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Introduction
P.R. Bown and l.R. Young

1.1 WHAT ARE CALCAREOUS
NANNOFOSSILS?
The term 'calcareous nannofossil' is usually
defined as including all calcareous fossils smaller
than 30 microns (flm). It is based on the term
nannoplankton which was defined by Lohmann
(1909) as including the plankton which pass
through the finest plankton nets, that is, <63flm.
As might be expected, a diverse range of
organisms can occur as calcareous nannofossils,
including ascidian spicules, calcispheres (calcareous dinoflagellates) and juvenile foraminifera.
The overwhelmingly predominant group, however, are the remains and probable remains of
haptophyte algae, the dominant group of
calcareous nannoplankton. Calcareous nannofossils are generally disc-like in form and clearly
analogous to the calcite plates, coccoliths,
produced by living haptophyte algae, more
specifically the coccolith-bearing sub-group
known as coccolithophores. However, there are
also a significant number of variously-shaped
nannofossils, nannoliths, whose biological
affinities are less certain due to the lack of
obvious living analogues. Despite this, it is
generally assumed that nannoliths had algal
origins as they show closely-comparable
distributions to coccoliths and many display only
slight morphological modifications to the basic
coccolith plan. We do not include as nannoliths,
groups which are known to have been formed by
non-haptophytes, for instance calcispheres, which
are produced by dinoflagellates. It should be noted
that the term nannolith has been used in varying
senses by different authors, and is not used at all
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by some workers.
The living coccolithophores are marine, unicellular, flagellate phytoplankton, belonging to
the phylum Haptophyta and division Prymnesiophyceae. They are characterized by the possession
of a cell-wall covering, a coccosphere, of coccoliths which are readily preserved as fossils, either
as complete coccospheres or, more commonly, in
a disaggregated state as individual coccoliths.
Coccoliths are phenomenally abundant in sea-floor
sediments above the calcite compensation depth,
and preserve the composition of the overlying
photic-zone communities due to protected and
accelerated sedimentation in the faecal pellets of
zooplankton or in marine snow. As a result,
haptophyte algae have one of the most abundant
fossil records of any phylum and, moreover, this
fossil record is continuous from their first
occurrence in the Late Triassic to the present day.
It is a fascinating paradox that, despite their small
size, nannofossils/nannoplankton are strikingly
visible both in the geological record, as nannofossil sediments such as chalk, and in the present
oceans as evidenced by satellite images of
extensive coccolithophore blooms.
Due to their great abundance, photosynthesis
and calcification, haptophyte algae are significant
components of the earth's biogeochemical cycles.
The evolution of nannoplankton resulted in a
major shift in the locus of global calcification
from the continental shelves toward deep oceans,
with accompanying effects on deep-ocean CO 2
budgets, calcite compensation depths and geological carbonate turnover rates. Nonetheless, the
prime geological interest in the group has been
their application to biostratigraphy.
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1.2 HAPTOPHYTE ALGAE
The following section discusses a range of topics
related to coccolithophore biology. It is based
mainly on the study of extant organisms but is
intended to provide basic background information
for understanding calcareous nannofossils. The
primary literature on the biology of coccolithophores and other haptophytes is now quite large
but there are several useful syntheses, including
two recent edited volumes, by Winter and Siesser
(1994) and Green and Leadbeater (1994). This
section also introduces key terminology but for
more extended discussions of terminology applied
to nannofossils and haptophytes see Jordan et al.
(1995) and Young et al. (1997).

1.2.1 Haptophyte cytology (cell
structure)
Haptophyte algae are primarily characterized by
the possession of golden-brown chloroplasts, an
exoskeleton of scales and a unique flagella-like
structure, the haptonema. The cell structure of
haptophytes has been extensively studied, primarily by transmission electron microscope (TEM)
examination of ultrathin sections, combined with
light microscope (LM) studies of live cells.
Approachable examples of such work include
Manton and Leedale (1969), Outka and Williams
(1971) and Inouye and Pienaar (1984, 1988);
useful syntheses are given by Haq (1978), Tappan
(1982), Pienaar (1994) and Jordan et al. (1995).
A generalized haptophyte cell is illustrated in
Fig. 1.1. The cell is dominated by large chloroplasts and a nucleus, the sites respectively of
photosynthesis and genetic material. Mitochondria
(energy storage bodies) are also normally easily
identifiable. The Golgi body is a set of interlinked
vesicles which are the site of important biosynthesis processes and, in particular, the site where
scales and coccoliths are formed. Typically there is
a stack of Golgi vesicles in which scales and coccoliths, at various stages of formation, can be seen.
The cell is bounded by a multi-layered cell
membrane, also known as the plasmalemma or
plasma membrane. The flagella protrude through
this membrane and have a complex root structure
below it. The two flagella are of equal length and
smooth, that is, they lack hairs. In addition, there

