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Introduction

Coccoliths are remarkable biomineral structures. Despite being formed by uni-
cellular algae and borne extracellularly they show extraordinarily elaborate form
and very precise regulation of crystal nucleation, orientation and growth. As result
coccolith biomineralisation has attracted considerable interest as a model system
for understanding the processes by which organic systems can control inorganic
crystal growth focusing particularly on understanding the biochemical systems in-
volved, using essentially two species, Emiliania huxleyi and Pleurochrysis car-
terae as case studies (e.g. de Vrind de Jong et al. 1997, Marsh 2000). In addition
biologists and especially paleontologists depend upon these products of the
biomineralisation process for identification and classification of coccolithophores.
Convergence of these approaches allowed recognition that heterococcoliths are
typically formed by a growth process commencing with nucleation of a simple
proto-coccolith ring of oriented calcite crystals on an organic baseplate (Klaveness
1976, Young 1989), followed by regulated growth of these crystals in various di-
rections. Moreover it has been shown that typically the proto-coccolith ring is
formed of calcite crystals with alternately sub-vertical and sub-radial c-axis ori-
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entations - V- and R-units (Young & Bown 1991, Young et al 1992, Young et al.
1999, Marsh 1999). This pattern has formed the basis for much review of cocco-
lith classification and evolution (e.g. Bown & Young 1997, Young & Bown
1997).

This paper describes in some detail the structure of the heterococcoliths pro-
duced by taxa selected for the CODENET project; Coccolithus pelagicus; Cal-
cidiscus leptoporus, Umbilicosphaera foliosa, Helicosphaera carteri, Gephyro-
capsa and Syracosphaera pulchra. The basic structures of these species are
reasonably well-established (Figure 1) but the information is scattered across the
specialist literature. The purpose of this paper is to provide a set of case studies
from across extant coccolithophorid phylogeny to illustrate the diversity of hetero-
coccolith biomineral structures produced. Conversely the set of studies provides
for biologists and others interested in coccolithophorid phylogeny an understand-
ing of the nature of phylogenetic data which is provided by coccolith ultrastruc-
ture. The CODENET species selection was specifically provided to maximize
sampling of large scale diversity from a limited set of species so is ideal for this
purpose. In addition the set of case studies allows a series of issues on coccolith
biomineralisation to be addressed. In particular we focus on element morphogene-
sis, in all species, on the development of the chiral flange structure in Heli-
cosphaera and on documentation of a very distinctive nucleation mode in Syra-
cosphaera pulchra. Implications of these results for understanding of coccolith
biomineralisation is discussed.

Material and Methods

The main material used for study has been culture samples of coccoliths. Rep-
resentative culture samples with well formed coccoliths have been studied inten-
sively in the SEM with numerous coccoliths imaged. Oceanic filter samples have
been also used, but culture samples are particularly useful since very large num-
bers of specimens are available including coccoliths at varying growth stages and
with no problems of taxonomic identification. SEM observations were made using
a Phillips XL30 FEG, with digital image capture.

Complimentary observations have been made using cross-polarized light mi-
croscopy (LM) to determine broad crystallographic orientation (see e.g. Young
1993, Moshkovitz and Osmond 1989), or rather to check this since for all species
this has been determined previously. Light microscope (LM) observation were
made using a Zeiss Axioplan photomicroscope, again with image capture facili-
ties.

Atomic force microscopy (AFM) was also applied to some of the species (Hen-
riksen et al. in press) this provided key confirmation that rhombohedral faces are
widely developed and highlighted particular aspects of the morphology of some
specimens, as well as providing new data on organic phases. Observations given
here are, however, all either based on or confirmed by scanning electron micros-
copy.
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Examination of high resolution AFM and SEM images has made it increasingly
clear that most surfaces are either biologically shaped non-crystallographic faces
or calcite rhombohedron faces (Henriksen et al. in press). The rhombohedron
faces are recognizable by their flat surfaces, rhombic shape and the parallelism of
edges. Where rhombohedron faces are developed it is usually possible to infer
crystallographic orientation. A calcite rhombohedron can be likened to a slightly
flattened cube (Fig. 2). The principal axis of symmetry is the c-axis, a three-fold
rotational axis (or six-fold axis of rotation-inversion symmetry). All six rhombic
faces of a calcite rhombohedron are identical, they have two acute angles (78°)
and two obtuse angles (102°) and the c-axis bisects the obtuse angle. The interfa-
cial angles along the radial edges are 106° whilst the interfacial angles along the
equatorial edges are 74°. These relationships can be used to determine the crys-
tallographic orientation of rhombohedral crystals provided at least two faces are
visible. Since the broad crystallographic orientation is also available from light
microscopy observations combining data from these approaches allows rather
close analysis of coccolith crystallography.

Results

Gephyrocapsa

Gephyrocapsa coccoliths are closely similar in structure to those of Emiliania
huxleyi, the best studied and described single species (Westbroek et al. 1989;
Young 1994; Didymus et al. 1994; Davis et al. 1995). Indeed all coccoliths of the
family Noelearhabdaceae have essentially similar structure, differing only in rela-
tively minor details such as presence of slitting between elements and develop-
ment of additional central area structures (Young 1989). As in E. huxleyi although
coccolith growth starts from a proto-coccolith ring of alternating V- and R- units
only R-units are developed. These grow outward to form the proximal shield, in-
ward to form the grill and upward in two directions to form inner and outer tubes
(Figure 1). The distal shield then develops from the outer tube. The bridge is an
additional structure developed by selective growth of a few elements of the inner
tube.

High resolution images of Gephyrocapsa are shown in figure 3. As these show
there are few obvious flat crystal surfaces. The distal surface of the shield ele-
ments are very regular and often have a ridge parallel to their length. They cer-
tainly are not rhombohedron faces since the c-axis lies in the plane of the shield
(Davis et al. 1995, our LM obs.), and so all potential rhombohedron faces are
steeply inclined relative to it.. The main exceptions are seen at the ends of the
bridge elements (e.g. Fig. 3 A) and at the tips of shield elements (Fig. 3 B, C). As
the shield elements grow radially outward and the bridge inward, growth must be
concentrated on these edges suggesting an association between crystal face devel-
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opment and growth fronts. In G. oceanica (Fig. 3 A), and E. huxleyi, the rhombo-
hedral facets are often not present on complete coccoliths but are seen at interme-
diate growth stages.

