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ABSTRACT "I' 
The scanning electron microscope was used to ex- ferene in dominance of the ultrastructural types pre· gl 

amine over 1,000 specimens of N eogloboquadrina sumably reflects environmental differences associated e: 
pachyderma (Ehrenberg) and related forms from dif- with the various water masses. Overall similarity in VI. 

ferent water masses throughout the late Cenozoic to ultrastructure within N. pachyderma links SUbtropical v 
study the ancestry, evolution, and environmental re- popUlations with temperate popUlations from the late S 
lations within this species and phylogenetic relations Miocene to the Recent as one phylogenetic species tl 
with several other forms. Two principal surface types that evolved from "Globorotalia" continuosa in the a 
are distinguished: reticulate microcrystalline ultra- late middle Miocene and early late Miocene. it 
structure which predominates in Arctic and subant- Neogloboquadrina acostaensis is considered to be h 
arctic populations, and crystalline ultrastructure a tropical to warm subtropical phenotypic variant of tl 
which dominates in populations from other areas. In a late Miocene to early Pliocene cline with the tem- d 
subtropical popUlations, crystalline forms are distin- perate to polar variant represented by N. pachy- Sl 
guished from those of high latitudes by thinner walls, derma. Identical surface ultrastructure and morpho- f, 
higher pore concentration, and a lack of rosette-pat- logical intergradation between N. pachyderma and N. C 

f(terned crusts. dutertrei dutertrei popUlations in subtropical se-
These ultrastructural differences reflect the degree quences suggest that the two forms are genetically A 

of secondary calcification with reticulate microcrys- linked as a cline. n 
talline ultrastructure representing an earlier stage. Dif- F 
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INTRODUCTION 

The late Miocene to Recent planktonic foraminifer 
"Globigerilla" pachyderma (Ehrenberg) has been 
studied intensively over the past decade mainly be-
cause of its value as a paleoclimatic-paleoceanograph-
ic tool resulting from its importance in the cooler water 
masses in both hemispheres and its distinct coiling 
direction patterns. This species, which is the only 

Permanent address: Department of Geology. Banaras Hindu Uni-
versity, India. 

planktonic foraminiferal species occurring in true po-
lar waters, occurs as far north as about 25°S in the 
Southern Hemisphere and as far south as about 2SON 
in the Northern Hemisphere. Occasional specimens 
from lower latitudes such as at the equator (Parker, 
1962) and in the Arabian Sea (ZobeL 1973) appear to 
be young individuals of Neogloboquadrina dutertrei. 

The value of "G." pachyderma as a paleoceano-
graphic tool was first recognized by Ericson (1959) and 
Bandy (1959, 1960). These workers demonstrated that 
coiling direction change in "G." pachyderma is relat-
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ed to changing surface-water temperatures. Studies on 
the distribution of Recent "G." pachyderma (Be, 
1960, 1969; Be and Tolderlund, 1971; Be, Vilks, and 
Lou, 1971; Boltovskoy, 1969; Bandy and Theyer, 
1971; Bandy, 1972; Kennett, 1968, 1969; Herb, 1968; 
Stehman, 1972) show that sinistral forms dominate in 
polar and subpolar waters while dextral forms domi-
nate in temperate and warm subtropical water masses. 
Paleoceanographic interpretations on late Cenozoic 
sediments using this method have since been made by 
a number of workers including Bandy (1967, 1968, 
1969,1971,1972), Bandy and others (1969,1971), Jen-
kins (1967), Kennett (1967), Ingle (1967), and Ujiie and 
Ichikura (1973). 

Many other planktonic foraminiferal species exhibit 
morphological variation in response to changing 
water-mass conditions (Bandy, 1960, 1972; Be, 1969; 
Kennett, 1968, 1969; Zobel, 1968), Kennett (1968, 
1969) and Herb (1968) recognized three morphological 
groups of "G." pachyderma corresponding to differ-
ent water masses in surface sediments of the south-
west Pacific Ocean. Similar oceanographically related 
variation in "G." pachyderma has been observed by 
Stehman (1972) in the Baffin Bay area. It is possible 
that no other planktonic foraminiferal species exhibits 
as much morphological variation in response to chang-
ing conditions as "G." pachyderma. This variation 
has made the taxonomy of this species somewhat con-
troversial. Many authors have considered some of the 
differences to have been caused by speciation or sub-
speciation and have applied different specific names 
for "G." pachydenna in different regions. Cifelli 
(1961), for example, proposed Glohigerina incompta 
for dextral "G." pachyderm a from the Recent north 
Atlantic (Fig. 1) and considered this form to be closely 
related to Neoglohoquadrina dlltertrei (d'Orbigny). 
Parker (1962) believed "G." incompta to be a syn-
onym, but possibly a subspecies of "G." pachyderma. 
Berger (1969, 1970) and Parker and Berger ( 1971) have 
even suggested that dextral forms of "G." pachy-
derma and N. dlltertrei may be identical. 

The highly variable nature and position of the ap-
erture in "G." pachyderma have sometimes created 
confusion with Globigerina bulloides. For instance, 
"G." pachyderma has been considered to be inter-
gradational with G. bulloides and Globigeritw quin-
queloba by Cifelli and Smith (1969, 1970). 

As pointed out by Bandy (1972) serious doubts and 
confusion in recent years as to the identity of "G. " 
pachyderma has been to a large extent due to mis-
identification. The application of scanning electron 
microscope (SEM) ultrastructural studies to plankton-
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FIGCRE 1 
Taxonomy of NeoR/ohoqulIdrif/lI p{/chydenno proposed by various 
workers. Coiling-direction differences have hecn used as a major 
criterion for taxonomic subdivision of this group. G = Glohigerina: 
N NeoR/o/Joqlladrina. 

ic foraminifera enables greater precision in taxonomy 
because it assists in differentiating between phyloge-
netic and phenotypic variations. The value of ultra-
structural variation of planktonic foraminifera in 
studying phenotypic variation and phylogeny was 
demonstrated by Srinivasan and Kennett (1974, 1976) 
and Keller (in press). These authors showed that re-
lationships exist between the surface ultrastructure of 
forms within the Neogloboquadrina datertrei plexus 
and changing water masses. Kennett (1970). Olsson 
(1971), Bandy and Theyer (1971) and Bandy (1972) 
conducted the first SEM examinations of "G." pachy-
derma. these mostly being confined to gross morpho-
logical features rather than surface ultrastructure. Re-
cently, Cifelli (1973) concluded from an SEM 
examination of whole and sectioned specimens of 
·'G. " pachydenna and "G." incompta from the north 
Atlantic that these two forms are separate species. 
Olsson (1976) has differentiated "G." pachyderma 
and "Globorotalia" pseudopaciIyderma based on an 
ultrastructural study of specimens from the DSDP 
Sites 36 and 207. He has retained "Globigerina" 
pachydenna for Pleistocene and Holocene sinistral 
forms, but considers all sinistral and dextral forms old-
er than the Pleistocene to be "Globorotalia" psell-
dopachyderma (Fig. I). 

In this contribution we have utilized the scanning 
electron microscope to examine the range of variation 
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TABLE \ 
Location of cores and outcrop samples examined. 

t. core 

Core location  Lafitude },ongitude Water depth 

A.  Southwest Pacific Ocean 
Leg 21 (DSDP), Site 206 nOOO.75"S 16SC27' 15" E 3,196 m 
Leg 21 (DSDP), Site 207 36°57'75"S 16Y26'06"E L389m 
Leg 21 (DSDP), Site 207A 
Leg 21 (DSDP), Site 208 26°06'6\"S 161°13'27"E 1,545 m 
Leg 21 (DSDP), Site 209 15"56' 19"S 152°11'27"E 1,428 m  
Eltanin 1243 606 03' 1400 53'W 3,614 m  
E. 1230  62°57' 159"55'W 2,708 m 
E. 1197 56°12' 1600 27'W 4,060 m 
E.1189 54°01' 159"59'W 4.191 m 
N.Z.O.L E. 120  43°00' 175°30'W 872 m 

B.  South Pacific and South Indian Ocean 
Leg 28 (DSDP), Site 264 34°58.13'S 112°02.68'E 2,873 m 
Leg 28 (DSDP), Site 264A 34°58.13'S 112°02.68'E 2,873 m 
Leg 28 (DSDP), Site 265 53 6 32.45'S 109"56.74'E 3,582 m 
Leg 29 (DSDP), Site 284 400 30.48'S 167°40.81'E 1,068m 
Leg 29 (DSDP), Site 284A 400 30.48'S 167°40.81'E 1,068 m 
Eltanin 48-13 28°30'95"S 93°30'30"E 3,346 m 
Elllillin 48-36 300 55'81"S 87°46'35"E 1.344.6 m 
Eltanill 39-75 36°28'3"S 161°12'8"E 3,834 m 
Eltanill 49-52 39°00'28"S 99°56'90"E 4,131 m 
Eltanill 49-50 400 36'66"S 99"54'82"E 3,9%m 
Eltallill 34-11 45"I3'S 147°47'E 3,395 m 
Eltlillill 36-21 49°21'S 149°09'E 3,320 m 

C.  Subantarctic 
Eltllllill 36-14 58°05'S 1500 14'E 2,637 m 
Eltanin 15-16 56°03'S 119°55'W 3,039 m 
Eltlillill 47-4 64°07.1 'S 800 23.9'E 3,598 m 

D. Ross Sea, Antarctica 
Eltallin 32-8 73°58.0'S 176°07.0E 580 m 
Eltallin 27-22 64°58'S 160°37' E 2,920 m 

E. North Pacific 
Leg 29 (DSDP), Site 188 5N5.21'N 1786 39.56' E 2,949 m 
Tanner Basin (S. California) 32°47'N 119°30'W 1,350 m 

F.  Central Pacific 
Leg 7 (DSDP), Site 62 1052.2'N 141°56.3'E 2,602 m 

G.  Arctic 
No. 98 87°12'N 64°06'W 1,340 m 

298A 84°22'N 169°48'E 3,175 m 
22 76° II'N 141°56'W 3,700 m 
73C 74°28'N 141°58'W 3,650 m 
66-18UC 77°05'N 109°12'W 457 m 

H.  North Atlantic 
Leg 12 (DSDP), Site IliA 50°25. 57' N 46°22.05'W 1,797 m 

I.  Northeast Azores 
TR-121-14 39°53.0'N 17°53.I'W 3,980 m 
TR-121-8 38°58.0'N 22°44.0'W 3,650 m 
TR-121-24 38°01.0'N 23°19.0'W 3,800 m 

J.  South Atlantic 
Leg 3 (DSDP), Site 15 300 53.38'S 17°58.99'W 3,927 m 

K. Gulf of Mexico 
KANE 138-120 23°17.9' 96° 10.8' 2.537 m 
TR-126-26 200 55.4'N 95°04.6' 3,075 m 
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TABLE 1 
Continued.  
---------------... ..---

2. Outcrop samples 
A.  JAPAN: (Collected by J. Ingle, Jr.) 

One sample from the Nobori Formation, Zone N 21 (late Pliocene). 
B. ITALY: (Collected by J. P. Kennett) 

Samples collected from the summit of the crest south-west of Sadigliano at a large outcrop of blue-grey clayey marls, upper part of type 
locality of Tortonian Stage. 

