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ABSTRACT

Analysis of the wall structures of Eocene normal
perforate planktonic foraminifera permits the
separation of groups of taxa that have significance
for phylogeny and classification. The following
spinose wall textures are recognized: sacculifer-type,
ruber-type, sacculifer/ruber-type, Turborotalita-type,
bulloides-type, and Clavigerinella-type. The
Clavigerinella-type is subdivided into a Hantkenina-
subtype in which spines have apparently been lost,
except perhaps in some juvenile stages. Nonspinose
wall texture includes smooth-walled, muricate,

Globoquadrina-type, Turborotalia-type, and
microperforate. The Globoquadrina-type is believed
to have originated from the muricate genus
Acarinina in the development of Dentoglobigerina,
and the Turborotalia-type originated from the
smooth-walled genus Globanomalina in the
development of the genus Turborotalia. Diagenetic
alterations of primary wall texture include
dissolution, degradation of layered wall structure,
and recrystallization. This has implications for the
recognition/interpretation of wall texture.

INTRODUCTION

Since their origin in the mid-Jurassic, planktonic
foraminifera have been characterized by a bilamellar wall
structure with distal (outer) and proximal (inner) wall
calcification. In spinose species the wall is less distinctly
layered than in nonspinose species. This is due to the
doubled structure of the calcifying organic sheet (i.e. the
Primary Organic Membrane POM; see Hemleben and
others, 1989), which is thinner in spinose than in
nonspinose species.  Thus, the crystal lamellae are not
completely separated by this sheet in spinose species. In
the nonspinose group the POM is thicker and the lamellar
layering is much more pronounced. This affects the
diagenetic alterations of the test when the organic layer
is destroyed and the calcite layers become more exposed

to dissolution or recrystallization. The bilamellar wall
is the foundation upon which the distinctive wall
textures observed in normal perforate spinose and
nonspinose planktonic foraminifera are constructed (see
Olsson and others, 1999).

Little study has been directed at the wall texture
of microperforate planktonic foraminifera. Our limited
study for this atlas indicates that microperforate genera
such as Guembelitria, Chiloguembelina, and
Parvularugoglobigerina have a bilamellar wall but
Dipsidripella, Jenkinsina, and Tenuitella may have a
monolamellar wall (see Chapter 16, this volume). Thus
Paleogene microperforate species may have evolved
more than once but our studies are limited to a few
specimens and future study is needed to resolve this
issue.
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SPINOSE WALL TEXTURE

The most important radiation of planktonic
foraminifera in the Eocene, in terms of the diversity of
species, occurred among spinose species characterized
by having a cancellate wall texture, which had evolved
at Cretaceous/Paleogene (K/P) boundary time. This
underlying cancellate wall texture became greatly
modified during the evolution of the hantkeninids.  In
other cases, such as in Turborotalita, a type of cancellate
wall texture developed that is observed in the extant
species Globigerinoides ruber and, in Globigerina, the
cancellate pattern is replaced by the modern Globigerina
bulloides wall texture.  Many trends in the development
of spinose wall texture appear to be useful in
understanding phylogenetic relationships among spinose
species. For instance, phylogenetic trends based on
simple morphology among species of the genus
Subbotina are often unclear and have resulted in a great
deal of uncertainty.  However, grouping subbotinid
species according to their type of wall texture serves as
means of establishing close phylogenetic relationships
(e.g., see Plates 4.3 and 4.4).

In contrast to the evolution of spinosity at the
K/P boundary, during the Eocene we observed in one
group of species a drastic reduction in spines that, in
turn, may have significantly altered their feeding
behavior. This group, the Parasubbotina-Clavigerinella-
Hantkenina lineage, comprises the fully spinose
Parasubbotina eoclava that gave rise to Clavigerinella,
which developed a weakly cancellate, reticulate wall
texture with sparsely distributed spines.  Clavigerinella,
in turn, gave rise to the nonspinose genus Hantkenina.

In spinose species the sacculifer, ruber and
intergraded sacculifer/ruber wall textures, which
developed during the Paleocene, are widespread and not
strictly limited to particular genera. Both types may
intergrade, mostly from sacculifer-type into ruber-type,
and very seldom from ruber into sacculifer, although
this has been observed in modern species.

The following types of wall texture are
recognized in Eocene spinose planktonic foraminifera:

sacculifer-type: this type of wall texture (Plates
4.1-4.3) is observed in the modern Globigerinoides
sacculifer as described in Hemleben and others (1991).
The pores are equally distributed and the wall has a
typical cancellate structure that is strongly symmetrical
(honeycomb structure). The spines may be circular or

slightly triangular in cross-section and are usually placed
at the intersection of the ridges. They are supported and
surrounded by subsequent lamellar growth.  As spines
are shed and resorbed during gametogenesis, spines holes
are usually left behind. However, the so-called
gametogenic calcification (Hemleben and others, 1989)
may cover or obscure the spine holes, thus making it
difficult to detect spinosity. The spine holes may be
detected by examining wall cross-sections. The
sacculifer-type wall texture occurs in some species of
Subbotina, Catapsydrax, and Parasubbotina.  Species
within the genus Globoturborotalita also exhibit
sacculifer-type wall texture. Globoturborotalita
anguliofficinalis and G. gnaucki, however, show a
tendency to develop a ruber/sacculifer-type on some
parts of the test (Plate 4.3).

