CHAPTER 16

Radiozoa (Acantharia, Phaeodaria and
Radiolaria) and Heliozoa

Cavalier-Smith (1987) created the phylum Radiozoa to
include the marine zooplankton Acantharia, Phaeodaria
and Radiolaria, united by the presence of a central
capsule. Only the Radiolaria including the siliceous
Polycystina (which includes the orders Spumellaria
and Nassellaria) and the mixed silica–organic matter
Phaeodaria are preserved in the fossil record. The
Acantharia have a skeleton of strontium sulphate
(i.e. celestine SrSO4). The radiolarians range from the
Cambrian and have a virtually global, geographical
distribution and a depth range from the photic zone
down to the abyssal plains. Radiolarians are most useful
for biostratigraphy of Mesozoic and Cenozoic deep sea
sediments and as palaeo-oceanographical indicators.
Heliozoa are free-floating protists with roughly
spherical shells and thread-like pseudopodia that
extend radially over a delicate silica endoskeleton.
Fossil heliozoans occur as scales or spines, less than
500 µm in size. They are found in marine or freshwater
habitats from the Pleistocene to Recent.

Phylum Radiozoa
The living radiolarian
The individual single-celled radiolarians average
between 50 and 200 µm in diameter, with colonial
associations extending to metres in length. The cytoplasm of each cell is divided into an outer ectoplasm
(extracapsulum) and an inner endoplasm (intracapsulum), separated by a perforate organic membrane
called the central capsule (Fig. 16.1a), a feature that
is unique to the Radiolaria. The nucleus or nuclei in
multinucleate species are found within the endoplasm.
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Radiating outwards from the central capsule are the
pseudopodia, either as thread-like filopodia or as
axopodia, which have a central rod of fibres for rigidity. The ectoplasm typically contains a zone of frothy,
gelatinous bubbles, collectively termed the calymma
and a swarm of yellow symbiotic algae called zooxanthellae. The calymma in some spumellarian Radiolaria
can be so extensive as to obscure the skeleton.
A mineralized skeleton is usually present within the
cell and comprises, in the simplest forms, either radial
or tangential elements, or both. The radial elements
consist of loose spicules, external spines or internal
bars. They may be hollow or solid and serve mainly to
support the axopodia. The tangential elements, where
present, generally form a porous lattice shell of very
variable morphology, such as spheres, spindles and
cones (Fig. 16.1b,c). Often there is an arrangement of
concentric or overlapping lattice shells.
Skeletal composition differs within the Radiozoa,
being of strontium sulphate (i.e. celestine, SrSO4)
in the class Acantharia, opaline silica in the class
Polycystina (orders Spumellaria and Nassellaria) and
organic with up to 20% opaline silica in the order
Phaeodaria. Radiolarians are able to repair broken
elements and grow by adding to their skeletons. The
absence of gradational forms between adults and juveniles in plankton samples indicates this process is not a
simple addition of material alone.
Radiolarians reproduce by fission and possibly sexually by the release of flagellated cells, called swarmers.
In the family Collosphaeridae (Spumellaria), the cells
remain attached to form colonies. Individual radiolarians are thought to live no longer than 1 month. As
marine zooplankton, radiolarians occupy a wide range
of trophic types including bacterivores, detritivores,
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omnivores and osmotrophs (Casey 1993, in Lipps
1993, pp. 249–285). With increasing size there is a
trend from herbivory to omnivory (Anderson 1996).
Many species use their sticky radiating axopodia to
trap and paralyse passing organisms (e.g. phytoplankton and bacteria). Food particles are digested in vacuoles within the calymma and nutrients are passed
through the perforate central capsule to the endoplasm. Those living in the photic zone may also contain zooxanthellae and can survive by symbiosis.
Buoyancy is maintained in several ways. The specific
gravity is lowered by the accumulation of fat globules
or gas-filled vacuoles. Frictional resistance is increased
by the development of long rigid axopods borne on
skeletal spines. Holes in the skeleton allow the cytoplasm to pass through and also reduce weight. The
spherical and discoidal skeletal shapes are further
devices to reduce sinking, as in foraminifera, coccolithophores and diatoms. The turret- and bell-like
skeletons of the Nassellaria appear to be adaptions for
areas of ascending water currents, the mouth being
held downwards and the axis held vertically, much as
in silicoflagellates.
Radiolarian distribution and ecology

Fig. 16.1 (a) Cross-section through a naked radiolarian cell
(Thalassicola). (b) Cross-section through a spumellarian
showing the relationship of the nucleus, endoplasm and
ectoplasm to three concentric lattice shells and radial spines.
(c) SEM photomicrograph of a Neogene spumellarian
radiolarian. ((b) After Westphal 1976.)

Living radiolarians prefer oceanic conditions, especially just seaward of the continental slope, in regions
where divergent surface currents bring up nutrients
from the depths and planktonic food is plentiful.
Although most diverse and abundant at equatorial
latitudes, where they may reach numbers of up to
82,000 m−3 water, they also thrive with diatoms in the
subpolar seas (Fig. 16.2). Radiolarians tend to bloom
seasonally in response to changes in food and silica
content, currents and water masses.
Different trophic types live in different parts of the
ocean; herbivores are restricted to the upper 200 m of
the ocean whereas symbiotrophs are found to dominate the subtropical gyres and warm shelf areas.
Detritivores and bacterivores dominate high latitude
shallow subsurface waters. Different species may also
occur in vertically stratified assemblages, each approximately corresponding to discrete water masses with
certain physical and chemical characteristics (Fig. 16.3).
Assemblage boundaries at 50, 200, 400, 1000 and 4000 m
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Fig. 16.2 Abundance of Radiolaria in
surface sediments of the South Atlantic.
(Modified from Goll & Bjørklund 1974.)

Fig. 16.3 Latitudinal and vertical assemblages of polycystine
radiolarians in the pacific along 170° W transect. (Modified
from Casey, in Funnell & Reidel 1971, figure 7.1.)

are reported, though these depths vary with latitude.
Acantharia and Spumellaria generally dominate the
photic zone (<200 m) and Nassellaria and Phaeodaria
dominate in depths below 2000 m. Some radiolarian
species occupy a wide depth range, with juveniles and
small adults thriving at the shallower end of the range
and the larger adults living in the deeper waters.
Radiolaria zoogeography is directly related to ocean
circulation and water mass distribution patterns. The
boundaries of radiolarian provinces thus correspond
to major current convergences in the subtropical and
tropical regions and have been used to plot the chang-

