is detected at Gebel El Mishiti sec-
tion (Table 1). A strong positive correlation between the organic
carbon and phosphorous was recorded through the Esna Forma-
tion at this section (Abu Shama 2002). Geological system that
enriched by organic carbon are also enriched in their
phosphorous content.

The study of some trace elements (Table 2) reveals anomalous val-
ues at the P/E boundary in Gebel El Mishiti section. These anoma-
lous values of Cr, Ni and V at this boundary may be due to
scavenging of the trace elements at the sea floor over years to pre-
vailing reducing conditions, or to as-yet-unidentified events. The
anomalous values of Nb, Y and La in the current study may be as-
sociated with one or more phosphate minerals as previously shown
in pelagic sediments by Arthur et al. (1989). Abnormal values of
Barium are also recorded around the P/E boundary. Schmitz
(1987) suggested that barium concentration is high in the sedi-
ments of high biological productivity. The high anomolies of Ba,
Cr, Ni, V and Rees around the P/E Boundary at Gebel el-Qreiya
suggest their incorporation in phosphatic components as well as
organic matter (Solimann 2003)

PLATE 2
All Figures x2000, from Gebel El Mishiti section, Discoaster sublodoensisZone.)

1 Discoaster lodoensis Bramlette and Reidel 1954.
Sample No. 95.

2 Neococcolithus dubius (Deflandre 1954) Black
(1967). Sample No. 95.

3 Discoaster wemmelensis Achuthan and Stradner
1969. Sample No. 95.

4,5 Pontosphaera multipora (Kamptner 1948) Roth
(1970). Sample No. 91.

6,11 Discoaster distinctus Martini 1958. 6, sample No. 95;
11, Sample No. 94.

7,8 Discoaster germanicus Stradner 1959. 7, Sample No.
94. 8, Sample No. 91.
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9,10 Campylosphaera dela (Bramlette and Sullivan 1961)
Hay and Mohler (1967)

12 Discoaster sublodoensis Bramlette and Sullivan
1961, Sample No. 93.

13,14 Helicosphaera seminulum Bramlette and Sullivan
1961, Sample No. 95

15-17 Scyphosphaera sp. Lohmann 1902. 15, 16, Sample
No. 91; 17, Sample No. 89.

18,19 Chiasmolithus grandis (Bramlette and Riedel 1954)
Radomski (1968). Sample No. 95.

20 Discoaster nonaradiatus Klumpp 1953. Sample No.
92.
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The lower Eocene/middle Eocene Boundary

The location of lower Eocene/middle Eocene boundary
(Ypresian/Lutetian) is correlated with the NP13/NP14 zonal
boundary (Martini 1971; Hazel et al. 1984; Perch-Nielsen 1985;
Martini and Muller 1986). However, the base of the middle
Eocene (Lutetian) is slightly younger (passes within the base
NP14) according to some authors (Aubry 1983; Bolli et al.
1985; Berggren et al. 1985, Cavelier and Pomerol 1986). Cal-
careous nannofossil studies by Steurbaut (1988) and Steurbaut
and Nolf (1986) on the Paris and Belgian Basins placed this
boundary in the lower part of the NP14.

In Egypt, Strougo and Faris (1993) suggested that the lower
Eocene/middle Eocene boundary, if present at Wadi El Dakhl,
should lie in the terminal part of the section, at least as high as
the NP13/NP14 zonal boundary. In the neritic sequences of the
Nile Valley where planktonic species are rare and poorly pre-
served, Janin et al. (1993) placed this boundary near the
Minia/Samalut Formation boundary depending on the abun-
dance variation of 5-rayed discoasters. At Gebel El Mishiti, the
NP13/NP14 zonal boundary is located between Sample M88
and Sample 89 (about 17m above the base of Egma Formation).
The total thickness of Gebel El Keeh reaches about 95m, and
there are no lithologic changes except in the upper 10m; all the
section belongs to Zone NP14. Although, the marker species
Discoaster sublodoensis and other taxa of the younger zones
such as Discoaster bifax and D. saipanesis occur in the uniform
Egma Formation, both Rhabdosphaera inflata (marker of
Subzone NP14b) and Nannotetrina fulgens (marker of the Zone
NP15) are absent.

Both the Braarudospherids and Micrantholithus of the family
Braarudosphaeraceae occur in the last sample in Gebel El
Mishiti and in most samples of Gebel El Keeh sections. This
group is usually common in near-shore and hemi-pelagic de-
posits (Haq and Lohmann 1976), of the Paleogene where they
bloomed repeatedly especially shortly after the Creta-
ceous/Paleogene (K/P) boundary events and during the middle

Eocene (Bybell and Gartner 1972; Perch Nielsen 1985). This
group is known to be a marine hypohaline indicator (Gran and
Braarud 1935; Bukry 1974). Martini (1965, 1970) and Bukry
1971) considered that Braarudsphaera and Micrantholithus are
characteristic of near shore deposits and considered as warm
water indicators by Bukry (1973a).

