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PREFACE 


The last two decades have seen major developments in marine geology 
including a revolution in an understanding of the development of the earth 
and its oceans. This success has resulted from interrelated advances in 
a number of areas of marine geophysics and geology, one of which is 
marine micropaleontology. Marine microfossils have provided critical in
formation about the geological sequence, age and paleoenvironment of 
rocks. Hence they contribute greatly to both the understanding of the 
events of earth history especially biotic evolution, and dates for this flow 
of natural history. The progress in marine micropaleontology has ad
vanced in parallel with an increase in focus on oceanographic problems 
during the last two decades. Programs such as the Deep Sea Drilling 
Project and other coring programs have provided critical material which 
has required the attention of large numbers of micropaleontologists. This 
trend has been further enhanced by the enlivened search for hydrocarbon 
resources in ever increasing water depths in the ocean and sharpened 
attention towards the global environment including its climatic conditions 
and paleoclimatic history. 

This volume contains a group of papers that represent a wide spectrum 
of marine micropaleontological investigations. All the papers have in 
some way examined marine microfossils. Groups represented include 
forms such as the benthonic and planktonic foraminifera and the calcar
eous nannofossils, as well as the siliceous radiolaria. The majority of the 
papers deal with foraminifera. The range of geological problems is wide, 
encompassing marine sediments uplifted on land and sediments under the 
oceans from near-shore (estuarine) to abyssal depths. The late Orville 
Bandy's research touched on most of the avenues of investigation rep
resented in this volume; some he pioneered. Thus the papers. presented 
here reflect something of the activity in micropaleontology during the last 
few years, but are by no means meant to be a comprehensive selection. 
Most of the papers are authored by past students and colleagues of Orville 
Bandy, and reflect in various degrees the influence that he exerted on 
their subsequent research activities. 

The idea of a memorial volume of papers honoring Orville Bandy came 
naturally upon his passing and was acted on by Ronald Kolpack at the 
University of Southern California. A large number of Orville's colleagues 
and students were eager to organize and contribute to this undertaking 
and the length of the initial list of papers was in fact worrisome. In the 
end, delays due to publishing and manuscript problems reduced the num
ber of contributions and William Sliter, Chief of the Branch of Paleon
tology. U.S. Geological Survey. agreed to edit the volume under the 
auspices of the Cushman Foundation for Foraminiferal Research. We 
regret the belated issuing of this testimony to Orville Bandy but are very 
pleased to be able to fulfill our wish for a lasting tribute to him. Many of 
Orville's concepts and his spirit are reflected in the papers presented 
herein. Those of us who were privileged to have worked closely with 
Orville are still much influenced by his multifaceted approach to micro
paleontology and most especially by his unfailing enthusiasm for all as
pects of earth history. Clearly, there were no limits to his thinking as 
demonstrated by the wide range of topics addressed in his published 
reports. In short. Orville Bandy was an inspirational scholar both in word 
and deed and a delightful human being, and we dedicate this volume to 
his memory. 
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MEMORIAL 


Orville Lee Bandy 
(1917-1973) 

The premature and tragic death of Orville Bandy 
(Augllst 2, 1973) cut short, at its zenith, the dynamic 
career of this internationally recognized earth scien
tist. It is highly appropriate to comment on hi s life in 
this memorial volume, even though two lengthy me
morials to Orville have already been published (Vin
cent, 1973; Easton, 1974) and two outstanding papers 
have been dedicated in his honor (Berggren and van 
Couvering, 1974 ; Stainforth , Lamb, Luterbacher, 
Beard and Jeffords, 1975) . 

Orville was born in Linden , Iowa on March 31, 
1917, la ter moving to Corvallis, Oregon. He completed 
his B.S. and M.S. degrees in geology at Oregon State 
University in 1940 and 1941. Two of his earliest pub
lications detail the results of his M.S . research on Ce
nozoic foraminifera from the Oregon coast. Interes t
ingly , both of these publicati ons were accompanied by 
Orville's excellent pencil draw ings of s pecies de
sc ribed ; fine technical illustration was ano ther of Or
ville's many talents. After completing military service 
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in the U.S. Army Air Corps from 1942 to 1946, he 
worked as a micropaleontologist for Humble Oil and 
Refining Company in Houston, Texas. Although brief, 
this experience not only impressed Orville with the 
practical application of micropaleontology to oil ex
ploration but also convinced him to seek further grad
uate education. In characteristic style, he promptly 
embarked on a doctoral program in 1946 under the 
renowned J. J. Galloway at Indiana University, aided 
by a Shell Oil Company Fellowship. There he com
pleted his much referenced Ph.D. dissertation on 
"Eocene and Oligocene foraminifera from Little Stave 
Creek, Alabama" in 1948, once again fuIly document
ed with his excellent illustrations. The time constraints 
of finishing his dissertation demanded a non-stop bout 
of drawing species which apparently taxed even Or
ville's legendary capacity for intense concentration, 
and he was to produce his own illustrations for only 
a half dozen more of his 150 papers. Orville welcomed 
the arrival of the SEM-era of illustration with relish! 

Orville joined the Geology faculty of the University 
of Southern California in 1948, a time when teaching 
loads were unusually heavy and space was at a pre
mium. Bill Easton (1974) relates that Orville's first lab
oratory was a former chemistry stockroom known as 
"Bandy's broom closet." From this confined space, 
he produced a dozen papers in four years in addition 
to teaching a full load of courses. Eventually, Orville's 
laboratory was transferred to a cheery complex of 
rooms on the second floor of the Allan Hancock Foun
dation building. Fortuitously, these rooms were op
posite those occupied by K. O. Emery's and later 
Donn Gorsline's marine geology laboratory. A mu
tuaIly symbiotic relationship immediately ensued be
tween these two groups periodically punctuated by 
friendly accusations regarding missing binocular mi
croscopes and Tyler screens. In fact, K. O. insisted 
that all his marine geology students take Orville's 
course in introductory micropaleontology, much to the 
momentary chagrin and ultimate enlightenment of 
some of the more geophysically inclined types. 

Shortly after his arrival at U .S.C., Orville began 
work on Recent benthic foraminiferal distributions off 
California, using older samples in the Hancock Foun
dation collections and samples collected by K. O. 
Emery and his students. This work resulted in a now 
classic set of papers with the general title, "Ecology 
and paleoecology of some California foraminifera." 
The second half of this contribution deals with the 
Cenozoic paleobathymetric histories of the Los An
geles and Ventura basins, clearly illustrating the use of 
biofacies analysis in estimating rates of subsidence and 

sediment accumulation. Orville first utilized a form of 
cumulative frequency diagrams in these papers which 
are still commonly referred to as "Bandy-grams" and 
which early demonstrated the usefulness of quantita
tive analysis of foraminiferal faunas. 

Orville went on to study modern foraminiferal fau
nas from the Gulf of Mexico, Gulf of California, and 
elsewhere, generalizing his observations in an influ
ential paper entitled, "General correlation of forami
niferal structure with environment." During this same 
period, with his first Ph.D. student, Robert Arnal, he 
completed work for Gulf Oil Company on the fora
minifera from Oligocene and Miocene deposits in the 
San Joaquin Valley. This effort later yielded two im
portant co-authored papers detailing both general con
cepts and excellent examples of paleoenvironmental 
analysis. 

Orville hit his research stride during 1960 and 1961. 
In addition to papers dealing with the distribution and 
environmental significance of both modern and fossil 
benthonic foraminifera, he also published reports il
lustrating the use of planktonic foraminifera for paleo
climatic-paleoceanographic analysis, a subject of in
creasing importance in his later work. He early 
recognized the tie between surface water masses, sur
face temperatures and the distribution of planktonic 
foraminifera and initially noted, in 1959, the signifi
cance of coiling within Neogloboquadrina pachy
derma. 

By 1960, the increasing number, range, and impor
tance of Orville's publications along with those of his 
growing group of students was reflected by the in
creasing number of graduate and post-graduate schol
ars populating his laboratory. All were inspired to un
usual heights of activity by Orville's enthusiastic 
attitude about all things micropaleontologic. Discus
sions were non-ending and vigorous with some of the 
most stimulating sessions taking place during extended 
"coffee breaks" presided over by Orville in the 
U.S.C. cafeteria. Students began literally working 
around the clock in the micropaleontologic laboratory. 
Orville set the pace by working not only in the labo
ratory, but at home, on the road, in the air and in the 
field. Periodically Orville's family would attempt to 
get him to take a vacation, producing speculations by 
the students as to (a) whether he would leave at all 
and (b) for how long. In one instance, the entire family 
departed for a Hawaiian interlude with Orville sans 
microscope. The resulting "inactivity" was more than 
Orville could tolerate, and he was back in the labo
ratory days ahead of schedule. Another attempt saw 
Orville and family off to the mountains for a skiing 



holiday; in this case, Orville worked in the snow-cov
ered cabin while the family enjoyed the snow. He sim
ply could not be distracted from his passion for study. 

One method by which Orville passes on his drive 
and knowledge was through an intensive one-to-one 
teaching style by which each student was required to 
make reasoned decisions regarding species' identifi
cation, ranges and paleoenvironmental decisions. His 
advanced micropaleontology course centered on a se
ries of unknown samples of increasingly obscure ori
gin, with each student responsible for identifying all 
species encountered and tabulating abundances, 
known ranges, etc., finally summarizing the origin, age 
and depositional environment of each sample. The 
moment of truth came when Orville sat down with 
each student and checked individually each species' 
identification. This activity went on long into the after
noon and evening, spiced with lengthy discussions un
til a sample's pedigree was established to everyone's 
,satisfaction. Errors, oversights and sloppy thinking 
were soon exposed by this technique, and he would 
quickly provide an F or an A grade based on his in
timate knowledge of a student's performance. 

Although Orville was a hard task-master in the lab
oratory, he was a genial host in his truly beautiful 

Orville married his wife Aida in 1943, and they 
are survived by their son Donald and daughter Janet 

. The Bandy family delighted in having 
groups of students, colleagues and friends over for an 
evening of gracious dining and relaxed conversation. 
One of Orville's specialties was "foraminiferal punch," 
which had the capacity to untie the tongue of even the 
most shy graduate student or scholarly adversary, 
thanks to the generous ratio between rum and other 
potables (not including the stray foraminifera). 
, It was obvious to all that Orville enjoyed his family 
as well as their many friends both within and outside 
of the micropaleontologic community. In fact, it was 
Orville's well known capacity to deal with people in 

straight-forward yet genial and inspiring way which 
ultimately thrust him into a leadership role in 13 
professional and honorary societies at the national and 
international level. He was a member of the board of 
directors of the Cushman Foundation for Foraminif

Research and served as President of the Foun
dation in 1956-1967. Orville was also National Presi
dent of the Society of Economic Paleontologists and 

"'Vl!>W'" in 1971-1972 and earlier served as Pres
of the Pacific Branch of the Paleontological So

. He was a distinguished lecturer for the Ameri
Association of Petroleum Geologists in 1963 and 

1964 and also served as a trustee of the Research Fund 
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of this organization. His foreign professional associa
tions included membership in the Asociacion Mexi
cana de Geologos Petroleros, Societe Geologique 
Suisse, and the International Subcommission on the 
Plio-Pleistocene Boundary of the International Geo
logical Vnion. 

Orville's leadership abilities were also fully utilized 
on his home campus, where he served on the V.S.C. 
Faculty Senate and became Chairman of the Depart
ment of Geological Sciences in 1967. He maintained 
this latter post through 1972-a period which saw the 
faculty increase by five members and programs added 
in geochemistry, geophysics and chemical oceanog
raphy. It was also a period which saw the departmen
tal offices moved to expanded and newly renovated 
quarters. All in all, this was a remarkable set of ad
ministrative achievements carried out while Orville 
was simultaneously teaching courses, fulfilling the 
presidency of a national society, increasing his pace 
of publication, leading international oceanographic ex
peditions, and acting as consultant to the petroleum 
industry-and always with a smile and great courtesy 
to all. 

Those of us privileged to have been students or 
close associates of Orville Bandy are still much in
fected by his ideas and attitudes toward the application 
of micropaleontology to fundamental questions re
garding the later history of the earth. Using the fossil 
shells of long dead microscopic protozoans to unravel 
a planet's history may seem a bit much to the unini
tiated. But, in fact, Orville played a special and pi
oneering role in demonstrating the power of micro
paleontology to decipher the tectonic and depositional 
history of continental margins, major variations in the 
circulation of the oceans, and ultimately the climatic 
history of the earth-all topics which now occupy cen 
ter stage in the earth sciences. 
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ABSTRACT 

Much of the bathymetry of the southern part of San 
Francisco Bay reflects the drainage pattern of late 
Pleistocene streams. Holocene estuarine silt and clay 
cover most of the bay floor; relict eolian and deltaic 
sand occurs along the eastern shore; sandy patches 
are present in the main channel owing to higher tidal 
current velocities. Organic content is high along the 
western shore, where tidal flats are extensive, and in 
the slough at the mouth of Coyote Creek where waste
waters discharge. 

Thirty-one species of benthonic foraminifera were 
identified in surficial sediments of San Francisco Bay 
estuary; of these, 20 species were stained red by rose 
Bengal and are considered as live. Water depth, sed
iment textural characteristics, salinity, organic matter, 
sediment pH, and biological competition were consid
ered as factors that might affect distribution of fora
minifera. Four ecologic zones based on observed 
trends in the distribution and abundance of several 
species correlate well with some environmental fac
tors. Four groups based on the Q-mode analysis of 
frequency counts of foraminiferal assemblages are rea

sonably similar to the four ecologic zones. These 
zones, showing restricted depth ranges, are: Inner 
Coastal Zone, where Elphidium incertum obscurum 
and Trochammina infiata are prominent; Outer Coast
al Zone, dominated by Ammonia beccarii tepida and 
Elphidium incatum; Deep Bay Zone, where Elphi
dietla hannai, Elphidium incertum clavatum, Hopkin
sina pacifica, and Bolivina spp. appear in abundance; 
and Deep Channel Zone, where Elphidiella hannai is 
most abundant. In the Inner Coastal Zone, salinity due 
to large fluctuations is a limiting factor for many 
species. Substrate textural characteristics are primary 
determinants of the distribution of agglutinated fora
minifep-- The percentage of organic matter in the sed
iment correlates well with the abundance of Elphidium 
incertum obscurum, a ubiquitous species in San Fran
cisco Bay. Sediment pH is not critical. Biologic com
petition can be estimated by comparing the percentage 
of a species with the number of species present in the 
assemblage, as shown for Ammonia beccarii tepida 
and Elphidiella hannai. 

INTRODUCTION 


A study of the surficial sediments, benthic forami
nifera, and selected water properties of the San Fran
cisco Bay estuary was initiated several years ago by 
the Department of Geology, San Jose State Univer
sity. Five advanced research projects, each with a dif
ferent emphasis or covering different geographic areas 
of the San Francisco Bay estuary, have been com

1 U.S. Geological Survey. 345 Middlefield Road. Menlo Park, 
California 94025. 

'Department of Geology. San Jose State University. San Jose. 
California 95192. 

pleted to this time (Conomos, 1963; Reese, 1965; 
Gram, 1966; Quinterno, 1968; Locke, 1971). The re
sults of this research augment the limited knowledge 
of the sediment and foraminiferal characteristics of 
estuaries and lagoons of the Pacific Coast. In addition, 
they permit the determination of the relation between 
foraminifera and various environmental factors. Such 
basic data are important for future environmental 
studies, as they suggest parameters that may be used 
to separate natural variations in the distribution of fo
raminifera from those variations caused by man-in
duced pollutants. 
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Location of stations. 

This paper, compiled from the studies of Quinterno 
(1968), Conomos (1963), and Gram (1966), presents 
the sedimentologic characteristics and selected water 
properties of the southern part of San Francisco Bay 
(Fig. I) and relates the distribution and abundance of 
benthic foraminifers to these parameters. 

Sumner and others (1914) and Miller and others 
(1928) were the first to describe the chemical and phys
ical characteristics of the water masses. Storrs and 
others (1963, 1965. 1968) much later conducted long-

os' 

--- .----.- .. --_ ..... ---_._ .. 

term studies of physical, chemical, and biological as
pects of the waters and sediments relevant to sanitary
engineering problems. McCulloch and others (1970) 
have presented preliminary results of water-chemistry 
studies. Folger (1972) has summarized graphically the 
sediment studies of Conomos (1963) and Gram (1966). 

No detailed studies of foraminifera have been pub
lished. Preliminary information has been presented by 
McDonald and Diediker (1930), Arnal and Conomos 
(1962), and Arnal and others (1970). More extensive 
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FIGURE 2 

Detailed bathymetry north of San Mateo Bridge. 

studies of foraminifera found in surficial sediments 
have been conducted by Quinterno ( 1968) in the study 
area and by Locke (1971) in San Pablo Bay. 

We thank W. H. Raub and L. H. Brubaker of the 
technical staff at San Jose State University for their 
assistance in the field and laboratory: Brian Atwater, 
U.S. Geological Survey, and C. H. Stevens, Depart
ment of Geology, San Jose State University, for their 
advice and manuscript reviews. We are grateful for 
the laboratory, library, and computer facilities provid
ed us by San Jose State University, the U.S. Geolog
ical Survey, and Scripps Institution of Oceanography. 

AREAL DESCRIPTION 

Southern San Francisco Bay occupies a late Ceno
zoic structural valley between the Diablo Range on 
the east and the Santa Cruz Mountains on the west. 
Poorly consolidated sediments, ranging in thickness 
from 0 to 300 m or more (Hazelwood, 1976), partly fill 
the trough and overlie late Mesozoic basement rocks. 

Alternating marine and nonmarine facies in these 
deposits record glacio-eustatic changes in sea level 
during the Quaternary Period (Louderback, 1951: At
water, in press). Nonmarine conditions prevailed 

19 



1 

r rARNAL ET AL. 

TABLE I 


Typical water temperature and salinity measurements in southern 

San Francisco Bay. a 


SUMMER (July through October 1969-72) 

Parameter Station A Station B Station C 

Salinity (%c) 

Range (25.4-32.2) (22.0-32.4) (l9.5-30.8) 
Median 31.0 30.5 27.5 

Temperature (DC) 

Range (16.1-20.2) (15.7-23. \) ( \9.0-24.5) 
Median 17.9 20.2 20.7 

WINTER (January through April 1969-73) 

Parameter Station A Station B Station C 

Salinity (%0) 

Range (6.9-27.5) 
Median 24.0 

( \3.0-26.6) (9.3-24.9) 
19.2 16.0 

Temperature (OC) 

Range (8.7-14.3) 
Median 12.3 

(8.5-19.2) (8.3-16.6) 
13.5 13.5 

-----~~. .~-----

" Unpublished U.S. Geological Survey data; sampling depth ap
proximately two meters: see Figure I for location of stations. 

throughout the study area as recently as 10,000 years 
ago. Subsequent changes in sea level, due largely to 
the melting of Wisconsinan glaciers, caused sea water 
to enter the Golden Gate, creating a growing bay that 
had reached the site of the Dumbarton Bridge by 6,500 
years ago (Atwater, Bedel, and Belley, 1977). 

The San Francisco Bay estuary is characterized by 
large expanses of marshes, tidal flats, shoals, and nar
row deep channels extending longitudinally through 
the broad depression. Seventy percent of the area be
low mean low water is shallower than 5.5 m and 80 
percent is shallower than 9 m (Sumner and others, 
1914). Much of the submarine topography appears to 
reflect the shape of the late Pleistocene (Wisconsinan) 
land surface that has been buried by the bay and its 
sediment. The general morphology of the original 
stream beds has not been obliterated and suggests that 
perhaps the Guadalupe River occupied a distinct chan
nel separated from the channel of Alameda Creek and 
San Lorenzo Creek by San Bruno Shoal (Fig. 2). 

Precipitation is highly seasonaL Almost 90 percent 
of the annual precipitation occurs during the period 
November through April (Rantz, 1971). The relief of 
the drainage basin has a strong local influence on the 
amount of rainfalL Mean annual precipitation ranges 
from 25 cm in low-lying valley areas to 200 cm in 
mountain areas. 

The tides are mixed and predominantly semi-diur
nal, ranging from 1.7 m at the Golden Gate to 2.7 m 
at the south end of the study area (U .S. Coast and 
Geodetic Survey, 1973). Waves are generated in re
sponse to high winds and the long fetch. The observed 
frequency of wave heights of 0.5 to 1 m is at least 50 
percent. ~.Discharge from the Sacramento-San Joaquin Rivers 
dilutes Pacific Ocean water entering the estuary and 
largely controls the salinity of the water in the study 
area. Local streams and wastewater flows have only 
limited effects (McCulloch and others, 1970). Typical 
near-surface salinity values at three main channel sta
tions (Fig. l) are listed in Table 1. Winter salinities 
(median) range from 16 to 24%0 and reflect the high 
river runoff; salinity stratification results in vertical 
differences of as much as 10%0. Summer salinities are 
somewhat higher, ranging from 28 to 31%0. Although 
evaporation removes more than a meter of water per 
year, its effect on the salinity is noticeable only during 
the summer of years with exceptionally low freshwater 
discharge. 

Water temperatures measured by Conomos (1963) 
and Gram (1966) at the time of sediment collection 
varied from 6SC (winter) to 25.2°C (summer): within 
a given day, however, spatial differences rarely ex
ceeded 3°e. 

Tidal currents, commonly exceeding 100 cmlsec, 
resuspend and transport bottom sediments. Nontidal 
circulation, generated by water-density differences 
and wind, is generally less than 5 cm/sec; together 
with tidal mixing, it is important in flushing the south 
bay (Conomos and others, 1971). Its role in trans
porting sediment in the south bay is unknown. 

METBODS 

SHIPBOARD ACTIVITIES 

Nearly 100 sampling stations, generally 2 to 3 km 
apart, were established (Fig. 1). Positioning by trian
gulation and dead reckoning was generally accurate to 
better than 0.25 km. The routine sampling procedure 
at each station consisted of: 

1. Measurement of water turbidity with a Secchi 
disc and water depth with a sounding line; 

2. Collection of surface water at most stations with 
an additional near-bottom sample when the water 
depth exceeded 4 m; 

3. Sampling of the upper 5 to 10 cm of undisturbed 
sediment with a Peterson dredge: 

4. Measurement of temperature, pH, and Eh of 
both water and sediment; and 
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TABLE 2 


Average annual sediment inflow to San Francisco Bay estuary." 


Drainage basin 

Drainage 
Hrea 
(km" 

Sediment 
inflow b 

{lOt> melflc 
tons/year) 

Central Valley 
Suisun Bay 
San Pablo Bay 
San Francisco Bay (total) 

(study area) 

117,700 
1,500 
2,500 
4.400 

(3,400) 

4.56 
0.17 
0.32 
0.27 

(0.25) 
Tulare Basin and Goose Lake' _36,400 

TOTAL 162,500 5.32 

" Data from Porterfield and others (1%1). 
h 1909-1959 records adjusted to 1957-1959 conditions measured 

by Porterfield and others (1961). 
, Interior drainage, not contributing to estuary. 

5. Splitting the sediment sample in two represen
tative parts-one for sediment studies, the other, 
treated with an organic dye (rose Bengal), for studies 
of foraminifera. 

LABORATORY TECHNIQUES 

Sediment textural analysis was performed by pipette 
and settling tube methods. The data from each sample 
were plotted as cumulative curves using the standard 
phi-unit scale, and the comprehensive statistical pa
rameters of Trask (1932) and Folk and Ward (1957) 
were applied to these data using a programmable cal
culator. 

The organic-carbon content (OCC) was determined 
by the Allison (1935) technique, and this value then 
converted to organic-matter content by multiplying the 
OCC by 1.7 as recommended by Trask (1932). 

The foraminifera were separated from a known 
amount of dried sediment by flotation in carbon tet
rachloride. After being dried on filter paper, the total 
mass was divided with a microsplitter until an opti
mum number of specimens was obtained for counting. 

SEDIMENT 

SOURCES AND DISPOSITION 

The drainage area of streams tributary to the San 
Francisco Bay estuary is more than 162,000 km2 , or 
about 40 percent of the surface area of California. The 
Sacramento and San Joaquin Rivers contribute 86 per
cent of the alluvial sediment (Table 2). Small ephem
eral streams tributary to the study area contribute 
about 5 percent of the totaL of these, Alameda Creek 
is the dominant source, contributing almost half this 
amount. 

Ninety-four percent of the riverborne sediment 
enters as suspended load; 95 percent by volume is 
silt- and clay-size (Schultz, 1965). The sediment is con
stantly resuspended, transported, and redeposited be
cause of the shallowness of the estuary, the large size 
and prevelance of wind-induced waves, and the strong 
tidal currents. This constant reworking of the surficial 
sediments prohibits meaningful short-term measure
ments. 

Some of the suspended sediment contributed by the 
Sacramento and San Joaquin Rivers is transported 
seaward through the Golden Gate. The rest of the sed
iment-laden water is moved by tidal currents into the 
study area, where sediment is eventually deposited. 
Sedimentation rates in the post-Wisconsinan San 
Francisco Bay estuary have probably varied greatly 
in time and space. Long-term rates in the central parts 
of the estuary range from 100 to 200 cmll ,000 years 
(Kvenvolden, 1962). In the south bay, average rates 
based on radiocarbon dates range from 30 to 200 
cmll ,000 years (Story and others, 1965: Atwater and 
others, 1977). 

TEXTURAL CHARACTERISTICS 

Size 

The particle size of the surficial sediments of south
ern San Francisco Bay, expressed as mean diameter, 
ranges from 4 to 64 I-Lm (8 to 4 phi), silt or silty clay 
(Fig. 3A) by Folk and Ward (1957) classification. Clay 
(>8 phi) is generally restricted to shallow areas, sand 
«4 phi) to the main channel and the mouth of Ala
meda Creek. 

Although median diameter is by far the most com
monly used sediment-size parameter, it does not rep
resent well the size distribution for asymmetrical or 
bimodal sediments (Folk, 1968). Comparison of Trask 
median diameters (Fig. 3B) with Folk and Ward mean 
size (Fig. 3A) shows that the sand, silt, and clay are 
similar in areal extent with the exception of the area 
south of Dumbarton Bridge, where size distribution in 
several samples is bimodal. This bimodality is caused 
by: (1) strong tidal currents to 90 cm/sec that winnow 
away fine-grained sediments at the narrow straits be
neath the Dumbarton Bridge; (2) discharge from sev
eral streams that contribute coarser sediments; and 
(3) marsh vegetation that traps fine particles, espe
cially east of Palo Alto (Fig. 3A). 

Sortinf.{ 

Most of the sediments are very poorly or extremely 
poorly sorted (Fig. 4A). One exception is the sandy 



SAN FRANCISCO FORAMINIFERA 

BAY 

IIIHI MODERATELY WELL SORTED 

.50 to .71 

MODERATELY SORTED 
.71 to 1.00 

t<::/] POORLY SORTED 

1.00 to 2.00 

o VERY POORLY SORTED 
2.00 to 4.00 

EXTREMELY POORLY SORTED 

>4.00 

IIIHI STRONGLY FINE SKEWED 

+1.00 to .30 

~ FINE SKEWED 
.30 to .10 

o NEAR SYMMETRICAL 
.10 to -.10 

[]]JI] COARSE SKEWED 
-.10 to -.30 

I>\d STRONGLY COARSE SKEWED 
-.30 to -1.00 

PALO 

012345 

Kilome ters 

FIGURE 4 

A. Distribution of sediment sorting. B. Distribution of sediment skewnes,. 
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patch near San Leandro Bay where bottom sediments 
grade westward from moderately well sorted to very 
poorly sorted. These sediments, which contain minor 
admixtures of fine sand and silt particles, are either 
reworked or man-moved sand originally mined from 
the Merritt Sand, believed by Trask and Rolston (1951) 
to be of eolian origin. The median diameter of the sand 
(2.2 phi) is well within the normal size range for eolian 
sands. 

The river sand deposited at the mouth of Alameda 
Creek and the sand of the ridge between San Bruno 
Point and San Bruno Shoal (Fig. 2) are better sorted 
than the average sediment of the study area. 

Skewness 

Sediment on the west side of the study area is most
ly clay finer than 4 Mm or 8 phi (Fig. 3) and has nearly 
nil skewness (Fig. 4B). Apparently only one process, 
settling in calm waters, is responsible for the accu
mulation of particles. Three large areas showing 
strongly fine-skewed particle size distributions (Fig. 
4B) generally coincide with areas of coarse-grained 
sediments of fluvial origin (Fig. 3). This relation is in 
agreement with Folk (1966), who reported that a dom
inant coarse-grained sediment population and subor
dinate fine-grained population create a positive skew
ness (Fig. 4B). The size-distribution curves of samples 
from the east half of the study area north of San Mateo 
Bridge show the reverse situation, having a dominant 
fine-grained sediment with negative skewness. 

