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INTRODUCTION

L

Those students interssted in further work in micro-
palecontology will find that Diatoms are an intermsting,
useful and relatively uncrowded field for study., Future
_ <
work in microgpaleontolegy will stress the soluticn io i
correlation and paleoecologic problems in high latitvpdes—

e regions which contain few, if any, calcareous microfossils
but which are exceedingly rich in diatomaceous remains.

In spite of this even in low latitudes the studyv of fossil
biatoms lags far behind that on other major microfossil
groups. This continues despite the fact that they are a
cemonstrably useful group.

Fossil Diatoms were first studied extensively in the

»

latter half of the 19th century. Although these works hava

ittle stratigraphic value they did contribute to our

e

understanding of Diatom taxonomy as well as ferret out
and describe numerous classical Diatom collacting local-

ities. Modern work, stressing the stratigraphic asnlica-
bility of Diatoms, began in the middle 192C's with
publications on the extremely diatomaceous California

sections. These sections, which range in age from Creta-

ceous to Pliocene, continue to be the object cof considarablis=

- study. Workers in other countries particularly the Soviet

Union and Japan also began serious study of diatomaceous

v
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works: The Schmidt Diatom Atlas (beginning in 13875) and
by the publications of Hustedt (beginning in 1927) which
refined taxdnomy and added notes on the ecology and distri-
bution of selected Diatom species.

The advent of extensive deep-sea coring programs
was accompanied by renewed interest i;yDiatom biostrati-
graphy, again with the Russians taking the lead. This
interest continues to the present day and most workers in
stratigraphic micropaleontology now draw some or all of
"their material from deep-sea sediments.

There are three uses of fossil Diatoms: (1) Thev can
bs used in biostratigraphy. This application has been aidad
in large part by the use of deep-sea sediment cores,
particularly in-high latitudes and by the integration of
Diatom data with paleomagnetic stratigraphy and with othsr
mic:ofossii groups; {(2) They can. be used in palececological
and paleoenvironmental reconstructions. By this it is
meant that Diatoms can be.useé as indicators of such environ-
mental parametsrs as water chemistry, paleosalinity,
paleodepth, paledtemperature and paleonutrient concentrations;
and (3) Fossil Diatoms can be used as indicators of pzaleo-
cufrents and particﬁlarly bottom currsnts. Since many
Diatomg are built to. remain in suspension they can easily
be transported laterally, in some casas for several thousands

of miles. In such cases, thess displaced Diatoms can be
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used as indicators of the historical stability of the

transporting currents.

ORGANIZATION AT THE CELLULAR LEVEL

Diatoms are photosynthetic, single celled algae that
inhabit many aquatic and subaguatic environments. Some
species have adopted a quasi-colonial life style but are
capable of living singly. Diatoms may be free floatin
(planktonic) or attached to some foreign surface (sessile).
They, along with the coccolithophoridae, make up the major
part of the phytoplankton of the sea and, as such, consti-
tute an important basic link in the food chain. Dia“oms
are important constituents of many environments, including
open ocean, the littoral zone, as well as various fresh
water environments.

The Diatom cell contains a nucleus which is usually
displaced to one side and is embedded in a protcplasmic
wass (Fig. 1 ). This nucleus is invariably srmall and may
assume a number of shapes. Smaller bodies (nucleoli) ara
prasent within the nucleus. Surrounding the nucleus are
the chromotophores which vary in number, size, shape and
position within the cell according to species. Much of
the color imparted by masses of Diatoms is due to the
chromotophores.

During certain times of the vear, Diatoms produce

a fatty substance which is stored in the cell in the form
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Fig. 1. TEM X5000 of fixed cell of Bellerochea yucatanensis, an Australian plank-
tonic diatom. Protoplasm slightly contracted. Several chloroplasts containing
protein fibrils (arrows) visible surrounding cell nucleus. Faint outer line is
silica shell. More pronounced darker line inside silica layer is inner diatopectin
layer. From Stosch 1977. -
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of secveral rounded globules. Although the exact purpose

A

of these globules is unknown, it is thought to be a reserve

food supply and may play a role in permitting soma Diatoms

to survive through the winter season.

SKRELETAL CONSTRUCTION

Diatoms secrete an exéernal shell or frustule that is
often compared to a pill box in which one par% of the box or
valve fits over the other half and encloses the protoplasmic
nass (Fig. 2 ). rustules are composed of opaline silica
and the larger of the two valves ig called the epitheca
while the other is called the hypotheca. In the fossil

state, most frustules are separated so this distinction is

not especially important. The two valves are connected by

a2 usually thin circular band called a girdle— a structure
freguently seen in the fossil record, but which has!no
stratigraphic value. The valve mantle is at the junction
of the valve ma;&in and the girdle. For microscopic exam-
ination Diatom valves are usually cemented onto a glass
slide with the valve face up, and this is referred to as N
the valve view which is séecially desirable since most
fossil Diatom taxonomy is based upon the valve view.
According to Hendey, the cell wéll.may ba qf two
types. A single laminar wall is composed of a single

laver of silica. ilthough the thickness of the wall is

generally uniform, there may be local thickenings. A
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more complex wall (the locular wall} consists of a double
silica wall separated by vertical silica "slats".

A brief morphological_nste shoﬁld be introduced
here ta facilitate further discussion. For many years
" Diatoms have been split into two major groups: centric
forms and pennate forms. Centric forms may be circular,
triangular, oblong, etc. but the major distinguishing
feature is that the surface markings radiate from a
central area. Pennate forms have one long axis and two
short axes with the surface markings at right angles to'
the long axis éFig. 3).

biatom symmetry can usually be related to three axes:
"the apical axis which is parallel to the long dimensions
of the valve; the transapical axis which is at right angles
to the épical axis and the pervalvar axis which runs thrcugh
the center of the two valves (Fig. 4 }. We usually do not
find a compléte frustule in the fossil state and thus,

 fossil Diatoms are typically described with reference to

the first two axes.

2s mentioned above, the valve view contains structures
‘significant in taxonomy. Most centric Diatoms and many
pennéte forms have valves covered with a honeycomb structure,
termed areclae. These features are vertical sided chambers
within the valve wall (Fig. g ). Thelr geometry, spacing,-

ete. is a rather conservative_feature and can bs used

&
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- Fig. 3. Representative genera demonstrating basic pat-
terns in centric and pennate diatoms. A. Rhizosolenia
bergonii H. Peragalio, a pennate form. B. Nitzschia
sp. a pennate form. C. Pseudoeunotia doliolus (Wal-
lich) Grunow, a pennate form. D. Roperia lesselata
var. ovata Hetden {Mann), a centric form. E. Nitzschie
marina Grunow, a pennate form. F. Nitzschiu bicagi-
tata Cleve, a pennate form. G. Triceratium cinnamo-
mcum Greville, a centric form. H. Hemidiscus cunei-
formis Wallich, a centric form. 1. Coscinodiscus nodu-
lifer A, Schmidt, a centric form.

