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1. Introduction )

.
. ) '.1

The term calcareous nannofossils is a relatively recent addition

e to the vocabulary of students of marine sediments. Although these

mintite objects have been known for well over a century they received:

*

Tittle attention largely because of their small size. As sophisticated,
eagy to operate, high magnification microscopes became generally avail-
able, the usefulness of nannofossils 4n biostratigraphy became apparent

and vith the explosive expansion of ocean sediment studies'brought, about

"largely by deep ocean drilling, the importance of calcareous nanhofossiis
: as a major component of pelagic sediment has become obvious. An inordi-

hate amount of data on nannofossils has been generated as & result of
the Deep Sea Drilling Project. The following tre%tmpnt is not an attempt
to summerize or even sample that pool of “nfarmation. Rather, it is
'intended to introduce the interestéd student and'nonuspeciaiist in a
general way to this very important component of oceanic sediments, so
that He will more readily understand and appreciate the numerous arfj-
cles ‘on the subject. '

The term “calcareous nannofossils" or "nannoliths” generally ‘in-

]

ciudes a group of marine fossils most of which rdnge in size from about

one to ted' microns, and which commonly constitute about half of the

w

bulk ‘of pelagic cdlcaréous: ooze. Best known wnong calcareous nanno-

fossils are coccoliths, circuiar or elliptical bodies constructined of




-

two unequal discs connected by a tube. They are secreted by marine algae,

and several coccoliths commonly form an interlocking "skeleton" or
coccosphere around the parent cell. Nannofossil assemblages  are nearly
always dominaled by ésccéa{ths, but may also contain objects: of dis-
tinctly different sﬁépes such as the discoasters and sphenolith; thréugh
most of the Cenozoic, rhabdoliths, pentaliths and discoliths in the
Mesozoic and Cenozoic, and the enigmatic nannocennids in the Cretaceous.
In spite of their small size coccoliths as well s most other cal-
careous nannofossils exhibit a bewildering variety of shapes.; however,
virtually all have a regular, symmetry - mostly radial or modified radial
symmetry -.and,a very orderly geometric arrangement of parts. An exten-
sive 1ist of terms with Latin or Greek rgots is available to describe
various nannofossils according to shape or appearance. In addition
to these terms that are descriptive of gross morphology, and which are

more or less applicable regardless of what mode of study is used,, there

are specialized terms that are useful only for a particular study tech-

nique such as cross-polarized light studies and egegtron optical imaging.

Electron micrascopy, Qoth transmitted and scanning type, has the capabi-
Tity to resolve some of the smallest ultrastructura] details, and con-,
sequently an inordinately large number of descriptive terms have*bq?n
in?roduced,and given special meaning in nannofossil studigs. Most‘of
these terms. are not widely used, hewever, and many appear only once

in the original description of a taxon. Following is a glossary of
various terms. and their definition, grouped according to the study |
‘;echnique-in which they aﬁg.ysed, Sources for these terms are chi%f]y
the,gIos§gries compiled, previously by Hay, Mohler and Wade (1966) ;
Reinhardt (1972); and Perch-Njelsen in Farinacci (1971). It s?ou]d be

1 T o
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noted that this is not a comprehensive glossary. Many terms that have
been introduced into the literature are superfluous and these have been
Jeft out. On the other hand, it is obvious that new terms are needed

for describing some often recurring structures to substitute for cum-

bersome and lengthy descriptive phrases.

»

Descriptive morphologic terms useful for all modes of study

[

(i.e. coccoliths divided by shape; see Text Figures

coccoliths - often used to refer to calcareous nannofossils in generail;

A

may refer only to placoliths -
placoliths - two discs or shields conneéted at or near their center
by a t-be or collar; placoliths may be elliptical or

circular

- (example: Coccolithus pelagicus)

discoliths - elliptical discs, usuaily with a distinct, sometime thick-
ened rim and a variable central area which may or may not
be perforated. (Huxley's original desc}iption of disco-
1iths as being imperforate seemingly was incorrect as most
discoliths ‘have perforations.- Reinhardt (1972} includes
canealiths, dictyoliths, rhagoliths; ethmoliths and cer-
tain holococcoliths in this group, d11 of these being
differentiated on the basis of ultrastructural detail
largely resolvable only with electron ‘microscopes.)

(example: *Discolithina anisotrema)

hi
%




lopadoliths - basket, cup or vase shaped nannofossils; discoliths with
4 F R

very high rim

A
b

(example: Scyphosphaera absteinii)

cricoliths - u]Tib%%ca1 rings constructed of multiple elements. (Many
cricoliths are probab]; broken, corroded or partially
developed coccoliths that normally are assigned to another
category.) ..
(example: Pgrbczc]us hermosus ) -

cycloliths - circular rihgs often constructed of multipte cyclies of
elements:

(example: Cyclolithella nitescens),t'

zygoliths --elliptical ring, sometime of multiple cycles, with the
center spanned by a bridge~like structure

(example: Zygodiscus sigmoides)

rhabdoliths - rod shaped objects, often attached to the center of a

disc or zygolith . ] _— -

. » {example: Rhabdosphaera claviger)

caliptroliths - cap shaped coccoliths

——

~  (example:* Caliptrosphaera) v

pentaliths - nannoliths that have a five fold symmetry, sometimes penta-

- gonal, often regularly polygonal, stellate or qu;u]ar:

-

(exampTe: Braarudosphaéra, bigelowi)

asteroliths - star, shaped nannaliths, also called "discoasters”

(example:. Discoaster brouweri) .

steloliths - column shaped or cylindrical nannofossils

(example: Fasciculithus tympaniformis)

.,
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sphenoliths ~ conical nannoliths constructed of radiating elements and

often surmounted by a conical stem e

(example: Sphenolithus heteromorphus)

ceratoliths - horseshoe shaped nannoliths

(example: Ceratolithus cristatus)

scapholiths - boat shaped nannoliths

(example: Scapholithus fossilis) ,

.....

nannoconids - cylindrical or conical nanncliths with an axial canal

(example: Nannoconus colomi)

Structural terms applied to entire coccoliths (i.e. coccolith differen-

tiated according to how they are constructed. )

ortholithid - nanncliths constructed so that the optic axes of all com-
ponent cristallites are parallel, arranged either perpen-

dicular to the surface of the nannolith or within the plane

of the nannolith

heliolithid - _nannoliths constructed of cristallites whose optic axes

are arranged in a heliceidal pattern

heterolithid - nannoliths constructed of a heliolithid rim and with the

center consisting of randomly arranged .elements

4 %

Reinhardt (1972) characterizes these terms according to the behavior |

of the coccoliths in cross<polarized 1ight, however, because nearly. all

coccolitlis have a heliolithid or modified heliolithid type construction

%za&néﬁ %d&'w ./fz
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Reinhardt's concepts are ambiguous.

holococcoliths - nannoTith constructed entirely of one type and size
of element, such as calcite rhombs or calcite prisms
usually less than 0.1 micron in maximum dimension (rarely

preserved) -
heterococcoliths - nannolith constructed of elements of different
size and shape (most coccoliths in'sediments belong to

this group)

2. Nannoliths as Particles

a. Morphology .

