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The optical properties and microcrystallography of 
Arkhangelskiellaceae and some other calcareous 
nannofossils in the Late Cretaceous 
Shimon Moshkovitz and Kenneth Osmond 

A short review of the optical properties and 
phenomena as seen in some Cretaceous 
calcareous nannofossils (Arkhangelskiellaceae, 
Quadrum, Micula , Lithastrinus , Tegulalithus , 
Nannoconus, Microrhabdulus and Bukryaster) in · 
the Atlantic region and in the eastern Tethys, 
Israel , is presented by means of the scanning 
electron microscope and the light microscope 
(with the aid of the gypsum Red I plate). The 
microcrystallographic characteristics of the 
above-mentioned taxa , including the famous 
'windmill effect' in Arkhangelskiellaceae and its 
evolution during the Late Cretaceous, are 
discussed. 

A new species, Arkhangelskiella paucipunctata 
from the latest Maastrichtian Micula prinsii 
Zone, presumably the end member of the family 
before its extinction at the end of the Cretaceous 
Period, is described. 

4.1 INTRODUCTION 
First discoveries of calcareous nannobodies and 
debates over their origin of formation date back 
to the early and middle parts of the 19th century 
(Ehrenberg 1936, Huxley 1868, Wallich 1861). 
Sorby (1861) is to be credited in this respect for 
his suggestion that they are to be regarded as part 
of the organic world. However, it was not before 
the pioneering works, by means of the optical 

microscope, of Arkhangelsky ( 1912), Kamptner 
(1927, 1928) and especially the painstaking 
studies of Deflandre (Deflandre 1952, 1959. 
Deflandre and Deflandre 1967), that a systematic 
and taxonomic knowledge of the fossil members 
of this group was developed . Eventually their 
great potential as a new biostratigraphical tool 
was discovered (Bramlette and Riedel 1954. 
Stradner 1961 , 1963, Bramlette and Sullivan 
1961, Bramlette and Martini 1964, Stover 1966. 
Cepek and Hay 1969). With the advent of the 
electron microscopes in the 1950s (the 
transmission electron microscope and especially 
the scanning electron microscope) which 
revolutionised our ideas and knowledge abou t 
the microstructure of the nannofossil 
(Kamptner 1950, Deflandre and Fert 1952, 1954. 
Braarud et al. 1952), the interest in this group of 
fossils has increased to a great extent for the 
benefit of various fields of geology and the oil 
industry. 

Because of their tiny size, so close to the ligh t 
resolution limit (~0.25 J.1 m), study of thei r 
microstructure with the light microscope alone is 
not very satisfactory and, ideally, the best resul ts 
are achieved through a combined study of the 
same object in both the light microscope and the 
scanning electron microscope (Thierstein and 
Roth 1972, Moshkovitz 1974, Hansen et al. 1975. 
Smith 1975). In practice, however, and for rapid 
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,t ratigraphical considerations, especially in the 
.:> il industry, most work is done by means of the 
.1ght microscope, which probably will long 
~emain the chief practical investigational 
.ns trument. In this respect it was shown that 
-ome idea regarding the microstructure and 
rrangement of the subunits of the nannofossils 

:ould be gained by using polarised light and the 
.1 cessory plates, e.g. gypsum Red I (Kamptner 
1952, Deftandre and Fert 1954, Bramlette and 
\1artini 1964, Stover 1966, Prins 1969, Reinhardt 
1972, and especially Romein 1979). Such 
.nformation is based on some basic principles 
~oncerning optics and the interaction of light 
\·ith the mineral calcite (of which the calcareous 
nannofossils are known to be made). 

4.2 REVIEW OF SOME OPTICAL 
PROPERTIES 
-\ccording to Maxwell's electromagnetic wave 
:heory, visible light (as part of the 
electromagnetic spectrum) travels through space 
m continuous waves along straight lines with 
·ransverse wave motion. The surface to which 
:1ght has spread in a given time interval is called 
:he ray velocity surface. Substances are referred 
:o as isotropic if the light travels with equal 
·.elocities in all directions (e.g. liquids, glasses, 
: rystals of the isometric-cubic or regular
-ystem). In these substances the ray velocity 
-urface derived from a point source is a sphere, 
:he radii of which are the light rays. In other 
-ubstances, including crystals that do not belong 

the isometric system, light travels with 
different velocities in different directions. Such 
-ubstances are described as anisotropic. Non
' ometric crystals include uniaxial and biaxial 
:ypes. Uniaxial crystals (tetragonal and 
nexagonal systems) are divided into two optical 
groups: positive and negative (Fig. 4.1). These 
: rystals are positive when the ordinary ray 'o' 

ossesses greater velocity and are negative when 
:he extraordinary ray 'e' has the greater velocity. 

An important feature is the optical indicatrix, 
.1 three-dimensional geometrical figure that 

serves to illustrate the optical characteristics of a 
crystal. This helps to ~isualise the relation of the 
refractive indices (n) and their vibration 
directions (which are perpendicular to the 
direction of a propagation of light through the 
crystal). Birefringence is defined as the difference 
between the maximum and the minimum 
refractive indices. Fig. 4.2(a) shows a positive 
uniaxial indicatrix (prolate spheroid of rotation 
since nE is greater than n0 ), of which quartz and 
rutile are examples, and Fig. 4.2(b) shows a 
negative uniaxial indicatrix (oblate spheroid of 
rotation with nE smaller than n0 ), calcite and 
apatite being examples (in calcite nE= 1.486, 
n0 = 1.658; hence its birefringence is 0.172). 