,/%zl'ﬂn@ %‘éda’f & wa

GEOLOGLA

Fig. 4 Axesand planes of symmetry, apical axis A, pervalvar axis B, transapical
axis C, valvar plane a, apical plane b, transapical plane ¢. From Hr~pey,
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to differentiate species. Frequently a finely perforated
plate (termed the sieve plate) may cover the areolaa,

. Some geﬁera of centric Diatoms possess.scattered
" small pores in the valve view. Such pores perforate the
cell wall and, in the pennate forms, may form parallel
lines that have the appearance of striations under the
light ﬁicroscope. |

Areas of clear structureless silica (termed the
hyaiine areas) characterize some genera and species of
Dia?oms. Certain species of Coseinodiscus, for examplé,
have clear hyaline central areas, while the genera Astero-
mphalus and Asierolamprg are characterized by large hyaline
central areas fFig. 5 ). In the pennate Diatoms, such
hyaline regions run down the center of the valve parallal
to the apicai axis and are called the pseudoraphe. Some
genera of the pennates have a V shaped slit (raphe) in
the place of the psgudoraphe (Fig. 5 ).

Additioﬁal.structures, although seemingly insignificant,
are important even at the generic level. A small hyalina
area (pseudonodule) near the periphery of centric Diatoms,
for example, identifies the genus Aciinoecyelus whila two
'or more pores near Ehe central area characterize the genus
Thalassiosira and a circlet of spines identifies the genus
Stephanopyxis.. It is essential, therefore, to emphasize

that a careful scrutiny of the Diatom valve is necessary

for accurate species identification.

4
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Figh, A, Asteromphalus hiltonignus showing central
hyaline area and hyaline ray. B. Detail of Asterom-
phalus showing hyaline ray, C, D. Detail of areolae
with finely perforated sieve plate. The central struc-
ture is a pore. E, Detzil of labiate process around pe-
riphery of centric valve. F, Detail of areolae. Variabi-
lity in the size of the “dentition" around the areclue
is probably due to dissolution.
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Fig.§, Girdle views of distom valves through several
reproductwe phases, Note the progressive decrease in
size of some forms,




REPRODUCTION

Diatoms reproduce by simple cell division. Just
.prior to division, the epitheca and hypotheca move slightly
away from each other and separation of the two valves
takes place (Fig. g }. New valves are formed on the
exposed protoplasm—-— from the central area outwards and
always'wi%hin the confines of the parent valve. Thus,
the original two valvés both become epitheca in the new
individuals. One can project, therafore, a steady de-
crease in valve diameter with each succeeding generation.
Not only do ‘the val&es become smaller, but they also
change in geometry as well as in the character of their
surface markings.

In some reproductive phases, the Diatom will sub-
divide to a very small size and to a low level of vitaliiy
before dying. In others, cel; division will cease at
soﬁe level and é special cell (called an auxospore) will
be formed. The purpose of this auxospore, although tha
mechanics are not well understood in most species, is to
-Teturn the Diatom species to its original size from
whiéh&éﬂé-?rﬁéess starts anew. _
Just as important to species survival as thes repro-

ductive cycle is the ability of many Diatoms to survive

.from cne growing season to another, Some Species will
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parsist through the winter months, their life processes
greatly reduced. Most, however, form a heavy resting
spore which falls‘to the bottom and is revived when
conditions favorable for growth return.

NUTRIENTS

[3

The nutrient content of the water is extremely
important to Diatom Qfowth and reproduction. Three
nutrients are considered essential for almost all Diatom
spzcies. These are phosphorus, nitrate and silica.

The Russian worker, T. V. Belaveva, has reported that

the giant marine Diatom Ethmodiscus rez lives best in
waters of low phosphate concentration, but this prefer-
ence is considered atypical for Diatom species in general.
Experience, both in the laboratory and in the field,

has shown that when any of thgse three basic nutzrients

is missing Diatom growth and reproduction ceasas. Some
Diatoms are so sensitive that ‘even a reduction in the

supply of these dissolved nutrients will inhibit their

u%zﬁ?z%ﬁ %ﬂ’d?f A _e,%':,
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Given these facts it is relatively easy to point

reproduction.

out areas of high Diatom productivity. 2anvy area of
upwelling in the ocean will bring a constant supply of

these nutrients to the surface and, .thus, cause pro-

ductivity blooms. Coastal regions which receive high




concentrations of nutrients from both run off from land
and rain off will support large Diatom populations,
Frequently, small ponds become eutrophic* when fertilizer
laid in nearby fields runs off during rain storms.

Tn addition to the nutrient supply many species
have special requirements. A number, for example, are
known to require cobalamin (vitamin 3125 as well as
thiamin (vitamin Bl). Sulphur, iron and manganese are
also considered essential for many Diatoms. In addition »
to this, various Diatom species are known to respond
+o0 trace elements in the water. Thus, a number of

nutritional variables may be operating to promote or

inhibit the presence of specific Diatom species.

ECOLOGY

Within both“frgsh water and marine environments
Piatoms can be found occupying a great number of specific
niches. On land they arefound in soils and ocassionally
on wetted rocks (aerial epilithic) and plants (aerial
epiphytic). ' In streams, lakes and ponds they are found

attached to rocks and plants as well as in bottom muds

*The term eutrophic essentially means that there is an
ample supply of dissolved nutrients in the aguatic environ-
ment. The danger in this is that ponds and small lakes
that are eutrophic may become overstocked, in effect,
choking off the environment, reducing circulation and
finally killing off all but the hardiest forms.
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(epipelic). Although no fresh water Diatom species are
known to be true planktonics many of them do spend a
prortion of their life cycle afloat,

If the marine realm, two broad Diatom habitats are

recognized: (1) benthonic; and (2) planktonic. Benthonic

ct

Diatoms live in littoral environments either attached to
something (sessile) or capable of some movement along the
bottom (vagile). They are of considerable importance in
that they serve as the major food for many shallow water
marina feeders. In addition, certain species produce
enough cementing mucus to cement sediment grains together
and thus inhibit submarine erosion, while other Diatom
species are known to form a dense mat at the sediment/
water interface and thus prevent-any continued reworking

of the sediment.