is a third, flagellum-like structure called the
haptonema. This has a unique ultrastructure of a
few, usually seven, microtubules, in contrast to
the 9+2 microtubular structure universally present
in flagella. The haptonema is also unique in
showing coiling, and appears to have a range of
functional adaptations in swimming, attachment
and particle capture (Inouye and Kawachi, 1994).
The cell wall outside the membrane is made up
of an inner layer of organic body-scales and an
outer layer of coccoliths. The scales and coccoliths
are closely related structures, both formed in the
Golgi body, and the coccoliths typically have an
organic base-plate scale. The scales have a
microfibrillar ultrastructure showing a fine radiating pattern on the proximal face and a more or
less regular concentric pattern on the distal face.
The haptophyte algae were originally included
in the division Chrysophyceae along with silicoflagellates and other algae with golden-brown
chloroplasts. They were separated after recognition
of the unique structure of the haptonema (Parke et
al., 1955; Christensen, 1962; Hibberd, 1972,
1976). This separation has since been strongly
supported by additional evidence from cytology,
biochemistry and molecular genetics (Green and
Jordan, 1994). They are now well established as a
discrete phylum including both the coccolithophores and a range of non-calcifying groups, e.g.
Prymnesium, Chrysochromulina and Phaeocystis.

1.2.2 Calcareous scales as diagnostic
features
Many flagellates have exoskeletons of organic,
calcareous or siliceous scales formed in the Golgi
body, including both chromists, such as haptophytes and chrysophytes, and green algae, such as
prasi nophytes. However, the organic scales of
haptophytes are distinctive, and calcareous scales
appear to be unique to the haptophytes. Calcification also occurs in some dinoflagellates but in
the form of continuous cell-wall coverings, not
scales, and with less precise control of crystal
form. There is the possibility of circular reasoning
here, since some genera have been assigned to the
haptophytes almost solely on the grounds that
they produce calcareous scales, e.g. Florisphaera.
An interesting example of the success of this type
of prediction is provided by Pol yc ra t e r
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galapagensis. This species produces square, cupshaped, aragonitic nannoliths which appear quite
different to normal coccoliths, so its original
assignment to the haptophytes was speculative
(Manton and Oates, 1980). However, it has
recently been shown to possess a haptonema
(Thomsen et al., 1994), thus confirming its
identity as a haptophyte. Overall, the evidence
from modem algae strongly supports the palaeontologists' assumption that fossil nannolith groups
are a priori likely to be related to coccoliths.
1.2.3 Coccolith morphology and
formation
This discussion of morphology will deal mainly
with coccoliths, as they show relatively consistent
morphological plans to which a coherent terminology can be applied. Nannoliths are morphologically diverse, and require group by group
descriptions and terminology. Basic terminology
for the description of coccoliths is given in Fig.
1.2. A selection of coccolith and nannolith
morphologies is illustrated in Plate 1.1.
Coccolithophore cells may produce two types
of coccoliths, heterococcoliths and holococcoliths,
which are distinguished by their morphology,
mode of formation, and the life-cycle stage during
which they are produced.
(a) Heterococcoliths

Heterococcoliths are circular to elliptical, more
rarely polygonal, discs or rings constructed from
one or more radial arrays (cycles) of elaborate and
variably-shaped crystal units. This disc or ring is
termed the rim and encloses a central area, which
may be open, virtually closed or spanned by a
variety of structures. There are considerable
variations in rim form. The most common types
are muroliths, which have a wall-like, sub-vertical
rim, and placoliths, which have two subhorizontal shields separated by a tube. Central-area
structures are even more variable, including grills,
plates, bridges and spines.
Heterococcoliths are formed intracellularly but
are then extruded to form a composite exoskeleton, the coccosphere. A reasonable number of
heterococcolith-bearing species have been cultured,
and for these there is quite detailed information on
coccolith formation. In all cases coccolith growth