In Egypt, Braarudsphaera discula was reported from the mid-
dle Eocene of Wadi Nukhul (El-Dawoody and Morsi 1983). A
high percentage of Braarudosphaeraceae was recorded in the
middle Eocene of Wadi Dager, Nile Valley (Janin et al. 1993).
The stratigraphic occurrences and geographic distributions of
the Early Paleogene pentalith forms in Egyptian localities were
discussed by Faris (1993b). He suggested that the presence of
some pentalith taxa may be useful as alternative indicators of
stratigraphic age in the absence of convential index species of
the middle and late Eocene. Braarudsphaera and Micrantho-
lithus are absent in the Maastrichtian and Paleocene of the stud-
ied area, but they occur in the lower middle Eocene. This means
at least that changes in the environment of deposition from deep
shelf in the Maastrichtian to neritic environment took place in
the early middle Eocene. This might be due to tectonic uplifting
of the sea floor or falling in the sea level at this time.

At Gebel El Mishiti, the warm-water taxa in Subzone NP14a
such as Thoracosphaera operculata, Sphenolithus spp.,
Discoaster spp., Zygrhablithus bijugatus, Pontosphaera spp.,
Ericsonia formosa, Braarudosphaera spp. and Micrantholithus
vesper dominate over the cool-water taxa (such as Ericsonia
cava/eoplagica, Chiasmolithus spp., Neococcolithus dubius and
Blackites spp.) At Gebel El Keeh, the cool-water taxa dominate
the assemblages above Sample K39.

SUMMARY AND CONCLUSIONS

In east central Sinai (Gebel El Mishiti and G. El Keeh sections),
the Paleocene-lower Eocene sediments are divided into the fol-
lowing nannofossil biozones; Markalius invesus (NP1),
Cruciplacolithus tenuis (NP2), Chiasmolithus danicus (NP3),

PLATE 3
All figures x2000, from Gebel El Keeh section, Discoaster sublodoensis Zone

1,2 Braarudosphaera bigelowii (Gran and Braarud 1935)
Deflandre 1947. Sample No. 18.

3,4  Micrantholithus vesper Deflandre 1954. Sample No.
23.

5 Discoaster binodosus Martini 1958. Sample No. 1.

6,7 Discoaster sublodoensis Bramlette and Sullivan
1961. 6, Sample No.1. 7, Sample No. 38.

8 Discoaster barbadiensis Tan 1927. Sample No. 21.

9,15 Discoaster distinctus Martini 1958. 9, Sample No. 29.
15, Sample No. 9.

10,16 Discoaster martinii Strander 1959. 10, Sample No.
23; 16, Sample No.35.

11,12 Discoaster saipanensis Bramlette and Riedel 1954.
11, Sample No. 11; 12, Sample No.31.
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13 Discoaster lodoensis Bramlette and Riedel 1954.
Sample No. 4.

14 Discoaster septemradiatus (Klump 1953) Martini
1958. Sample No. 29.

17,18 Reticulofenestra dictyoda (Deflandrei in Deflandrei
and Fert 1954) Strander in Strander and Edwards
1968; 17, Sample No. 9. 18, sample no.35.

19 Reticulofenestra samodurovii (Hay, Mohler and
Wade 1966) Roth 1970. Sample No. 29.

2022 Braarudosphaera discula Bramlette and Riedel 1954.
20, Sample No. 23; 21-22, Sample No.21.

23 Neococcolithus minutus Perch-Nielsen 1967, Perch-
Nielsen 1971. Sample No. 21.
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Ellipsolithus macellus (NP4), Fasciculithus tympaniformis
(NP5), Heliolithus kleinpellii (NP6), Discoaster mohleri
(NP7/8), Discoaster multiradiatus (NP9), Tribrachiatus con-
tortus (NP10), Discoaster binodosus (NP11), Tribrachiatus
orthostylus (NP12), Discoaster lodoensis (NP13) and Disco-
aster sublodoensis (NP14).

At Gebel El Mishiti section, the Danian/Selandian boundary is
placed at the base of Zone NP5 delineated by the LO of
Fasculithus taxa. The Selandian/Thanetian boundary is tentatively
placed at the base of Zone NP7/8 (FO of Discoaster mohleri).

Zone NP9 (Discoaster multiradiatus) in the present study is
subdivided into two subzones (NP9a and NP9b) delineated on
the basis of LO of Rhomboaster calcitrapa, R. cuspis, R.
bitrifida and Discoaster araneus. The Paleocene/Eocene (P/E)
boundary interval at Gebel El Mishiti section is located between
these subzones. The disappearance of most Fasciculithus taxa
occurs in the upper part of Subzone NP9b (Sample M75b). The
entry of Tribrachiatus bramlettei, Discoaster binodosus and D.
diastypus in Sample M76 indicates the base of Zone NP10. A
sedimentological discontinuity between Zone NP9 and
Subzone NP10a indicates the presence of intraclasts of calcare-
ous marls of the underlying strata, forming a few centimeters of
intraformational conglomeratic bed.