C. A:-IDAMAN-:-IICOBAR: (Collected by M. S. Srinivasan) 
Mf/526 to Mf/531; Mudstone Member, Neil Island, Bay of Bengal, zone N 18 (late Miocene).  
Mf/66 and Mf/55; Sawai Bay Mudstone Member, Car Nicobar Island, Bay of Bengal. Zone N 19 (Early Pliocene).  

D.  JAMAICA: (Collected by J. P. Kennett) 
J I: Buff Bay, No. 41. Zone N 18 (late Miocene). 
12:  Buff Bay, No. 43, Zone N 19 (Pliocene). 
13: Navy Island Member, Manchioneal Formation. ERl692, Zone N 22 (Pleistocene).  
J4: :-Iavy Island Member, Manchioneal Formation, ERl693, Zone N 22 (Pleistocene).  
J5: Navy Island Member. Folly Point, ERl537, Zone N 22 (Pleistocene).  

in surface ultrastructure in "Globigerina" pachy-
derma from different water masses and from different 
intervals of time during the late Cenozoic; to study the 
ancestry, evolution, and environmental relations of 
the species; and to study phylogenetic relationships 
in the N. dutertrei plexus and N. acostaensis during 
the late Cenozoic. 

It is fitting that our contribution dealing with the 
ultrastructure of "G." pachyderma be included in this 
volume dedicated to the memory of Dr. Orville L. 
Bandy, as he was foremost in recognizing and utilizing 
this species as a late Cenozoic paleoceanographic in-
dex_ 

We have examined more than 1,000 specimens of 
"G." pachyderma and related forms including "G." 
incompta Cifelli, "Globorotalia" pseudopachyderma 
Cita, Premoli-Silva, and Rossi, Globigerina atlantica 
Berggren, and "Globorotalia" continuosa Blow, us-
ing the SEM (Cambridge S 4). In addition we have 
examined several hundred specimens of N. dutertrei 
s.1. Materials examined in this study are from the fol-
lowing locations: 

1.  Deep Sea Drilling Project (DSDP) cores collected 
by means of "GLOMAR CHALLENGER" dur-
ing Legs 3, 7, 12, 19, 21, 28 and 29 (Table 1); 
from the north and south Atlantic, north and 
south Pacific, and south Indian Ocean. 

2.  Cores collected from Antarctic, subantarctic, 
and temperate regions in the south Pacific and 
south Indian Ocean during operations of USNS 
"ELTANIN." 

3. Dredge and bottom trawls from the Arctic Sea 

floor collected from ice islands (Arliss II; Fletch-
er's Ice Island, T-3). 

4. A core  (CHAIN 61-171) collected in the north 
Atlantic during operations of the Woods Hole 
Oceanographic vessel RV "CHAIN." 

5.  Cores from the Tanner Basin, off Southern Cal-
ifornia, collected from RV "VELERO." 

6.  Three cores (TR-121-8; TR-121-14; TR-121-24) 
collected from northeast of the Azores during 
operations of RV "TRIDENT" and two cores 
(KANE 138-120; and TR-126-26) collected in the 
Gulf of Mexico during cruises of the USNS 
"KANE" and RV "TRIDENT." 

7. Outcrop samples from the marine Late Cenozoic 
of Italy, Japan, Jamaica, and Andaman-Nicobar 
Islands, Bay of Bengal. 

GENERIC ASSIGNMENT 
Although considerable data have been gathered on 

the origin, distribution, morphology, coiling ratios, 
and relationships between depth habitat and wall 
thickness of Recent "Glohigerina" pachyderma (Er-
icson, 1959; Bandy, 1959, 1960, 1972; Be, 1960; Jen-
kins, 1967; Kennett, 1967, 1968, 1969, 1970; Cifelli, 
1973; Vella, 1974; Boltovskoy, 1969, 1971a, b; and 
Olsson, 1976), this species has remained somewhat 
enigmatic and controversial and different opinions still 
persist on its generic assignment, variations, value as 
a paleoclimatic tool, and ancestry. 

The problem of generic assignment of this species 
was discussed by Bandy (1972) who pleaded for its 
placement in the genus Globorotalia (Turborotalia). 
Collen and Vella (1973) placed pachyderma in Neo-
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FIGURE 2  
Evolutionary relationships proposed by various workers for lI/eol{/oboqlladrina pachyderma and related forms in the Late Cenozoic. S =  
sinistral coiling: D dextral coiling. G = G/o/JOrotalia: N = lI/('ol{/oboqlladrina.  

globoquadrintl on the grounds that intergradation of 
pachyderma and dutertrei in New Zealand marine se-
quences indicates close relationships. Be and Tolder-
lund (1971) suggested that pachyderma be placed in 
yet another genus, Glohoquadrin(l. Srinivasan and 
Kennett (1976) discussed this problem at length on 
evidence of surface ultrastructures in the "G . ., pachy-
derma and N. dutertrei plexus from cool subtropical 
regions. Srinivasan and Kennett (1976) found that, be-
sides the intergradation of pachyderma and dutertrei, 
as already noted by Be and TolderIund (1971) and Col-
len and Vella (1973), the surface ultrastructures are 
also identical, including the crystal twinning habit and 
surface textures of the rhombohedrons. Therefore, 
pachyderma is treated as a member of Neoglobo-
quadrina (Fig. 2). 

PRINCIPAL SURFACE  
ULTRASTRUCTURAL TYPES  

Our investigations have shown that two primary 
types of external surface ultrastructures occur in pop-
ulations of Neog/oboquadrina pachyderma through-
out the late Cenozoic. These are defined as follows: 

1. Reticulate Wall Structure. Test characterized by 
smooth surface with distinct pore pits. The pores are 
circular in shape located in the center of a flat to gently 
sloping base of the pore pit. The interpore area is a 
smooth, microcrystalline surface without any discern-
ible rhombohedral crystals even at x5,OOO magnifica-
tion. The pore pits are surrounded by polygonal ridges 
of varying heights. Normally, individual pore pits en-
close a single pore, but occasionally more than one 
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pore may occur (PI. 1, Fig. 5; PI. 3, Figs. 5,6,8 , 12; 
PI. 4, Fig. 10). 

2. Crystalline Wall Structure . Test covered by dis-
tinct euhedral calcite rhombs which cluster around the 
pores on the final chamber. The crystals increase in 
size on successively earlier chambers and as a result, 
pores are obscured. The crystals on the antepenulti-
mate chamber produce penetration twins which form 
a stellate or star-shaped-patterned crust. In high-lati-
tude forms, each stellate structure coalesces with ad-
jacent similar structures producing a rosette-patterned 
crust. The pores on earlier chambers are almost oblit-
erated in high-latitude forms, while in subtropical 
forms the stellate structures do not completely fuse 
with the adjacent one, and the pores are still visible 
on the earlier chambers. The crystal faces are nor-
mally marked by growth facets. (PI. 1, Figs. 7-9; PI. 
4, Fig. 7; PI. 6, Fig . 6). 

Individuals that have the reticulate surface on the 
final chamber and the crystalline crust on earlier 
chambers link the two types of ultrastructures. This 
supports the conclusion that reticulate surface struc-
ture precedes calcite encrustation. 

SURFACE ULTRASTRUCTURES IN RECENT 
NEOGLOBOQUADRINA PACHYDERMA 

ANTARCTIC REGION 

In the Antarctic region, N. pachyderma is domi-
nated by four chambered forms (umbilical view) with 
highly thickened, compact tests. The wide range of 
variation in Antarctic forms was discussed and illus-
trated by Kennett (1968, 1970), Herb (1968), Bandy 
and Theyer (1971), and Bandy (1972). Two forms of 
N. pachyderma from the Antarctic water mass are 
identified from their ultrastructural characteristics, 
one group with crystalline wall structure, and one with 
reticulate wall structure. 

Reticulat e wall structure. This form, which is rela-
tively uncommon, is distinguished by a pitted, retic-
ulate, microcrystalline wall surface (PI. 1, Figs. 5, 6, 
10). About 99 percent of the tests are sinistrally coiled 
and almost all have a ropelike apertural rim. A few 
specimens have the apertural rim expanded as an aper-
tural flange. The number of chambers in the final whorl 
is usually four or sometimes four and a half. Thin-
walled individuals are high spired with lobulate cham-
bers and show the distinct reticulate-patterned sur-
face. Specimens with extreme calcification assume a 
more or less spherical shape (PI. 1, Fig. 1) and the 
aperture is smaller and restricted to the umbilicus (PI. 
I, Fig. 12). In this group the reticulate wall is normally 

made of distinct pore pits surrounded by polygonal, 
steep-sided , blunt ridges or discrete tubercles (PI. 1, 
Figs, 4-6). The pits are usually shallow and angular 
on the final chamber of normalform specimens. In 
kummerform specimens, the surface of the final cham-
ber is covered by very shallow depressions with pores 
near the center, rather than a distinct reticulate pat-
tern. The interpore area is covered with microcrystals 
smaller than 0.2 pom in length. In some kummerform 
specimens, the pores on the last chamber are almost 
obscured by the microcrystalline surface. Sometimes 
two or even three pores may occur in one pore pit (PI. 
1, Fig. 5; PI. 3, Figs. 5, 8). Pore pits are generally 
equidimensional but become elongated when they en-
close more than one pore. These represent incomplete 
stages of calcification leading to the structural sepa-
ration of pores. The floor of pore pits are normally flat 
(PI. 3, Figs. 5, 6, 8) but may be sloping making them 
funnel shaped (PI. 1, Figs. 4, 5; PI. 3, Fig. 12). The 
interpore area may be almost smooth (PI. 1, Fig. 5) or 
have a sugary surface texture formed by microcrystals 
smaller than 0 .2 porn (PI. 1, Fig. 4). In contrast to Ols-
son's (1976) observation, we found that dextral forms 
(though rare) have identical surface ultrastructures to 
sinistral forms. 

Pore pits deepen on successively earlier chambers 
due to the development of secondary calcification con-
sisting of irregular microcrystals surrounding the pores 
(PI. 3, Fig. 10). Irregular microcrystalline tubercles 
coalesce to form continuous ridges surrounding the 
pores . In most specimens, the reticulate surface is 
covered along the umbilical shoulders of earlier cham-
bers by the irregular growth of tubercles (PI. 3, Fig. 
9). 

On the internal wall, the pores are circular to oval 
in shape and smaller in diameter than the exterior sur-
face (1 to 0.5 porn). The interpore area on the internal 
surface is almost flat and is covered with irregular 
microcrystals which are hardly discernible at x 5,OOO 
magnification. The smaller diameter of pores on the 
internal wall may result from secondary surficial cal-
cite encrustation that partly seals the pores. 