occurs in Golgi vesicles or, in the case of
Emiliania huxleyi, in a separate but almost
certainly Golgi-derived vesicle. Data comes from
TEM observation of intracellular coccoliths,
SEM, LM and TEM examination of isolated
coccoliths, and biochemical investigations.
Syntheses of the work include Westbroek et ai.
(1989), Young (1989) and Pienaar (1994).
Observation of rim morphology using electron
microscopy, together with crystallographic
observations using light-microscopy, reveals
complex, multicyclic rim-architectures. However,
in many cases the structural relationship between
the rim cycles is not known or is uncertain, due to
the superimposition, and often complex intergrowth, of cycles of elements. The intricate relationships between these intergrown cycles has only
recently been established in detail, for a limited
number of taxa, following the discovery of growth
stages which preserve the step-by-step construction of coccoliths which occurs within the cell.
These stages are most easily observed in monocultures of living species (Young et al., 1992) but
they have also been seen in exceptionally preserved fossil assemblages (Young and Bown, 1991).
These discoveries show that coccolith growth
can be divided into three stages:
• formation of an organic baseplate;
• initial nucleation, which forms a cycle of
simple crystals around the margin of the organic
baseplate (the proto-coccolith ring);
• crystal growth in three dimensions, forming the
complex, fully-formed coccolith.
In a limited number of examples, we have been
able to identify how the numerous cycles of rim
elements are interconnected, identify the locus of
the proto-coccolith ring, and reconstruct growth of
the crystal units. In each case, it appears that the
heterococcolith rims are formed from only two
crystal units, e.g. Watznaueria (Bown, 1987;
Young and Bown, 1991), Parhabdolithus (Bown,
1987), Emiliania (Young et ai., 1992), Coccolithus (Young, 1992) and Biscutum (Ehrendorfer
et ai., in prep.). These crystal units may form
clearly separate parts of the rim or may be
complexly intergrown, but they always originate
as alternating crystal nuclei in the proto-coccolith
ring. Typically, one set of crystal units has subvertical c-axes (and so appears dark in cross
polarised light (XPL)) whilst the other has subradial c-axes (and so appears bright in XPL).
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Calcareous nannofossil morphology: (I) Syraeosphaera pulchra polymorphic coccosphere with
distinctive endothecal, exothecal and circumflagellar (spinose) coccoliths; (2, 3) Emiliania huxleyi showing
placolith structure; (4) Prediseosphaera ponticula in proximal view illustrating alternating VIR biomineralization;
(5) Calyptrolithophora papill(fera weakly dimorphic holococcosphere; (6) Calyptrosphaera oblonga with
hexagonal crystallite arrangement; (7) Syraeolithus eatill(ferus showing rhombohedral crystallite arrangement; (8)
Anfraews youngii, Early Jurassic; (9) Braarudosphaera bigelowii 'sphere'; (10) Discoaster sureulus; (II) Mieula
coneava; and (12) Triquetrorhabdulus rugosus.
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These crystal units are termed V-units (vertical)
and R-units (radial) (Young et ai., 1992). As the
appearance of coccoliths in the LM is largely a
reflection of the c-axis orientation of the
individual elements, many coccoliths have XPL
images of concentric, low- and high-birefringence
zones. In other coccoliths, one of the units may
be suppressed, resulting in a wholly low- or highbirefringence image. These observations are
incorporated into a model of coccolith assembly,
called the VIR model, which predicts that only
two crystallographic units constitute coccolith
rims, these units originating from a common
nucleation site in the proto-coccolith ring (Young
et ai., 1992).
It should be noted that the actual orientations
often depart significantly from radial and vertical,
considerably more so than was initially suggested
in Young et ai. (1992). Another important
limitation of the model is that many central-area
structures are not derived from rim units, that is,
separate nucleation occurs in the central area away
from the proto-coccolith ring. Nonetheless,
identifying the rim V- and R-units provides an
essential basis for understanding homology, and
so evolution, in heterococcoliths.
The number of crystal units in a coccolith is
determined at the nucleation stage and since the Vand R-nuclei alternate around the proto-coccolith
ring there is the same number of each type of
unit. By contrast the number of crystal units per
coccolith of a species is usually highly variable,
and typically linearly related to coccolith size. For
instance in Emiliania huxleyi there are 20 to 50
crystal units, corresponding to a size range of 2.0
to 5.01lm (Young and Westbroek, 1991). The
nucleation stage also fixes the orientation of the
crystal units; whilst the orientations are broadly
radial and vertical in detail they depart from these
orthogonal directions and this gives a chirality to
the coccolith structures. This chirality is expressed
in terms of imbrication and obliquity directions of
individual elements and details of element shape
(Didymus et ai., 1994). Virtually all coccoliths
show chiral features and the sense of chirality
appears to be absolutely consistent within species
providing valuable phylogenetic characters.
(b) Holococcoliths
Holococcoliths are typically disc- or dome-shaped
and formed of numerous, minute (typically