Judging from moder? coccolith secrgting organisms, 511 nannofossils
‘were at one time arranged on the surface of the parent organism. The
side of the coccolith or other skeletal part facing toward the organism
is ‘usually concave and is termed the proximal side. The side facing

away from the organism may be concave'but more often 1s convex, and is

termed the distal side. Nearly all calcaredus nannofossils are construc-

ted ‘on a modified -radial plan. In-most cases this is obvious{ in-some
it is not; in very few instances the 'plan of cénstruction has no radial
symmetry (e.g. ceratoliths), or dérivation from a radial plan is diffi-

cult to trace (e.g. Triquetrorhabdulus rugosus). The radial symmetry

is perhaps most obvious on a circular placolith (Figure 1) in which two

discs {shields) are constructed of laths or plates (elements) arranged

around & ceéntral axis. Frequently it can also be:seen thaf the structure

-

connecting the two shields (tube ot collar) also is constructed of
radially arranged eTements. On some placoliths auxilary cycles of ele-

5
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ments may also be developed and these, too, have raaia] symmetry. In
most placoliths the plane of the individual structural members or ele~
ments is inclined to the surface of the shield and the arrangment can be
more appropriately termed helicoidal; hence the term "helioTlithid",
Starting from the circular placolith it is easi to visualize the
same construction in elliptical placoliths, and:qgiy,slight1y more diffi-
cult;to vigua1ize the same type of construct%on i; discoliths, lopadoliths,
cricoliths, cycloliths, zygoliths and ca]iptro]i%hs. Rhabdoliths often
have a heliolithid base, and in some cases even isolated rods or stems
that are never attached to a heliolithid base (e.g. Cretaceous micro-
rhabdulids) plainly show a radial or axial symmetry. Pentaliths merely
represent a radial arranéement of five segments. Among the asteroliths
the number of rays may vary from th;ee to more than thirty. (Instead

of the terms “"seghents" or "elements" the radial members of asteroliths

are referred to as "rays".) Steloliths (Fasciculithus} are morphologi-

cally very similar to certain asteto1iths, and indeed, Prins (1977} con-
siders the two groups to be c?oseT; related. In plan view these as

well as the sphenotiths have radial symmetry. Ceratoliths have no sym-
metry, however, as Norris (1971) hasbéﬁgyn the otgaﬁism that secretes
ceratoliths has its surface covered L; a second type’bf‘cocgo1ith, a
cyclolith, which clearly has radial symmetry. This more normal type

of coccolith is very delicate and is not preserved in the fossil record.
Scapholiths have a peculiar 180 degree ro;atory symmetry, which tended
to develop as well among several nannofossil groups (1.e. Diadozygus,

Diadorhainbus, Isthmolithus), especially certain zygoliths. A modified

1 3

raqial symmetry is apparent among most of these, and it is not difficult

to imagine that even the scapholith structure originated this way.

Nannoconnids have axial symmetry, and most of the nannofossils that do




not readily fit into the above morphological categories also .have a
basic radial, axial, or spherical symmetry, including most of the

hoTlococcoliths.

+

5. Crystallography of Calcareous Nannofossils

A casual examihation of Eocco]iths of the placolith type construc-
tion - by far the mgst frequently encountered morphology among nanno-
_ fossils in sediment - may create the impression that placoliths, and
| indeed all coccoliths, are cristallographically extremely complicated.
This is not entirely true. Kamptner (1954) determined the basic pattern
?f crystal arrangement for é'number of different coccolith types, based
on the images of the various coccoliths in cross-polarized 1ight. He
indicated that the "micellae" or crystallites of which coccoliths are
consEructed are arranged in a helicoidal pattern around an axis perpen-
dicular to the plane of the coccolith. Black (1962) analyzed the crys-
tallographic structure of cécco]iths from electron micrographs and
concluded that.two crystal habits occur in coccoliths:

-

1. Hexagonal prisms in which the optic axis is parallel to the sides

of the prism. The prisms are arranged parallel to one another and
all have nearly the same dimens{ons. This type of crystailographic
arrangement is known onfy among holococcoliths, which are rarely
found in sediments.

+

2. Rhombohedral prisms in which all faces intersect the optic axis.

o+

The rhombohedra may be all of the same size and stacked or arranged
in an 6}der1y fashion as on certain holococcoliths (e.g. Crystallo-

Tithus hyalinus) or, more often, the rhombohedral shape is modified

as in all heterececcoiiths, so that frequently no natural crysfé]

face is preserved. Heterococcoliths in the coccoépheres of Tiving




coccolithophores seldom have recognizable crystal faces. Cocco-
Tiths taken %rom sediment, however, may have distinctive crystal
faces developed on their” component elements and ‘this condition
becomes more prevalent with the age and degree of diagenetic altera-
tior of tﬁe sediment.

In order to elucidate the crystallography of calcareous nanno-
fossils it is best to start with the discoasters or asteroliths, a
rather special group whose p%y1etic relationship to other coccoliths
is somewhat ambiguous, but this point seems unimportant if not irrele-
vant from the standpoint of skeletal cr&sta]]ography. Black (1972)
illustrated by means of some very remarkable electron microscope photo-
graphs the nature and'arranéément of calcite crystals in discoasters.
Discoasters may be tabular, slightly to strongly biconvex or concave-
convex in shepa and are constructed of three or more radially arranged
structural eiements. When allowed to settle from suspension discoas-
ters most often assume an orientation such that ihe axis of symmetry
is perpendicular to the surface on which they rest, thus presenting a
plan vieﬁ. If viewed in cross-polarized light iﬁ this orientation dis-
coasters are extinct, that is, they are not visible against the back-
ground,.ana they';emain Tnvfsib?e: or at best, faintly visfbie, when
rotated in a plane normal to Ihe‘path of .the 1ight. This indicates
that the optic axis of all rays of a discoaster are parallel to the
1ight ray and normal to the plane of the asterolith. That this is in-
deed the case can be seen readily on Figure 2. These discoasters have
undergone diagenetic alteration and in the process calcium carbonate
was deposited in crystallographic continuity with each ray of the

asterolith, resulting in formation of rhombohedral faces on the rays

of the astroliths. Each ray of these discoasters has a median ridge

Mosiints Castio M.
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formed by one of the edges of the rhombohedron that intersects the
optic axis. Thereby the six fold symmetry of these eariy Miocene
discoasters is further accentuated by the trigonal symmetry of cal-
cite. Black (1972) pointed out that opposite surfaces of the same
asterolith would be slightly different: on one side the rhombohedra
are arranged with an edge toward the center (edge to center or E-surface,
Figure 2a) whereas on the opposite side rhombohedral faces would be
turned toward the center (face to center or F-surface, Figure 2b).
Adelseck et al. (1973) produced similar effects on discoasters by
subjecting them to elevated temperature (300° C) and pressure (1
kilobar). 1In asteroliths that have more than six rays, as in the case
with most Paleogene discoasters, the individual rays still retain
the same crystal symmetry evidéht on six rayed specimens so that
in preferred orientation the optic axis of each ray of the astero-
Tith is parallel to the direction of iTlumination, and consequently
the entire discoaster is at extinction in cross-polarized Tight.

In contrast to discoasters, placoiiths and virtually all other
coccoliths do not go to extinction but instead yield some type of
interférence figure in cross-polarized light. On some placoliths

»

(e.q. qu]ococco1ithu§ leptoporus) only one shield contributes to

the interference figure, while the other shield behaves optically
precisely as discoasters do (Gartner, 1967; Bukry, 1971). On mosf
placoliths, however, both shields as well as the collar contribute

to the interference figure to 2 varying degree. Placoliths in cocco-
spheres of Tiving coccolithophores generally have no crystal facés

on any structural elements as is true aiso of most pristine and well

preserved placoliths recovered from clayey or marly sediment. Nanno-

- €




fossils in chalk and chalk-ooze normally have undergone some diagenetic
alteration with some secondary calcite deposition and overgrowth, al-
though such specimens rarely have good crystal faceshdeve1oped on

any of the structural elements. Only rarely is preservation encounter-
ed that comoines.the pristine state of well preserved specimens with
crystallographically continuocus overgrowth so that crystal faces are
clearly recognizable in electron micrographs (Eigure 3a, 3b). The
rhombohedra on the periphery of the shields of this placolith are
c]éar]y in crystallographic continuity with the elements of the shield.
An oblique side view indicates that the optic axis §= crystallographic
c-axis) is- inclined to the plane of the placolith as well as to the
radial direction. Both of these angles are difficult to measure pre-
cisely, although the projection of the optic axis of the individual
elements into the slané of the placolith can be measured readily in
cross-polarized light with the Tight microscope. The precise arrange-
ment of the optic axes for individual elements usually is not the same
in the two shields of a placolith, and the collar and any auxiliary
cycles that may be present (e.g. Ericsonia) Each contributes its own
set of helicoidally arranged optic axes. The resulting interference
figure may be exceédingf} compliex (e.g. Blackites - Figure 4).