When monochromatic light strikes an air
calcite interface in any direction other than 
parallel to the c axis, the ray entering the 
transparent mineral is polarised and broken into 
two components that will travel with different 
velocities in defined paths according to their ray 
velocity surfaces (Fig. 4.3). One, the ordinary 
(slow) ray, vibrates in a basal plane, 
perpendicular to the c axis and parallel to the 
long diagonal of the rhombic face of the cleavage 
rhombohedron. The other, the extraordinary 
(fast) ray , vibrates at right angles to it, i.e . in a 
plane which also includes the c axis and is parallel 
to the short diagonal. This type of plane of which 
there is an infinite number is called the principal 
section (Fig. 4.4). Such vib~ations in an Iceland 
spar nicol prism are shown in Fig. 4.5. 

(a) Uniaxial crystals between crossed-nicols 
When a wave of ordinary light is forced to vibrate 
;n a single plane, light is said to be polarised. We 
use this phenomenon in the polarising 
microscope by applying the polariser (inserted 
below the stage of the microscope and 
transmitting plane-polarised light vibrating in a 
N- S direction) and the analyser (which is 
inserted in the tube above the stage, with light 
vibrating in an E- W direction only). With such 
an orientation (known as cross-polarised light or 
crossed-nicols) there is extinction and no light 
should reach the observer. This is true when 
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c c 
lOptic .xis Optic axis 

(+) (-) 

Fig. 4.1 - Ray velocity surface of uniaxial crystals: ( + ), positive; ( - ), negative; e, extraordinary ray; o, ordinary ray. 

(a) (b) 

Fig. 4.2 - Optical indicatrix in uniaxial crystals: (a) positive; (b) negative; n0 , refractive index of ordinary ray; nE, refractive 
index of extraordinary ray. 

viewing an isotropic object between crossed
nicols, since light velocities are the same in all 
directions and there is no double refraction. 

In anisotropic crystals, however, extinction 
occurs when (a) light moves parallel to the 
optical axis so that light from the polariser passes 
through the crystal as through isotropic matter 
and is cut off by the analyser, or (b) the vibration 
direction of light coming from the polariser 
coincides with the vibration direction of the 
crystal. In that case, the light (0 ray orE ray) 
leaving the crystal will be eliminated by the 

analyser (which is superimposed with its plane of 
vibration at right angles to that of the polariser). 
In such cases, as the crystal is rotated on the 
revolving stage of the microscope, this extinction 
position occurs four times (once every 90°) 
during a complete revolution of 360°. 

Since light travels in anisotropic crystals with 
different velocities (except for the case when 
parallel to the c axis) , a phase difference is created 
causing the two rays (0 and E) that are permitted 
to pass the analyser (i.e . those vibrating in an E
W plane) to interfere. Depending on the path 
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B 

Air 

Fig. 4.3 - Double refraction in calcite. 
:\- 8 , wave front at the moment the ray reaches A. 
:\- 0 , travelling direction and distance of ordinary ray at the moment the ray reaches C (slow ray) . This is a lso the radius of the 
ray velocity surface. 
A.- E, travelling direction and distance of extraordinary ray at the moment the ray reaches C (fast ray). This is also the ray 
' elocity surface. 
C-0 , C- E, new wave fronts of ordinary and ex traordinary rays respectively. 

I 
I c-axi s 
I 
I 
I 
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Fig. 4.4 - Calcite rhombohedron . Short (c axis) and long 
diagonals . 

difference between these rays, constructive or 
destructive interference results in light or 
darkness and, consequently, interference colours 
are produced- vide the Michel- Levy colour 
chart. The nature and intensity of these colours 
depend on the orientation of the studied object, 
its thickness and the birefringence or retardation 
(the product of the crystal thickness and its 
birefringence). 

Accessory plates (e.g. quartz wedge, mica and 
gypsum plates) used with the polarising 
microscope assist in determining some important 
optical and crystallographic characteristics of 
studied objects (e .g. slow or fast ray vibration 
direction, exact extinction direction , relative 
thickness of mineral) . The gypsum plate 
(sometimes called the sensitive tint or first-order 
red) is found to be very useful in determining the 
optical sign of very thin crystals (less than I 0 J1 m) 
when low-order interference colours (gray, 
white) occur. The gypsum plate is cut to a 
thickness that gives in white light a first-order red 
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Fig. 4.5- Ray paths and their vibrations in the nicol prism. o, ordinary ray, e, extraordinary ray. 

(~violet) interference colour, with retardation 
of 550nm. It is inserted into the microscope 
below the analyser (in most microscopes usually 
in an NW- SE direction) , so that the vibration 
direction makes an angle of 45" with the 
polarisers. Usually, the trace of the vibration 
plane of the fast component is parallel to the long 
axis of the accessory plate whereas the slow 
component is directed at right angles. If the fast 
component (smaller refractive index) in the 
studied crystal coincides with the fast component 
in the gypsum plate, the two add up and the 
original red (~violet) colour of the gypsum plate 
goes up in the spectrum into a blue. When the 
slow component (higher refractive index) 
coincides with the fast ray of the gypsum, the 
components are subtracted and the colours 
decrease into a yellow. In other words, in the case 
of addition, the red of the first order plus the grey 
will produce blue of the second order, whereas , in 
the case of subtraction, the red minus grey will 
give a yellow colour (Fig. 4.6). (It should be 
noted that in some old microscopes, the resulting 
image (and hence also the colour distribution) 
may be reversed with regard to the actual 
position of the inspected object. Therefore it is 
strongly suggested that the optical system of the 
microscope be checked first by inserting an easily 
identifiable object in low magnification. Another 
simple method is to check the slow and fast rays 
of a small calcitic crystal present in any of the 
slides and to inspect the colours along the short 

and long diagonals of the rhombohedron (Plate 
4.1, Figs. I, 7, 15, 16) .) 