Crystalline wall structure . Individuals with this ul-
trastructure dominate Antarctic popUlation. This is 
distinguished by a test wall which is covered almost 
entirely by distinct euhedral calcite crystals (pt. 1, 
Figs. 2, 3). The test is almost globular in shape, and 
is extremely thickened. In some individuals, the sur-
face of the final chamber retains the original reticulate 
structure with distinct pore pits, but this feature is 
covered on successively older chambers by th.e growth 
of euhedral rhombs. At first, small calcite crystals 
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cluster around the pore pits. As they grow they inter-
penetrate producing penetration twins, with the edges 
of rhombohedrons projecting radially, forming a stel-
late pattern. The stellate pattern is best developed on 
the umbilical shoulders of early chambers and ranges 
in diameter from 10 to 15 Mm (PI. 1, Figs. 8, 9). With 
an increase in crystal size. each stellate structure in-
terpenetrates the adjacent one, and almost obliterates 
the pores. The surface thus becomes almost covered 
with euhedral rhombs exhibiting penetration twins (PI. 
1, Fig. 8). The crystal faces are marked by growth 
lines which give a terraced or stepped appearance to 
the rhombohedron faces. This is in marked contrast 
with Olsson's (1976) observation that penetration 
twins with coarse facets on rhombohedral faces are a 
diagnostic feature of dextral populations which he pre-
fers to call "Globorotalia" pseudopachyderma. With 
the coalition of several stellate structures and the gen-
eral constriction of pores, individual interpenetration 
twins become less distinct and the crust produces a 
compact rosette patterned surface easily observed un-
der low magnification (PI. 1, Fig. 7). Normally, a single 
specimen exhibits the stellate-patterned surface on the 
penultimate and antepenultimate chambers and the ro-
sette-patterned crust on earlier chambers, due to the 
coalition of stellate structures. 

In some individuals, pores on the last chamber are 
small (1 to 1.2 Mm) and almost circular in shape. In 
others, even the pores on the final chamber are con-
stricted by the growth of crystals. Calcification starts 

with medium-sized calcite crystals which increase in 
size successively on earlier chambers (up to 14 Mm). 
Most pores on earlier chambers are totally obscured 
with those remaining much reduced in diameter. On 
the internal wall the pores are subcircular to irregular 
in shape, and in contrast to the forms with the retic-
ulate wall the internal surface is a highly thickened, 
rough, secondary crust formed by irregular calcite 
plates. 

ARCTIC REGION 

Arctic popUlations of Neogloboquadrina pachy-
derma (PI. 2) are readily distinguished from Antarctic 
populations (PI. 1) by their distinctly lobulate, less 
heavily encrusted test with a highly arched and more 
open aperture (Kennett, 1970; Cifelli, 1973). The Arc-
tic populations are dominated by forms with 4.5 to 5 
chambers (umbilical view) in contrast to the four-
chambered compact rounded form characteristic of 
the Antarctic region. Besides the differences in mor-
phology, Arctic populations are dominated by individ-
uals with reticulate ultrastructure, while the Antarctic 
populations are dominated by forms with cyrstalline 
ultrastructure. Three ultrastructural forms can be dis-
tinguished: reticulate, crystalline, and tuberculate. 

Reticulate wall structure. About 80 percent of in-
dividuals possess a similar reticulate wall surface to 
N. pachyderma from the Antarctic water mass, except 
for a less encrusted surface. As demonstrated by Ci-
felli (1973) in sectioned specimens (PI. 2, Fig. 10), the 

PLATE 1 
Antarctic Forms 

1-3, II Neoglohoquadrinll paci1ydermll (Ehrenberg). Crystalline 
form. I. Hypotype. ventral view: E[tanin 32-8, 521-523 
cm. x ISO. 2. Hypotype. ventral view: Eltanin 36-14; 1-3 8 
cm. x 194. 3. Hypotype, ventral view: same location as 2. 
x200. II. Hypotype, ventral view: Eltanin 47-4: 1-3 cm. 
xl50. 

4  Enlarged view of the final chamber of Figure I. Note that  
the pores on the last chamber are almost obscured by the  
microcrystalline surface. x 1,188.  9 

5 Surface of final chamber of sinistral, reticulate form, with  
circular central pores, microcrystalline wall and funnel  
shaped pore pits. Also note some with flat pore base.  
xU12. 

6 Surface of final chamber of Figure 10 (reticulate form), 10 
showing dis tinct pore pits surrounded by polygonal, blunt 
ridges. Note that the pores are almost covered by micro-
crystalline surface. x 1,125. 12 

7 Surface of the earliest chamber in last whorl of sinistral 

crystalline form. Note the rosette-patterned arrangement 
of calcite crystals. x 625. 
Surface of antepenultimate chamber of Figure 2. Note 
stellate· patterned (starlike) surface produced as a result of 
interpenetrating rhombohedrons sharing a common verti-
cal axis. Also note the interpenetrating stellate-pattern 
structure with the adjacent one and almost obliterating 
pores. x 2,375. 
Large penetration twin on the antepenultimate chamber 
of Figure 2. Note the coarse crystal facets or growth lines 
of the rhombohedrons resembling the crystal habit char-
acteristic of dextral N. pachyderm a from cool subtropical 
water mass. x 3,43S. 
Neog/ohoquadrina pachyderma (Ehrenberg). Reticulate 
form. Hypotype, ventral view; Eltanin 32-8. 52 [-523 cm. 
x125. 
Enlarged view of the umbilical area of Figure 1. Note the 
small umbilical aperture and the distinct apertural rim. 
x594. 

140 



NEOGLOBOQUADRINA PA CHYDERMA 

14 1  



K ENNETT AN D SR I N I VASAN 

142 



NEOGLOBOQUADRINA PACHYDERMA 

septa are thin compared with the outer wall indicating 
a secondary stage of calcification. The pores extend 
throughout the thickness of the test and are clearly 
visible on the surface. Occasionally, the wall appears 
to be multilayered, but the laminations are not contin-
uous throughout , and as a result , laminations may not 
be visible on the inner wall. 

Crystalline wall structure. The test wall is covered 
almost entirely by distinct euhedral calcite rhombs, 
and corresponds to the crystalline form of Antarctic 
waters. The specimens illustrated by Hunkins and oth-
ers (1971 , PI. 1, Figs. 3-5) and Olsson (1976, PI. 3, 
Figs. 4-8) are this form. Individuals may have a com-
bination of both structures with reticulate wall on the 
final chamber and stellate pattern on earlier chambers 
(PI. 2, Fig. 11). A polygonal pattern of ridges surround-
ing pores precedes the formation of the calcite crust 
(Hunkins and others, 1971). 

Olsson (1976) considers that the surface ultrastruc-
ture of the calcite crust of sinistral N. pachyderma 
(Olsson, 1976, PI. 3, Figs. 4-8) is fundamentally dif-
ferent from that of dextral N. pachyderma (Olsson, 
1976, PI. 5, Figs. 6-8) which he prefers to call "Glo-
borotalia" pseudopachyderma Cita, Premoli-Silva, 
and Rossi. Olsson (1976) believes sinistral N. pachy-
derma lacks the stellate-patterned crust and coarse 
facets (growth lines or rings) on the rhombohedral 
faces. Our study demonstrates that the development 
of stellate-patterned surface precedes the formation of 
rosette-patterned crystalline crust and is found both 

in sinistral and dextral N. pachyderma (PI. 1, Figs. 7-
9; PI. 4, Fig. 7). Our observation is supported by fig-
ures published by Hunkins and others (1971, PI. I, 
Figs. 3, 5), which show Arctic sinistral N. pachy-
derma with stellate-patterned surface identical to fig-
ures of dextral forms referred by Olsson (1976) to 
"G." pseudopachyderma. A figures of Hunkins and 
others (1971, PI. 1, Fig. 5) also clearly shows the 
coarse facets on the rhombohedral faces which ac-
cording to Olsson (1976) distinguishes dextral "G." 
pseudopachyderma from the sinistral form N. pachy-
derma. We believe, on the other hand , that there is no 
fundamental difference between the ultrastructures of 
sinistral and dextral forms and therefore, Olsson's 
(1973, 1976) splitting of N. pachyderma into "Globig-
erina" pachyderma pseudopachyderma is unwarrant-
ed. 

Tuberculate surface structure. The third ultrastruc-
tural type observed in N. pachyderma populations 
from the Arctic region is characterized by irregular 
discrete tubercles distributed around the pores without 
forming continuous polygonal ridges of equal heights 
(PI. 2, Figs. 3, 8). The surface is thus covered with 
tubercles of different heights with deep pore pits. As 
the wall progressively thickens , the sutures become 
less depressed and finally become flush (PI. 2. Fig . 13). 
and the surface is smoothed off with irregular plates 
of calcite causing the pores to disappear leaving a crisp 
sugary surface (PI. 2, Fig. 9) . Even at higher magni-
fications it is difficult to distinguish a definite pattern 

PLATE 2 
Arctic Forms 

1, 2 Neug/ohoquadrina pachyderma (Ehrenberg). Reticul a te form). Note that th e surface is characterized by irregular 
form. Hypotypes, ventral view; sample No. 22. x l41. discrete tubercles distributed around the pores without 

3. 13 N euglohoquadrina pachyderma (E hrenberg). Tube rcula te forming continuous polygona l ridges of equal heights. 
form. 3. Hypotype, ventral view; sample No. 66·18 Uc. x 2,969. 
x 188 . 13. Hypotype, ventral view; sample No. 98. x 169. 9 Surface of the final chamber of Figure 13. The surface is 

4 Surface of final (kummerform) chamber of Figure 3. Note covered with irregular but uniform plates of calcite leavi ng 
the absence of tuberc les o r ridges o n this chamber. The a crisp sugary surface. The pores are a lmost covered, and 
pores are located on almos t flat microcrystalline surface. it is difficult to distinguish any definit e pattern of crystal 
x2,969. arrangement. x 3 ,250. 

5 Surface of final chamber of Figure I, with circular pores 10 Section of junction between thickened outer wall and thin 
and microcrystalline wall. Note the pore pits which are fun- septum of sinistral N. pachyderma. Section s hows multi-
nel shaped, also a few with fl at pore base. x l,250. laminate septum. x 625. 