ruber-type: this type of wall texture occurs in
the modern Globigerinoides ruber (Hemleben and
others, 1991).  The cancellate structure is not as
symmetrically developed as in G. sacculifer, although
the pore distribution is similar (Plate 4.4).  Normally
the spines are thinner compared to the sacculifer-type
and less regularly distributed. This type of wall texture
occurs in some species of  Subbotina.

ruber/sacculifer-type: in this type of wall texture
the cancellate structure may be strongly symmetrical on
some parts of the test wall and somewhat asymmetrical
on other parts of the test wall (Plate 4.4).  This type of
wall texture is observed in some species of
Paragloborotalia and Subbotina.

Turborotalita-type: this type of wall texture
occurs in the modern Turborotalita quinqueloba, which
has a rather smooth primary wall on which a ruber/
sacculifer-type arrangement is developed. In the adult
and terminal stages of ontogeny a calcite crust may be
formed. These features are characteristic of all species
of Turborotalita (Plate 4.5).  It is first observed in the
species Turborotalita carcoselleensis in the middle
Eocene.

bulloides-type: this type of wall texture is
observed in the modern Globigerina bulloides, but is
also typically developed in the Oligocene G.
praebulloides.  The spines are thin and round in cross
section and the pore pattern is rather irregular.  The
growth of spine collars narrows the space between collars



CHAPTER 4 - WALL TEXTURES

49

with additional layers connecting the collars (Plate 4.6).
This results in the development of short and long
connecting ridges surrounding the pores.  Additional
calcification may obscure the pore pattern.  This type of
wall is derived from the ruber-type wall.  A tendency
towards a bulloides-type wall is observed in Subbotina
crociapertura.  A fully developed bulloides-type wall is
first observed in Globigerina officinalis in the middle
Eocene.

Clavigerinella-type: this type of wall texture
develops in the evolution of the genera Clavigerinella,
Parasubbotina, and Pseudoglobigerinella n. gen.  A
dense pore pattern is developed within a wall with narrow
cancellate ridges (Plate 4.7, Figs. 1-4, 7). This leads to a
characteristic reticulate wall texture with a smooth
surface due to the addition of uniform surface layers
(Plate 4.7,  Figs. 6-8).  All species of Clavigerinella
exhibit this wall texture and it is the underlying wall
texture in Hantkenina, which is derived from
Clavigerinella (Coxall and others, 2003).  Although the
ancestral species of Clavigerinella are spinose, the poor
preservation of specimens of this genus available for
wall texture study has so far prevented the identification
of spine holes.  The Clavigerinella wall texture is further
modified in Hantkenina, which is here regarded as a
subtype wall texture. The Clavigerinella wall texture is
also observed in the Parasubbotina inaequispira-
Parasubbotina griffinae-Pseudoglobigerinella
bolivariana lineage (Chapter 5, Plate 5.6).

Hantkenina-subtype: this type of wall texture
develops during the radiation of Hantkenina.
The early stages of ontogeny are characterized
by Clavigerinella-type wall texture (Plate 4.7).
In the adult and terminal stages of ontogeny,
smooth layers are added to the test, resulting in
a smooth-walled test morphology (Plate 4.7, Fig.
16).  In the early stages of the hantkeninid
radiation the Clavigerinella-type wall texture is
more prevalent (Plate 4.6, Fig. 10), whereas the
Hantkenina-subtype is fully developed in the
later stages and extends to Cribrohantkenina
(Plate 4.7, Fig. 11, 14, 15).

NONSPINOSE WALL TEXTURE

Eocene nonspinose planktonic foraminifera
exhibit smooth-walled, muricate, honeycomb, and

normal perforate wall textures, most of which originated
in the Paleocene.  The morphology of these wall textures
is determined by the nature and degree of development
of pustule growth (Plate 4.8).  Pustules form on the
surface of the test in the juvenile and neanic stage
(Hemleben and others, 1991) and grow in size during
ontogeny by laminar growth with the addition of each
new chamber (Plate 4.8, Fig. 9).  New pustules may be
added during later stages of growth.  Pustules may be
sparsely distributed on the test wall as in species of the
smooth-walled Pseudohastigerina (Plate 4.8, Fig. 12)
or they may form a dense crust in the terminal stage of
ontogeny as in some species of Morozovella (Plate 4.8,
Figs. 1-3).  All degrees of pustule density and
morphologic shape are observed in Eocene nonspinose
planktonic foraminifera (Plate 4.8).  In the lower Eocene
a new type of nonspinose wall texture developed with
the evolution of the genus Turborotalia, in which a
smooth wall is derived from a nonspinose, cancellate
wall with pustules, e.g., T. frontosa (Plate 4.9, Figs. 1-
3). In the middle Eocene a new type of nonspinose
cancellate wall texture appears with the development of
Dentoglobigerina, the Globoquadrina-type. The
cancellate-nonspinose Neogloboquadrina-type of wall
texture (see Hemleben and others, 1991, Olsson and
others, 1999) first evolved in Praemurica in the
Paleocene, and occurs in the enigmatic Eocene species
Praemurica? lozanoi. In this type of wall texture elongate
ridges grow between the pores and are connected by short
ridges leading to a cancellate texture.