Coccolithus pelagicus, Calcidiscus leptoporus and Umbilicosphaera
foliosa

These three species are rather closely related as inferred first from coccolith
structure (e.g. Perch-Nielsen 1985, Young 1989) and supported by molecular ge-
netics (Saez et al. this volume). Hence it convenient to consider them together.
The structure of each species is briefly outlined below and shown in cross-section
in figure 1 then various features discussed in more detail, and illustrated in figures
4-6.

Coccolithus pelagicus

Coccolithus pelagicus has a rather coccolith complex structure, as described in
detail by Young (1994) and Henriksen et al. (in press). Unlike in Gephyrocapsa
and the other reticulofenestrid coccoliths, both V- and R-units are well-developed.
The V-units form the distal shield, as is obvious by light microscopy since this
shield is dark in plan view in cross-polarized light. Less obviously it also forms
the lower layer of the central area (fig. 1, Young 1994). The R-units form the
proximal shield, which hence is bright in plan view in cross-polarized light. This
shield is formed of two layers, an upper one of radial elements and a lower one of
oblique elements. This is a scissor-structure analogous to the wall layers of Emil-
iania with the two elements being formed from the same crystal-units. The R-units
also form the upper layer of the central area which consequently is also bright in
plan view in cross-polarized light, although with careful focusing it is evident that
this birefringence is confined to the upper layer (Young 1994). The two units in-
terlock around a belt within the coccolith structure, which is only exposed on bro-
ken specimens. This belt of alternating V- R-units is the locus of the proto-
coccolith ring, i.e., the position of nucleation of the crystal units.

In addition in C. pelagicus there is a central bar which is formed by separate
nucleation.

Calcidiscus leptoporus

The basic Calcidiscus structure was worked out Kamptner (1954) and Gartner
(1967) and reinterpreted in terms of the V/R model by Young et al.(1992) and,
more accurately, by Kleijne (1993). The structure is similar to that of Coccolithus
in that the distal shield is formed of V-units and the proximal shield of R-units and
the proto-coccolith ring locus is embedded within the tube and so only visible on
broken specimens (Fig.1). It differs, however, in that the shield elements extend
directly into the central area without a cross-over zone. I.e. The upper part of cen-
tral area is formed from V-units and the lower layer from R-units. This results in a
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much simpler appearance in cross-polarized light. It also means that the two
shields are only weakly connected and often separate.

Umbilicosphaera sibogae & foliosa

The structure of Umbilicosphaera is essentially the same as that of Calcidiscus.
I.e. V-units form the distal shield and upper part of the tube whilst R-units form
the proximal shield including the lower part of the tube (Figure 1). Indeed the two
genera are only differentiated on the relatively unconvincing characters that there
is a wide central opening in Umbilicosphaera and that the distal shield sutures are
more complex in Umbilicosphaera. Nonetheless molecular genetic data (Saez et
al. this volume) strongly support this differentiation; this analysis is based on two
genes and includes three species of Umbilicosphaera and two morphotypes of C.
leptoporus (which probably represent discrete species), so it can be considered ro-
bust. Differences between U. foliosa and U. sibogae are described in Geisen et al.
(this vol.) and only U. foliosa is illustrated here.

Distal shield elements

The suture patterns on these three genera are variable (Figure 4 A-C). The su-
tures on Coccolithus are essentially straight, whist they are curved on Calcidiscus.
They are more complex on Umbilicosphaera, with a division between an inner
part showing clockwise imbrication and an outer part showing anti-clockwise im-
brication. However, with high resolution SEM images it is evident that the main
surfaces of the distal shield elements of all three genera are flat, crystallographic,
faces, bounded by angular edges. Given the strong development of these faces an
obvious interpretation of them is that they are stable rhombohedral calcite faces.
This is supported by frequent observation of triplets of rhombohedral faces around
the crest of the tube and by occasional development of large rhombohedral crys-
tals during overgrowth. In the case of C. pelagicus we have used atomic force mi-
croscopy to obtain lattice images which prove that these surfaces are rhombohe-
dral faces (Henriksen et al. in press).

Whilst the typical Calcidiscus and U. foliosa distal shields appear very different
(monocyclic vs. bicyclic) intermediates can be seen, notably on U. sibogae and on
the “small” Calcidiscus sub-species (Quinn et al., Geisen et al. this vol.), and even
on single specimens. From examination of good SEMs it is evident that the inner
and outer cycles on the U. foliosa distal shields are formed from the same crystal
units and indeed are both formed from the same rhombohedral faces (Figure 4B,
5). The differences in apparent imbrication is a product of the obliquity of the
crystal units and curvature of the coccolith surface resulting in differential growth
of the clockwise directed edges of crystals in the inner part of the coccolith and
anticlockwise directed edges on the outer part of the coccolith, as shown in figure
5.
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The lower surface of the distal shield in all three genera presents a much sim-
pler appearance (Figure 6 A-C) with nearly straight, slightly oblique sutures and a
smooth surface without crystal face development.

Proximal shield elements

The proximal shields show comparable variation in complexity to the distal
shields. In Calcidiscus (Fig. 4 F), and U. sibogae (Geisen et al. this vol.), the
proximal shield is relatively simple being formed of a single cycle of radial ele-
ments. By contrast in U. foliosa and Coccolithus the shield is bicyclic (Fig 4 D-E,
6 A). The bicyclic structure of U. foliosa and Coccolithus are obviously analo-
gous. Common features of this structure in the two species include: clockwise
obliquity of the lower elements in proximal view; extension of the upper layer be-
yond the lower layer, complex terminations to the lower layer elements. However,
since the Miocene Umbilicosphaera species (U. jafari and U. rotula) are mono-
cyclic it is very difficult to see how the features could have a common phyloge-
netic origin, i.e. be directly homologous. Moreover similar bicyclic proximal
shields also occur in some Miocene Calcidiscus specimens (Janin 1992), and in
Oolithotus antillarum , but not in O. fragilis  (our obs.). These species are distrib-
uted across the phylogeny of the Calcidiscaceae so a single phylogenetic origin
really is not possible.