ing history of currents and water masses through the
Cenozoic (see Casey et al. 1983; Casey 1989) and hence
as a proxy for palaeotemperature. Gradients of temperature, silica and other macronutrient concentrations probably influence the latitudinal abundance of
living Radiolaria (Abelmann & Gowing 1996). In the
modern oceans eight shallow-water and seven deepwater provinces have been defined (Casey et al. 1982;
Casey 1989). Of these the Subtropical Anticyclonic Gyre
Province has the highest radiolarian diversity, specimen density and species endemism, probably reflecting to the presence of algal symbionts in the majority
of taxa inhabiting this province. Deep-water provinces
appear to be related to water masses found at depth. As
with the Foraminiferida, some cold-water species that
live near the surface in subpolar waters occur at greater
depths near the Equator (Fig. 16.3).
Radiolarians and sedimentology
Both the SrSO4 skeletons of the Acantharia and the
weakly silicified tubular skeletons of the Phaeodaria
are very prone to dissolution in the water column after
death and on the deep sea floor, and they are therefore
rare as fossils. Conversely, the solid opaline skeletons
of the Spumellaria and Nassellaria tend to be more
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resistant even than in silicoflagellates and diatoms,
although all are susceptible to dissolution because sea
water is very undersaturated relative to silica. Below
the calcium carbonate compensation depth (usually
3000–5000 m) nearly all CaCO3 enters into solution so
that siliceous radiolarian or diatomaceous oozes tend
to accumulate. Radiolarian oozes are mostly found in
the equatorial Pacific below zones of high productivity
at 3000–4000 m depth and can contain as many as
100,000 skeletons per gram of sediment, but they may
also occur abundantly in marine diatomaceous oozes
or in Globigerina and coccolith oozes.
With increasing depth and dissolution, the abundance of Radiolaria in deep sea sediments decreases,
through a progressive loss of the more delicate skeletons (Fig. 16.4). If the settling or sedimentation rate
is slow, the chances for solution of skeletons will also
increase, eventually lending a bias to the composition
of fossil assemblages. Consequently, red muds of the
abyssal plains mainly consist of volcanic and meteoritic
debris barren of all but the most resistant parts of radiolarian skeletons and fish debris. The best preserved of
radiolarians are those that have sunk rapidly to the
ocean floor, usually within the faecal pellets of copepod
crustaceans (Casey 1977, in Swain 1977, p. 542).
Fossil radiolarians are frequently found in chert
horizons. Nodular cherts found interbedded with calcareous pelagic sediments of Mesozoic and Cenozoic
age are probably deep-water deposits formed below
belts of upwelling plankton-rich waters, as at the
present day (see Casey 1989). The massive and ribbonbedded cherts (radiolarites) found in Palaeozoic successions are interbedded with black shales and basic
volcanic rocks in settings that have been interpreted
as ancient oceanic crust. Ancient radiolarite deposits
have been compared to those in the modern Owen and
Somalia basins, both narrow, partially restricted basins
with active monsoonal upwelling. However, the best
radiolarian assemblages of Palaeozoic age come from
continental shelf facies (Holdsworth 1977, in Swain
1977, pp. 167–184) and Bogdanov & Vishnevskaya
(1992) proposed a shift in radiolarian habitats from
the shallow, carbonate shelves of the Palaeozoic to the
exclusively oceanic realm today.
Like other microfossils, Radiolaria are very prone to
exhumation and reburial in younger sediments. These

Fig. 16.4 The vertical distribution of living and dead
radiolarians through the water column at a station in the
central Pacific. (After Petrushevskaya, in Funnell & Reidel 1971,
figure 21.4.)
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and other aspects of radiolarians in sediments are
reviewed more fully in Anderson (1983), Sanfilippo
et al. (in Bolli et al. 1985) and Casey (1993, in Lipps
1993, pp. 249–285).

Classiﬁcation of radiolarians
The classification of the radiolarians is in a state of flux.
Living radiolarians are subdivided on morphology of
the unmineralized (and therefore unfossilized) central
capsule as well as on the composition and geometry
of the skeleton. Fossil Radiolaria are classified using
skeletal morphology. Separate schemes have been
devised for the taxa present in the different eras and
to date little attempt has been made to rationalize the
many schemes. The scheme followed herein (Box 16.1)
follows that proposed by Hart & Williams (1993 in
Benton 1993, pp. 66–69) with modifications as recommended by Cavalier-Smith (1993). Suprageneric categories are probably best regarded as informal.
Kingdom PROTOZA
Parvkingdom ACTINOPODA
Phylum RADIOZOA
Subphylum RADIOLARIA
Class POLYCYSTINEA
Polycystine Radiolaria are generally spherical. The
Palaeozoic spherical Radiolaria (order Archaeospicularia) may not be closely related to the younger
Spumellaria and comprise several but as yet littlestudied groups (see Holdsworth 1977, in Swain 1977,
pp. 167–184). For example, Entactinosphaera (U.
Dev.-Carb., Fig. 16.5a) has a six-rayed internal spicule
supporting two or more concentric lattice shells.
Order Spumellaria comprises skeletons in the form
of a spherical or discoidal lattice, with several concentric shells bearing radial spines and supporting bars. In
Thalassicola (Rec., Fig. 16.1a) a skeleton is either lacking or consists merely of isolated spicules. Actinomma
(Rec., Fig. 16.5c) has three concentric, spherical lattice
shells with large and small radial spines and bars.
Dictyastrum (Jur.-Rec., Fig. 16.5d) has a flattened
skeleton with three concentric chambers leading to
three radiating chambered arms. Related genera also
have radial beams and subdivide the chambers into
chamberlets. Albaillella (Carb., Fig. 16.5b) belongs to a

group of radiolarians with bilaterally symmetrical,
triangulate skeletons that flourished in Silurian to
Carboniferous times. Their systematic position is uncertain, with Holdsworth (1977, in Swain 1977, p. 168)
placing them in a separate suborder Albaillellaria; but
they have also been compared with the later Nassellaria.
Order Nassellaria have skeletons usually comprising a primary spicule, a ring or a lattice shell. The
primary spicule comprises three, four, six or more
rays that may be simple, branched or anastomosing.
In Campylacantha (Rec., Fig. 16.6a), for example,
the skeleton comprises a three-rayed spicule, each ray
bearing similar but smaller branches. Evolutionary
modifications of these rays led in certain stocks to a
sagittal ring that may bear spines, sometimes in the
form of tripod-like basal feet. In Acanthocircus (Cret.,
Fig. 16.6b) the ring bears three simple spines, two of
them projecting inwards.
The phylogeny of taxa with more elaborate lattice
shells can be traced from the study of the form of the
primary spicule or ring elements (see Campbell 1954).
The lattice may be spherical, discoidal, ellipsoidal or
fusiform and constructed of successive chambers (segments) that partially enclose earlier ones. The skeletons differ from those of Acantharia and Spumellaria
in having a wide aperture (basal shell mouth) at the
terminal pole. This may be open or closed by a lattice.
The initial chamber (cephalis) is closed and contains
the primary spicule elements referred to above. The
cephalis may also bear diagnostic features such as an
apical horn. The second chamber is called the thorax
and the third the abdomen with, sometimes, many
more post-abdominal segments, each separated by
a ‘joint’ or constriction. Bathropyramis (Cret.-Rec.,
Fig. 16.6c) has a conical lattice with rectangular pores
and about nine radial spines around the open basal
shell mouth. Podocyrtis (Cret.-Rec., Fig. 16.6d) has
a conical, segmented skeleton with an apical horn and
a tripod of three radial spines around the open mouth.
Successive chambers of the fusiform Cyrtocapsa (Jur.Rec., Fig. 16.6e) form prominent segments and the
mouth is closed by a lattice.
Class Phaeodaria have skeletons that comprise 95%
organic and 5% opaline silica constructed in the form
of a lattice of hollow or solid elements, often with
complex dendritic spines called styles. The central

Box 16.1 The classiﬁcation of Radiolaria with diagrammatic representatives of a typical
form (after Casey, in Lipps 1993, ﬁgure 13.5)
Class POLYCYSTINA
Order ARCHAEOSPICULARIA: Includes Lower Palaeozoic Radiolaria previously included in the Spumullaria and Collodaria
characterized by spherical forms with a globular shell of several spicules. Members of this order are some of the earliest radiolaria and may have provided the ancestors to the Spumullaria and the Albiaillellidae.
Order SPUMELLARIA
Actinommidae Spongy
cylindrical forms.
Cosmopolitan. ?Trias.-Rec.

Actinommidium

Phacodiscidae Lens or biconvex
disc-shaped forms. Warm water,
?Palaeo./Meso.-Rec.