It can be demonstrated that with few exceptions all nannofossils
are constructed of variously shaped calcite crystallites arranged so
that the optic axes of the elements form a helicoidal pattern. and that
the true symmetry is rotational and not radial. Only among discoasters
is there true radial symmetry of calcite crystals, aithough the mor-
phological symmetry of most asteroliths is rotational since the indi-

vidual rays of an unaltered discoaster are nearly always asymmetrfbal.

t
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Ceratoliths do not have the symmetry of nannofossils in general,
Although they are known to be constructed by algae closely related

to other coccolithophores, the ceratoliths themselves are not homo-
logous to thz coccoliths. There exist in the fossil record also many
rod-shaped ubjects that do not have the rotational symmetry of other

nannofossils {e.g. Lithraphidites, Triguetrorhabdulus}). In the case

of Lithraphidites: similar species are known (i.e. Rhabdolekiskus

aquitanicus) in which an elliptical disc of he1écoida1y arranged ele-
‘ments is attached to one end of a rod. Very 1likély other rod shaped
objects bear a similar relationship to the coccoliths of other coccoli-
thophorés, although it is possible that among some coccolithophores

only rods without discs were constructed. ,

c. Chemical and mineralogical composition of ca]careoys nannofossils

The term "calcareous nannofossils" apparently is very appropriate
indeed for coccoliths of various type in that they all seem to be made
of nearly pure calcium carbonate, as several anai}ses indicate. Chemi-
cal analysis of puTk coccolith ooze samples by‘Vinogradov (1953) and by
Goldberg and Arrhenius (1958) indicated the presen;e of Mg, Sr and Ba,
and Thompson and Bowin (1969) measured Mg concentrations of 0.10 to
0.12% and Sr concentrations of 0.14 to 0.16%, a]dng with traces of .
other elements. However, the source for these may have?been sediment
particles other than coccoliths. Shaffer (1971, and oral communica-
tion) analyzed isolated sqecimensiof thirtx_species representing most
major Cenozoic morphologic groups for Mg, Sr;’Ba, and Fe by means of
both dispersive and non-dispersive x-ray techniques in a combination

scanning electron microscope - electron microprobe. He found that

none of these elements was present in sufficient concentration to be

-~
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detected by the instrument (i.e. greater than 0.1%). Siesser (1977)

) san_a'lyzed nennofossi]s of Paleocene to Recent age from the southeastern
quﬁh Atlantic for A1, Fe, K,.ﬁg, Mn, Na, P and Si by means of a micro-
probe. None of these elements except phosphorus were present in suffi-
cient concentration to be ﬁetected {(i.e. 500 ppm). Phosphorus was
present in concentrations of up to 0.3% and in one sample exceeded
2.5%. Hamano and Honjo (1969) have shown that organic material, pre-
sﬁﬁab]y part of the matrix or tempTaté on which coccoliths are preci-
* pitated, may make up as much as 0.2% of fossil coccoliths. It is Tikely,
therefore, that at least part of the phosphorus detected by Siesser is
present in this residual organic matrix. From the available data it
would seem that whatever impurities are present in the calcium carbonate
that forms the mineralized parts of the calcareous nannofossils, are
present in very luw concentration under pormal circumstances.

Calcium carbonate skeletons of marine organisms may take the
crystallfbrms of ardgonite or calcite, -the latter being far more
common in sediment. Calcite also seems to be the dominant mineral
in <coccoliths. Wilbur and Watabe (1963) found in cultures of

Coccolithus huxleyi (= Emiliania huxleyi) that in a normal culture

d medium coccoliths are mineralized essentially as calcite with only

traces of aragonite, whereas in a nitrogen deficient medium minerali-
zation  occurs in the three crystai phases of calcium: calcite, arago-
nite and vaterite. HNearly all analyses of naturally occurring cocco-~
Tiths point to their being constructed of the mineral calcite. A

- specific reference to aragonitic composition is that of Tan Sin Hok

(1927) who tésted the mineralogy of discoasters with Mohr's salt

(silver nitrate). Hart et al. (1965) determined an aragonite compo-

.szm’cznfo Cuato A
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sition for a Cretaceous coccolith by means of electron diffraction.
However, the specimen they used seems to be in a poor state of preser-
vationﬂand has been altered to the point where it cannot be readily
identified with any known Cretaceous species. It is notewdfthy that
aragonite has not been identified in ;ny of the nannofbssi1—foraéinifeﬁ
ooze reco;ered by the Deep Sea Drilling Project, even at the relatively
sha1lowésites, except in instances wheﬁe the aragonite is associated
with non-pelagic con;tituents that were depositéd from turbidity cur-
rents (see e.g. Zemmels, Cook and Matti, 1975 [Teg 30] and othéer x-ray

mineralogy sections in Deep Sea Drilling Project Initial Report).

. 4

3. Coccoliths as Skeletal Parts

a. The parent organism

Coccoliths are produced by a group. of single celled algae, the
coccolithophores (class Coccolithophyceae) which are included among
the chrysophyta. Coccoliths are part of the. external covering of
the cell. Coccolithophores range in size from about 5 mjcrometers
to more than 100 micrometers in maximum dimensions. Most coccolithe-
phores are spherical to ovoid in shape, and these forms commonly attain
diameters not- greater than 25 micrometers. The larger species .have
fusiform cells, but this shape seems to be restricted to a relatively

small number of modern forms (e.g. Calciosolenia). Though commonly

regarded as flagellates, most coccolithophore cells lack flagella,
at Teast in that stage of their life cycle in which they are most
frequent]y encountered. When flagella are present they are paired,

and may be equal or unequal in length. In some coccolithophores

(i.e. Coccolithus pelagicus) both a flagella-bearing and a flagella-free




stage is known; the form with flagella is termed the motile stage,
hat without flagella the non-motile stage. The two stages produce
cocco11ths of entirely d1fferent morphology, one being a holococcolith
(motile stace), the other a heterococcolith (non-motile stage) (for

a detailed discussion see Parke and Adams, 1960) .

I; addition to flagella some coccolithophore cells may also bear
a ;hird appendage, the haptonema. However, coccolith formation is not
associated with haptonema bearing cells, but seems to be confined to
the non-motiae stage or to the motile stage without haptonema (Parke,
1971, but see also Klaveness, 1973).