smooth-walled: in this wall texture the density
of pustules is low to moderate and their size is small,
thus showing larger areas of the smooth wall (Plate 4.8,
Fig. 6).  Pustules are generally confined to the umbilical
area surrounding the aperture.  Eocene smooth-walled
genera include Globanomalina, Pseudohastigerina, and
Planoglobanomalina n. gen.

muricate:  the test wall is characterized by coarse
pointed/conical pustules (muricae in Blow, 1979) that
may cover the entire test, and are concentrated on the
umbilical shoulders, or confined to the periphery of the
test forming a keel (muricocarina of Blow, 1979; Plate
4.8, Fig. 4).  The pustules grow on a smooth surface.
Large and very coarse pustules cover the test in most
Acarinina and Morozovella and may coalesce to form a
calcite crust in the terminal ontogenic stage (Plate 4.8,
Figs. 1-3).  They may be in part several tens of microns
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in length and, have more or less, a spinose appearance,
except that in contrast to spines they are layered and are
part of the wall. Eocene muricate genera include
Acarinina, Morozovella, and Morozovelloides n. gen.

Planorotalites subtype: This type of wall texture
has growth of blunt pustules that may coalesce
to form a cancellate texture on parts of the test
wall. Genera included in this subtype are
Astrorotalia, Planorotalites, and Igorina (Plates
12.1 - 12.5). The strong pustulose surface in
Eocene Igorina gives them an acarinid
resemblance.

Globoquadrina-type: this type of wall texture
has a rather geometrically oriented, high porosity, wall
texture (honeycomb) comparable to the modern
Globigerinoides (Plate 4.9, Figs. 6, 11). The pores are
evenly distributed and pustules of various morphologic
types may develop in the interpore area. However, in
the majority of cases the interpore area is too small to
develop pustules in large quantities. In most cases the
larger pustules are distributed around the aperture. In
the final growth stage the pustules grow together and
thicken the wall. This wall texture occurs in the Eocene
genus Dentoglobigerina and it is believed to be derived
from Acarinina. Oxygen isotope values indicate that
Acarinina was a shallow-water dweller whereas
Dentoglobigerina was a deep-water dweller. In
occupying the deep-water habitat Dentoglobigerina
developed a high porosity test that limited the growth of
pustules. In the shallower habitat, on the other hand,
Acarinina species most often developed a heavily
pustulose test that was apparently adapted for symbionts
(Chapter 9, this volume) and this resulted in a lower
porosity test. The Globoquadrina–type wall appears to
have developed in response to the occupation of a deeper
water habitat with the corresponding loss of symbionts.
Acarinina primitiva would appear to be the ancestral
taxon but transitional forms have yet to be identified.
One such form possibly is shown on the A. primitiva
plate (Plate 9.17, Fig. 16). The Globoquadrina–type wall
characterizes the genus Globoquadrina.

Turborotalia-type: this type of wall structure
apparently developed in the lineage leading from a
Globanomalina  morphology to a keeled turborotaliid
morphology (Plate 4.10, Figs. 10, 12).  We believe that
Globanomalina australiformis represents the ancestral

morphology, which has a slightly angular periphery, a
flattened spiral side, and a wall that is covered by dense
pustule growth.  The aperture is a rounded opening
bordered by a continuous thick lip.  These features (Plate
4.10) are observed in the turborotaliid lineage.  The initial
step of the lineage, beginning with Turborotalia frontosa,
develops a cancellate wall texture similar to the Recent
nonspinose Globoquadrina conglomerata or the Recent
spinose Globigerinoides sacculifer through growth
parallel to the test wall.  Pustules grow along the
intersections between the pores (Plate 4.10, Figs. 5, 6,
19).  In the second step, in the species T. possagnoensis-
T. pomeroli, the underlying conglomerata-type wall is
smoothed by lamellar growth and then covered by
pustules on the surface similar to the morphology of the
modern Globorotalia inflata (Plate 4.10, Figs. 18, 19).
A typical turborotaliid smooth-walled test is formed in
a third step by additional layering and the development
of an acute periphery (Plate 4.10, Figs. 20, 21).  In the
final step T. cunialensis develops a peripheral keel.  In a
separate branch of this lineage, a smooth-walled
nonspinose species, T. ampliapertura, develops in the
latest Eocene and extends into the early Oligocene.  The
main branch of the turborotaliid lineage apparently
became extinct near the end of the Eocene.

microperforate: the wall of this group is very
finely perforated with pores that are normally less than
one micron in diameter.  The pores are scattered over
the surface and can be overgrown by pustules in contrast
to most normal perforate foraminifera (e.g.,
Chiloguembelina wilcoxensis, Plate 4.8, Figs. 16-18).