Instead it seems possible that the bicyclic shields develop when the proximal
shield is relatively thick and wedge shaped, and are absent on thin and parallel-
sided proximal shields, This contrast is particularly suggestive for the U. sibogae
vs. U. foliosa contrast, but it is also broadly paralleled in the cases of Coccolithus
pelagicus vs. Calcidiscus leptoporus and of O. fragilis vs. O. antillarum. So a pos-
sible explanation for the presence of the feature in only some species is that the
basic structure and crystal arrangement of the shield makes development of two-
layers occur whenever the vesicle allows sufficient space. Further evidence for
this being an intrinsic crystallography-related tendency is the common presence of
clockwise directed extensions of proximal shield elements in C. leptoporus (Fig. 4
F, arrows) and in O. fragilis. The main, near-radial, growth direction is parallel to
the c-axis so a possible explanation of the oblique growth direction is extension
perpendicular to a rhombohedral calcite face.

The upper surface of the proximal shield is much more uniform, with straight
sutures showing weak clockwise obliquity (Fig. 6 figs. D-F). A distinctive feature
of this surface in Calcidiscus and Umbilicosphaera, and some  C. pelagicus speci-
mens is the presence of lunate facets around the central opening (Fig. 6 D-F). In
Umbilicosphaera small extensions of the V-units can be seen on isolated distal
shields (Plate 6 B) these must form part of the top of the proximal shield and so
fill the lunate facets. These V-unit extensions onto the proximal shield have not
been directly observed in Calcidiscus or Coccolithus. but the lunate facets provide
strong evidence that they are present, reinforcing the marked uniformity of the up-
per surfaces of the proximal shield in these genera.
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Tube elements

The tube elements are apparently very different in the three species, the upper
tube elements are a mass of R-unit derived elements in C. pelagicus (Fig. 4A) and
relatively regular V-unit derived elements in Calcidiscus and Umbilicosphaera
Fig. 4 B-C). The lower tube elements appear on the proximal surface as irregular
V-unit derived elements in Coccolithus (Fig. 4D), as irregular R-unit derived ele-
ments in Calcidiscus (Fig. 4 F) and as a narrow belt of regular R-unit elements in
Umbilicosphaera (Fig. 4 E). However, on the isolated shields (Fig. 6) more ho-
mologous features are evident. On the isolated distal shields of Umbilicosphaera
and Calcidiscus the upper tube elements (formed from V-units) both show clock-
wise imbrication and this can also be seen in the lower tube elements of C.
pelagicus (also formed from V-units). Similarly the isolated lower tube elements
in Umbilicosphaera and Calcidiscus both show anticlockwise obliquity.

The general conclusion seems to be that in these genera the concealed surfaces
of the shields, which are directly derived from the proto-coccolith ring, show
much greater similarity than the exposed surfaces, which are formed by growth
further from the proto-coccolith ring.

Helicosphaera carteri

Helicosphaera coccoliths show a unique morphology with a spiral flange and
have attracted much interest, with detailed descriptions by Kamptner (1954),
Black & Barnes (1961), Clochiatti (1969), Theodoridis (1984), and Aubry (1990).

The basic morphology and terminology of Helicosphaera coccoliths is illus-
trated in figure 7. Henriksen et al. (in press) show that the spiral flange is formed
of V-units whilst the proximal plate and blanket are formed of R-units. These
originate in a proto-coccolith ring which is very nicely exposed on the proximal
surface, around the edge of the proximal plate (Fig. 8 B). This is in fact the most
elegant and readily observed proto-coccolith ring locus of any extant coccolitho-
phore.

The R-unit elements of the blanket and proximal plate show radically different
appearance, the proximal plate elements are large discrete elements, grown ra-
dially inward from the proto-coccolith ring with usually rather level non-
crystalline surfaces (although occasionally with small facets, Fig. 8 B). The blan-
ket by contrast is formed of numerous minute rhombohedral crystal faces domi-
nated by tangentially aligned edges (Fig. 8 D-F). As shown by Henriksen et al. (in
press) these minute faces are stepped faces of larger crystal units. In the central
area no rhombohedral face is parallel to the coccolith surface, so the steps are nar-
row and appear needle-like (Fig. 9 M-O). On the distal surface where the blanket
overlaps the flange a rhombohedral face is sub-parallel to the coccolith surface
and larger rhombic faces develop (Fig. 9 O).

The V-unit elements are mostly concealed by the blanket elements on the distal
surface (Fig. 8 D) but show crystal facets where exposed. At the end of the wing
they often develop horn-like protrusions (Fig. 8 D, F), the front end of which is
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rhombic face (Fig. 8 F). On the proximal side they show finely striated non-
crystallographic surfaces.

Growth

In natural populations incomplete Helicosphaera coccoliths are rare, but in
cultures they are normally present and often very common. They are typically
characterized by open central areas and weak or abnormal wing development (Fig.
8 E). Assembling a large number of micrographs of these coccoliths has allowed
the growth sequence to be worked out for the first time (Fig. 9). A necessary pre-
liminary step in doing this was to orientate the specimens. With complete Heli-
cosphaera coccoliths it is convenient to orientate specimens with the long axis
vertical and the wing toward the top. In incomplete specimens, however, the wing
is absent and so it is more difficult to distinguish the anterior and posterior ends.
In proximal views the flange origin provides a unique reference point, at the ante-
rior end. In distal views highly variable flange development makes identifying
homology difficult. However, there is a useful contrast between the antero-dextral
and postero-sinistral corners (fig. 8E). The antero-dextral corner of the flange is
never covered by blanket elements and in distal view shows delicate but distinct
radiate sutures, with anti-clockwise obliquity. On the postero-sinistral corner by
contrast the V-unit elements are thin and are overlapped by blanket elements at
very early growth stages, so they show smooth surfaces or a mass of fine rhombo-
hedral crystallites, and in any case clear continuity with blanket elements in the
central area. Using these criteria it was possible to consistently orientate distal
views at different growth stages. From these it is can be seen that growth com-
mences at the outer edge of the baseplate, where alternating V- and R-units indi-
cate the proto-coccolith ring locus.