Planktonic species are considered as part of the
oceanic or peritic plankton. - Oceanic (or holoplanktonic)
forms spend their'entire existence in the open ocean and
pass througn the various phases of their iife cycle in that
environment. Neritic forms are found in association with
coastlines, Sincé‘such forms frequently pass through a
banthic stage, these poastal regions must possess réther
shallow shelves.

N. Ingram Hendey (1964) considers the neritic plarkton
under three catagories:

- %u’ando Caat.o A
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A. Holoplanktonic

B. Meroplanktonic

.C. Tychopelagic
The hoioplanktonic e¥xistence was considered previously
ana ig mentioned here only because some neritic plankton
‘appear to be holoplanktonic. Meroplankéonic spacies live
élose to the coastline in the plankton but spend part of
" their existence in bottom sediments, probably as resting
spores. It is sometimes difficult to differentiate holo-
planktonic and meroplanktonic svecizs. Tychopelagic
species probably spend most of their lives on the bottom
(Fig. 7 ).

Frequently it happens that a Diatom Thanatocoense

far from the present coastline may contain representatives
of both the neritic and oceanic plankton as well as a
number of sessile andtvagile forms. This is understandable
since bottom currents or storms may dislodge shallow water

I

forms and transport them many-miles from their original

~

habitat.

- Factors which control Diatom distribution vary with

the habitaﬁ. A complex of chemical and physical facéors
cont;ols the distribution of fresh water and terrestrial
Diatoms. These factors are light, salinity, pH, temperature
-and the concentration of such elements as silicon, nitrogen,

[}

sulphur, calcium and iron.
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F1ig.7 Marinc and fresh-water environments occupied
diatoms. (From Wornardt, 1969).
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Campyloneis

Pleurosigma

B

Fig. 8, Linear diatoms. Diagnosis: One long axis (api-
cal axis) and two shorter axes (transapical and per-
valvar axes). Isopolar, symmetrical about the apical
axis with clear silica area running down center of

g valve parallel to apical axis. May contain raphe,
pseudoraphe, central nodule, polar nodule, ridges,
costae and pores.

GEOLOGGIA

L
V%;cbn(b ((ffaofm ./ﬂ’




12.

Temperature and salinity dppear to be the principle

factors controlling distribution of marine Diatoms. Thus,

Diatoms are relatively easy to culture, but frequertly

it is difficult to reconstruct Diatom palececology.

MAJOR MORPHOLOGICAL GROUPS

Diatoms take on a great many shapes and thus it is
difficult to present a simple picture of the major morph-
ological groups. Most Diatomists follow the lead of their
15th century predecessors in«ggcognizing two major
divisions— the Centrales and the Pennales. The Centrales i
may be circular, oblong, hemicircular, triangular, gquad-
rangular, etc. but the major distinguishing character is
that the surface structures are arranged with reference to

some central or near central point. The Pennales,

on the othéer hand, are elongate {with one long axis and two
very short ones) with the major structures at approximately
right angles from a median line which runs parallel to
the long axis,

- The Pennales can further be divided into those forms
which possess a true raphe or cleft and those that do
not {pseudoraphe)}. Any further morphological breakdéwn
beyond this point is largely dependent upon such featuras
as shell geometry, surface étructures, etc. Although the

many different kinds of shapes, geometrics and structures

in the Diatom present a somewhat confusing picture, N.
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Ingram Hendey (1964) has succeeded in assigning most
Diatoms to one of seven "shape groups". These seven minor
groups can be lumped together into two major groups: (1)
Those whose valves usually have a raphe or pse;dorapha;

. and (2) Those whose valves are without a raphe or pseudo-
raphe. In the first category, Hendey recognized four
"shapé groups": the Linear Diatoms, the Cuneate Diatoms;
the Cymbiform DPiatoms and the Carinoid Diatoms.

Linear Diatoms have one long axis (the apical axis)
and two shorter axes (the transapical and pervalvar axes).
They are isopolar, symmetrical about the apical axis (with
a feQ exceptions) and possess a clear silica area running
down thé center of the valve parallel to the apical axis.
If this area is free of any structure it is termed the
psedﬁoraphe; If, however, it possesses a V shaped slit
(usually seen as a narrow line under the light microscopaz)
running parallei to the apical axis it is termed the raphe.
Linear Diatoms which contain raphe also have a central
nodule and, at the apical ends, polar nodules. Surface
markings, in the form of ridges {costae) or pores, may
radiate aﬁay from thehraphe oxr pseudoraphe (Fig. 8).

Cuneate Diatoms differ from the Linear forms in thsir
symmetry. Although Cuneate forms are symmetrical about the
apical axis, they are assymetrical about the transapical

axis. They may have a raphe or a pseudoraphe (Fig. 9A). Symmetry
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is also a major distinguishing characteristic in the
Cymbiform Diatoms. In this groups the asymmetry is about
the apical axis, while it is symmetrical about the trans-
apical axis. The valves- are isopolar and may have a raphe
or a pseudoraphe, depending upon the-genus (Fig, 9B).

The last group, the Carinoid Diatoms, are based upon
the placement and structure of the raphe. Symmetry and
valve shape are relatively unimportant. The raphe is
usnally on a raiséd keel and the group may be subdivided
into those genera that have one raphe and those genera
having two raphe (in both subgroups the raphe is situated
along the margin of the valve) - Fig. 10.

In the second category, Hendey recognized three
"shape groups"”. Discoid Diatoms have a relatively simple
structure, are circular in valve view and rectangular in
girdle view, The valve ‘surface may be flat, concave,
convex or concavo- convex.. .qusible surface structures
on the valve face include: areéolae, pores, riﬁs, spines,
etc. - Fig.-11A.

The Gonioid Diatoms are usually angular ‘in outline
but, otherwise, are difficult to characterize. Tﬁe shape
may be circular, elliptical or triangular. Since a
définitive description of this group is difficult, the
reader is referred to FigurellB for samplé shapes.

._‘N: ',
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Ampnara

Gomphonema

Licomorpha Epithemia
‘ B

Fig. 9, A. Cuneate diatoms. Diagnosis: Symmetrical
about the apical axis and asymmetrical about the
transapical axis. May have a raphe or pseudoraphe. B.
Cymbiform diatoms. Diagnosis: Asymmetrical about

. the apical axis. Valves are isopolar and may have a
raphe or pseudoraphe.