6 Surface of final chamber of Figure 2. Note the fiat pore II, 12 Neoglohoquadrin(l paci1yderm(l (Ehrenberg). Specimens 
bases and the steeply ri si ng polygonal ridges. Occasionally show ing intermediate surface structure between reticulate 
more th an one pore is enclosed in a single pore pit. x I ,250. form and crystalline form (i .e., reticulate surface on final 

7 Enlarged view of umbilical region. Note the deep umbilicu s, 
symmetrical umbilical aperture with ropelike ape rtural rim. 
x 375. 

a nd penultimate chambers which is replaced by crystalline 
surface on earlier chambers). II. Hypotype, ventral view; 
same loca tion as Figure 13. x 175. 12. Hypotype, ventral 

8 Surface of the penultimate chamber of Figure 3 (tuberculate 
view ; same locatio n as Figure 3. x 194 . 
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of crystal arrangement. This ultrastructure appears to 
be more closely related to the reticulate form, because 
a faint reticulate pattern occurs on the final chamber 
of a few individuals. Individuals with this ultrastruc-
ture were first illustrated by Bandy and Theyer (1971, 
Figs. 2, 12, 13), and Bandy (1972, PI. 6, Figs. 6, 7) 
from Fletcher's Ice Island, T-3, (86°06'N, 95°20'W). 
Recently Cifelli (1973, PI. 2, Figs. 13, 14) recorded this 
form as "G/ohigerina" aff. pachyderma in the surface 
waters of the North Atlantic. No individuals have been 
recorded so far from the southern ocean. The uniform 
size of crystals on all chambers of the test (PI. 2, Fig. 
13) suggests post-depositional crystal growth but such 
a process is difficult to invoke in Recent forms from 
surface sediments. 

Kennett (1970) suggested that the morphological dif-
ferences between the Antarctic and the Arctic popu-
lations of N. pachyderma might be due to subspecia-
tion resulting from geographic isolation or an 
expression of phenotypic variation. The distinct ultra-
structures in populations from the two regions may be 
related to environmental differences because the re-
spective ultrastructures are found in varying propor-
tions in different oceanic regions. 

SUBANTARCTIC REGION 

The subantarctic populations of N. pachyderma ex-
amined are from the region between the Subtropical 
Convergence and the Antarctic Convergence. They 
are dominantly 4.5- to 5-chambered sinistral forms 
(Kennett, 1968; Herb, 1968), with relatively less thick-

ened apertural rims. As in Antarctic waters, the two 
ultrastructural types are readily distinguished. More 
than 60 percent of the individuals of N. pachyderma 
populations from the subantarctic have the reticulate-
patterned wall. These are very similar to such forms 
in the Antarctic water mass, except that the subant-
arctic form is less encrusted (PI. 3, Figs. 1-3, 13) and 
has greater pore diameter on the final chamber usually 
from 2.0 to 3.0 J.Lm (PI. 3, Figs. 5, 6,8). 

The crystalline-walled form is likewise similar to 
such forms occurring in the Antarctic, except speci-
mens are less thickened and the stellate pattern is 
more pronounced, whereas the rosette-patterned crust 
which is highly developed on earlier chambers in Ant-
arctic forms is less pronounced in the subantarctic. 
This results from less encrustation in subantarctic 
forms. Both dextral and sinistral populations have a 
crystalline crust. 

COOL-SUBTROPICAL (TEMPERATE) REGIONS 

South Pacific and South Indian Ocean. The cool-
subtropical populations of N. pachyderma examined 
from the south and southwest Pacific and south Indian 
Ocean are from temperate areas north of the subtrop-
ical convergence. As observed by Kennett (1968) 
these populations are dominantly 4 chambered and 
dextrally coiled as are those in other temperate areas 
of the world oceans. 

Individuals of N. pachyderma with reticulate mi-
crocrystalline ultrastructure are fairly infrequent in the 
cool subtropical water mass. Both dextral and sinistral 

1-10, 12, 13 

PLATE 3 
Subantarctic Forms 

Nerw/ohoqllaliril1(/ {Jllchydl"rJna (Ehrenberg). Retic-
ulate form. I. Hypotype, ventral view: Eltanin 1197. 

180. 2. Hypotype, ventral view, Eltanin 15-16. 
x 175.3. Hypotype, side view, same location as Figure 
2. X 178. 13. Hypotype, ventral view, same location 
as Figure 2. x 131. 4. Surface of final chamber of si-
nistral form. Note the discrete tubercles with only 
slight coalescence around the pores. This resembles 
the surface of the surface-water form illustrated by 
Cifelli (1973, PI. 4, Fig. 5). xl ,250. 5, 6. Surface of 
final chambers of sinistral form. Note that the topog-
raphy consists of a pore opening surrounded by an 
almost flat outer wall bordered by steeply rising po-
lygonal ridges which imparts the diagnostic reticulate 
appearance to the surface. xl,3I3. 7. Surface of the 
earliest chamber in the last whorl of sinistral form. 
Compared with the corresponding portion of the final 
chamber (Figs. 5, 6), the topography of the earliest 

chamber is much coarser and more rugged due to 
irregular growth of tubercles on the interpore region. 
x I ,375. 8. Surface of the final chamber of the dextral 
form, showing pores lying at the center of flat sur-
faced pits. The shape of the pore pit varies from equi-
dimensional (Fig. 6) to elongate depending on the 
number of pores present in the pit. xl,3\3. 9. Um-
bilical area with irregular growth of tubercles or 
"pseudospines," x 1,225. 10. Surface of the earliest 
chamber in the last whorl of the dextral form. x3,125. 
12. Surface of final chamber of sinistral form. Note 
that pores are located in funnel-shaped pore pits and 
the interpore area is covered with microcrystalline 
surface. x 3,438. 

II  Neo!{/ohoq/{(/liril1(1 pachyrierma (Ehrenberg). Crys-
talline form. Hypotype, oblique ventral view; same 
location as Figure 2. x2I3. 
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forms have similar ultrastructural characteristics. The 
crust is normally very thin. Most specimens examined 
(approximately 95%) have a crystalline crust produc-
ing the characteristic stellate pattern with coarse fac-
ets on crystal faces (PI. 4, Fig. 7). They differ from 
crystalline individuals from Antarctic and subantarctic 
areas by having distinct pores that are not sealed off 
by crystal growth, a thinner wall, and more distinct 
pore pits (PI. 4, Figs. 3, 7). A few individuals have the 
rosette-patterned crust on earlier chambers, but these 
are distinguished from high latitude forms by their rel-
atively thin wall, lobulate chambers and distinctly de-
pressed sutures. 

The final chamber normally has a microcrystalline 
(less than 0.2 jLm) reticulate wall. On the penultimate 
chamber the test becomes more encrusted with small 
medium-sized (about 2 to 3 jLm) crystalline aggregates 
surrounding the pores. The crystals increase further 
in size up to 8 to IO jLm on the antepenultimate and 
earlier chambers and develop interpenetration twins 
producing the characteristic stellate-patterned crust 
(PI. 4, Fig. 7). 

Olsson (1976) considered stellate-patterned ultra-
structure in dextral forms to be fundamentally differ-
ent from the ultrastructure in sinistral forms and there-
fore referred the dextral form to "Globorotalia" 
pseudopachyderma which was described by Cita and 

others (1965) from the Tortonian (late Miocene) of It-
aly. The penetration twins producing the stellate-pat-
terned surface, however, are found both in sinistral 
(PI. 1, Figs. 8, 9) and dextral populations (PI. 4, Fig. 
7). The thin-walled form with stellate pattern and 
coarse crystal facets merely happen to be diagnostic 
of cool subtropical areas where dextral forms predom-
inate and on which Olsson (1976) based most of his 
observations. 

Therefore, the differences noted by Olsson (1973, 
1976) between high latitude sinistral populations of N. 
pachyderma and the dextral forms from cool subtrop-
ical regions which he designates as "G." 
pseudopacilyderma result from environmental differ-
ences between the two regions rather than any specific 
difference. 

Within individual populations, some forms have a 
microcrystalline reticulate wall while others have a 
well-ceveloped crystalline wall. The presence of in-
dividuals with both types of surface ultrastructures in 
both sinistral and dextral forms in individual popula-
tions indicates that the differences in dominance of the 
ultrastructural types is not specifically or genetically 
controlled but is related to environmentally induced 
calcification differences. According to Stapleton 
(1973) environmental factors including oxygen con-
centration, pressure, or pH may control the extent to 

PLATE 4 
Subtropical and Plio-Pleistocene Forms 

I. 2, 4-6 Neogloho<jlladrina pac/Jvdcrtna (Ehrenberg). Reticulate 
form (=Glohigeril1l1 il1compfa Cifelli). I. Hypotype, 
ventral view: AIl-32-9: (plankton tow. 0-100 mi. x 188. 
2. Hypotype, side view: same location as Figure I, x 
178. 4, Enlarged view of the umbilical area of Figure I. 
Note the "pseudospines" on the umbilical shoulder. 
Also note the wide flangelike apertural rim. x625. 5. 
Surface of final chamber of Figure 2. Note the distinct 
reticulate structure with distinct pore pits, Also note 
that two or three pores often occur in a single pore pit. 
x 1.18!L 6. Surface of the earliest chamber of Figure 2. 
The pores lie on almost flat based pore pits and resemble 
the subantarctic dextral form (PI. 3. Fig, 10) in ultra-
structure. x 1.78\. 

3  Ncog/oho<jllodrina pac/1yder/lw (Ehrenberg). Specimen 
showing reticulate structure on final chamber and crys· 
talline structure on early chambers. Hypotype, ventral 
view: E. 120, x150, 

7 Enlarged view of the second chamber from the earliest 
in the last whorl of a dextral form, Location same as 
Figure 3. Note the penetration twins of the rhombo-
hedrons impart a stellate appearance, The coarse 
growth facets of the rhombohedron, are distinct. and 

also note the irregular-shaped pore, between the stellate 
structures. x 3.281. 

8  Surface of final chamber of Figure 11. Note that even 
on final chamber the pores are almost obliterated by 
calcite rhombohedrons. x 1.563. 

9  Surface of penultimate cbamber of Figure 13, The pore 
pits become funnel shaped due to the "econdary en-
crustation on the flat-bottomed interpore area, x I ,250. 

10  Surface of final chamber of Figure 12. Note the distinct 
funnel shaped pore pits and steeply rising polygonal 
ridges. x1.563, 

11-14  N('oglo/Jo<jlladrillo {Jocilyilermo (Ehrenberg), DSDP, 
Leg 29, Site 284 (west of New Zealand). II. Crystalline 
form: Hypotype. ventral view: x197 (early Pleisto-
cene-Hautawan Stage). 12. Reticulate form, Hypo-
type, ventral view: x 231 (late Pliocene-Waipipian 
Stagel. 13. Specimen showing reticulate structure on fi-
nal and penultimate chamber which is replaced on suc-
cessively earlier chambers by crystalline structure (ear-
ly Pleistocene-Hautawan Stage) x 181, 14. Typical 
reticulate form. Hyporype, ventral view (late Pliocene-
Waipipian Stage) xl81. 
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which calcite crust develops in different species. From 
a study of the ultrastructure of some Recent benthic 
hyaline foraminifera, Stapleton (1973) demonstrated 
that the secondary calcite crust becomes thicker with 
increasing depth, whereas lowering of oxygen concen-
tration inhibits the development of the crust. Further, 
we have demonstrated that the microcrystalline retic-
ulate wall precedes extensive crystal development, 
with the reticulate and crystalline ultrastructural forms 
merely reflecting the extent of calcification of the 
crust. 