Detailed studies have been made of the Tife history of several
cocco1ithoghores‘and these studies are summarized by Paasche (1968).
As Paasche points out the selection of species that have been cultured
ana studied probab&y‘is not representative because coccalithophores .
that are most easily cultured are those Tiving in coastal waters,
Several of these coastal species are known to have a benthic stage
in their 1ife cycle, a stage that may not exist in the life history of

oceanic species.

b. Coccolith preduction
Two coccolithophores that have been maintained in culture success-

fully, Coccolithus pelagicus and rmiliania huxieyi (= Coccolithus

huxleyi) are equally at home in coastal waters (hemipelagic realm)
and in the oceanic realm. HNeither of these two species has a, known
benthic phase. Coccolithogenesis has been observed in both species

(Manton and Leedale, 19693 Wilbur and Watabe, 1963), as well as in

a number of other species that are more restricted in their distri-




bution, and appears to proceed in a similar fashion in all species.
Heterococcoliths are formed by calcification on a seemingly structure-
1955 organic matrix within large vesicles that originate in the Golgi
region with’n the cell. When calcification is more or less complete
the coccoliths are éxtruded to the surface of the cocc011th0phore
where they are arranged to fbrm a complete, somet1mes 1nter10ck1ng,
covering around the cell (F1gure 5 ) In some.species more than one
layer of coccoliths is arranged arcund the cell.

Some coccolithophores produce two types of caccoliths (dimorphism)
that are morphologicaily very different. On several species of

Syracosphaera two different morphological types of coccoliths are

arranged in two separate layers, one beneath the other. This type

"‘a

of dimorphism (dithecatism) results in two distinct coccospheres, one
inside‘the other, and the two are termed the exotheca and endotheca
fOkada and'McIntyre, 1977). In dithecate coccolithophores only one
of the two tyﬁeé of coccoliths, that of the endotheca, seems to be
preservable, since none of the exothecal coccoliths have been re-
corded from sediment. %

Another type of coccolith dimorphism {or polymorphism) is the
modification of the basic coccolith morphology by the excessive develop-

ment of one particular structure such as a central spine in certain

species of Acanthoica and.Syracosphaera, or unusually high development

of the rim of a discalith as in Pontosphaera (see e.g. Schiller, 1930;

Kamptner, 1937; Borsetti and Cati, 1976 Okada and McIntyre, 1977).
Other types of dimorphism inciude pronounced spines developed at one
or both poles in certain ovaid coccolithophores such as Ophiaster

(Lohmann, 1913), and the presence of one relatively large horseshoe




shaped nannolith more or less hooked like a yoke around the coccolitho~
phore cell (Norris, 1965). Many of the dimorphic coccoliths produced
by modern coccolithophores are'preserved in marine sediments, and their
analogues are found alsg in Neogene sediments. It is reasonable to
think, therefore, that dimorphism was common also among older Cenozoic
and Mesozoic coccolithophores. An exceilent case for this can be made
for many Cretaceous coccolith species of the egiffellithalid type

(esq. Eiffellithus, Vekshinella) and poderhabdinalid type (e.q.

Prediscosphaera, Cretarhabdus) of construction, among which many species

are represented by specimens both with and without a prominent spine.
Although all available evidence indicates that the calcification

of all heterococcoliths is accomplished in approximately the same

manner within the coccolithophore cell, holococcolith formation has

not been observed inside the cell, and Manton and leedale (1969) specu-

Tate that the motile phase of Coccolithus pelagicus (i.e. Crystalliolithus

hyalinus) may construct its holococcaliths by calcifying outside the

cell. Holococcaliths are very rare in Recent and sub-Recent sediments.

Most holococcolith species are known only from plankton samples where

they are always found attached to a cell. The rare occurrences of

fossil holococcoliths are nearly always associated with clayey sediments

of hemipelagic deposits. Curiously there is one interval of the Cenozoic,
the. Middle Eocene to Early 0ligocane, where holococcoliths are encountéred
more often than anywhere else, though why this is so is by no means
clear. [For a discussion of fossil holococcoliths see Gartner and
Bukry, 1969; Wind and Wise, 1978.]

With the exception of’ the Coccolithus pelagicus/Crystallolithus

hyalinus relationship it is not known whether any other holococcolith




species also has a heterococcalith producing stage in its Tife cycle.
In addition to coccoliths, coccolithophores also’ form uncalci-
fied organic scales which, however, are not preservable., Of two
types of organic scales found on coccolithophore cells, one type
- usually is ;onsiderhb1y simaller than the other and appears to bear
po;relation to coccolith formation. The larger typgrof scale, how-
ever, frequent]y is associated with calcification, and may be attached
to the base (proximal side} of the coccalith. Organic scales, too,
are formed within vesicles that originate in the Golgi area. [For
detailed discussions of coccolithogenesis see for example Wilbur and
Watabe, 1963; Manton and lLeedale, 1969; Gayral and Fresnal, 1976.]
‘Rate of coccolith production. has been observed for two: species
in laboratary cultures. Foliowing decalicification by lowering the

pH of the culturing medium, Coccolithus huxleyi (= Emiliania huxleyi)

acquired a complete new coccosphere of about 15 coccoliths within 15

hours, whereas a species of Cricosphaera required 40 hours to rebuild

its coccosphere (Paasche, 1968). Under natural condition rates of

coccolith production probably vary within wide limits, depending largely

on the ampunt of nutrients and light that are available. Extremely
‘high rdtes. of coccolith production (tens of millions to more. than. 100

million cells/1 seawater) by Coccolithus huxleyi (= Emiliania huxieyi)

have been observed .during spring and summer bleoms in fjords and along
the adjacent west coast of Norway (Braarud, 1945; Berge, 1962), which
may be partially attributable to pollution of the fjords by sewage-
but may also result from unusual upwelling or overturning, of nutrient
rich waters because of abnormal hydrograshic conditions. Honjo (1976)

calculates that turnover time of coccolithophore populations in tem-
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perate and tropical regions of the Pacific is 4 to 10 days, with each

cocéolithophore producing an average of 20 coccoliths.

c. Distribution of Coccolithophores

The distribution of 1iving coccolithophores over Jarge areas of the
world's .oceans has recently been studied by McIntyre and Be (1967),
McIntyre, Be and Roche (1970), Okada and Honjo (1973) and Honjo and
Okada (1974). In the Atlantic coccolithophores have been found in
suéface waters from about 700N to about 60°S. Twe species, Cyclococ-

colithus leptoporus and Emiliania huxieyi, have notably wide tempera-

ture tolerences, and they seem to be equally at home in tropical and

in boreal or austral latitudes. One species only, Coccolithus pelagicus,

is- restricted to high northern latitudes, and has not heen recorded
Tiving in the southern hemisphere, although its coccoliths are present
in surface sediments in high austral latitudes. McIntyre and BE (1967)
recognized four coccolithophorid floral provinces in the Atlantic,
these provinces being ar?anged roughly symmetrically ;about the equa-
torial Atlantic with their boundaries corresponding to isotherms
(Figure 6). Greatest diversity of species was found in the tropical
and subtrﬁpica1'provﬁnces, with ten species of coccolithophores re-
corded iﬁ,each. The Arctic and Antarctic floral provinces yielded
only three and two species, respectively, of placolith bearing cocco~
lithophores. It should be noted that McIntyre and B studied only
part of the coccolithophorid flora, and while their results are neces-
sarily incomplete, they do seem to reflect general trends. In a more
comprehensive study Okada and McIntyre {1974) noted that a fairly
large numbar of species may occur in cold water in the North Atlantic,
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but they did not elaborate on the composition of the flora they examined.
In the Pacific, too, McIntyre, 8¢ and Roche (1970) found that

the ranges of ten of the common coccolithophores and some of their

morphotypit variants are bounded approximately by surface ‘water isotherms.