O.lllm), equidimensional calcite crystallites of
simple shape. Compared to heterococcoliths,
holococcolith morphologies are more conservative
through time, and there is a less well-defined
division between rim and central-area structures
(reflecting the consistent use of identical building
blocks).
Holococcolith formation has been less well
studied, only two holococcolith-bearing species
having been cultured. Coccolithus pelagicus
produces Crystallolithus hyalinus holococcoliths
in an alternate, motile, life-cycle stage (Parke and
Adams, 1960; Manton and Leedale, 1969;
Rowson et al., 1986), whereas Calyptrosphaera
sphaeroidea is only known to produce
holococcoliths (Klaveness, 1973; Pienaar, 1994).
In both species, the holococcoliths have welldeveloped organic base-plate scales and separate
body-scales. These scales can be observed forming
in Golgi vesicles but the holococcoliths
themselves have never been observed inside the
cel!. It has been inferred from this that
calcification in holococcoliths is extracellular, and
Rowson et al. (1986) produced some experimental
results supporting this. Holococcoliths do not
obviously display growth sequences and it is quite
possible that calcification occurs across the entire
surface simultaneously. The very different
formation mechanisms of holococcoliths and
heterococcoliths suggest that there may be only
limited homology between them.
Holococcolith crystallites are arranged in
precise geometric arrays clearly showing that the
location of nucleation is precisely controlled
(Plate 1.1). Equally, individual crystallite faces are
aligned, so crystal orientation must also be
precisely regulated. Holococcolith surfaces often
show hexagonal arrays of crystals with rhombohedral faces developed on the crystallites (Plate
1.1), and LM observations show that this is due
to their c-axes being orientated perpendicular to
the surface. Other surfaces, however, are covered
by crystallites lying with a rhombohedral face
parallel to the surface, and so with their c-axes
oblique to the surface (Plate 1.1). It is difficult to
envisage a simple model of calcite nucleation to
accommodate both nucleation patterns.
Neighbouring crystallites often have closely
orientated c-axes and during diagenesis, large zones
of crystallites overgrow as single crystal blocks
which extend to fill any internal spaces. Many
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fossil holococcoliths (e.g. Calculites) display a
proximal or distal surface formed of a few such
blocks surrounded by a narrow rim with smaller
radial elements. The general appearance of
holococcoliths in the LM is distinctive but
electron micrograph studies of well-preserved
material, in which individual crystallites are
visible, provide the best proof of holococcolith
nature (Gartner and Bukry, 1969; Kleijne, 1991;
Bown, 1993; Farhan et aI., 1994).
The fossil record of holococcoliths is sporadic
and sparse, reflecting their low preservation
potential despite their diversity in modern
assemblages. The holococcolith taxa which are
preserved as fossils tend to be larger, possibly
atypical forms.
(c) Nannoliths
Nannoliths are a heterogeneous group including a
wide range of shapes (Plate 1.1). Most of them
show some of the features of heterococcoliths,
such as rotational symmetry, complex crystal-unit
shape, chirality or broadly plate-like shape. They
are all, however, sufficiently different to make
their relationship with coccolithophores uncertain.
It is almost certainly an artificial grouping, and
many nannoliths may prove to be modified
heterococcoliths evolved from a range of ancestors
(e.g. Nannotetrina, Discoaster, Florisphaera).
Others may perhaps be modified holococcoliths
(e.g. Ceratolithus), still others may prove to have
been formed by haptophytes with calcification
mechanisms unrelated to either mode (e.g.
Braarudosphaera, Nannoconus), or even by nonhaptophytes (e.g. Schizosphaerella).