DIAGENETIC ALTERATION

The preservation of fossil planktonic
foraminifera plays an important role in phylogenetic and
taxonomic studies.  The effect of dissolution and bacterial
activity in the upper water column, the lysocline level
and the carbonate compensation depth mostly controls
the preservation or partial preservation within an
assemblage.  Preservation of planktonic foraminifera can
be loosely measured by visual inspection under the light
microscope or by SEM.  It is especially important to
assess the degree of preservation of foraminiferal tests
in isotopic analyses, but it is also important in various
other studies utilizing planktonic foraminifera in
taxonomic and phylogenetic studies. The degree/quality
of preservation may appear to be excellent under the
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light microscope but may actually be rather poor when
examined in the SEM under high magnification.  In
working out phylogenetic lineages it is important to be
able to recognize the original wall texture in order to
assess whether an ancestor-descendant relationship
exists.  Preservation is an important factor in census work
where many individuals of species must be accurately
identified for the data to be meaningful.  Census work
should not be attempted where the tests of foraminifera
are heavily recrystallized and overgrown, thus rendering
identification very subjective due to the similar
morphology of different species.  Plate 4.12 illustrates
common types of diagenetic alteration of the planktonic
foraminiferal test.

The bilamellar wall structure in planktonic
foraminifera is a result of the mode of calcification.  A
double organic matrix (primary organic membrane,
POM, Hemleben and others, 1989) becomes calcified
on the proximal side as well as the distal side.  This
system continues at each new chamber formation but
within a single organic matrix. Up to four calcite layers
have been observed on the proximal side (ICL) whereas
the distal part of the wall has as many calcite layers
(OCL), each separated by an organic layer, as the number
of chambers that have been formed (Plate 4.11, Fig. 7).
However, at each calcification event a proximal organic
matrix (IL), that is not seen in fossil foraminifera, is
constructed composing the so-called IOL (inner organic
lining, Hemleben and others, 1989). This organic sheet
is rather thick in nonspinose species and thinner in the
spinose group. The result of this layered system is that
when the organic layers degrade during the fossilization
process, they leave a gap that makes the layering clearly
visible (Plate 4.12, Figs. 7-8). It can also cause “peeling
off” when parts of the wall become detached from the
surface of the test (Plate 4.12, Figs. 10, 11, 13-15).

Further diagenetic dissolution may enhance the
gaps until the whole test is destroyed or if the test has
been previously filled with secondary calcite, the cast
may give the impression of a rather well preserved
surface texture.  However, the cast of the pores may look
like pustules but these features are not layered because
of the structure of the secondary calcite.

Another pitfall may arise when the outside
layer(s) of a pustule becomes corroded, exposing the
layer underneath and giving the impression of a spine
remnant surrounded by a spine collar (Plate 8, Fig. 14).

Micritization of planktonic foraminiferal shells
is very rare; thus as a rule of thumb, the smaller the

crystals the better preserved is the test. Another criterion
for well-preserved specimens includes the trace of the
POM, which is clearly visible when the crystals are small
(Plate 4.11, Fig. 7). But even then, at the beginning of
recrystallization by crystal growth the trace of the POM
is still visible because of the gap that is left by the
degradation of the organic material (Plate 4.11, Fig. 8).

In many species it can be observed that a so-
called calcite crust is formed on top of the finely
crystalline normal wall. This calcite crust covers the
underlying finer crystalline wall and is usually formed
when the individual migrates to deeper water depth.  It
is an attribute that occurs only in the last whorl and is
strongly developed on the older chambers and less
strongly on the younger ones. The crystals are elongated,
rather coarse and often ending distally with a euhedral
tip (Plate 4.11, Fig. 12). This calcite layer covers the
primary wall and further diagenetic overgrowth of calcite
(Plate 4.11, Figs. 5, 6) continues to obscure the original
wall. If dissolution attacks the test, it usually goes hand
in hand with the degradation of the organic layering and
the organic material between the crystals. Thus the
crystals become detached from one another and gaps
are opened for further dissolution (Plate 4.11, Fig. 13-
14).

Pustules often recrystallize in total; thus large
single crystals are distributed over the test surface. In
any case, during recrystallization of the test the crystals
grow larger and thus become more resistant to
dissolution. However, when dissolution becomes strong
the whole test will be affected by internal dissolution
causing cavities and finally the test will disintegrate.

REFERENCES

BLOW, W. H., 1979, The Cainozoic Globigerinida: E.J. Brill, Leiden,
1413 p.

COXALL, H. K., HUBER, B. T., and PEARSON, P. N., 2003, Origin and
morphology of the Eocene planktonic foraminifer Hantkenina:
Journal of Foraminiferal Research, v. 33, p. 237-261.

HEMLEBEN, CH., SPINDLER, M., and ANDERSON, R. O., 1989, Modern
Planktonic Foraminifera: Springer, New York, 363 p.