Translating these principles for the study of 
calcareous nannofossils (calcite, uniaxial 
negative- with three a axes at 120° to each other 
and in a plane at 90° to the unique c axis; (Fig. 
4.7), we summarise as follows. 

Between crossed-polarisers, the object (or the 
sector investigated) is 
(A) dark , when (I) the c axis is nearly vertical (to 
the microscope stage) or 
(2) the c axis and a plane are N and S, in either 
order; 
(b) bright, when the c axis is roughly horizontal 
(but not E- W or N- S). 

With a gypsum plate the object is 
(A) dark for the same conditions as above; 
(B) (I) bright yellow (first order) when the c axis 

is parallel to the gypsum slow ray (usually 
directed NE- SW) or 
(2) bright blue (second order) when the c axis 
is parallel to the gypsum fast ray (usually 
directed NW- SE) 
(in the case of overlapping crystals, the 
brighter layers show up, masking the darker 
layers). 

By using the above principles, it is generally 
possible 
(a) to deduce the orientation of the axial elements 
of the calcite crystallites in the various parts of 
the nannofossil , 
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(a) (b) 

Fig. 4.6 - Gypsum Red I accessory plate in positive (+)and negative ( - ) uniaxial crystals: Y, yellow; B, blue. 

(b) to interpret the pattern of the rhombohedral 
arrangement, whether in rows, cycles or 
superimposed layers, and the relative thickness, 
and 
(c) to determine the viewing aspect, i.e. proximal 
or distal, of the coccolith. 

4.3 OPTICAL PROPERTIES OF SOME 
CRETACEOUS NANNOFOSSJLs
RESULTS 

Investigators of Cretaceous nannofossils (e.g. 
Bramlette and Martini 1964, Stover 1966, 
Reinhardt 1972) have already noted that various 
groups re'act :very distinctively to the use of 
optical accessories. These include various 
representatives of Arkhangelskiellaceae, 
Quadrum, Micula , Lithastrinus, Nannoconus and 
many others. 

In the following pages and illustrations we will 
point out some of the phenomena in the groups 
examined, consider the optical and 
crystallographic properties and discuss the 
various implications as well as the variations and 
distribution through time. 

(a) Arkhangelskiellaceae Bukry 1969 
Representatives of the Arkhangelskiellaceae 
include elliptical coccoliths with complex rims 
built of two to four tiers composed of numerous 
elements. The large central area, usually pierced 
by small pores, is in most genera characterised by 

C-(Fast ray vibration) 

r-----~~------~-a2-

(Siow ray vibration) 

Fig. 4.7 - The hexagonal calcite axes are three a-axes at 90• 
to the unique c-axis. 

the presence of axial or subaxial sutures or an 
elevated cross; a stem (or central process) may be 
present in the early representatives of the group. 
The 'windmill effect' (discernible only in 
polarised light and exceptionally well developed 
in the more advanced representatives of 
Arkhangelskiella and Gartnerago and less so in 
Thiersteinia and Aspidolithus) is a well-known 
characteristic of the group. It was described by 
Bramlette and Martini ( 1964, p. 297) as follows: 
'The central area in Arkhangelskiella 
cymbiformis Vekshina, 1959, which is the type 
species of the genus, is of very distinctive 
character, and is divided along the longitudinal 
and shorter axis into four segments. Each of the 
four segments shows a less conspicuous radial 
subdivision with the larger wedge-shaped part 
(dextral part in proximal view) of each quarter 
showing strong birefringence and appearing like 
the blades of a windmill.' 

Present studies of various representatives of 
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Arkhangelskiellaceae (same specimens both in 
light microscopy and in scanning electron 
microscopy) show that in distal view the bright 
sectors or wedges are always located dextrally 
and adjacent to the major and minor axes of the 
elliptical central areas (e.g. Plate 4.1, Figs. 2, 3). 
In proximal views, the bright areas are sinistral to 
the axes (Plate 4.1, Figs. 4, 5). 

Even though these rules were correctly 
interpreted by some authors for Arkhangelskiella 
and Gartnerago (Bramlette and Martini 1964, 
Plate I, Figs. 3, 8), Thierstein 1974, Plate 6, Figs. 
8, 10, Plate I 0, Figs. I, 4, Smith 1981 , p. 29), 
confusion still exists (Gartner 1968, Plate 11 , Fig. 
4, Plate 15, Fig. I, Plate 21, Fig. 7) and 
information as to the exact orientation 
(proximal, distal) is often incomplete. Examples 
are numerous and usually most authors indicate 
'plan view' or just 'crossed polarised light' (e.g. 
Wise and Wind 1977, Plate 50, Fig. 4, Crux 1982, 
Plate 5.9, Fig. 21 , Hattner et al. 1980, Plate 4, Fig. 
7, Wise 1983, Plate 16, Fig. 2, Stradner and 
Steinmetz 1984, Plate 18, Figs. 2, 3). 

In cases of poor preservation, e.g. diagenetic 
overgrowth (Plate 4.3, Fig. 18), it is sometimes 
difficult to recognise the 'windmill effect' solely 
with crossed-nicols. However, even then the 
orientation of the coccoliths can be easily 
determined by study of the interference colours. 
This is done by inserting the gypsum Red I plate. 
When the long axis of the elliptical coccolith is 
directed N- S, the colour distribution is then as 
follows. 
(a) In distal view, the extreme ends of the 

elliptical margins are yellow and central 
parts are blue (Plate I, Figs. 8, 9, 13 , 14). 

(b) In proximal view, the extreme ends increase 
to blue whereas the central parts decrease to 
yellow (Plate 4.1, Figs. 11 , 12). 