Nitzschia e

Surirella

Fig](,Carinoid diatoms. Diagnosis: Based on place-
ment and structure of raphe. Raphe placed on raised
keel near valve margin. Symmetry and valve shape
relatively unimportant,
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Rhizosolenia

Corethron c

.

Fig] 1 A. Discoid diatoms. Diagnosis: Circular in vah
view and rectangular in girdle view, Valve surface may
be flat, concave, convex or concavo-convex, Surface
structures on valve face include: areclae, pores, ribs,
spines, ete. B. Gonioid diatoms. Diagnosis: Usually
angular in outline. Shape may be circular, elliptical or
triangular. C. Solencid diatoms. Diagnesis: Unusual
development of girdle band., Girdle length many
times wvalve diameter resulting in tubularshaped
frustuls,
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Solenoid Diatoms feature exceptional develogitent of
the girdle band. Tﬁe girdle length may be many times
the valve diameter, resulting in a frustule with a tubular
shape. In valve view, the cell is usually circular or
‘elliptical in outline. However, because of its expanded
girdle, members of this group are also always cemented

on a glass slide with the girdle view up (Fig. 11C).

EVOLUTIONARY TRENDS

The earliest Diatoms date from the Midéls Cretaceous,
although there are unsubstantiated reports of their
occurrence in the Jurassic and even the Late Paleozoic.
Since these Cretaceous Diatoms occur in assemblages it
has been argued that Diatoms really developed in Late
Paleozoic or Early Mesozoic time and either existed as
naked protoplasm or were simply not fossilized. Isolated,

5

heavily silicified Diatom valves found in Early to Middil

(b

Cretaceous sediments suggest that selective solution is
the final arbiter of Diatom first appearance rather than
é;y biochemical changes.

The Centrales are the only group of Diatcms to occur
in the Cretéceous and earliest Paleocene with Pennate
_forms first appearing in the late Paleocene and increasing
somewﬁat in abundance during the Eocene. Tappan and
Loebiich.(19ﬂ ) pointed out that the expansion of the

,//&).&xﬁzé Caoto .
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Centrales had stabilized by Eocene time and, except for a
burst in the Miocene, their diversity was essentially un-
changed throughout the Tertiaxy. Theg Pennales, on the

other hand, have undergone an exponential increase since
i

~at least Miocene time and, at present, f£ar surpass the

‘Centrales in numbers of living species. The centric forms

tend to dominate the plankton while the.Pennate forms are
more abundant in the benthic realm.

Therefore; it is not surprising that the earliest
fresh water Diatoms (EScene) are Pennate forms. Indeed,
at present most fresh water Diatoms, including benthics
and quasi planktonics, are Pennate forms. Diatoms were
probably introduced into the fresh water environment via
brackish water littoral forms.

Unfortunately, we do not see a progressive increase
in comple;ity'qf the Diatom valve witﬁ-time.m Crétaceous
forms show as much variation 'in shell structure as do the
Tertiary forms. Because of this, it is difficult to use
"stage of evolutionary development" as a gross strati-
graphic tool. It seems more likely that if the coﬁplete

Diatom record were preserved we would see the missing

primitive forms in the Late Paleozoic and Early Mesozoic.

REASONS FOR EVOLUTIONARY CHANGE

In considering benthic and fresh water Diatoms it

is relatively easy to account for evolutionary change.
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At the very least we can invoke geographic isolation
followed by progressive changes in the composition of
the gene pool to explain any character shifts. With
planktonic communities, many specieé appear to be re-
stricted to specific water masses, thus achieving scre
degree of geographic isolation.

What we are at a loss however to explain is the

evolution of one species into another in what was apparently

the same water mass. We cannot invoke geographical isolation

nor can we see any measurable ecological reason why there
should be this time-sequential grading of one species into
another. We are lead to suspect that some properﬁy of the
environment (vitamin composition, trace element abundance,
minor though long term changes in temperature, salinity, -
or upwelling) has promoted a character shift.

Many species whose evolution can be documesnted last
2 relatively short time in the geologic record. For
example, from the Late Miocene to Recent of tha Eguatcrial
Pacific we can observe the evolution of six species. One
of these survives to the present while the other five
become extinct. Most of them become extinct withir a halZ
million years of their first appearance. . This Tact suggests

that there was something inherently unstable in the new

- species or that they evolved in response to some transitory

(in a geological sense) phenomenon in the environment.

il Casti i
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The fact that we know so little about the multitude of
environmental influences operating on the Diatoms lcavas
us relatively free to speculate on the cause of their

evolution.

PALEOECOLOGY

Prior to discugsing the paleoecoloéical importance
of Diatoms, certain restraints in the form of "words of
caution” must be placed upon the reader. Because plank-
tonic Diatoms are built to remain in suspension, thay
can easily be transported laterally by both bottom and
surface currents. This may result in an anomalously
high concentration of planktonic forms where none existed
in the local biocoencse. Simonsen (1969), for example,
reported on marine and brackish water Diatoms which were
carried far up the Amazon by the tidal bore. Burckle and
Biscaye (1971) found that in -the Antarctic high southern
latitude neritic and oceanic Diatoms are carried northward
by Antarctic Bottom Waters as far as the Equatorial ragions
(Fig.12 ). The possibility of such displacements must be
considered in any paleoecologicél reconstruction.
| Secondly, we should keep in mind that selective
solution both in the water column and in the sediments may
significantly alter Diatom Thanatocoenosis. In the Equat-

orial Pacific the solution rate may remove more than 80%




Fig. 12  Distribution of displaced Antarctic diatoms
{solid circles) in surface sediments of the southwest
Indian Ocean. The arrows indicate the probable ave-
nues by which Antarctic Bottom Water moves north-
‘ward.

-
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of the biocoenose and in'those sections where monospecific
oozes are recovered we suspect that sclution has removed
everything else.

A‘final point to keep in mind before we discuss the

palececology of Diatoms is that the word paleoecology wi=n

applied teo micropaleontology should be read as quantitative
baleoécology. In order to achieve maximum results the floras
must be subjected to some sort of mathematical treatment.
Such treatment may range from extremely simple to algesbra-
ically complex.. |

The initial step in gquantitative paleoecology is { !
counting and categorizing (by taxonomic eatity) a minimum
number of Diatoms per sample. Experience has shown us that
no fewer than 300 individuals per sample ought to be counted.
Where séecies diver;ity is low the count should be increased
to that level where no new species are encountered. Tha -
resulting Diatom spectrum showing the relative percent E
abundance for each species versus time is useful in demon-
strafing time-sequential changes in the piatom flora.