, MÜHLEN, D., OLSSON, R. K., and BERGGREN, W. A., 1991,
Surface texture and the first occurrence of spines in planktonic
foraminifera from the early Tertiary: Geologische Jahrbuck,
v. 128, p. 117-146.

OLSSON, R. K., HEMLEBEN, CH., BERGGREN, W. A., and HUBER, B. T.,
1999, Atlas of Paleocene Planktonic Foraminifera:
Smithsonian Contributions to Paleobiology, no. 85, 252 p.



HEMLEBEN AND OLSSON

52

Plate 4.1 sacculifer-type wall texture, various genera

1, 2, Parasubbotina inaequispira  (2 view of fig. 1 showing wall texture and spine holes), Zone E1, Bass River Borehole, New Jersey,
ODP 174AX, 1167.0-.1 ft; 3, Guembelitrioides nuttalli, Zone E9, ODP Hole 865B/6H/3, 89-91 cm, Allison Guyot, equatorial Pacific
Ocean; 4-6, Subbotina gortanii (5, 6 views of fig. 4 showing spine holes and broken spines), upper Eocene, Atlantic City Borehole, New
Jersey, ODP 150X, 1338.0-.1 ft; 7, 8, Globigerinatheka index (8 view of fig. 7 showing spines), Zone E10/11, Guayabal Fm, Tampico,
Mexico; 9, Subbotina hornibrooki, Zone E1, Bass River Borehole, New Jersey, ODP 174AX, 1167.8-.9 ft; 10, Subbotina velascoensis,
Zone E1, Bass River Borehole, 1167.0-.1 ft; 11, Subbotina patagonica, Zone E1, Bass River Borehole, 1145.0-.1 ft. Scale bar: 1, 3, 4, 7,
9-11 = 100 µm; 2, 6, 8 = 10 µm; 5 = 4 µm.

Plate 4.2 sacculifer-type wall texture, Globoturborotalita

1-3, Globoturborotalita bassriverensis n. sp., (2 view of fig. 1 showing spine and spine hole), Zone E1, Bass River Borehole, New Jersey,
ODP 174AX, 1152.0-.1 ft; 3, Zone E7, Tercis, Lesperon, Spain; 4-9, Globoturborotalita ouachitaensis, (5 view of fig. 4 showing spines),
Zone E10/11, Guayabal Fm, Tampico, Mexico; (7 view fig. 6 showing spine holes), Zone E15/16, Shubuta Clay, Wayne County, Mississippi;
(9 view of fig. 8 showing spines), upper Eocene, Atlantic City Borehole, New Jersey ODP 150X, 1338.0-.1 ft; 10-12, Globoturborotalita
gnaucki (showing in part ruber/sacculifer wall texture; 12, view of fig. 11 showing spine holes), Zone E15/16, Shubuta Clay, Wayne
County, Mississippi; 13-16, Globoturborotalita anguliofficinalis (showing in part ruber/sacculifer wall texture; 14 view of fig. 13 showing
sacculifer wall texture; 16 view of fig. 15 showing spine holes), Zone E15/16, Shubuta Clay, Wayne County, Mississippi. Scale bar: 4, 8
= 100 µm; 10, 11, 13, 15 = 50 µm; 1, 3, 6 = 40 µm; 5, 9, 14 = 10 µm; 2, 7, 12, 16 = 4 µm.

Plate 4.3 sacculifer-type wall texture, Subbotina velascoensis group

1, 2, Subbotina velascoensis, Zone E1, Bass River Borehole, New Jersey, ODP 174AX, 1167.0-.1 ft; 3-8, Subbotina jacksonensis  (5, 8
show a heavily encrusted [calcite crust] surface restricting the pore openings); 3, 4, Zone E15/16, Shubuta Clay, Wayne County, Mississippi;
5, Zone E10/11,  Guayabal Fm, Tampico, Mexico; 6-8, upper Eocene, Atlantic City Borehole, New Jersey, ODP 150X, 1265.8-1338.1 ft;
9-10, Catapsydrax unicavus, Zone E15, ODP Hole 707A/23X/4, 114-116 cm, Mascarene Plateau, north central Indian Ocean; 11, Subbotina
utilisindex, upper Eocene, ODP Hole 748B/15/5, 40-42 cm, Kerguelen Plateau, South Indian Ocean; 12-14, Subbotina linaperta , 12, 13,
upper Eocene, Atlantic City Borehole, New Jersey, ODP 150X, 1303.5-1338.1 ft; 14, upper Eocene, ODP Hole 749B/5H/CC, Kerguelen
Plateau, South Indian Ocean; 15, Subbotina angiporoides, upper Eocene, Atlantic City Borehole, New Jersey, ODP 150X, 1265.8-.9 ft;
16, Catapsydrax africana, upper Eocene, Atlantic City Borehole, New Jersey, ODP 150X, 1338.0-.1 ft. Scale bar: 1-16 = 100 µm.