1.2.4 Life cycles
Our knowledge of life cycles in haptophytes is
inevitably limited to the few species which have
been maintained in culture regularly, and even for
these, observations are often incomplete. There is
also a confusing diversity of patterns in terms of
motile vs non-motile stages and development of
different cell coverings, occurrence of pseudofilamentous benthic stages, etc. Billard (1994) has
synthesized available data and suggests, following
the work of Gayral and Fresnel (1983) and Fresnel
and Billard (1991), that a fairly clear general
pattern can be discerned. Diploid stages (complete

DNA compliment) may be motile or non-motile
but if they calcify they produce heterococcoliths,
and innermost organic body-scales (if present) that
are rimmed and patterned with concentric plus
radial microfibrils on both faces. Haploid stages
(half the normal DNA compliment) are predominantly motile but may produce benthic pseudofilamentous cells; if they calcify they produce
holococcoliths and rimless body-scales with
distinctly different proximal and distal faces. This
elegant synthesis is by no means proven but is a
convincing rationalization of existing data and
provides a useful model for future research. A key
feature of the model is that cell coverings in
haploid and diploid phases of the life cycle are
distinctive and probably have had separate
evolutionary histories. Hence classifications based
exclusively on the products of one stage, e.g.
heterococcoliths, should be rigorous even though
inferences of relationships between stages will
always be difficult. This supports our confidence
in the basic validity of fossil heterococcolith
classification.
As an example, Fig. 1.1 illustrates the life
cycle of Emiliania huxleyi, as currently understood. The predominant stage consists of diploid,
heterococcolith-forming, non-motile 'C' cells.
These are capable of reproducing indefinitely by
asexual binary fission (simple mitosis). During
this process naked 'N' cells can be created, indeed
strains can virtually lose their ability to calcify.
'N' cells are essentially similar to the 'C' cells, and
their development is not now thought to have any
relevance to life cycles. The significant transition
comes with formation of haploid, scale-bearing,
motile'S' cells, presumably through meiotic
division. These stages can also reproduce by
asexual binary fission but can give rise to new
diploid 'C' cells, presumably by syngamy.
Key observations on this cycle were made by
Klaveness (1972) who identified the three basic
cell types and speculated on the likelihood of a
sexual cycle, but was unclear as to the
significance of naked, scale-bearing and coccolithbearing cells. Subsequent work demonstrated that
the 'N' and 'C' cells were essentially identical, and
more recently flow cytometry has demonstrated
that the 'C' (and 'N') cells do have double the DNA
content of the'S' cells (Green et aI., 1996). In
addition, genetic fingerprinting type studies have
demonstrated that within individual populations of
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Emiliania huxleyi there is great genetic diversity
and so genetic recombination must be occurring
(Medlin et aI., 1996). Nonetheless, the conditions
which trigger transition between life cycle stages
are still unclear, so observations are still difficult
and the actual processes of syngamy and meiosis
have yet to be observed.

1.2.5 Coccolith function
Although there has been abundant speculation on
the function of coccoliths (Fig. 1.3), no definitive
explanation has as yet been forthcoming (Young,
1987, 1994). Coccolithophores are only one of a
number of algal phytoplankton groups which
possess mineralized cell-wall covers, e.g. diatoms
have silica frustules and dinophytes have organic
thecae, and this perhaps suggests a common
function for such coverings, the most obvious
being protection of the delicate cell wall, whether
it be from mechanical damage, bacterial/viral
attack or chemical shock. However, there is no
clear evidence that the presence of coccoliths is an
effective defence against predation, which is
usually in the form of herbivorous zooplankton.
Another common explanation is related to
flotation and buoyancy of the cell, critical to
phytoplankton which need to maintain a position
within the photic zone while escaping nutrientdepleted water. Heavy coccospheres may produce
rapid sinking, allowing more effective nutrient
uptake, while turbule;.: mixing will maintain
their position in tile photic zone. Varying the
number of coccoliths on a coccosphere may lead
to greater control over sinking and flotation,
whilst aspherical coccospheres and long coccolith
spines may both facilitate orientation and vary
sinking rates.
A number of elegant explanations have
suggested that coccolith function is related to
light-regulation, either reflecting light from the
cell, allowing a life-position high in the photic
zone where UV radiation is high, or refracting
light into the cell allowing life deep in the photic
zone where light-levels are low but nutrients are
plentiful. There is evidence to support both cases,
e.g. Florisphaera profunda is an extant species
with an atypical, asymmetric coccosphere for
which the light-concentration function has been
proposed, and recent research has shown that