CHEMICAl. CHARACTERISTICS 

Organic-matter Contcnt 

Coarse-grained sediments contain less than 1 per
cent organic matter. whereas finer grained sediments 
have 2 to 3 percent (Figs. 3,5). Highest concentrations 
(>4 percent) are found in the slough at the mouth of 
Coyote Creek and in the adjacent Alviso Slough, areas 
characterized by fine-grained sediments and also close 
to large wastewater effluents and marshlands. Pes
trong (1965) reported even higher organic-content per
centages in his study of tidal marshes. 

HydrogclI-ion COllcentration (pH) 

The pH of the upper 5 to 10 cm of undisturbed sed
iment ranges from 4.6 at station 90 to 8.2 at station 55 
(Fig. 5B). Values between 5.0 and 7.0 characterize a 
zone in the northern part of the study area and another 
zone located approximately midway between the San 
Mateo and Dumbarton Bridges. Immediately north-

SAN FRANCISCO FORAMINIFERA 

TABLE 3 

Species of Foraminifera present in the study area. 

AlllIIlOnili heccarii rcpida¥ lIopkinsina pacifica < 

Bolivina slriarll/a* Jadammil1a p"lysloma 
Bo/il'ina ,'allRlwni x 

LlIf.{'CIW costa/II 
BII/imina marRinala~ Afiliollllllina filsea* 
Bulimina sp.* NOlliullella japol1ica* 
Bllliminell" e/eganrissima' Qllil1(IIie/Ol'lilinll hcllallllu * 
Disc()rhi.\ sp. * Qllinqllehwlllina ('ullmla 
Elphidiella IWIII/Ili Qllinqlle/oclililUi ,\(,lIIil1l1/1I1/1 

Elphidillm "d"CIIIII/1 jUf.{osa 
Elphidillm crispl/Jl1* Reoplwx IWIll/S 

Elphidillll1 Rllnleri Spiroholil'inll sp. * 
Elphidillll1 incerllllll~ T('xllllaria 1'lIr/wII/i 
Elphidil/lI1 ineerillm claralllll1 * TruclwlI1mil1l1 iI!filila * 
Elphidilllll illeel'll/Ill "hsclIl'lIl/1* Troc/wlIlll1inu II1I11'r1'S1'('11S 

Elphidilllll I/wf.{cllaniclIIl1* U"iReril/(/ sp. * 
Fissllrina sp. VirRlllina sp. 
Glohigerin(/ hllll"idcs 

* Live species. 

west and southeast of the bridges. the pH values are 
more alkaline, ranging from 7.0 to 8.2; silt and some 
sand predominate in these areas (Figs. 3A, 8). Higher 
pH values are also found in the southern part of the 
South Bay. 

FORAMINIFERA 

The distribution offoraminifera is controlled by sev
eral interrelated factors whose significance can be de
termined by comparing the geographic distribution of 
various elements of the foraminiferal population with 
the distribution of ecologic parameters. Favorable fac
tors are expected to show a direct correlation with the 
abundance of a given species, whereas limiting factors 
are expected to show an inverse correlation. Previous 
work (i.e., Bradshaw, 1961, 1968; Arnold, 1953: Phle
ger, 1965, 1967, 1970; Bandy and Arnal, 1960) has 
shown that water depth, salinity, sediment size, food, 
sediment sorting, organic-matter content, water and 
sediment temperature, sediment pH, and biologic 
competition are among the most important factors af
fecting the abundance of foraminifera. 

DISTRIBUTION AND ABUNDANCE 

A count of foraminifera was made of a representa
tive fraction of each sample that had an estimate of at 
least 100 specimens present. Thirty-one species of 
benthonic foraminifera were identified; of these, 20 
species were stained red by the organic dye rose Ben
gal and are assumed to have been living at the time of 
collection (Table 3). G/ohigerif1(J hulloides. the only 
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TABLE 4 


Foraminiferal ecologic wnes based on the relative abundance of 

species. 


Zone 

I II IV 
Inner Outer III Deer 

Dominant species coastal coastal Deep bay channel 

Allllllonia /ieccarii /epida 32-46" 45-54 25-45 25-30 
E/phidilllll illcer/1I111 ohscllmm 22-40 5-18 5-22 5-22 
Elphidilllll illcer/1I111 7-10 9-14 7-21 10-13 
E/phidiel/a //illlllai 0-3 3-10 2-12 12-21\ 
£/I,hidilllll glln/eri 2-9 2-7 2-9 0-9 
E/phi<lilllll iIlCN/IIIII c"II'a/1I111 3-4 2-4 3-8 3-4 
Hopkillsilla 1}(lcitica 1-3 1-4 5-10 3-7 
SO/il'illa s/ria/II/a X 0-4 2-5 0-4 
Bo/il'il1a I'allghalli 2-3 0-6 
BII/illlille//a e/egal1/issill/({ X 0-3 X 

Trochilll1l11il1a il1f/a/a 0-25 X 0-3 X 

Tex/II/aria ear/alldi 0-3 X 

Depth ranges (m) 0-2 2-8 8-15 12-22 

" Percentage of total specimens averaged for stations having sim
ilar depths. 

X equals 2 percent or less. 

planktonic species present, was very rare and was ap
parently transported into the study area from the ad
jacent ocean. 

The geographic distribution of the 12 most abundant 
species was plotted as percentage of total specimens 
counted at each station. Drawings of a typical speci
men of each of these species accompany the illustra
tions showing geographic distribution (Figs. 6-11). 
AlIlmonia heccarii tepida and Elphidillm inccrtllm oh
SCllrt/1Il occur at all stations with percentages ranging 
from 18 to 96 and I to 67 respecti vel y (Figs. 6A, 7 A). 
Hopkinsilla pacifica (Fig. 6B), Elphidillm inccrtlllll 
(Fig. 8B), E. gllnteri (Fig. 9A), Elphidiel/a hannai 
(Fig. 8A), and Elphidillll/ incertllm da\'atl/m (Fig. 
lOA) occur at most stations. Although their abundance 
may approach 40 percent, the average is 5 percent. 
Boli\'ina striatllla, B. \'auglwni, BI/liminel/a clegantis
sima, and the agglutinated species Troc/wmmina in
.flata and Textl/laria earlandi (Fig. 11) are abundant 
but scattered in distribution. 

ENVIRONMENTAL FACTORS 

Water Dcpth 

The depth zonation of foraminifera is evident on a 
graph of abundance values averaged from several sta
tions having similar depth regardless of geographic 
position (Fig. 12). Although sharp boundaries do not 
exist, faunal changes with water depth are readily ap-

TABLE 5 


Percentage occurrence of foraminiferal populations at four stations 

selected by Q-mode analysis 


Station number 

14 68 99 60 

Amlllollia heccarii /epilla 

E/"hidilllll iI1C(,/"/1ll1I ohSCllmll1 

E/phidilllll il1Cer/1ll1I 

E/phidiel/a h(//I//(/i 

E/phidilllll glll1/eri 

Hopkil1sina INlcitica 

SO/il'illa s/ria/II/a 

Bo/il'illa 1'llllg//({lIi 

SlIlilllillel/a e/egan/issill/il 

Troch (//11111 illa il!f/a/a 

Tex/II/aria ear/alldi 

BII/illlitlil sp. 
Qllilll{lIe/oclI/illa hel/a/II/a 

Qllitll{lIe/oclI/il1a selllillll/llllljllgosa 

Troch(/lIlmil1a lI/ilcre.\·I·eI1S 

/Volliollel/(/ japol1ica 

Jadalllmina pO/YS/OII/(/ 

Reopi/({x nallllS 

Spiroho/il'illa sp. 

18 
67 
13 

51 

31 
I 

5 
2 

2 

44 
14 

22 

3 
6 

2 
2 

1 
2 

18 
2 

25 
42 
10 

<1 
<I 

<I 

<I 
<I 

parent. Four ecologic zones (Table 4) have been es
tablished, chiefly on the basis of these faunal changes: 

Zone I: Inner Coastal 
Water depth ranges from 0 to 2 m. This zone extends 
to 4 km seaward from the intertidal zone. It is gen

erally characterized by few species but many individ
uals. The genus Trochammina represents 25 percent 
of the fauna in high marsh areas south of Dumbarton 
Bridge. 

Zone II: Ollter Coastal 
Water depth ranges from 2 to 8 m. The zone is as 

much as 10 km wide, extending from about 2 km from 
the shoreline to the central part of the bay. The abun
dance of species (nearly twice that of Zone I) and large 
numbers of individuals indicate a favorable habitat. 

Zone III: Deep Bay 
This zone comprises the central part of the bay in 

water depth ranging from 8 to 15 m. Agglutinated 
forms and species of Bolivina occur in significant per
centages. The greatest number of genera is present in 
this zone. 

Zone IV: Deep Channel 
Water depth ranges from 12 to 22 m, indicating that 

oceanic water is present most of the year. Typical es
tuarine forms are present in small percentages. Agglu
tinated forms are present whenever the substrate con
tains some silt-size particles. 
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A Q-mode analysis, using a program of Imbrie 
(1963), was made of the results of the frequency counts 
of foraminiferal populations. Coefficients of propor
tional similarity were first computed by comparing the 
frequency count of each station with those of all other 
stations. Eigen values were then computed by postu
lating that eight undetermined stations would account 
for 100 percent of the compositional variation. Ex
amination of the results on the table of Eigen values 
showed that nearly 100 percent of the compositional 
variation could be accounted for with only four rep
resentative stations, identified as stations 99, 68, 14, 
and 60 in the rotated matrix and oblique matrix part 
of the program (Table 5). 

On the basis of similarity coefficients, 10 stations 
are most similar to station 14; most of these are located 
south of San Mateo Bridge. The most abundant 
species is Elphidium incertum obscurum; Ammonia 
beccarii tepida is next in abundance. The average 
depth at these stations is 3.3 m. Stations of this type 
correlate best with stations used to define Zone I (Ta
ble 4). 

Station 68 has 10 stations showing good similarity; 
all are located near the San Mateo Bridge. In samples 
assigned to type station 68, A. beccarii tepida is most 
abundant and E. incertum is second in abundance. 
The average depth at these stations is 4.0 m and com
pares well with the average depth for Zone II (Table 
4). 

Forty-one stations are most similar to station 99 and 
are located mainly in the north half of the bay. Am
monia beccarii tepida is the most abundant species at 
stations assigned to type 99. Elphidiella hannai is sec
ond in abundance and Elphidium incertwn obscurum 
third. Stations of this type are characterized by mod
erate but significant numbers of Hopkinsina pacifica, 
Bolivina striatula, and B. vaughani. Percentages of 
significant species at these stations compare well with 
those used in defining Zone m (Table 4). The average 
depth at these stations is 5.0 m. 

Station 60 has three similar channel stations at 
which Elphidiel/a hannai is the most abundant 
species. The average depth at these stations is 10.8 m. 
Compare Figure 12, Table 4 and Table 5. 

To relate the cumulative abundance of species to 
their lateral distribution, two intersecting profiles were 
constructed (Fig. 13). The east-west profile extends 
from station 97 to station 53 (Fig. 1) and covers a 
distance of 23 km; the north-south profile is 17 km 
long and extends from station 106 to station 90. These 
profiles were selected to include wide variations in 
current velocities and water depth as well as major 
differences in sediment textural characteristics. 

Ammonia beccarii tepida is most abundant in shal
low water and decreases in percentage with increasing 
depth along the east-west profile (Fig. 13). In contrast, z 
Elphidium incertum obscurum is most abundant at :r 

Idepths of 8 to 10 m. Percentages for Elphidiella hannai tl.. 

are higher at intermediate depths (4 to 5 m) and de o 
W 

crease in both shallower and deeper water along this 
profile. This peak shows on Figure 12 in Zone II on 
the distribution plot for E. hannai. Species of Bolivina 
and Trochammina exist in small percentages at inter

<
mediate water depths but do not occur at all stations. ,< 

~ 

Specimens of Hopkinsina pacifica appear to be limited 
to the west half of the profile, that part most exposed ;;: 

to flushing with oceanic water. 
Similar or more clearly defined trends are apparent 

on the north-south profile (Fig. 13). The decrease in 
abundance of Ammonia beccarii tepida with increas
ing water depth is similar with the exception of station 
65, where there is a marked percentage increase with 
increasing depth. This station is located on a steep 
channel slope and has a very small number of species, 
a situation that may indicate a lack of interfaunal com
petition. The notably high percentage of A. beccarii 
tepida at station 90 is associated with a small number 
of species. As with the east-west profile, Elphidium 
incertum obscurum and Elphidiella hannai occur pre
dominantly at intermediate depths. Hopkinsina pac(f
lea is limited to the east half of the profile, an area 
readily accessible to recently exchanged ocean water. 
This distribution implies that H. pacifica, though 
found in the estuarine environment, prefers typical 
marine conditions. 

Salinity 

Bradshaw (1961) showed that certain foraminifera 
have a remarkable tolerance for large salinity changes; 
lethal salinities are below 2%0 for Ammonia beccarii 
tepida and 13%0 for Bolivina vaughani. Both species 
live in the study area and are good representatives of 
typical estuarine and shallow marine assemblages, re
spectively. 

Estuarine species (Le., species of Elphidium. El
phidiella hannai. and A. beccarii tepida, Table 4) are 
reported to occur generally in areas where salinity dif
fers significantly from that of the open ocean. For 
these species, salinity variations in the study area are 
well within tolerable limits. Species with high fre
quency percentages in Zones III and IV are more typ
ical of shallow marine environments and are relatively 
sensitive to salinity changes, Salinity undoubtedly af
fects the distribution of Buliminella elegantissima 
(Fig. lOB), Hopkinsina pacifica (Fig. 6B), and perhaps 
that of Bolivina vaughani (Fig. 9B). 
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FIGURE 14 

Abundance of Elphidiella hannai and Ammonia beccarii tepida rel
ative to number of species. 

Substrate 

The high percentage (typically 20 percent) of Elphi
die/fa hannai (Fig. SA) in Zone IV may be related to 
the occurrence of coarse-grained sediments. The test 
of this form is larger and thicker than most others and 
apparently remains as a lag deposit along with coarse
grained sediments. Smaller and lighter forms are car
ried away with finer grained sediment particles by 
strong tidal currents. 

Agglutinated foraminifera are restricted to areas 
where there is material suitable for building their tests. 
Owing to their small size, usually less than 1 mm, the 
optimum material is in the silt-size range (4 to 64 #km), 
although occasionally a fragment of fine sand may be 

used. At the 12 stations where the frequency of Tex
tularia earlandi is > 1 percent, two stations are in 
sand, seven are in silty clay, and two are in sand-silt
clay mixtures (compare Fig. lIB and Fig. 4). The fre
quent occurrence of this species in finer sediments 
may be explained by the ability of agglutinated fora
minifers to concentrate from the available sediment 
coarser particles to build their tests. Moreover, if the 
preferred silt-size particles are not available, the test 
will be constructed of smaller particles (Salma, 1954). 
Sediment size is apparently a limiting factor for the 
distribution of agglutinated foraminifers only in areas 
where well-sorted fine-skewed clay predominates (Fig . 
4B). 

Since agglutinated foraminifers are capable of con
centrating the optimum sediment size for building their 
tests, coarse-grained sediments that are fine-skewed 
or fine-grained sediments that are coarse-skewed are 
acceptable substrates (compare Fig. 4A and Figs. llA 
and lIB). 

Organic Matter 

The abundance of Elphidium incertum obscurum 
correlates well with the distribution of organic matter 
with the lowest frequencies where organic matter is 
least (Figs. 5A and 7A). At stations 33 and 35, the 
organic matter content is 1.3 and 0.9 percent, respec
tively, and the abundance of E. incertum obscurum is 
relatively low, frequencies being IS and 10 percent, 
respectively. Near Alameda Creek, organic matter 
ranges from 0.4 to 1.8 percent and frequencies of E. 
incertum obscurum range from 3 to 15 percent (Fig. 
7A). North of San Mateo Bridge, the greatest abun
dance of E. incertum obscurum occurs west and south 
of San Bruno Shoal in an area where the organic-mat
ter content generally is 2 percent or more (Fig. 5A). 

Sediment pH 

Dissolution of foraminiferal tests occurs at pH val
ues below 7.0 (Arnal, 1961). A short exposure to 
waters of pH as low as 2.0 is not necessarily lethal. 
Bradshaw (1961) has shown that a living foraminifer 
may survive partial dissolution of its test and that re
generation of the test occurs when pH values again 
become alkaline. Quinterno (1968) reported some 
etching of foraminiferal tests in the study area. She 
did not find any sample completely devoid of tests 
however; this result indicates that low pH values 
found at some stations are only temporary. The pH 
does not appear to be a limiting parameter for ben
thonic foraminifera in the study area (Fig. 5B), as the 
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FIGURE 15 

Number of live species and total number of species. 

range of values recorded vary well within the tolerable 
limits reported in the literature (Bradshaw, 1961). 

Biologic Competition 

Biologic competition is difficult to evaluate and its 
effect is largely unknown. One simple method to ob
tain a gross estimate is to compare the abundance of 
a given species with change in diversity of a population 
as expressed by the number of species present. If a 
species increases in frequency as the number of 
species increases, that species might be a good com
petitor; conversely, if the frequency decreases with 
greater number of species, a poor competitor might be 
detected. 

To test this method, plots of the percentage abun
dance of a dominant species relative to the increasing 
number of species per station were made using Elphi
diella hannai and Ammonia beccarii tepida (Fig. 14). 
The plots indicate that E. hannai. because ofthe direct 
correlation, may be considered a good competitor, 
whereas A. beccarii tepida, which shows an inverse 
correlation, is a poor competitor. Ammonia beccarii 
tepida has a remarkable tolerance to large variations 
in several physical parameters and apparently uses 
this tolerance to colonize certain habitats rather than 
compete with other species where living conditions 
are more homogeneous. This is well exemplified at 
both ends of the east-west profile discussed and at 
stations 65 and 90 of the north-south profile (Fig. 13). 
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SPECIES DIVERSITY 

The number of species per sample gives an adequate 
approximation of species diversity for this type of 
study (Phleger, 1965). The total number of species as 
well as live species increases when the environmental 
conditions are more typically marine (Fig. 15). More 
notable, however, is the increase in number of live 
species from marsh areas toward the deep channels. 

CONCLUSIONS 

In this study, we have described the general distri
bution of sedimentary characteristics with respect to 
selected water properties for southern San Francisco 
Bay. We determined the distribution and abundance 
of the main species of the foraminiferal population and 
found that they correlate well with depth and several 
other environmental factors. For example, salinity, 
when fluctuations are large, may be a limiting factor; 
distribution of agglutinated foraminifera is closely re
lated to substrate texture: biologic competition affects 
the distribution of Ammonia beccarii tepida and El
phidiella hannai; and a high organic content in the 
sediment correlates well with high percentages of El
phidiuf11 incerwm obscurum. The four zones that were 
established on the basis of observed trends and those 
defined by Q-mode analysis are reasonably similar in 
view of the great environmental complexity of the 
study area. Because several factors are interrelated, 
it is often difficult to select among several possibilities 
the limiting factor responsible for an observed rela
tion. 

Additional work is needed for a better understand
ing of foraminiferal distributions, particularly on the 
sand ridge between San Bruno Shoal and San Bruno 
Point and in the high marsh zones south of Dumbarton 
Bridge. This work will greatly facilitate a study of the 
foraminiferal population of the rest of the San Fran
cisco Bay estuary. 
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ABSTRACT 

Intertidal and shallow-water sediment samples from 
the tropical Pacific Ocean were studied and a quanti
tative analysis made of the foraminifera and other con
stituents. The results indicate that many species of th~ 
intertidal and shallow-water foraminifera have been 
transported great distances across the Pacific Ocean. 
Seven methods of dispersal are analyzed. The distri-

INTRODUCTION 

GENERAL STATEMENT 

This investigation was initiated to gain a more com
prehensive understanding of the distribution of the in
tertidal and shallow-water foraminifera of the tropical 
Pacific Islands. Although the islands occupy but a 
fraction of the total area in the Pacific, they are so 
sparsely distributed, separated by such great depths, 
bathed by such a wide variety of currents, and under 
the influence of such uniform physical conditions, that 
an ideal situation exists for the study of the distribu
tion of their foraminiferal faunas and to advance hy
potheses to explain this distribution pattern. 

The samples used in the study were obtained from 
several different sources including scientific workers 
and persons living on or traveling through the islands. 
In the majority of instances the samples are beach 
sands. There is usually only one or two from each 
island but there may be more. For example, an exten
sive collection of samples was obtained from the shal
low waters surrounding Johnston Island (lat 16°45'N., 
long 169°30'W.). 

bution pattern of Baculogypsina and Tinoporus 
seems to be best explained by the transportation of 
their zygotic stages by ocean currents. The fluctuation 
in populations of Baculogypsina and Tinoporus is 
similar to the fluctuations in populations of many other 
marine invertebrates. 

AREA OF INVESTIGATION 

A total of 170 samples from the islands of the trop
ical Pacific Ocean (Fig. 1) were examined. The major
ity are from the northern hemisphere and represent a 
section with Ishigaki-shima (Iat 24°25'N., long 
124°15'E.) and the Hawaiian Islands Oat 20oN., long 
156°W.) acting as the western and eastern extremities, 
respectively. Even though the number of samples from 
the southern hemisphere is low, they are part of a 
section which extends the length of the Island of Bali 
(lat 8°45'S., long 115°E.) as the western boundary and 
Raroia Atoll (tat 16°15'S., long 142°30'W.) as the east
ern boundary. 

Most of the localities are shown in Figure I, with 
the exception of New Caledonia and Raroia Atoll. 
Two samples were collected from New Caledonia 
(Stations 167-168) which is located at lat 22°30'OO.O"S. 
and long 166°30'OO.0"E. and one sample from Raroia 
Atoll (Station 170) at lat 16°04'12.0"S. and long 
142°15'OO.0"W. Maps of islands from which more than 
four samples were collected are shown in Figure 2. 
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PREVIOUS WORK 

Numerous papers have been written on the fora
minifera of the tropical Pacific Islands. Most of them 
are concerned with a taxonomic description of the fau
na but there has been some attempt to correlate these 
analyses with ecological data. Cushman, Todd, and 

Post (1954), Graham and Militante (1959), and Todd 
and Low (1960) have excellent bibliographies of this 
topic and area as part of their pUblications. A similar 
repetition seems unnecessary. 

Papers which were extensively used (other than 
taxonomic works) in the formulation of this study are 
Cushman, Todd, and Post (1954) with their study of 
the Recent foraminifera of the Marshall Islands, Gra
ham and Militante (1959) who investigated Recent 
Philippine Island foraminifera, Todd (1960) with an 
extensive discussion on the distribution of Baculogyp
sina and Tinoporus (Calcarina), and again Todd 
(1961) with a paper dealing with the foraminifera from 
Onotoa AtolL The nature of their contributions is dis
cussed in the sections that follow. More recently, Re
sig (1969) investigated the Pleistocene, shallow-water 
microfauna of Oahu (Hawaiian Islands). There are cer
tain similarities existing between the Oahu fauna and 
that described in this study. 
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METHOD OF STUDY 

The majority of samples were collected prior to the 
initiation of the study and by persons other than the 
author. They were not preserved in alcohol so that 
live-dead ratios could be determined. In most cases 
the physical and biological conditions existing at the 
collection sites were not recorded. 

In the laboratory the samples were treated and ex
amined in the following manner. A representative por
tion of each sample was poured into a beaker of CCI4 • 

This resulted in the lighter fraction (including the 
smaller foraminiferal tests) floating to the top of the 
liquid and the heavier falling to the bottom. The former 
was collected by filtration and then both fractions were 
dried. Each fraction was then examined under a bin

ocular microscope and counts made of the foraminif
eral tests, ostracod valves, gastropod and pelecypod 
protoconchs, echinoid spines, alcyonarian spiCUles, 
recognizable coral and calcareous algae fragments, in
certae sedis, and calcareous, igneous, and metamor
phic grains. The remainder of the original sample was 
then examined to determine if any of the major ele
ments which had not been observed in the split could 
be found therein. The results of the statistical analysis 
are presented in figures and a table. 

OCEANOGRAPHY 

Detailed physical oceanographic data for each of the 
individual islands and atolls are unavailable. However, 
data for the Pacific surface waters surrounding the is-
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lands have been gathered by different cruises and syn
thesized and interpreted by qualified workers such as 
Sverdrup, Johnson, and Fleming (1942) and the editors 
of the Morskoi Atlas (1953). 

Tropical Pacific islands do not as a rule have a 
marked influence on the shallow-water masses that 
surround them. However, oceanic waters have a ma
jor control over the physical characteristics of the 
shallow island waters. Bikini lagoon illustrates this 
phenomenon. Johnson (1949) reported that the differ
ence between the lagoonal and oceanic waters is neg
ligible. When measured, the salinity and temperature 
of the lagoonal water were only 0.1 percent and .08°C 
higher (respectively) than oceanic waters. This indi
cates a constant flushing of the lagoonal waters by 
oceanic waters, a phenomenon known and utilized by 
many islanders to dispose of their waste. Graham and 
Militante (1957) and Emery (1956) have reported sim
ilar conditions in the shallow waters surrounding the 
Philippine Islands and Johnston Island. 

One of the most diagnostic features of the tropical 
Pacific Ocean is the uniformity of the physical char
acteristics of the oceanic surface waters in the areas 
away from the major continents. The continuity of this 
phenomenon maintains itself to depths of as little as 
10 to 15 m or as great as 100 m (Sverdrup, Johnson, 
and Fleming, 1942). This fact coupled with the phe
nomenon of continual oceanic flushing discussed 
above allows us to apply the oceanographic conditions 
discussed and illustrated in the following sections to 
the shallow island waters (in the appropriate geograph
ic locations) and subsequently to the foraminifera 
which inhabit them. 

There is very little annual variation in the surface 
water temperatures of the tropical Pacific (Fig. 3a, b). 
In fact, in some areas near the equator there is none. 
The greatest variation occurs in the latitudes of the 
Hawaiian Islands where the temperature reaches 26°C 
in the summer and drops to 23°C in the winter. How
ever, considering the area as a whole, the annual tem
perature range is from 23°C to 28°C, which is relatively 
small compared to some other oceanic areas. 

Salinity values are exceedingly stable throughout 
the year except in the vicinity of the continents and 
large islands where surface runoff of rainwater dilutes 
oceanic waters. This results in a lowering of the salin
ity values and the consequent exclusion of some ma
rine organisms from the area. The largest salinity val
ue, directly affecting tropical island foraminifera, is 
35'/rc in the vicinity of the equator and the lowest is 
between 33 and 34'1« in the higher latitudes. 

The lowest oxygen values occur in the vicinity of 

the equator. They gradually increase in the higher lat
itudes until they reach a maximum in Arctic waters. 
The values most consistently encountered between 
latitudes 20oN. and 20oS. are in the range of from 4.2 
to 4.9 milL (Cromwell and Austin, 1954). 

The most southerly of the currents which influence 
the shallow-water tropical foraminifera is the South 
Equatorial Current (Fig. 4a, b). Although it is more 
extensively developed south of the equator, it extends 
as far as 5°N. lat (Sverdrup, Johnson, and Fleming, 
1942), ending abruptly against the Equatorial Coun
tercurrent. Its direction of flow varies annually (Fig. 
4a, b). During the summer months the current flows 
in a west-southwesterly direction but in the winter 
months, due to a strong western wind, the current is 
pushed southwestward. In fact, immediately below the 
equator and between longitudes 140oE. and 170oW. 
there is an almost complete reversal of current flow to 
an east-southeasterly direction. The summer flow al
lows water from the eastern islands to flow past the 
western islands while the winter flow permits the exact 
opposite to occur as far east as long 170oW. Thus, a 
thorough admixture results. 