Plate 4.4 ruber-type and ruber/sacculifer-type wall texture

1-3, Subbotina roesnaesensis n. sp. (showing ruber wall texture; 2 view of fig. 1 showing spine holes), Zone E1, Bass River Borehole,
New Jersey, ODP 174AX, 1145.0-.1 ft; 4-6, Subbotina eocaena (5, 6 view of fig. 4 showing ruber-sacculifer wall texture), Zone E7,
Guayabal Fm., Tampico, Mexico; 7, 8, Subbotina yeguaensis (8 specimen showing ruber-sacculifer wall texture and spine holes), Zone
E7, Tercis, Lesperon, Spain; 9, 12, Parasubbotina varianta (12 view of fig. 9 showing ruber/sacculifer wall texture and spine holes), Zone
E1, Bass River Borehole, New Jersey, ODP 174AX, 1150.0-.1 ft; 10, 11, Subbotina corpulenta (11 view of wall of fig. 10 showing ruber/
sacculifer wall texture), Zone E14,  Belaglin Clay Fm., Kuban River, North Caucasus. Scale bar: 1, 3, 4, 7, 9, 10 = 100 µm; 11 = 20 µm;
5, 12 = 10 µm; 8 = 5 µm; 2, 6 = 4 µm.

Plate 4.5 Turborotalita wall texture

1-2, Turborotalita carcosellensis (showing ruber/sacculifer wall texture covered by calcite crust; 2 view of fig. 1), Zone E10/11, Guayabal
Fm, Tampico, Mexico; 3-12, Turborotalita praequinqueloba n. sp., (3, 7, 10, 12 ruber/sacculifer wall texture covered by smooth calcite
crust; 4-6 (views of fig. 3 showing ruber/sacculifer wall texture, long rounded spines, and ultimate chamber with smooth calcite crust); 8,
9 (views of fig. 7 showing long rounded spine and spine base and ultimate chamber with smooth outer crust and spine hole; 11 (view of
penultimate chamber of fig. 10 showing smooth outer crust),  Zone E15/16, Shubuta Clay, Wayne County, Mississippi. Scale bar: 1, 10, 12
= 100 µm; 3, 7 = 40 µm; 2 = 20 µm; 4, 8 = 10 µm; 5, 6, 9, 11 = 4 µm.

Plate 4.6 bulloides-type wall texture

1-4, Globigerina officinalis (2 view of wall of fig. 1), middle Eocene, Island Beach Borehole, New Jersey, ODP 150X, 772.0 ft; 3, 4 (4
view fig. 3 showing spine hole), Zone NP 23, Waschberg unit, Ottenthal, No. 138, Austria; 5-8, 11, Globigerina officinalis (6, 7 views of
fig. 5 showing bulloides wall texture, spines and spine bases), middle Eocene, Island Beach Borehole, New Jersey, ODP 150X, 772.0 ft;
8, 11 (showing bulloides wall texture and spine holes and spine bases), Guayabal Fm, Tampico, Mexico; 9, 10, Subbotina crociapertura
Blow, showing bulloides wall texture, 9, 10 (holotype and paratype, respectively, Blow 1979, pl. 191, fig. 2 and pl. 176, fig. 6), Kilwa
area, Tanzania; 12-14, Subbotina cf.  crociapertura (13, 14 views showing a transitional ruber to bulloides wall texture, spine holes and
spine bases), Guayabal Fm, Tampico, Mexico. Scale bar: 9, 10,12 = 100 µm; 1, 3, 5, 8 = 40 µm; 2 = 20 µm; 6, 13, 14 = 10 µm; 4 = 4 µm;
7, 11 = 2µm.
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Plate 4.7 Clavigerinella-type and Hantkenina-subtype wall texture

1-3, Parasubbotina aff. Parasubbotina eoclava, 1, 3, specimens transitional to Parasubbotina eoclava, 2, view of fig. 3 showing reticulate
sacculifer-like wall texture with spine holes, Zone E7, Tercis, Lesperon, Spain; 4, 7, Parasubbotina eoclava, (7 view of fig. 4 showing
reticulate sacculifer-like wall texture with spine holes), middle Eocene, Gosport Sand, Cook Mountain, Alabama; 5, 6, Clavigerinella
akersi  (6 view of wall of fig. 5 showing dense pore pattern and narrow cancellate ridges of a reticulate sacculifer wall texture), Zone E8,
ODP Hole 865B/8H/4, 61-63 cm, Allison Guyot, equatorial Pacific Ocean; 8, 9, Clavigerinella eocanica, (8 view of fig. 9 showing
reticulate sacculifer-like wall texture and smoothing of the cancellate ridges), middle Eocene, Helveticum section, Austria; 10, Hantkenina
nuttalli, middle Eocene, Helveticum section, Austria; 12, 13, 16, Hantkenina alabamensis, (13 juvenile stage showing smooth surface on
which develops the typical Hantkenina wall texture; 12 view of wall of fig. 13; 16, view of adult specimen showing the smooth layering
of Hantkenina-subtype wall texture (bar = 5 µm), Zone E15/16, Shubuta Clay, Wayne County, Mississippi; 11, 14, 15, Cribrohantkenina
inflata, (14, 15 views showing tiny holes that may be spine holes or small pores), Zone E16, ODP Hole 1053A/3H/1, 65-67 cm, Blake
Nose, western North Atlantic Ocean. Scale bar: 1, 3-5, 9-11= 100 µm; 8 = 40 µm; 2, 6, 7, 13 = 10 µm; 14, 16 = 5 µm; 15 = 4 µm; 2 = 2 µm.