The baseplate develops rather simply, with progressive growth radially inward
(Fig. 9). The flange is formed primarily by V-units, although it is overlapped by
R-units of the blanket. Essentially the flange grows in a spiral, commencing at the
flange origin near the anterior end of the coccolith, It then extends round the sin-
istral side of the baseplate, forming morphologically an extension of the baseplate.
At the posterior end of the coccolith, however, the flange moves up the baseplate
to meet a tube structure which is located well inside the margin of the baseplate.
The flange continues to grow around the tube extending progressively up the dex-
tral side, and round the anterior end where it expands to form the wing. Intermedi-
ate stage specimens show both the developing flange and the tube, both of which
are formed of V-units. It may be noted that where the tube is present it is con-
nected to the margin of the baseplate by V-units, overlying the R-units of the
baseplate. Thus the flange is formed from a single cycle of elements which de-
velop very differently around the coccolith.

The blanket as noted above grows upward from the baseplate and extends from
the central area to cover most of the flange, indeed the V-units are often only ex-
posed around the edge of the wing.
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Syracosphaera pulchra

Syracosphaera pulchra differs from the other species considered here in having
a polymorphic coccosphere with different exothecal body and apical coccoliths
(Fig 10 C). Moreover, the coccoliths have relatively complex central areas formed
of elements disjunct from the rim. It is hence a useful representative of the more
complex coccoliths which have attracted relatively little attention in terms of
biomineralization. The morphology of S. pulchra coccoliths has been described by
several workers (Halldal & Markali 1955, Black and Barnes 1961, Gaarder &
Heimdal 1977) but most usefully by Inouye & Pienaar (1988), who showed in
particular that the coccolith was formed of three crystal-unit types. Based on light
microscope observations Young and Bown (1998) suggested that the rim was
formed of V- and R-units and the central area laths of elements with tangential
orientation, This constitutes a significant modification of the V/R model and has
obvious implications for inferring phylogeny but it has not previously been possi-
ble to test the hypothesis.

Body coccoliths

As Inouye & Pienaar (1988) showed the rim of S. pulchra body coccoliths are
formed of two units: a lower one which forms most of the wall and the two lower
flanges; and an upper one which forms the distal part of the wall an distal flange
(figure 10, 12). Inouye & Pienaar (1988) suggested from TEMs that the upper
units extended between the lower units to the proximal surface, this is not obvious
in SEMs of well-preserved specimens but on specimens were the upper unit has
broken off a pore extending deep into the lower unit can be seen (Fig. 12 H- B, 12,
I). In the light microscope the two rim cycles can be seen in side views and with a
gypsum plate it is easy to determine that the upper unit has sub-radial c-axes and
the lower unit sub-vertical c-axes (Fig.11 F-G) The rim thus shows a normal V/R
structure, with the proto-coccolith ring locus probably close to the base of the
tube, although a clear alternation of crystal units is never seen in SEMs.

The radial laths are more problematic, our SEM observations confirm those of
Inouye & Pienaar (1988) that the laths alternate around the inner margin of the rim
with the lower rim elements but are separate from them (Fig. 10 B). In light mi-
croscope these elements show distinct birefringence in plan view despite, their
thinness so they must have sub-horizontal c-axes. With a gypsum plate the color
distribution of the central part, formed from the laths, is opposite to that of the rim.
I.e. they a have tangential distribution of the c-axes (Fig. 11 D-E). This rather sur-
prising result is also supported by the lath morphology; on the proximal side the
laths are sharp edged with two apparent crystal faces meeting at an acute angle
(Fig 10 E-F, Black & Barnes 1961). If these are rhombohedron faces, then the c-
axis orientation must be nearly tangential (Fig. 11 A-C). The consistency of the
light microscope and SEM observations (Fig 11 C,-D) thus indicates rather
strongly that in S. pulchra there are not two crystal unit types but three, with sub-
vertical, sub-radial and sub-tangential orientations, relative to the local rim orien-
tation. The number of units in each cycle is the same and they all originate from
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near the base of the rim (Fig. 12. I) Hence in S. pulchra we can envisage a proto-
coccolith ring similar to the typical V-/R- proto-coccolith ring but with three types
of nuclei. This structure is summarized in figure 12 E-F.

Exothecal coccoliths

The exothecal coccoliths of S. pulchra have a very different shape to the body
coccoliths (Fig. 10 A, D), but as shown by Inouye and Pienaar (1988) they have
essentially similar structure and clear homology between them can be seen (Figs
10 A-B C-D, 12 C-F). Essentially the rim has been rotated though 90° and the
central area extruded into a domal shape. In well-formed exothecal coccoliths the
similarity of rim form to the body coccoliths is particularly striking, including de-
velopment of three flanges (Fig. 10 C-D).

The domal shape of the exothecal coccoliths also highlights the fact that there
are multiple lath cycles with each cycle formed of separate crystal units. In the
body coccoliths multiple cycles are apparent (Fig 10 B, E), but since they are co-
planar it is not possible to be sure that they are separate crystal units, even if this
seems likely. In the exothecal coccoliths, however, the successive lath cycles
curve over to form the domal shape (Fig 10 A, D, Fig. 12 C) hence they must be
separate crystal units. The neat interrelationship of the outermost laths with the
rim units indicates that these laths must have nucleated at the rim, however, the
other lath cycles must have nucleated separately. The simplest prediction is that
the lath cycles grow inward from the rim with crystallographic orientation of the
inner cycles being influenced by the outer cycles, as tentatively suggested for
holococcoliths (Young et al. 1999). However, we have not been able to observe
clear growth sequences to substantiate this prediction.