Some mineralogical and geochemical changes are recorded at
the P/E boundary in the Gebel El Mishiti section. It is surprising
to find that kaolinite completely disappears in the base of the
Eocene, and instead smectite reaches a maximum value. Again,
a small peak of kaolinite occurs about 5 meters above the P/E
boundary. CaCOs content decreased through Zone NP9, where
P>Os and organic matter are relatively increased at this bound-
ary in such section. Around this boundary, anomalous values of
Cr, Ni, V, Nb, Y, La and Ba are also recorded.

The subdivisions of Zone NP10 into NP10a, b, c, d as suggested
by Aubry (1996) are applied in this study. However, at Gebel
Mishiti section, the only two subzones NP10a and NP10d are
recorded while other subzones NP10b and NP10c are absent.
So a minor hiatus is suggested slightly after the beginning of the
early Eocene in the uppermost part of the Esna Formation in
this section.

Although, the LAD of Tribrachiatus orthostylus lines the top of
Zone NP12 (Discoaster lodoensis Zone), it is recorded here to-
gether with Discoaster sublodoensis (marker taxon of Zone
NP14). Therefore, the top of Zone NP12 located here at the LO
of Towieus crasus. In the Gebel Mishiti section, the
NP13/NP14 zonal boundary is located at about 17m above the
base of the Egma Formation. The early Eocene/middle Eocene
boundary is tentatively placed at this level and more detailed
works are necessary to precisely determine this boundary. Al-
though, the Gebel El Keeh section is represented by about 95m
of the Egma Limestone, it belongs to a single nannofossilzone,
Zone NP14. Moreover, it is difficult to subdivide this zone into
two subzones NP14a and NP14b because both Rhabdosphera
inflata (marker of Subzone NP14b) and Nannotetrina fulgens
(marker taxon of Zone NP15) are absent.

The near shore and hemipelagic Braarudospherids and Micran-
tholithus of the family Braarudosphaeraceae occur in the youn-
ger samples of Gebel El Mishiti and in most samples of Gebel
El Keeh. These taxa may indicate warm water conditions in the
early Middle Eocene.
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ABSTRACT: Occurrences of fossil marine diatom resting spore genus Liradiscus Greville are described from the middle Eocene to
middle Miocene samples of Deep Sea Drilling Project Leg 38 Site 338 in the Norwegian Sea. The genus Liradiscusis characterized by a
thick frustule sculptured by numerous veins. In this paper, five new taxa (L. cucurbitus, L. castaneus, L. castaneus var. reticulatus, L.
caepus and L. nimbus) are described, and their stratigraphical ranges are presented. These species are short-ranging and may be poten-
tially useful biostratigraphic markers to improve resolution of diatom biostratigraphy of the Norwegian Sea. Liradiscus castaneus var.
castaneus may be evolved from var. reticulatus in the middle part of the Zone NPD 2A (18.4-20.3 Ma). The geologic ranges of L.
reticulatus and L. petasusin the Norwegian Sea (L. reticulatus: early Miocene, L. petasus : 1ate early Oligocene to middle early Miocene)
are differentiated from those in the North Pacific (L. reticulatus: middle late Miocene, L. petasus:early late Miocene), suggesting possi-

ble the regional environmental differences.

INTRODUCTION

Chaetoceros is a planktonic centric diatom genus forming
clonial chains. One third of Chaetoceros species are known to
form resting spores (Stockwell and Hargraves 1984), which are
thick-walled and morphologically distinct from vegetative cells
(Garrison 1984). Because of their thick silicification, spores are
preserved as fossils in sediments, and a large number of fossil
resting spore morpho-genera of Chaetoceros-like taxa have
been reported and described, indicating Dicladia, Syndendrium,
Xanthiopyxis, Liradiscus and Monocladia (e.g. Ehrenberg
1844, 1854; Greville 1865a; Suto 2003a, b, 2004¢e). However,
the taxonomy and biostratigraphic studies treating fossil resting
spores have been very limited (e.g. Gersonde 1980; Akiba
1986; Lee 1993; Suto 2003a, b, 2004a-e, 2005a, b), because
their respective vegetative cells are rarely preserved with rest-
ing spores.

Of these genera, Liradiscus, which was erected by Greville in
1865 (Greville 1865a), is characterized by a thick frustule
sculptured by veins with a single ring of puncta on the
hypovalve (Suto 2004a). Since Chaetoceros plays a significant
role in marine primary production (Garrison 1984; Hasle and
Syvertsen 1996), it is important to build a firmer taxonomic ba-
sis of Liradiscus for understanding past environmental change.
Suto (2004a) has already described eleven Liradiscus species in
the North Pacific. However, further taxonomic studies are
needed to complete the taxonomy of this genus, because de-
tailed examination has been limited to the Neogene of the North
Pacific. In this paper, taxonomy and biostratigraphy of the ge-
nus Liradiscus including five new species are described in the
Norwegian Sea using Eocene, Oligocene and Miocene samples
from the Deep Sea Drilling Project Leg 38 Site 338.