However,‘some Diatomists prefer to integrate such a
spectrum into a single curve and thereby determine the
relative importance of various ecological paramsters upon
the ‘changing Diatom community. The achieve this end,

~ s

several avenues are open. The simpl est is the Td value:

Td = " __ X100 .
[o]




where xw = total count of warm water Diatom spacies and KC

= total count of cold water Diatom species. T4 stands for
Diatom temperature and is used in a relative sense in refer-
ence to cold or warm aséémbiéges.

In some cases we alrcady know the temperature prefer-—
ences of the Diatoms with which we are dealing. In others,
it may be necessary to determine the constituzncy of a
Diatom ass%ﬁblage and its relationship to latitude and
water mass (and, we presume, temperature). To divide
Diatom assemblages along a North-South gradient into a

number of species groups we can use a Recurrent Group

Analysis:

Zab= _'.LAB;. - __}._

St [T

Wnere NA= total number of occurrences of species A

N.= total number of occurrences of species B
JAB = joint occurrences of species A 'and B

When N, > Np then pairs of species are considered to show

B
affinity (ie. they belong to the same group) when Jab

0.5. This permits the eventual definition of a number

v

of species groups all Qf whose members show positive
affinity for one anocther.

Tn addition to. these relatively simple statistical
techniques a number of more sophisticated mathematical

tools are open to the student. .Cluster analysis may be




used to define fossil associations and the reader is
encouraged to become familiar with the treatment of this
subject given in Michener and Sokal (1957). A final method,
and one which will come into increasing use in the future

is the Biological Response Model of Imbrie and Kipp (1971).
This method uses factor analysis to group species relative
to some ecologic gradient but, further,.it attempts to
define the cdusal influences respoqsible for these grouns to

=

determine the relative importance_of each cause and to pro-
ject this information into the past.

With planktonic species, the principle paleocecological
parameter sought is temperature., Paleoecological ecguations
developed by John Imbrie alsc permit the construction of
other parameters such as salinity, nutrient supply, etc.
but these factors usually can be related to temperature.
Also, . since most paleoeqqlogical work deals With the
Pleistocene,‘we are naturally most i;terested in tempera-
ture change during that period., XKanaya and Koizumi (1966),
for example, used Recurrent Group Analysis and 7d values in
reconstructing Late Pleistocene temperature change in the
North Pacific.

Although there was little time control, they were
able to document at least three warﬁ intervals during the

Late Pleistocene. Td values have also been used in the

Equatorial Pacific (Fig.13 ). You can readily see. that a

R —
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substitution is necessary in the original equation since cold
water forms are not present. However, if we substitute
cosmopolitaﬁ species for cold water we find that the XEguat-
orial assemblage can be broken down into t;o groups: a
.ropical/subtropica} group and a cosmopolitan group.

As shown in Figure 13 there are signficant changes in the
assemblages— changes which esséntiallynagrea with climatic
_oscillations founded on other methods. You will note also
a shift from a tropical/subtropical assemblage to a cosmo-
politan assemblage nesar the end of the Matuyama Revarsad
Epoch— a climatic shift-which has also been observed using
other geologic evidence.

A. P. Jousé of the Soviet Union came to a similar
conclusion in the North Eaéific after analyzing a Diatom
spectrum from this region. She noted a rather significant
upward change in the Diatom assamblage from water to cold
during the Middle Pleistocene. Sharp increases (in effect,
recurrences) in the warm-water spec%es Rcphoretis arcuatum
var. ventricosum defined the extreme warm conditions in the
North Pacific during the later Pleistocenes., Subkseguent
workers have found as many as five recurrences of this
species in the North Pacific.

In 1954 Kolbe performed a rather simple but time
consuming experiment in Diatom palececology which has

seldom been repeated. You will recall that Belayeva noted

" R TP A . -
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"It follows, then, that if nature can modulate the ratc of

ro
(S}

that certain species show a marked increcase in size (in
this case, valve diameter) over areas of strong upw=lling.
This size increase appears to be related to the nutrieat
suéply which in turn is governed by the rate of upwelling.
£

upwelling in a specific area it will also be modulating
the nutrient supply and the size of specific Diatom species.
In 1952, Arrenhius proposed a rather simple model governing
vertical and horizontal oceanic circulation and their
relationship to climate— during glacial period the tempera-
ture gradient between the poles and the equator increased,
resulting in more intense circulation, while interglacial
periods demohstrated the opposite effect.

In a deep-sea core from the eastern eguatorial Pacific
(an area of upwelling) Kolbe measured the valve diameters
of 300 specimens per sample of Coscinodisecus nodulifer, a
spacles which ranges from approximately 10 microns to ovar
100 microns in diameter. His work showed good correlation
between maximum diameter values and glacial periods and

offered promise for use of valve size in paleoecology.

Unfortunately, as mentioned previously, this type of study

has been rarely used because it consumes a great deal of
time. - Recen£ technological advances involving the light
microscope, however, now mgke it possible to measure both
valve diametar and Qalve area rapidly and thus make it

ossible to use this paleocecological tool. ; |
: ; : Jé/uuﬁn@ Caotw A
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Marine benthic and brackish water communities can also
be utilized in paleoecological reconstruction. One must
repeat the caution, however, that currents, particularly
. bottom.currents, ﬁﬁy displace these Diatoms from their
normal habitat and result in faulty interpretation. Sedi-
mentary structures may provide some clue as to whether or
not displacement has taken place. The condition of the
Diatom valve may also be a key. If they are broken and
partially dissolved they most certainl§ have been displacad.
In the South Atlahtic well preserved penthic Diatoms oI
Eocene age havelbeen recovered from depths of approximately
500 fathoms on the Argentine Continental Slope— clear{
evidénce, it would seem, of considerable subsidence along
this Slope Qinge the Ecocene.

HWe Ean use brackish water Diatoms to reconstruct sea
levgl changes in the recent past as well as any signficant
changes in temparature or water chemistry. Many of these
species have very narrow temperature, salinity-and chemical
tolerances. Changes in any parameter of the ené&ronment,
therefore, lead to a change in the Diatom community.

By careful analysis of the Diatom biocéenosis we should be
able to reconstruct shoreline changes and, thereby, racon-
struct past climates.