Discussion

Growth regulation

Two consistently different element growth modes can be seen even within het-
erococcolith rims showing normal V-R structure

a. Growth confined to narrow crystal fronts producing non-crystallographic
faces. In this growth mode the coccolith surface is formed accretively and no
growth occurs on the surface after deposition. This pattern is seen in Gephyro-
capsa and Emiliania and on the proximal side of Coccolithus, Calcidiscus, Um-
bilicosphaera. and Helicosphaera. Typically with this growth mode individual
crystal units develop complex three-dimensional shapes but contact planes be-
tween elements form more or less perpendicular to the coccolith surface and as a
result elements are well distinguished. With this style of growth the crystallogra-
phy almost certainly strongly influences the direction of growth but crystal faces
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are only developed at the leading edge, and often are lost on further growth. The
absence of growth on the other surfaces strongly implies blocking of surfaces by
organics.

b. Growth over large surfaces producing rhombohedral crystal faces. In this
growth mode growth is not confined to a narrow growth front but occurs across
the entire exposed surface of the crystal unit. This pattern is seen on the distal sur-
faces of Coccolithus, Umbilicosphaera, Calcidiscus, and Helicosphaera. It is not
shown by Gephyrocapsa or Emiliania. With this growth mode the gross morphol-
ogy the crystal units is typically simple but small scale growth occurs in crystal-
logaphically determined directions resulting in superficial complexities ranging
from the bicyclic appearance of U. foliosa  distal shied (Fig. 4B) to the multifac-
eted needle-like surface of Helicosphaera blanket elements (Fig. 9 M-N). With
this growth pattern
In both growth modes there is plainly interaction in biomineralisation between the
crystallographic growth directions (generally either parallel to the c-xis or perpen-
dicular to a rhombohedral face) and the developing vesicle in controlling shape
and structure. The development of Helicosphaera provides further perspectives on
how these processes must interact. The proto-coccolith ring appears to be essen-
tially symmetrical, although probably with chirality of nucleation, as in E. huxleyi
(Didymus et al. 1994). Growth from this ring is, however, asymmetric with ini-
tially growth of v-units occurring outward on one side and inward and upward on
the other. Subsequently it seems that a growth front develops at the leading edge
of the flange and sweeps clockwise round the coccolith forming the flange. This
asymmetric growth can only be produced by active cellular regulation of the
growth location and direction. Nonetheless there is no additional nucleation in-
volved. Futhermore crystal growth directions are maintained around the flange -
with consistent clockwise obliquity seen in proximal view (Fig 8A). The consis-
tency of element elongation direction around the flange with its highly variable
shape can only be a product of a preferential crystal growth direction.

Systematics and coccolith structure

The taxa sampled here include three relatively closely related genera, Cocco-
lithus, Calcidiscus and Umbilicospheaera and three others which are representa-
tive of very disparate groups, Helicosphaera, Syracosphaera and Gephyrocapsa.
As ise vident from the discussion and summary figures (Fig. 1) the only signifi-
cant homology between the disparate groups is growth of the rim from a proto-
coccolith ring with V-R- alternation, almost all other aspects of coccolith structure
are so different as barely to require further comment. It is, however, worth noting
that these differences are much stronger than might be guessed from a casual in-
spection of an SEM, and do result in very strong differences in appearance in
cross-polarised light. As a result the high level taxonomy of coccolithophores is
more robust than is often realized. For instance it is not uncommon to see the
Noelaerhabdaceae coccoliths (shown by Gephyrocapsa and Emiliania) being
charecterised as placoliths with a grill as opposed to a Coccolithaceae coccoliths
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of placoliths with an open central area. This is not incorrect but omits mention of
the innumerable other difference between the coccolith which indeed make it liket
that the placolith morphology is homoeomorphic rather than homologous between
the two groups.

The genera Coccolithus, Calcidiscus and Umbilicosphaera provide a useful
case-study in the relationship of coccolith structure to phylogeny at a closer level -
they belong to two families in current classification but probably diverged within
the Cenozoic. There is a remarkable contrast between figure 4 which shows the
exposed surfaces of these coccoliths and figure 6 which shows detached shields
exposing normally concealed surfaces. On the exposed surfaces (Fig. 4) there are
numerous differences between these three genera, indeed it is difficult to find
characters shown by all three genera. By contrast on the concealed surfaces (Fig-
ure 6) the similarities are predominant and the structural differences appear trivial.
This contrast can be explained by the observation that the proto-coccolith ring lo-
cus is situated in this group of genera within the tube. As a result growth directly
from the proto-coccolith ring is conservative between the genera and produces the
surfaces seen on the detached shields. Further from the proto-coccolith ring pro-
duces differences accumulate producing the variation seen between the genera.
Similarly in most Mesozoic coccoliths the proto-coccolith ring is located on the
proximal surface and it has been widely noted that proximal surface structures are
particularly conservative and useful for determining systematic relationships
whilst distal surfaces are richer in criteria for distinguishing species and genera.

A more subtle issue this set of examples highlights is that similar structures can
evidently appear homoeomorphically in closely related taxa. The clearest example
is the two layered structure in the proximal shields of U. foliosa and C. pelagicus
(Figs. 4 D-E, 5 D). Another example is provided by the bicyclic distal shield in U.
foliosa (Fig. 4C), since similar structures are occasionally seen in Calcidiscus (e.g.
malformed specimen seen in upper left of Fig. 4C). In both cases the likely expla-
nation of independent occurrence of similar structures is that they result from in-
teraction of inorganic crystal growth the directions of which are determined by the
nucleation, with surface topography determined by the coccolith vesicle. If similar
topographies recur in closely related taxa then similar element morphologies will
result. So these structures reflect underlying homology in crystal orientation, but
may or may not be expressed in particular species, depending on rather trivial dif-
ferences in surface topography. This does complicate definition of characters for
phylogenetic analysis and is one reason why cladistic analysis of coccolith mor-
phology has not been successfully attempted to date. Conversely the fact that
small differences in surface topography can produce large changes in suture pat-
tern is certainly convenient for species-level taxonomy.