North Pacific. Specimens examined from the North 
Pacific are from the Tanner Basin, southern California. 
Almost all the specimens encountered are dextrally 
coiled having 4 chambers in the final whorl. Like pop-
ulations from other cool subtropical areas, individuals 
with crystalline surface ultrastructure predominate. 
Normalform individuals have a mature surface ultra-
structure even on the final chamber, while in kum-
merform individuals, the ultimate chamber usually is 
smooth with circular to subcircular pores. 

According to Olsson (1976), pores in dextral forms 
lie at the base of funnel-shaped depressions whereas 
in sinistral forms they occur on the flat base of the 
pore pit. Furthermore, Olsson (1976) believes that in 
dextral forms each pore pit, except in rare cases, is 
occupied by only one pore. These features have been 
considered by Olsson to be of fundamental taxonomic 
importance and, as a result, he differentiated sinistral 
forms as "Globigerina" pachyderma and the dextral 

as "Globorotalia" pseudopachyderma. The ultra-
structure of the immature final chamber of dextral 
forms shows a reticulate wall structure identical to 
those of the sinistral forms from high latitudes. More 
than two pores may occupy a single pore pit. These 
factors indicate that there is no fundamental difference 
in surface ultrastructure between dextral and sinistral 
populations of N. pachyderma. On the other hand, 
there is a difference in the proportions of individuals 
with reticulate and crystralline ultrastructure in differ-
ent regions. As both these two types of surface ultra-
structures are independent of coiling mode, as the re-
ticulate form seems to be an incipient stage leading to 
the crystalline stage, and as individuals exist that rep-
resent the intermediate stages, it appears that the dif-
ference in these ultrastructural proportions result from 
environmentally controlled differences rather than any 
apparent taxonomic difference. 

North Atlantic. Populations examined are from the 
northeast of the Azores and are predominantly 4 
chambered, dextrally coiled with both reticulate and 
crystalline surface ultrastructure. Most specimens ex· 
amined (approximately 90%) have a crystalline crust 
producing the stellate pattern with growth facets on 
crystal faces. Individuals representing intermediate 
stages between these two surface ultrastructures are 
also frequent. For dextral populations with crystalline 
walls, individuals differ in the nature of crystal for-
mation. In some individuals, perfect euhedral calcite 
rhombs are developed on the penultimate chamber, 

PLATE 5  
Pleistocene and Late Pliocene Forms  

1-12  Neo$?labaquadrina pachyderma (Ehrenberg). I. Reticulate 
form. Hypotype, ventral view: DSDP, Leg 19, Site 188, 7 
CC (early Pleistocene) x213. 2. Reticulate form. Hypotype, 
ventral view: DSDP, Leg 19, Site 188, 1-1-106-108 cm. (late 
Pleistocene) x 181. 3. Reticulate form. Hypotype, ventral 
view: Same location as Figure I (early Pleistocene) x213. 4. 
Surface of final chamber of Figure I. Note the large pores 
and the microcrystalline interpore area. A Iso note the traces 
of flat-bottomed pore pits. xl,188. 5, Surface of the earliest 
chamber on last whorl of Figure I. Compared with corre-
sponding portion of the final chamber (Fig. 4), the surface 
texture of the earliest chamber is much more rugged due to 
the irregular development of ridges. This topography is iden-
tical to N. dutertrei dutertrei Group A (tropical form) 
x 1,250. 6. Surface of the earliest chamber on the last whorl of 
Figure 7. Note the development of interpenetrating rhombo-
hedrons producing stellate-patterned crust. Coarse facets of 
rhombohedron faces are clearly seen. x1,219. 7. Crystalline 

form, Hypotype, ventral view: same location as Figure I 
(early Pleistocene) x219. 8. Surface of the second chamber 
from the earliest in the last whorl of Figure 12. The crust 
consists of coarse interpenetrating rhombohedrons with 
coarse facets. This crystal habit is also observed in both dex-
tral and sinistral Recent N. pachyderrna (PI. I, Fig. 8; PI. 4, 
Fig. 7) xl,313. 9. Surface of final chamber of Figure II, 
showing typical reticulate crust. x 1,313. 10. Crystalline form. 
Hypotype, ventral view: Nobori Formation, N 21 (late Plio-
cene). Note the distinct stellate-patterned surface structure. 
x169. II. Reticulate form. Hypotype, dorsal view: Nobori 
Formation; N 21 (late Pliocene) x153. 12. Specimen repre-
senting an intermediate stage between N. acostaensis and 
N. pachyderma. Note the nature ofapertllre, the diminishing 
apertural plate and the position of last chamber, which are 
characteristic of N. acostaensis yet the form has surface 
ultrastructure (Fig. 8) diagnostic of N. pachyderrna. xl44. 
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while in others, the crystals have not yet assumed per-
fect euhedral shape on that chamber indicating differ-
ent rates of encrustation. 

SURFACE ULTRASTRUCTURE OF 
"GLOB1GER1NA" lNCOMPTA CIFELLI 

Recently Cifelli (1973) described in North Atlantic 
plankton tows and surface sediment samples the sur-
face structure of the sinistral form of N. pachyderma 
and the dextral form which he refers to "G/ohigerina" 
incompta. He considered these to be separate species, 
mainly because sinistral populations tend to be thicker 
walled than dextral forms. 

Examination of "G." incompta from surface plank-
ton tows kindly provided by Dr. Cifelli from the North 
Atlantic shows the following characteristics: 

"G/o/Jigerina" incompta has a thin, delicate wall 
and usually four chambers in the final whorl (PI. 4, 
Figs. 1,2,4). The surface of the final chamber consists 
of pore openings surrounded by discrete tubercles. 
With progressive thickening the tubercles coalesce 
forming steep-sided, blunt ridges separating each pore 
area, thus forming a reticulate surface. Because en-
crustation is incomplete in "G." incompta, structural 
separations around each pore area on the final cham-

ber are mostly incomplete. Thus, two or three pores 
often occur in a single pore area (PI. 4, Figs. 5). The 
pores are located on almost flat surfaces which abut 
against steeply rising, blunt-topped ridges. Pores are 
circular to subcircular and are uniformly distributed. 
Pore diameters on final chamber range from 1 to 2 M-m. 
The interpore area and the ridges surrounding the pore 
pit are microcrystalline. Thus, "G." incompta has the 
typical reticulate wall surface. In contrast to Cifelli 
(1973), we have found thin-walled sinistral forms in 
bottom sediments, with surface ultrastructures iden-
tical to "G." incompta (PI. 3, Fig. 4). The illustrations 
of Cifelli (1973, PI. 4, Figs. 3, 5) show that in surface 
waters the dextral form ("G." incompta) is more 
heavily encrusted with a more clearly developed re-
ticulate pattern than in sinistral forms. 

Furthermore, Cifelli illustrated (1973, PI. 4, Fig. 4) 
the surface ultrastructure of sinistral N. pachyderma 
having crystalline surface structure and compared it 
with "G." incompta having reticulate wall structure, 
and on this evidence he believed sinistral forms to be 
thicker walled than those with dextral coiling. Cifelli 
(1973) however did not realize that these two types of 
surface ultrastructure exist in varying proportions 
within populations of N. pachyderma. Our studies in-
dicate that there is no fundamental difference in sur-

PLATE 6 
Pliocene Forms 

1-3  NeoglohOllliadri/!1I (fcos{({ensis (Blow). 1,2. Hypotypes, the points of intersection of three faces normal to the test 
ventral view. DSDP Leg 21. Site 206; 13 CC ((ate Pliocene). surface. The projecting ends of the crystal faces give a 
Note the abnormal final chamber resembling a kummerform prickly appearance to the test. This arrangement of 
chamber of N. p(lCil.l"/el'lI111 Figure I. x 156. Figure 2. x rhombohedrons is slightly different than in Figure 6. x 
213.3. Hypotype, dorsal view: DSDP Leg 21, Site 208, 9- L 188. 8. Enlarged view of the antepenultimate chamber of 
3-50-52 cm (middle Pliocene). Note the typical reticulate Figure 13, showing large rhombohedron with coarse growth 
topography of the chambers identical to N. p({citrderJ/w. lines or crystal facets. Penetration twin the diagnostic fea-
x163. ture of the crystal habit is also seen. x 3 ,063. 9. Surface of 

4, 5  Neog/ohu<jlladril1l1 dlltertl'ei atlailtica (Berggren). 4. Hy- the second chamber from the earliest in the last whorl of 
potype. ventral view, DSDP Leg 12, Site lilA, 0-3-31-32 N. pachydennll-Figure 13. Note the euhedral calcite 
em (late' Pliocene). x94. 5. Enlarged view of final chamber rhombs arranged radially to produce a rosette-patterned 
of Figure 4. Note the arrangement of small calcite rhombo- surface. The coarse rhombic crystals almost constrict the 
hedrons of the interpore region. The pores are circular and pores. x563. 
are generally bounded by the bases of 5 or 6 crystals which 10-13 Neogtoho<juudrill(/ pachvdaJna (Ehrenberg). Crystalline 
often constrict the pores. This topography is identical to form. 10. Hypotype, ventral view; DSDP Leg 12, Site 
the final chamber of crystalline form of N. pucilyderJl/(I IlIA; 6-3-31-32 em, early Pliocene. x200. 1 I. Hypotype, 
(Fig. 6). ;<1,250. ventral view: Same location as Figure 10, early Pliocene. 

6-9  Neoj.!/oh0'llladrilla pacilvdcrllla (Ehrenberg). 6. Enlarged x213. 12. Hypotype, ventral view: DSDP, Leg 12, Site 
view of final chamber of N. pachyderma, Figure II. Note IliA: 6-2-40-41 cm, late Pliocene. Note the extremely 
the distinct euhedral calcite rhombs clustering around each thickened and globular shape of the test with almost flush 
pore giving a funnel-shaped appearance to the pore pits. sutures resembling typically Antarctic crystalline form (PI. 
x 1,188). 7. Enlarged view of final chamber of N. pacily- l, Figs. 1-3). x169. 13. Hypotype, ventral view; same lo-
dama. Figure 13. Note that the crystals are arranged with cation as Figure 12, late Pliocene. x156. 
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face structure between "G." incompta and N. pachy-
derma and hence "G." incompia is considered to be 
a synonym of N. pachyderma as already stated by 
Bandy (1972). 

SURFACE ULTRASTRUCTURES  
IN THE PLEISTOCENE  

SOUTH PACIFIC AND SOUTH INDIAN OCEAN 

Pleistocene populations of N. pachyderma exam-
ined from DSDP Leg 21, 28, 29, and "ELTANIN" 
cores show both the reticulate and crystalline surface 
ultrastructures observed in Recent populations. 

The surface structure of late Pleistocene populations 
of N. pachyderma examined from Leg 28, Site 264 
(south Indian Ocean) , are similar to those illustrated 
by Bandy (1972, PI. 4) from the continental borderland 
of southern California in having a distinct coarsely re-
ticulate wall, and pores which are mostly obscured by 
secondary thickening. In contrast, early Pleistocene 
dextral populations from this site are dominated by 
forms with a more thickened crystalline wall. 