MATERIALS AND METHODS

In this study, eighty samples of a nearly complete section of
Tertiary sediments of DSDP Leg 38 Site 338 (67°47.11'N,
05°23.26'E; water depth 400.8m) are examined (text-fig. 1).

These samples contain well-preserved diatoms of middle
Eocene, Oligocene and early to middle Miocene in age. The dia-
tom biostratigraphy of this site was reported in detail by
Schrader and Fenner (1976), Dzinoridze et al. (1978) and
Fenner (1985) and the zonation in the Miocene was revised by
detail LM diatom observation in this study. North Pacific sam-
ples from DSDP Site 436 and 438, and the Newport Beach Sec-
tion have been described in Suto (2004a). Most samples
investigated in this study include well-preserved and abundant
diatom and resting spore assemblages. The preparation and
counting methods of resting spores followed Suto (2004a).

RESULTS

This paper describes five new taxa, L. cucurbitus, L. castaneus
var. castaneus and, L. castaneus var. reticulatus, L. caepus and
L. nimbus (text-figs. 2, 3). The results of counting of Liradiscus
species encountered during a count of 100 resting spore valves
in LM and their stratigraphical distributions are shown in table 1
and text-figure 4, respectively. General morphological terms are
after Anonymous (1975) and Ross et al. (1979). The morpho-
generic name of Liradiscus is used for the fossil resting spores
according to Articles 3.3 and 3.4 of the International Code of
Botanical Nomenclature (Greuter et al. 2000). This study fol-
lows the diatom zonation of Akiba (1986) and Yanagisawa and
Akiba (1998) for the Miocene, Pliocene and Pleistocene, and
that of Scherer and Kog (1996) addition to Schrader and Fenner
(1976) for the Eocene and Oligocene.

TAXONOMY

Liradiscus cucurbitus Suto n. sp.
Text-figures 2B, 2C; plate 1, figs. 1a-10

Liradiscus ovalis Greville sensu FENNER 1978, p. 524, pl. 34, figs. 24,
25.

Description: Frustule isovalvate, circular in valve view, apical
axis 11.3-25.0um, pervalvar axis of epivalve 10.0-11.3um. In
girdle view, both valves hyaline, strongly vaulted, mantle dis-
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TEXT-FIGURE 1
Location map of DSDP Leg 38 Site 338 in the Norwegian Sea.

tinct, covered with large flexuose weak net-like veins on the
central part of both valves, continuing towards the margin as ra-
diating net-like veins. Flexuose net-like veins on both valves
with elongated spines. The spines at the bifurcations of the
net-like veins nearly perpendicular to the valve surface. Both
valves with distinct mantle. Mantle of epivalve hyaline. Mantle
of hypovalve hyaline with a single ring of puncta at its base.

Holotype: Slide MPC-02593 (Micropaleontology Collection,
National Science Museum, Tokyo, England Finder Q32-1S; il-
lustrated in Plate 1, figs. 7a, b).

Type locality: DSDP Site 338-17-4, 79-80cm, Norwegian Sea.

Comparison: This species is distinguished from other species
by radiating and weak net-like veins with elongated spines on
circular valve. This species has a close resemblance to L.
barbadensis Greville, but the flexouse net-like veins on valve
face bears some elongated spines. This species differs from L.
minitus Greville, L. akibae Suto, L. castaneus var. castaneus
Suto and L. castaneus var. reticulatus Suto by the flexouse
net-like veins.

Stratigraphic occurrence: At DSDP Site 338, the rare but con-
tinuous occurrences of this species are recognized from the ear-
liest Miocene Zone NPD 1 to the middle Miocene Zone NPD
4B (text-fig. 4).

Remarks: L. ovalis in Fenner (1978) is identical to L. cucurbitus
by its flexuose net-like veins on both valves with elongated
spines.

Etymology: The Latin cucurbitus means “pumpkin”.

Liradiscus castaneus Suto n. sp.
Text-figure 2H-J; Plate 2, figs. la-3c, 7a, b, 14a, b

Description: Frustule heterovalvate, circular in valve view, api-
cal axis 8.6-13.2 im. In girdle view, epivalve strongly vaulted.
Epivalve face covered by net-like veins over the whole valve
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face and with small spines. The spines at the bifurcations of the
net-like veins nearly perpendicular to the valve surface. Mantle
of epivalve low, hyaline with net-like veins, with small spines.
Hypovalve hyaline, slightly convex in central area. Hypovalve
face covered by net-like veins in marginal zone. The central
area of hypovalve hyaline or with simple veins (see Plate 2, figs.
7a, b). Mantle of hypovalve low, with a single ring of puncta at
its base.

Holotype: Slide MPC-02591 (Micropaleontology Collection,
National Science Museum, Tokyo, England Finder O32-2E; il-
lustrated in Plate 2, figs. 2a, b).

Type locality: DSDP Site 436-9-2, 148-150cm, northwestern
Pacific Ocean.