Nucleation modes

The V/R model of heterococcolith nucleation has proven very successful for
interpreting rim structures (e.g. Young et al. 1991, Kleijne 1993, Young et al.
1999, Marsh 1999) and indeed fits well the species described here. Nonetheless it
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has been noted that many central area structures do not easily fit this model (e.g.
Young 1994, Young et al. 1999). This is especially true of the Syracosphaeraceae,
Rhabdosphaeraceae and Calciosoleniaceae all of which typically show radial lath
cycles which appear to be disjunct from the rim, i.e. separately nucleated and
many of which show further cycles of disjunct elements within the central area
(e.g. Kleijne 1992, Cros & Fortuno 2002). Syracosphaera pulchra is the only spe-
cies of this species-rich group which is large enough for light microscopy to be
used to determine crystallographic orientations of the radial lath elements, but oth-
erwise appears to be representative of the group. So the result determined here are
significant. The basic conclusions are (1) that rim has a normal V/R type structure.
(2) That the radial laths are an additional, disjunct, cycle of elementswith sub-
tangential c-axis orientations; (3) That the radial laths alternate with e basal (V-
unit) elements around the inner margin of the rim. (4) That around the rim the
ends of the T-unit laths must be very close to the locus of the proto-coccolith ring.
This suggests that the nucleation pattern in S. pulchra consists of sets of three nu-
cleii with respectively sub-vertical, sub-radial an sub-horizontal orientations.  are
formed of crystal units with tangential orientations originating in a proto-coccolith
ring with three crystal orientations indicates that this group has a significantly
more complex biomineralisation structure than the typical heterococcoliths.

In the very numerous other species of the Syracosphaeraceae the coccoliths are
too small to allow the orientation crystal units to be rigorously determined by light
microscopy. However, the basic structure in SEM looks obviously similar, lath
cycles are universally seen in the central area and in most cases high resolution
SEMs show the presence of two cycles in the rim and that the lath elements alter-
nate with them. In proximal views lahs often show similar sharp edges to those in
S. pulchra suggesting tangential c-axis orientations. o it seems reasonable to pre-
dicthat the S. pulchra type structure is common for the Syracosphaeraceae. Mo-
ereover the structure of the Rhabdosphaeraeae and Caciosoleniaceae are obviously
similar, in particular thet definitely have rims with a normal V- R- type structure
and in addition a radial lath cycle. So t seems reasonable to predict that these three
families are closely related. Molecular gnetics (Seaz et al.) this vol. support
grouping of Syacosphaeraceae and Rhabdosphaeaceae.
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Figure captions
1. Comparative cross-sections of the six genera
These sections summarise the structure of the coccoliths showing in particular

the differential development of V- and R-units. Dark shading V-units; white R-
units; light shading overlap of V- and R-units; circles locus of proto-coccolith
ring. These structures are all well established in the literature although some cor-
rections are made here.

2. Calcite morphology
Four views of a calcite rhombohedron with a single face highlighted and its'

vertices numbered. C-axis is represented by conical symbols.
A. C-axis perpendicular to view, highlighted face oblique to plane of view.
B. C-axis parallel to plane of view, highlighted face oblique to plane of view.
C. C-axis parallel to plane of view, highlighted face perpendicular to plane of

view. D. C-axis oblique to plane of view, highlighted face parallel to plane of
view.

3. Gephyrocapsa coccoliths
A. G. oceanica in oblique view
B. G. muellerae in distal view. Note rhombohedral facets on ray tips of both

distal and proximal shields.
C. G. muellerae in oblique view

4. C. pelagicus, U. foliosa and C. leptoporus coccoliths
A-C, distal views. Virtually all surfaces are rhombohedral calcite faces, sym-

bols indicate crystallographic orientation. The simplest pattern is shown by C.
leptoporus (C) with triplets of faces seen around the central area and clear crys-
tallographic continuity across the shield. In U. foliosa (B) inner and outer parts of
the shield are offset, numbers indicate parallel edges on offset parts of single
crystal units (see also fig. 5). In C. pelagicus (A)the inner part is formed of R-units
with very different crystal orientation to the distal shield, although it would be
very difficult to prove this from the observed surfaces alone.

D-F proximal views. All surfaces are non-crystallographic, as indicated by
slight curvature of surfaces and more obviously the absence of straight edges.

Proximal shield in C. pelagicus and, more obviously, U. foliosa is bicyclic,
with inner part showing clockwise oblique sutures, this is not shown in C. lep-
toporus but clockwise directed extensions of a few elements (arrows) are probably
analogous.

5. Umbilicosphaera foliosa distal shield bicyclicity
Side view of a U. foliosa  coccolith showing the bicyclicity. Numbering on the

crystal units indicates the degree of offset between the inner and outer cycles. The
continuity of the crystal units between the cycles is directly visible on units 1 and
2, and is further indicated development of parallel edges on the inner and outer
cycles (lines on leading and trailing edges of units 2 and 5 ).
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Dotted lines indicate summary trajectory of units 3 and 4, this is approximately
the pattern seen on the proximal surface of the distal shield.

Diagram below; oblique section across the coccolith surface illustrating how
the differing senses of apparent imbrication in the inner and outer cycles can be
produced by a single set of crystal faces.

6. C. pelagicus, U. foliosa and C. leptoporus coccoliths, isolated distal (left)
ad proximal (right) shields. A complete coccolith would be formed of one the
left-hand specimens rotated onto the equivalent right hand specimen. Note that in
these views structural similarities between the species are much more obvious
than in the surface views (Fig. 4).

A-C Isolated distal shields seen in proximal view, more precisely these are iso-
lated V-units, so in the case of C. pelagicus the lower tube cycle is present (com-
pare with Fig. 1). With this breakage the proto-coccolith ring locus around which
the V- and R-unit nuclei alternated can be seen, with the R-unit nuclei locations
being represented by holes (arrows). On the C. leptoporus specimen (C) a piece of
proximal shield is present at the rear of the specimen. On the U. foliosa specimen
(B) thin extensions of the V-units can be seen, these would form part of the
proximal shield.