Okada and Honjo (1973) identified some 90 species of coccolithophores
Tiving in the Pacific along a north-south transect %rom'sdoN and 15°S
although they 1ist only fifteen of these.- The iargest number of coccoli-
thophore cell per Titer of water occurred in the subarctic province
(north of about 43°N) with a second high in the equatorial region {from
about 10%N to ]505). The smallest number of cells per Titer was found
in the central North Pacific between about 10°N and 33°N. They found
the highest diversity of coccolithophores between about 25°N and 35°N
and in the equatorial region from about 8N to perhaps 15°S (see Honja
and Okada, 1974, Figure 171, 12). Notably low diversity was found
north of 35°N latitude and to a lesser extent, within parts of the
central North Pacific from about 8°N to about 23°N. The: authors
recognized not only a horizontal (latitudinal) structure in the cocco-
Tithophore community but also a vertical structure within the photic
zone with a distinct discontiﬁuity at about 130 m;ters separating the
lower- photic layer dominated by heavily calcified genera such as

Florisphaera and Thorosphaera from the middie photic layer in which

delicate species dominate.

4. Coccoliths as Sediment

a. Sedimentation

Coccolith production is generally associated with photosynthesis,




v

g

L

although under laboratory conditions coccolith production has been |
observed to occur even in the ;bsence of 1ight. However, there is
no field evidence to suggest that significant amount of calcification
of coccoliths takes place béﬁow the photic zone. It must be assumed,
therefore, that for practical phrpose§ all coccoliths are produced
within the upper 200 m of the oceans. . A11 of the coccoliths accumula-
ting on the ocean floor must, therefore, settle through the overlying
wafer column. '

Given the small size of coccoliths and taking into account the
generally none too compéét shape, the settling velocity would be ex-
pected to be quite Tow. Honjo (1976) measured settTing velocities for

coEco]iths'of Emiiiania huxleyi at.dos 10°‘and IBOC, and found fhat

settling speeé ranged from less than 1 um/sec to about 1.6 um/sec.
Taking into accou:t thermal convection, subsurface adVect%on, and eddy
diffusion he estimates that in a 5000 m deep ocean a Targe and a small
modern cécco1ith would settle to the bottom in about 50 to 150 years,

respectively. With such long settling times ocean currents should dis-

tribute coccoliths far beyond the area where they were produced; that is,

the. coccoliths of tropical coccolithophores should be found in all extra-
tropical areas. This is not the case;‘howeVer (Honjo's Paradox 1).

The distribution of coccoliths in bottom sediment corresponds fairly
closely (within about 200 km) to the distribution of the parent organsim
(Okada and Honjo, 1é73). Honjo (1976) alsc points out that a coccolith
settling slowly by itself through the water column could not possibly
reach the sea floor because it would be dissolved in transit (Honjo's
Paradox 2). Nevertheless, coccoliths do occur in great abundance at

depths to which they could not have settled singly.
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The answer, of course, js that coccoliths do not settle singly,
but rather that they are packaged relatively undamaged into compact
fecal pellets after passing through the gut of various grazing zoo-
plankton, and that these pellets settle to the bottom much faster than
would individual coccoliths (Honjo, 1975; Roth, Muilin and Berger,

" 1975; Honjo, 19765 1977). Honja (1976) measured sinking rates of

u
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naturaITy occurring fecal pellets, and his data. suggest that in a
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5000 m deep ocean coccoliths enclosed in fecal pellets would reach
;the bo%tom in 22 to 100 days. In addition to greatly increasing the
;rate of descent, fecal pellets further protect coccoliths from disso-

lution in that the pellets are held together and coated by a mucose
énrganic substance. Although this organic coating is quickly degraded

%By bacteria in the warm surface waters, bacterial degradation is great-

1y reduced at the temperatures prevailing below the thermocline. Thus

fecal pellets that descend b16w-the thermocline, »and particularly those
produced below the thermocline by grazers that migrate verticaily,
wPuld constitute an efficient mechanism for transporting coccoliths

to the floor of the deep oceans, the more so if recycied and repackaged

by filter feeders along the way.

The rate at which coccoliths are delivered to the sediment on.

the gcean floor is Tlargely unknown. Honjo (1976) estimates that in

the equatqria] Central Pacific (10°N, 155%) the calcium carbonate

precipitated annually by coccoliths is about 9.6 g per m2. H§ cal-

culated that about 8% of the coccoliths produced in the photic zone
are dissolved during descent to the ocean floor, and that the remain-

der are aaﬁumed to reach the bottom. If a density of 1.5 g/cm3 is

assumed for pelagic ooze then Honjo's figures yield-a sedimentation
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rate of about 0.6 cm per 1000 years of coccoliths. 1f it is further
assunied that about 50% of the calcarecus component in pelagic ooze
consists of coccoliths and about 50% of planktonic foraminiferal tests,
then the selimentation rate obtained for this area is just over 1 cm

per 1000 years. At DSDP site 167 (070 04.1'N, 176° 49.5'4), which. pro-

bably has compardble productivity to Honjo's locality, and which is

located in 3176 m of water, well above the regional CCD, the interval

above the Discoaster: brouweri extinction (ca. 1.65.m.y) is represented

by 18 m of sediment, yielding a sediment accumulation rate of a little

more than 1 cm per 1000 years, or approximately the same as was ob-

tained from Honjo's data. These calculations, though crude, suggest
that transfer of coccolith carbonate from the photic zone to the ocean
floor is relatively efficient, and that dissolution of coccoliths
occurs priricipally on the sea floor. Adelseck and Berger (1975) found

this to be the case also <for larger foraminifers and for pteropods.

b. Accumulation

The production of coccoliths {s for obvious reasons dependent on
the fertility of the surface waters. The accumulation rate on the
other hand, is contro1fed largely by dissolution of carbonate on the
ocean floor. Consequently the distribution of coccoliths on the ocean
floor is c1o§e1y related to the depth of the calcite compensation depth
(CCD) and to sea floor topography. (The calcite compensation depth
is itself related in a complex way to surface productivity and the
deep circulation in the oceans. Recently the calcite compensatfbn
depth. has been related to the degree of undersaturation of the deep
ocean with respect toc calcium carbon?te. AFor a review see Berger,

this volume.) Wherever sea floor topography rises gbove the calcite




compensation depth, calcareous sediments, including coccoliths, are
found on the ocean floor. The actual distribution of coccoliths in
modern sediments follows closely the distribution of calcium carbonate
and can, therefore, be inferred from calcium carbonate distribution
maps such as that of Lisitzin (1972, Figure 58).

Not a1i éé;cé1%ths are:;quaIIy resistant to so]utipﬁ, hdwever. 50
that nannofossil assemblages immediately above the CCD may contain two
or three species whereas the overlying water colimn may support a

flora of 30 to 50 species. Several detaiTed studtes have been made

of the relative solubilities.of coccolith speé?é§”chIntyre and McIntyre,
1971; Schneidermann, 1972; Roth’ and Berger, 1975). The data from these
three studies are subs§;ntia1§y in agreement although derjved from
different ocean baQins{ﬁf*froﬁ-ﬁjffbrent partéiof;E@e same ocean basin.

In all cases Cycloccolithus leptopdrus was foundfitti_be. most resistant

te solution, whereas Discosphaera tubifera isfinsiﬁﬁh qasefhbnsidered

one of the species least resistant to solution. Tﬁére is some diffi-
culty in comparing data from the three studies because the samples came
from areas of the ocean basins’that have vastly different bottom water
mass characteristics and different vertical structure of the water
column. It is not possible to compare thé disso]ution~depth of a par-
ticular species in the Atlantic and the Pacific béﬁ?use the*talcite
compensation depth is at différent levels beneath fhe surface. To
correct for this a regional CCD was hypothesized for the entire sam- 1
ple set in each study. , On Figure 7 the data from all three studies |
have been replotted in such away as to show the héight above the re-
gional CCD at which the species first éppears. The regional CCD for

this purpose is arbitrarily taken to be the level below which no iden-
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tifiable coccoliths were recovered, which is essentially equivalent

to the deepest occurrence of Cyclococcolithus leptoporus. In general

McIntyre and McIntyre (1971) indicate greater resistance to solution
for most spacies than do Schneidermann (1972) and Roth and Berger
(1975). Tais may be entirely attributable, hovever, to the distribu-
tion of sampling stations; The first named authors used samples from
the North .and South Atlantic and from the Indian Ocean, inciuding the
adjacent Antarctic area. Schneidermann’s samples on the cther hand
are taken enfire1y from the equatorial 5t1antic while Roth and Berger
used samp1es mainly from the equatorial and southern Pacific Ocean.
Two species for whose depth range relative to the CCD there is very

-

poor agreement are Cyclococcolithus fragilis and Cyclolithella annula.