Plate 4.8 Nonspinose pustule development, normal perforate and microperforate

1, 5, Acarinina coalingensis, showing heavily pustulose wall, Zone E1, Bass River Borehole, New Jersey, ODP 174AX, 1145.1-1169.1 ft;
2, Acarinina africana, showing delicate pustules covering the test wall (bar = 100 µm), Zone E1, Bass River Borehole, New Jersey
Coastal Plain, ODP 174AX, New Jersey, 1167.0-.1 ft; 3, 8, 10, Morozovelloides lehneri,  (views of dense pustule growth forming a keel,
pustule growth on chamber wall, keel and chamber wall showing recrystallized pustules and dissolution of chamber wall), Zone E9, ODP
Hole 865B/7H/3, 60-62 cm, Allison Guyot, equatorial Pacific Ocean; 4 Morozovella gracilis, Zone E4, ODP Hole 865B/11H/3, 52-54 cm,
Allison Guyot, equatorial Pacific Ocean; 6, Pseudohastigerina micra,  showing smooth wall with small pustules in umbilicus, Zone E19/
11, Guayabal Fm., Tampico, Mexico; 7, Globigerina praeturritilina, holotype, showing spines surrounded by spine collars,  to contrast
with fig. 9 showing corroded pustules (see text for explanation), Zone E14, Lindi area, Tanzania; 9, 11-14, Morozovelloides crassatus, 11-
13, cross-sections of pustules showing that they form during growth of the wall and grow by additional laminar deposition during chamber
formation, 9, 14, view of corroded pustules with exposed inner layers that may be confused as spines, Zone E10/11, Guayabal Fm,
Tampico, Mexico; 15, Morozovella aequa, view showing the laminar growth of pustules, Zone E1, Bass River Borehole, New Jersey,
ODP 174AX, 1162.0-.1 feet; 16-18, Chiloguembelina wilcoxensis, 16, showing dense growth of pustules forming a crust, Zone E4, ODP
Hole 865B/11H/3, 52-54 cm, Allison Guyot, equatorial Pacific Ocean, 17, 18, view of test surface, Zone E4, TDP, Hole 7A, Kilwa,
Tanzania. Scale bar: 1-5, 8, 18 = 100 µm; 6, 17 = 40 µm; 7, 10, 16 = 10 µm; 9, 11-15 = 5 µm.

Plate 4.9 Globoquadrina-type wall texture

1-3, 5, 6, Dentoglobigerina galavisi, ( 2, 5, 6, views showing the regular, honeycomb wall texture with sharp ridges and growth of
pustules on the ridges and around the aperture), Zone E15/16, Shubuta Clay, Wayne County, Mississippi; 4, Dentoglobigerina galavisi-
tripartita transition, showing Globoquadrina wall texture with heavy pustule growth, Zone E16, Nanggulan Fm., Java; 7, Dentoglobigerina
tripartita, Zone E15 Istra-More Well 4, Adriatic Sea, 1430.8 mbsf; 8, 9, Dentoglobigerina praedehiscens, (8 view of wall around aperture
showing growth of pustules), Oligocene, ODP Hole 904A, New Jersey slope; 10-12, Dentoglobigerina globosa, showing growth of
pustules around apertural area, 11, view of wall of fig. 12 showing the honeycomb wall texture with sharp interpore ridges, lower Miocene,
Eureka Core E68-151A, Gulf of Mexico. Scale bar: 1, 3, 4, 7, 9, 10, 12 = 100 µm; 2, 5, 6, 11 = 20 µm

Plate 4.10 Turborotalia-type wall texture

1-6, Globanomalina australiformis, showing rather flat spiral side, extraumbilical rounded aperture with a pronounced lip, and pustulose
surface, Zone AE 2, ODP Hole 738B/23X/1, 90-95 cm, Kerguelen Plateau, South Indian Ocean; 7-15, Turborotalia frontosa, a late
ontogenetic series showing the development of an australisformis-type test towards a more globular Turborotalia test, Zone E7, Aragon
Formation, Tampico, Mexico; 16, 17, Turborotalia frontosa, (17 view of fig. 16 showing cancellate nonspinose wall with small pustules,
Zone E10/11, Guayabal Fm, Tampico, Mexico; 18, 19, Turborotalia pomeroli, showing smoothing of wall by laminar growth and pustules
surrounding pore pits, upper Eocene, Atlantic City Borehole, New Jersey, ODP 150X, 1338.0-.1 feet; 20, 21, Turborotalia cerroazulensis,
showing smooth wall with pustules concentrated in umbilical area, Zone E15/16, Shubuta Clay, Wayne County, Mississippi. Scale bar:
14-16, 18, 20 = 100 µm; 1-4, 7-10, 12, 13 = 50 µm; 5, 6, 11, 19, 21 = 10 µm.
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Plate 4.11 Wall structure – surface, cross-sections