Comparison: This species is characterized by the epivalve
strongly vaulted with net-like veins and the hypovalve with
net-like veins on the marginal area. The epivalve of the typical
variety is the same as that of L. castaneus var. reticulatus, but
hypovalve of this variety differs by the central hyaline area. The
epivalve of this species is very similar to that of L. akibae, but is
differentiated by its low mantle of epivalve without palisade
spines (see text-fig. 2E). Comparison with L. cucurbitus has
been made in the section for the taxon.

Stratigraphic occurrence: At DSDP Site 338, epivalves of the
typical variety of L. castaneus and var. reticulatus occur rarely
and continuously from the middle early Oligocene to the middle
Miocene (text-fig. 4). On the other hand, the hypovalve of L.
castaneus var. castaneus occurs rarely from the late early Mio-
cene Zone NPD 2A through the late middle Miocene Zone NPD
5B. At DSDP Site 436, one sporadic occurrence of the taxon is
recognized in the early Piocene Subzone NPD 7Bb (text-fig. 4).
The hypovalve of var. castaneus occurs from the Subzone NPD
7Bb through the middle Pleistocene Zone NPD 11 at DSDP Site
436. In the Newport Beach Section, the sporadic occurrences of
the hypovalve of this variety are recognized in the upper Mio-
cene (text-fig. 4).

Remarks: The typical variety of L. castaneus may be evolved
from var. reticulatus, because the first occurrence of this variety
almost coincides with the last occurrence of var. reticulatus.

Etymology: The Latin castaneus means “chestnut”.

Liradiscus castaneus var. reticulatus Suto n. var.
Text-figure 2H, I, K; Plate 2, figs. 4a-6b, 10a-13b, 16a-18b, 20

Description: Frustule heterovalvate, circular in valve view, api-
cal axis 8.6-12.3um. The characteristics of epivalve of this vari-
ety are the same as that of var. castaneus. Hypovalve hyaline,
slightly convex in central area, entirely covered by net-like
veins. The central area of hypovalve with net-like veins. Mantle
of hypovalve low, with a single ring of puncta at its base.

Holotype: Slide MPC-02592 (Micropaleontology Collection,
National Science Museum, Tokyo, England Finder L27-18; il-
lustrated in Plate 2, figs. 5a, b).

Type locality: DSDP Site 338-17-3, 110-111cm, Norwegian
Sea.

Comparison: Its separation from L. cucurbitus and L. castaneus
var. castaneus is given under those taxa.
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TEXT-FIGURE 2

Sketches of various circular species of Liradiscus; Liradiscus barbadensis (A: illustrated after Greville 1865a), L. cucurbitus (B: valve view; C: girdle
view), L. akibae (D: valve view; E: girdle view), L. minutus (F: valve view; G: girdle view; illustrated after Greville 1865b), L. castaneus (H:epivalve in
valve view; I: frustule in girdle view; J: hypovalve of L. castaneus var. castaneus in valve view; K: hypovalve of L. castaneus var. reticulatus in valve
view). Key to structures: a: apical axis, b: pervalvar axis, c¢: short spine on the crossing of veins, d: aring of puncta, e: palisade spines, f: net-like veins.
All sketches were made using LM except species as mentioned above.
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TEXT-FIGURE 3

Sketches of various elliptical species of Liradiscus; Liradiscus plicatulus (A: valve view; B: oblique view), L. bipolaris (C: valve view; D: oblique
view), L. ovalis (E: valve view; F: girdle view; illustrated after Greville 1865c¢), L. japonicus(G: valve view; H: oblique view), L. petasus (I: valve view;
J: oblique view), L. caepus (K: valve view; L: oblique view), L. reticulatus (M: valve view; N: oblique view), L. pacificus (O: valve view; P: girdle
view), L. ellipticus (Q: valve view, illustrated after Greville 1865c¢), L. nimbus (R: valve view). Key to structures; a: apical axis, b: transapical axis, c:
epivalve, d: hypovalve, e: circular veins, f: branched veins, g: low and gentle elevation, h:net-like veins, i: marginal zone. All sketches were made using
by LM except species as mentioned above.
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TEXT-FIGURE 4

Stratigraphic occurrences of species in the genus Liradiscus at DSDP Sites 338 and 436, and in the Newport Beach Section. Diatom zones and NPD
codes in the Miocene, Pliocene and Pleistocene are revised after Yanagisawa and Akiba (1998), and diatom zones in the Oligocene and Eocene after
Schrader and Fenner (1976).
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Stratigraphic occurrence: Occurrences of epivalves of L. casta-
neus var. castaneus and var. reticulatus have been discussed
above. The hypovalve of this variety occurs from the late early
Oligocene Pseudodimerogramma filiformis Zone to the late
early Miocene Zone NPD 2A at DSDP Site 338 (text-fig. 4).

Remarks: This taxon possibly evolved to L. castaneus var.
castaneus.

Etymology: The Latin reticulatus means “net”.