Microcrystallographically, the optical 
phenomenon of the 'windmill effect' seems to be 
related to the orientation of the c axes in the 
different parts of the central area. Fig. 4.8(a) is a 
general interpretation of this phenomenon as 
seen in distal view. The elements in the outer 
marginal ring bear crystals with their c axes 
nearly horizontal and oriented generally radially 

to the coccolith, but inclined at about 70• 
clockwise when viewed distally . The same 70• 
inclination is exhibited by the crystallites in the 
segments on the right of each major and minor 
radius (hatched areas). However, the crystallites 
in the alternating left-hand segments do not 
exhibit strong birefringence (stippled areas). 
presumably because they are oriented more 
nearly vertically (Fig. 4.8(b)). 

C-Axis 

I a 
I 
I I 1 

~b 
Fig. 4.8 - An interpreta tion of the 'windmill effect' of 
Arkhangelskiella - distal side- under crossed-nicols with 
gypsum Red I plate (long ax is of specimen inN- S direction ) 
(a) a rrows and lines indicate direction of approximate c axe 
dotted a reas show inclined, nearly vertical c axes (dar 
sectors); (b) cross-section of areas aligned to long ax J
showing asymmetric disposition of c axes on both sides ofth 

cross. 

The pattern of retardation- addition (blue 
with the gypsum accessory plate is easil ~ 

anticipated by inspection of Fig. 8. The c axes are 
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parallel to the fast ray of the accessory in the NW 
and SE quadrants of the outer ring, and in the 
mner segments dextral to the N-S (long) axis. 
Retardation-subtraction (yellow) will occur, 
onversely, where the c axes are aligned parallel 

to the slow ray of the accessory, in the NE and 
SW quadrants of the outer ring, and in the 
segments dextral to the E-W (short) axis. The 
positions of the yellow and blue sectors would be 
reversed in proximal views of the same coccolith 
pictured in Fig. 4.8. Distally, the m:nor axis of 
he cross is inclined a few degrees (from E-W) in 

a counter clockwise direction whereas, in 
proximal view, the inclination is in the opposite 

Species 

I) Gartnerago costa rum 
2) Thiersteinia ecclesiastica 
3) Aspidolithus parcus expansus 
-+) Aspidolithus parcus expansus 
5) Aspidolithus parcus expansus 

16) Arkhangelskiella cymbiformis 

17) Arkhangelskiella paucipunctata sp.nov. 

About 25 well-preserved specimens of each of 
the above representatives were examined (from 
the distal side only, in the above levels) , for their 
·windmill effect', angles were measured in 

direction. 
Sporadic studies of coccoliths related to 

various representatives of Arkhangelskiellaceae 
(including a new species, i.e. Arkhangelskiella 
paucipunctata from the latest Maastrichtian, see 
below), in different stratigraphical horizons have 
shown that the direction and position of their c 
axes vary and accordingly also the bright and 
dark areas of the optical 'windmill'. 

In order to determine the general 
configuration and the tendency of this 
phenomenon, five different taxa were chosen in 
the following stratigraphicallevels. 

Stratigraphicallevel (and sample) 

(l) Turonian (DSDP 71-511-47-6,100 cm) 
(I) Turonian (DSDP 71 - 511-47- 6,100 cm) 
(2) Upper Santonian (DSDP 71 - 511-41 - 1, 144 cm) 
(3) Upper Santonian (DSDP 71 - 511-40-6,16 cm) 
(4) Upper Campanian (DSDP 71-511-35-1,20 cm) 
(5) Uppermost Campanian-Lower Maastrichtian

Q. trijidum Zone, Arad area . Israel , N .7656 
(6) Uppermost Maastrichtian (DSDP 93-605- 66- 2, 

108- 110 cm) 

relation to the N- S and E- W polarisers. The 
mean dispositions of the dark and bright areas 
are shown in Fig. 4.9 and are as follows. 

Species no. Strati- Bright Dark Bright Dark Bright 
graphical 
level no. 

7 6 0-22 22-43 43-108 108- 122 122- 180+ 
6 5 0- 23 23-43 43-102 102- 122 122- 180+ 
5 4 0- 10 10-42 42- 103 103-129 129- 180+ 
4 3 0- 7 7-40 40-102 102- 127 127-180 + 
3 2 0- 5 5- 35 35- 94 94-113 113- 180+ 
2 0- 27 27-88 88- 107 107- 178 

0- 17 17-87.5 87.5- 98 98- 178 
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- ASPIDOLITHUS PARCUS EXPANSUS 
Late SANTON IAN 
LEG 71 -511-41-1,144 

GARTNERAGO COSTATUM 
TURONIAN 
LEG 71-511-47-6,100 

ASPIDOLITHUS PARCUS EXPANSUS 
Early CAMPANIAN 
LEG 71-511 -35-1 ,20 

(Ch.4 

Fig. 4.9 - Measurements of 'wi ndmill effect ' in Arkhangelskiellaceae. Bright and dark (dotted) areas , and their mean 
disposition in the examined representatives of Arkhangelskie llaceae (90' = N), are shown. 
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The results indicate that (a) the bright and 
dark areas are arranged asymmetrically in 
relation to the axes of the cross, and (b) the group 
as a whole shows a tendency, with time, for the 
bright and dark areas to move in a clockwise 
direction, probably as a result of change in 
general direction of the c axes in the central area 
of the coccoliths. 