D-F Isolated proximal shields seen in distal view, these are entirely formed of
R-units (although in the case of C. pelagicus the extensions of the R-units onto the
distal surface are absent, compare with Fig. 1). Arrows indicate flat lunate zones
on the inner edge of each specimen, these are interpreted as zones where thin ex-
tensions of the V-units extended over the proximal shield; on the C. leptoporus
specimen (F) fragments of these elements are preserved in some of the lunate
zones. The C. pelagicus specimen (D) is somewhat etched and shows clearly the
two layered structure of the shield with different growth directions in the two lay-
ers.

7. Helicosphaera structure and terminology.
Summary diagram, redrawn and modified from Young et al. (1997); proximal

view, cross-section and distal view. NB The cross-section is shown upside-down
as well as in normal orientation in order to make its relationship to the proximal
view clearer.

8. Helicosphaera morphology
A-C Proximal views.
A. General view showing proximal plate and flange.
B Detail of A showing proto-coccolith ring locus with alternation of V- and R-

units. Note also transverse sub-structure in inner part of proximal plate, this re-
flects the structure of the blanket.

C. Slightly etched specimen, V-units of base of flange partially removed bilay-
ered structure due to overlying blanket (compare with profile in Fig. 7).

D-F Distal views.
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D. Completely grown specimen with part of anterior end of flange broken off,
showing V-unit under blanket.

E. Incompletely grown specimen in same orientation as specimen above,
showing incipient flange and tube. Note contrast in appearance between antero-
dextral corner (bottom right) with fine oblique sutures and postero-sinistral corner
(top left) with irregular smooth appearance.

F. Coccosphere of H. carteri var. hyalina, showing significantly larger crystal
faces on blanket elements as well as closed central area.

9. Helicosphaera carteri growth and crystallographic orientation
A-L growth series, all specimens from cultures of H. carteri var. carteri.
A early growth, dextral side view.
B. Complete specimen sinistral side view.
C-G Distal view growth series. N.B. All specimens have been rotated into

equivalent orientations (anterior end toward top).

H-L Proximal view growth series. Note how flange growth proceeds clockwise.

M-O Crystallographic orientation
M. Slightly etched specimen with sutures between blanket elements opened.

Symbols calcite rhombs in projection parallel to one rhombic face. These have
been used to identify crystal facets of blanket elements with c-axes oriented N-S
and E-W, i.e. which would be in extinction in cross polarised light, these areas
have then been traced out and shaded.

O. Light micrograph of specimen in the same orientation in cross-polarised
light to show direct equivalence of inferences from crystal facets and light micros-
copy.

N. Sketch cross-section along line a-b of figure M, rhombs in inferred orienta-
tion showing central area is formed of numerous small steps (resulting in needle-
like facets) and flange of a few large steps (resulting in larger rhombic faces).
More speculatively small steps shown on proximal plate, compare with Fig. 9 B).

10 Syracosphaera pulchra coccolith structure
A-C Distal views of exothecal and endothecal coccoliths
A Exothecal coccolith
B Endothecal body coccolith, note side view of specimen in upper left of view

showing the three flanges.
C. Coccosphere with endotheca of body coccoliths and circum flagellar cocco-

liths (spine bearing), and a few exothecal coccoliths.

D-F Proximal views of exothecal and endothecal coccoliths
D Exothecal coccolith
E Body coccolith in simple proximal view.
F Body coccolith in oblique proximal view. Note that laths are formed on this

side of two crystallographic faces meeting at a sharp edge. Note also slits between
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the proximal and mid- sharp flanges, apparently showing extensions of the R-units
to this level.

11. Syracosphaera pulchra endothecal coccoliths crystallographic orienta-
tion.

A-C SEM inference of crystallographic orientation of radial lath elements. A
proximal view of body coccolith. B View of calcite rhombohedron in orientation
such that an acute edge is parallel to the plane of view (from Fig.1 C), this must be
the orientation of the central area laths if the crystallographic surfaces (cf. Fig. 10
F) are rhomb faces, c-axis indicated by conical symbols. C Enlarged view of cen-
tral of specimen in A. Symbols rhombohedra as per B with sharp edge parallel to
length of lath, as result c-axis orientations are approximately tangential. Shading
indicates laths with c-axes orientated N-S or E-W (and so in extinction in cross
polarised light), based on inferred orientation.

D-G LM inference of crystallographic orientations.
D, E Light micrograph of a well-calcified body coccolith seen in proximal view

(as determined by through-focussing) in cross polarised light. In the drawing (D)
c-axis orientations are indicated by double-headed arrow symbols, using also evi-
dence from gypsum (1λ) plate observations. Note that orientations are radial in the
rim but tangential in the central area, and very close correspondence of observed
extinction pattern in the central area with that predicted from SEM observations
(C).

F, G Light micrograph of a well-calcified circum-flagellar coccolith seen in
side view in cross polarised light. In the drawing (G) c-axis orientations are indi-
cated by double-headed arrow symbols, using also evidence from gypsum (1λ)
plate observations. Note that orientations are radial in the rim but tangential in the
central area.

12. Syracosphaera pulchra rim structure
A-D Exothecal coccolith structure.
A Oblique-distal view showing lath elements and two element types in wall.
B. Proximal view of collapsed specimen showing that wall is formed of two

alternating element types.
C. Summary cross-section in natural orientation.
D. 3-D model shown in orientation to facilitate comparison with body cocco-

liths (F). Double-headed arrow symbols indicate inferred crystallographic orienta-
tions, based on analogy with body coccoliths.

E-I Body coccolith structure.
E Summary cross-section.
F. 3-D model, double-headed arrow symbols indicate inferred crystallographic

orientations, (cf. Fig. 11). NB For clarity this model has been simplified with sur-
faces shown more orthogonal than they actually are, in particular imbrication of
the R-units is not shown.
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G Oblique view of partially-disintegrated wall showing V-unit form; R-units
detached to left.