Coccodiscidae Lens shaped with
a latticed centre and spongy
chambered girdle or arms.
Meso.-Eoc.

Lithocyclia

Pseudoaulophacidae Lens-like
commonly triangular, usually
with a few marginal spines.
Cret. (Val.-Mass.)

Collosphaeridae Single spheres,
usually more interpore area than
pore area; weakly developed
external projections. Commonly
colonial and possessing
symbionts. Warm water in
oligotrophic anticyclonic gyres,
Mioc.-Rec.

Collospaera

Pyloniidae Skeleton comprises
an ellipsoid of girdles and holes
(gates). Warm water, Eoc.-Rec.

Entactiniidae Spherical or
ellipsoidal; latticed wall structure,
bars running to the centre of the
skeleton. L. Sil.-Carb.

Spongodiscidae Polyphyletic
grouping of discoid, spongy
forms. Dev.-Rec.

Hagiastriidae Spongy
‘rectangular’ mesh and two
to four large radial arms
Palaeo.-Meso./Rec.

Sponguridae A polyphyletic group
containing many subgroups of
discoidal and ‘spongy’ forms.
Cosmopolitan. Meso.-Rec.

Litheliidae Coiled and latticed
forms; tightly coiled morphotypes
are cold water and loosely coiled
morphotypes warm water.
Cosmopolitan Carb.-Rec.

Tholoniidae Outer shell elliptical
with bulb-like extensions. Deep
cold water. Mioc.-Rec.

Orosphaeridae Spherical or
cup shapes with coarse
polygonal lattice. Usually large
specimens. Eoc.-Rec.

Box 16.1 (cont’d)
Order NASSELLARIDA: Cone-shaped polycystine radiolaria
Suborder SPYRIDA
Suborder CYRTIDAE
Acanthodesmiidae D-shaped ring
or latticed bilobed chamber with
an internal D-shaped sagittal ring.
Mainly warm shallow water;
containing symbionts. Ceno.

Eucyrtinidae Usually more
than one postcephalic chamber.
The Spongocapsidae,
Syringocapsidae and Xitidae can
be included here. Mainly warm
water, Meso.-Rec.

Amphipyndacidae Small usually
poreless cephalis with several
postcephalic joints. Warm water,
Cret.-Eoc.

Plagoniidae Walls of the thorax
and sometimes the cephalis can
be extremely reduced to a
spicular form. Spines are typically
faceted. Cosmopolitan, Mio.-Rec.
Similar spines are known from the
Palaeo. and Meso.

Artostrobiidae Lobate or tubular
cephalis with latitudinally
arranged pores. Cold- and deepwater forms are more robust than
warm-water forms. Cret.-Rec.

Pterocorythidae Large, elongate,
lobate, porate cephalis and
commonly more than one postcephalic chamber. Bear a long
spine that emerges from the side
of the cephalis. Warm-water
forms, Eoc.-Rec.

Cannobotrythidae Lobate and
randomly porate cephalis that
may extend as tubes. Cosmo.,
warm- and cold-water forms Cret.
or L. Palaeogene-Rec.

Rotaformiidae Lens-shaped
with central area enclosing a
nasselarian cephalis. Cret.

Carpocaniidae Cephalis small and
recessed into a commonly elongte
thorax. Warm water, Eoc.-Rec.

Theoperidae Small spherical
forms with one or more postcephalic chambers; lacking
pores in the cephalis but bearing
a single apical spine. Cold water,
Trias.-Rec.

Class PHAEODAREA: Low preservation potential make this group rare in the fossil record. Two families are reported from the
Tort.-Rec., the Challengeridae and the Getticellidae.
Subphylum SPASMARIA
Class ACANTHARIA: Rarely occur as fossils but comprises the Holacantharia and Euacanthia.
Radiolaria Incertae Sedis
Albaillellidae Sil.-Carb.
Inaniguttidae = Palaeoactinommids L. Ord.-U. Sil.
Anakrusidae, U. Caradoc-Ashgill.
Palaeoscenidiidae?Ord/Dev.-Carb.
Archeoentactiniidae M. Camb.
Palaeospiculumidae M. Camb.
Ceratoikiscidae M. Sil.
Pylentonemiidae Ord.
Haplentactiniidae L. Ord./Sil.-Perm.

Fig. 16.5 Polycystine Radiolaria. (a) Entactinosphaera ×195. (b) Albaillella (scale unknown). (c) Actinomma (scale unknown).
(d) Ditryastrum × 66. ((a) After Foreman 1963; (b) after Holdsworth 1969; (c) after Campbell 1954; (d) after Campbell 1954 from
Haeckel ((c), (d) from the Treatise on Invertebrate Paleontology, courtesy of and © 1954, Part C, The Geological Society of America and
The University of Kansas).)

Fig. 16.6 Nasellarian and phaeodarian Radiolaria. (a) Campylacantha ×200. (b) Acanthocircus ×40. (c) Bathropyramis ×133.
(d) Podocyrtis ×100. (e) Cyrtocapsa ×200. (f ) Challengerianum ×187. ((a) After Campbell 1954 from Jorgensen; (b) after Campbell 1954
from Squinabol; (c), (d), (e) after Campbell 1954 from Haeckel; (f) redrawn after Reshetnjak, in Funnell & Riedel 1971, figure 24.19b.
((a), (c)–(e) from the Treatise on Invertebrate Paleontology, courtesy of and © 1954, Part C, The Geological Society of America and
The University of Kansas).)
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capsule also has a double wall rather than the single
wall found in the former groups, and a basal shell
mouth as in the Nassellaria. Only the more robust
shells are known as fossils, such as Challengerianum
(Mioc.-Rec., Fig. 16.6f). This has an ovate shell with
an apical horn, a marginal keel, an open basal shell
mouth surrounded by oral teeth and a skeleton wall
with a fine hexagonal, diatom-like mesh.
Subphylum SPASMARIA
Class Acantharia
These have skeletons generated at the cell centre rather
than peripherally as is usual in the other groups. This
skeleton generally comprises 20 spines of SrSO4 joined
at one end (in the endoplasm) and arranged like the four
spokes of five wheels in different planes and of varying
diameters (e.g. Zygacantha, ?Mioc.-Rec., Fig. 16.7a).

Fig. 16.7 Acantharian radiolarians. (a) Zygacantha skeleton
×160. (b) Acanthometra cell with spicules ×71. (c) Belonaspis
skeleton ×100. ((a) After Campbell 1954 from Popofsky;
(b) redrawn after Westphal 1976; (c) after Campbell 1954 from
Haeckel ((a), (c) from the Treatise on Invertebrate Paleontology,
courtesy of and © 1964, Part C, The Geological Society of
America and The University of Kansas).)

Acanthometra (Rec., Fig. 16.7b) has thin radial spines
embedded in cytoplasm that invariably disarticulate
after death. Belonaspis (Rec., Fig. 16.7c) has an ellipsoidal lattice formed by fused spine branches (or
apophyses) with 20 projecting radial spines.