Arkhangelskiella paucipunctata nov.sp. 
(Plate 4.1, Figs. 8, 9; Plate 4.2, Figs. 13- 15; Plate 

4.3, Figs. 1- 3) 

Derivation of name: Latin- paucipunctata = few 
pores. 
Holotype: Plate 4.2, Fig. 13. 
Type level: Latest Maastrichtian (Micula prinsii 
Zone) DSDP 93- 605-66-2, 108-110 cm. 
Depository: the collection of the Paleontological 
Department, Geological Survey of Israel , 
Jerusalem, stub f/ 16/4. 
Diagnosis: medium to large size, low number of 
pores and very curved coccolith with four loosely 
stacked tiers as seen in proximal view. 
Description: subelliptical forms measuring 8- 14 
J.1 m. Distally, the wide, flat marginal area is 
smooth and the distal radial elements extend to 
the outermost rim. The central area is 
distinguished by a rather small number of 
relatively wide pores (two to four and rarely five 
per quadrant). Proximally and in side view, the 
margin is seen to be composed of four very 
loosely stacked and curved tiers, thus forming 
rather thick coccoliths, with a thickness of about 
2 J.Jm. 
Remarks: A . paucipunctata differs from the 
closely related A. cymbiformis by its very curved 
form and the four loosely stacked tiers when seen 
in side view (compare Plate 4.2, Figs. 9-12, with 
Plate 4.2, Figs. 13-15), by the radial marginal 
elements which cover the entire margin on the 
distal side (Plate 4.3, Figs . I ,2) and by the 
relatively larger forms (increase in size of 
Arkhangelskiella towards the end of the 
Maastrichtian was also noted by Girgis (1987) 
and by Prins and Roersma ( 1987); the aspect was 

discussed in the 1987 INA meeting in London). 
A. paucipunctata seems to be one of the end 
members of the group before its extinction at the 
end of the Cretaceous Period . 
Distribution: in the uppermost Maastrichtian 
sediments, M. prinsii Zone, DSDP 93- 605-66-
2,108-llOcm. 
Other occurrences: N. Orvim, Northern Israel , 
uppermost Maastrichtian, M. prinsii Zone, 
GSI.N.7669. 

Quadrum Prins & Perch- Nielsen in Manivit et al. 
1977, 

Micula Vekshina 1959, 
Lithastrinus Stradner 1962, 

Tegulalithus Crux 1986 

Recently the systematic relationship, 
evolutionary lineages and origin of Quadrum, 
Micula and Lithastrinus have been discussed in a 
series of papers (Thierstein 1974, Perch-Nielsen 
1979, 1985, Roth and Bowdler 1979, Crux 1982, 
Farhan 1987). In this connection the problem of 
the preservational state and its impact on the 
taxonomy of calcareous nannofossils was raised 
by Thierstein (1974, p. 622) and Crux (1982, p. 
99). 

The present notes concern some observations 
on the optical properties and microstructure of 
the above genera. 

Representatives of Quadrum (Q. gothicum, Q. 
trifidum, Q. sissinghii) as well as Micula murus 
and M. prinsii show that the c axes are directed 
perpendicularly to the length of the arms (yellow 
colour in NW- SE sectors; blue in SW- NE 
sectors, Plate 4.3, Figs. 5, 6, 9, 11 ). Bramlette and 
Martini ( 1964, p. 320) were aware of that when 
describing the optical properties of Tetralithus 
murus (Bramlette and Martini 1964, Plate 6, Figs. 
20, 21, which in this case resembles M. prinsii of 
the uppermost Maastrichtian). Micula decussata 
and related cube-shaped nannoliths in contrast 
show that the general direction of the c axes of 
the numerous small rhombohedra is parallel to 
the elongation of the arms (blue colour in NW
SE direction , parallel to the fast ray of the 
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gypsum plate-Plate 4.3, Figs. 15, 16-see also 
right-hand side in Plate 4.3, Fig. 9). The same 
colour distribution was noted in numerous badly 
preserved, recrystallised specimens of Micula. 
Some Middle and Late Maastrichtian specimens 
however, show the presence of a small central 
cross on top of the main cube with a reverse 
colour distribution, similar to that found in the 
representatives of Quadrum. Reverse colour 
distribution is also found at the tips of Micula 
concava, especially in Upper Maastrichtian 
sediments. At this stage it is premature to 
speculate on that phenomenon and its bearing on 
the relationship of Micula with other groups. 

Lithastrinus flora/is is a widespread form in 
Turonian sediments. Between crossed-nicols and 
gypsum plate, the blue colour is distributed in the 
SW- NE sectors, whereas the yellow colour is 
located in the NW- SE sectors (Plate 4.4, Fig. 3), 
reversed from that found in Cylindralithus (Plate 
4.4, Fig. 6) . The microcrystallographic structure 
of L.jloralis is rather difficult to reconstruct, but 
the closely related and recently described 
Tegulalithus septentrionalis shows that this Early 
Cretaceous form is characterised by its circular to 
subcircular form, with proximal and distal plates 
composed of numerous small rhombohedral 
crystals which overlap one another spirally like 
roof tiles and surround a central hole. Crux's 
original description ( 1986, Plate I, Fig. I, 2) 
shows remarkably well the position of the 
crystallites and Fig. 4.10 is a reconstruction to 

Fig. 4.10 - Tegu/alithus sep te/1/riona/is. 
Reconstruction of Crux 's original description (Crux 1987, 

Plate I, Figs. I ,2) to show c-axes directions. 

show the c axes. With the insertion of the gypsum 
plate, the fast rays of the crystals coincide with 
those of the gypsum plate in the SW and NE 
sectors of the nannolith , where a blue colour is 
expected. The closely related L.jloralis shows the 
same colour distribution. 