The Equatorial Countercurrent (Fig. 4a, b) is de
scribed by Sverdrup, Johnson, and Fleming (1942). It 
is found in the northern hemisphere, flows eastward, 
is relatively thin and is almost always present. Due to 
two convergences and two divergences between the 
equator and the northern boundary of the Counter
current, there is a spiralling rather than a direct east
ward flow of Countercurrent water. If an observer 
were standing on the current looking toward the 
Americas, the direction of flow would be to the right 
carrying northern surface water in a southern direc
tion. However, the north-south velocity is only Yo of 
its east-west component. A characteristic result of the 
divergences, which occur in the region of the equator 
and at the northern boundary of the Countercurrent, 
is to bring nutrients to the region, thus increasing its 
productivity. One of the main benefits of the Equa
torial Countercurrent is that it carries its water masses 
through the Caroline Islands into the Marshall Islands. 

The North Equatorial Current flows from east to 
west and like the Equatorial Countercurrent it pos
sesses a spiral motion due to a convergence and di
vergence within its main body (Sverdrup, Johnson, 
and Fleming, 1942). It carries waterfrom the Hawaiian 
Islands to Johnston Island which is in turn brought to 
the Marshall and Mariana Islands. Near the Asiatic 
continent the majority of the water travels northwest
ward (its volume increasing with the addition of Ku
roshio Countercurrent water) and terminates at the 
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FIGURE 3 

SUli'ace temperatures of the tropical Pacific Ocean in the summer (a) and winter (b), After Morskoi At/as (1953, Vol. II, pI. 17), 

southern extremity of Formosa, Some of the water The eastward extension of the Kuroshio Extension 
travels southward passing the Philippines and other is the North Pacific Current. It continues as far east 
southern islands. as long 150oW. and its waters eventually reach the 

The North Equatorial Current continues northeast Hawaiian Islands, but as part of the North Equatorial 
ward from Formosa as the Kuroshio Current, carrying Current. 
North Equatorial water as far as lat 35°N. (Sverdrup, 

DIVISION OF THE TROPICAL PACIFIC [NTO SECTORSJohnson, and Fleming, 1942). Its velocity increases 

considerably and the current parallels the Kuroshio The tropical Pacific is divided into four sectors (Fig. 

Countercurrent which lies to the east. Ishigaki-shima, 1) for convenience of discussion using as criteria cer

as well as other Japanese Islands, are bathed by this tain pertinent physical and biological features. 

current. The western and southern boundaries of Sector I 


The waters of the Kuroshio continue their long jour are the 180° meridian and the equator respectively. It 
ney eastward as the Kuroshio Extension. Some of this is unique because of the great distances between is
water turns south and southeastward and is known as lands and the westerly current flow which bars some 
the Kuroshio Countercurrent but most of it travels as current dispersed organisms from migrating to the 
far as long 1700E. There are no islands along the route Hawaiian Islands and Johnston Island directly from 
occupied by the Kuroshio Extension. the more southerly tropical islands. Sector II is bound-
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ed on the east by the 1800 meridian and to the south 
by the equator. It is characterized by the relatively 
short distances between individual islands and the sev
eral currents which provide a rapid and wide dispersal 
of current carried organisms. The eastern and the 
northern boundaries of Sector III are long 1700 W. and 
the equator. It is also characterized by short distances 
between islands and admixture of the water mass by 
the current to insure rapid and wide dispersal of ma
rine organisms. Sector IV is bounded on the west by 
long 170oW. and on the north by the equator. It is 
segregated from Sector III by the continual west
southwest flow of the South Equatorial Current 
whereas an almost complete reversal of this current 
occurs in Sector III. The monodirectional flow appears 
to act as a barrier to the dispersal of certain marine 
organisms from Sectors II and III. 

FAUNAL ANALYSIS 

GENERAL STATEMENT 

The homogeneity of the intertidal and shallow-water 
foraminiferal fauna of the tropical Pacific is one of the 
most striking results which has been resolved from the 
faunal analysis (Table 1). Equally significant is the re
striction of particular elements of the fauna to certain 
sectors in the Pacific. 

The samples used in this study are divided into two 
types, intertidal and shallow water. The intertidal sam
ples are dominated by the larger foraminifera including 
various species of Tinoporus, Baculogypsina sphae
rulata, Atnphistegina [essoni/, Marginopora verte
bra lis , and Heterostegina depressa. Smaller forami
nifera usually are present but are not significant in a 
numerical sense. The majority of the shallow-water 
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FIGURE 4 


Surface currents of the tropical Pacific Ocean in the summer (a) and winter (b). After Morskoi Arias (1953, Vol. II, pI. 31). 


samples are from Johnston Island. In most of these 
the smaller foraminifera (Table 1) dominate the fauna. 
Discussions of the quantitative and qualitative analy
ses of all the samples are presented in separate sec
tions. 

The general physical conditions to which the fora
minifera are exposed are discussed in the oceanogra
phy section. Information regarding yearly diurnal con
ditions is not available but it seems probable that the 
foraminifera must be able to withstand extreme fluc
tuations due to their proximity to atmospheric condi
tions. 

Chapman (1900), Cushman, Todd, and Post (1954), 
Graham and Militante (1959), Todd (1%0, 1961) dis
cuss where the foraminifera are thought to live within 
the shallow-water column surrounding the island. For 
example, Chapman (1900) found that Bacu/c)f;ypsina 

and Tinoporus prefer living on the reef rather than in 
the lagoon. Todd (1960) expanded this by showing that 
they also live in the bottom sediments next to the reefs 
and less frequently in the intertidal region. Todd (1961) 
and Graham and Militante (1959) discussed the geo
graphical preferences shown by other species in the 
shallow-water areas. 

An analysis was made of the physical appearance 
of the foraminiferal tests. A major percentage of the 
larger skeletons exhibits varying degrees of erosion. 
However, only a very small percentage of the smaller 
tests shows evidence of wear. 

The planktonic species are an unimportant part of 
the foraminiferal fauna. Even though they are abun
dant in the deep oceanic water surrounding the is
lands, their tests are only rarely deposited in shallow 
or intertidal water. The highest frequency of occur
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rence of the planktonics is in the shallow water sur
rounding Johnston Island and the lowest is in the 
beach sands of various islands. 

EURYTOPIC RANGES OF BENTHONIC 

TROPICAL FORAMINIFERA 

An investigation of Table 1 reveals that 67 percent 
(70 species) of the 105 benthonic foraminifera listed 
are distributed throughout Sectors I and II, while 30 
percent (32 species) are common to Sectors L II, and 
III, 14 percent (15 species) to Sectors I, II, and IV, 
and 10 percent (11 species) to Sectors I, II, III, and 
IV. [The low percentages of the last three combina
tions in comparison to the first is probably due to the 
paucity of samples (a total of five) from Sectors III 
and IV.] The major significance of these statistics is 

the fact that many shallow-water foraminifers of the 
tropical Pacific Ocean have been capable (and pos
sibly still are) of migrating across great stretches of 
water with depths exceeding 4,000 meters. The prin
cipal question is how this migration was (is) accom
plished. 

Seven known methods of island hopping are avail
able to these eurytopic (wide-ranging) shallow-water 
benthonic foraminifera. Although none of them has 
been observed in operation in the tropical Pacific, they 
are presented in order to act as a foundation for future 
investigations in this area. They are: (I) transportation 
of the zygotic stage of the foraminifera by ocean cur
rents; (2) rafting of grown or immature individuals on 
marine algae or other material capable of floating; (3) 
distribution of the microspheric or megalospheric 
stages by currents; (4) transport of individuals which 
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have become attached to the feet or bodies of birds; 
(5) transportation either in the digestive tract or on the 
dermal surface of shore fishes; (6) vehicular transpor
tation by man; and (7) crawling over the ocean floor. 

Transportation of the Zygotic Stage of the 
Foraminifera by Ocean Currents 

The most direct and uncomplicated method of dis
persion is that of the zygotic stage by ocean currents. 
There have been many objections raised against this 
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method and they are probably best summarized in a states 
single statement by Myers and Cole (1957): "There is tebral 
no true pelagic stage known in the life cycle of most of the 
of the benthonic foraminifera." However, an almost pelagi 
diametrically opposed statement appears in the same tic an 
article. It is: "The life cycles of relatively few of the ment 
foraminifera are completely known." worth 

Facts which tend to support the hypothesis that the Iished 
zygotic stage of foraminifera may be transported by life c~ 
ocean currents are numerous. Thorson (1957), in a subsel 
general reference to the level botton communities, mete 
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states that in the tropics 85 to 90 percent of the inver
tebrate species have a long pelagic life, while only ¥.3 
of the invertebrate species in cold temperate seas have 
pelagic larvae, a figure which decreases to zero in Arc
tic and Antarctic coastal waters. Although this state
ment does not apply directly to foraminifera, it is 
worth taking into consideration, for it has been estab
lished that the majority of foraminifera (in which the 
life cycle is known) possess flagellate gametes and 
subsequently flagellate zygotes while the ameboid ga
mete is rare (Glaessner, 1947). The flagellate zygote 

could possibly act as the pelagic larval stage. The 
length of time between the formation of the zygote and 
the development of the microspheric stage is unknown 
in the majority of the benthonic species. Although it 
is comparatively short in the few species for which it 
has been studied, these are perhaps not typical of trop
ical Pacific foraminifera. If and when they are deter
mined under laboratory conditions certain factors 
might extend this period beyond its normal length. For 
instance, it might be necessary for a flagellate zygote, 
which has been swept from its parental island home 
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into the deep open ocean, to find shallow water before 
it can continue its development into a microspheric 
stage, a condition which may require several days if 
not weeks. If, after a certain time, it does not find a 
shallow-water column, offering optimum conditions 
for development, it will perish. This condition for de
velopment of the pelagic larvae is experienced by 
polychaete larvae and it should be determined if trop
ical Pacific shallow-water foraminifera are similarly 
characterized. In addition, temperature changes might 

be influential in extending the larvae stage for possible 
lengthy distribution periods in certain parts of the 
tropical Pacific area. This explanation assumes that 
the origin of a portion of the species involved was in 
other than Sector I. If the species originally had to and 
still must migrate into Sector I to maintain the popu
lation, it would seemingly have to travel by way of 
the Kuroshio Extension and the North Pacific Current 
to reach the Hawaiian Islands, a trip which would nor
mally require approximately 180 days. Its direct 
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migration from any other area in the tropical Pacific 
seems to be barred by the westerly flowing North 
Equatorial Current unless the direction of flow of the 
major current systems has changed in the recent geo
logic past. 

Figure 3a, b reveals that during the winter months 
temperatures are considerably lower than in the sum
mer in the vicinity of the Kuroshio Extension and 
North Pacific Current. It is possible that the lowering 
of the temperature of the zygotic, pelagic stage, in
stead of being lethal, would slow down its metabolic 
processes sufficiently to lengthen the life expectancy 
of that particular stage of development and permit 
wider distribution. 

However, it seems self-evident that the only way to 
prove or disprove the ability of the zygote of benthonic 
foraminifera to be carried by currents is to: (I) study 
the life history of these animals in controlled experi
ments, noting in particular the characteristics of the 
zygote, and (2) examine the phytoplankton of the 
water masses of the currents leading to and away from 
the islands in order to determine if the zygotes are part 
of the plankton population. 

R(dlin!; (~t' Benthonic Foruminft'era hy Marine 
AI!;(/(, or Other Floatill!; Objects 

The association between marine plants and forami
nifera has been recognized for a considerable length 
of time. Myers (1943) noted that if the Tretomphalus 
stage of Discorbis should become attached to marine 
algae it could be rafted by currents considerable dis
tances outside of its geographical range. Bronniman 
(1949) recorded numerous species of benthonic fora
minifera (several of which are living in the Pacific) 
attached to marine plants (the eelgrass, Th(llas.I'ia tes
tlltiinllln) in Atlantic tropical waters. Bandy (1960) 
found living foraminifera on kelp growing off the coast 
of California and suggested rafting of algae as a means 
of dispersal. Lessard (1960, unpublished paper) dis
covered 53 species of foraminifera (both fossil and 
Recent) together with representatives of eight other 
animal phyla being rafted by Mo('/"ocystis off the 
southern California coast. In this instance. all the fo
raminifera were part of arenaceous worm colonies, 
Phra!;l1l((topOIJl{/ C(/I{jlJl'/lic(/, and no effort was made 
to determine if any of the individuals were alive. 

On the basis of the data which were available prior 
to 1957. Myers and Cole (1957) stated that the prin
cipal means of dispersal of shallow-water foraminifera 
is by floating weeds (marine plants). However, there 
has been no study made of the number of species of 
shallow-water tropical Pacific foraminifera capable of 

being rafted. In other words, how many species ac
tually live a part of their life on the plants, and of 
these, how many remain on it after it has detached 
itself from the shallow substratum? These questions 
can only be answered by direct observation. 

A favorable aspect of rafting as a method of disper
sion is the eurytopic distribution of marine algae in the 
area as shown by Okamura (1932). In discussing the 
distribution of marine algae in Pacific waters, Oka
mura divided the ocean into several areas for conve
nience of discussion. They include Japan, Australia, 
the Malay Archipelago and Polynesia (the tropical 
Pacific between latitudes 200S. and 20"N. including the 
Hawaiian Islands). It was discovered that the Polyne
sian area contains 657 species of which only 194 are 
peculiar. Of the remaining 463 species, 324 are found 
in the Malay Archipelago, 209 in Japan, 205 in the 
Indian Ocean, and 164 in the West Indies. The actual 
distribution of many of these species is due to the 
transplantation of the entire or parts of the thallus 
(body) which has been detached from the substratum 
and is carried away. perhaps with foraminiferal pas
sengers, by the major currents. An example of marine 
algae whose thallus is commonly found floating in 
warm waters is Sargassllm (Fuller and Oswald, 1958). 
Okamura (1932) lists 27 species of SarRClssllm com
mon to Australia, Polynesia, the Malay Archipelago, 
and Japan. An extensive investigation of the forami
niferal-algal relationship would, no doubt, help to as
certain the role of marine algae in the distribution of 
benthonic foraminifera. 

In addition to marine plants, other modes of rafting 
are available. Land vegetation, pumice, coral and, 
more recently, man-made items have been observed 
floating in the ocean. Foraminifera attached to any of 
these objects could surmount the great oceanic depths. 

The currents, which act as the transportation media 
for the majority of species of marine plants, would 
carry the plants and other floating objects along the 
same general paths as the pelagic foraminiferal zy
gotes. 

Distriblltion (~l Microspheric or Meg(/Iospheric 
Swges by Cllrrents 

Myers and Cole (1957) stated that it is possible for 
juveniles or even adult specimens of a small species 
(of benthonic foraminifera) to be carried considerable 
distances by normal currents. J. M. Resig and L. Lidz 
(personal communication), working independently, 
found specimens of Bolivina in plankton tows off the 
coast of southern California. However, if this were a 
common phenomenon among foraminifera. one would 
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expect to find numerous tests of shallow-water fora
minifera in deep-water planktonic oozes taken at con
siderable distances from the coast. Such occurrences 
are the exception rather than the rule. 

Dispersal by Attachment to the Bodies of Birds 

Allee and Schmidt (1951) reported that freshwater 
eggs and animal forms in a dormant state can be dis
tributed by adhering to the bodies of birds. Headlee 
(1961, unpublished paper) found several foraminifera 
in the mud adhering to the feet of numerous ducks 
shot by hunters in the Salton Sea area. The forami
niferal species are different from those normally found 
in the lake and were being transported by the birds 
during their migratory flights. No attempt was made 
to determine live-dead ratios. 

There are many eurytopic species of birds in the 
tropical Pacific. An excellent example is the distri
bution pattern of the storm petrels (Tubinares) which 
are found throughout the tropical Pacific area during 
the nonmating season. The question as to whether or 
not these or other wide-ranging birds can effectively 
transport live foraminifera can only be answered by 
direct observation in the field. If they are proven ca
pable of accomplishing this phenomenon, foraminifera 
can be said to be passively distributed independent of 
the oceanic current system. 

Transportation Inside or Outside the Bodies of Fishes 

Shore fishes are widely distributed in the tropical 
Pacific and may possibly carry foraminifera from one 
locality to another. Two observations have led to this 
conclusion. Meyers (1939) reported that the same 
species of shore fishes could be found from one end 
of the Indo-Pacific realm to the other. Todd (1961) 
reported 62 species of foraminifera in the gut and 
stomach contents of 10 different species of shore fish
es, which were swallowed while eating coral, marine 
algae, and/or organic matter on the substratum. 

It is not known if foraminifera can pass through the 
digestive system of these fish without being lethally 
attacked by their digestive enzymes which include hy
drochloric acid. This could be determined by exam
ining their waste products. If the foraminifera can 
either survive this hazardous journey or attach to the 
fish's dermal surface while the latter is eating or rest
ing, then perhaps the fish can act as an effective agent 
of foraminiferal distribution. During a migrational pe
riod or severe storm, fish travel to foreign islands 
where their foraminiferal passengers could be dropped. 
This method of distribution is also independent of the 
existing currents. 

Vehicular Distrihution by Man 

Shallow-water tropical foraminifera accidentally 
brought aboard canoes, boats, ships, or planes by man 
or his domestic animals could be transported from is
land to island. However, if it can be shown that those 
foraminifers lived on the islands before the appearance 
of man, then the hypothesis must be discarded. 

Dispersal by Crawling Over the Ocean Floor 

The supposition that shallow-water benthonic fora
minifera migrate over the bottom substrate in the trop
ical Pacific does not seem plausible for the following 
reasons. An examination of a bathymetric map of the 
area under investigation reveals that in order for these 
foraminifera to travel between islands over the bot
tom, they would have to be physiologically adapted to 
survive in oceanic depths of 4,000 meters or more in 
conditions entirely different than those existing in their 
normal habitat. An immediate effect on the calcareous 
foraminifera could be the dissolution of their tests 
(Revelle and Fairbridge, 1957), There would also be 
a large drop in temperatures to values ranging from 4° 
to -10°C (Sverdrup, Johnson. and Fleming, 1942). 
This alone could be a lethal factor. Finally, it would 
take a foraminifer approximately 5,400.000 days to 
crawl from the Hawaiian Islands to Johnston Island 
(without taking into consideration any type of slope) 
at the rate of 1 em per hour (an average figure)! 

FLUCTUATIONS IN THE POPULATION AND 


DISTRIBUTION OF BACULOGVPSfNA 


AND TtNOPORUS 


Todd (1960) has noted the restricted geographic dis
tribution of Bacu/ogypsinll and Tinoporus in the trop
ical Pacific Ocean. Baculogypsina extends as far east 
as the Phoenix Islands while Tinoporlls has not been 
found further west than the Gilbert and Ellice Islands 
(the same results were noted in the present faunal 
analysis). Todd. in the same paper, observed that the 
occurrence of these genera is sporadic both in Recent 
and fossil sediments. At the present time, within their 
stenotopic (limited) range, representatives of one ge
nus may occur in the shallow waters of an atoll or 
island with the total exclusion of representatives of 
the other genus. If they are living together, represen
tatives of the one genus may be either dominant, 
equal, or scarce in numerical relationship to the other. 
Todd (1960) gives the following examples. 

Tinoporus and not Baculogypsina now lives on the 
reefs of both Bikini and Eniwetok in the Marshall Is
lands. It is also found in the upper portion of certain 
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cores from these atolls. However, Baculogypsina is 
only found below the Tinoporlls occurrence in the 
cores. On Onotoa Atoll both species are now living on 
the reefs while Tinoporlls is found exclusive of Bac
u/ogypsina in shallow pits in the same area. Todd 
(1960) cited several other similar examples. 

Todd made no attempt to explain the existing steno
topic range or the sporadic Recent and fossil occur
rences but implied that a solution might be found by 
studying additional samples. Although it was not pos
sible to obtain a large quantity of new samples, certain 
hypotheses are advanced to explain these phenomena 
using available biological and oceanographical data. 
The present overall distribution will be dealt with first. 

It is evident from the present distribution of Tino
porus and Bacuiogypsina that they are experiencing 
difficulty in extending their geographical range. Their 
exclusion from Sectors I and IV indicates that both 
distance and current flow are important factors in con
trolling their distribution. These in addition to other 
factors permit us to eliminate certain methods of dis
persal previously discussed. 

Migration over the ocean floor is eliminated because 
of the great depths and pressures involved. The pres
ence of the foraminifera in Miocene sediments pre
cludes the possibility of vehicular transportation by 
man. The fact that they are present in Sector III and 
absent from Sector IV indicates that they are incapa
ble of migrating over short distances against unfavor
able currents, and therefore the hypotheses of coun
tercurrent distribution by fishes and birds seem to be 
implausible explanations. Their large size and absence 
from deep sea oozes partially invalidates the hypoth
esis that either the microspheric or megalospheric test 
and animal are being carried by currents. The method 
cannot be entirely discounted because severe storms 
might provide the required energy for such a dispersal. 
However, the question remains as to why the same 
storms do not cause a migration from Sector III to IV. 
The rafting of these foraminifera by marine algae or 
other floating objects has in its favor the sporadic dis
tribution of these animals which would be expected 
from such a method. But it also raises the question as 
to why they cannot be rafted to Sectors I and IV. The 
remaining means of dispersal, transportation by cur
rents of the zygotic stage, overcomes most of the ob
jections which have been advanced by the other meth
ods. Therefore, it will be discussed in detail. 

It is assumed, because of the irregular distribution, 
that the zygotic stages of species of these genera are 
relatively short and/or in a delicate natural balance 
with their environment. These conditions can easily 

result in their destruction and the prevention of wide 
dispersion. A comprehensive re-examination of the 
existing oceanic current system coupled with this fac
tor serves to show that they are barring the distribu
tion of these genera. 

Their exclusion from the Hawaiian Islands and 
Johnston Island is explained by the fact that in order 
for the zygotic stage to reach these islands they would 
have to be transported, starting from the Ryukyu-retto 
Islands, by the Kuroshio, Kuroshio Extension, North 
Pacific Current and North Equatorial Current, a total 
distance of from 4,000 to 4,800 miles. Their direct 
migration from the Sector II to Sector I is barred by 
the westward-flowing North Equatorial Current. 

It would seem that it would be relatively easy for 
Tinoporus and Baculogypsina to migrate from Sector 
III to Sector IV, for the distances are relatively short. 
However, the existing current system must again be 
taken into consideration. These eastern Pacific islands 
are perennially under the influence of the west-south
west-flowing South Equatorial Current. Its direction 
of flow creates an effective barrier to the eastward 
distribution of the genera and as in the case of the 
population of Sector I the distances involved for the 
migration of the zygotic stage would be too lengthy. 
Their presence in Sector III is due to the fact, as pre
viously explained, that in the winter months the di
rection of flow of the South Equatorial Current be
tween long 140oE. and 170oE. is erratic due to a 
westerly wind and at times an almost complete rever
sal of flow occurs, allowing an eastern migration of 
the fauna and flora. However, in Sector IV the only 
effect of the increase in wind velocity is to cause the 
South Equatorial Current to move in a more southwes
terly direction. An additional explanation for their 
presence in Sector III is their proximity to the Caroline 
and Marshall Islands (Sector II). The spiral motion of 
the water masses in the vicinity of the equator might 
aid in a rapid dispersal across the hemispheric bound
ary. Barring the introduction of some uncalculated 
factor, it can be said with some certainty that unless 
there is a major change in the surface circulatory sys
tem of the tropical Pacific Ocean or transportation by 
man, it appears that Tinoporus and Baculogypsina 
will remain confined to the western tropical Pacific 
Ocean. However, the problem of their irregular dis
tribution in the existing stenotopic range must be 
solved. 

Fluctuations in the populations of invertebrates and 
even vertebrates is not an unusual occurrence in na
ture. Coe (1957) described several macro-marine in
vertebrates whose fluctuations are very similar to 
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those experienced by Tinoportls and Baculogypsina. 
Coe explains that: 

". . . the greatest ranges of fluctuations occur in 
restricted bodies of water, such as tide pools, la
goons, bays, and estuaries, for there are the greatest 
variations in environmental conditions, including 
enemies, temperature, salinity, organic matter, and 
oxygen supply." 

An analogous and very illustrative example of fluctua
tion in populations was given in his discussion on re
surgent populations. The "bean clam," Donax, at La 
Jolla experienced the following population explosion 
and decline between the years 1949-1953. In 1949 only 
one individual per square meter could be found living 
along the beach. In 1950, the sediment along the coast, 
in a zone 2-5 meters wide, contained somewhere in 
excess of 20,000 individuals per square meter. This 
entire population of living individuals had died by 
1953. However, a whole new population could be 
found on a beach two miles away. The same species 
experienced a similar history, in the same locality in 
1894-1895, 1909-1910, 1913-1915, 1931-1932, 1934, 
and 1937-1938. 

An explanation of the causal effect of a fluctuation 
in the popUlation of a macro-invertebrate such as Do
tWX or of micro-invertebrates such as Tinoporus and 
Baculogvpsina would necessitate possessing an un
derstanding of the intricate physiological connection 
between the animals and their environments and es
pecially a comprehension of the delicate parameters 
which might upset this balance. In the case of Tino
porus and B([culogypsina, such information does not 
exist. 

Unfortunately, a survey of the literature indicates 
that very little has been written concerning the life 
history of individual foraminiferal species although 
that dealing with the morphological characteristics of 
the test is vast. This imbalance results in the perpe
tuation of a mass of incorrect interpretations as to the 
reasons for the behavior patterns of foraminifera and 
will continue to do so until it is corrected. 

The irregularity of distribution of Tinoporus and 
Bacu/ogypsina, in all probability, will not be explained 
by studying additional samples as suggested by Todd 
but instead by a complete investigation of the life his
tory of these animals. 

SUMMARY AND CONCLUSIONS 

Intertidal and shallow-water sediment samples lo
cated along two major sections, were studied from the 
islands of the tropical Pacific Ocean. The first section, 

in the northern hemisphere. extends from Ishigaki-shi
ma to the Hawaiian Islands and the second, in the 
southern hemisphere, extends from Bali to Raroia 
Atoll. Current systems, distances between islands, 
and faunal distribution patterns permit a division of 
the Pacific into four sectors (Fig. 1). 

The homogeneity of certain elements of the intertid
al and shallow-water foraminiferal fauna of the tropical 
Pacific as well as the restrictive distribution of others .~ 

are significant characteristics of the study area. Sixty f 
seven percent of the benthonic species listed in Table t 
1 are distributed throughout Sectors I and II while 30 f 
percent are common to Sectors I, II, and III, 14 per
cent to Sectors I, II, and IV, and 10 percent to Sectors 
I, II, III, and IV. The low percentages of the last three n 
combinations in comparison to the first is probably v 
due to the paucity of samples (a total of five) from SJ 
Sectors III and IV. Seven processes of dispersal are g. 
discussed to explain the eurytopic distribution exhib n 
ited by the benthonic foraminifera. g, 

The foraminifera probably are dispersed by several OJ 
processes. Future controlled experiments and direct C 
field observations will enable foraminiferal students to T 
enumerate them. 

The fact that the methods of dispersal are not well w 
known does not negate the observation that these tic 
species have eurytopic distributions making these an
imals potential index foraminifera of widely separated la 
shallow-water deposits. C: 

A hypothesis is advanced to explain the restricted in 
distribution of Tinoporlls (Calcarina) and Baculogyp tv. 
sina. It is based on the supposition that these genera pl 
possess a short-lived zygotic pelagic stage and that sp 
they are in a delicate balance with their environment. ju: 
The irregular distribution of the genera in their existing yn 
stenotopic range is partially contended with by re
viewing the phenomenon of fluctuations in the popu ph 
lations of invertebrates. sp 

fa 

theTAXONOMY 
ab 

Two major taxonomic problems have come to the ph 
attention of the author during the course of this in Di 
vestigation. The first deals with the taxonomic status so 
of Calcarina and Tinoporus and the second with the 
relationship between Discorbis, Tretofflphalus, and sel 
CYfflba/oporetta. fer 

The validity of the generic names Calcarina and is 
Tinoporlls has been a source of debate for many years. 
The author disposes of the question in the following be, 
manner. When d'Orbigny erected the genus Ca/carina lat 
in 1826 he included Calcarina spen!(/eri (Gmelin) and na 
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Calcarina ('alcar. plus several other species. The ar
gument that Calcarina calcar is the type species by 
rule of absolute tautonymy is incorrect for two rea
sons. First, the word calcar is not identical to Cal
carina and therefore is not tautonymic. Second, C. 
calcar was not properly erected in that it was not ac
companied by either a description or figure. Therefore, 
Parker and Jones (1859), who designated Calcarina 
spengleri as the type species, are justified in this action, 
for they are the first revisors. However, Calcarina is 
the junior subjective synonym of Tinoporlls for the 
following reasons: 

Tinoporus was erected by Denys de Montfort in 
1808. The genoholotype was Tinoporlls bacu/allls De
nys de Montfort. An examination of type figures re
veals that T. bacu/atus is synonymous with Nautilus 
spengleri Gmelin 1791. Therefore, Tinoporlls spen
gleri becomes the genoholotype of Tinoporus. This 
results in both Tinoporus and Calcarina having spen
gleri as their genoholotype. Due to the fact that Tin
OpOI'US was erected first (1808 as compared to 1826), 
Calcarina becomes the junior subjective synonym of 
Tinopol'U.I'. Structural differences in test observed by 
earlier workers and used to differentiate these genera 
were more probably due to an alternation of genera
tion than a differentiation in evolution. 