General history of radiolarians
Radiolaria first appeared in the Cambrian and were
one of the first groups to change from a benthic to freefloating mode of life (Knoll & Lipps 1993, in Lipps
1993, pp. 19–29). The earliest well-preserved examples
are spicules, cones and the closed spheres of spherical
Archeoentactiniidae and spicules of the Palaeospiculumidae from the Middle Cambrian of the Georgina
Basin, Australia (Won & Below 1999) and the Upper
Cambrian and Lower Ordovician of Kazakhstan
(Nazarov 1975). Cold- and warm-water types can be
distinguished in the Cambrian and a deep-water radiolarian fauna was present by the Silurian. A variety of
distinct spumellarians flourished in the Palaeozoic,
joined by the first deep, cold-water albaillellarians in
the Late Devonian to Early Permian (Holdsworth
1977, in Swain 1977, pp. 167–184).
The dramatic reduction of cold- and warm-water
species during the Permian and Triassic periods
(Tappan & Loeblich 1973; Kozur 1998) has been attributed to the tectonic closure of some Late Palaeozoic
ocean basins, the reorganization and reduction in the
number of surface currents and eutrophication due to
Late Permian glaciation (Hallam & Wignall 1997;
Martin 1998). The first unequivocal nassellarians
appeared in the Triassic. About half of the extant
groups of Radiolaria appeared in the Mesozoic. The
earliest unequivocal Phaeodaria are of Cretaceous
age, with equivocal records from the Permian or even
older.
From the Cretaceous Radiolaria had to share their
niches with the rapidly radiating planktonic foraminifera (Anderson 1996). The fossil record suggests that,
unlike diatoms and silicoflagellates, the Radiolaria did
not flourish in the cooler Cenozoic Era (Fig. 16.8), as
the equatorial belt in which they achieve their highest
diversity contracted steadily during this time. Through
the Cenozoic, radiolarians also show a progressive
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diversity has been interpreted as an increase in competitive pressure for dissolved silica by the diatoms and
silicoflagellates, a pattern also seen during the coolers
periods of the Cenozoic (Harper & Knoll 1975). Hence
many living Nassellaria and Phaeodaria are delicately
constructed and do not occur as fossils. The apparent
drop in diversity may be misleading, with the data
merely recording a decrease in the preservation potential of radiolarians, of oceanic environments, or both.
Fossil Acantharia have been reported from
Paleocene and younger strata. The last major radiolarian radiation occurred at the Paleocene–Neogene
boundary in response to the development of new
intermediate and circumpolar water masses and the
oligotrophic subtropical gyres.

Applications of radiolarians

Fig. 16.8 Apparent changes in the species diversity of
polycystine Radiolaria through time. (Based on Tappan &
Loeblich 1973 with modifications after Vishnevskaya 1997.)

decrease in the amount of silica used to build the skeleton, particularly in silica-depleted, warm surface
waters (Casey et al. 1983).
The Eocene–Oligocene boundary is marked by
greatly enhanced siliceous ooze accumulation,
Horizon Ac, comprising radiolarian-diatom deposits
that occur in a broad belt across the northern Atlantic,
equatorial Pacific and Mediterranean region. This
event has been correlated with a large hiatus associated
with volcanogenic deposits and vigorous deep-water
currents and upwelling. Berger (1991) in his chertclimate hypothesis noted the Eocene ‘opal revolution’
corresponded with a declining volcanic silica source,
increased oceanic mixing and progressive oxygenation, colonization of upwelling zones by diatoms and
the more effective recirculation of biogenic silica.
A substantial change in the marine siliceous plankton occurred in the Early Oligocene, with a marked
decline in many thickly silicified radiolarians (e.g.
Conley et al. 1994; Khokhlova 2000). This decline in

Most of the studies of fossil Radiolaria emphasize their
value to biostratigraphical correlation of oceanic sediments, particularly where the calcareous microfossils
have suffered dissolution. Sanfilippo et al. (in Bolli et al.
1985) provides a review of Mesozoic and Cenozoic
radiolarian biozonations, with tropical Cenozoic
biozonations the best developed. The Late Paleocene
to Recent has been divided into 29 biozones that can be
recognized around the world and have been related
directly to the well-dated magnetostratigraphy. The
complex nature of the radiolarian skeleton and an
almost complete Mesozoic to Recent geological record
makes this group ideal for charting microevolutionary
changes (see Moore 1972; Foreman 1975; Knoll &
Johnson 1975).
Radiolaria have an increasing value as depth,
palaeoclimate and palaeotemperature indicators and
changes in radiolarian provinciality through the
Cenozoic are highlighted (Casey et al. 1990). They
have also been used to indicate palaeogeographic and
tectonic changes in ocean basins. For example, radiolarian stratigraphy gave early support to the hypothesis
of sea-floor spreading (Riedel 1967), and the closure
of the Panama isthmus about 3.5 Myr is reflected
in changing radiolarian assemblages in the Atlantic
(Casey & McMillen in Swain 1977, pp. 521–524). The
resistant nature of radiolarian chert to tectonism and
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diagenesis means Radiolaria are often the only common
fossils preserved in orogenic belts and within accreted
terranes (e.g. Murchey 1984; De Wever et al. 1994;
Nokleberg et al. 1994; Cordey 1998).

Phylum Heliozoa
The Heliozoa closely resemble the Radiolaria but they
lack the distinctive central capsule membrane between
ectoplasm and endoplasm. Their skeletons may comprise a spherical lattice of chitinous matter weakly
impregnated with silica, or isolated siliceous spicules
and plates embedded in the mucilage near the outer
ectoplasm. A few can agglutinate a skeleton of sand
grains or diatom frustules or even survive without a
skeleton at all. These delicate structures tend to fall
apart after death, thereby obscuring their heliozoan
origin. Heliozoans are, none the less, known as fossils
from a few Pleistocene lake sediments (Moore 1954).

Further reading
Anderson’s book on Radiolaria (1983) provides an
excellent review of the biology of living radiolarians
plus other aspects on the research into Radiolaria up to
that time. Casey (in Lipps 1993, pp. 249–285) provides
a good general review with sections on oceanographic
applications and biostratigraphy. Sanfilippo et al. (in
Bolli et al. 1985) provides a detailed review of radiolarian biostratigraphy plus many illustrations. Case
studies of the application of Radiolaria in orogenic
belts can be found in a special issue of Palaeogeography, Palaeoclimatology, Palaeoecology 1996, 96, 1–161).
Identification of specimens should be assisted by reference to Foreman & Riedel (1972 to date). Racki &
Cordey (2000) review radiolarian palaeoecology in the
context of the evolution of the marine silica cycle.

Hints for collection and study
Fossil Radiolaria can be extracted from mudstones,
shales and marls using methods A to E (see Appendix),
from limestones using method F and from cherts using

method F using HF. The residues should then be
washed over a 125- and 68-µm sieve, dried and concentrated with CCl4 (methods I and J) and viewed with
reflected light (method O) or with well-condensed
transmitted light, as with diatoms (q.v.). Radiolarian
cherts can be studied in relatively thick petrographic
thin sections, viewed with transmitted light at about
400× or higher. Further information on preparatory
techniques is given by Riedel & Sanfilippo (in Ramsay
1977, pp. 852–858).
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CHAPTER 17

Diatoms

Diatoms are unicellular algae with golden-brown
photosynthetic pigments that differ from other chrysophytes in lacking flagella. Their cell wall is silicified
to form a frustule, comprising two valves, one overlapping the other like the lid of a box. Diatoms live
in almost all kinds of aquatic and semi-aquatic environments that are exposed to light, and their remains
may accumulate in enormous numbers in diatomite.
Diatoms are the dominant marine primary producers
(see Nelson et al. 1995 for a review) and play a particularly important role in the carbon, silica and nutrient
budgets of the modern ocean. Over a century of careful
botanical research into living forms has resulted in a
relatively clear-cut taxonomy and considerable knowledge about their biology and ecology. Living species
are extremely sensitive to physical and chemical conditions, so that they provide a valuable tool for studies
of modern water quality and for the reconstruction
of past environments. Diatoms are also important as
biostratigraphical zone fossils in marine deposits from
high latitudes or at great water depth, both of which
tend to lack calcareous microfossils.