Liradiscus caepus Suto n. sp.
Text-figure 3K, L; Plate 3, figs. 1la-5

Description: Valve elliptical in valve view, apical axis
12.2-33.2um, transapical axis 8.6-10.5um. Hypovalve hyaline,
strongly elevated near the center of the valve in girdle view,
with distinct mantle, covered with radiating net-like veins origi-
nating from the top of the elevation. Mantle of hypovalve low,
hyaline, with a single ring of puncta at its base. Frustule not ob-
served, epivalve unknown.

Holotype: Slide MPC-02590 (Micropaleontology Collection,
National Science Museum, Tokyo, England Finder K34-1W; il-
lustrated in Plate 3, figs. 4a, b).

Type locality: DSDP Site 338-12-2, 40-41cm, Norwegian Sea.

Comparison: This species is distinguished from other Lira-
discus species by the strongly elevated valve covered with radi-
ating net-like veins originating from the top of the elevation.
This species is similar to L. plicatulus Hajés in possessing an el-
evation of valve, but is distinguished from the latter by lacking
circular veins on the elevation.

Stratigraphic occurrence: This species is recognized only in the
Norwegian Sea in the interval from the latest early Miocene
Zone NPD 2A through the early middle Miocene Zone NPD 4B
(text-fig. 4).

Etymology: The Latin caepus means “onion”.

Liradiscus nimbus Suto n. sp.
Text-fig. 3R; Plate 3, figs. 6a-9b

Liradiscus ovalis Greville sensu SHIRSHOV 1977, pl. 33, fig. 8. —
NIKOLAEYV et al. 2001, p. 25, pl. 38, figs. 1-7.

Description: Valve oval in valve view, apical axis 11.3-
20.9um, transapical axis 10-16.9um. Hypovalve hyaline, con-
vex in girdle view, mantle distinct, covered with net-like veins.
Mantle of hypovalve low, with a single ring of puncta at its
base. Frustule not observed, epivalve unknown.

Holotype: Slide MPC-02594 (Micropaleontology Collection,
the National Science Museum, Tokyo, England Finder S33-4N;
illustrated in Plate 3, Figs. 8a, b).

Type locality: DSDP Site 338-19-3, 20-21cm, Norwegian Sea.

Comparison: This species is distinguished from other species
by having a flat valve with net-like veins without spines. Its
separation from other Liradiscus species covered with net-like
veins is given in under those taxa. This species is separated
from L. ellipticus by the oval valve shape.

Stratigraphic occurrence: At DSDP Site 338, rare and sporadic
occurrences of this species are recognized from a late early
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Oligocene thorough the latest late Oligocene interval (text-fig.
4).

Remarks: Liradiscus ovalis Greville sensu Shirshov (1977) col-
lected from oceanic bottom sediments, and that of Nikolaev et
al. (2001) reported from the late Cretaceous Moreno Formation
in California are identified as L. nimbus because their speci-
mens are completely covered with net-like veins without spines.

Etymology: The Latin nimbus means “cloud”.

Liradiscus plicatulus Hajos
Text-figure 3A, B

Liradiscus plicatulus HAJOS 1968, p. 114, pl. 28, fig. 10. — SUTO
2004a, p. 66, pl. 2, figs. 1a-20b.

Stratigraphic occurrence: The rare and sporadic occurrences of
this species are recognized from an early Oligocene to middle
Miocene interval at DSDP Site 338 (text-fig. 4).

Liradiscus japonicus Suto
Text-figure 3G, H

Liradiscus japonicus SUTO 2004a, p. 69, pl. 3, figs. 1a-10

Stratigraphic occurrence: At DSDP Site 338, this species is rec-
ognized from early Oligocene to middle Miocene (text-fig. 4).

Liradiscus petasus Suto
Text-figure 31, J; Plate 3, figs. 10a-13b

Liradiscus petasus SUTO 2004a, p. 70, pl. 2, figs. 26a-35.

Stratigraphic occurrence: At DSDP Site 338, the occurrences
of this species are recognized in the interval from the late early
Oligocene to middle early Miocene (text-fig. 4). The age of oc-
currences in the Norwegian Sea differs from that of in the North
Pacific Ocean (early late Miocene, see Suto 2004a).

Liradiscus reticulatus Suto
Text-figure 3M, N; Plate 3, Figs. 14a-16b)

Liradiscus reticulatus SUTO 2004a, p. 70, pl. 2, figs. 21a-25

Stratigraphic occurrence: At DSDP Site 338, this species oc-
curs continuously in the early Miocene Zone NPD 1 thorough
Zone NPD 2A (text-fig. 4). The age of occurrences in the Nor-
wegian Sea is different from that of in the North Pacific Ocean
(middle late Miocene, see Suto 2004a).

Liradiscus pacificus Suto
Text-figures 30, 3P

Liradiscus pacificus SUTO 2004a, p. 70, pl. 3, figs. 11a-15.

Stratigraphic occurrence: In the Norwegian Sea, this species oc-
curs continuously from a latest Oligocene to middle Miocene
interval (text-fig. 4).

DISCUSSION

The genus Liradiscus is composed of sixteen species (text-figs.
2, 3; table 2). These species are divided into two groups by their
valve outline; circular and elliptical groups.