indeed this species occupies an unusually deep
photic-zone niche where few other algae can grow.
In contrast, Emiliania huxleyi is an upper photiczone, bloom species, which produces huge
numbers of coccoliths many of which are shed
into the water column. Reflection of sunlight
results in high albedo, 'white-water' conditions and
increased water temperatures (Holligan et al.,
1993). This production of numerous coccoliths
per cell may benefit Emiliania huxleyi in this
high-light, near-surface niche.
Evidence that coccoliths have opposing
functions in different species suggests that diversification of morphology has led to adaptation for
different functions which may be reflected in the
size, shape and number of coccoliths, and the
resultant coccosphere morphology, although there
may have been an original common function, e.g.
protection.
Finally, there are also biochemical explanations for coccolith formation, mainly hypothesizing that coccolith formation is a by-product of the
cell's biochemical functions, or that their formation enhances the energy efficiency of these
biochemical processes. None of these hypotheses
have been definitively proven but they remain
possibilities which may explain, at least in part,
why coccoliths were initially produced.

1.2.6 Coccolithophore ecology and
distribution
Extant coccolithophores have a widespread oceanic
distribution, living in the photic zone and being
most diverse at low latitudes. Generally speaking,
they are not found at latitudes higher than 70° and
flourish in warm, stratified, oligotrophic, midocean environments. However, a number of
species have very broad ecological tolerances, e.g.
the living species Emiliania huxleyi thrives in a
wide range of temperatures and salinities (I to
31°C and 11 to 41ppt (Brand, 1994». Only one
freshwater coccolithophore has been well
documented (e.g. Braarud, 1954; Manton and
Peterfi, 1969).
Coccolithophores show distinct biogeographic
distribution patterns, defining broad, latitudinal
belts or zones (Winter et aI., 1994). These zones
are generally distinguished by variations in assemblage composition rather than high endemicity,
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the great majority of coccolithophore species
being virtually cosmopolitan. These distribution
patterns have been interpreted in terms of surfacewater temperature but are increasingly seen as a
reflection of both temperature and nutrient
distributions, which themselves are linked to the
large-scale features of oceanic circulation such as
di vergence zones, ocean gyres and seasonal
mixing. The major limiting nutrients are nitrate
and phosphate, but the abundance of other trace
elements and vitamins, such as Fe, Zn, Mn and
thiamine, are also thought to be significant. There
is also evidence that some coccolithophores may
supplement their nutrient requirements by
heterotrophy or phagotrophy, using the haptonema to capture food particles. Seasonally stable,
oligotrophic, tropical and subtropical mid-ocean
gyre environments support the highest diversities,
but standing crops are low, reflecting low
reproduction rates. Eutrophic conditions, due to
upwelling or deep seasonal mixing, often support
high standing crops dominated by one or a few
species, however diatoms are the most effective
eutrophic phytoplankton in present oceans and
coccolithophores generally bloom following
depletion of silica in the surface waters.
Continental shelf environments also tend to be
unstable and eutrophic in nature and support
distinctive assemblages, including taxa which do
not live in open-ocean environments, e.g.
Pleurochrysis carterae. The partitioning of species
between nutrient-differentiated environments is a
good indication that contrasting r- and K-selection
life strategies have been developed (Aubry, 1992;
Brand, 1994; Young, 1994).
There is also good evidence that coccolithophore communities show limited vertical stratification, with distinctive deep photic-zone assemblages occurring in or below the thermocline/nutricline, exploiting a less-competitive
low-light, low-temperature, high-nutrient niche,
in particular, Florisphaera profunda and
Thorosphaerajlabellata (Winter et al., 1994).
Evidence from the fossil record suggests that
coccolithophores have always displayed broadly
similar ecological tolerances, and certainly
palaeobiogeographic distributions are generally
comparable with those of the present.