Myers (1943) has observed that there is a close re
lationship between the Discorbis. Tretomplzallls. and 
Cymbaloporetta groups. This relationship might lead, 
in the future, to the complete absorption of the latter 
two by the former. However, until the complete mor
phological cycle is understood for all the involved 
species in all environments there seems to be no 
justification for putting genera and species in synon
ymy with each other. 

Direct observations of tests indicate that Tretom
plzalus grandi.~' is the pelagic stage of the megalo
spheric Cymbaloporetta sqllammosa. Cymbaloporet
ta bradyi and C. tabellaeformis are probably part of 
the morphological cycle but proof of this is not avail
able. The questions as to whether or not the micros
pheric stage is discorbian and if so what species of 
Discorbis is involved act as stopgaps to an effective 
solution of this taxonomic problem. 

Tretomphalus bulfoides and Discorbis orbicularis 
seem also to be closely related and possibly are dif
ferent stages of one species, but again, absolute proof 
is not available. 

Although none of the above species or genera have 
been put into synonymy, their close morphological re
lationship is emphasized by their proximity in the fau
na list. 

PACIFIC FORAMINIFERA 
~~~--..... ---------- 

FAUNAL REFERENCE LIST 

The faunal reference list contains both the current 
and original (appearing in that order) names for the 
species listed in Table 1. The information was extract
ed from Ellis and Messina's Catalogue of Foraminif
era (1940-1962). 

ACf'r\'lllina inhaerel1.1 Schultze, 1854, Organismus Poly thaI. , p. 68, 
pJ. 6, fig. 12, 

Alveolinu mclo (Fichtel and Moll) NUl/Ii/us mela Fichtel and 
Moll, 1798, Test. Micr .. p, 118, pI. 24, figs. a-h. 

Ammonia heccarii (Linnaeus) = Nautilus hc('cilrii Linnaeus, 1758. 
Syst. Nat.. ed. 10, v, I, p. 710. 

Ampiliste!:in(l Icssonii d'Orbigny, 1826, Ann. Sci. Nat" ser. I. v. 
7, p. 304, Modeles no. 98; Parker. Jones, and Brady, 1865. 
Ann, Mag. Nat. Hist., v. 16, ser. 3, p. 14, pI. 3, fig. 92 (after 
d'Orbigny's modell. 

Angulogeritw carina/a Cushman. 1927. California Univ .. Scripps 
Inst. Oceanography Bull.. Tech. Ser., v. 1, p. 159. pI. 4. fig, 3, 

Af1(1ttwlin{1 maculosa Todd. 1957, U.S. Geol. Survey Prof. Paper 
280-H. p. 2%, pI. 92, figs. 12a-c. 

Archaias (lnl?ularus (Fichtel and Moll). 1798, Test. Micr., p. 113, 
pI. 22, figs, a-e, 

Articlilina Sllgra d·Orbigny. 1839. in: de la Sagra, Hist. Phys. Pol. 

Nat. Cuba. Foraminiferes. v, 8, p, 183, pI. 9. figs, 23-26. 


B(lculol?ypsinll spllOctlilala (Parker and Jones), 1860, Ann. Mag. 

Nat. Hist., v. 6. ser. 3, p. 33. 38. 

Baggin(l indica (Cushman), 1921, U,S. Natl. Mus, Bull., v. 4, no, 
100, p. 332. 

Bigenerina rohusla Brady, 1881, Part III, Quart. Jour. Micros. Sci .. 
v. 21, p. 53. 

Bolil'ino compacta Sidebottom = Bolivina whusta Brady vaL com
pacta Sidebottom, 1905, Part II, Manchester Let. Philos. Soc .• 
Mem. Proc., v. 49. no, 5, p, 15, pI. 3. figs. 7a-b. 

Bolil'ina rhomhoidalis (Millett) Tex!u!ia rhomhoid(l/is Millett, 
1899, Part VI. Royal Micros. Soc. London Jour" p. 559, pI. 7. 
figs. 4a-b, 

Boli"intl s!til/tIIla 	Cushman, 1922, Carnegie Inst. Washington Pub. 
311 (Dept, Marine BioI., Papers. v. 17), p. 27, pI. 3. fig. 10. 

Bolil'irw !ortu{)sa Brady. 1881, Part III, Quart. Jour. Micros. Sci" 
v. 21, p. 57. 

Bulilllinella millet!i Cushman. 1933, Cushman Lab. Foram. Re
search, Contr., v. 9. pI. 4, no. 137, p. 78, pI. 8. figs. 5-6, 

Cassidlliina minula Cushman, 1933. Cushman Lab. Foram, Re
search, Contr., v. 9, pt. 4, no. 132, p. 92, pI. 10, fig, 3. 

Cihicidcs lohalulus (Walker and Jacob) = Nuwilus lohull/lus Walk
er and Jacob. 1798. in: Kanmacher. F., Adam's Essays on the 
Microscope, p. 642, pI. 14, fig. 36 (3 figs. after Walker and 
Boys). 

CiiJicides /nayor! (Cushman) = TrunCI/Ill/ina mayori Cushman. 
1924, Carnegie Inst. Washington Pub. 342 (Dept. Marine BioI., 
Papers, v. 21). p. 39, pI. 12, figs. 3-4, 

C!t,,'u/ina ml/lticumcratll Chapman = Clal'lIlina parisiensis 
d'Orbigny var. mu/ticamerall/ Chapman, 1907, Quekett Micr. 
Club Jour., ser, 2, v, 10, no, 61. p. 127, pI. 9. fig. 5. 

Clol'lliina pacifica Cushman, 1924, Carnegie Inst. Washington Pub. 
342 (Dept. Marine BioI.. Papers. v, 21). p. 22. pI. 6, figs. 7-11. 

Cornllspil'll invoil'en.l (Reuss) = Opercu/ina im'olvcns Reuss, 1850. 
Denkschr. Akad. Wiss., Wien, v, I, p. 370. pI. 46, fig. 20. 

Cymhaloporella hrady; Cushman CYlIlhaloporel!a poeyi d'Orbigny 
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var. 	hradyi Cushman, 1915, U.S. Natl. Mus. Bull. 71. p. 25. 
pI. 10, fig. 2; pI. 14. fig. 2. 

C~\'mha/oporl'lIa sqllal1ll1losa (d'Orbigny) Rosalina squammosa 
d·Orbigny. 1839, in: de la Sagra. Hist. Physiq. Pol. Nat. Cuba, 
Foraminifere" v. 8, p. 91, pI. 3, figs. 12-14. 

Cymha/oporella lahel/aeformis (Brady) = Cymha/opora lahellae
formis Brady, 1884, Rept. Voyage Challenger, Zool., v. 9, pt. 
22, p. 637, pI. 102, figs. 15-18. 

Discorhis mirtlS (Cushman) Discorhis mira Cushman, 1922, Car
negie Inst. Washington Pub. 311 (Dept. Marine BioI.. Papers, v. 
17). p. 39, pl. 6. figs. 10-11. 

Discorhis I/ipponic({ (l shizakil = Vall'lliincria nipponica lshizaki, 
1944, Nat. Hist. Soc. Taiwan, v. 34, no. 244, p. 103, pl. 3, figs. 
7a-c. 

Discorhis o[limo Cushman, 1933, Cushman Lab. Foram. Research, 
Contr., v. 9, pt. 4. no. 137, pI. 9, fig. 3. 

Vi.lcorhis orhicularis (d' Orbigny) = Rosatino orhicularis d'Orbigny, 
1850, Prodrome de Paleontologie stratigraphique universelle 
des animaux mollusques et rayonnes, v. 2, p. 408. 

Viscorhis orientalis Cushman, 1925, Bernice P. Bishop Mus., Ho
nolulu, Bull. 27, p. 130. 

Elphidillm a(/,'CI/llm (Cushman) Po/rstotne/la ad"ena Cushman, 
1922. Carnegie Inst. Washington Pub. 311 (Dept. Marine BioI., 
Papers, v. \7), p. 56, pI. 9, figs. 11-12. 

Elpiliilillm craticulatilln (Fichtel and Moll) Nauti/us (,/,ilticilimus 
Fichtel and Moll, 1798. Test. Micr.. p. 51, pI. 5, figs. h-k. 

Elphidillm so,.;rum (d'Orbigny) = Polysiomell(/ sa,.;ra d'Orbigny, 
1839. Foraminiferes, in: de la Sagra, Hist. Phys. Pol. Nat. 
Cuba, v. 8, p. 55, pI. 6. figs. 19-20. 

Eiphidiuln mexicanlltn Kornfeld Elphidillm incerlum Williamson 
var. ft/eXic(/IIUIil Kornfeld, 193 J, Stanford C niv. Dept. Geol. 
Contr.. v. 1, p. 89, pI. 16, tigs. 1-2. 

Epistol1laroii/e.l' rimosa (Parker and Jones) = Discorhina rimosa 
Parker and Jones, 1862, in: Carpenter, Intro. Study Foram., 
Royal Soc. London, p. 205. 

Epislominel/a tllhl/lif'e/'(/ (Heron-Allen and Earland) Tl'IIl1catltlina 
tl/hll/((em Heron·Allen and Earland, 1915, Zool. Soc. London 
Trans., v. 20, p. 710, pI. 52, llgs. 37-40. 

Eponide.l' orientalis Asano, 1937, Sendai. Saito Ho-on Kai Mus., 
Res. Bull. 13, p. 117, pI. 16, figs. 8a-c. 

Fi.l'.I'lIril/(I 1(I,.;elloi(/es Williamson Entosolellia marginata Walker 
var. lagenoides Williamson, 1858, Royal Soc. London, p. II, 
pI. I, llgs. 25-26. 

Fi.l'.I'lIriliU II/orgina((l (Montagu) 'I/erl1li(,II/1I111 marginallllfl Mon
tagu, 1803, Test. Brittanica, p. 524. 

Gal/dryino qu(/dranglilaris Bagg. 1908, U.S. Natl. Mus. Proc., v. 
34, no. 1603, p. 133, pI. 5, Jig. I. 

Goudrvino mgl/lo.HI Cushman, 1932. U.S. Natl. Mus. Bull. 161. p. 
15, pI. 4. fig. I. 

G(/Ildryina (Sipllo,,;olldr."il1o) sipilon(fi'ra (Brady) Texllliaria .I'i
pllOn(fi'l'iI Brady, 1881, Part III, Quart. Jour. Micros. Sci .• Lon
don, v. 21, p. 53. 

Glohil:erinoidc.l' cong/ohata (Brady) = Glohigait/a congloh(l{(I 
Brady, 1879, Quart. Jour. Micros. Sci., v. 19, p. 286. 

Glohi,.;erinoides .\'occII/Ui'ra (Brady) Glohigerit1o .\'(lccu/iji'ra Bra
dy, 1877, Oeol. Mag., decade 2, v. 4, p. 535. 

G/ohigerinoide.l' triloh" (Reuss) GlohigerifUl Iri/oha Reuss, 1850. 
Denkschr. Akad. Wiss. Wien, v. I, p. 314, pI. 47. fig. II. 

G/ohorotalia menardii (d'Orbigny) Rotalia (Rotalie) /f7cnardii 
d·Orbigny. 1826, Ann. S<.:i. Nat., ser. I, v. 7. p. 304. Modeles 
no. 98. 

Glohorotalia I1Il1rl'(l."i (Heron· Allen and Earland) = ROlalia murrayi 

Heron-Allen and Earland, 1915, Part II. Zool. Soc. London 
Trans., v. 20, pI. 17, p. 721, pI. 53, llgs. 27-34. 

Gypsino vesicu/aris Parker and Jones Orhitolina concava La
marck var. l'(lsicu/aris Parker and Jones. 1860, Ann. Mag. Nat. 
Hist., ser. 3, v. 6, p. 31-38. 

HastiRerina aequilaterolis (Brady) Glohigcrina aequilateralis 
Brady, 1879, Quart. Jour. Micros. Sci.. v. 19, p. 285. 

Hauerifll/ ornatissima (Karrer) Quiflquelo('ulillu ornatis.l'ima 
Karrer, 1868, Sitzber. Akad. Wiss. Wien, v. 58. pt. I. p. lSI, 
pI. 3. fig. 2. 

HeterosteRina depress(I d'Orbigny, 1826, Ann. Sci. Nat., ser. I, v. 

7, p. 305. pI. 17, figs. 5-7. 
Loxoslomum limhailim (Brady) = Bolidna limhata Brady, 1881, 

Part 1II, Quart. Jour. Micros. Sci" v. 21, p. 57. 
Mar,.;inopo/'({ I'erlehralis Blainville, 1834. Manuel d' Actinologie ou 

de Zoophytologie, p. 412, pI. 69, fig. 6. 
Miliolinella australis (Parr) = QllinqlleloclI/in(l lIustralis Parr, 1933, 

Part r, Royal Soc. Victoria Proc., v. 44, p. 7, pI. 1, fig. 8. 
Milioliflella circulari.\· (Bornemann) = Trilocillinll circularis Borne

mann, 1855, Geol. Gesell. Zeitschr., v. 7, pt. 2, p. 349, pI. 19, 
fig. 4. 

Nonion grate/ollpi (d'Orbigny) = Nonionill(l gralelollpe d'Orbigny, 
1839, in: de la Sagra, Hist. Physiq. Pol. Nat. Cuba, Foramini
feres, v. 8, pI. 6, llgs. 6-7. 

Peneropli.\' arierina (Batsch) = Nautilus (UIIIIIS) arielinlls BaIsch, 
1791, Conch. Seesandes, p. 3, 6, pI. 6, figs. 15a-b. 

Peneroplis carinall/S d'Orbigny, 1839. Voyage dans ('Amerique 
meridionale. v. 5, pt. 5 Foraminiferes, p. 33, pI. 3. figs. 7-8. 

Pencroplis peril/SUS (Forskal) = Nautilus pertllsus Forskal. 1775, 
Descr. Anim .. no. 65. p. 125. 

Pileolino en patelliformis (Brady) Dis('orhilUl pl/lelliformis Bra· 
dy, 1884, Rept. Voyage Challenger, Zoo!., v. 9, pt. 22, p. 647, 
pI. 88, fig. 3; pI. 89, fig. I. 

Plani.l'[lirinella ('xi,,;u(I (Brady) = H(/I'erina exigllll Brady, 1879, 
Quart. Jour. Micros. Sci., v. 19, p. 267. 

Planorhulina ocervalis Brady, 1884, Rept. Voyage Challenger, 
Zool., v. 9, pt. 22, p. 657, pI. 92. fig. 4. 

Pvr,.;o denlicul(/ta Brady = Bi/oculina rin,.;ens Lamarck var. den
tieulaU/ Brady, 1884, Rept. Voyage Challenger, Zool., v. 9. p. 
143. pI. 3, llgs. 4-5. 

Qllinqlle/o(,lIlino ag";/Ilfinans d'Orbigny. 1839. in: de la Sagra. His!. 
Physiq. Pol. Nat. Cuba, Foraminiferes, v. 8. pI. 12, llgs. 11-13. 

Quinque/oclliina hosciww, 1839, in: de la Sagra, Hist. Physiq. Pol. 
Nat. Cuba, Foraminiferes, v. 8, pl. II, llgs. 22-24. 

Qllinque/oculin(l Cl'IIS.I'a d'Orbigny, r92 L U.S. Natl. Mus. Bull., v. 
4, no. 100, p. 432, pI. 89, fig. 4. 

Qllinqlleloclilina ,.;ranlilocostata 	Germeraad, 1946, in: Rutten and 
Hotz, Geol. Pet. and Paleo. Results. ser. 3 (Oeol.), no. 2, p. 
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Quinque/oculino lamorckiana d'Orbigny, 1939, in: de la Sagra. Hist. 
Physiq. Pol. Nat. Cuba. Foraminiferes, v. 8, pI. II, figs. 14-15. 

Qllinq/le/oclliina porkeri (Brady) Miliulina parkeri Brady. 1881. 
Part III. Quart. Jour. Micros. Sci., v. 21. p. 46. 

Quillquelocu/ina [lionil d·Orbigny. 1850, Prodrome de Paleontologie 
stratigraphique universelle des animaux mollusques et ra
yonnes, v. 2, p. 409. 

Quinqllelocu/illo [Ilona d'Orbigny, 1839, in: de la Sagra, Hist. Phy
siq. Pol. Nat. Cuba, Foraminiferes, v. 8, pI. II. llgs. 25-27. 
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Cushman Found. Foram. Research Spec. Pub. 2, p. 10, pI. 2, 
figs. 1-4. 

Quinquelocu/inu samoaemis Cushman, 1924, Carnegie lnst. Wash· 
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ington Pub. 342 (Dept. Marine BioI. Papers, v. 2]), p. 59, pI. 
21. figs. 4-7. 

Recloho/ivina lomhij{heensis (Hadley) B(farina limhigheensis 
Hadley, 1935, Bull. Am. Paleontology, v. 22, no. 74, p. 8, pI. 
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22, p. 632, pI. 85, fig. 17. 
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1791, Conch. Seesandes, p. 3, 6, pI. 6, figs. J6a-b. 
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d'Orbigny var. ((('escala, 1932, U.S. Natl. Mus. Bull. 161, pt. 
I, p. 35. pI. 9, fig. 2. 

Spir%('u/inu lIngu/ala Cushman, 1944, Cushman Found. Foram. 
Research, Spec. Pub. 11, p. 50, pI. 7, figs. 18-22. 

Spim/ol'lIlin(/ grafe/ollpi d'Orbigny, 1852, Prodrome de Paleonto
logie stratigraphique universelle des animaux mollusques et 
rayonnes, v. 3, p. 161. 

Tex/ll/aria ('ondeiuna d'Orbigny, \839, in: de la Sagra, Hist. Physiq. 
Pol. Nat. Cuba, Foraminiferes, v. 8, p. 143, pI. 1, figs. 25-27. 

Tex/u/aria I'Ollicll d'Orbigny, 1839, in: de la Sagra, Hist. Physiq. 
Pol. Nat. Cuba, Foraminiferes, v. 8, p. 143, pI. 1, figs. 19-20. 

Tinoportls ('alcar (d'Orbigny) = Ca/carina {'{Iicar d'Orbigny, 1826, 
Ann. Sci. Nat., ser. I, v. 7, p. 276. 

Tinoporus deliclIllI (Todd and Post) Ca/carina delicala Todd and 
Post. 1954. U.S. Geol. Survey Prof. Papers 260-N, p. 563, pI. 
201, figs. 5-6. 

Tinoporus hispida 	(Brady) = CII/caril1(1 hispida Brady. 1876, Royal 
Irish Acad. Proc., ser. 2, pI. 6, p. 589. 

Tinoporus spellR/eri (Gmelin) = Naulilus .Ipeng/eri Gmelin, 1791, 
Linne Syst. Nat., ed. 13, v. 1, pt. 6, p. 3371. 

Tmoll/pila/lls hlll/oides (d'Orbigny) Rosalina hlll/oides d'Orbigny, 
in: de la Sagra, Hist. Physiq. Pol. Nat. Cuba, Foraminiferes, 
v. 8, p. 98, pI. 3, figs. 2-5. 

Trelomp/wills !!mndi.1 	 Cushman, 1934. Cushman Lab. Foram. Re
search Contr.. v. 10, pt. 4. p. 95, pI. II. fig. 10: pI. 12, figs. 23
24. 

Trilo('lIlina «({finis d'Orbigny. 1852, Prodrome de Paleontologie stra
tigraphique universelle des animaux mollusques et rayonnes, 
v. 3, p. [61. 

Trilol'/llina herlll<'liniana (Brady) Miliolina herlildinial111 Brady. 
1884, Rept. Voyage Challenger, Zool., v. 9, p. 166. pI. 114, 
fig. 2. 

Tri/oCIIlina hikiniensis Todd, 1954, U.S. Geol. Survey Prof. Papers 
26O-H, p. 338, pI. 85, fig. 19. 

Tri/ol'lI/il1a kcrimhalica (Heron-Allen and Earland) = Mi/io/inll kcr
imhl/li('({ Heron-Allen and Earl and , 1915, Part II, Zool. Soc. 
London Trans., v. 20, pt. 17, p, 574, pI. 43, figs. 13-23. 

Tri/oculil/(/ oh/onga (Montagu) Vermicu/li/ll oh/ol1!!11111 Montagu, 
1803, Test. Britlanica, p. 522, pI. 14. fig. 9. 

Tri/ol'lI/ina ocelil/iu/ Cushman, 1932, U.S. Natl. Mus. Bull. 161, p. 
54, pI. 12, fig. 3. 

Tri/o('u/in(/ s/rio/llla Cushman, 1918, Carnegie Inst. Washington 
Pub. 213 (Dept. Marine BioI. Papers, v. 9), p. 290. pI. %. figs. 
3a-c. 

Trilol'lI/ina SUIWYaI1I1/a/1I Cushman, 1918. Carnegie Inst. Washing
ton Pub. 213 (Dept. Marine BioI. Papers. v. 9). p. 290, pI. 96, 
figs.4a-c. 

Tri/oi'll/illa lefl/llellliana (Brady) ivlilio/ino Icrqllemillna Brady, 
1884, Rept. Voyage Challenger, Zool., v. 9, pt. 22. p. 166, pI. 
114, fig. I. 

Trilo(,lI/il1(1 Iricarinala d'Orbigny, 1826. Ann. Sci. Nat., ser. I, v. 
7, p. 299. 

Tr()('i1wJlmina p(/ci{im Cushman, 1925, Cushman Lab. Foram. Re
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Vah'lI/ina dal'idiana Chapman, 1900, Linnean Soc. London Jour., 
Zoology. v. 28, no. 179, p. 9, pI. 1, fig. 4. 
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PLEISTOCENE OCCURRENCE OF MELONIS POMPILIOIDES IN 

THE CALIFORNIA BORDERLAND AND ITS IMPLICATION 
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ABSTRACT 


Prevalent concepts of foraminiferal paleobathyme
tric interpretations are based on the modern distribu
tion of living benthic faunas and assume that species 
depth habitat have not changed with time. Recent 
studies by Streeter (1973), Schnitker (1974), and Loh
mann (1978), suggest that the distribution of benthic 
foraminifera is not as static in space and time as had 
been previously believed. Present-day deep sea ben
thic foraminiferal assemblages appear to be controlled 
more by the distribution of bottom water masses than 
by bathymetry. 

Melonis pompilioides (Fichtel and Moll) is a benthic 
foraminifer presently inhabiting lower bathyal to 
abyssal environments. The species is described by 
Bandy and Chierici (1966) as a typical example of an 
isobathyal species. The use of M. pompilioides as a 
bathymetric indicator in modern and ancient environ

ments rests upon two assumptions: First, that it is an 
isobathyal species and its upper depth limit is approx
imately the same in different oceans. Second, that the 
depth habitat of the species, at least its upper depth 
limit, has not changed with time. 

Data from the southern California Borderland sup
port a different model, one which explains the Pleis
tocene distribution of M. pompilioides as the result of 
faunal migration. Late Pleistocene and Holocene oc
currences of the species in basins with sill depths shal
lower than 2,300 m, the present-day upper depth limit 
of the species, is evidence of water-mass changes in 
the last 16,000 years. The apparent bathymetric 
change of the species is a faunal response to changing 
environmental conditions rather than evidence of tec
tonic uplift of the seafloor. 

INTRODUCTION 

Benthic foraminifera are commonly characterized in 
terms of their depth habitats and used as a basis for 
bathymetric zonation in modern and ancient environ
ments. Bandy and Echols (1964) and Bandy and Chier
ici (1966) introduced the concept of isobathyal and 
heterobathyal species. Isobathyal species are benthic 
foraminifers with the same upper depth limit (UDL) 
in different oceanic areas whereas heterobathyal 

1 Current address: Paleontology and Stratigraphy Section, Union 
Oil Company of California, P.O. Box 6176. Ventura, California 
93006. 

species are those with different upper depth limits in 
contrasting oceanic areas. These authors proposed 
that the distribution of isobathyal species is controlled 
by water depth rather than other physical variables 
and therefore of particular importance in establishing 
depth zonation in modern marine environments. Sub
sequently, the concept of isobathyal species has been 
repeatedly applied as a paleoecologic tool in estimat
ing paleobathymetry. 

Information has accumulated in the past several 
years (Streeter, 1973; Schnitker, 1974; Douglas, 1974, 
1975: Douglas and Heitman (in press» suggesting that 
the vertical and horizontal distribution of benthic fo
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FIGURE I 

Location of basins in the southern California Borderland investi
gated in this study. The basins to the south, west of Baja California, 
are generally deeper with deeper sill depths than the basins to the 
north (See Table I for water depths). 

raminifera change in space and time. We believe that 
the data challenges the validity of some paleoecologic 
concepts based on empiric observations which are 
used for quantitative assessment of paleodepth. Here 
we focus on the concept of isobathyal species and its 
use as a means for evaluating paleodepths. 

In the following discussion we briefly review the 
evidence for the UDL of Melonis pompilioides in the 
present-day ocean and how it has been used as a pa
leodepth indicator. We then examine the late Pleisto
cene occurrence of the species in the California Bor
derland and propose a new interpretation of its depth 
habitat in time. Finally, we consider the results of our 
findings on the concept of isobathyal species and its 
implication for paleoecology. 
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AE 
STRATIGRAPHIC-AGE CONTROL AE 

All 
Seventeen cores from basins in the southern Cali All 

fornia Borderland were examined to determine the AH 
AHPleistocene and Holocene occurrences of Melonis 
AHpompilioides (Fig. 1) (Table 1). In addition, both the AH 

benthic and planktic foraminiferal populations were AH 
identified and counted. The coiling ratio of Neoglo AH 
boquadrina pachyderma (Ehrenberg) was determined AH 

AHto establish stratigraphic and climatic intervals. 
AHPrimary importance in this study has been placed AH 

on the use of N. pachyderm a as a biostratigraphic AH 
datum. Radiometric dating (C14) of basin cores off AH 
southern California has shown that the last shift in 
coiling direction of N. paclzyderma from sinistral-coil
ing populations to dextral-coiling populations occurred 

pili(11,000 to 12,000 ys. B.P. (Bandy, 1960). The change 
thefrom dextral-coiling (currently found living offshore 

southern California) to sinistral-coiling populations 
represents a southward migration of the subarctic water 
masses and a reorganization of the water mass distri
bution of the borderland region. This occurred during T 
the last glacial episode, 18,000 to 11,000 ys. B.P. (Ban the 
dy, 1967). It is interesting to note that the occurrence deb: 
of Melonis pompilioides in cores from basins with (Err 
water depths shallower than 2,300 m is restricted to pen
sediments that also contain sinistral-coiling specimens wali 
of Neogloboquadrina pachyderma. rem 

Stratigraphic ages were also determined by studying viro 
regular patterns in the maximum carbonate content basi 
with depth in the core. Gorsline and others (1968) ob simi 
tained radiocarbon dates of 7,500 ys. B.P. for the first bore 
prominent carbonate peak downcore. In addition, an salir 
absolute chronology was obtained from Bandy (1960) oXYI 
which includes C14 dates taken on cores from several on t 
different basins in the southern California Borderland. the ~ 

The resultant stratigraphic control for this paper is Fl 
based on three different datums: a carbonate maxima inter 
at 7,500 ys. B.P., change in coiling-populations of Neo watt 
globoquadrina pachyderma at 12,000 ys. B.P., a lesser hav€: 
carbonate peak at 17,000 ys., and absolute C14 dates. grap

Sedimentation rates were determined from plotting lowe 
these datums against their depth in the cores and then mate 
compared to rates previously calculated by Gorsline than 
and others (1968) and Gorsline and Prensky (1975), mde 
The position of the last occurrence of Melonis pom- A 
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TABLE I 

Water depth (m) 
Depth in core (em) to stratigraphic 

levels used for age control 
Last occurrence of 

Me/oni.\' pompiiioides 

Core Basin Sill Core 7,500 y', 12,000 ys. 17.000 ys. Depth in core Age (ys.) 

AHF 14690 Col nett 2,100 2,057 20 30 (35) 140 30 11,200 
AHF 14696 N. San Quintin 2,290 2,304 60 80 (75) 180 0 P 
AHF 16827 Animal 1,920 2,012 20 50 (65) 170 50 10,500 
AHF 16832 No name 1,550 1,829 80 120 (135) 330 160 12,600 
AHF 18017 West Cortes 1,340 1,732 60 110 NP 
AHF 16830 Velero 1,870 2,451 70 100 (105) 250 110 12,200 
AHF 16635 S. San Quintin 2,290 2,780 60 80 (85) 180 70 9,200 
AHF 14486 San Clemente 1,780 1,971 15 100 220 95 11,800 
AHF 14682 Soledad 2,290 3,109 20 45 130 40 11,100 
AHF 14684 Outer (2,000) 2,012 10 35 150 30 11,400 
AHF 14685 Outer (2,000) 2,048 20 85 130 40 9,400 
AHF 14689 Col nett 2,100 2,286 60 110 330 100 11,000 
AHF 14687 Colnett 2,100 2,140 20 65 130 40 10,000 
AHF 16831 Velero 1,870 2,304 30 85 180 70 10,800 
AHF 1983 East Cortes 1,420 1,975 88 16,300 
AHF 1981 Long 1,690 1,925 110 13,200 
AHF 10709 Santa Cruz 1,070 1,865 120 NP 

pilioides was plotted against its depth in the core and 
the timing of the last occurrence was established. 

BASINS OF THE SOUTHERN 

CALIFORNIA BORDERLAND 


There is a unique relationship between the basins in 
the southern California Borderland where the sill depth 
determines the water mass parameters of the basin 
(Emery, 1960). That is, the physical properties (tem
perature, salinity, oxygen, etc.) characteristic of the 
water mass located at the sill depth of the basin will 
remain relatively uniform throughout the basinal en
vironment. This allows the physical parameters of the 
basinal waters to depart from values associated with 
similar depths in the open ocean. Basinal waters in the 
borderland range from 0.8° to 2.0°C warmer and have 
salinity values 0.2%0 lower than the open ocean. The 
oxygen values for the different basins are dependent 
on the sill depth and its relationship to the depth of 
the oxygen minimum layer. 

Further studies have shown that as a result of the 
interaction between the movement of the different 
water units across the borderland region, most basins 
have different "effective sill depth" from the topo
graphic sill depth. In basins with topographic sills shal
lower than 1,000 m, the hydrographic sill is approxi
mately 50 m shallower, whereas basins with sills deeper 
than 1,000 m have an effective sill approximately 200 
m deeper (Emery, 1960). 

A general pattern in the southern California Border

land is that the sill depths of the basins deepen toward 
the south (Table 1). Since the dominant flow of water 
across the borderland is towards the north, the sills 
systematically impede the flow of the deeper water 
units. Each sill of the basin in the path of water move
ment towards the north is shallower than the preceding 
basin; the sill acts as a submerged dam preventing the 
northward flow of successively shallower layers of 
bottom water (Emery, 1960). 

The hydrographic conditions of the silled basins in 
the Borderland make these habitats ideal locations to 
examine the concept of isobathyal species and their 
relationship to water-mass distribution by studying the 
response of benthic species to the redistribution of 
water masses that accompany the glacial to interglacial 
climatic transitions. If a benthic species is related to 
depth and not to the water-mass parameters, then 
there should not be any change in the distribution of 
the species as a result of the reorganization of the 
water column during cycles of climatic variations. Be
cause of the relationship between the sill depth and 
deep water movement, the reorganization of basinal 
water after the last glacial stage was traced across the 
borderland and the variation in the benthic populations 
were recorded. 

MELONIS POMPILIOIDES AS AN 

ISOBATHYAL INDICATOR 


Melonis pompilioides is widely regarded as indica
tive of lower bathyal or abyssal depths in the modern 
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Diagram illustrating typical Pleistocene occurrences of Me/ollis 
pOlllpili(lides in cores from ba"ins in the southern California Bor
derland. The examples are arranged by water depth and show the 
pattern of coiling direction of N(,Of{iohoL{lIadrillll pacilvderma with 
depth in each core, and the level of disappearance (i.e., first occur
rence down corel. For example, core AHF 1983 from East Cortes 
Basin is located in 1.975 m of water. the change from predom
inately right to left coiling in N. p({cilvderma occurs at 88 cm and 
specimens of ."vl. pOlllpi/ioidl's are found below 110 em in the core. 
The sill depth of the basin is 1.490 m. Modern occurrences of 
M. pompiiiuides are found in water depths of about 2,300 m 
in the borderland. 

Note that for basins in which AI. pompilioides disappears before 
the major change in coiling direction of N. p<Icilyderma (dated as 
about 12.000 ys. B.P.: Bandy. 1960), basin sill depths approach 
the present-day bathymetric distribution of the species and the last 
occurrence becomes progre,sively younger, i.e" Holocene in age. 

ocean. Bandy and Chierici (1966) reported the species 
UDL at about 2,300 m in the Gulf of Mexico, the Gulf 
of California and off the coast of California. A similar 
UDL has been reported for occurrence in modern sed
iments off Oregon (Kulm and Fowler, 1974). In Ant
arctic waters, Bandy and Echols (1964) state that the 
species is particularly prominent below 3,000 m and 
Echols (1971) does not record it at depths of less than 
2,924 m in the Scotia Sea area. The species has its 
shallowest depth limit at about 2,830 m in the western 
North Pacific (unpub. data). Records of the species are 
less common in the Atlantic than in the Pacific and 
Antarctic. Phleger and others (1953) found Melonis 
pompilioides from depths of 1,995 m or greater in the 
North Atlantic while the species occurs at depths of 

--- ~--~..----..-----

2,020 m in the Gulf of Mexico (Pflum and Frerichs, 
1976). 

Melonis pompilioides has been reported in modern 
sediments from depths of less than 2,000 m but 
such reports involve either fossil occurrences (Crouch, 
1952; Natland, 1957) or are different species. Todd 
(1958) and Murray (1971), for example, list the occur
rence of M. pompilioides from depths as shallow as l 

128 m in the British Isles. However, the figures given I 
by these authors show a compressed form with small 1 
pores and imperforate sutures that should be referred c 