Fresh water Diatoms cannot be applied as easily as

marine forms to delineate temperature change with time.
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¥

-



257

Rather, they are more important in defining changes in water
chemistry, nutrient supply, compositional ard mechanical
properties of sediment, and in deterrmining past changes’ in
basin geometry. To put these parameters on a rudimenta;y
basis, Peter Kilham (1971), for example, postulatad a
relationship between species dominance and silica concen-—
tration. His data indicate that Stephanodiscus asirea is
likely to be dominant at low silica concentrations and
Melosira granulata is likely to dominate at higher silica
concentrations.

Work done by the French in the Chad Basin indicate
that the relative abundance of these two species may also
reflect;gasin geometry. Stephanodiscus astrea was most

abundant at times when the Chad Basin was at a higher lake

level, while M. granulata was wmore abundant at intermediate

or lowered lake levels.

From time to time, £fresh water D;atomslprovide us with
a most importént 1ink between the continental detritus'
(including fresh water Diatoms) from the Asian mainland to
the Sea of Japan where it is incorporated into marine sedi-
ments. Changes in volume and species content give us som2
clue to‘the syecies content of fresh water lakes as well
as to changes in wind stress with time.

A more irtegrated picture illustrating this point

emerges when data from Northwest Africa and the Equatorial
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Atlantic are compared and correlated. Along the southwest
edge of the Sahara a long wet season alternates with a much
shorter dry season. Intermittent- lakes (usually containing
abundant Diatoms) dry out during the dry season and the ever
present Trade Winds carry the lake sediment out to sea where
it is incorporated into marine sediments. By studyving
paleomagnetically dated deesp-sea cores from the Equatorial
Atlantic we can determine the time of first influx of wind
blown continental detritus into the Atlantic (about 1.2 m.y.
B.P.) as well as changes in volume of continental detritus.
Of special interest is fhe observation that Stephanodiscus
astrea was a common constituent of Equatorial Atlantic sedi-
ment from about 1.2 m.y. B.P. to approximately 400,000 years
B.P. Such a cénvergence ofFevidence and circumstance suggests
that this section of North Africa was more humid prior to
1.2 m.y. B.P. and that, prior to that time, present day inter-
mitéent lakes were perennial..

Two additional measurements which may havé sone paleo-
ecological significance’ is total Diatom abundance per gram
of sediment and Diatom diversity. Diatom numbers per gram
of sediment has been much ﬁsed by modern day Diatomists as
an indication of past changes in surface productivity. The
reader can ‘appreciate some of the problems involved in using
this method. Obviously, the investigator does not count a

gram of Diatom valves. Rather, he or she counts the Diatcms
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in a aliquot of the original sample and then, by Simple

s ratio, determine numbers per gram. The problem arises in
the method used— no two Diatomists employ the exact sare
methods in sample preparation and sample counting. There-
fore, the results usually differ by a great deal. It
should further be pointed out that recent studies indicate
that high Diatom counts in surface sediments are not
especially useful indicators of surface productivity. Such

studies indicate a correlation coefficient of r = .6 betwe=an

Diatom abundance in surface sediment and the sea surface.,
Other physical parameters (temperature, salinity, etc.) show
a much higher correlation coefficient with Diatoms in suriace
sadiments.

- piatom diversity has also been used as a barometer ot
surface productivity. The usual method of deternining

L 4 . - . .
diversity is to determine the numbers of species encountered

in a random count of 300 sﬁecimens. This method has hieen
| found unreliable because it does not account for the .palas
| .

| tive abundance of individual species. In our work we have
} found good results using the Shannon-Wiener Information

| .

Measure as a Diversity Index:
Hs= - ﬁi Pi loge Pi
1=1

where s= number of species in a random count of 300 in-
dividuals

) P.= the relative abundance of the ith species measured
from 0 to 1.0 :

./%nknﬁ %adﬂa .///
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Log, P;= the logarithm of P, to the base e

A high value for H .indicates a very divefse assemblage
while a O or low value indicates a monospecific or near
.“monospecific assemblage., In the Equatorial Pacific we
find high diversity values during a glacial period. This
agrees essentially with the thinking of Arrenhius, namely
that Qertical and horizontal circulation is stimulated
during cold periods resulting in increased surface nutrients
and produétivity. h
’ As menticned eariier, Diatoms are easily displaced
by currents and, as an example, the action of Antarctic
Bottom Waters in carrying high latitude Diatoms toward the
equator is noted. It can be seen that the transportability
of the Diatom'éalve can be turned into a plus factor and
that we might @se the distribution of Antarctic Diatoms
in surface sediments to trace the northward flow of Ant-
arctic Bottom Water. Figqure ]2 shows the distribution of
these Diatoms in sﬁrface sediments of the Southwest Indian
Oce;n. One can clearly trace the influence of bottom water

to the South and East of Malagasy. Similar distribution

are observedlin other parts of the Southern Hemisphere.

BIOSTRATIGRAPHY

The fundamental tenet of biostxatigraphy is that
species evolve and become extinct. Since we can document

these events in'Diatqmé it stands to reason that they -~
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should have some value as stratigraphic tools. Besides

the great abundance of Diatom species (10,000) we must also
reanenber that initial‘étudics in marine Diatoms dealt mainly
with marine sections exposed on land. In other worcés, thease
were shallow water marine sections which plaved host to
banthonic and neritic planktonic communities rather than
holoplanktonic communities.

Such assemblages are strongly effected by even minor
chianges in the environment; for cxumple, salinicy, s=za lzvel
changes, etc. Such changes affect the vertical continuity
of species within the assemblage. Thus, a first or last
appearance of a species may be due to some shift in ecoclo-
gical parameters rather than evolution or extincticn. 1In
spite of these“dréwbacks, G. Dallas Hanna, beginning in
the 1930's, has used Diatoms to show that a gross correlation
is possible between the Miocene of California and the Mio-
cene of the U.S. East Coast.

Because the appearance of benthic Diatoms, like any
other Lkenthic organism, can be time-transgressive, trues
time-stratigraphic correlations are best drawn using plank-
tonic Diatoms. It seems natural, therefore, that increases
in our understanding of planktonic Diatoms as stratigraphic
tools is directly related to the recovery of numerous deep
sea sediment cores. These cores provide continuous or
nearly continuous depostional records and permit us to

Moniinte Caotio M.
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"see"” and measure discrete evoluticnary steps. Since
several microfossil groups- are present in the same core, it
is also possiblg to cross correlate and thus relate Diatom
zones to the type reference sections in Europe. )

Although~nigt¢mnﬂwere among »the . £irs® of the micro-
fossils to be studied, it is oﬁ;y.xecently that they have
been used to define biostratigraphic:zones. The pfoblem
is one of solut;on, preservation, and vertical continuity
particularly in the Cretaceous and Paleogene. Diatoms
respond to favorable conditions by living in great pro-
fusion or “bloﬁming“.‘ Those sections which contain abund-
ant Diatoms, therefore, usually represent short time
intervals even thoug? the section may be-guite thick.