1.3 CALCAREOUS NANNOFOSSIL
TAXONOMY/CLASSIFICATION
The systematics of calcareous nannofossils/
nannoplankton are based entirely on phenetic data
and largely confined to the structure and shape of
the coccoliths and nannoliths. Cytological
information has been used by phycologists but
only to develop higher taxonomy of the
haptophytes. In living coccolithophores, calcareous scales are highly reliable indicators of haptophyte affinity, and isolated heterococcolith and
holococcolith morphology is a robust taxonomic
criterion down to species level. There are obvious
taxonomic pitfalls as coccolith morphology may
be variable through life cycle stages, across the
same coccosphere (polymorphism), through ecological factors (ecophenotypic), and preservational
factors (conspecific preservational morphotypes).
However, these are generally fairly easily overcome and benefit from careful consideration of the
study of natural populations or culture studies. In
the case of polymorphism, this appears to be
restricted to more exotic taxa, both in the Recent
and in the fossil record. The probable lack of
homology between heterococcoliths and holococcoliths is discussed above, and in practice, the
taxonomy of these two coccolith types is treated
separately. The classification of nannoliths is also
problematical, as we can now demonstrate that
some living haptophytes produce very uncoccolith-looking structures, but may in fact be
coccolithophores, e.g. Ceratolithus and Florisphaera. The phylogeny of this non-V/R-type
biomineralization is presently unknown, and for
fossil representatives at least, we retain a highlevel, bipartite division, separating coccoliths
from nannoliths.
The present taxonomy of nannofossils has
been greatly influenced by progressive technological advances which have, in some cases,
dramatically improved our ability to resolve
morphology. For over a century, light microscopy
was the only method of observation, and for much
of that time only bright field illumination, a
relatively unrevealing technique at best, was
employed. It could be argued that, until the advent
of electron microscopy, in the great majority of
cases, the species-level taxonomy was suspect,
and the generic-level taxonomy virtually
meaningless, with many species grouped into
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fonn genera, such as Coccolithus, Discolithus and
Zygolithus. To illustrate this, of the 190 Mesozoic genera recognized by the authors herein, only
the highly distinctive nannolith taxa Nannoconus,
Schizosphaerella and Braarudosphaera, and the
coccolith genus Stephanolithion, were described
before 1950. There has subsequently been an
avalanche of taxonomic descriptions which has
been based upon a variety of taxonomic concepts,
observational techniques and morphological
understanding.
This taxonomic revolution has not proceeded
particularly smoothly, and inconsistencies remain
firmly embedded in the classification. Common
problems include the variable weighting given to
morphological features seen in the LM as opposed
to the EM; the taxonomic significance of rim vs
central-area structures; and the use of fine centralarea details only observed in EM when
preservation is exceptiona1. We have attempted a
uniformity of approach in the taxonomy presented
in the following chapters, but this is weighed
against a desire to retain stability in the
taxonomy, and thus some inconsistency must be
endured in order to achieve this goa1.

1.3.1 Taxonomic rationale
The most fundamental differentiation in nannofossil classification is arguably the bipartite division between coccoliths and nannoliths, although
we also acknowledge the importance of the
heterococcolith/holococcolith division. Coccoliths
are clearly the remains of haptophyte algae, and
have displayed relatively uniform morphological
features throughout their geological history,
allowing a consistent and standard approach to
their taxonomy. This is not always well-reflected
in the existing taxonomy due to the historical
factors discussed above. The morphological variability of nannoliths generally prevents any
standardized taxonomic approach, and they are best
treated on a group-by-group basis.
Most authors agree that coccolith rim structure
is the most significant and conserved morphological feature and thus the most appropriate for
familial and higher-level classification. Fine
details of rim construction, central-area size and
central-area structure should be reserved for
generic- and specific-level classification. The

major problem in applying this taxonomic
rationale is the difficulty in elucidating the true
structure of coccolith rims. However, in most
cases, sufficient information has been made
available from routine, non-analytical light microscopy and electron microscopy of vast numbers of
specimens, and this has allowed the development
of a relatively stable higher taxonomy.
At family level there is general agreement
between living and fossil workers, with coccolith
morphology the major criterion for classification.
The family groupings applied herein are described
in Hown and Young (1997) and Young and Hown
(1997b), and are broadly comparable to the
schemes of Hay (1977) and Perch-Nielsen (1985a,
b).