to as Nonion formosum (Williamson) or N. harleean c 
us (Williamson) (Parker, 1958: Phleger and others, "1 
1953). It should be noted that there is some dispute as 
to whether the robust form with deep umbilicus or the e 
compressed form with straight sides best matches the p 
generalized drawings of Fichtel and Moll (1798). Some iJ 
European workers consider the type to be the com d 
pressed form generally referred to as N. harleeanus y 
by many American specialists (P. Ascoli, pel's. comm. h 
1975). We have followed the common practice and ti 
herein regard the robust form, such as figured by Ban Y 
dy (1953, pI. 21, fig. 12), Bandy and Chierici (1966, ri 
Fig. 8), Pflum and Frerichs, 1976, pI. 7, Figs. 7, 8) and t€ 
Lohmann (1978, pI. I, Figs. 12, 13), as Meloni.1 pom f( 
pilioides. p. 

Taxonomic arguments aside, Meloni.l· pompilioides jCl 
typifies the concept of the isobathyal species and has E 
been widely applied as a means for identifying sedi E 
ments deposited at lower bathyal or abyssal depths di 
(Bandy and Chierici, 1966: Doy'le and Bandy, 1972; tt 
Kulm and Fowler, 1974; and Pflum and Frerichs, Y 
1976). B 

C( 

LATE PLEISTOCENE DISTRIBUTION 
IN THE CALIFORNIA BORDERLAND 

Meloni.I' pompilioides is reported from surface sed
iments in the California Borderland at depths of 2,300 
m or greater (Bandy and Chierici, 1966; unpub. data). P' 
However, few of these reports discriminate living and 01 

dead popUlations by staining or other methods and as 
some of the occurrences are undoubtedly not modern. la 

Crouch (1952) and Natland (1957) found specimens w 
of the species in cores from East and West Cortes and w 
Long basins (Fig. I), basins in which the species is not hc: 
presently living (Doyle and Bandy, 1972; unpublished h< 
data). Later studies discovered occurrences in cores m 
from nearly all of the southern basins in the Borderland as 
in which it is not presently found in surface sediments th 
(Prensky, 1973; Doyle and Bandy, 1972; Morin, 1971) sil 
(Fig. 2). The sill depths in these basins range from (F 
1,220 to 2,300 m which would give a much shallower 
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upper depth limit for Al. pompilioides in the border
land. 

Doyle and Bandy (1972) assumed that the upper 
depth limit of the species has remained unchanged 
since the Pleistocene and postulated that the basins or 
siIls or both have been uplifted to explain the fossil 
occurrences (Fig. 3a). Thus, it would appear that an 
uplift of 500 to more than 900 m has taken place in the 
Borderland between late Pleistocene and the present. 
This represents rates of uplift that are more than an 
order of magnitude higher than the accelerated rates 
of tectonism documented in southern California by 
Yeats (1978). 

However, there are several problems with this mod
el. First. most ofthe last appearances of Meloni.l· pom
pilioides in the cores occur close to the change in coil
ing direction of Neogloho4uadrina pachyderma. a 
datum which has been determined to be about 12,000 
ys. B.P. (Bandy, 1960: 1967). Thus, most of the uplift 
has occurred in the latest Pleistocene or Holocene 
time, in turn requiring average rates of 12 to 16 cm per 
year to account for the apparent amount of bathymet
ric change (Doyle and Bandy, 1972). Second, the pat
tern of uplift suggested by Doyle and Bandy's model 
fails to explain the pattern of occurrences of M. pom
pilioides, that is, why the species is absent from ad
jacent basins within the same structural block. Finally, 
Emery (1960) noted wave-cut terraces on the Patton 
Escarpment and Santa Rosa-Cortes Ridge which in
dicate a down-warping of the outer Borderland during 
the Holocene rather than a major uplift. Furthermore, 
Yeats (1978) has shown that adjacent portions of the 
Borderland in southern California are undergoing ac
celerated rates of uplift. 

A NEW MODEL: THE FAUNAL 

MIGRAnON MODEL 


A new model, the faunal migration model, is pro
posed which accounts for the data and requires little 
or no tectonic movement. The faunal migration model 
assumes that the distribution of benthic species is re
lated to water-mass distribution, in much the same 
way as planktic foraminifera are related to surface 
water-mass character (Be, 1977) and that the depth 
habitat of species changes in response to vertical and 
horizontal changes in water-mass distribution. In this 
model the depth habitat of Melonis pompilioides is 
assumed to have changed in response to changes in 
the water-mass distribution that accompanied the tran
sition from glacial to interglacial (Holocene) climates 
(Fig. 3b). 

The basis for this model is drawn from Streeter 

LATE PLEISTOCENE PRESENT 

MODEL I TECTONIC UPLIFT 

ASSUMPTIONS: 

UD.L. IS FIXED AT 2300m. 
UDL IS DEPTH-DEPENDENT 

RESUL TS: 

6 - 16 cm/yr UPLIF T RA TE 
900 m. OF UPLIFT 

(WATER MASS BOUNDARY 

11111/1111/1//1//1////// 

2300 ..... 
m. fl 

LATE PLEISTOCENE PRESENT 

MODEL 2 FAUNAL MIGRATION-WATER MASS CHANGE 

ASSUMPTIONS· 
DEPTH HABITAT RELATED TO WATER MASS 

U.D.L CHANGES WITH WATER MASS CHANGE 

FIGURE 3 

Diagrammatic representation of the two models proposed to explain 
the Pleistocene distribution of Ale/Ollis pompi/iuides in cores from 
the southern California Borderland. 

Figure 3a. Tectonic Uplift Model. This model was proposed by 
Doyle and Bandy (1972) who suggested that the occurrence of the 
species in cores from basins which are currently shallower than the 
UDL of the species, about 2,300 m. is evidence of approximately 
900 m of uplift since the late Pleistocene. This explanation assumes 
that AJ. pompilioides is an isobathyal species and that the UDL of 
the taxon is depth dependent and unchanging with time. 

Figure 3b. Faunal Migration Model. This model assumes that the 
depth range of the speeies, including its upper depth limit. is directly 
related to water-mass distribution and that changes in water masses. 
as caused by c1imatie t1uctuations (e.g., glacial to interglacial con
ditions) will produce a corresponding shift in the species depth dis
tribution. Aecording to this model, the late Pleistocene and early 
Holocene occurrences of M. pompi/ioitie.1 in basins with sill depths 
shallower than 2.300 m is evidence of a deepening of the upper 
boundary of Pacific Deep Water. to which the species is presently 
restricted. in the PHst 16,000 ys. thus. the apparent bHthymetric 
change of the species is a faunal response to changing environmental 
conditions and is not evidence of tectonic uplift. 

(1973), Schnitker (1973) and Lohmann (1978) who 
have shown that deep sea benthic foraminifera in the 
Pleistocene of the Atlantic responded to climatically 
induced changes by bathymetric migration. North At
lantic assemblages today are closely correlated to the 
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FIGURE 4 

The relationship of the age of the last occurrence of Ml'/ul1i.~ pom
pi/ioides and basin sill depth. The line was calculated from a least 
squares lit and has a slope of approximately 12 cm per year for the 
interval between 8.000 and 16,000 ys. B.P. Since sill depth controls 
the water quality in silled basins, the correlation suggests that the 
disappearance of M. pompi/ioide.l' from these basins (Table I) is 
related to changes in water-mass distribution in the late Pleistocene 
and early Holocene. 

distribution of water masses and a marked faunal 
change occurs at the boundary between North Atlantic 
Deep Water and Antarctic Bottom Water (Streeter, 
1973). Faunal boundaries cross depth contours in a 
pattern that follows the distribution of water masses. 
The shift in geographic and bathymetric distribution 
of late Pleistocene assemblages can be attributed to 
the changes in deep water masses associated with gla
cial and interglacial conditions. Recently, Lohmann 
(1978) demonstrated a similar response for benthic as
semblages in the South Atlantic. 

From the two models we can predict that a plot of 
the age of the last occurrence of Melonis pompilioides 
as a function of water depth (either basin depth or sill 
depth) will show no particular relationship if the 
effect is due primarily to tectonic uplift. However, 
since the water in the basins is determined by the 
depth of the basin sill, a plot of age of last occurrence 
versus sill depth should show a correlation if distri
bution of the species is related to water mass. Con
versely, the age of last occurrence and basin water 
depth should not be correlated. Figures 4 and 5 show 
that there is indeed a strong correlation between the 
timing of the disappearance of the species from the 
basins in the Borderland (i.e., its last occurrence) and 
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FIGURE 5 

The relationship of the age of the last occurrence of Me/ollis [10m

pilioide.l' and basin sill depth. The curvilinear line is fitted and has 
a slope of approximately 16 em per year for the interval between 
10,000 and 14,000 ys. B.P. (Same data points as shown in Fig. 4.) 

the water depth at the basin sill. The last occurrence 
of the species is not related to basin water depth (Fig. 
6). Melonis pompilioides disappeared fro,!! the shal
lowest-silled basins first, approximately 16,000 ys. 
B.P. and from the deepest-silled basins last, approxi· 
mately 8,000 ys. B.P. the species is still present in 
basins with sill depths at or below 2,300 m. 

The strong correlation between the last occurrence 
of Melonis pompilioides and sill depth but not basin 
depth is difficult to explain by a tectonic uplift model. 
It requires a constant rate of uplift of the basins and 
hingement of the entire Borderland along a north
south line with the greatest motion to the south. It 
requires uniform movement across major faults such 
as the Santa Tomas Fault. 

The faunal migration model suggests that the change 
in the UDL of Melonis pompilioides is related to a 
change in deep water circulation in the borderland. 
Climatic curves for the late Pleistocene and Holocene 
show that the last glacial maximum occurred about 
17,000 ys. B.P. and was followed by rapid degla
ciation between about 16,000 and 10,000 ys. B.P. 
(Cline and Hays, 1976). An oxygen isotope curve 
based on benthic foraminifera (Oba, Kahn and Ku, 
1975) is in close agreement with the oceanic signal and 
indicates a major change in bottom waters in the bor

64 



3.0 

PLEISTOCENE MELONIS P()MPILlOlf)ES 

iflOO 
• 

2000. 

• • •• • 
• • 

5 
I 
f-
n. 
w 
0 

2200~ 

2400 • •• 
• 

LAST OCCURRENCE OF 
M pornpilioides IN 

CALIFORNIA BORDERLAND 

z - 2600 
ffl 
<t 
CD 

2800 .. • 

3000 

3200 ~ r I 

• 
I I I 1 

8 10 12 14 16 18 
THOUSANDS OF YEARS 

FIGURE 6 

The relationship of the age of the last occurrence of Afe/onis {lom

pilioides and basin water depth. The lack of correlation with water 
depth suggests that change in the elevation of the seafloor with time 
is not an important factor in the pattern of disappearance of the 
species from basins in the Borderland. 

derland occurred at this time. Deglaciation resulted in 
a warming of water temperature, rise in eustatic sea
level and a shift in bottom water circulation in the bor
derland. The warming trend is reflected in the change 
in planktic faunas from assemblages dominated by 
subarctic species to assemblages dominated by tran
sitional-temperate species and the change in bottom 
water circulation by a shift in the depth habitat of ben~ 
thic faunas, including M. pompilioides. In the core 
samples examined, the greatest change in planktic fo
raminiferal assemblages took place between 12,000 to 
10,000 ys. B.P. and in benthic assemblages between 
14,000 and 10,000 ys. B.P. The difference in the du
ration of these faunal changes suggests that surface 
water masses were replaced more rapidly than bottom 
water masses. 

If the distribution of M. pompi/ioides is controlled 
by water quality, then it should be restricted to water 
with distinct properties. A plot of the modern occur
rence of the species shows that its distribution is lim
ited to an envelope of water that is defIned by tem
perature, salinity and oxygen equal to 20°C, 34.63%0 
and 2 ml Oil (Fig. 7). These parameters characterize 
the PacifIc Bottom Water. At the present time, the 
upper depth boundary of this water mass is at approx
imately 2,200 m in the eastern Pacific Ocean. 
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oM. PQmpiliQide~ IN THE PACIFIC 

SALINITY (%0) 

34.60 34.65 
I I3.0 

x cTEMP.ys SAL.u 
e- o =TEMP. YS OXY. 
IJ.l 
o:: t
:::J 
I
<t 
0:: 
IJ.l 
a.. 
::?; 

2.0_ 
!.2.0· C 
c:34.63 0/00 

} 
o ~xo § x

"'i 'b' , 
-'" °oo~x d'KQCPl( 

t- 2.0 
, 

IJ.l 
I ~2.0 mill 

1.0 1.0 
I I 

1.0 2.0 3.0 
OX YG EN (milL) 

FIGURE 7 

Water quality (temperature. salinity and oxygen) values for known 
occurrences of Me/Ollis {lompi/joides in the Pacific. Data derived 
from references mentioned in the text and unpublished information. 

SUMMARY AND IMPLICATIONS 

The use of M. pompilioides as a bathymetric indi
cator in modern and ancient environments rests upon 
two assumptions: First, that it is an isobathyal species 
and that its UDL is approximately the same in differ
ent oceans. Second, that the depth habitat of the 
species, at least its upper depth limit, has not changed 
in time. This requires that its depth distribution has 
been static, regardless of changes in the oceans. How
ever, distribution studies of modern foraminifera re
veal that the species does not in fact have the same 
upper depth limit in different oceanic areas. In conti
nental margins, its shallowest limit appears to be 
around 2,300 m and in the deep ocean and southern 
high latitude closer to 3,000 m. 

The data from the southern California Borderland 
supports a model which explains the Pleistocene dis
tribution of Melonis pompilioides as the result of fau
nal migration rather than tectonic uplift of the seaftoor. 
During the climatic transition of the late Pleistocene 
to Holocene, there was a reorganization of both sur
face and bottom water mass circulation in the border
land. The changes in bottom water circulation caused 
the UDL of lower bathyal species to migrate updepth 
approximately 900 m. We associate this shift with the 
boundary between PacifIc Intermediate Water and Pa
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FIGURE X 

The latitudinal pattern of disappearance of Meloni.1 pompilioidn 
from hasins in the southern California Borderland. The specie'> dis
appeared first from northern has ins with the shallowest sill depth. 
ahout 16.000 ys. B. P .. and progressively from deeper silled basins 
to the south for the next 6.000 ys. This pattern of geographic 
distribution in time closely compares with the routes of deep cir
culation hetween hasins which are controlled hy topography in the 
southern portion of the Borderland t Emery. 1960). 

cific Bottom Water. If this last occurrence of lvle/onis 
pompilioides is plotted by sill depth as a function of 
latitude. it is apparent that the boundary between 
these two water masses migrated southward as well 
as becoming deeper (Fig. 8). 

At the present time, M. pOlllpilioides appears to be 
restricted to water with distinct temperature, salinity 
and oxygen properties. This may explain why the 
species has different UDL in different oceanic areas 
that are at or below 2,300 m in contrast to the concept 
of isobathyal species. 

If Meloni.l· potllpi/ioides can be taken as a general 
case, it suggests that paleodepths based on present
day distribution and especially on supposed isobathyal 
species should be used with caution. It appears from 
recent investigations of Pleistocene deep sea forami
nifera in the Atlantic (Streeter, 1973: Schnitker, 1974: 
Lohmann, 1978) that benthic species adjusted their 
vertical and horizontal distributions in response to cli
matically induced changes in oceanic circulation. 

The application of the species as a paleoecologic 
indicator also typifies the approach of llsing ecologic 
concepts. based on modern distribution patterns, as 
a means for evaluating changes in paleobathymetry. 

h6 

Modern distributional patterns may not be infallible 
keys to interpreting paleobathymetric relationships of 
the past. However, better understanding of water
mass control of benthic distribution should allow more 
precise paleobathymetric interpretation to be made. 
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ABSTRACT 


The stratigraphic distribution of benthonic Forami
nifera in a regressive sedimentary sequence ranging 
from the latest middle Eocene throughout most of the 
late Eocene was investigated and interpreted paleo
ecologically. The greater part of the species show dis
tinct ranges within this sequence. The most important 
can be divided into groups of species which are diag
nostic for certain intervals of the section. Ten such 
groups are distinguished: Gyroidinoides soldan ii, 
Hoeglundina eocaenica, Nuttallides truempyi, Cla
vutina parisiensis, Vull'lllina lacera, Cyclammina aeu
tidorsata, Butimina midlVayensis, Qllinqueloculina ju
leana and Pararotatia {ludouini groups as well as a 
group of larger Foraminifera. Based on the combined 
ranges of these groups five assemblage zones are es
tablished. They are interpreted to be mainly paleo
bathymetric zones. Estimated values for the water 

depth of the assemblage zones are at around 1,000 m 
for zone 1, between approximately 1,000 and 600 m 
for zone 2, between approximately 600 and 150 m for 
zone 3, between 150 and 30 to 40 m for zone 4, and 
between 30 to 40 and almost 0 m for zone 5. 

The distribution and development of some repre
sentatives of the genus Bolivina were studied in par
ticular. Bolivina nobilis, which is present mainly in 
the lower part of the section, grades into B. gracilis 
in the upper part. This transition is thought to be eco
logically controlled. A similar development is noted in 
the group of Bolivina antegressa, where three sub
species are recognized. In this case, however, we may 
be dealing with an evolutionary sequence at least in 
the earlier part of the sequence, whereas the occur
rence of one or the other of the intergrading later forms 
is probably ecologically controlled. 

INTRODUCTION 

Our knowledge on the ecology of Recent benthonic 
Foraminifera, has made great progress during the last 
two decades especially in terms of their geographic 
distribution and their depth zonation. A great amount 
of data are now available in a long series of papers 
dealing with Recent Foraminifera, which includes 
many important contributions by Orville L. Bandy. 

Less numerous are the attempts to apply these data 
to the paleoecologic interpretation of Cenozoic sedi
ments. One of the first was O. L. Bandy's work on 
the ,. Ecology and Paleoecology of Some California 
Foraminifera" (Bandy, 1953). In 1963 Bandy pub

lished, together with Kolpack, a report on early Ce
nozoic assemblages of smaller benthonic Foraminifera 
from California. These authors interpreted the se
quence of faunas paleoecologically by analyzing quan
titatively their composition and by estimating the 
water depth at the time of deposition. 

Since 1970 more attention has been paid to the pa
leoecology of early Cenozoic Foraminifera. The work 
of Le Calvez (1970), although mainly taxonomically 
oriented, contains many paleoecologic discussions on 
the Paris basin Foraminifera. Berggren (1974) inter
prets the paleobathymetry of a Paleocene section from 
the North Atlantic, and in papers of Berggren and 
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Aubert (\ 975) and Aubert and Berggren (1976) paleo
geographic and paleoecologic aspects of Paleocene 
assemblages from Atlantic and Tethys areas are dis
cussed. The most detailed paleoecologic papers on 
paleogene smaller Foraminifera are those by Wright 
and Murray (1972) and Murray and Wright (1974) on 
the Anglo-Paris basin. 

A basic method of paleoecologic interpretation con
sists of comparing fossil assemblages with modem 
ones. The application on early Cenozoic or older se
quences, however, is limited by the fact that virtually 
none of the species, except for the primitive arena
ceous ones, are living today. Although we can find 
modem relatives for many of the Eocene taxa of small
er benthonic Foraminifera, a direct application of 
modem ecologic data on similar older forms has to be 
undertaken with caution and therefore must often re
sult in rather vague statements about water depth, 
temperature or other factors of ecologic importance. 

The late Eocene Possagno clay (Mama di Possagno) 
offers an opportunity to study well-preserved and, in 
most samples, abundant assemblages of benthonic Fo
raminifera in a stratigraphic sequence. As will be dis
cussed below, its paleoenvironmental situation is 
within a regressive sequence, which is indicated by 
sedimentologic and faunistic evidence. The paleoeco
logic significance of the succession of different fora
miniferal associations can therefore be evaluated to a 
certain degree by comparing them with modem assem
blages as well as by crosschecking the obtained results 
with other data which are available in the section it
self. In the present paper, the succession of assem
blages of smaller benthonic Foraminifera can be re
lated to the distribution of other groups of fossil 
organisms, such as planktonic Foraminifera, larger 
Foraminifera, mollusks and corals. 

The stratigraphy and micropaleontology of the early 
Cenozoic sequence of Possagno have been treated in 
a number of previous papers (Cita and others, 1968; 
Toumarkine and Bolli, 1970; Herb and Hekel, 1973). 
The present knowledge is summarized in volume 97 
of the"Schweizerische PaJaontologische Abhandlun
gen" (1975), in which contributions covering the major 
groups of microorganisms are compiled by various au
thors. The reader is particularly referred to the intro
duction and stratigraphic description by Cita (1975), 
to the description of middle and late Eocene plank
tonic Foraminifera (Toumarkine and Bolli, 1975), of 
late Eocene Nummulites (Herb and Hekel. 1975) and 
of ostracods (Ascoli, 1975). Some of these data are 
summarized and used in the present paper. 

Included in this monograph is a first account on 

smaller benthonic Foraminifera (Braga, de Biase, Grii
nig and Proto Decima, 1975). The paleoecologic sig
nificance and a first attempt of a paleoecologic zona
tion was the subject of a first draft for the present 
paper in 1974. Subsequently, one of the authors (A. 
Griinig) extended her work to other sections in the 
vicinity of Possagno and to middle to late Eocene sec
tions of the Pamplona-Jaca basin in Northern Spain, 
in order to check the general validity of the ecologic 
zonation obtained in the Possagno section. The results 
of these investigations, including some taxonomic 
work, are described in detail in her dissertation (Grii
nig, 1977). They corroborate and complete the earlier 
results which were obtained from the Possagno section 
alone. In the present paper, however, only the results 
from the Possagno section are presented and reference 
to other sections is made only occasionally. 

METHODS 

Samples were washed through a sieve of 0.06-mm 
mesh, which permits the recognition of very small 
forms, such as some of the small bolivinids. The num
ber of benthonic individuals per gram sediment was 
calculated on a small portion of each sample. Quali
tative and quantitative determinations of benthonic 
species were then carried out using 300 or more indi
viduals, and their percentages among the total ben
thonic foraminiferal assemblages were calculated. 

To interpret the assemblages of smaller Foraminif
era the following data were determined: 

1. 	 Planktonic/benthonic ratio. 
2. 	 Number of benthonic species. 
3. Similarity index (Sanders, 1960). 
4. Position 	 in the Rotaliina-Textulariina-Miliolina 

(RTM) diagram (Murray, 1973). 

The species were listed and grouped in tables ac
cording to the Braun-Blanquet method. This method, 
originally established by Braun-Blanquet (1928, 1951, 
1964) for defining plant communities, was used by 
Hiltermann (1973) and Hiltermann and Tiixen (1973) 
for characterizing recent foraminiferal assemblages. 
The principal aim of this method is to describe groups 
of assemblages which are defined by the joint occur
rence of diagnostic species. These are recognized by 
regrouping the original listing of species (rough table, 
"Rohtabelle") in two intermediate tables (presence 
table, "Stetigkeitstabelle," and subtable, "Teilta
belle"). The method is described in detail by Ellenberg 
(1956) and, for our investigations, by Griinig (1977). 
In the present paper, only the final table ("Endta
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belle") is presented (Table I). Diagnostic species 
("Trennarten") are grouped in blocks of species with 
similar ranges. Ten such groups of diagnostic species 
are recognized. Below these blocks species are listed 
which occur within the stratigraphic range of the re
spective blocks or species groups, but which also oc
cur less consistently or, usually with low abundance. 
outside of these blocks. Species which occur in sam
ples throughout the section or only sporadically to rare 
are discarded from the main part of the table and are 
listed at the end of the table ( .. other species"). 

The combined ranges of species can be used as a 
base for defining five assemblage zones. As will be 
shown below the result is essentially a paleobathy
metric zonation. 

STRATIGRAPHY 

The following formations are recognized in the Pa
leocene and Eocene of Possagno: 

1. Scaglia /'Ossa 
Reddish micritic limestones and argillaceous 
limestones with marly intercalations. 40 m ex
posed. Late Cretaceous to basal early Eocene. 

2. Scaglia varil'!?ala 
Alternation of reddish-brown. green, and gray 
marls and argillaceous micritic limestones, 50 m. 
Early Eocene to basal middle Eocene. 

3. S('(fg/ia cinerea 
Predominance of gray to olive-gray marls with 
intercalations of argillaceous limestones, except 
for the uppermost part which consists exclusive
ly of marls. Approximately 170 m. Basal middle 
Eocene to basal late Eocene. 

4. Marna di Possagno 
550 m of blue-gray clay which is increasingly 
silty in the upper part of the formation. See de
tails below. Late Eocene. 

5. Calcare di S. Gllislina 
Thin-bedded algal limestones in the lower part 
and thick-bedded limestones with corals, coral
line algae, and abundant larger Foraminifera in 
the upper part. Approximately 60 m. Late 
Eocene. 

6. Marne sitlose 
Gray to olive-gray silty marls. Approximately 30 
m. Late Eocene. 

The present paper deals with the paleoecology of 
the uppermost part of the Scaglia cinerea and the Mar
na di Possagno. Therefore, some further stratigraphic 
details of this part of the section are given in the fol
lowing paragraphs. The section is also shown on Fig
ure 3. 

SCAGLIA CINEREA (UPPER PART) 

In its general lithologic appearance the uppermost 
part of the Scaglia cinerea is very similar to the lower 
part of the Marna di Possagno. The main difference 
between the two is in the CaCO:l content of the sedi
ment, which is approximately 40 percent in the Scaglia 
cinerea and less than 20 percent in the Mar di Possag
no. The foraminiferal assemblages are dominated by 
planktonic Foraminifera (over 90%). The formation 
represents essentially a pelagic environment, but, 
compared with the older Scaglia formations, contains 
an increased amount of detrital argillaceous compo
nents and has been deposited in slightly shallower 
water. 

MARNA DJ POSSAGNO 

This formation is extensively. but unfortunately not 
continuously, exposed in a series of quarries south
west and south of Possagno. The lower part (up to 
sample 33, Figs. 1 and 2), occurs north of the main 
road which leads from Possagno to Bassano. It is a 
sequence of uniform, poorly bedded. blue-gray clays, 
sometimes slightly silty, interrupted by four levels of 
sands rich in biotite, each only a few centimeters 
thick. No megafossils were observed. In the forami
niferal assemblages an increasing percentage of ben
thonic forms can be observed with 8 to 25 percent at 
the base to 65 to almost 90 percent in the higher levels. 

The upper part of the formation (from sample 36 
upward.s, Figs. 2 and 3) is characterized by an increas
ing content of silt and by rich assemblages of mega