Neverthe;éss, there are a number of séacies which can
be used to define and differentiate the Cretaceocus and
Paleogene.::Gmu&ta:ﬁvirtiéul continuity .is seen in the
_Neoéene, thus permitting iongs to be defined during this
time interval (Fig. 147}). -

The Cretaceous may be defined hy sevaral species of
Triceratium, Cosa@nodiacus, Aulacodiscues and Biddulphic
which appear to be restricted to the Mesozoic., The
"crisis in lifg" whiéh occurred at:-the Mesozoic/Cenozoic
boundary apparently also affected the.Diatoms because
there is a difference between the late Cretaceous and Paleo-

gene forms. Tha true extent of thia difference has not
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yet been determined because of the paucity of Paleogene
diatomites. However, the Paleogene witnessed the first
appearance of the Pennales.

The Eocene may be defined by several species of the
genus Pyxilla as well as Cyclotella hanrze, Ccscinodiscus

L
oblongus and several species of Triceratium., 2Pyxilla spp.
had a rather broad distribution during the Eocene, occurring
in the South Atlantic, the Southwest Pacific, the California
section and the Norwegian Sea. Some of these forms extand
upward into the early Oligocene. However, little is known
about the Oligocene floras, particularly the younger part.
Burckle (1972) described a high latitude Oligocene flora
from the North Atlantic but reported a low diversity
assermblage dominated by the genus Stephanopyxis. A major
reason why we have so little information about Oligocene
Diatoms is that we have recovered so little Oligccene age
sediment from the déep sea floor. Those szdiments of
this age that have been recovered frequently contain only
calcareous biogenic remains.

In Miocene and younger sediments, we have mora vertical
continuity and thus a greater opportunity to define bio-
stratigraphic zones. Hans Schrader (1973) has defined 25
Diatom zones in the North Pacific for the interval from
the Middle Miocene to the Recent wnile Japanese workers

have named 7 for the same interval of time from the
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Japanese mainland. §Since both continental and deep-sea
Neogene sections are diatomaceous we can correlate between
the two. E

In general, we can characterize the Diatom composition
of marine Neogene sections as follows: The Early Miocene
in low latitudes can be defined@ by the occurrence of such
forms as Coscinodiscus lewisianus var. lewisianus and C.
lewisianus var. similus, Raphododiscus marylandicus and
Coscinodiscus praepaleoceus. The last mentioned species
is found as a constituent of high latitude Diatom assemblages
as well. In intermediate latitudes (Northern and Southern
Italy, Maryland and California) C. lewistanus var.
lewisicnus and similus, C. praepaleoceus and R. marylarndicus
are found. The late Early Miocene and early Middle Miocene
may be characterized by the problematical Diatom, [“acrora
stella. This form is found most abundantly in intermediate
latitudes but has also been found in the Equatorial regions
as well as higher latitude sections of Japan.

The base of the Middle Miocene is defined by the firsc
appearance of Annelus californicus. This is an extremely
important species, particularly useful in Circum-pacific
correlations. It occupies a very short time range during
the early Middlé Miocene and is found in both continental
marine and deep sea sections (California, Japan, Javayﬂﬁuhné:%%dﬁm J
Equatorial Pacific, South Pacific, etc.). A number of b

workers ( Nakaseko, et al.1972; Burckle, 1975) have reliably
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correlated the range of this species with the foraminiferal
zones N.8 and N.S9 of Blow (1%969). 1In California, it cccurs
in uppermost Relizian and basal Luisian sedimerits.
- Ranging cohcurrently with 4. califcorrnicus is a low
latitude marker species, Cestodiscus peplum. It ranges

to just above the last occurrence of 4. ealifornicus but

is not e5pec§ally useful in any long range correlation.

- In equatorial regions a number of species are found

in association with one another and do not range above the
Middle Miocene. Such associations, thesrefora, may be used
to define the Middle Miocene and include Coscinodiseus
lewisianus var. lewisianus, Craspedodiscus coseinodiscoidec
Actinoeyclus ingens, Cestodiscus pulchellus var. pulchelius
and C. pulchellus var.maculatus. Besides these, there are
a number of forms which pfovide specific information on
stratigraphié levels within the Middle Miocene. A sign-
ificant contribution to Neogene Diatom stratigraphy has
been .made by Simonsen and Kénaya (1961) and Schrader {(1973)
who documented successive time-dependent change in tha
genus Denticula. Simonsen and Kanaya (1969) showed that
Denticula-lauta was the earliest representative of this
SpEClES 1n the Callfornla section where it occurs in
RelLZLan, Luisian and Mohnlan sediments. Schrader (1973)
subsequently found this form in Middle Miocene deep-sea

sediments.
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An important first appearance of Denticulac nicobarica
occurs in the early Middle Miocene, followed by the first
occurrence of Denticula hustedtii in the middle i#iddle Mio-
cene. The middle Middle Miocene is also ;haracterized by
the first occurrence of plicated species of the genus
Cos;inodiscus. These forms go under a variety of names
(C. plicatus, C. yabet, C. praeyabei, C. miocenica) but are
all characterized by a distinct plication cutting the valve
-in half and by having rather coarse areolae. Members of
this group characterize the late Middle Miocene and early
Middle Miocene of many low and intermedigte latitude
sections.

Ranging concurrently with the early part of the range
of the plicate Coscinodiscus, is the species Mediera
splendida. This form is found in ihtermediate and high
latitudes and pfovideé an important link in correlating .
equatorial and High latitude sections. On the basis of
such a comparison, Burckle and Todd (1973) concluded that

the ranée of Mediera splendida covers the upper part of
the Middle Miocene.

The Late Miocene is characterized in equatorial
regions by such forms as C. péleaéeus and C. yabei which
both disappear around the ﬁiddle of the Late Miocene.
Two Denticula species (D. nicoberieca and D. hustedtii)

disappear near the Middle/Late Miocene boundary but are-
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found higher up in the section in the higher latitudes.
Actinoeyclus ingens is another form whose last occurrence
is time—traﬁsgressive from low to high latitudes, 1In
equatorial sections it disappears around the Middle/Late
Miocenrne boundary, but lingers on into the early Pleistocene
of Japan (Koizumi, 1?63; Burckle, 1971) and the Middle
Pleistocene of the South Pacific (Donahﬁe; 1970).