At order-level, however, there is no such
consensus and indeed there is a significant gulf
between the way in which they are applied in
fossil and living material. Phycologists, at
present, maintain an order-level classification
based largely on flagella number and length, with
four orders in common use (Green and Jordan,
1994):
• Isochrysidales Pascher, 1910 - two more or less
equal flagella;
• Prymnesiales Papenfuss, 1955 - two equal
flagella and a third 'flagellum';
• Coccosphaerales Haeckel, 1894 (= Coccolithophorales Schiller, 1926) - coccolith-bearing;
and
• Pavlovales Green, 1976 - significantly different
cells, including haptonema size, flagella length,
coverings and root structure, no body scales,
etc.
Of these four, only the Pavlovales are now
considered to be a well characterized group, and
modern classifications make less use of the orders.
Palaeontologists have developed a coccolithbased order-level classification, clearly representing a level of classification beneath that currently
employed by phycologists, although these orders
are not in common use. The ordinal level classification applied herein is described in Hown and
Young (1997) and Young and Hown (1997b), and
summarized in Fig. 1.4. We believe the introduction of a stable supra-family classification, based
on heterococcolith morphology, is of significant
benefit to our understanding and communication
of phylogeny. The use of coccoliths at this taxonomic level is comparable to the classification of
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Fig. 1.5 Phylogenetic model for calcareous nannofossils (after Bown et al., 1991).
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dinoflagellates and diatoms, which utilize
exoskeleton morphology to define orders and
suborders (e.g. Fensome et ai., 1993; Round et
at., 1990). However, the integration of the orderlevel classification between living and fossil
material is a problem which needs to be addressed.
1.4 OUTLINE OF GEOLOGICAL HISTORY
Calcareous nannofossils first appeared in the Late
Triassic as abundant but low-diversity
assemblages apparently restricted to low latitudes.
All but one species of coccolith disappeared during
an extinction event at the TriassiclJurassic
boundary. Nannofossils were rapidly re-established
in the earliest Jurassic and appear to have
colonized all marine environments during this
time. Most major coccolith families were
established during the Early Jurassic radiation
(Fig. 1.5). Diversity increased steadily through the
Jurassic and Cretaceous, reaching a diversity-peak
in the Late Cretaceous. High abundances are
reflected by nannofossil-generated carbonate
sediments from at least the Late Jurassic.
Nannofossils were severely affected by the
Cretaceous/Tertiary boundary mass-extinction
event when around 90% of species became extinct,
apparently abruptly, induding virtually all
common species. Subsequently, nannofloras
recovered rapidly in the Early Paleocene, reaching
a second diversity peak in the mid Eocene,
comparable to that of the Late Cretaceous. The
Paleocene radiation was more rapid and diverse
than the Mesozoic radiations, and established
significantly different coccolith families
accompanied by numerous new nannolith groups.
There followed a significant decline into the
Oligocene, increased diversity in the Miocene and
a general decrease into the Pleistocene. Additional
details are given in the following chapters.
1.5 BIOSTRATIGRAPHY
Nannofossils are exceptionally good for
biostratigraphy since they are abundant, planktonic, rapidly evolving and largely cosmopolitan.
Also, their small size means they can be studied
from minute rock chips which is of particular
value in hydrocarbon exploration and

development, and scientific drilling. Their
biostratigraphic potential was first realized in the
1950s and was initially applied in Cenozoic
studies (Bramlette and Riedel, 1954) leading to the
standard zonation of Martini (1971). Their
biostratigraphic value was consolidated by their
use as primary reference fossils on most DSDP
(1968-1983) and ODP (1985-present) cruises.
Nannofossil zonations now provide one of the
standard biochronological references for the
Cenozoic, with biostratigraphic resolution of
between one million and 60 000 years.
Mesozoic nannopalaeontology has developed at
a slower pace, primarily due to there being less
material forthcoming from the DSDP/ODP,
although Cretaceous work has benefited from a
large number of favourable sites. Jurassic nannofossil work has essentially been limited to
onshore outcrop studies (although there are a
limited number of invaluable oceanic exceptions),
with most work having taken place in the last 15
years.
The huge volume of data on the stratigraphic
distribution of nannofossils is synthesized in a
number of relatively stable biostratigraphic
zonation schemes covering the range of nannofossils (notably Martini, 1971; Sissingh, 1977;
Okada and Bukry, 1980; Bown et ai., 1988).
These are primarily based on evolutionary first and
last occurrences of species, supplemented by some
abundance based events. The current schemes for
all geological periods are presented in the
following chapters, with comments on their
application, execution and correlation. Other
general reviews and syntheses of nannofossil
biostratigraphy are given by Lord (1982), Haq
(1983a), Perch-Nielsen (1985a, b) and Siesser
(1993), but the large volume of subsequent work
means that the comprehensive reviews and new
data presented here should be of great value, for
both nannofossil specialists and end users of
nannofossil data.