The superposition of axial elements on the 
crystalline morphology in Fig. 4.10 suggests that 
the crystal elongation, and the presumed 
direction of growth in these nannoliths, is normal 
to the 0111 face, with the result that, at an aspect 
angle of about 70°, the c axis direction and crystal 
elongation appear to be parallel. 

(b) Nannoconaceae Deflandre 1959 
The Nannoconaceae include nannoliths with 
thick walls composed of closely packed calcitic 
plates arranged spirally around a central axial 
cavity (Wise and Wind 1977, pi. 72). This group 
is widespread especially in Tethyan sediments of 
Early Cretaceous age where it attains its highest 
development. 

Nannoconus Kamptner 1932 

The genus Nannoconus, which has its FO in the 
Tithonian, is the main representative of the 
Nannoconaceae. This genus was one of the first 
to be used in stratigraphy and Bronnimann 
(1955) distinguished three different assemblages 
based on the shape, size and ratio of diameter of 
internal cavity to external diameter of the body. 
For the study of these parameters light 
microscopy is preferable to the scanning electron 
microscope. With the use of the gypsum plate. 
the colour distribution of Nannoconus in top viev. 
shows that the c axes of the calcitic plates , which 
are spirally arranged (as in Lithastrinus) , run 
parallel to the direction of the fast ray of the 
gypsum plate in SW and NE sectors (blue colour) 
whereas, in the NW and SE areas, the c axes are 
parallel to the slow ray of the gypsum plate 
(yellow colour, Plate 4.4, Fig. 9). This may be 
helpful when trying to distinguish between 
nannoconids (as well as lithastrinids) and 
coccoliths (e.g. small Watznaueria 
Cyclagelosphaera, £1/ipsagelosphaera, wit h 
radially arranged elements, and therefore wit r 
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reversed colour distribution; Plate 4.4, Fig. 19) 
especially when dealing with badly preserved 
samples of uppermost Jurassic and Lower 
Cretaceous sediments. 

(c) Microrhabdulaceae Deflandre 1963 

Microrhabdulus Deflandre 1959 

The genus Microrhabdulus includes rod-like 
forms somewhat circular in cross-section. Tts 
origin is unknown. 

Microrhabdulus decoratus Deflandre 1959 

M. decoratus is one of the commonest species of 
the genus Microrhabdulus. Its FO is at the base of 
the CC 10 Zone in the Cenomanian (Sissingh 
1977, p. 436) . Examined specimens of the 
Campanian and Maastrichtian sediments agree 
with that described by Deflandre (1959). The 
fo rm is very conspicuous between crossed-nicols 
and especially with the gypsum plate (Plate 4.4, 
Figs.l2-14, 16). The crystals are oriented with 
their c axes almost radial but not perpendicular 
( :::::; 70°) to the axis of the nannolith . c axes of 
neighbouring segments alternately lean towards 
and away from each other (Fig. 4.11). This is 
manifested by the blue and yellow colours of the 
alternate segments when oriented parallel to 
either nicol and has already been described by 
Deflandre (1959). Bramlette and Martini (1964, 
p. 314) state correctly that 'without the gypsum 
plate, the specimens in this position show all the 
rectangular areas bright, and alternate areas of 

C-Axis 

C-Axis 

Fig. 4.11 - Microrhabdu!us decoratus: An interpreta tion of 
the microcrystallography. 

bright and dark are shown when the length of the 
specimens is turned dextrally about 30° from the 
plane of the nicol' . These properties are displayed 
in Plate 4.4, Figs. 12- 14. 

4.4 CONCLUSION 

During the present study, hundreds of specimens 
related to the above species were checked for 
their optical properties and although diagenetic 
processes, especially overgrowth (e .g. Plate 4.3, 
Fig. 18), were noted in such degrees that they 
sometimes affected the general form of the 
nannolith , the original disposition of the 
microcrystallographic elements (e.g. orientation 
of c axes) tends to remain in place or to grow in 
crystallographic continuity. Therefore study of 
the optical properties of the calcareous 
nannofossils may be of great help when dealing 
with taxonomy, evolution, diagenesis and other 
problems related to this group of fossils. 
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PLATE4.1 

Plate 4.1, Fig. l. Calcite rhombohedron-c axis in NW- SE direction, parallel to fast ray of the gypsum plate (blue colour in 
these sectors), x 3000. 

Plate 4.1 , Figs. 2,3. Gartnerago obliquum Early Maastrichtian. Fig. 2, scanning electron microscope, distal side. Central Israel. 
Hartuv-2 well, 12- 15 m, GSI.N. 7604, x 3000. Fig. 3, light microscope, crossed-nicols. Same specimen and position as in Fig. 2. 
Bright areas of 'windmill blades' are located dextrally to central cross, x 3500. 

Plate 4.1 , Figs. 4-6. Gartnerago obliquum Early Maastrichtian. Same specimen and position. Fig. 4, scanning electron 
microscope, proximal side. Central Israel, Hartuv-2 well , 12- 15 m, GSI.N. 7604, x 3200. Fig. 5, light microscope, crossed
nicols. Bright areas of 'windmill blades' are located sinistrally to the central cross, x 3500. Fig. 6, differential interference. 
Nomarski. 

Plate 4.1 , Fig. 7. Calcite rhombohedron (same as in Fig.! ) with c axis rotated in NE- SW direction, parallel to slow ray of 
gypsum plate (yellow colour dominating), x 3000. 

Plate 4.1 , Figs. 8, 9. Arkhangelskiella paucipunctata Maastrichtian. Distal side (same specimen), DSDP 93- 605- 75- 3. Fig. 8. 
SEM x 3500. Fig. 9, light microscope, crossed-nicols and gypsum Red I, x 3400. 