The living diatom
The diatom cell ranges in size from 1 to 2000 µm in
length, although most species encountered are in the
size range 10 to 100 µm. The cell may be single or colonial, the latter bound together by mucous filaments or
by bands into long chains. Each cell possesses two or
more yellow, olive or golden-brown photosynthetic
chloroplasts, a central vacuole and a large central
diploid nucleus, although it lacks flagella and pseudopodia. Pennate diatoms (Fig. 17.1) can glide over
200

the substrate by the production of a stream of mucus
between the frustule and the sediment, but the planktonic centric diatoms (Fig. 17.2) are non-motile. To
avoid sinking below the photic zone, the latter are
therefore provided with low-density fat droplets or
occasionally with spines and they may also construct
long colonial chains of frustules.
Reproduction is primarily asexual, by mitotic division
of the parent cell into two. This binary fission can take
place from one to eight times per day. Because each
daughter cell takes one of the parent valves for its own
and adds a new valve, there is a gradual diminution in
the average size of the diatom stock with each generation.
This trend is eventually reversed by sexual reproduction.

The frustule
About 95% of the cell wall in diatoms is impregnated
with opaline silica. The region of overlap between the
epivalve and hypovalve is called the girdle, and a study
of the valve and the girdle view aids identification (Fig.
17.1a). Frustules are usually either circular (centric) or
elliptical (pennate) in valve view, these kinds also
comprising the two orders of diatoms (Centrales and
Pennales). From 10 to 30% of the valve surface area is
covered in tiny pores called punctae, the arrangement
of which is also significant for classification, perforate
surface. The punctae, which allow connection between
the cytoplasm and the external environment, can either
be simple holes or are occluded by thin transverse plates
with minute pores, referred to as sieve membranes
(Fig. 17.1d). Arrangement of the punctae in lines gives
rise to striae, usually separated by imperforate ridges
called costae.
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Members of the order Pennales, or pennate diatoms,
have frustules that are elliptical or rectangular in valve
view, with sculpture that is bilaterally symmetrical
about a central line. In many diatoms, this central line
is a longitudinal unsilicified groove down the middle
of each valve face called a raphe, which has rows of
punctae arranged at right angles on either side (Fig.
17.1a). The raphe facilitates a flow of mucus that leads
to a creeping motion. Some do not have a groove but
merely a similar, silicified area clear of punctae, called a
pseudoraphe (Fig. 17.1b,c). A central nodule in the
mid-point of the valve face divides the raphe into two,
and similar polar nodules may occur at the extremities
(Fig. 17.1a). The raphe or pseudoraphe can occur on
one or both valves. Such features are used for further
taxonomic subdivision of pennate diatoms. Members
of the suborder Araphidineae only have a pseudoraphe
and generally occur attached by mucilage pads at the

apex of the cell. For example, Fragilaria (Fig. 17.1b) is a
benthic, freshwater genus with a very narrow frustule,
rectangular in girdle view and commonly united on
the valve faces into long chains. The punctae are
arranged in striae without intervening costae. In the
suborder Monoraphidineae, a raphe is present on
the hypovalve and a pseudoraphe on the epivalve.
Achnanthes (Fig. 17.1c), for example, is solitary or
united in chains and has boat-shaped (naviculoid)
valves with punctae arranged in striae. The example in
Fig. 17.1c is a brackish-water species but freshwater
and marine species occur. The Biraphidineae have a
true raphe on both valves, such as in the common
freshwater genus Pinnularia (Fig. 17.1a).
The order Centrales (syn. Coscinodiscophyceae) is
characterized by members that have a structural centre
formed by a point. Centric diatoms have frustules
which are circular, triangular or quadrate in valve view

Fig. 17.1 Pennate diatoms. (a) Pinnularia, oblique view with raphe ×320. (b) Fragilaria, valve view with pseudoraphe (left) and girdle
view of colony (right, about ×545). (c) Achnanthes, hypovalve with raphe (left), epivalve view with pseudoraphe (centre) and girdle
view (right, all about ×545). (d) Detail of diatom punctae. Scale bar = 10 µm ((a) After Scagel et al. 1965; (b) and (c) after van der Werff
& Huls 1957–1963; (d) after Chapman & Chapman 1973 from Fott.)
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Fig. 17.2 Centric diatoms. (a) Melosira, valve view (left) and girdle view of colony (right, about ×342). (b) Coscinodiscus, valve view,
about ×535. (c) Actinoptychus, valve view (left, about ×277) and girdle view (right, about ×340). (d) Thalassiosira, valve view (above)
and girdle view of colony (below, both ×670). Scale bar = 10 µm. (After van der Werff & Huls, 1957–1963.)

and rectangular or ovate in girdle view. Being mostly
planktonic and non-motile, they lack the raphe and
pseudoraphe. Melosira (Fig. 17.2a) thrives in freshwater and brackish-water habitats, its pillbox-like frustules united into long filaments. The punctae are small
and arranged in numerous fine striae radiating from
a central region of fewer punctae. In Coscinodiscus
(Fig. 17.2b) the frustule is also discoidal but with very
large radiating punctae. This genus is typical of many
inshore and outer shelf planktonic assemblages. Actinoptychus (Fig. 17.2c) has the valve face divided into
compartments, alternately elevated and depressed,
with punctae of different size and shape. It thrives in
the nearshore plankton. Thalassiosira (Fig. 17.2d) is
an open-ocean planktonic form with radial punctae
and small submarginal spines, the frustules united in
chains by a delicate mucus filament.
Many planktonic diatoms living in shelf seas produce a thick-walled siliceous resting cyst or statospore
when temperature and nutrients fall below a critical
level. The statospore may sink down to the sea floor
until favourable conditions return as, for example,

during seasonal upwelling. Unlike normal frustules,
the sculpture of the epivalve and hypovalve of the
statospore is different, and it also lacks a girdle.

Diatom distribution and ecology
Diatoms are autotrophic and form the basis of food
chains in many aquatic ecosystems. Different species
occupy benthic and planktonic niches in ponds, lakes,
rivers, salt marshes, lagoons, seas and oceanic waters,
while some thrive in the soil, in ice, or attached to trees
and rocks.
Pennate diatoms dominate the freshwater, soil and
epiphytic niches although they also thrive in benthic
marine habitats. Centric diatoms thrive as plankton in
marine waters, especially at subpolar and temperate
latitudes. Distinct planktonic assemblages are known
to dwell in nearshore, neritic and oceanic environments.
They can also occur as plankton in freshwater bodies.
Diatoms require light and are therefore limited to
the photic zone (<200 m) during life. Each species
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Fig. 17.3 The distribution of diatom
frustules in surface sediments of the
Indian and Pacific oceans, in millions
per gram of sediment. (Based on Lisitzin,
in Funnell & Riedel 1971, figure 10.11.)

tends to have a preference for a particular water
mass, with distinctive ranges of temperature, salinity,
acidity, oxygen and mineral concentrations. Seasonal
fluxes in these factors at high latitudes may lead to
spring and late summer blooms, particularly among
the plankton where diatoms may number as much
as 1000 million cells per m3 of water. Diatoms are
especially abundant in regions of upwelling caused by
current divergences, as in those of the Antarctic divergence (Fig. 17.3) and off the coast of Peru. These
waters are favoured because of their high silica,
phosphate, nitrate and iron content. Diatoms living at
times of high nutrient availability often face an acute
shortage of dissolved silica, which they overcome by
the production of weakly silicified frustules (Conley
et al. 1994; Baron & Baldauf 1995). After death, the
thin and highly porous skeleton dissolves rapidly,
making more silica available for the next generation of
diatoms. Where the concentrations of biolimiting
nutrients are low, as in the centres of oceanic gyres,
then diatoms tend to be rare.