The circular group is composed of six species; L. barbadensis,
L. minutus, L. akibae, L. cucurbitus, L. castaneus var. casta-
neus, L. castaneus var. reticulatus (text-fig. 2). Liraduscus bar-
badensis, L. minutus and L. akibae were not encountered in this
study.
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TEXT-FIGURE 5
Stratigraphic ranges of Liradiscus species at DSDP Sites 338, 436 and 438, and in the Newport Beach Section. Diatom zones and NPD codes are after
Yanagisawa and Akiba (1998) for the Pleistocene, Pliocene and Miocene, and those after Schrader and Fenner (1976) for the Oligocene and Eocene.
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TABLE 1

Occurrences of Liradiscus species in DSDP Site 338. Numbers indicate individuals encountered during 100 counts of resting spore valves; + indicates
epivalves encountered after the count; blank indicates absence of any taxa. Diatom zones and NPD codes in the Miocene are after Yanagisawa and Akiba
(1998), and those in the Oligocene and Eocene after Schrader and Fenner (1976).
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TABLE 2
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List of Liradiscus species in the Norwegian Sea and North Pacific described in Suto (2004a) and in this study, and their characteristics, type localities
and known geological ranges. “+” and “-* means presence and absence of spines on their valve faces, respectively.

The elliptical group consists of ten species; L. ovalis, L.
ellipticus, L. bipolaris, L. plicatulus, L. japonicus, L. petasus, L.
pacificus, L. reticulatus, L. caepus and L. nimbus (text-fig. 3).
Liradiscus ovalis, L. ellipticus and L. bipolaris were not found
in this study.

The occurrences of L. petasus and L. reticulatus are differenti-
ated from those of other species. In the North Pacific, L. petasus
occurs in a short interval from the early late Miocene Zone
NPD 5D through the middle late Miocene Zone NPD 6B and L.
reticulatus has a very short range in the middle late Miocene
Zone NPD 6B (Suto 2004a). On the other hand, their occur-
rences in the Norwegian Sea are from the late early Oligocene
to the middle early Miocene and from the early Miocene Zone
NPD 1 to the Zone NPD 2A, respectively (text-figs. 4, 5). Suto
(2004a) mentioned that these species might constitute a phylo-
genetically related group because they are very similar each
other, however, the differences in age ranges of these species
between the North Pacific and Norwegian Sea may suggest that
they are allopatric and constitute distinct species, or they may
be due to the regional environmental differences. It is necessary
to investigate these species in other regions in order to claify
these differences in age ranges indicate that these species are
same or different ones.

Liradiscus is characterized by a thick frustule sculptured by
veins with a single ring of puncta on the hypovalve and similar
to the fossil Chaetoceros resting spore morpho-genera
Vallodiscus Suto and Truncatulus Suto, because all of them

possess several types of veins on the valve surfaces. Vallodiscus
is clearly distinguished from this genus by possessing a single
ring of veins along the epivalve margin and a hypovalve cov-
ered with circular depressions of several sizes with gentle eleva-
tions (Suto 2005a). Truncatulus is separated easily from
Liradiscus by the circular, elliptical or polygonal flat plate on
the truncated elevation of oval to elliptical epivalves and/or
hypovalves (Suto 2006). Vallodiscus and Truncatulus may be in
a close phylogenetic relationship between them because all of
them possess ring of puncta on their hypovalve mantles. They
must be fossil resting spores produced from vegetative cells of
Chaetoceros, but the evolutional relationships are not unclear
because their vegetative valves do not preserved as fossils.
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PLATE 1

Liradiscus cucurbitus Suto n. sp.

lab Valve view of epivalve, DSDP Site 338-8-3, 80-
81cm. LM, scale bar = 10pm.

2ab Valve view of hypovalve, DSDP Site 338-10-2,
80-81cm. LM, scale bar = 10um.

3ab Valve view of hypovalve, DSDP Site 338-11-1,
50-51cm. LM, scale bar = 10um.

4ab Girdle view of epivalve, DSDP Site 338-15-2,
100-101cm. LM, scale bar = 10um.

S5ab Girdle view of epivalve, DSDP Site 338-16-1,
10-11cm. LM, scale bar = 10um.
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6a-b Valve view of epivalve, DSDP Site 338-15-3, 100-
101lcm. LM, scale bar = 10um.

Tab Holotype, Girdle view of frustule, DSDP Site
338-17-4, 79-80cm. LM, scale bar = 10um.

8ab Oblique girdle view of frustule, DSDP Site 338-16-3,
10-11cm. LM, scale bar = 10um.

9ab Valve view of epivalve, DSDP Site 338-17-4,
79-80cm. LM, scale bar = 10um.

10 Valve view of epivalve, DSDP Site 338-11-4,
148-149cm. SEM, scale bar = Spm.
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PLATE 2

Liradiscus castaneus Suto n. sp.

lab L. castaneus, Valve view of hypovalve, DSDP Site
436-5-2, 148-150cm. LM, scale bar = 10pm.