fossils. A first occurrence of gastropods and few pe
lecypods could be noted in a small quarry just south 
of the above-mentioned road (samples 71/34 to 35), 
and in a small outcrop between the main road and 
Cunial (samples 71/36 to 38). Thereafter, about 90 m 
of section are not exposed. This sequence can partly 
be covered by a section near Curogna, 5 km east
northeast of Possagno. The uppermost part of the for-

TABLE I 

Relative ahllndances of henthonic Foraminifera in the sections of Possagno-ClInial, Val Organa and Curogna. For sample locations see 
Figures I to 4. , = ahumlances less than 0.5 percent. 
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FIGURE 2 

Map of the section and of sample locations for the Possagno-Cunial 
section. 

(see Toumarkine and Bolli, 1975); this again reflects 
the supply of coarser detrital material in the uppermost 
part of the formation. Among the benthonic Forami
nifera the presence of larger Foraminifera (Nummu
litidae and Discocyclinidae) is particularly significant. 

At the top of the Cunial quarry and in the Val Or
gana the Marna di Possagno formation is overlain by 
algal limestones of the Calcare di S. Giustina. 

As a whole. these sedimentary and faunistic pat
terns clearly show that the Marna di Possagno repre
sents a rapidly filled sedimentary basin with a more or 
less steady decrease of the water depth from the base 
to the top of the formation. An opportunity is therefore 
given to study the succession of benthonic foraminif
eral assemblages in a transition from deep-to shallow
water environments. Due to the short time span rep
resented in the section. first occurrences and extinc
tions of taxa are virtually all related to changes in the 
paleoenvironment. The presence of larger Foraminif
era and macrofossil assemblages furnishes important 
clues for the interpretation of the smaller benthic com
munities. 

FIGURE 3 

Stratigraphic section of Possagno-Cunial with abundances of major foraminiferal groups and stratigraphic distribution of selected species or 
groups of smaller ,md larger Foraminifera and Metazoans. Number of species refers to smaller benthonic Foraminifera only. Similarity index 

FIGURE I 

Index map showing the location of the sections of (Il Possagno 
(Figure 2), (2) Val Organa and (3) Curogna, approx. 55 km NNW of 
Venezia. 

mation was sampled in a quarry southeast of the small 
village of Cunial. and in a roadcut along the road lead
ing from Castelcucco to Possagno through the Val 
Organa (Fig, 3). The clay sequence contains an in
creasing but varying amount of silt upwards. Pelecy
pods, gastropods and solitary corals are frequent 
throughout the section of the Cunial quarry and in the 
Val Organa. Solitary corals are especially abundant in 
the upper part, which also contain several intercala
tions of indurated siltstones, occasionally rich in larger 
Foraminifera, particularly Nummulites fahial/ii retia
tils (Herb and Hekel. 1975). The topmost 20 mare 
characterized by an alternation of highly fossiliferous 
clay, sandy clay. and shell beds rich in mollusks and 
mollusk debris, with solitary corals. They are partic
ularly well exposed in the section of the Val Organa 
(Fig. 4). A lignitic lens was observed in the uppermost 
2 m. This indicates very shallow water conditions at 
the top of the Possagno clay. 

Benthonic Foraminifera in the upper part of the Pos
sagno clay usually dominate the foraminiferal assem
blages and comprise approximately 85 percent of the 
fauna, except for the uppermost part, where plankton
ic forms again form up to 40 percent of the assem
blages (Fig. 3). Most of these, however, are reworked 

after Sanders (1960). 
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DISTRIBUTION AND PALEOBATHYMETRIC 

ZONATION OF BENTHONIC 


FORAMINIFERA 


The stratigraphic distribution and the relative abun
dance of benthonic species in the Marna di Possagno 
is shown in Table I. Many species have a distinct 
stratigraphic range which is mainly the result of the 
changing environment, as indicated above. Based on 
this distribution five assemblage zones can be recog
nized. They are mainly defined by the combined 
ranges of the following 10 groups of diagnostic species: 
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FIGURE 4 

1. Gyroidinoides soldanii group with Gyroidinoides fr 
soldanii and three uvigerinid species (Uvigerina 01 
chirana, U. spinicostata and U. eocaena). It oc 01 
curs in assemblage zones I to 3. th 

2. Hoeglundina eocaenica group with four well E 
known diagnostic species, Hoeglundina eocaeniC 
ca. Bolivina nobilis, Tritaxia szahoi, and Hetero(1 
lepa reussi. virtually restricted to assemblage 

zones 2 and 3. 
 fa 

3. Nuttallides truempyi group with Nuttallides cr 
truempyi and Cihicidoides parki as main diagnos se 
tic taxa, restricted to assemblage zone 1 and of fo 
major importance for paleobathymetric interpre wi 
tations. lat 

4. Clavulina parisiensis group with four species re pa 
stricted to assemblage zones 1 and 2, but less con izt 
sistent in occurrence than the species of the pre pa 
vious groups. 

5. 	 Vll/mlina laccra group with three species mostly 

restricted to assemblage zone 2, but very variable 

in occurrence and abundance. 


of6. Cyciamminll (lcutidorsata group, diagnostic for 
ZOiassemblage zone 3, with Trijllrinll as a very char
soJacteristic genus, although not always present. 
set

7. Bulimina midwayensis group with four species 
memostly restricted to assemblage zones 3 and 4. 
ho'8. Quinque/ocu/ina ju/eanu group with four impor
hig

tant and often very common species diagnostic for 
sta

assemblage zones 4 and 5: Quinquelocu/ina ju
COl

leana. Helem/epa dutemplei, Asterigerina harton· 
ba~

lana, and A. wi/coxensis. 
1

9. Pararotalia audouini group, restricted to assem
fiCl

blage zone 5, with two important, but often miss
of:

ing species: Pararotalia al/dollini and Asterigeri
tho 

na adarkayensis. These, however, consistently 
the 

occur in high percentages in the Val Organa sec
ton

tion which covers the uppermost 16 m of the Mar
pal

na di Possagno. 
mo10. Group of larger Foraminifera with Operculin([ a/
tha

pina. Dis('ocylina sp. and a number of small num
parmulite species being the most important forms, 
are

restricted to zones 4 and 5. 
( 

The paleoecologic interpretation of the assemblage gul 
zones is mainly based on a comparison with the depth be 
distribution of similar recent assemblages. Although mi( 
none of the significant Eoeene fpecies is still living eoe 
today, many show close affinities to Recent forms, and par 
it seems not unreasonable to use the Recent data for I 
a first estimate of the water depth in which the Eocene cor 
assemblages lived. op~ 

For the present paper the Eocene of Possagno was nac 
mainly compared with data on Recent Foraminifera ass 
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from the Mediterranean (Blanc-Vernet, 1969), the Gulf 
of Gascogne (Caralp, Lamy, and Pujos, 1970), the Gulf 
of Mexico (Ludwick and Walton, 1957; Walton, 1964), 
the Lagoon of Ojo De Liebre, California (Phleger and 
Ewing, 1962), the Andaman Sea (Frerichs, 1970), the 
Carribean (Brasier, 1974), and the Solomon Islands 
(Hughes, 1977). 

Based on the general stratigraphic situation and the 
faunal record, it is reasonable to assume a steady de
crease in water depth from the base to the top of the 
section. The zonation established in this paper there
fore is essentially a bathymetric zonation, however, 
with relative rather than absolute depth values. The 
latter are subject to interpretation. In the following 
paragraphs the five assemblage zones are character
ized and estimations of the paleobathymetry and other 
paleoecologic factors are discussed. 

ASSEMBLAGE ZONE I 

Assemblage zone I is delimited by the occurrence 
of the Nllttallides truempyi group. Also typical for this 
zone, but not restricted to it are the Gyroidinoides 
soldanii and the Clavillina parisiensis groups. The as
semblages are usually dominated by nodosariid forms, 
most of which belong to the genus Lel/tieulina. These, 
however, occur often in great percentages also in 
higher zones. The similarity index shows rather con
stant values between 40 and 60. Assemblage zone 1 
corresponds to the uppermost Scaglia cinerea and the 
basal Marna di Possagno. 

An estimation of the water depth is particularly dif
ficult for the lowermost zones. An important feature 
of zone I is the high percentage of planktonic to ben
thonic Foraminifera, with values of over 90 percent in 
the lower two-thirds of the zone. Although the plank
tonic/benthonic ratio must be used with caution for 
paleobathymetric interpretations, one would, based on 
modern data, generally assume a water depth of more 
than 1,000 m, possibly slightly less in the uppermost 
part of the zone, where 75 and 85 percent planktonics 
are noted. 

Genera such as Bathysiphol1, AmmodisclIs, Osal1
glllari(/. Dorothia. and Stilostomella are considered to 
be typical for depths corresponding to the lower and 
middle continental slope. The absence of Hocg/undin({ 
eocaenica, a species which will be discussed in the 
paragraph on zone 2, is significant. 

In the RTM diagram (Fig. 6) all the samples are 
concentrated in the Rotaliina corner. This indicates 
open-marine conditions. The low percentage of are
naceous Foraminifera at the same time prohibits the 
assumption of very great water depths. Summarizing 

these considerations it seems reasonable to assume a 
water depth of 1,000 m or somewhat more for the 
greater part of zone 1, possibly a little less for the 
uppermost part of the zone. 

ASSEMBLAGE ZONE 2 

Assemblage zone 2 is characterized by the occur
rence of the VulvlIlina laeera group. Associated with 
it are the Gyroidinoides soldanii and the CIani/ina 
parisiensis groups, whereas the Gyroidinoides so/da
nii group has its lower limit at the base of this zone. 
The similarity index varies between 20 and 70. 

Planktonic Foraminifera decrease from 70-90 per
cent in the lower half to 30-65 percent in the upper 
half of this zone. Typical is the common occurrence 
of the hispid Uvigerina chirana. Hispid ul'igerinids 
are usually found in water depths greater than 600 m 
(Frerichs, 1970). Open-marine conditions with water 
depths between approximately 1,000 and 600 mare 
most probable for zone 2. 

ASSEMBLAGE ZONE 3 

Assemblage zone 3 is delimited by the occurrence 
of the Cyclammina ([cutidorsata group. Associated 
with this group are the Gyroidinoides soldanii, the 
Hoeglundina eocaenica, and the Bulimina midwayen
sis groups. The greatest species diversity is reached 
within this zone; however, the number of species may 
vary considerably from sample to sample, between 21 
in sample 18 and 46 in sample 26. The similarity index 
is also highly variable. 

High species diversity is significant for the upper 
bathyal and the outer shelf (Frerichs, 1970). The 
strong reduction in the percentages of planktonic Fo
raminifera also indicates a significant decrease in 
water depth within this zone. The upper limit of zone 
3 coincides with the disappearance of the Ho('g/lIndina 
('ocaeniw group. The modern H. elegafls has upper 
depth limits between 50 and 200 m in various oceans 
(Bandy and Chierici, 1966: 100 ± 50 m; McGlasson, 
1959: >90 m; Parker, 1957: 50-82 m; and Frerichs, 
1970: 200 m). 

Zones 2 and 3 correspond to the maximum devel
opment of uvigerinid forms with Uvigerina chirano, 
U. spinicostata and U. eocaena. All these species are, 
however, also found in zone I and extend slightly into 
zone 4. Tr(farin{l labrum is typical for the upper part 
of zone 3. In the Pamplona basin of Northern Spain, 
however, this species is restricted to equivalents of 
zone 4. The modern ribbed Uvigerina peregrina 
shows an upper depth limit of 100 ± 50 m (Bandy and 
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FIGURE 5 

Stratigraphic section of the Marna di Possagno in the quarry near 
Curogna. east of PO'isagno. with abundances of major foraminiferal 
groups. (I) Smaller benthonic Foraminifera only. Similarity index 
after Sanders (1960). 

Chierici, 1966). In the Possagno section, the strongly 
ribbed UviRerina (U. spinicostata and U. eocaena) 
also disappear at the limit between zones 3 and 4. 
These forms replace to a great extent the spinose 
uvigerinids of zones 1 and 2 and may form up to 40 
percent of the total assemblage. 

Zones 2, 3 and in part zone 4 are also noted for the 
diversity of bolivinid species (see discussion below). 

Upper depth limits of Cyc/wnmina are today 100 m 
or more (Murray, 1973). 

Taking in account all these data, including the ab
sence of larger Foraminifera, we can assume a bathy
metric extension for zone 3 between around 600 m at 
the base and 150 m at the top. 

ASSEMBLAGE ZONE 4 

Many of the species which are typical for zone 3 or 
lower parts of the section, including the Gyroidinoides 
so/danii, the Hoeglllndilla eocaellica, and the Cy
cla/lllf/ill(/ aCllti£iorsata groups, cannot be found any 
longer. The boundary between zones 3 and 4 therefore 
corresponds to a major faunal change. 

Zone 4 is characterized by the joint occurrence of 
the Blilimin(/ midl\'(/yensis and the Quil1lllleloclilino 

!v11L:OLlNA 

ROTALL1_"_:_~~_+_+_t+_++______\_T_E_X~WC':"", 

RCTAU I NA ;EXTJLAR·NA 

• Possagno-Cunlal • Val Organa ... 

FIGURE 6 

RTM-diagrams for assemblage zones 
sagno. Samples of the sections of Possagno-CuniaL Val Organa and 
Curogna are indicated with different symbols. 

jllieal/({ groups. Larger Foraminifera and mollusks are 
also typical. 

A major gap of outcrops, corresponding to 90 m of 
sediment thickness, occurs in the Possagno section 
within zone 4. This interval is to a great extent covered 
by the section of Curogna 5 km east of Possagno (Figs. 
1 and 5). Here, species of the Blilimina midll'aycllsis 
and the Qllinqlle/ocli/ina jllicaf/(/ groups dominate all 
samples except for a few in the lowermost part, where 
lll'iKerilla ('O('(lCI1({. otherwise typical for zone 3. is 
still important. It is somewhat uncertain whether this 
part of the section should be placed in 
With the presence of Quinqueioclilill({ .illical/a and of 
larger Foraminifera we prefer to place it in 
Hetcro/cpa dUfl'mplei and, in the uppermost samples, 
AsteriRerino harfoniafla are the most 
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species. With values between 60 and 85 percent the 
similarity indices are unusually high in the Curogna 
section. It is probable also that in Possagno zone 4 
would form a quite homogenous unit. 

The continuous presence of planktonic Foraminifera 
in abundances of less than 10 percent indicates open 
marine, shallow and nearshore conditions. PorcelIa
neous benthonic Foraminifera, which are very minor 
elements of the assemblages in zone I to 3, occur now 
in abundances of 5 to 30 percent. In the RTM-diagram 
(Fig. 6) the samples of zone 4 are therefore much more 
scattered than the samples of the other zones. 

Phleger (1960) described an assemblage from the 
Gulf of Mexico at depths less than 100 m, which is 
very similar to that from zone 4 at Possagno, with 
several species of Asterigerina, Quinque/ocu/ina with 
agglutinated grains and Virgu/ina punctata. The latter 
species is morphologically similar to our Fursenkoina 
dibollensis. A close relationship also exists between 
the assemblages from zone 4 and those from the An
dam an Sea at depths between 46 and 100 m (Frerichs, 
1970): Sigmoi/opsis asperu/a, Nonion scaphum, and 
species of the genus Cassidu/ina in the Andaman Sea; 
Sigmoi/opsis sp., Nonion scaphum, and G/obocassid
II/ina g/obosa at Possagno. Modern Nonion scaphum 
is al so reported in depths of 30-70 m from the Solomon 
Islands area (Hughes, 1977). 

Typical for zone 4 is the occurrence of larger Fo
raminifera. Opercu/ina alpina alone occurs in low 
abundance (2 percent) at the base of the zone. In the 
higher parts of the zone it is associated with several 
species of small nummulites (Herb and Hekel, 1975), 
and total abundances of larger Foraminifera may be 
as high as 30 percent of the benthonic assemblages. 
Hottinger (1972, 1977) has found recent Opercu/ina 
ammonoides at depths between 30 and 120 m, with a 
maximum frequency between 45 and 80 m, and Het
erocyclina tuberculata down to the limit of the eu
photic zone at 150 m. A water depth of not greater 
than 120-150 m can therefore be assumed for the lower 
part of assemblage zone 4. The upper limit of the zone 
is less distinct in the faunal record and a depth esti
mation is therefore made more difficult. It may be sit
uated approximately between 30 to 40 m. 

ASSEMBLAGE ZONE 5 

A rather gradual change in the composition of the 
smaller benthonic assemblages occurs in the upper 
part of the Possagno clay, within the Cunial section. 
The Bulimina midwayensis group is replaced by the 
Pararotalia {/udouini group and the latter, although 

discontinuously present in the Cunial section, is the 
most characteristic faunal element from sample 75 up
ward and defines zone 5. In the section of the Val 
Organa Pararota/ia (ludouini and Asterigerina adar
keyensis occur more consistently and in higher per
centages. Zone 5 can be particularly well defined in 
the Pamplona basin, where in four successive samples 
Pararotafia audouini was found in abundances of 74 
to 100 percent. This reflects the fact that in these very 
shallow waters local environmental conditions vary to 
a great extent from one area to another. often within 
a short distance. Benthonic communities may there
fore be subjected to important local or regional vari
ations. Deviations from normal salinity must be taken 
into account in these environments. A typical example 
of this faunal variation is found in the uppermost sam
ple in the Possagno-Cunial section (sample 130) where 
E/phidium latidorsatum is the dominant species. In 
the nearby Val Organa section (Fig. 4). in approxi
mately the same stratigraphic level, this species occurs 
only rarely. 

Abundances of planktonic Foraminifera vary be
tween 0 and 10 percent, but may be as high as 
40 percent due to reworking of middle Eocene species 
(Toumarkine and Bolli, 1975). 

The number of smaller benthonic species, not 
counting the larger Foraminifera, decreases from be
tween 20 to 30 in zone 4 to 21 at the base and 10 at 
the top of zone 5. Porcelaneous Foraminifera average 
5 percent of the assemblages, but may occasionally 
reach 15 percent. In the RTM-diagram (Fig. 6) the 
samples are close to the RM line, in the field of a lagoon 
of normal to elevated salinity. In modern seas similar 
assemblages occur associated with seagrass or sea
weed at depths of 0 to 35 m. 

Larger Foraminifera, mainly Discocycfina, Num
mulites, Operculina, and rarely Spirocfypeus and As
terocycfina, occur in abundances of up to 70 percent 
and prohibit the assumption of an important deviation 
from normal marine salinity. A steady decrease in the 
percentages of larger Foraminifera occurs in the up
permost part of the section, however. The sedimen
tological record also shows rapidly changing condi
tions in this interval: levels of loose sand with 
abundant mollusk debris, solitary corals and a lignitic 
layer are intercalated in the silty clay. The abundant 
occurrence of Discorbis circularis in a single sample 
at the top of the Val Organa section reflects such 
changes. 

The specific spectrum of larger Foraminifera, es
pecially of Nummulites, is quite particular. Nummu
lites incrassatlls ramond(formis, N. bOlli{{ei, N. pu/
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FIGURES 7, 8 

Equatorial sections of Operudillll a/pilla (megalospheric forms) 
from the Marna di Possagno and the Calcare di S. Giustina. l\ote 
the difference in size of the test and of the megalosphere. Figure 7. 
Calcare di S. Giustina, sample 728c. Val Organa section. Figure 8. 
Marna di Possagno, sample 674. section of Cunial. Location of sam
ples see Herb & Hekel 1975. Figure 4. 12.5x. 

chellus. lV. stellatus. lV. (,/llIialellsi.\' , and lV. garnieri 
occur in communities of small individuals where the 
size of the microspheric forms only slightly exceeds 
the megalospheric forms (Herb and Hekel, 1975). The 
absence or scarcity of some Iypical late Eocene forms, 
such as lVl/mll1ulites f£lhiollii and Heterosregina, is 
typical for the Marna di Possagno. The muddy and 
soft suhstratum does not seem to he an appropriate 
environment for them. These forms become abundant 
or common in the overlying limestone sequence of the 

Calcare di Possagno. lVummulites fahianii selectively 
occurs in great abundances in the hard siltstones 
intercalated in the upper part of the Marna di Possag
no. It is possible that its scarcity in the lower part 
of zone 5 and the upper part of zone 4 is also re
lated to increased water depth, which is unfavorable 
for this species. 

As explained below. the transition from more striate 
to less striate and smooth bolivinids of the B. lIohilis
B. gracilis sequence within zones 4 and 5 may indicate 
a reduced oxygen content of the water. This also could 
account for the particular nature of the assemblages 
of larger Foraminifera particularly with respect to their 
small size (Hallam, 1965). 

Ami (1965) has proposed an environmental scheme 
for nummulitid biofacies. The nummulites of the Mar
na di Possagno correlate closely with his "forebanc
facies" (facies d'avant banc), which is characterized 
by the presence of mostly small nummulitid taxa. 

Summarizing these data it seems appropriate to as
sume a further decrease of the water depth from ap
proximately 30 to 40 m at the base of zone 5 to almost 
sea level at the top. Environmental conditions become 
variable in the upper part, with the possibility of slight
ly elevated salinities. The proliferation of the non
keeled Elphidium lati(/or.\'atum in sample 130 follows 
this interpretation. 

The sudden change in the type of sedimentation at 
the boundary between the Possagno clay and the over
lying S. Giustina limestone is mainly an effect of the 
reduced supply of terrigenous sediment, which en
abled the coralline algae to develop in large quantities, 
whereas the water depth probably remained essen
tially unchanged. Thus we find in these limestones. 
particularly in their upper part. a more complete spec
trum of larger Foraminifera, including Heterostegina 
and Nummulites fahianii, in which microspheric spec
imens reach normal diameters. In contrast, some of 
the small Nummulite species which are typical for the 
Possagno clay, such as lV. garnieri. N. plllchelllls, N. 
houiltei. lV. stellatus. and N. cllniatensis. do not occur 
in the limestones. The late Eocene strata of Possagno 
provide a good example of the distinct specializa
tion of nummulitid species to certain environments, 
but the factors which are responsible for this are still 
not known (Herb and Hekel, 1973, 1975). 

FIGURE 9 


Stratigraphic distribution and phenotypic variation of the Bo/iI'illl/ lIohilis-Bo!i\'ill(/ gl'llcilil lineage in the late Eocene Marna di Possagno. For 

sample locations sec Figures I and 2. Estimated water depth values are in reference to the stratigraphic position of the samples at the left. 
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FIGURE 10 

Stratigraphic distribution and phenotypic variation of the Bo/il'ina anlegresw lineage in the late Eocene of Possagno, 
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The section also exhibits the influence of particular 
environmental conditions on certain features of the 
test morphology in larger Foraminifera, such as the 
size of the test and, in some cases, the size of the 
megalosphere. Species like Nummulites incrassatus 
ramondiformis and N. chavannesi, which occur in the 
clay as well as in the carbonate facies, are smaller and 
show smaller diameters of the megalosphere in the 
Marna di Possagno than in the Calcare di S. Giustina. 
This trend is particularly significant in Operculina al
pint2. Megalospheric forms of this species are three 
times as large in the Calcare di S. Giustina and show 
megalospheres which are twice as large than the spec
imens from the Marna di Possagno (Figs. 7 and 8). 

DISTRIBUTION OF SOME BOLIVINIDS 

BOLlVIN,q NOBILIS and BOLIVINA GRACILIS 

A number of bolivinid forms are important diagnos
tic species for certain assemblage zones of the Pos
sagno section. Particularly interesting is the distribu
tion and development of Bolivina nobilis Hantken and 
Bolivina gracilis Cushman and Applin. As shown in 
Figure 9 the two species are connected by intermedi
ate forms. Typical B. nobilis has its distribution in the 
lower part of the section, in zones 2 and 3. It is fol
lowed by intermediate forms from the top of zone 3 
to the middle of zone 5. Typical B. gracilis occasion
ally occur in the upper part of zone 3 and in the lower 
part of zone 4, but its main distribution ranges from 
the uppermost part of zone 4 throughout zone 5. In 
Figure 9 the phenotypic variation is shown for a se
lection of samples. 

Specimens in sample 57 (zone 2) are slender forms 
with a length of approximately 0.6 mm. They are 
striate over nearly the entire length of the test. 

In zone 3 (samples 6-38) the specimens reach their 
maximum length of 0.9 mm; the apex of the test is 
tapering and the ribs are restricted to the lower half 
or two-thirds of the test, leaving the last 3 (and some
times more) chambers without ornamentation. 

Between samples 38 and 95 (top of zone 3, zone 4, 
and zone 5) the tests become gradually smaller and 
broader, the smallest specimens having a length of 
only 0.3 mm. Ribs can only be noted on the early 
portion of the test and finally disappear on the speci
mens from sample 95. 

The definition of several species within a lineage, 
such as shown in Figure 9, is certainly artificial. We 
call B. nobilis those forms which are longer than 0.5 
mm and whose tests show fine ribs over at least half 
of their length. Specimens smaller than 0.45 mm, 

POSSAGNO EOCENE FORAMINIFERA----.. ....-~~~ 

which show no ribs but instead have parallel rows of 
small pores, are, according to the original description 
by Cushman and Applin. called B. gracilis. Between 
the two we find transitional forms with tests smaller 
than 0.5 mm, which still show fine ribs on the early 
portion of the test. 

It is interesting to compare this "ecologic lineage" 
with the phenotypic variation of Bolivina argentea in 
two recent basins off southern California (Lutze, 
1964). This author distinguished a long, slender, unor
namented basin form living in a low-oxygen environ
ment, from a wider, keeled form with ribs, living in an 
oxygen-rich environment. The two are linked together 
by transitional forms. It is suggested here that the two 
"species" B. nobilis and B. gracilis from Possagno 
with their transitional forms may in fact represent such 
phenotypic variants of one and the same species. The 
question of whether in this case the variation is also 
caused by changes in the O~ content of the water or 
by other ecologic factors cannot be definitely an
swered. 

BOLIVINA ANTEGRESSA WITH SUBSPECIES 

Sahakjan-Gezaljan (1%0; in Akopiana and others, 
1974) described three subspecies of Bolivina ante
gressa Subbotina from the Paleogene of the Erewan 
and Armenian basin (USSR) and proposed an evolu
tionary lineage from B. antegressa anglliata in the 
middle Eocene to B. antegressa dentata in the Oli
gocene, with B. antegressa interposita (late Eocene 
and early Oligocene) as an intermediate form. It 
seemed, therefore, that these subspecies could be used 
as biostratigraphic markers. 

Bolivina antegressa anglliata is a small, slender 
form with a central keel and fine, subparalled ribs 
which may be limited to the first few chambers or are 
extended over the entire test. In B. antegressa inter
posita the fine ribs are more scarce; they are missing 
in B. antegressa dentMa. The test is broader in B. 
antegressa interposita and trapezoidal in B. antegres
sa dentata. The elevated sutures show a tendency of 
forming dentitions in the "more evolved" forms, par
ticularly in the last chambers. 

Sahakjan-Gezaljan noted a general increase in the 
size of the test from older to younger forms. This 
seems to be mostly ecologically controlled, since the 
specimens from Northern Italy are definitely bigger in 