Diatomaceous sediments
Diatom productivity is high where nutrient levels are
high. These conditions can lead to the accumulation of
diatomites on the deep sea floor. Diatomites are forming in three main areas at the present time: beneath
sub-Arctic waters of the northern hemisphere;
beneath sub-Antarctic waters of the southern hemisphere; and in an equatorial belt around the Indian
and Pacific Oceans, related to a belt of equatorial
upwelling (Fig. 17.3). These equatorial deposits are
some 4–6 m thick and may contain over 400 million
valves per gram (largely of Ethmodiscus sp.). Such vast
accumulations of diatoms also require conditions of
low terrigenous influx (e.g. away from coastlines) and
high CaCO3 solubility (e.g. at abyssal depths).
Modern sea water is undersaturated with respect to
silica, largely because of the huge amount of silica
removed from solution by diatom biomineralization.
This means that diatom frustules are prone to dissolution by pressure at depth or under alkaline conditions;
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The classification of diatoms has been traditionally
based on frustule form and sculpture. Hustedt (1930)
gave the group the status of a division, Bacillariophyta,
but Hendey (1964) and many others regard diatoms
as a class within the Chrysophyta, which also includes
the coccolithophores. Cavalier-Smith (1993) placed the
diatoms (along with the coccolithophores) in the kingdom Chromista based on the location of the chloroplasts in the lumen of the endoplasmic reticulum. This
organelle arrangement also distinguishes the diatoms
from other photosynthetic Protozoa including the dinoflagellates. Two orders are widely recognized, namely
the Pennales and the Centrales (Table 17.1).

Evolutionary history

Fig. 17.4 Changes in the silicoflagellate and diatom flora with
depth, mainly through dissolution. Dictyocha and Distephanus
are silicoflagellates; the rest are diatoms. (Based on Lisitzin, in
Funnell & Riedel 1971, figure 10.8.)

especially the less robust or weakly silicified forms
(Fig. 17.4). This selective dissolution in marine environments and the non-preservation of many freshwater
forms leads to fossil assemblages rarely being representative of the living assemblage. Less than 5% of the
living assemblage at the ocean surface reaches the sea
floor to form a death assemblage. The latter mainly
comprises robust frustules and statospores, plus more
delicate forms that have reached the bottom through
incorporation into zooplankton faecal pellets. Furthermore, planktonic diatoms may travel far before coming to rest on the sea bed; even freshwater diatoms are
not uncommon in deep sea sediments. The latter are
mainly blown off the land by strong winds.

Classiﬁcation
Kingdom CHROMISTA
Subkingdom EUCHROMISTA
Infrakingdom DIATOMEA

The fossil record of marine diatoms is still incompletely known due to dissolution and taphonomic
effects (e.g. Hesse 1989; De Wever et al. 1994; Martin
1995; Schieber et al. 2000). The ancestor of the diatoms
may have been a spherical chrysophyte provided with
thin siliceous scales, such as are known from Proterozoic cherts. The earliest unequivocal recorded
diatom frustules are centric forms from the Early
Jurassic although very few remains are known before
the Campanian (Late Cretaceous).
Diatoms were only moderately affected by events at
the Cretaceous–Tertiary boundary (c. 23% extinction). A major radiation took place among centric
diatoms in the Paleocene when the first pennate types
also appeared (Fig. 17.5), expanding their numbers
gradually through time.
Periods of turnover in diatom species have coincided
with steps in global cooling leading to the increasing of
latitudinal thermal gradients through the Cenozoic.
High- and low-latitude diatom assemblages began to
differentiate in the Late Eocene to Oligocene, and provincialism increased again in the latest Miocene. Within the Pleistocene, diatom assemblages closely resemble
modern ones but they show a marked increase in abundance during glacial maxima owing to increased surface
water circulation, upwelling and raised nutrient levels.
Prior to the Oligocene, diatom assemblages are
dominated by robust genera such as Hemiaulus (Jur.Oligo., Fig. 17.5). From the Oligocene onward these
robust forms are progressively replaced by more finely
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Table 17.1 Suprageneric classification of the diatoms. (Redrawn after Barron in Lipps 1993, after Simonsen 1979.)
Order

Suborder

Family

Centrales
Central point formed
by a point, auxospore
formation by oogamy

Coscinodiscineae
Valves with a ring of marginal pores, symmetry
primarily without development of polarities,
e.g. Coscinodiscus

Thalassiosiraceae
Melosiraceae
Coscinodiscaceae
Hemidiscaceae
Asterolampraceae
Heliopeltaceae

Rhizosoleniineae
Valves primarily unipolar, strongly elongated in
the direction perpendicular to the plane at which
the two valves are joined in the frustule, e.g. Pyxilla

Pyxillaceae
Rhizosoleniaceae

Biddulphineae
Valves primarily bipolar, secondarily tri- to
multipolar to cicular, e.g. Triceratium

Biddullphiaceae
Chaetoceraceae
Lithodemiaceae
Eupodiscaceae

Araphidineae – valves without a raphe,
e.g. Thalassiothrix

Diatomaceae
Protoraphidaceae

Raphidineae – valves with a raphe, e.g. Nitzchia

Eunotiaceae
Achanthaceae
Naviculaceae
Auriculaceae
Epithemiaceae
Nitzsciaceae
Surirellaceae

Pennales
Structural centre normally
formed by a line, auxospore
formation not by oogamy

silicified genera such as Coscinodiscus (Eoc.-Rec., Figs
17.2b, 17.5), Thalassiosira (?Eoc.-Rec., Figs 17.2d,
17.5) and Thalassionema (Oligo.-Rec., Fig. 17.5). By
the Late Miocene, very finely silicified forms such as
Nitschia (Mioc.-Rec., Fig. 17.5) and Denticulopsis
(Mioc.-Rec., Fig. 17.5) are abundant. Very delicate,
small and elongate forms such as Chaetoceras and
Skeletonema dominate blooms in modern coastal
upwelling zones. The high number of living species
(Fig. 17.6) reflects the contribution made by such
small, weakly silicified forms with low preservation
potential. This trend towards more weakly silicified
forms through the Cenozoic has accompanied global
cooling, more vigorous circulation and raised nutrient
levels. It therefore seems that diatoms, along with the
Radiolaria, have adapted to the increasing competition
for scarce silica in surface waters by reducing their
demand for silica in the skeleton.

The fossil record of freshwater diatoms is also very
incomplete owing to dissolution of their delicate frustules. Pennate diatoms had certainly colonized freshwater habitats by the Paleocene, while a radiation of
both centric and pennate diatoms during the Middle
Miocene may have been enhanced by added supplies
of silica from widespread volcanism.

Applications of diatoms
Few microfossil groups can rival diatoms for the breadth
of their potential applications and these have been reviewed by Stoermer & Smol (1999). Planktonic diatoms
provide the primary means of correlating high-latitude,
and deep-water deposits where calcareous microfossils
tend to be sparse and of low diversity. Their value as biozonal indices for the Cretaceous and Tertiary successions
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Fig. 17.5 Stratigraphical ranges of important genera of planktonic marine diatoms. The width of the bar indicates the relative
abundance of the genus during its range. (Reproduced from Barron in Lipps 1993, figure 10.11.)

is outlined in Barron (in Lipps 1993, pp. 155–169) and
detailed by Fenner (in Bolli et al. 1985) and Barron
(in Bolli et al. 1985). After the Eocene, both high- and
low-latitude biozonations are needed and correlation
between these can be problematic. Although the north-

ern and southern high-latitude assemblages may share
species, few of these show synchronous appearances
and extinctions. Before the Miocene, the retrieval of
biostratigraphical information is also hampered by the
adverse effect of burial upon frustule preservation.
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Fig. 17.6 Changes in species diversity of diatoms through the
Cenozoic Era. (Based on Tappan & Loeblich 1973.)