1, 2, Dipsidripella danvillensis, (2 view of cross-section of wall showing monolamellar wall, suggesting that this species is derived from
a benthic foraminifera), Upper Eocene, Yazoo Formation, Cynthia, Mississippi; 3, 4, Cribrohantkenina, showing pore development, Zone
E15/16, ODP Hole 1653A/3H/1, 65-67cm; 5,  Parasubbotina pseudowilsoni n. sp., recrystallized wall showing euhedral crystals closing
off pores, Zone E10/11, Guayabal Fm, Tampico, Mexico; 6, Clavigerinella akersi, recrystallized wall showing euhedral crystals closing
off pores (bar = 10 um), Zone E8/9, ODP Hole 960A/16R, CC, ODP Hole 960A/16R, CC, Ivory Coast, eastern equatorial Atlantic Ocean;
7, Dentoglobigerina galavisi, cross-section of wall showing pores, primary organic membrane (POM), and inner chamber layer (ICL),
Zone E15/16, Shubuta Clay, Wayne County, Mississippi; 8, Turborotalia cerroazulensis, cross-section of a slightly recrystallized wall
showing original microcrystalline layers separated by the POM, Zone E14, Kitunda bluffs, Lindi, Tanzania; 9, Pseudoglobigerinella
bolivariana (Petters), cross-section of wall showing a recrystallized texture, Zone E7, HD-600, San Carlos Arroyo, La Gallera, Chengue
Fm, Columbia; 10, 11, Hantkenina alabamensis, neanic specimen showing beginning of growth of pustules in umbilical area, slightly
recrystallized, Zone E15/16, Shubuta Clay, Wayne County, Mississippi; 12, Clavigerinella columbiana (Petters), recrystallized wall,
Zone E7, Kane 9, Core 42, Endeavour Seamount, eastern North Atlantic Ocean; 13, 14, Parasubbotina griffinae, showing extensively
recrystallized wall, Zone E7, Kane 9, Core 42, Endeavour Seamount, eastern North Atlantic Ocean. Scale bar: 10  = 50 µm; 1 = 40 µm; 4
= 20 µm; 3, 5-9 = 10 µm; 13, 14 = 5 µm.

Plate 4.12 Wall structure – corrosion

1, 2, Subbotina senni, showing thick gametogenetic crust with spines, middle Eocene, Island Beach Borehole, New Jersey, ODP 150X,
772.0 ft; 3-6, Subbotina eocaena, (3, 5, showing thin to heavy calcite crust covering cancellate wall texture; 4, view of fig. 3 showing crust
on interpore ridges and a few spine holes; 6, view of wall of another specimen showing thicker crust on interpore ridges, Zone E7, Aragon
Fm, Tampico, Mexico; 7, 8, “Praemurica” lozanoi, a recrystallized test with euhedral crystals, Zone E6, ODP Hole 865B/9H/4, 60-62
cm, Allison Guyot, equatorial Pacific Ocean; 9, Acarinina aspensis, showing heavy pustule growth in umbilical area; last chamber is
missing, Zone E7, Kane, Core 42, 163 cm, Endeavor Seamount, eastern North Atlantic Ocean; 10, Turborotalia frontosa, dissolution of
test with surface layer of ultimate chamber “peeled off”, Zone E8, ODP Hole 865B/8H/2, 61-63 cm, Allison Guyot, equatorial Pacific
Ocean; 11, Turborotalia cocoaensis, showing “peeling off” of outer layer of chamber, Zone E14, Istra more-4 Well, 1429-1435 m, I m
0.05, northern Adriatic Sea, Croatia; 12-15, Turborotalia cerroazulensis, 12, well preserved specimen showing smooth outer wall with
pustules, Zone E14, Kitunda bluff, Lindi, Tanzania; 13-15, “peeling off” of outer wall due to distruction of outer organic membrane, Zone
E14, ODP Hole 865B/3H/5, 30-32 cm, Allison Guyot, equatorial Pacific Ocean. Scale bar: 1, 5, 3, 1-10, 12-15 = 10 µm.
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PLATE 4.1 sacculifer-type wall texture
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PLATE 4.2 sacculifer-type wall texture, Globoturborotalita
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PLATE 4.3 sacculifer-type wall texture, Subbotina velascoensis group
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PLATE 4.4 ruber-type and ruber/sacculifer-type wall texture
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PLATE 4.5 Turborotalita wall texture
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PLATE 4.6 bulloides-type wall texture
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PLATE 4.7 Clavigerinella-type wall texture
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PLATE 4.8 Nonspinose pustule development, normal perforate and microperforate
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PLATE 4.9 Globoquadrina-type wall texture



HEMLEBEN AND OLSSON

64

PLATE 4.10 Turborotalia-type wall texture
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PLATE 4.11 Wall structure – surface, cross-sections
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PLATE 4.12 Wall structure – corrosion