2ab Holotype of L. castaneus, Valve view of hypovalve,
DSDP Site 436-9-2, 148-150cm. LM, scale bar =

10um.

3ac L. castaneus, Valve view of frustule, DSDP Site
338-8-3, 80-81cm. LM, scale bar = 10um.

dab L. castaneus var. reticulatus, Valve view of frustule,
DSDP Site 338-11-2, 50-51cm. LM, scale bar =
10um.

Sab Holotype of L. castaneus var. reticulatus, Valve view
of hypovalve, DSDP Site 338-17-3, 110-111cm.LM,
scale bar = 10um.

6ab L. castaneus var. reticulatus, Valve view of hypo-
valve, DSDP Site 338-15-3, 100-101cm. LM, scale
bar = 10pm.

Tab L. castaneus var. castaneus, Valve view of hypovalve,
DSDP Site 338-13-5, 70-71cm. LM, scale bar =
10um.

8ab Girdle view of frustule, DSDP Site 338-8-4, 10-11cm.
LM, scale bar = 10um.

9a-b Girdle view of frustule, DSDP Site 436-5-2,
148-150cm. LM, scale bar = 10um.

10ab L. castaneus var. reticulatus, Valve view of
hypovalve, DSDP Site 338-19-4, 10-11cm. LM, scale
bar = 10pm.
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llab L. castaneus var. reticulatus, Valve view of hypo-
valve, DSDP Site 338-16-2, 10-11cm. LM, scale bar
= 10pum.

12ac L. castaneus var. reticulatus, Valve view of frustule,
DSDP Site 338-17-1, 100-101cm. LM, scale bar =
10um.

13ab L. castaneus var. reticulatus, Valve view of frustule,
DSDP Site 338-14-1, 20-21cm. LM, scale bar =
10um.

14ab L. castaneus, Valve view of frustule, DSDP Site
436-5-2, 148-150cm. LM, scale bar = 10um.

15ab Oblique valve view of epivalve, DSDP Site 338-19-4,
10-11cm. LM, scale bar = 10um.

16ab L. castaneus var. reticulatus, Valve view of hypo-
valve, DSDP Site 338-15-3, 100-101cm. LM, scale
bar = 10pm.

17ab L. castaneus var. reticulatus, Valve view of hypo-
valve, DSDP Site 338-15-1, 30-31cm. LM, scale bar
= 10pm.

18ab L. castaneus var. reticulatus, Valve view of hypo-
valve, DSDP Site 338-21-1, 32-33cm. LM, scale bar
= 10pum.

19 Valve view of epivalve, DSDP Site 338, 8-1, 140-
141cm. SEM, scale bar = Spm.

20 L. castaneus var. reticulatus, Valve view of hypo-
valve, DSDP Site 338-10-1, 106-107cm. SEM, scale
bar = Sum.
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PLATE 3

la-5 — Liradiscus caepus Suto n. sp.
lab Valve view of hypovalve. DSDP Site 338-10-1,
106-107cm. LM, scale bar = 10um.

2ab Girdle view of hypovalve. DSDP Site 338-11-4,
148-149cm. LM, scale bar = 10um.

3ab Valve view of hypovalve. DSDP Site 338-11-4,
70-71cm. LM, scale bar = 10um.

4ab Holotype, Oblique valve view of hypovalve. DSDP
Site 338-12-2, 40-41cm. LM, scale bar = 10um.

5 Valve view of hypovalve. DSDP Site 338-11-4,
148-149cm. SEM, scale bar = Sum.

6a-9b — Liradiscus nimbus Suto n. sp.

6ab Valve view of hypovalve, DSDP Site 338-20-3,
20-21cm. LM, scale bar = 10um.

7ab Valve view of hypovalve, DSDP Site 338-20-4,
148-149cm. LM, scale bar = 10um.

8ab Holotype, Valve view of hypovalve, DSDP Site
338-19-3, 20-21cm. LM, scale bar = 10um.
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9ab Valve view of hypovalve, DSDP Site 338-22-4,
79-80cm. LM, scale bar = 10um.

10a-13b — Liradiscus petasus Suto.
10ab Valve view of hypovalve, DSDP Site 338-19-3,
20-21cm. LM, scale bar = 10um.

1lab Valve view of hypovalve, DSDP Site 338-19-4,
10-11cm. LM, scale bar = 10um.

12ab Valve view of hypovalve, DSDP Site 338-15-3,
100-101cm. LM, scale bar = 10um.

13ab Valve view of hypovalve, DSDP Site 338-15-3,
100-101cm. LM, scale bar = 10um.

14a-16b — Liradiscus reticulatus Suto.

1l4ab Valve view of hypovalve. DSDP Site 338-15-4,
100-101cm. LM, scale bar = 10um.

15ab Valve view of hypovalve. DSDP Site 338-15-3,
100-101cm. LM, scale bar = 10um.

16ab Valve view of hypovalve. DSDP Site 338-18-1,
148-149cm. LM, scale bar = 10um.
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