Plate 4.1, Fig. 10. Gartnerago sp. Maastrichtian. Distal side. South Israel , north Negev, Mishor Rotem, oil-shale tunnel. 
GSI.N.6378, light microscope, crossed-nicols (bright areas-dextral) x 3500. 

Plate 4.1, Figs. ll, 12. Arkhangelskiella cymbiformis Late Campanian- Early Maastrichtian. 
Proximal side. South Israel, north Negev, Arad area, GSI.N.7655, Q. trifidum Zone. Fig. 11, light microscope, crossed-nicol 
(long axis of coccolith N- S) with gypsum Red I, x 3500. Fig. 12, same specimen and position as in Fig. 11, light microscope. 
crossed-nicols. 

Plate 4.1, Figs. 13, 14. Arkhange/skiella cymbiformis. Same specimen as in Figs. 11, 12, turned on its distal side. Fig. 13, ligh t 
microscope, crossed-nicols, with gypsum Red I plate (long axis of coccolith N-S). Fig. 14, light microscope, crossed-nicols. 
same position as in Fig. 13. 

Plate 4.1 , Figs. 15, 16. Arkhange/skiella cymbiformis Late Campanian- Early Maastrichtian . Proximal side. South Israel , nonh 
Negev. Arad area, GSI.N.7655, Q. trifidum Zone (same specimen), x 3500. Fig. 15 , light microscope, crossed-nicols (long ax i 
of coccolith 47' NW-'windmill blades ' extinguished). Fig. 16, light microscopy, crossed-nicols, with gypsum Red I plate (nole 
blue colour of small crystal at top left hand-side; its c axis parallels the fast ray of gypsum plate) . 

Plate 4.1 , Figs. 17, 18. Arkhangelskiella cymbiformis. Same specimen as in Figs. 15, 16 turned on its distal side. Fig. 17, lighi 
microscope, crossed-nicols (long axis of coccolith 40• NE- 'windmill blades' extinguished). Fig. 18, same specimen anc 
position as in Fig.l7, light microscope, crossed-nicols, with gypsum Red I plate. 

Plate 4.1 , Fig. 19. Gartnerago costatum Turonian. Distal side. DSDP 71-511-48- l , 40 cm. Light microscope, crossed-nicols 
with gypsum Red I plate (long axis of coccolith N- S- 'windmill blades ' extinguished), x 3400. 

Plate 4.1 , Fig. 20. Same specimen as in Fig. 19. Light microscope, crossed-nicols (long axis of coccolith 45" NW-'windm1: 
blades' bright dextrally to central cross-compare with Arkhangelskiella, Fig.l5). 
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PLATE4.2 

Plate 4.2, Figs. I, 2. Gartnerago cos/alum Turonian. DSDP 71-511-47-6, 10 cm, scanning electron microscope. Fig. I, distal 
side, x 2600. Fig. 2, another specimen, proximal side, x 3500. 

Plate 4.2, Figs. 3, 4. Thiersleinia ecclesiaslica Turonian. DSDP 71-5 11-47-6, 16 cm scanning electron microscope (same 
specimen), Fig. 3, distal side, x 3500. Fig. 4, 70° tilt , side view, x 3700. 

Plate 4.2, Figs. 5, 6. Aspidolilhus parcus spp. expansus Late Santonian. Scanning electron microscope (same specimen). DSDP 
71-511-40-6, 16 cm. Fig. 5, distal side, x 3900. Fig. 6, 80° tilt, side view, x 4800. 

Plate 4.2, Figs. 7, 8. Arkhangelskiella specillala Early Maastrichtian. DSDP 36-327A- I0- 2, 61 cm, scanning electron 
microscope (same specimen). Fig. 7, distal side, x 3500. Fig. 8, 80° tilt, side view, x 3800. 

Plate 4.2, Figs. 9, 10. Arkhangelskiella cymbiformis Early Maastrichtian. DSDP 36-327A- I0-2, 61 cm, scanning electron 
microscope (same specimen). Fig. 9, distal side, x 3500. Fig. 10, 80° tilt , side view, x 3800. 

Plate 4.2, Figs. 11, 12. Arkhange/skiella cymbiformis Early Campanian. Central Israel , Judean Mts. , Mahaseya, GSI.N.7978. 
Scanning electron microscope (same specimen). Fig. 11 , proximal side, x 3500. Fig. 12, 80° tilt , side view, x 3800. 

Plate 4.2, Figs. 13- 15. Arkhange/skiella paucipunc/a/a Latest Maastrichtian. DSDP 93-615- 66-2, scanning electron 
microscope (different specimens). Fig. 13, holotype, distal side, x 2600. Fig. 14, proximal side, showing four tiers , x 2800. Fig 
15, proximal-side view showing four loose, very curved tiers , x 3500. 
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PLATE4.3 

Plate 4.3, Figs. 1-3 . Arkhangelskiella paucipunctata Latest Maastrichtian. DSDP 93- 605-66--2, scanning electron microscope 
Fig. I, two specimens showing proximal (left) and distal (right) sides, x 2400. Fig. 2, so· tilt of same specimens as in Fig. I, side 
views, x 2500. Fig. 3, proximal side view showing very curved four loose tiers , x 3200. 

Plate 4.3, Figs. 4--7. Quadrum sissinghii Late Campanian- Early Maastrichtian. Q. trifidum Zone, Israel. Fig. 4, ligh 
microscope, crossed-nicols, southern Negev, G.Rehavam, GSI.N .6778, x 3500. Fig. 5, light microscope, crossed-nicols with 
gypsum Red I plate (c axes perpendicular to length of arms), north-east Negev, Arad area, GSI.N.7655, x 3500. Fig. 6, ligh 
microscope, crossed-nicols with gypsum Red I plate, another specimen of the same sample as in Fig.5, x 3500. Fig. 7, scanning 
electron microscope, Judean Mts., Tarqumie, GSI.N.6624, x 3800. 