size than the ones from Spain and those described 
from the USSR. 

The forms described by the Russian authors may 
eventually be junior synonyms of previously described 
species. Bolivina tectiform is Cushman seems to have 
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an intermediate position between B. antegressa an
Ku/ata and B. anteKressa interposita. Bolidna seal
prato Schwager is similar to B. antegressa interposita. 
but apparently is much more tapering in the initial por
tion. Bolivina fastiKia Cushman is close to B. ante
wessa dentata except for its smaller size. 

According to Lindenberg (1965) Bolivina anteKressa 
Subbotina is a junior synonym of Bolivina \'aceki 
Schubert. Within the Eocene/Oligocene group of Bo
livina \'(/ceki Lindenberg has distinguished a number 
of species or subspecies using biometrical data, such 
as the relations of length to width or width to thickness 
of the test. Although Lindenberg's approach may be 
more correct with respect to the rules of priority, we 
prefer, for the time being, to adopt the nomenclature 
of Sahakjan-Gezaljan, since it seems to be more suit
able for the definition of morphotypes in the Possagno 
section. We are aware, however, that both ways of 
handling the taxonomy are in some respect artificial. 
The usage of subspecies in gradational sequences, as 
described here for the Bolil'ina alltegressa group is 
not in accordance with a biological concept of sub
species. Lindenberg (I965) has discussed these prob
lems in detail. 

In the Possagno section Bolil'il1a alltegressa ssp. is 
found between the lower part of zone 1 and the base 
of zone 4, with occasional occurrences near the top of 
zone 4, In zone I and in the major part of zone 2 only 
Bolivina anteKressa anKulata is present. This subspe
cies discontinuously persists up to the lowermost part 
of zone 3. Bolil'ina antegressa interposita and Boli
vina alltegressa dentata show similar stratigraphic 
ranges between the uppermost part of zone 2 to the 
top of zone 4. Bolivina antegressa interposita domi
nates in zone 2 and the lower part of zone 3, Bolil-ina 
antegressa dcnlata in the middle part of zone 3. No 
definite trends, however, exist in the upper part of 
zone 3 and zone 4. The distribution and phenotypic 
variation is shown in Figure 10. 

As indicated above, Bolil'ina anlcgress(l dentata is 
restricted to the Oligocene in its type area. Bolivina 
sca/prata. probably synonymous with alllcKressa 
dcnlata. has been reported from the Oligocene of Bel
gium (Batjes, 1958). The occurrence of this form in 
the late Eocene of Possagno (Globorotalia cerroaZII
len~is cocoacnsis and G. cerwazu/ensis cunialensis 
zones) may be interpreted as being to a great extent 
ecologically controlled, Bolivina anteKressa angtllata 
preferring deeper water than the other two subspecies. 
A possible correlation with the oxygen content of the 
water is not indicated, however. 

In the Pamplona basin of Northern Spain only Bo

livina {ll1te!{ressa (lnKulata was found and occurs in irregu 
equivalents of zones 2 and 3 (lower half). It has there could 
fore a similar paleobathymetric extension as in Pos initial 
sagno. The fact that the other two subspecies are miss not be 
ing in the respective assemblage zones may be due to substl 
the slightly greater age of the section (uppermost mid sedim 
dle to lowermost late Eocene). This in turn is an in Am 
dication that we are in fact dealing with an evolution datae., 
ary sequence in which the more evolved two Its m~ 
subspecies are both developed during the late Eocene the C 
and their occurrence is also ecologically controlled. zone 

part ( 
DISTRIBUTION OF METAZOA matel 

Solitary corals, pelecypods, scaphopods and gastro
pods are abundant throughout the upper part of the 
Marna di Possagno. For the present study collections 
were made at 10 different levels of the Cunial quarry 
section. Based on these samples, the distribution of 
megafossils are briefly discussed, but no detailed anal
ysis can be attemped at present. The megafauna of the 
Marna di Possagno was the subject of "classic" mono
graphs by Vinassa de Regny (1896-1898) and Oppen
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heim (1901). It has been recently redescribed in an 
unpublished thesis by Simonetto (1969). 

The lowermost occurrences of a few gastropods and 
pelecypods were noted in the small quarry just south 
of the main road (samples 34-35, Fig. 2) and west of 
Cunial (samples 36-38). 

In the section of the Cunial quarry solitary corals, 
gastropods, scaphopods, and pelecypods are abundant 
from the base to the top. They are. however, in most 
cases very fragile and for many species it is very dif
ficult or even impossible to obtain undamaged speci· 
mens. The most striking element of the assemblages 
are certainly the solitary corals. They belong to 8 
species, the 4 most common being Trochosmilia ir
reKli/oris (Deshayes). Pattaloph.vllia subinflata (Ca
tullo), Cydoseris orbicularis (Catullo), and Cycloseris 
patera (d' Achiardi). All collected specimens of the 
discoid Cycloseris orbiclllaris and the patellate C. pa
teta show a flat Discocyclina attached to them in the 
center of the lower face. I They obviously used the 
tests of these larger Foraminifera as a substrate for 
their growth in this muddy sediment. [n the trochoid 
Truchosmilia irregularis and Patta/oph.vllia subinjlata 
such an observation could not be made, possibly be· 
cause the elongated and tapering basis of the individ
uals is usually broken. In one case of Troci7osmilia 

I Observation made by Therese Pfi ster. who also identified the 
species of solitary corals and collected most of the megafossils' 
the field. 
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irref{u/aris an attachment on a Bryozoan fragment 
could be seen, but in some other specimens where the 
initial portion is almost completely preserved, it can
not be decided whether they were attached to a solid 
substratum or were directly growing on the muddy 
sediment. 

Among the 50 species of gastropods Turritella gra
dataeformis v. Schauroth is the most abundant form. 
Its main distribution is in the lower and middle part of 
the Cunial section (top of zone 4 and lower half of 
zone 5). It is significantly less frequent in the upper 
part of zone 5 and seems to be missing in approxi
mately the uppermost 30 m. Van Straaten (1960) found 
living Turritella in the delta of the Rhone River to be 
abundant only at depths of less than 50 m, with a max
imum frequence between 10 and 30 m. These values 
are similar or slightly less than the water depth pro
posed for the interval of maximum occurrence in Pos
sagno. Large naticids belonging to several species, as 
well as Denta/iuIn (Scaphopoda), are further typical 
elements of the Possagno megafauna. 

The pelecypods are represented by at least 28 
species. Our preliminary survey has so far not shown 
significant trends in their vertical distribution. The oc
currence of a narrow stratigraphic interval with abun
dant Pinna he/Fetka Mayer could be observed close 
to sample 84. 

REGIONAL ASPECTS 

In the Pamplona basin of Northern Spain, between 
the villages of Sansoain and Indurain, a regressive se
quence of more than 3,000 m thickness beginning with 
a basin facies at the top of a flysch and ending with 
deltaic sediments was investigated in the same way as 
the Possagno section. A good number of diagnostic 
species. such as Gyroidinoides soldanii. Clavulina 
parisiensis. Bolivi no l1obilis. Bolivina gracilis, Bolil'i
na antegress({ angll/ata, Uvigerina eocaeno, Pararo
talia audoutni, and others were found in the same 
succession and permit the same distinction of assem
blage zones as for Possagno. An exception must be 
made for assemblage zone 1 which was not found in 
the Pamplona basin, the whole Nllttallides truempyi 
group being absent. It is interpreted that the deepest 
part of the basin was shallower than a depth corre
sponding to zone 1. Zone 5 is distinctly different in 
the two areas, Pararotalia (II/dol/ini being very abun
dant in all samples from this zone in the Sansoain
Indurain section. 

A detailed account and discussion of the assem
blages from Northern Spain will be given elsewhere. 

It may be noted here, however, that the faunas from 
Northern Italy and Northern Spain differ considerably 
from each other in their species composition. Sixty
eight species occur in both areas, 53 only in Possagno, 
32 only in Sansoain-Indurain. 

Compared with the Possagno assemblages the fau
nas from the Pamplona basin show a much greater 
percentage of arenaceous Foraminifera throughout the 
section. This is probably due to the greater supply of 
detrital sediment and in the uppermost part to low 
salinity conditions in the deltaic environment. 

The Possagno fauna, in contrast, compares well 
with other late Eocene occurrences of Northern Italy. 
Zones I to 3 show a close relationship to the faunas 
from Varignano (Monte Brione, Hagn, 1956) and from 
Nago and the Monte Baldo (Castellarin and Cita, 
1969); zones 3 to 5, to late Eocene assemblages from 
the Colli Berici (Ungaro, 1969, Broglio-Loriga, 1969), 
except for the abundant occurrence of Quera/tina and 
Sch/osserina in this area. two genera which have not 
been found in Possagno. 

CONCLUSIONS 

According to the present data the stratigraphic dis
tribution of fossil assemblages in the Possagno section 
is primarily related to water depth. This does not, 
however, necessarily impl y that water depth was the 
only physical factor of importance. It may in many 
cases as well be the expression of other parameters; 
the penetration of light is a major factor for the exis
tence of larger Foraminifera which carry zooxanthel
lae in their protoplasma. The important faunal change 
in the assemblages of smaller benthonic Foraminifera 
which occurs between zones 3 and 4, may thus be 
related to the limit of the euphotic zone. Other param
eters are difficult to evaluate, and the interpretation of 
our data must in most instances be limited to an esti
mation of the water depth for the five assemblage 
zones recognized in this paper. This estimation. how
ever, corresponds well to the interpretation of water 
depths obtained independently on the same section by 
the distribution of Ostracods (Ascoli. 1969). 

The present results may serve as a guide for inter
preting bathymetric relationships of Eocene benthonic 
Foraminifera in other areas. A first step in this direc
tion has been made by the investigation of a section 
in the Pamplona Basin of Northern Spain. It shows 
that a bathymetric zonation, such as the one estab
lished in this paper, can be applied to other areas, 
since many of the diagnostic species used for estab
lishing the zones are cosmopolitan forms. Faunal pro
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vincialism, as expressed by the selective occurrence 
of other species in one or the other area or, in some 
cases, different distributions with respect to the as
semblage zones so far prohibit a more detailed zona
tion. 

In the shallow-water environment of zone 5 the local 
ecologic conditions are of much greater influence on 
the specific composition of the assemblages than in 
deeper water, a well known fact in modern environ
ments. Regional and local differences are therefore 
more pronounced in our zone 5 and their effects are 
superimposed on the bathymetric zonation. In some 
cases it is possible to give estimates about ecologic 
parameters of major importance, particularly concern
ing the salinity of the water. In other cases such es
timations are difficult or so far impossible to give. 
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ABSTRACT 


The oxygen isotopic composition of Globigerinoides 
saccufijer in 30 surface sediment samples from the 
southwestern Indian Ocean has been measured. The 
coverage is sufficient to enable isotherms to be con
structed from isotopically estimated temperatures, 
which reflect the effect of the Agulhas Current. The 

INTRODUCTION 

Following the discovery of the oxygen isotope 
method of estimating paleotemperatures (Urey, 1947) 
and its development to the point of being a useful tool 
(Epstein and others, 1951, 1953), Emiliani (1955) ap
plied the method to fossil foraminifera. Emiliani (1966) 
has emphasized the fact that the areas from which his 
data are derived, the Caribbean and the Equatorial 
Atlantic, are areas of very small seasonal temperature 
range. Thus the isotopic values obtained should cor
respond to mean annual temperature, whatever sea
sonal variations there may be in abundance. A second 
feature of the areas from which the best oxygen iso
tope data have so far been obtained is that all have 
rather similar temperature today. The Carribean stud
ied by Emiliani, the central equatorial Indian Ocean 
studied by Oba (1969), and the western equatorial Pa
cific studied by Shackleton and Opdyke (1973) all have 
surface temperatures about 27°e. Little attempt to de
lineate temperature gradients during the Pleistocene 
has been made for this reason. 

I Scripps Institution of Oceanography, La lalla. California. 
2 Sub·department of Quaternary Research, University of Cam

bridge, England. and Lamont·Doherty Geological Observatory of 
Columbia University, Palisades, New York. 

isotopic measurements indicate near summer temper
atures. Isotopic analysis of samples from the 18,000 
B.P. level in cores should permit paleo-isotherms to 
be constructed for the Agulhas Current of the glacial 
period. 

In this study we present isotopic analysis of a single 
planktonic foraminiferal species, Globigerinoides sac
cufifer (Brady) in 32 surface sediment samples from 
the southern Mozambique Channel and adjacent 
southwest Indian Ocean, covering a temperature range 
from a summer high around 27°C in the north, to a 
winter low about 17°C in the southeast. 

THE REGIONAL SETTING 

This investigation is based on samples collected by 
the late Dr. Orville L Bandy in 1964 during the In
ternational Indian Ocean Expedition on Cruise 7 of 
R.V. ANTON BRUUN. Sediment distribution and 
planktonic foraminiferal trends in samples of this ex
pedition were investigated in detail by Vincent (1972, 
1976). Figure 1 shows the bathymetry of the area and 
the location of the samples selected for this study, 
which are core-tops (0-2 cm) of short gravity cores 
(Table 1). The area is of rugged submarine topography. 
It includes narrow shelves, steep slopes, the Mozam
bique and Madagascar Ridges at an average depth of 
2,000 m, and the northern portion of the deep Mozam
bique Basin. A number of submarine canyons cross 
the slopes of the area. 

This region is the source area of the Agulhas Cur
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FIGURE I 

Bathymetry (adapted from Heezen and Tharp. 19(6) and cores lo
cation, 

rent, the western boundary current of the South Indian 
Ocean (Fig. 2). The Agulhas Current is a result of the 
merging of the Mozambique Current and the East 
Madagascar Current, both of which in turn derive from 
the South Equatorial Current (Michaelis, 1923: Die
trich. 1935: Schott, 1935: Orren, 1963, 1966: Darby
shire, 1964: Menache, 1963). Based on the large 
amount of data collected during the International In
dian Ocean Expedition, recent comprehensive studies 
(Duncan, 1970: Wyrtki, 1971: Harris, 1972) have 
shown the complexity and pronounced seasonal vari
ations of the supply of water to the Agulhas Current. 
The Mozambique-Madagascar-Agulhas current sys
tem is dependent on the South Equatorial Current, 
which varies seasonally in width and transport. 

The relatiomhip between sediment distribution and 
oceanographic Factors was evaluated by Vincent 
(1976), Areas of nondeposition on parts of the African 
shelf and upper slope reflect the winnowing action of 
the Mozambique-Agulhas Current. The Mozambique 
Ridge, on which manganese nodules are abundant, is 

TABLE I 

Location of samples selected from cruise 7 of R, V. ANTOr-; 
BRUUN (corers were used in tandem, Core, from each pair were 
differentiated hy using the sign x or 0 following the station number), 

....__...... 

Water 
Interval Lltitude l.ongnude depth 

Core (em) S E 1m) 

358 B x 0-2 29c::w' J 1"59' 421 

361 ex 0-2 26c:n' 36"00' l.lI29 
361 F X 0-2 25"50' 37°21 ' 2.750 

361 J X 0-2 25°39' 37°45' 3.lIOO 
362 C 0 0-2 24°54' 39°26' 3.570 

362 Eo 0-2 24"16' 41"25' 3.950 
363 ex 0-2 23"45' 4)°10' 2.9l10 
363 F X 0-2 2:F40' 43°21' 1.860 

366 B 0 0-2 23°09' 43"08' 2.300 
367 H X 0-2 22°40' 39"21 ' 3.140 
368 B X 02 23°01' 3l1°37' 2.995 
369 B 0 0-2 23°48' 37°46' 2.270 

369 H X 0-2 24°12' 36°01' 1.185 
370 C X 0-2 24°25' 3S037' 910 
372 K X 0-2 2S007' 34°34' 106 
374 A [) 02 26°55' 33°50' 896 
374 C 0 0-2 27'~09' 34°09' 1.335 
375 B 0 0-2 28°00' 35°16' 1.910 
375 F 0 0-2 29"03' 36°43' 3.840 
379 B 0 0-2 32°23' 4:n6' 2.600 
379 B X 0-2 id id id 
385 B X 0-2 34° 15' 35°59' 3,150 

387 E 0 0-2 31°23' 33°48' 3,260 

388 B X 0-10 30048' 32°58' 3,090 
388 D X 2-8 30"19' 31n8' I.S20 
389 B X 0-2 30"10' 32°04' 1,355 

389 D 0 0-2 30e 10' 31"37' 930 
389 F 0 0-2 29°57' 31'31' 715 
390 F X 0-2 29°38' 31"36' 200 
390 J X 0-2 29°35' 3nW 156 

390 M X 0-2 29°34' 31°39' 115 
391 A 0 0-2 29°29' 31°45' 86 
391 Do 0-2 29°26' 31°46' 77 

swept by an eddy of intermediate water. Displaced 
sedments occur in places, usually associated with sub
marine canyons. and are especially common in the 
Zambezi Canyon. Mozambique Basin sediments in
clude pelagic clay associated with manganese nodules 
and turbidite layers derived from neritic and bathyal 
depths. Only undisturbed cores of calcareous ooze 
were selected for this study. 

Figure 3 shows the northeast-southwest-trending 
winter surface isotherms which reflect the current cir
culation pattern, Summer data are sparse: however, 
compilation of observations of various expeditions 
(Fig. 4) shows that the yearly surface temperature 
variation throughout the area is about 4D C, being great
est in the region of the Agulhas Current (up to 6°) and 
least in the area near Tulear (about 3°C). 
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FIGURE 2 

Surface currents in the southwest Indian Ocean (from Vincent, 
1976). 
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FIGURE :1 

Surface water temperature in the southwest Indian Ocean for July 
29to Septemher 9, 1964 (the austral winter). R. V. ANTON BRUUN 
data. Cruise 7. Temperatures greater than 23°e and lower than 
16.5°(' are nol contoured. (Adapted from Vincent. 1976), 
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FIGURE 4 

Surface water temperature in the southwest Indian Ocean for the 
months of January and February (the austral summer). 

The planktonic foraminiferal fauna is diversified and 
typical of warm water. There is a general agreement 
between distributional patterns of planktonic forami
niferal species in surface waters (Be and Tolderlund 
(1971) and in surface sediments of the area (Vincent, 
1976). Both living and dead assemblages reflect the 
Agulhas Current pattern. Tropical species are predom
inant in the Mozambique Channel and along the Af
rican coast and decrease in relative abundance toward 
the southeast of the area, while temperate species 
show the reverse trend. For example, G/obiRerinoiLies 
sacclI/(f"er comprises 15 to 30 percent of the planktonic 
fauna in the surface sediments of the northern and 
western parts of the area and decreases southeastward 
to approximately 5 percent (Fig. 5). 

OXYGEN ISOTOPE ANALYSIS 

For each analysis about 20 specimens of G. S(lC

clI/(f"er were extracted from selected core tops. These 
were lightly crushed to give access to inner chambers 
and cleaned ultrasonically to remove adhering mate
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45'E 

FIGURE 5 

Relative frequency of Glohilferinoides saccI/lifer in the planktonic 
foraminiferal fauna coarser than 250 microns in surface sediments. 
Bottom samples collected during cruise 7 of R. V. ANTON BR UUN 
(From Vincent. 1976.) 

rials. Volatile organic impurities were removed by 
roasting at 450cC for 30 minutes in a vacuum. Carbon 
dioxide was released using 100 percent orthophos
phoric acid at 50°C, and analyzed in a V. G. Micro
mass 602C mass spectrometer. Calibration to the 
P.D.B. standard of Epstein and others (1951) is ef
fected by analyzing standard carbonates in the same 
manner, and in particular, Emiliani's belemnite stan
dard B-1, which stands +0.29 per mil on the P.D.B. 
scale (Friedman, personal comm.; Shackleton, 1974). 

We express our results using the usual delta nota
tion: 

where R is the ratio of the two isotopic species, 
I~Cl!;0180 (mass no. 46) and 1~C1602 (mass no. 44). For 
the carbon isotopic composition the same formula is 
used, but R is the ratio 13CHi0 2 (mass no. 45) to 12CHi0 2 

(mass no. 44). 

We estimate temperature from the oxygen isotope 
values using the equation: 

Here we need Ow, the isotopic composition of the 
water. This is because it is the relationship between 
the isotopic composition of the water and that of the 
carbonate depositing in that water that is affected by 
temperature. Providing that isotopic equilibrium is 
reached (see below), the form of this equation is de
termined by thermodynamic principles alone. The 
equation quoted differs slightly from that first obtained 
empirically for mollusks by Epstein and others (1953), 
because it is a rewritten version (Shackleton, 1974) of 
an equation obtained by O'Neil and others (1969) for 
inorganic calcite deposition. The new equation is al
most negligibly different at the temperatures with 
which we are concerned here, but has the advantage 
of being valid at ocean bottom temperatures as well. 

Over the surface of the ocean, Ow varies slightly 
from place to place because in areas of excess evap
oration, and high surface salinity, it is the isotopically 
lighter molecules that escape more readily in the form 
of vapor (Epstein and Mayeda, 1953). In the area 
we are considering, surface salinity varies between 
35.3 and 35.6 parts per thousand. On the basis of 
Figure 8 in Craig and Gordon (1965) we estimate 
these figures to correspond to a range in (5", from about 
+0.2 to 0.4 on the P.D.B. scale (0.4 to 0.6 on the 
SMOW scale used by Craig and Gordon). We have 
used a value of 0.3 per mil in calculation. Uncertainty 
of ± 0.1 per mil Ow corresponds to ± Y2 degree in our 
temperature estimates. 

If the isotopic composition of organically deposited 
carbonate is not related to that of the water in the 
manner predicted by thermodynamic principles, then 
it is possibly variable in response to other variables as 
well as temperature. For this reason it is important to 
know whether isotopic equilibrium between ocean 
water and the foraminiferal carbonate is attained. Be
cause Equation 2 is based on inorganic precipitation 
of carbonate, it is a good standard to judge by. Re
ported deviations from isotopic equilibrium (van 
Donk, 1970; Duplessy and others, 1970; Vergnaud· 
Grazzini, 1976; Shackleton and others, 1973) are in the 
isotopically negative direction. Since this means that 
the temperature calculated is too high, it is most easily 
detected by analyzing the foraminifera from the ocean 
surface. Shackleton and others (1973) analyzed a few 
species including G. sacculifer in the Indian Ocean 
and reported deviations including a figure of -0.35 per 
G. sacculifer. This figure is incorrect; we now know 
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TABLE 2 


Oxygen and carbon isotopic composition of G/ohigerinoiJes S(iC


clIliji'r in R.V. ANTON BRUUN. Cruise 7. core tops. 


Sample RI'iO Ol.1C T isotopic 

358 Bx 1.05 
-1.00 

+ 1.76 
1.97 } 23.0 

361 C X - 1.32 1.73 24.3 
361 F X 

361 F X 

- 1.53 
1.61 +-IA6 

25.4 

361 J X -1.37 
361 J X 

361 J X 

1.19 
1.12 

+ 1.60 
+ 1.17 1 

24.1 

362 C 0 IAI 1.99 24.7 
362 E 0 1.11 +1.76 23.3 
363 C X - 1.58 1.99 25.5 
363 F X 

363 F X 

366 B 0 

366 B 0 

367 H X 

367 H X 

- 1.68 
1.69 
1.96 
1.92 

····IA2 
-1.19 

f 1.50 

+ 1.41 
1.96 
1.80 I 

26,0 

27.2 

24.3 

368 B X -0.68 1.76 21.3* 
369 B 0 

369 B0 

369 H X 

369 H X 

-1.52 
-1.46 
-0.91 

1.01 

+2.04 
+ 1.84 
+ 1.51 
+ 1.89 

1 
f 

25.1 

22.6* 

370C X 1.44 +2.15 24,8 
372 K X 

372 K X 

-1.22 
1.39 

1.65 
c 1.63 } 24.2 

374 A 0 -1.35 +2.00 24.5 
374 C 0 

374 C 0 

0.80 
-0.79 

+-1.89 
+ 1.88 } 21.9* 

375 B 0 1.16 + 1.57 23.6 
375 F 0 0.51 + 1.53 20.5" 
379 B 0 -OAI + 1.16 20.1 
379 B X -0.38 + l.30 20.0 
385 B X 

385 B X 

-0.70 
-·0.74 +0.63 } 21.5 

387 E 0 -0.87 + 1.43 22,2 
388 D X - 1.18 + 1.81 23.7 
389 B X 1.37 +2.01 24.5 
389 D 0 .... 1.20 1.67 23.7 
389 F 0 

389 F 0 

-LIO 
-1.21 

+ 1.92 
1.87 } 23.4 

390 F X -1.03 1.63 23.0 
390 J X - 1.03 + 1.46 23.0 
390 M X 1.16 + 1.71 23.6 
391 A 0 1.53 + 1.79 25,3 
391 Do 1.15 + 1.34 23.5 

Assumed contaminated. not plotted on fig, 6. 

that B- I analyzes +0.29 to P.D. B. and not +0.1 as 
was then believed, so that the measured deviation 
from isotopic equilibrium is only -0.16 per mil. We 
have not taken this figure into account in our calcula
tions because it is small in relation to the uncertainties 
involved in its measurement. 

Analytical results are given in Table 2. The duplicate 

30' 
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20' 20' 

25' 

35'S 

FIGURE 6 

Isotopic temperature estimated from oxygen isotopic composition 
of GlohigcrinoiJes s{lcClllifiy in surface sediments. 

analyses given imply 68 percent confidence limits (1 
- 8) of :to.07 per mil for oxygen, and :to. 13 per mil 
for carbon, in estimating the isotopic composition of 
the population in a sample using a single analysis. For 
homogeneous clean calcite the figure is :to.05 per mil 
for both isotopes, so that there is probably appreciable 
between-specimen variability at least in carbon iso
topic composition. 

We have not attempted to map variations in carbon 
isotopic composition. If there are variations in surface 
carbon isotopic composition within this small region, 
they are small and we would need to analyse many 
more foraminifera at each location in order to detect 
them with confidence. 

In Table 2 we have estimated T using Equation 2, 
and taking a value of +0.3 per mil for 8w. In Figure 
6, these are plotted on the map and roughly contoured, 
ignoring samples 368B, 369H, 374C, and 375F, whose 
low values are clearly anomalous. The anomaly is due 
to the samples not being recent (Vincent, 1976), but 
containing fossil material. We draw attention to this, 

93 



VINCENT A1\D SHACKLETON 

because oxygen isotope analysis is a useful tool in 
detecting glacial contamination in surface samples. 

DISCUSSION 

Figure 6 indicates that the analyses we have made 
demand isotherms trending northeast-southwest such 
as exist at present under the influence of the Agulhas 
Current. We do not wish to evince surprise at this 
observation: at the same time it is worth emphasizing 
in view of its paleoenvironmental significance. The 
emphasis of oxygen isotope analysis in the Pleistocene 
has always been on down-core sequences, with the 
objective of providing "generalized temperature 
curves." This direction has gained impetus from the 
realization that these are in reality "generalized 
Northern Hemisphere Ice Volume curves" and thus 
constitute a fundamental stratigraphic framework 
(Shackleton and Opdyke, 1973, 1976). On the other 
hand it may not be fully appreciated that even in the 
present state of uncertainty as to the exact isotopic 
composition of the world's ocean during the last gla
cial maximum (Emiliani and Shackleton, 1974) syn
optic oxygen isotope "palaeotemperature" maps may 
be of considerable value. In the region under discus
sion, for example, it is clear from an examination of 
Figure 6 that only a very modest number of full-glacial 
analyses would be needed to gain a meaningful impres
sion of isotherm trends associated with the glacial 
Agulhas Current. The second observation that may be 
made regarding Figure 6 concerns that absolute values 
plotted, which are near sUlface summer temperatures. 

The population analyzed may be presumed to rep
resent on the one hand, the distribution of G/obige
rinoide.\' saCCI/lifer through the year and on the other, 
the distribution of the species with depth in the water 