The palaeoecological value of diatoms is well established, particularly for evidence of climatic cooling
and changing sedimentation rates in the Arctic and
Antarctic oceans (e.g. Retallack et al. 2001; Bianchi
& Gersonde 2002; Shemesh et al. 2002; Wilson et al.
2002; Whittington et al. 2003) and to provide sea
surface temperature estimates (e.g. Birks & Koc 2002).
Gardner & Burckle (1975) have shown that the
Ethmodiscus oozes of the equatorial Atlantic were
deposited during glacial maxima.
Quaternary diatoms are useful indicators of local
habitat changes from terrestrial to deep marine environments and provide insight into relative lake level
and sea-level changes and water chemistry. Diatom
assemblages have been classified – the halobian system
(Hustedt 1957) – according to their salinity preferences. Mapping these assemblages through cores from
salt marsh, lake and estuaries allows the construction
of diatom diagrams and plotting of sea-level change

(e.g. Shennan et al. 1994). Freshwater diatoms have
been used to study the history of lakes since the last
glaciation, revealing the effects of changing pH and
climate (e.g. Battarbee 1984; Battarbee & Charles 1987;
Mackay et al. 1998; Leng et al. 2001; Marshall et al.
2002) and the effects of human pollution (e.g. Jones
et al. 1989; Stewart et al. 1999; Joux-Arab et al. 2000;
Ek & Renberg 2001).
The ratios between the oxygen isotopes 18O and 16O
in the silica of fossil diatom frustules can also be used
to indicate absolute temperatures in Quaternary deposits (e.g. Mikkelsen et al. 1978; Shemesh et al. 1992,
2002), though vital effects cannot be fully discounted
(Schmidt et al. 1997, 2001). Carbon isotopic records
from diatoms have been used to model whether the
Southern Ocean was a source or sink for carbon dioxide during the last glacial (Rosenthal et al. 2000).
Mention should be made here of the economic value
of diatomites, a porous and lightweight sedimentary
rock resulting from the accumulation of diatom frustules. Deposits in California are marine ranging in age
from Late Cretaceous to Late Pliocene. In the Miocene
diatomites occur in units up to 1000 m thick with over
six million frustules per cubic centimetre. Diatomites
have been deposited in freshwater environments since
at least the Eocene. Although rarely greater than 1 m
thick, they are still of economic interest. The silica is
graded and used for filtering, sugar refining toothpaste, insulation, abrasive polish, paint and lightweight
bricks. The association of many oil fields with diatombearing shale indicates the high lipid-oil content in
diatoms is a likely source of petroleum (Harwood
1997, in Stoermer & Smol 1999, pp. 436–447).

Further reading
The biology and ecology of living diatoms are outlined
by Round et al. (1990) and Barron (in Lipps 1993,
pp. 155–169) and more detailed aspects and taxonomy
can be found in Hendey (1964) and Simonsen (1979).
Sieburth (1975) provides many beautiful photographs
of living forms in their natural habitat. The distribution and significance of diatoms in oceanic sediments
are also reviewed in Funnell & Riedel (1971), whilst
Stoermer & Smol (1999) clearly sets forth the geological
value of diatoms and contains a useful bibliography.
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Recent and fossil genera and species can be identified
with the aid of the catalogue by van Landingham (1967
to date). Hartley (1996) provides a useful guide to
British living diatoms. Reviews of the importance of
terrestrial diatoms can be found in Clarke (2003) and
Conley (2002).

Hints for collection and study
Recent diatoms can be easily collected by scraping
up the green scum from the floors of ponds or from
the surfaces of mud, pebbles, shells and vegetation in
shallow marine waters. Temporary mounts in distilled
water can be prepared on glass slides and viewed with
well-condensed transmitted light at about 400× magnification or higher.
Fossil diatoms are readily studied in freshwater or
marine diatomites. Any reputable aquarium shop or pet
shop will sell the ‘diatom powder’ used for aquarium
filters. These diatomites usually require little in the
way of disaggregation or concentration, but diatoms in
shales and limestones will need to be treated with
methods B, C, D or E to release them and method J to
concentrate them (see Appendix). Treat the sample
with formic (or even concentrated hydrochloric) acid
if calcareous shells are not wanted (see method F).
Temporary mounts can be prepared with distilled water
and strewn on glass slides. For permanent mounts dry
the residue on a glass slide, add a blob of Canada
Balsam to the cover slip and place this over the residue.
When dry, examine with transmitted light. Some more
sophisticated techniques are given by Setty (1966).
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CHAPTER 18

Silicoflagellates and chrysophytes

Silicoflagellates have been traditionally referred to
the Chrysophyceae, the golden algae, due to the
colour imparted by their photosynthetic pigments
(chlorophylls a and c, β-carotene, fucoxanthin and
carotenoids) and the Phytomastigophora. However,
Cavalier-Smith (1993) placed them in the kingdom
Chromista based on their chloroplast structure and
18sRNA phylogenetics. He considered them a separate
class based on their silica skeleton. Silicoflagellates
have been minor components of marine phytoplankton since Early Cretaceous times. They are only well
preserved in siliceous rocks such as diatomites and
have been little used except in deep oceanic strata
where they are now widely employed both for correlation and for estimation of palaeoclimatic conditions.

The living silicoﬂagellate
The unicellular organism is usually from 20 to 100 µm
in diameter and contains golden-brown photosynthetic pigments, a nucleus, several pseudopodia and
a single flagellum at the anterior end of the cell
(Fig. 18.1a). The cytoplasm is supported internally by a
skeleton of hollow rods, composed of opaline silica.
Reproduction appears to be predominantly asexual,
beginning with the secretion of a daughter skeleton
and followed by simple cell division. Silicoflagellates
are photoautotrophic; that is, they feed both by photosynthesis and the function of the tentacles is unknown
(Moestrup, in Sandgren et al. 1995, pp. 75–93). They
are restricted to the shallow photic zone of the ocean
(0–300 m), thriving in the silica-enriched waters
associated with current upwelling in equatorial and
high-latitude waters along the western margins of
210

continents. In these cooler waters they may also bloom
seasonally. For these reasons the silicoflagellates are
commonest as fossils in biogenic silica deposits formed
during cool periods with marked seasonality or with
strong upwelling. They are unknown in freshwater
habitats.

The silicoﬂagellate skeleton
The basic skeleton is built upon a basal ring which may
be elliptical, circular or pentagonal with from two to
seven spines on the corners of the outer margins (Fig.
18.1b). This basal ring is usually traversed by one or,
rarely, more apical bars arched upward in an apical
direction and connected to the basal ring by shorter
lateral bars. In some genera these features are elaborated into a complex hemispherical lattice (Fig. 18.1).
The skeleton is thought to function as a mechanism for
improvement of buoyancy, spreading out the cytoplasm and increasing resistance to downward sinking.
To reduce weight further, the skeleton is also hollow.
In life, the domed apical portion is orientated upwards
towards the light.