Not surprisingly hoth of these species may be difficult to identify,
and the concept ¢ these species vary from author to author. Cyclococ-

colithus fragilis is a common but deTicate modern species which is

rarely found in sediments. A similar but apparently much more resis-

tant form, Oo1ithotus‘anti1]arum, has been identified by Mclntyre and

Bé (1967) to be a variant of Cyclococcolithus frqgi]ﬁs in which the

collar and pore is not centr$}1& placed in the distal shield but is in
an eccentric position. It is not clear whether all authors used the
same concept of this species, but it may be useful to keep them separa-
ted in the future since they do seem to have different solubilities,

As to Cyclolithella annula, it, too, is either represented by several

T

distinct variants (see e.g. Neosphaera coccolithomorpha in Okada and

McIntyre, 1977), or more than one biological species produces rather

similar coccoliths.




c. Post depositional changes

The preservational state of coccoliths and other calcareous nanno-
fossils varies greatly in deep sea sediments.\ Perfect preservation is
probably ncn-existent in calcareous ooze, and pristine coccoliths can

be found only in plankton tows, or in marly sediments which have not

been buried deeply and in which there is sufficient clay to inhibit any
circulation of interstitial waters. Post depositional changes of nanno-
fossils involve both dissolution and precipitation of calcite. Even at
retatively shallow depths such as oceanic ridges and rises some species

are dissoived before burial, while others are etched and yet others

remain virtually undamaged. With increasing water depth or proximity
of the CCD, etching and corrosion become more pronounced. McIntyre and
McIntyre (1971) illustrate the effects of progressive dissclution of

two species, Emiliani huxieyi and Gephyrocapsa oceanica. Both of these

species are rather distinctive when well preserved, but.both become g
unrecognizable when severely corroded.
Some dissolution no doubt continues to occur after burial, but
unless the dissolved calcium carbonate s flushed out of the sediment
or is able to diffuse out, further dissclution would be quickly inhi-
bited unless an equal amount of calcite is precipitated. This indeed
seems to be the case in all calcareous ooze and chaik, specimens being
characterized by corrosion and dissolution of some constitutents and by
overgrowgh and calcification of others. Roth and Thierstein (1972) and

Bukry (1973) have devised scales for qualitative determination of etch-
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ing or corrosion on the one harid, and overgrowth and calcification on
the other hand. Adelseck et al. (1973) were able to simulate diagene-

tic etching and overgrowth over a period of only a month by subjecting
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the samples to a pressure of up to 3 kb at a temperature of up to
300°c.

Several descriptive studiés have been made of the diagenesis and
lithification of calcareous ooze, including the role of, and affect on,
calcareots nannofossils (e.g. Wise and Hsu, 1971; Wise and Kelts, 1972;
Schlanger et al., 1973; Schianger and Douglas, 1974; Roth and Berger,
1975; Matter et al., 19753 van der Lingen and Packham, 1975; Wise, 1977).
It is generally observed thét while some species are selectively dis-
solved other species acquire an overgrowth of calcite. In Cenozoic
sediment discoasters are the most active site of calcite precipitation.
Often the calcifying species acquire cuhedral crystal faces, and their
size may be increased several fold. Wise {1977) has pointed out that
many of the mid Cenozoic discoaster "species” are probably overgrowth

stages of a single species, Discoaster deflandrei. Sphenoliths are

also highly succeptible to overgrowth. In a pristine state Sphenolithus
abies is constructed'of radially arranged crystallites connected by
delicate, membrane-1ike stfﬁctures (Figure 8a). With progressive
Tithification ajl trace of such membranes is lost anﬁ the species
assumes the appearance of a cluster of massive calcite crystals with
euhedral faces {Figure 8b). Among coccoliths the paftern of over-
growth appears to be more complex in that some species of coccoliths,
and sometimes one particular shieid of a coccolith species, tends to

be overgrown while the othér shield is etched or dissolved. Cyclococ-

colithus leptoporus and Coccolithus pelagicus are two species in which

the proximal shield may be destroyed while the distal shield reamins.
In both of these species the distal shields are so constructed that

the crystallographic c-axes {optic axes) of all elements are parallel



to one another, and normal to ‘the plane of the shield (in discoasters

P} S———

the crystallographic arrangement of component parts is similar). The E
optic axes of the elements of the proximal shield on the other hand
are helicuidally arranged. Several authors have made reference to
these .different crystallographic orientations of component structural

elements as a possible reason for preferential :overgrowth. or dissolu-

tion. The argument is weak, however, because severa] species that

are succeptible, to overgrowth have the optic axes of the component

elenents arranged helicoidaTly (e.g. Cyclicargolithus fﬂoridanus ﬁ

dnd the very durable Cretaceous species Watznaueria barnesae) while

4

some species that are not found with calcite overgrowths are constructed

mich 1ike Coccol fthus pelagicus (e.g. Cyclococcolithus formosus), or

like Cyclocaccoiithus leptoporus (e.g. Umbilicosphaera sibogae). Clear-

1y there must be something in the construction and ultrastructure of
cdccoliths other than crystallographic orientation of component ele-
ments that determines their succeptibility to overgrowth.or dissolution.
As coccoliths are etched they tend to break apart and produce, a
fine matrix of crystallites whose affinity is no longer clear. In
ooze that is being dissolved as on the sea floor near the CCD these ,
crystallites have -irregular shapes and no euhedral faces. In goze
that is undergoing lithification the crystallites, though of no speci-
fic shape, usually have several euhedral faces and are generally much
more robust. It appears, therefore, that the process of avergrowth
and Tithification involves a constant transfer of calcite from the

more soluble to the tess soluble particles.

e

Schlanger and Douglas {1974) consider depth of burial to be the

principal driving force in diagenesis and lLithification of pelagic
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carbonates, recognizing, however, that the sediments themselves may
vary in their diagenetic potential, which in turn may be a function
of watér depth, sedimentation rate, surface temperature, surface pro-
ductivity the ratio of foraminifera plus coccoliths to discoasters,
the ratic. of maximum size to minimum size, and the predation rate.
There are probably other important factors as well, notably the pre-
sence and nature of non-carbonate impurities, which may influence dia-
geﬁesis grea%1y both to promote and inhibit it. :
Although coccoliths are a major constituent of calcareous ooze
in ocean basins, over most of the continental shelf area of the
world they are generally not significant contributors to the sedim;nt.
But, coccolithophores are by no means lacking in the water column in
these areas. Indeed the Targest concentrations of coccolithophores
have been recordad from relatively shallow coastal waters (Braarud,
1945; Berge, 1962). VYery probably cocoliths contribute larger amounts
of carbonate sediments per unit to the continental shelves than to the
deep ocean basins owing largely to the greater productivity of the for-
mer. Nevertheless, coccoliths may go unnoticed in shelf sediments
because of the difution by detrital sediments or by other biogenic
carbonates. An exaﬁple of the former would be the continental shelf
of the northern Gult of Mexico where coccoliths may be relatively
rare in the predominantiy detrital sediment, even though they are
produced in abundance in the water column. An example of the second
type would be Belize lagoon where significant numbers of coccoliths
may be present in tarbonate muds (Scholle and Kiing, 1972), which,

however, is composed primarily from the comminuted skeletal parts: of

shallow water plants and invertebrates.