Olsson (1976, PI. 5) illustrated the dextral form of 
N. pachyderma (as "G." pseudopachyderma) with 
crystalline stellate-patterned surface crust, from the 
Pleistocene of the temperate DSDP Site 207, and con-
sidered it to be different from the sinistral populations. 
We observed that even within dextral populations 

some individuals have the microcrystalline reticulate 
wall, while others have a crystalline, stellate-patterned 
wall. Dextral individuals have identical surface char-
acteristics to the sinistral individuals from the subant-
arctic and Arctic water mass (see Hunkins and others, 
1971, PI. 1, Figs. 3-5). Olsson (1971, PI. 1, Figs. a-d) 
also illustrated sinistral individuals with crystalline 
walls. One of his illustrations (PI. 1, Fig. a) shows a 
stellate-patterned surface on the antepenultimate 
chamber and rosette-patterned crust on the earlier 
chambers. 

Our work indicates that there is no fundamental tax-
onomically based difference in the surface structure 
between dextral individuals with crystalline ultrastruc-
ture and sinistral individuals with reticulate wall sur-
face throughout the late Cenozoic. 

NORTH PACIFIC 

Pleistocene popUlations examined from the North 
Pacific (DSDP Leg 19, Site 188, Bering Sea) are very 
distinct in having a highly perforated test (PI. 5, Figs. 
1-3, 7). Individuals with sinistral coiling and reticulate 
walls are dominant. The test wall is highly thickened 
with large circular open pores giving a netlike appear-
ance to the surface (PI. 5, Figs. 4, 5). The pores extend 
through the test except locally near the aperture on 
the ventral side (PI. 5, Fig. 6). The diameter of pores 
on the final chamber vary from 4 to 6 /Lm. Sutures are 

PLATE 7  
Late Miocene Forms  

1-7 Neogloboquadrina pachyderma (Ehrenberg), (=Globorota-
lia pseudopachyderma Cita, Premoli-Silva and Rossi). Type 
Tortonian (late Miocene), Italy. I. Reticulate form. Hypo- 10 
type, ventral view. x175. 2. Specimen showing reticulate 
surface on final chamber which on successively earlier cham-
bers is replaced by crystalline crust. Also note the distinct 
apertural plate showing morphological resemblance to N. 
acostaensis. xl91. 3. Crystalline form. Hypotype, ventral 
view. xJ88. 4. Reticulate form. Hypotype, dorsal view. x 
184.5. Surface of penultimate chamber of Figure 4. Note the 
deep pore pits and microcrystalline surface. xl,188. 6. Sur-

11, 12 

face of the antepenultimate chamber of Figure 3. Note the 
penetration twin of the rhombohedrons producing stellate-
patterned surface, identical to Recent crystalline form of N. 
pachyderma. x 1,313. 7. Surface of final chamber of Figure 
3. Crystals on final chamber are much smaller than on earlier 
chambers (Figure 6), and they cluster around the pores. The 
pore pits are deep and funnel shaped. xl,313. 13 

8, 9 Neogloboquadrina pachyderma (Ehrenberg). 8. Reticulate 
form, ventral view; DSDP, Leg 29, Site 284, 22-6-40 (latest 
Miocene-Tongaporutuan Stage). x194. 9, Crystalline form, 

ventral view; DSDP, Leg 29, Site 284, 16-6-40 (late Mio-
cene-Kapitean Stage). x194. 
Neogloboquadrina acostaensis (Blow). Hypotype, ventral 

view; DSDP, Leg 21, Site 208, 12 CC late Miocene. Note 
the microcrystalline reticulate surface on final and penUlti-
mate chamber and crystalline stellate-patterned crust on ear-
lier chambers characteristic of N. pachyderma (compare fig. 
3, 9) and yet the form has distinct apertural plate typical of 
N. acostaensis.  x144. 
Specimen ex interc N. acostaensis-N. pachyderma, spec-

imens from DSDP, Leg 29, Site 284, 22-6-40 (late Miocene 
Tongaporutuan Stage). The nature of aperture, the extended 
apertural plate, is typical of N. acoslaensis while the surface 
ultrastructure (reticulate and crystalline) is identical to N. 
pachyderma. II. Reticulate form, ventral view. x169. 12. 
Crystalline form, ventral view. x175. 
Surface of penultimate chamber of sinistral N. pachyderma. 

Location same' as Figure8. Note the distinct reticulate sur-
face with pores located on the flat even area surrounded by 
steeply rising blunt ridges. x 1,313. 
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almost obscured by the high perforation of the test and 
thick ropelike ridges (PI. 5, Fig. 3). Like the earlier 
chambers, the final chamber has mature surface to-
pography. Dextral forms have more heavily encrusted 
test compared with sinistral forms (PI. 5, Figs. 6, 7). 
A single pore is usually located in one pore pit (PI. 5, 
Fig. 4). The pores are surrounded by steep-sided ir-
regular ridges of varying heights, giving a spinose sur-
face appearance to the test at low magnifications (PI. 
5, Figs. 1, 2). This feature of the surface led Olsson 
(1976) to suggest a close relation between the surface 
structure of Globigerina bulloides and N. pachy-
derma. However, no indication of the presence of 
spines or spine bases characteristic of the surface 
structure of G. hulloides were observed by us in any 
of the specimens of N. pachyderma. Consequently, 
we believe surface ultrastructures indicate that N. 
pachyderma is unrelated to Globigerina. 

SURFACE ULTRASTRUCTURES  
IN THE PLIOCENE  

SOUTH PACIFIC 

Pliocene populations of N. pachyderma from the 
temperate area of the South Pacific (DSDP Leg 29, 
Site 284) are dominated by forms with 4.5 chambers 

in the final whorl and reticulate surface ultrastructure 
(PI. 4, Fig. 14). The pores are open even on the earliest 
chamber, surrounded by secondary spikelike tubercles 
(PI. 4, Fig . 12), that superficially resemble spine bases 
on the surface of Globigerina. The apertural rim 
shows a variation in the Pliocene population examined 
from typical ropelike apertural rim typical of high lat-
itude N. pachyderma, to an apertural plate typical of 
N. acostaensis from tropical to warm subtropical 
areas. Individuals having 5 chambers in the final whorl 
with distinct apertural plate and extra umbilical aper-
ture closely resemble N. acostaensis (PI. 5, Fig. 12; 
PI. 6, Figs. 1,2). 

In contrast to Site 284, early Pliocene forms in the 
temperate southern Indian Ocean Site DSDP 264 are 
almost entirely sinistral and dominated by crystalline 
wall surface. Coiling changes from sinistral to dextral 
in the early middle Pliocene to mainly dextral in the 
Pleistocene. Corresponding to the change in coiling, 
surface ultrastructure changes from predominantly 
crystalline in the early Pliocene to predominantly re-
ticulate in the middle and late Pliocene. A similar trend 
in the surface ultrastructure corresponding to the 
change in coiling mode is observed in the Pliocene 
populations at Leg 21, Site 208 (warm subtropical. 
South Pacific). 

PLATE 8 
Middle and Late Miocene Forms 

Enlarged view of the apertural plate of a specimen of in the surface structure with Figure 8. Even the pore 
N. acostaensis illustrated on Plate 7, Figure 12. Note diameters are same. x I ,250. 
that the apertural plate extends onto the penultimate 5,6, 12 Specimens intermediate between G. continuosa-No 
chamber. x 613. pachyderma. 5. Ventral view, showing development 

2, 3 Neogloboquadrina acostaensis (Blow) . 2. Hypotype, of abortive or abnormal final chamber positioned over 
ventral view; Neil Island, Bay of Bengal, N 18 (late the umbilicus. Also note the similarity in size with G. 
Miocene). x 138. 3. Enlarged view of the surface of continuosa (Fig. 4). DSDP Leg 21, Site 207 A, 8-3-75-
final chamber of Figure 2. Note the high pore density 77 cm , early late Miocene. x 225. 6. Ventral view 
and the microcrystalline reticulate wall diagnostic of showing deep umbilicu s and umbilical aperture. DSDP 
tropical form. x 1.388. Leg 21, Site 207A ; 7-3-75-77 cm, early late Miocene. 

" , 7, 10-11 Glohorotalia continuosa (Blow). 4. Hypotype, ventral x 219. 12. Ventral view showing abortive final cham-
view; reticulate form, DSDP, Leg 21, Site 207A; 8-3- ber and yet retaining the aperture characteristic of G. 
75-77 cm, early late Miocene. x 225. 7. Hypotype, side continuosa. DSDP Leg 21, Site 206, 27 CC, late middle 
view; crystalline form, DSDP, Leg 21, Site 206, 27 Miocene. x 213. 
CC, middle Miocene. x 169. 10. Surface of final cham- 8 Surface of final chamber of very early N. pachyderm a 
ber of G. continuosa (Crystalline form). DSDP Leg (reticulate form). Location same as Figure 4. Note the 
21, Site 206, 23 CC, early late Miocene. Note the eu- similarity in the surface structure with Figure 11. x 
hedral calcite rhombs clustering aroung the pores. 1,250. 
Note its similarity in the surface structure with N. 9 Surface of final chamber of specimen intermediate be-
pachyderma (PI. 6, Fig. 6; PI. 7, Fig. 7). x2,OOO. 11. tween G. continuosa-No pachyderma Figure 5. Note 
Surface of final chamber of G. continuosa (reticulate the deve'lopment of secondary calcite crust on the in-
form). Location same as Figure 4. Note the similarity terpore area replacing the original reticulate micro-

crystalline surface. x 1,313. 
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NORTH PACIFIC 

Late Pliocene populations of N. pachyderma from 
the Nobori Formation, Japan, are dominantly dex-
trally coiled. Approximately 60 percent of the dextral 
individuals show crystalline ultrastructure, the rest 
having a reticulate surface (PI. 5, Figs. 10-12). The 
Nobori samples also contain individuals of N. pachy-
derma closely resembling N. acostaensis (PI. 5, Fig. 
12). Besides this morphological intergradation, a sim-
ilarity in the surface ultrastructure between N. pachy-
derma and N. acostaensis suggests that these two are 
related and appear to be linked as a geographical cline 
in the Pliocene and late Miocene (Srinivasan and Ken-
nett, 1974, 1976). 

NORTH ATLANTIC 

Early Pliocene populations from the Labrador Sea 
DSDP Leg 12, Sites 111 and 111A, are slightly domi-
nated by dextral forms, while late Pliocene popula-
tions are almost all sinistral. Most individuals exam-
ined have a thickly calcified crystalline crust. 