The latest Miocene is also characterized by a number
of evolutionary first appearances. Nitzschia mioecenica,
for example, evolves from its ancestor N. porteri, and
ranges to just before the Miocene/Pliocene transition.
Thalassiosira convexa evolves before the Mioccene/Plioccene
transition and rangés to the latest Pliocene (Fié. 14 ).
Both these species age fairly cosmopolitan and were distri-
buted from the equator to about 40" North and South of tha
equator. An equally important species with a much broader
distribution i? Hitzsehia reihﬁoldii. This form evolved
| during the latest Miocene and ranged into the Middle
Pleistocene. Besides its wide distribution .in the deep-sea

it has been reported from Italy, Japan, California and

Java. The reader should be cautioned that, in my experience,

an increase in abundance of this speciaes indicates a
Middle Pliocene or younger age.
High northern latitudes may be characterized during

the Late Miocene by the first appearance of Rhizosolenia
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barboi (called Rhizogolenia curvirostrus or Pyxilla barboti
by some authors), Denticula kamtschatica and Deniicula

seminae. D. kamtschatica disappeared near the end of the

~

Pliocene but D. seminae survives to the present.

During the Pliocene a number of first and last
appearances provide us with stratigraphic markers. #iZzscaia
jougseae makes an evolutionary first appearance during the
Early Pliocene and disappears during the middle Late Plio-

cene.. Thls form is abundant in equatorlal sediments but

v .r. R Ci

_hés ‘been. found as far away as 40° of .latitude from the

\'.I.r('"
Eguator. The Early/Late Pllocene boundary is the approx-
imate position of the first appearance of Rhizosolania
praeaergonii ThlS species ranges to just after the

Pllocene/Plelstocene transition and is generally restrictad
to low 1at1tudes (Fig.14 ). Xoizumi (1972}, however,
repq;ted=i£ ﬁ;om-the Japanese section; a fact which permits

EPIEE R

correlation of Pliocene sections between equatorial regioens

1

and Japaﬁ. .

In high northern latitudes of the Pacific region, a
number of forms define the Pliocene; Actinoeyclus ochotiensts,
Thalas#iosira'punctata, Rhizosolenia barboi to mention a
few. 'A-numbef of species of the genus Thalassiosirae are
alsc used in the North Pacific. However, species of this
genus are especxally difficult to differentiate. The

beginning student, therefore, is not encouraged to work

N
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with this qroup, except in those cases mentioned above whare

zndentification is relatively erasy.
The base of the Pleistocene 1s marked by the first

evolutionary abpearangg of Pseudoeunotia doliolus. It is
éSEQE";;£$1§ in equatorial regions but is also present in
intermediate latitudes as much as 40° from the equator.

By early Pleistocene times an essentialiy mocdern Diatom
fléra had developed.in most marine environments of the
world. In the equatorial regions; hasideﬁ"?echdbaqpo?ia
doliolus,. important elements of the- Dleistodens Eiera can-
sisted of Cascinﬁdiscua nodulifer, CQscinodiscus ergnulatus,
yitzschia marina, Thalassiocsira cestrupit, Thalassionema

nitzsecniotides var. nitzschioides and Th, nitzschioides var.

parva. Many other forms are present in the assemblage, but

% .
4: ek e x
o™ t

these are the_moét important. B A R
In the high northern latitudes, we observe a distinct
previnciaiism, In the North Pacific, the flora is dominated
by Denticula, severél species of Rhizosolenia, several species
of Thalassiosira and the genus Coseinodiscus. In the North
Atlantic, Denticula is not preseﬁt’andzthe-assemblages
appear to be dominated@ by Thalassiosirg é}avida on the one
hand and Thalassionema nitzschioides on the other.
The reader has,proﬁably noted by now that most of the
discussion regérding'qiétom biostratigraphy has neglected

the high Southern latitudes. The reason for thisg is that

-
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1ittle work has been done in this region as yet, particularly
for the interval of time between the Early Oligocene and the
iate Pliocene. It is not a guestion of a lack of good bio-
stratigraphic material to study. McCollum (1973), for
example, has noted that two species of the genus Trinzerea
provide useful datums for the Early Pliocene.

The Pleistocene Diatoms of the Anatarctic region have
been studied by a number of workers (Jous€ et al., 1963;
Kozlova,. 1964; Donahué, 1970 to mention a few). Jousé et
al..(1963) defined a number of abundéﬁce zones based upon
the alternation in abundance of Antarctic and subantarctic
forms. Donahue (1970) define three zones based upon last
appearances (Fig.:]S). The last occurrence of Adciinocyclus
ingens occurs duringlthe Middle Pleistocene wnile the last
occurrence pf Rouzxia ecalifornia comes in the early Late

Pleistocene.

In addition to these, théfe are numerous Diatoms which
serve as indicators to the Pleistocene and are unigue to
the Antarctic region. These include at least six species of
the genus Nitzschia {of which WN. ke;guelensis is the most
abundant), Fucampia balaustium, Coscinodiscus lentiginosis,
€. margaritae and Thalassiosira gracilis. .

The foregoing discussion dealt primarily with the

fossil record of planktonic Diatoms. There is good reason

_for this stress since these forms are more suitable for

uﬁgwbﬂéagﬁdéw ¢%Z
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Stratigraphy and for long distance correlation. Benthonic
aﬁd neritic species have greater value in palascecologic
and paleo—oceanograﬁhic studies and as indicators of sedi-
ment saurces. Yet, when necessary these forms can be used
for biost:atigraphic work. Walter Wornardt, for example,
defined two principle assemblage floras for the Miocene/
Pliocene transition in California. Altﬁough planktonic
elements were present most of the species were benthonic
or neritic in habitat. In ﬁava, Th., Reinhold defined
several zones in the interval from the Middle Miocene to
the Pliocene— largely using benthonic and neritic species.
Fresh water‘Diatom; are little used in precise bio-
stratigraphic work owing to the obvious difficulty in
correlating Jith marine sections. When independent dating“
techniques are used, fresh water forms may be used in
biostratigraphy especially in the Pleistocene. Howaver,

the real application of fresh-water forms is in paleo-

ecological interpretations.
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