It has been noted that the nannofossil assemblages from different
areas such as an oceanic area and continental shelf or slope area,
may differ in species composition even though the sampies are essen-
tially of the same age (Bukry, 1970; Bukry et al., 1971). Endemism
has been }nv9ked as ane possible reason, and in some instanges it
appears to be an adequate explanation. For .example, the Tate Eocene-

early (ligocene species Bram]etteius,seraculoides’often is very abun-

dant in pelagic ooze, but is rare in hemipelagic sediments. In most
instances endemism is more characteristic of the hemipelagic environ-

ment, however. Numerous species of pentaliths (Braarudosphaera,

Micrantolithus, Pemma) are known from hemipelagic deposits, yet vir-

tually none of these species occurs in oceanic sediments (Bramiette

and SulTivan, 19561; Sullivan, 1964; 1965). Curiously the same "endemic"

pentalith species are found on most continents, which might indicate
that their absence from oceanic sediments is a preservation artifact
{for a discussion, see e.g. Bybell and Gartner, 1912). For Todern
caccolithophores there is no guqntitative evidence to indicate that
the floras over a shelf area are significantly different from the
flora of the open ocean, except by inference from the record of

" coccoliths in Recent.sediments; Certain modern species that are
common in hemipelagic muds are only rarely found in deep sea cal-

careous ooze {e.g. Pontosphaera, Scyphosphaera, all holococcoliths).

Many of these species, however, have been reported in plankt?n sam-
ples taken far from Tand, and their absence from sediment is most
probably attributable to the fact that all these species like the
holococcoTliths disintegrate readily into their component crystallites,

thereby either being quickly dissolved or becoming unrecognizable.
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Thus it is not all clear to what extent endemism is characteristic

of modern coccolithophores in.regard to oceanic to hemipelagic variabi-
1ity, and modern distribution patterns cannot serve completely as a
mode] to explain the distinctly different fossil assemblages that

are ofter. found in strata of the same age but deposited in different

sedimentary settings.

5. Geological History of Coccoliths

a. Origin and evolution

Coccolith-Tike objects have been described and illustrated from
several Paleozoic and Mesozoic sediments, and although some of these
pbjécts resemble coccoliths, this resemblance is superficial or may
be an artifact »f fossilization or of sample preparation. In any
case the pre-Jurassic record of coccoliths is primarily one of more
or less rdndom, ccuridus objects of uncertain origin and affinity.

The earliest unequivocal "coccolith” Crucirhabdus primulus, fs found

in the earliest Jurassic (lower Liassic) beds.

No obvious predecesor to this species is known but judging from
the complexity of this earliest coccalith it is reasonable to assume
that the organisms that started to secrete calcareous coccoliths in
earliest Jurassic time had undergone considerable development and
evolution prior to that time, though probably forming its scales or
skeletal parts of a substancé that was not preserved in the fossil
record.

Following their first appearance, coccoliths evolved and radiated

rapidly during the early Jurassic. A detailed evolutionary scheme has
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been constructed by Prins (1969) for the lower and middle Lias (early

Jurassic) during which time three major nannofossil Tineages developed

%

and, a]though'tgat scheme seems unrealistically detailed, the criteria

f

set down by Prins have provided the basis on which the comprehensive

¥

classification of Hay (1977) is constructed. The three major groups
that had differentiated by the end of middle Lias are the Eiffellithales,

the Podorhabdinales and the Coccolithales. The-ancestral spéhies,

Crucirhabdus primulus, is clearly constructed on the eiffellithalid

ptan in that its base consists of a s%ngle cycle of small and tightly
imbricating elements, the central area being spanned by séme type of
cross-bar structure which may or-may not bear a stem on the,convex
side (Figure 9). Améng Eiffellithales the nature {geometry) .of the
central structu-e- seems to be -the most useful criterion for differen-
tiating various genera: Lower Liassjc nannofossil assemblages are
dominated by various species of Eiffellithales of the same basic
construction, but during the middle Lias the Podorhabdinales. and
Coccolithales make their appearance .at approximately the same time.
The former have the base constructed 'of two distinct cycles of ele-
ments, the elements being generally much Jarger, than in Eiffellithales
and only slightly imbricated (Figure 10). Podorhabdinales, too, have
various types of cross-bars which may or may not bear a stem or rod
on the convex side (it is interesting that nearly every type of-
cross-bar structure found among Eiffellithales is also found among
Podorhabdinales).

Coccolithales also are constructed of two distinct cyles of
elements, the two cycles being connected near the-center by a tube

or collar (Figure 11). Coccolithales may or may not have a central
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structure, and never bear a stem. These three structural types
dominate nannofossil assemblages throughout the Mesozoic, and al-
thodgh several other groups evolve, most of them are more or less
c]early traceable to one of these three. Hay (1977) lists 32 genera
for Jurass:c sediments, approximately 85 genera for the Cretaceous,
and 75 to 80 genera for the Cenozoic exclusive of Tiving genera known
only from plankton tows. The largest diversity of genera and species
océurs in Late Cretaceous sediments, where it is not unusual to en-
counter forty'or more‘species in an assemblage. Modern sediments
typically yield assemblages of 20 to 30 species. Haq (1973} documen=
ted nannoplankton species Hiversity from the Jurassic to Recent and
his data jndicate the h}ghest diversity occurs during periods of
widaspread epicontinental seas as in Companian and Maastrichtian time
and during early Socene time (Figure 12). Haq interprets this to
mean that diversity is highest during periods of'equable climates,
and lowest when seasonal temperature fluctuations are greatest.

A very radical reduction in diversity of caccolithophores occurred

at the end of the Maastrichtian when virtually all Cretaceous species

became extinct. Several interesting hypotheses have been suggested to

explain this event, and amohg these the nutrient depletion hypothesis
proposed by Bramiette (1965) has in various forms enjoyed much popula-
rity, although many paleontologists favored some sort of cosmic event
as a most Tikely explanation.' Recently an entirely different explana-
tion has been proposed, one that invokes a layer of brackish water on
the surface of all aceans to cause the extinction of the stenohaline
Upper Cretaceous coccolithophore species (Gartner and Keany, 1978).

Detailed evolutionary studies have been done only in limited ways




for calcareous nannofossils. In addition to the study of Prins (1969)

of the Liassic coccoliths, Rood and Barnard (1972) have examined the

~ LY

stratigraphic relationship among various species of Stephanolithion

-

i

and Diadorygus in the middle and upper Jurassic; Lauer (1974) has

studied tue evolution of the various genera of Arkhangelskiellacea

.4

in the upper Cretaceous. In the Cenozoic Gartrer (1969) has studied

the evolution of the genus Chiasmolithus; Prins (1972) has studied

the diécoasters;:Roth, Franz and Wise (1972} have studied the genus

Sphenolithus; Haq (1973) has summarized information on Helicosphaera;

and Gartner and Bukry (1975) have examined the ceratoliths in some

detail.