Both dextral and sinistral forms from the early Plio-
cene have a crystalline wall with stellate pattern on 
earlier chambers (PI. 6, Figs. 10, 11). In comparison, 
late Pliocene populations have more highly encrusted 
walls with flushed sutures. The test is spherical to sub-
spherical (PI. 6, Figs. 12, 13). The development of 
crystalline crust on the final chamber is variable. In 
individuals with crystalline ultrastructure on the final 
chamber, several small calcite rhombs usually cluster 
around each pore giving a funnel-shaped appearance 
to the pore pit (PI. 6, Fig. 6). In some individuals, on 
the other hand, the crystals on the final chamber are 
much longer (6 to 10 p,m) and are arranged with the 
points of intersection of three faces normal to the test 
surface (PI. 6, Figs. 7, 8). The projecting ends of the 
crystal faces give a prickly appearance to the test. 
Crystal faces have the characteristic coarse facets or 
growth lines (PI. 6, Fig. 8). Crystals almost obscure 
the pores on the final chamber (PI. 6, Fig. 7), and the 
rosette-patterned crust is well developed on earlier 
chambers (PI. 6, Fig. 9). 

STATUS OF "GLOBIGERINA"  
ATLANTICA BERGGREN  

Berggren (1972) described "G." atlantica from the 
North Atlantic Pliocene sediments cored during DSDP 
Leg 12, and noted its morphological resemblance to 
the N. pachyderma, N. humerosa, and N. dutertrei 
group. At that time he preferred not to speculate on 
phylogenetic relations of this form. Surface ultrastruc-

tural studies on topotypes of "Globigerina" atlantica, 
kindly provided by Drs. W. A. Berggren and R. Z. 
Poore, indicate that both the reticulate ultrastructure 
and crystalline ultrastructure diagnostic of N. pachy-
derma are found in "G. " atlantica, suggesting a close 
relationship (PI. 6, Fig. 5). "Globigerina" atlantica 
differs from N. pachyderma, however, in being con-
sistently larger, having a more open umbilical region 
and generally lacking an apertural lip (PI. 6, Fig. 4). 

Because of identical surface ultrastructures in N. 
pachyderma, N. dutertrei, and "G." atlantica and 
because of morphological intergradation between 
these three forms, "G." atlantica is here treated as 
a member of Neogloboquadrina. 

Neogloboquadrina atlantica is morphologically 
closest to N. dutertrei subcretacea or N . dutertrei 
humerosa. Srinivasan and Kennett (1976) suggested 
that N. dutertrei subcretacea is a cool subtropical 
phenotypic variant within a Pliocene cline with the 
tropical to warm subtropical variant represented by N. 
dutertrei humerosa. Srinivasan and Kennett (1976) 
also consider that N. dutertrei subcretacea is an in-
termediate member of an evolutionary bioseries de-
rived from N. pachyderma and ancestral to N. duter-
trei dutertrei group B (cool subtropical form), while 
N. dutertrei humerosa is an intermediate member of 
the evolutionary sequence derived from N. acostaen-
sis and ancestral to N. dutertrei dutertrei group A 
(tropical form) (Fig. 2). 

Surface ultrastructural studies of N. atlantica, N. 
dutertrei subcretacea, and N. dutertrei humerosa 
show that morphologically and ultrastructurally these 
three taxa intergrade with each other suggesting that 
they are genetically linked as a cline. However, the 
North Atlantic Pliocene populations are distinguished 
from the other members of the cline by the tightly 
coiled test, with 4.5 to 5 chambers, and large apertural 
variability. Because of obvious close relations to these 
forms, N. atlantica is considered to be a subspecies 
of N. dutertrei, and to be a North Atlantic represen-
tative of a cline that also includes N. dutertrei sub-
cretacea as the cool subtropical representative. 

Neogloboquadrina dutertrei atlantica is also an in-
termediate member of the evolutionary bioseries from 
N. pachyderma to N. dutertrei dutertrei. 

SURFACE ULTRASTRUCTURES IN  
THE LATE MIOCENE  

Specimens of N. pachyderma have been examined 
from the late Miocene of South Pacific DSDP Sites 
284 and 207 A at intervals that are correlated with the 
Tongaporutuan and Kapitean Stages of New Zealand. 
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About 95 percent of the specimens in Site 284 are si-
nistrally coiled and more than 80 percent are kum-
merforms. Kummerforms range from those with small 
to those with large abortive chambers (PI. 7, Figs. 8, 
9). In the Kapitean individuals with crystalline crust 
are dominant, (PI. 7, Fig. 9) while in the Tongaporu-
tuan individuals with reticulate wall surface predomi-
nate (PI. 7, Fig. 8). The reticulate wall in these earliest 
representatives of N. pachyderma have pore pits sur-
rounded by a flat even area and steeply rising ridges 
(PI. 7, Fig. 13), like those with reticulate ultrastructure 
in high latitude areas. Thus, no surface ultrastructural 
difference exists between the earliest representatives 
with reticulate walls and Recent forms from the polar 
regions. The nature of apertural rim is highly variable, 
ranging from the characteristic rope like rim of N. 
pachyderma to the characteristic apertural plate of N. 
acostaensis (PI. 7, Figs. 8-12), further suggesting that 
these two are closely related (Srinivasan and Kennett, 
1976). 

In the late Miocene of DSDP Sites 207A and 206, 
about 80 percent of the specimens examined have re-
ticulate microcrystalline walls, with the rest being in-
termediate between reticulate and crystalline. Sinistral 
forms dominate in the populations. Further to the 
north within the warm subtropical region DSDP Site 
208, late Miocene populations have higher proportions 
of dextrally coiled forms. Both sinistral and dextral 
populations have microcrystalline surfaces on final 
chambers, while on successively earlier chambers 
they develop a crystalline crust. 

STATUS OF GLOBOROTALIA  
PSEUDOPACHYDERMA CITA,  
PREMOLI-SILV A, AND ROSSI  

Cita and others (1965) described Globorotalia pseu-
dopachyderma from the Tortonian Stage (late Mio-
cene) of Italy and considered it to be ancestral to N. 
pachyderma. These authors also considered that spec-
imens from the Nobori Formation of Japan and the 
Mohole Core of southern California to be "G. " pseu-
dopachyderma. Bandy (1972) included "G." pseudo-
pachyderma in synonymy with N. pachyderma stating 
that the Tortonian form falls within the variation of 
late Miocene to Recent N. pachyderma. 

Olsson (1973, 1976) suggested that both sinistral and 
dextral Pliocene forms and dextral forms in the Pleis-
tocene be placed in "G." pseudopachyderma and that 
N. pachyderma be restricted to Pleistocene sinistral 
forms (Fig. n. 

Populations of "G." pseudopachyderma examined 
from the type Tortonian Stage of Italy are almost ex-

HOLOCENE iTROPICA I-WARM SUBTROPICAL COOL SUBTROPICAL 

I PLEISTOCENE 
[Mid 

N DUTE RTII.[! DIPERfRE.! DA TUM -> 
I ,AlE 

PLIOCENE "-----

l V 

4: DuT£RTREl HUMEI/OSA of-.....,.. N DUTEIHREI 5U!lCR(TACEA --l' 
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MIOCENE 
ACOSTAENSIS DATUM N PA(HYD£;RMA --l'DATUM 

FIGURE 3 
Datum planes provided by the evolution of the Neog/ohoqlladrina 
plexus from tropical to cool-subtropical (temperate) regions. 

c1usively sinistral with 80 percent kummerform indi-
viduals (PI. 7, Figs. 1-4). About 95 percent ofthe spec-
imens have from 4 to 4.5 chambers in the final whorl. 
The apertural rim in these forms also shows a wide 
range of variation from the apertural rope typical in 
N. pachyderm a to the apertural plate typical of N. 
acostaensis, observed in late Miocene populations of 
N. pachyderma in other areas (PI. 7, Fig. 2). 

Topotypes of "G." pseudopachyderma have both 
the reticulate and crystalline ultrastructure, although 
crystalline forms dominate (PI. 7, Figs. 5-7). There-
fore, on the basis of ultrastructures and other mor-
phological characters, we conclude that Globorotalia 
pseudopachyderma is a synomym of N. pachyderma 
as Bandy (1972) suggested. 

ORIGIN AND DEVELOPMENT OF 
NEOGLOBOQUADRINA PACHYDERMA 

Parker (1962) postulated that N. pachyderma may 
have evolved from the Globorotalia opima-mayeri 
group, and Saito (1963) suggested that it may have 
arisen from Globigerina anf.?ustiumbilicata Bolli. Jen-
kins (1967) pointed out the possibility that N. pachy-
derma may have evolved from "Globorotalia" con-
tinuosa Blow in the late Miocene. Bandy and others 
(1969) and Bandy (1972) also considered N. pachy-
derma to have evolved from "G." continuosa Blow 
and the level of origin in the late Miocene was termed 
the "Turhorotalia" pachyderma datum (Fig. 3). Ols-
son (1976) suggested that N. pachyderma probably 
evolved from a globigerinid species in water masses 
transitional between temperate and tropical areas and 
feels that it never had a dextral population. 

We have observed an evolutionary gradation from 
"G." continuosa to N. pachyderma in late middle 
Miocene to early late Miocene in South Pacific deep-
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sea drilled sites 207 A and 206 ("G. " continuosa Zone 
of Kennett, 1973). "GloborotaLia" continuosa changes 
upwards into N. pachyderma by a reduction in size, 
shape, and position of the final chamber from being 
larger than the penultimate to the formation of a re-
duced bulla-like chamber positioned over the umbili-
cus. The aperture correspondingly changes to a more 
umbilical position, with the development of a deep 
umbilicus (PI. 8, Figs. 5,6). In the early late Miocene, 
the test size in N. pachyderma is almost the same as 
in "G." continuosa, but becomes successively larger 
in younger populations. 

The surface ultrastructure of N. pachyderma and 
"G." continuosa are identical (PI. 8, Figs. 8-11). We, 
therefore, support the observations of Jenkins (1967) 
and Bandy (1972) that N . pachyderma evolved from 
·'G." continuosa in the early late Miocene (Figs. 2 
and 3) and do not support the conclusion of Olsson 
(1976) who, from a study of the sequence at DSDP 
Site 36 (northeastern Pacific), considers that N. 
pachyderma first appeared in the early Pleistocene. 

CHARACTERISTICS OF 
"GLOBOROTALIA" CONTINUOSA 

The typical form of "Globorotalia" continuosa 
usually has four chambers in the final whorl with a 
distinct arched aperture and apertural rim (PI. 8, Figs. 
4, 7). The tropical forms are mostly dextral, while 
warm to cool subtropical forms are dominantly sinis-
tral. 

The tropical form of "G." continuosa has a dis-
tinctly pitted microcrystalline wall and high pore con-
centration with a diameter of pores ranging from 5 to 
7fJ-m (Srinivasan and Kennett, 1976, PI. 8, Fig. 13). 
This feature is similar to that of tropical N. acostaen-
sis (PI. 8, Figs. 2, 3). A phylogenetic relationship is 
indicated by the similarities of the surface ultrastruc-
ture of tropical "G." continuosa and N. acostaensis 
and by the intergradation of the two forms (Fig. 2). 