H Distal view of a set of V-units from which R-units have been detached. Ar-
rows indicate holes between V-units suggesting that R-units extended between
them.

I Oblique-proximal view of section of wall. R-unit has detached from left-hand
end of specimen and remaining V-unit form is well shown. Arrow indicates tube
extending into structure. Note also v-shaped notches where laths have detached
from base of rim. Circle; inferred locus of proto-coccolith ring.
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Figure captions
1. Comparative cross-sections of the six genera discussed here. 
These sections summarise the structure of the coccoliths showing in particular the 
differential development of V- and R-units. Dark shading V-units; white R-units; light 
shading overlap of V- and R-units; circles locus of proto-coccolith ring. These structures  
are all well established in the literature although some corrections are made here.
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2. Four views of a calcite rhombohedron with a single face highlighted and its  ̓
vertices numbered. C-axis is represented by conical symbols. 
A. C-axis perpendicular to view, highlighted face oblique to plane of view.
B. C-axis parallel to plane of view,  highlighted face oblique to plane of view.
C. C-axis parallel to plane of view,  highlighted face perpendicular to plane of view.  
D. C-axis oblique to plane of view,  highlighted face parallel to plane of view.
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3. Gephyrocapsa coccoliths
A. G. oceanica in oblique view
B. G. muellerae in distal view. Note rhombohedral facets on ray tips of both distal and 
proximal shields.
C. G. muellerae in oblique view 
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4. C. pelagicus, U. foliosa and C. leptoporus coccoliths, outer surfaces
A-C, distal views. In U. foliosa (B) inner and outer parts of the shield are offset,  numbers indicate 
parallel edges on offset parts of single crystal units (see also fig. 5). D-F proximal views.
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6. C. pelagicus, U. foliosa and C. leptoporus coccoliths, isolated distal (left) and proximal (right) 
shields.  
Arrows on A-C: Holes marking location of R-unit nuclei on proto-coccolith ring. 
Arrows on D-F: Lunate facets marking V-unit extensions onto proximal shield.
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7. Helicosphaera structure and terminology.
Summary diagram, redrawn and modified from Young et al. (1997); proximal 
view, cross-section and distal view. V-units shaded. NB The cross-section is shown 
upside-down as well as in normal orientation in order to make  its relationship to the 
proximal view clearer.
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8. Helicosphaera morphology
A-C Proximal views. 
D-F Distal views.
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9. Helicosphaera carteri growth and crystallographic orientation
A-L growth stages, all specimens from cultures of H. carteri var. carteri. 
M. Slightly etched specimen with sutures between blanket elements opened. Symbols calcite rhombs 
in projection parallel to one rhombic face. These have been used to identify crystal facets of blanket 
elements with c-axes oriented N-S and E-W, i.e. which would be in extinction in cross polarised light, 
these areas have then been traced out and shaded.
N. Light micrograph of specimen in the same orientation in cross-polarised light to show direct 
equivalence of inferences from crystal facets and light microscopy.
O. Sketch cross-section along line a-b of figure M, rhombs in inferred orientation  showing central 
area is formed of numerous small steps (resulting in needle-like facets) and flange of a few large steps 
(resulting in larger rhombic faces). More speculatively small steps shown on proximal plate, compare 
with Fig. 9 B).     
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10 Syracosphaera pulchra coccolith structure 
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11. Syracosphaera pulchra endothecal coccoliths crystallographic orientation.
A-C SEM inference of crystallographic orientation of radial lath elements. A proximal view of 
body coccolith. B View of calcite rhombohedron in orientation such that an acute edge is parallel 
to the plane of view (from Fig.1 C), this must be the orientation of the central area laths if the 
crystallographic surfaces (cf. Fig. 10 F) are rhomb faces, c-axis indicated by conical symbols. C 
Enlarged view of central of specimen in A. Symbols rhomboherdra as per B with sharp edge parallel 
to length of lath, as result c-axis orientations are approximately tangential. Shading indicates laths 
with c-axes orientated N-S or E-W (and so in extinction in cross polarised light), based on inferred 
orientation.
D-G LM  inference of crystallographic orientations. D, E Light micrograph of a well-calcified body 
coccolith seen in proximal view (as detemined by through-focussing) in cross polarised light. In the 
drawing (D) c-axis orientations are indicated by double-headed arrow symbols, using also evidence 
from gypsum (1λ) plate observations. Note that orientations are radial in the rim but tangential in the 
central area, and very close correspondence of observed extinction pattern in the central area with 
that predicted from SEM observations (C). F, G Light micrograph of a well-calcified circum-flagellar 
coccolith seen in side view  in cross polarised light. In the drawing (G) c-axis orientations are indicated 
by double-headed arrow symbols, using also evidence from gypsum (1λ) plate observations. Note that 
orientations are radial in the rim but tangential in the central area. 
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12. Syracosphaera pulchra rim structure 
A-D Exothecal coccolith structure. A Oblique-distal view showing lath elements and two element types in 
wall. B. Proximal view of collapsed specimen showing that wall is formed of two alternating element types. 
C. Summary cross-section in natural orientation. D. 3-D model shown in orientation to facilitate comparison 
with body coccoliths (F). Double-headed arrow symbols indicate inferred crystallographic orientations, 
based on analogy with body coccoliths. 
E-I Body coccolith structure. E Summary cross-section. F. 3-D model. NB For clarity this model has been 
simplified with surfaces shown more orthogonal than they actually are, in particular imbrication of the R-
units is not shown. G Oblique view of partially-disintegrated wall showing V-unit form; R-units detached 
to left. H Distal view of a set of V-units from which R-units have been detached. Arrows indicate holes 
between V-units suggesting that R-units extended between them.I Oblique-proximal view of section of 
wall. R-unit has detached from left-hand end of specimen and remaining V-unit form is well shown. Arrow 
indicates tube extending into structure. Circle; inferred locus of proto-coccolith ring.