¥

b. Calcareous nannofossil biostratigraphy

The bicstratigraphic utilization of calcargpus,nannpfossi]s began
with the studies of Bramlette and his co-workers (Bramlette and Rigde],
1954; Bramlette and Sullivan, 1961; Bramlette and Martini, 1964;
Martini and Bramlette,. 1963)’and Stradner's study of Mesozoic nanno- °
fossils (Stradner, 1953). The most notable advances in nannofossil
biostratigraphy were made,. however, during the first five years of
the Deep Sea Drilling Project (1968-1873). This project provided
much of the impetus as well as a great deal of the material for
students of nannofossils, and the result has been pub]icatioq of

éstonishing]y detailed and accurate zonations based on cogFoliths,

- discpasters and other associated nannofossils. Comprehensive zona-

tions for the Cenozoic have been prepared by Bukry (1971 and subsequent
updated versions) and by Martini (1971). Several partial and more
or less comprehensive zonations also have been prepared for the

Jurassic and Cretaceous. Sissingh (1977) and Thierstein (1977) have

E
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presented two useful zonations for the Cretaceous; the fact that the
two schemes are not totally in-agreement reflects perhaps the imper-
fect understanding of the Cretaceous nannofossil succession. For
the Jurassic, zonations have been prepared by Barnard and Hay (1974)
and by Th”erstein (1977) and the discrepencies between these two zona-
tions reflect in large measure the lack of useful sections of marine
sediments for much of the Jurassic. Nannofossil biostratigraphy has
receétTy been reviewed elsewhere (Gartner, 1977), and the reader is
referred to this paper and references therein for a more detailed
treatment of the subject. For a general overview of the succession
of calcareous nannofossil species, range charts for select marker
species of the Jurassic, Cretaceous and Cenozoic are given in Figures
13, 14, and 15. Although no specific zonation is given for the Cre-
taceous or for the Cenozoic, the range charts inciude most of the
markers used in various zonagions and are compatible with the zona-
tions in so far as the zonations reflect accurately the ranges of
marker species.
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" Text - Figure'la, b, lc. Placolith; la - distal view; 1b - side view;
lc - proximal view. _ | - ‘
i
Text - Figure 2a, 2b. Discolith; 2a - side view; 2b - distal view. |+
.
Text - Figure 3a, 3b. Lopadolith; 3a - side view; 3b - distal view. % }
1
Text - Figure 4a, 4b. Cricolith; 4a - side vieﬁ; 4b -~ plan view.
Text - Figure 5a, 5b. Cyclolith; 5a - plan v{éw; 5b - side view. t: ) |

Text - Figure 6a, 6b, 6¢c. Zygoliths; 6a, 6b - distal views; 6c - side
view. . g

Text - Figure 7a, 7b, 7c. Rhabdoliths; 7a, 7c - side views; 7b - distal
views of basal disc.

Text - Figure 8a, 8b. Caliptrolith; 8a - proximal view; 8b ~ side view. i
Text - Figure 9a, 9b. Pentalith; 9a - plan view; Sb - side view. E
Text - Figure 10a, 10b, 10c. Asteroliths; plan view.

Text -

*

Figure 11a, 11b. Stelolith; 11a - plan view; 11b - side view.
|

Text - Figure 12a, 12b, 12c. Sphenoliths; 12a, 12b - side view;
12¢ - plan view. . 1

£

Text - Figure 13. Ceratolith.
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Figure 1. Cyclococcolithus leptoporus (Murray and Blackman), a
typical coccolith in three different views. a. Proximal view
(x 6000); b. side view (x 10000); c. distal view (x 6000).
Scanning electron microscope photographs by M. P. Chen.

Figure 2. Late Oligocene discoasters probably of the same species
but showing different aspects of preservation. Specimens a and b
have experienced calcite overgrowth and show primarily crystal
faces of calcite rhombohedra. The optic axis of the calcite
crystaliites is normal to the plane of the discoaster. Specimen
a shows the E-surface of the discoaster; specimen b shows the
F-surface; specimen ¢ is a well preserved example of Discoaster
deflandrei from the same stratigraphic level. Very probably
specimens a and b were originally similar to specimen c. Trans-
mission electron microscope photographs of self shadowed. carbon
replicas. a. x 10000; b. x 5000; c. x 10000.

Figure 3. Specimens of the Oligocene coccolith Cyclicargolithus
foridanus on which calcite overgrowth has occurred on periphery of
the shield in crystallographic continuity with the tip of each
element of the shield. 4&. Proximal view; b. side view. Note
on b {arrow) that the optic axis of the calcite rhombohedron 1is
approximately normal 4o the surface of the photograph. Transmis-

sion electron microscope photographs of self shadowed carbon
replicas; x 1000.

Figure 4. Blackites sp., the base of a late Middie Eocene rhabdolith
which is constructed of four or five distinct cycles of elements

or calcite crystallites, the crystaliographic orientation of the

elements in each cycle being different as is indicated by the cross-

polarized 1ight image (c). a. Transmission electron microscope

photograph of a self shadowed carbon replica, x 10000; b. phase

contrast, x 2500; c. cross-polarized light, x 2500.

Figure 5. Coccosphere of the late Neggene to Recent species
Umbilicosphaera sibogae showing the arrangement of individual
coccoliths on the surface of a coccosphere Scanning electron

microscope photograph of a specimen filtered from a near surface
water sample. in the South Atlantic; x 10000.

Figure 6. Coccolithophorid floral zones of the Atlantic Ocean.
I-tropical; II-subtropical; IlI-transitional; 1V-subarctic and
subantarctic. (Redrawn in part from McIntyre and Be, 1967).
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Figure 7. Solubility of several coccolith species relative to the
regional CCD. Because the data are from various ocean basins,
they were replotted relative to a hypothetical CCD which corresponds
te the lowest occurrence of Cyclococcolithus leploporus, the most
solution resistant species. Dissolution ievels for other species
are plotted in meters above this hypothetical €CD.

Figure 8. Sphenolithus abies from lateé Miocene sediments. a. A
well preserved specimen from a clayey ocoze showing the honeycomb
morphology of the species; b. an overgrown and recrystallized
specimen from a clay free calcareous ooze in which the radial
arrangement of the structural elements is accentuated by over-
growth. Scanning eléctron microscope photographs by M. P. Chen,
x 10000. :

Figure 9. Eiffelithaled plan of rim construction with two examples
from the Early Cretaceous. a. Side view; b. plan of view of
Chiastozyus, a Cretaceous genus; c. oblique view of Parhabdolithus
asper; d. distal view of Vekshinella; c,d. scanning electron
microscope photegraphs, x 10000.

Figure 10. Podornabdinalid plan of vim construction with two
examples from the Cretaceous. a. Side view; b. plan view, both
of a Cretarhabdus like form; c. oblique side view of Cretarhabdus
surirellus; d. distal view of Cretarhabdus conicus; c¢,d. Scan-
ning electron microscope photegraphs, x 10000.

Figure 11. Coccolithalid plan of construction with two examples
from the Cretaceous. a. Cross-section of a placolith; b. distal
view; ¢. proximal view of Watznaueria barnesae, x 10000; d. coccosphere
of Watznaueria barnesae, x 5000.

Figure 12a. Species diversity of calcareous nannoplankton through
the Jurassic and Cretaceous. Shaded areas represent new species.
The inset is the oxygen-isotope paleotemperature curve of Dorman
(1968) for Europe, and triangles at the top mark periods of wide-
spread sea level maxima (from Hag, 1973).

Figure 12b. Species diversity of calcareous nannoplankton through
the Cenozoic. Shaded area represents new species. Paleotemperature
curve {inset) is that of Devereux (1967) for New Zealand. Triangle
at top marks the period of widespread seas (from Hag, 1973).




Figure 13. Ranges of various nannofossil species used as biostrati-

graphic markers in the Jurassic according to Barnard and Hay {1976)
(from Gartner, 1977).

Figure 14. Ranges of various nannofossil species used as biostratigra-
phic markers in the Cretaceous (from Gartner, 1977).

Figure 15. Ranges of various nannofossil species used as biostrati-
graphic markers in the Cenozoic (from Gartner, 1977).
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