In warm to cool subtropical forms, the final chamber 
has a reticulate microcrystalline wall with reduced 
pore diameter (PI. 8, Figs. 9-11). This is replaced on 
earlier chambers by a crystalline crust. Similarity in 
the surface ultrastructure of " G." continuosa and N. 
pachyderma in subtropical regions supports a phylo-
genetic relationship between the two taxa. 

RELATIONSHIP BETWEEN 
NEOGLOBOQUADRINA PACH YDERMA  

AND N. ACOSTAENSIS  

Several authors, such as Blow (1959, 1969) , Parker 
(1967) , and Lamb and Beard (1972), working with 

tropical Neogene assemblanges considered "Globo-
rotalia " continuosa to be ancestral to N. acostaensis. 
On the other hand, Jenkins (1967) , Bandy and others 
(1969), and Bandy (1972) working with temperate as-
semblages considered "G." continuosa to be ances-
tral to N. pachyderma. Recently, Srinivasan and Ken-
nett (1974, 1976) on the basis of surface ultrastructural 
studies pointed out that N. acostaensis is a tropical 
to warm-subtropical phenotypic variant of a cline with 
the cool-subtropical to subpolar and polar variant rep-
resented by N. pachyderma and that both N . acos-
taensis and N. pachyderma evolved at the same time 
from " G. " continuosa. 

The typical tropical form of N. acostaensis nor-
mally has five chambers in the final whorl arranged in 
a tight coil, a well-developed apertural plate and no 
distinct umbilicus. The abortive (kummerform) final 
chamber common to N. pachyderma is also common 
to N. acostaensis. Specimens of N. acostaensis from 
warm-subtropical regions have a less distinct apertural 
plate than in tropical forms, and the pore density is 
reduced because of the development of a crystalline 
crust (PI. 7, Fig. 10). Some individuals of N. acos-
taensis from cool-subtropical (temerate) areas almost 
approach N. pachyderma with the reduction of the 
apertural plate to a blunt apertural rim (PI. 7, Figs. 11, 
12). Cita and others (1965) have also observed similar 
morphological resemblance between N. acostaensis 
and N. pachyderma in type Tortonian material. In 
cool-subtropical areas N . acostaensis not only resem-
bles N. pachyderma but also has identical surface ul-
trastructure. 

Thus, a continuous latitudinal gradation exists be-
tween N. acostaensis in tropical areas with high pore 
density (PI. 8, Figs. 2, 3) and reticulate microcrystal-
line wall to N. pachyderma in cool-subtropical areas 
with reduced pore density and stellate-patterned crys-
talline surface (PI. 7, Fig. 12). This indicates that these 
forms are linked as a geographical cline and that dif-
ferences in the surface ultrastructures between the two 
"species" are environmentally related rather than re-
flecting genetic differences. 

RELATIONSHIP BETWEEN  
NEOGLOBOQUADRINA PACHYDERMA AND  

N. DUTERTREI DUTERTREI  

Strong morphologic similarity between N. pachy-
derma and N. dutertrei s.1. was noted by Cifelli (1961 , 
1965), Parker (1962), Smith (1963), Zobel (1968), and 
Collen and Vella (1973). Be (1969) and Be and Told-
erlund (1971) suggested that a complete gradation ex-
ists from sinistral N. pachyderma in polar waters to 
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dextral N. pachyderma in temperate waters to N. du-
tertrei in subtropical and tropical waters. 

Srinivasan and Kennett (1976) demonstrated that 
the ultrastructures are identical in N. pachyderma and 
N. dutertrei dutertrei in subtropical stratigraphic se-
quences in the southwest Pacific. Other morphological 
characteristics also grade within samples of N. pachy-
derma and N. dutertrei (Srinivasan and Kennett, 1976, 
PI. 5). Srinivasan and Kennett (1976) consider that N. 
dutertrei dutertrei Group A (tropical form) evolved 
from N. acostaensis (through N. dutertrei humerosa), 
whereas N. dutertrei dutertrei Group B (warm to cool 
subtropical form) developed from N. pachyderma 
(through N. dutertrei suhcretacea), both ancestral 
forms being phenotypic variants within the same group 
and both having previously evolved from "Glohoro-
talia" continuosa (Fig. 2). 

PALEOCEANOGRAPHIC CONSIDERATIONS 

Ericson (1959) and Bandy (1959, 1960) first recog-
nized the value of N. pachyderma in paleoceano-
graphic studies. Bandy (1967, 1968, 1969, 1971, and 
1972) placed much emphasis on coiling-ratio changes 
for determining paleoclimatic oscillations during the 
late Cenozoic. From these studies Bandy suggested a 
paleoclimatic model of late Cenozoic polar contrac-
tions and expansions in the circum-Pacific region. 
Bandy and others (1971) believed that the expansion 
of polar planktonic faunas during the late Miocene and 
middle Pliocene were almost as great as the one that 
occurred during the glacial Pleistocene. Jenkins 
(1967), Kennett (1967, 1968, 1970), and others also re-
cognized cool and warm cycles in the late Cenozoic 
sequences based on the evidence of the coiling ratios 
of N. pachyderma. 

Our ultrastructural studies of N. pachyderma indi-
cate two principal types of surface sculpture that are 
independent of coiling direction. Reticulate forms are 
dominant in subantarctic and Arctic populations, 
while crystalline forms dominate Antarctic and sub-
arctic populations. In subtropical populations, crys-
talline forms also dominate but are distinguished from 
the high latitude forms by thinner walls, higher pore 
concentration, and a lack of rosette-patterned crusts. 
Differences in the proportions of the two ultrastruc-
tural types result from differences in the degree of 
secondary calcification presumably as a result of en-
vironmental differences between the water masses. 

Secondary calcification is primarily an adult char-
acteristic within numerous species of planktonic fo-
raminifera, taking place below certain critical water 
depths. Be and Ericson (1963) have given 300 to 500 

m as the depth below which secondary thickening 
takes place in living specimens of Glohorotalia trun-
catulinoides (d'Orbigny). Orr (1967) notes critical in-
creases in secondary calcification at depths of 120 
to 700 m for three other species of Glohorotalia in the 
Gulf of Mexico. However, the differences in second-
ary calcification that we have observed in N. pachy-
derma are not related to changing depths but with dif-
ferences in water masses. At this time almost nothing 
is known about the environmental controls on second-
ary calcification in planktonic foraminifera. What are 
the environmental factors that reduce secondary cal-
cification in most adult specimens of N. pachyderma 
in both Arctic and subantarctic waters (dominance of 
reticulate ultrastructure) and yet enhance surface 
crystallinity in populations from other water masses 
especially that of the Antarctic region? According to 
Stapleton (1973), who studied calcification in Recent 
benthonic hyaline foraminifera, environmental factors 
including oxygen concentration, pressure, or pH may 
control the extent to which calcite crust develops in 
different species. It is important that information be 
gained on the environmental controls of secondary 
calcification in planktonic foraminifera. In the mean-
time, however, surface ultrastructural characteristics 
in populations from different water masses appear to 
be more consistent than other morphological features 
such as chamber number and therefore provide a more 
reliable criterion for determining paleoceanographic 
changes. It will be of interest in the future to compare 
paleoceanographic oscillations determined by ultra-
structural variations in populations with interpreta-
tions based on coiling direction changes. 

SUMMARY AND CONCLUSIONS 

1. Stereoscan examination of the test surface of N. 
pach.vderma from different water masses throughout 
the late Cenozoic show the occurrence of two main 
types of surface ultrastructure. 

Reticulate microcrystalline surface structures pre-
dominate in Arctic and subantarctic populations, 
whereas forms with crystalline surfaces predominate 
in populations from other areas. In Antarctic and sub-
arctic popUlations the crystalline surface is highly de-
veloped with the formation of rosette-patterned crust 
due to a concentric arrangement of euhedral calcite 
rhombs. In subtropical popUlations the crystalline sur-
face is slightly less well developed and hence a stel-
late-patterned crust formed by penetration twins is 
most characteristic. Also subtropical forms have 
higher pore density and thinner walls than Antarctic 
and subantarctic populations. Intermediate forms with 
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stellate-patterned crust on earlier chambers and mi-
crocrystal1ine reticulate wall on the final chamber link 
these two types in cool-subtropical areas. The study 
shows that the surface ultrastructure is independent 
of coiling mode and is sensitive to the respective water 
mass conditions because of the control these have on 
the degree of secondary calcification. However, it is 
yet uncertain as to what relationship, if any, surface 
ultrastructural variations in N. pachyderma have with 
coiling-ratio oscillations. 

2. Similarity in ultrastructure links subtropical N. 
pachyderma populations to temperate populations of 
N. pachyderma from the late Miocene to Recent as 
one phylogenetic species. Therefore, the separation of 
the plexus by Olsson (1973, 1976) into two taxonomic 
groups as "Glubigerina" pachyderma (Pleistocene 
polar and subpolar sinistral forms) and "Globorota-
lia" pseudupachyderma (dextral forms of the Pleis-
tocene and sinistral and dextral populations of the pre-
Pleistocene) is unacceptable. 

3. The surface ultrastructure of "Globigerina" in-
compta shows the characteristic reticulate microcrys-
talline surface structure of N. pachyderma. No dis-
tinct differences occur in the surface ultrastructure of 
"G." incompta and N. pachyderma. hence "G." in-
compta Cifelli is considered as a synonym of N. 
pachyderma. 

4. Because of similar and gradational surface ultra-
structural and other characteristics between N. 
pachyderma, N. dutertrei dutertrei. and "Globigeri-
na" atlanctica. "G." atlantica is placed in N eoglo-
boquadrina. Surface ultrastructural examinations of 
N. atlantica, N. dutertrei subcretacea. and N. duter-
trei humerosa suggest that these forms intergrade with 
each other as a Pliocene cline. Neogloboquadrina at-
lantica is retained as a subspecies of N. dutertrei, 
characteristic of the Pliocene of the North Atlantic 
area. 

5. Examination oflate middle Miocene to early late 
Miocene deep-drilled sequences in the south Pacific 
has revealed morphologically intergrading populations 
between "Globorotalia" continuosa and N. pachy-
derma strongly suggesting that "G. " cuntinuosa is the 
ancestral form of N. pachyderma. 

6. A continuous gradation exists in late Miocene to 
early Pliocene sequences from N. acostaensis in trop-
ical areas with high porosity and pitted microcrystal-
line wall to typical temperate N. pachyderma with 
reduced pore density and stellate-patterned surface. 
Neogluboquadrina acostaensis is considered to be a 
tropical to warm subtropical phenotypic variant of a 
cline with the temperate to polar variant represented 

by N. pachyderma. Both N. acostaensis and N. 
pachyderma evolved from "G." continuosa in the 
early late Miocene. Co-existence of N. acostaensis 
and N. pachyderma in Neogene assemblages indicate 
a warmer temperate environment. 

7. Surface ultrastructures are identical in N. pachy-
derma and N. dutertrei dutertrei populations from 
subtropical sequences in the South Pacific. This, in 
addition to morphological intergradation between N. 
pachyderma and N. dutertrei, strongly suggest that 
these two forms are genetically linked as a cline. 
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