Plate 4.3 , Figs. 8-10. Quadrum trifidum Late Campanian-Early Maastrichtian, Israel. Fig. 8, light microscope, crossed-nicols 
Judean Desert , north Gorfan, GSI.N.8048, x 3500. Fig. 9, light microscope, crossed-nicols, with gypsum Red I plate (c axes 
perpendicular to length of arms; note different colour distribution of small Micula decussata to the right), north-east Nege' . 
Arad area, GSI.N.7655, x 3500. Fig. 10, scanning electron microscope, Judean Mts., Tarqumie, GSI.N.6624, x 3500. 

Plate 4.3, Figs. 11 - 14. Quadrum gothicum Late Campanian- Early Maastrichtian, Israel. Fig. 11 , light microscope, crossed· 
nicols, with gypsum Red I plate (c axes perpendicular to length of a rms) , north-east Negev, Arad area , GSI.N. 7655, x 2500 
Fig. 12, scanning electron microscope, Judean Mts. , Tarqumie, GSI.N.6605, x 3000. Figs. 13, light microscope, crossed· 
nicols, same specimen as in Fig.l2, x 3600. Fig. 14, light microscope, Nomarski , same specimen as in Fig. l2. 

Plate 4.3, Figs. 15-17. Micu/a decussata Campanian and Maastrichtian, Israel. Fig. 15, light microscope, crossed-nicols with 
gypsum Red I plate (general direction of c axes parallel to length of arms), north-east Negev, Arad area , GSI.N . 7655, x 25 
Fig. 16, scanning electron microscope, Hartuv-2 well , 12- 14 m depth , GSI.N.7604, Early Maastrichtian, x 3200. Fig. 17,ligh: 
microscope, crossed-nicols, north Negev, Mishor Rotem, oil-shale tunnel , GSI.N.6377, Maastrichtian, x 3500. 

Plate 4.3, Fig. 18. Gartnerago sp.cf. G. costatum Early Maastrichtian . DSDP 36-327A- 10--2, scanning electron microscope 
distal side (strongly overgrown specimen). 
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PLATE4.4 

Pla te 4.4, Figs. 1- 3. Lithaslrinusjlora/is Turonian. DSDP 71 - 51 1-47- 6, 100 cm. Fig. I. scanning electron microscope side 
view, x 3800. Fig. 2, light microscope, crossed-nicols, x 3000. Fig. 3, light microscope, crossed-nicols. with gypsum Red I 
plate, same specimen as in Fig. 2. (c axes arranged concentrically, similar to that in Tegulalithus- d. Fig. 4.10). x 3000. 

Plate 4.4, Figs. 4-7. Cylindralithus biarcu.1· Santonian and Campanian, Israel. Fig. 4. scanning electron microscope, Judea n 
Mts., Zanoah, GSI.N.8161 , Late Santonian, x 4000. Fig. 5, scanning electron microscope. same specimen as in Fig.4. tilted . 
x 4000. Fig. 6, light microscope, crossed-nicols, with gypsum Red I plate (c axes arranged radially) , same sample as in Fig. 4. 
x 2500. Fig. 7, light microscope. crossed-nicols. Negev, north Zin. GSI.N.8213 . Early Campanian. x 3000. 

Plate 4.4, Figs. 8, 9. Nannoconus colomii Valanginian. Fig. 8. light microscope, crossed-nicols. with gypsum Red I plate. side 
view. central Israel, Gevar'am I well . Core I, GSI.N .3310, x 3500. Fig. 9.light microscope, crossed-nicols, with gypsum Red I 
plate, plan view (c axes arranged concentrically). same sample as in Fig.S, x 3500. 

Plate 4.4, Fig. 10. Wat=naueria barnesae Santonian. Light microscope, crossed-nicols, with gypsum Red I plate (c axe
arranged radially) . Central Israel, Judean Mts., Zanoah, GSI.N .8 161 , x 3500. 

Plate 4.4, Figs. 11 - 16. Microrhabdulus decoratus Campanian and Maastrichtian . Fig. 11. scanning electron microscope 
Central Israel, Hartuv-2 well , 12- 15 m depth. Maastrichtian. x 12000. Fig. 12, light microscope, crossed-nicols (long axis 01 

nannofossil N- S). Central Israel. Judean Mts .. Mahaseya. GSI.N.7978, Early Campanian. x 3000. Fig. 13.light microscope 
crossed-nicols, with gypsum Red I plate (long axis of nannofossil N- S, showing a lternate directions of c axes in adjoining 
unit s), DSDP 93- 605-66-2, Latest Maastrichtian, x 3000. Fig. 14, light microscope. crossed-nicols (long axis of nannofo 1 

- 25' W). same sample as in Fig. 12. x 3000. Fig. 15, scanning electron microscope, same sample as in Fig. 12. x 4500. Fig 
16, light microscope, crossed nicols, with gypsum Red I plate (long axis ofnannofossil45' W; in this direction most c axes ar 
parallel to slow ray of gypsum). same sample as in Fig. 13. x 3000. 

Pla te 4.4, Figs. 17, 18 . Bukryaster hayi Early Campanian . Fig. 17, light microscope. crossed-nicols, with gypsum Red I plate 1 

axes perpendicular to length of arms), distal side, Mississippi, USA, Mooreville Fm., x 3200. Fig. 18. scanning electro 
microscope, proximal side, Central Israel, Judean Mts., Mahaseya, GSI.N .7978. x 4000. 
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