Classiﬁcation
Botanists generally consider silicoflagellates members
of the Chrysophyceae whilst protozoologists consider
them to be an order of the Phytomastigophora.
Palaeontologists emphasize skeletal morphology as the
primary taxonomic criterion and many form species
have been described. Biologists prefer a broad species
concept. Six basic morphological groups (placed in the
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Fig. 18.1 Silicoflagellates. (a) Living cell and skeleton of Distephanus ×267. (b) Side view of Distephanus skeleton ×267. (c) Mesocena
×533. (d) Dictyocha ×400. (e) Corbisema ×533. (f ) Vallacerta ×446. (g) Cannopilus ×500. (h) Naviculopsis ×375. ((a) Modified from
Marshall 1934.)

family Dictyochaceae) are recognized in the Cenozoic
with an additional four groups in the Cretaceous.
Corbisema group
This group has a basal ring with three sides and three
struts. In Corbisema (Cret.-Rec., Fig. 18.1e) the symmetry is trigonal. Most species are roughly equilateral
but some have one side shorter that the others which
gives the impression of bilateral symmetry. Rare twoand four-sided variants have been reported. This
group dominates the Cretaceous but declines in
importance from the Oligocene.
Dictyocha group
Silicoflagellates with a four-sided basal ring bearing
a spine at each corner. The struts generally meet to

form an apical bridge but this is absent in D. medusa
and forms of Neogene age. In Dictyocha (Cret.-Rec.,
Fig. 18.1d) the quadrate basal ring has corner spines
and a diagonal apical bar with bifid ends (lateral bars).
This group is common throughout the Cenozoic.
Distephanus group
This group contains species with three to eight sides,
the apical and basal rings are typically the same size.
Cannopilus group
This group contains multiwindowed forms that
resemble Radiolaria in appearance. Cannopilus (Olig.Rec., Fig. 18.1g) resembles a radiolarian but has a
hemispherical lattice with spines both on the basal ring
and on the lattice.
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Bachmannocena group

Vallacerta group

Three- to many-sided forms that only develop a basal
ring comprise this group (Fig. 18.2a). Some workers
consider these ecophenotypic variants of the Corbisema and Dictyocha groups.

A unique group of silicoflagellates with basal rings
that have apical domes, lacking windows and portals.
Vallacerta (Cret., Fig. 18.1f ) has a pentagonal basal
ring with corner spines and a convex, sculptured disc
(apical plate) of silica. This group is known from the
Cretaceous.

Naviculopsis group
These are elongate forms, lacking struts and with
major axis spines. Naviculopsis (Palaeoc.-Mioc., Fig.
18.1h) has a long and narrow ring with an arched cross
bar and a spine at each end. An apical bridge can vary
in width and appears to be a useful taxonomic discriminator and is biostratigraphically significant. Members
of this group are locally abundant from the Eocene but
declined through the Oligocene to become extinct in
the Miocene.

Lyramula Group
This group includes Y-shaped forms and some workers question a silicoflagellate affinity. The skeleton
typically has two relatively long limbs and rarely a
shorter third limb (Fig. 18.2b). This group can be
extremely common in siliceous sediments of Late
Cretaceous age.
Cornua group
This group is characterized by three radiating skeletal
elements that bifurcate distally (Fig. 18.2c). Some
consider these are aberrant corbisemids. Others have
suggested Cornua is an evolutionary intermediate
between Corbisema and the more primitive Variramus.
Cornua is only found in shallow-water sediments.
Variramus Group
Silicoflagellates with branching skeletons and lacking basal rings are included in this group (Fig. 18.2d).
The skeleton incorporates spines and spikes and is
extremely variable in morphology.

Geological history of silicoﬂagellates

Fig. 18.2 Diagrammatic representation of silicoflagellate
genera from the Cretaceous and Cenozoic, all about ×500.
(a) Bachmannocea (L. Plio.). (b) Lyramula (U. Cret.).
(c) Cornua (Cret.). (d) Variramus (L. Cret.). (Redrawn from
illustrations in Lipps & McCartney, in Lipps 1993.)

Lyramula and Vallacerta are the earliest silicoflagellates, found in the lower Cretaceous of the southern
hemisphere high latitudes. Corbisema and Dictyocha
survived the Mesozoic and are ancestoral to the
Cenozoic lineages. Distephanus (Eoc.-Rec.), Dictyocha
(U. Cret.-Rec.) and Octactis (Pleisto.-Rec.) are the only
living genera. Silicoflagellates have been both numerous and diverse during periods of climatic cooling,
i.e. the Late Cretaceous, Late Eocene, Miocene and

Chapter 18: Silicoﬂagellates and chrysophytes 213

Fig. 18.3 Species diversity of described silicoflagellates through
time. (Based on Tappan & Loeblich 1973.)

Quaternary (Fig. 18.3). At these times oceanic current
circulation is thought to have been more rapid leading
to more vigorous upwelling of mineral-rich waters and
blooms of siliceous phytoplankton (see Lipps, 1970;
McCartney, in Lipps 1993, pp. 143–155).

Applications of silicoﬂagellates
Silicoflagellate biostratigraphy is particularly well
developed for tropical and subtropical settings and has
been reviewed in SEPM Special Publication 32 (1981)
and Perch-Nielsen (in Bolli et al. 1985, pp. 811–847).
Because silicoflagellates have evolved slowly, silicoflagellate biozones are comparatively few and long
ranging, with reliance on the relative abundance of
species (or assemblages of species). The high degree of
ecophenotypic variation means biozonations are only
of local use and at higher latitudes where other groups
are rare. Emphasis has also been placed on their value

Fig. 18.4 Distribution of Recent Dictyocha and Distephanus in
the South Atlantic waters. (Based on Lipps 1970.)

as palaeoclimatic indicators, especially from ratios
of the warm-water Dictyocha to the cool-water
Distephanus in sediments (Fig. 18.4). Warm- and coolwater species of Dictyocha have been used by Cornell
(1974) to indicate fluctuations in the Miocene climate
of California. Aspects of palaeoclimatology are reviewed
by Louse (pp. 407–421) and Muhina (pp. 423–431) in
Funnell & Riedel (1971). Although only a minor fraction of biogenic silicates, their role in sedimentology
has also been outlined in the above volume by Kozlova
(in Funnell & Riedel 1977, pp. 271–275).

Chrysophyte cysts
Chrysophyte cysts are commonly abundant in marine,
freshwater and damp terrestrial habitats. The siliceous
cyst encloses a granular cytoplasm. For the most part
they are unicellular, non-marine and phytoplanktonic,
others can be colonial with a coccoid or filamentous
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covered with a cover slip for viewing in transmitted
light. For more permanent mounts allow the residue
to dry on the slide, add a drop of Caedax or Canada
Balsam to the cover slip and place over the residue.
Allow to dry before examining with transmitted light.
REFERENCES
Fig. 18.5 Chrysophyte cysts. (a) Recent statocyst ×2670.
(b) Fossil Archaeomonas ×3330.

habit. The living Mallomonas and Synura form benthic
resting cysts called stomatocycsts, especially after
reproduction (Duff et al. 1995).
Stomatocysts are from 3 to 25 µm across, usually
spherical and can be distinguished by the presence of
a single pore through which the germinating cell
emerges (Fig. 18.5a). The pore may be surrounded by
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Further reading
Tappan (1980), McCartney (in Lipps 1993, pp. 143–
155) and Sandgren et al. (1995) provide useful reviews
of biology, ecology and evolution. Perch-Nielsen (in
Bolli et al. 1985, pp. 811–847) summarizes the biostraigraphical utility and illustrates many species.

Hints for collection and study
Silicoflagellates and chrysomonads are most readily
obtained from marine diatomites and prepared and
studied in the same way as diatoms. Disaggregated
residues in water can be smeared on a glass slide and
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