column. More precisely, what we are measuring is the 
mean temperature of calcite secretion of G . .\(lecllnter 
weighted in reflection of its seasonal depth distribu
tion. The fact that in spite of this, we obtain a value 
near surface summer temperature, gives us confidence 
that in this region surface temperature distribution can 
be mapped on the basis of oxygen isotope analysis in 
G. 	s(I(,(,III«(el'. 
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ABSTRACT v 

C 
Globigerinids display a wide variety of pseudopodial 

types during their existence in cultures. Development 
of many long, flexible axopodia from reticulopodia ex
tended into the water above the test allows newly col
lected specimens recovering on a substrate to float 
free. With time, the numerous axopodia present in 
young globigerinids are replaced by fewer brittle, cal
cifying spines, each coated with a motile cytoplasmic 
film which extends beyond the spine tip as a sticky, 
retractable "probe." Resorption of spines enables 
mature globigerinids to assume a benthic existence in 
cultures, moving and feeding with filopodia, reticulo

podia, and pharopodia. Globigerinids are rivaled only Z 
by acantharians in the diversity of motile appendages tl 
which appear in cultured specimens. Radiolarians and e 
heliozoans have much simpler pseudopodial arrays. ( 
Globigerinid axopodia are superficially similar to those 5 
of heliozoans, but apparently lack the ability to con
tract rapidly which is essential to food capture in some 
heliozoans. The greater firmness and length of globige
rinid axopodia and young spines allows continuous 

(;utilization of detrital food while helping to support flo
1tation of the relatively heavy test. 
t 

INTRODUCTION 

The taxonomic position of the Foraminiferida within 
the Sarcodina has frequently been determined by the 
anastomosing network of granular pseudopodia which 
is commonly associated with benthic members of this 
order. Observations of living benthic foraminifera by 
numerous workers served to support this practice (for 
example, Leidy, 1879; Sandon, 1934; Jepps, 1942; and 
Arnold, 1953). 

However, the spines of the planktonic globigerinid 
foraminifera have been a source of concern to micro
paleontologists including Be (I960a), Be and Ericson 
(1963), and Parker (1962). Parker differentiated be
tween the delicate spines of the Globigerinidae and the 
ornamental protuberances of the Globorotaliidae. Al
though globigerinids do develop spines (Be and others, 
1969; Hemleben, 1967, 1969; Be and Hemleben, 1970), 

they first deVelop long, tenuous axopodia (Adshead, 
1967b) some of which may contribute to the spinose 
condition of mature specimens. Parker (1962) noted 
that "several genera and species of the Globigerinidae 
have these spines in their young stages and do not 
have them in the adult stage. " She described Glohig
erina bulloides d'Orbigny as having a hispid test and 
being spinose, that is, having long, thin spines when 
living. In living specimens of Glohi[?erina hulloides 
and other globigerinids in culture, it is seen that the 
spines of young planktonic individuals are in fact pre
ceded by flexible axopodia which develop (from 
preexisting reticulopodia) while the test is newly 
formed, smooth, and transparent (Adshead 1967a, b). 
Brittle spines appear as secondary calcification pro
gresses, and may finally be resorbed. 

More detailed observations on living planktonic fo
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raminifera would clear up many problems about these 
organisms. Because benthic species have been more 
readily observed in cultures; the complete life cycles 
of many benthic species are well known (Leidy, 1879; 
Myers, 1936, 1937; Jepps, 1942; Arnold, 1954, 1%4; 
Bradshaw, 1955; Sliter, 1965; Grell, 1973). Similar in
formation is still not available for planktonic forami
niferans, although development of a simple culture 
method (Adshead, 1967a) enabled observation and 
photography of globigerinids, collected off of southern 
California, for periods up to three months during 1965
66. During these culture studies some globigerinid 
specimens developed into orbulinids, as described lat
er. Observations on Caribbean globigerinids (espe
cially Globigerinoides ruber) were made during a 
cruise aboard R/V Alaminos (Texas A & M Univer
sity) in the summer of 1973. To gain a comparative 
view of pseudopodial structures, the following Sar
codina were watched in cultures: globigerinids, helio
zoans, radiolarians, and acantharians from plankton 
tows, benthic calcareous and arenaceous foraminif
erans, and the freshwater heliozoan Echinosphaerium 
(=Actinosphaerium) supplied by Carolina Biological 
Supply Co. 
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COLLECTION AND MAINTENANCE 

The routine used for collection and maintenance of 
globigerinids is highly flexible, depending on materials 
and methods readily available or easily obtained. The 
methods used are described by Adshead (l967a). 
Slight modifications were made on the Caribbean 
cruise, when foraminifera were isolated into individual 
plastic containers (5-milliliter clear DISPO beakers, 
Scientific Products), which were placed nine on each 
half of a square plastic petri dish (Integrid Petri Dish, 
100 x 15 mm, Falcon Plastics #1012) and covered 
with plastic wrap. The smaller containers (as opposed 
to Pyrex custard dishes used in 1%7) conserved space 
and simplified location of foraminiferans in culture. 
Because the ship's laboratory was air-conditioned, the 
covered dishes of foraminifera were kept in secured 
trays on the laboratory bench with no ill effects. 

TERMINOLOGY 

PSEUDOPODIAL STRUCTURES IN SARCODINA 

Pseudopodia may be differentiated on the basis of 
form, structure, function, and movement of proto
plasm and inclusions into the following arbitrary cat
egories: (1) lobopodia, (2) filopodia, (3) pharopodia, 
(4) reticulopodia, and (5) axopodia. All of these cate
gories except lobopodia are found in globigerinids at 
some stage and environmental condition. All will be 
described briefly to allow comparison. 

(1) Lobopodia (characteristic of the common gen
era of large amoebas, as Amoeba or Pclomyxa) are 
temporary tubular extensions of clear outer proto
plasm (or hyaloplasm), exhibiting cyclic protoplasmic 
flow (Jahn and Bovee. 1965). Larger lobopodia com
monly have a core of actively flowing granular endo
plasm. Granular endoplasm and clear hyaloplasm are 
separated by an active transition zone rather than by 
a sharp boundary. Lobopodia are often simple; they 
may ramify but almost never anastomose (Leidy, 
1879). They may become pointed and tapering and 
may even coil in response to sudden environmental 
changes such as in temporary flotation (Bovee, 1964; 
Adshead, unpublished data). 

(2) Filopodia protrude as slender ectoplasmic 
strands from the mass of cytoplasm at the mouth of 
testate amoebas, including foraminifera. They are 
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strong, move vigorously and quickly, fork sharply, but 
rarely anastomose other than about encountered food 
particles (Leidy, 1879; also Plate 2, Fig. 1). Although 
filopodia were previously thought to be confined to 
testaceans, this study and observations on Astrorhiza 
limicola (a large arenaceous foraminifer) by Buchanan 
and Hedley (1960) suggest that filopodia may reflect 
a specific physiological state of the organism, and in 
fact occur in many sarcodine groups. Filopodia are 
distinctly not adhesive or "sticky," and are usually 
seen in actively moving or nonfeeding organisms. The 
finely granular protoplasm lacks conspicuous granules 
or vacuoles. Testate forms with filopodia frequently 
assume an erect position in movement, with relatively 
few pseudopodia diverging from the mouth of the 
shell. A distal pseudopodial branch may bend sharply, 
and the bent part may vibrate slowly in a remarkable 
manner, considering the distance from the test and the 
control systems involved (Adshead, unpublished 
data), or a branch may suddenly contract in a serpen
tine manner (Leidy, 1879). Bardele (1972) also de
scribed filopodia in the stalked stage of the pseudo
heliozoan Clathrulina elegans. 

(3) Pharopodia (Allen, 1968) are sheetlike pseudo
podia, also described as lamellar cytoplasm by Vasi
liev and Gelfand (1973), in referring to similar struc
tures which occur in attaching or moving fibroblast 
cells in vertebrate tissue cultures. In globigerinids. a 
pharopodium may spread out in advance of the 
branching filopodia (Plate 2, Fig. 1), displaying a wavy 

surface which would be seen to greatest advantage 
with a scanning electron microscope. 

(4) Reticulopodia (= rhizopodia) are delicate, fila
mentous, constantly branching and anastomosing 
pseudopodia showing active bidirectional streaming of 
coarser granular contents. The reticuiopodia ramify 
initially, then anastomose freely to form an intricate, 
mobile, feeding network. The granular contents (de
scribed by Arnold, 1953, for Allogromia, and also by 
Leidy, 1879, and by Jepps, 1942, for Polystomella) 
may vary considerably with environmental changes, 
and are in constant motion in opposite directions ex
cept in the finest branches. Leidy described the gran
ules as follows: "In the larger threads, the granules 
are immersed and near together; in the smallest 
threads they are in single rows, more or less widely 
separated, and thicker than the threads, so that these 
appear like strings of minute beads." These coarser, 
streaming granular contents (PI. 4, Fig. 1; PI. 5, Fig. 
4) are characteristic of both reticulopodia and axopo
dia. Each reticulopod operates by "remote control," 
and may be rapidly spiralled or bent at any point along 
its length. Foraminifera which develop reticulate feed
ing nets (well illustrated with scanning electron pho
tomicrographs by Marszalek, 1969, for the benthic Ir
idia) tend to settle in one position for long periods, 
building up small piles of detritus around the periphery 
(distal to the test). Spindlelike accumulations of pro
toplasm may occur, groups of which may join to form 
satellite centers for secondary nets (clearly seen in a 

PLATE 1 
Living. floating glohigerinid with yellowish zooxanthellae (probably chrysomonads) clustered over the test and spread out among the axopodia. 
These zooxanthellae were light sensitive. and moved out from the test only when light transmitted by the microscope was kept at moderate 
to dim levels. (about x470). 

PLATE 2 
Benthic globigerinids 

Living, mature globigerinid moving on a substrate. Notice the 2 Same specimen as in Figure I, rotating on a substrate. For this 
sheet of lamellar cytoplasm (arrow), or pharopodium, which is type of movement reticulopodia cluster together in small waves 
continuous from the outer forked tips of both the smooth and similar to those seen in "Orhulil/a" (PI. 8, Figs. 1-3). (x440) 
varicose filopodia. Spines appear to have been resorbed. (x 625) 

PLATE 3 
Benthic globigerinids 

Glohiuerin(l hulloides moving on a substrate toward the up 2, 3 Closeup of globigerinids rotating on a suhstrate. Pseudopodia 
per left corner, leaving a trail of detritus and possibly mucus tend to form waves, and occasionally the tips expand to form 
behind. Filopodia and reticulopodia are used in this move flame-shaped swellings. (x500) 
ment. (X 365) 
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specimen of Shepheardella spread out among sand 
grains in a petri dish). 

(5) Axopodia are long. radiate, tapering extensions 
of viscous, actively granular rheoplasm surrounding 
axial cores which are birefringent in polarized light. 
The cores are composed of microtubules arranged in 
precise and specific patterns. Axopodia are temporary 
structures, and may often be rapidly extended or re
tracted as in heliozoans (PI. 10, Fig. 2). The axopodia 
appear to help support flotation, and provide a large 
surface area for food uptake, waste removal. and met
abolic exchange with the water. Axopodia are quite 
flexible under slight stress (may be elastically de
formed with a glass probe), yet are sufficiently vibra
tile to serve in a minor locomotor capacity (PI. 10, Fig. 
I). In heliozoans, axopodia are very sensitive, and 
may function in food capture by gripping and envel
oping prey organisms. In some foraminiferans, radio
larians, and acantharians the role appears to be more 
passive. 

Contrary to popular opinion. which laid great stress 
on the importance ofaxopodia in classifying Sarcodina 

----------------------~-----------

for many years, axopodia appear to have developed 
in planktonic foraminifera, as well as in heliozoans, 
radiolarians, and acantharians. This problem was con
sidered briefly in an earlier paper (Adshead, 1967b). 
In addition to axopodia developing in planktonic 
species, they may also occur in some stalked forms. 
Christiansen (1958, p. 32) described a strange fora
miniferan, Marsipella arenaria, in which a tubelike 
arenaceous test was anchored in the mud by pseudo
podia attached to sand grains in the mud. The 18 x 
0.5 mm tube stood upright, and thin "threads" which 
Christiansen thought might be keratinlike radiated out 
in the water for about 4.5 mm. These "threads" could 
very well qualify as axopodia if they showed orderly 
axial arrangements of microtubules in cross-sections 
ofaxopodia viewed in the electron microscope. 

ASPECTS OF CYTOPLASMIC MOTILITY IN 


PLANKTONIC SARCODINA 


Grell (1973) noted that all protoplasm has motility 
and that intracellular cytoplasmic streaming and 10

PLATE 4 

Young. planktonic globigerinids. all with extended, tenuous, highly flexible axopodia. some of considerable length. 


Numerous long. granular axopodia showing the beads-on-a
string appearance typical of reticulopodia and young axopodia. 
( x21O) 

2 	 Several axopodia fused to form a temporary common tip_ Dur
ing fusion granular contents move from one axopodium to 
another, then the axopodia separate again. The membrane phe
nomena involved in this behavior would be particularly inter
esting to investigate. (x200) 

3 	 Globigerinid with axopodia tangled by transfer, showing the 
extreme flexibility of these structures in young specimens. IX 
210) 

4 	 G/ohigcrinll hll//aides with extended axopodia, ,,(ightly tangled 
al the ends to show the remarkable length (over lOx the test 
diameter) attained by globigerinid axopodia, much greater than 
the length of spines, which develop later. (x200) 

PLATE 5 

1-3 Young globigerinid spines, showing a contracting motile tip 
with granular contents at the end of one spine (arrow)_ The 
tip is pulled back onto the spine, and the contents move 
along the surt'ace of the calcified core (arrows). (x600) 

5 

4 Numerous axopodia with abundant granular contents, typi

cal of a young, actively metabolizing and calcifying specimen 
of G/ohiRerina hll//aides. (X 200) 


Slender spines with retracted tips, interspersed with reticu

lopodia in a globigerinid with numerous extracellular zoo

xanthellae (round variety)_ (x230) 


PLATE 6 

Spine formation in G/ohigerina hlli/oit/cs 

1-3 	 Spines with motile. retractable pseudopodial tips which core of the forming spines_ The spines are brittle, breaking 
probe the surrounding water and may fuse temporarily (Fig_ rather than bending, and are much shorter than axopodia 
2, arrow). Globigerinids and other planktonic Sarcodina use (relative to the test diameter) and less numerous. (x6001 
such sticky tips to enable them to roll along a substrate in a 4 Specimen of G/ohigeril1t1 hltl/oiC/(\\ with developing spines. 
slight current. Calcification appears to occur in a gradient, The banner-like pseudopodial tips are visible at the ends of 
with active calcification taking place distally along the axial some of the spines_ (x 210) 
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comotion are both common to most Protozoa; how
ever, there are considerable differences in manner and 
amount of cytoplasmic motility among different 
groups. 

Foraminifera utilize pseudopodia to effect locomo
tion, but also display a continuous bidirectional 
streaming of cytoplasm in pseudopodia which is typ
ical of planktonic Sarcodina in general. Such stream
ing is considered to be a result of a two-layered anti
thetical flow with saltation of contained particles 
(Tilney, 1971; Edds, 1975a), and is rarely seen in cells 
of higher organisms except nerve cells, where flow is 
at a much slower rate (McGee-Russell and Allen, 1971; 
Berlinrood and others, 1972; Ochs, 1972). Although 
Doflein (1916) coined the term "rheoplasm" for the 
outer layer of protoplasm (showing flow and counter
flow) which he observed in heliozoan axopodia, these 
same conditions may also be observed to varying de
grees with the light microscope in the various pseu
dopodia of foraminiferans, acantharians, and radiolar
ians. Bardele (1976, p. 191) has provided a clear 
description of the movement of granules in axopodia 
of centrohelidan heliozoans, a description which could 
well be applied to the other groups mentioned above. 

Rheoplasm and its occurrence in Sarcodina have yet 
to be adequately characterized or defined, although 
progress has been made with the factors governing 
motility. Edds (1975b) showed that cytoplasmic mo
tility in Echinosphaerium was probably due to the 
presence of two types of microfilaments, the thin fil
aments of actin and thicker filaments which could be 
aggregated myosin. Actin and myosin, which form the 
basis for striated muscle in advanced organisms, have 
also been implicated in non-muscle motility of many 
lower organisms including amoebae in recent years 
(Pollard and Weihing, 1974; Mannherz and Goody, 
1976). The microtubular systems earlier credited with 
an active role in motility probably serve more of a 
support function. Edds (l975a) showed that he could 
substitute a thin glass rod for the microtubular com
plex in heliozoan without altering particle motion. 

An additional characteristic which typifies plank
tonic sarcodine pseudopodia is the often "sticky" 
nature of the rheoplasm. Development of feeding nets 
in the benthic foraminifer Astrorhiza was associated 
with a marked and tenacious adhesiveness of the ra
mifying pseudopodia (Buchanan and Hedley, 1960). 

GLOBIGERINID PSEUDOPODIA 

This physiological state contrasted sharply with a sec
ond state in which there was no adhesive property (as 
noted above in defining filopodia). Williams and Roth 
(1973) found that fusion occurred in association with 
feeding and other stimuli in several species of helio
zoan, and apparently involved an interaction between 
"newly formed or denuded cell surface membranes." 
Vollett and Roth (1972) had shown that 5 millimolar 
(mM) CaCI2 and cold (4°C) temperatures had a similar 
effect on Echinosphaeriufn, resulting in an alignment, 
apposition, and fusion of plasma membranes between 
multiple organisms. 

Planktonic representatives of the sarcodine groups 
can utilize the sticky tips ofaxopodia or the motile 
tips which extend from spines to roll along contacted 
surfaces (PI. 6, Figs. 1-4; PI. 8, Fig. 4; PI. 4, Fig. 3). 
When pseudopodia vary in form and behavior (phys
iological state) it appears to be the rheoplasm that is 
the chief variant. 

Although both adhesive and nonadhesive states 
have been observed to occur in response to environ
mental changes in benthic and planktonic foraminif
era, the ultrastructural and biochemical bases for the 
switches have not been clarified. The rheoplasm must 
have certain unique properties which could be detect
ed using recently available techniques. A freeze-etch 
study of the membrane in both states, using surface 
replica techniques as well as standard freeze-fracture 
methods, would probably contribute a great deal to 
our understanding of reversible adhesiveness in rheo
plasm. Vollett and Roth (1974) have recently impli
cated new cell-surface membrane (formed in the pres
ence of calcium or magnesium ions) in cell fusion of 
Echinosphaerium. Roth, Vollet, and Davidson (1975) 
further found that specific receptor sites on the axo
podial cell surface were involved in axopodial re
sponses to external stimuli. 

OBSERVATIONS 

PLANKTO'JIC-BENTHIC BEHAVIOR OF 

GLOBIGERINIDS 

Young, healthy globigerinids are surprisingly active 
creatures. Newly collected specimens may glide about 
on the bottom of culture dishes (PI. 3, Fig. I) or set 
up an active reticulopodial feeding net similar to that 

PLATE 7 

Mature specimen of GlohiKeril1l1 hll/loilie.l with extended spine, and hispid test structure, (X 5001. 
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described by Marszalek ( 1969) for lridia. and settle in 
one place for several days. 

Such metabolically active globigerinids will com
monly extend slender axopodia to lengths up to ten 
times the test diameter (PI. I; PI. 3, Figs. 1-4) and 
float free in the water. Specimens which come together 
accidentally may stick together for varying periods of 
time by fusion ofaxopodia. While the axopodia are 
joined they may exchange granular contents by 
streaming, then separate again. Floating specimens 
coming into contact with surfaces, such as the wall of 
the culture dish, can control their rolling motion in a 
slight current by alternately gripping and releasing 
available substrates using the sticky tips ofaxopodia. 
Similar behavior is seen in heliozoans, radiolarians, 
and acantharians, as noted earlier. 

Heavily calcified mature specimens were observed 
to resorb calcified axial cores of spines and sink to the 
bottom of culture dishes. There they were able to feed 
and move about with slender pseudopodia for extend
ed periods of time. Once such mature individuals be
came benthic, however, they were unable to resume 
floating in cultures, remaining benthic until they died. 
From physiological and behavioral changes of cultured 
specimens, it seems likely that benthic stages may, in 
fact, occur in a number of globigerinid life cycles and 
may be more common than is now supposed. 

VARIABILITY OF GLOBIGERINID PSEUDOPODIA 

Pseudopodia of globigerinids are surprisingly vari
able in form, changing continuously from filopodia and 
pharopodia used in benthic locomotion, to motile 
anastomosing, reticulopodial feeding networks on a 
suitable substrate. In young, metabolically active glo
bigerinids the reticulopodia extending into the over
lying water develop into axopodia, enabling the fora
miniferan to float free. Stages in the transition from 
axopodia to spines are unclear, and will be discussed 
later. The transition from motile filopodia and reticu
lopodia, to axopodia, to calcified spines, and finally 
resorption of these spines and resumption of a benthic 

existence in some mature globigerinids and orbulinids 
presents a complex sequence. 

When anastomosing reticulopodia occur in globi
gerinids they are similar to those found in benthic fo
raminifera. They normally occur in healthy, young in
dividuals which have accidentally lost their 
pseudopodia, as in heavily calcified older individuals 
which cannot replace lost or resorbed axopodia and 
are confined to a benthic existence. Reticulopodia are 
also seen in older specimens, interspersed among the 
spines or resorbing axopodia (PI. 5, Fig. 5). Reticu
lopodia often form feeding nets which extend like 
mooring lines from the test surface to the substrate 
some distance away (best illustrated for the benthic 
lridia by Marzalek, 1969). The "lines" may anasto
mose along their full length, are constantly changing 
and branching, with active bidirectional flow of gran
ular contents, and emanate from test pores. Feeding
net reticulopodia are relatively stable structures, firm
ly attached distally. They can withstand stretching 
with a glass probe, simply tearing loose from the sub
strate when the force becomes too great. Sometimes 
reticulopodia are fairly short, radiating in waves (PI. 
2, Fig. 2; PI. 3, Figs. 2, 3), in globigerinids which are 
rotating on a surface. Jepps (1942, p. 624) captured 
the intense activity seen in the reticulopodia of the 
benthic foraminifer Polystomella. "They may be shot 
out a short distance into the water like little rockets, 
and with the granules chasing up and down, wave 
about like minute feelers, bending, undulating, quiv
ering, and putting out side branches which meet and 
fuse and so establish the reticulum." 

Net-forming species can concentrate their pseudo
podia for active movement on a substrate (PI. 3, Fig. 
1), but usually do so only when strongly stimulated by 
environmental factors. Globigerinids exhibiting direc
tional movement on a substrate sometimes developed 
filopodia (PI. 2, Fig. 1) similar to those described by 
Berrend (1964, p. 435). The actual movement involved 
simple, branching filopodia merging into a ruffled sheet 
of protoplasm (pharopodium of Allen, 1968), which 
spread out in advance of the moving globigerinid (PI. 

PLATE 8 

Orbulinid pseudopodia 3 Reticulopodia in a recovering, damaged orbulinid. showing 

I, 2 Cone- or wave-shaped accumulations of reticulopodia which the origin of pseudopodia within the test. (x 350) 

are used by newly collected orbulinids to roll on a substrate 4 Fusing axopodial tips of floating orbuJinid. Notice tendency 

during recovery from collection shock and before renewed ofaxopodia to twist. (x600) 

flotation. (Fig. I, X450, Figure 2, ca. x300). 5 Floating orbulinid with numerous long axopodia. (X 3(0) 
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2, Fig. I). Globigerinids moving across a substrate 
often left a trail, possibly mucous or secretory in na
ture (PI. 3, Fig. I). Arnold (1953) described similar 
movement in Allo!:romia laticollaris as follows: 
. 'Through mechanisms which are still completely baf
fling to the biologist, the organism is able to concen
trate its pseudopodial effort in one direction and move 
toward the attached ends of these. while simulta
neously withdrawing the pseudopodia which were 
stretched out behind. As a general rule the test re
mains in a fairly upright position above the moving 
mass of protoplasm, just as a snail does as the snail 
moves about. .. 

Allogromia has a particularly labile microtubule 
complement (McGee-Russell and Allen, 1971) in its 
pseudopodia, which allows for such movement. Pos
sibly globigerinid pseudopodia have similarly labile 
microtubules during such periods of benthic activity. 
Globigerinids and orbulinids moving on a surface are 
also able to extend short reticulopodia which function 
in slightly conical waves to produce a rotating move
ment (PI. 2. Fig. 2: PI. 3. Figs. 2,3). 

Reticulopodia in young globigerinids commonly de
velop within a few days or sooner into axopodia. De
velopment of the supporting microtubular axial com
plex lengthens axopodia up to ten times the test 
diameter in length. The delicate axial core ofaxopodia 
is remarkably flexible in young specimens (PI. 4. Figs. 
3, 4). supporting the extremely long, tenuous pseu
dopodia which tend to curve distally due to their own 
weight (PI. 4, Figs. I. 2), The granular components of 
young axopodia are often larger than the axopodial 
diameter, and resemble irregular beads on a slender 
string (PI. 4. Fig. I: PI. 5. Fig. 4). Axopodia are readily 
regenerated following loss by an actively metabolizing 
young foraminifer. They may be badly tangled in 
transfer. and will slowly return to their original form 
(PI. 4. 3). Floating globigerinids in cultures roll 
actively up and down in their medium, with axopodia 
curving into the currents. 

The great length of the numerous axopodia in young 
specimens (PI. 4, Fig. 4) greatly increases the cyto
plasmic surface exposed for nutrient and waste ex
change. I n addition, pseudopodia help provide func
tional support and probably some buoyancy. 
Specimens under observation occasionally release air 
bubbles, which may also be associated with the buoy
ancy mechanism in globigerinids. 

Although globigerinids are wonderfully pliant in 
their early stages and can tolerate considerable abuse. 
they do not seem able to rebuild a damaged final cham
ber. A damaged specimen can simply withdraw the 

cytoplasm into the remaInIng portion of the broken 
chamber, extend new axopodia directly from the cell 
surface, and continue to metabolize and float normal
Iy. Observation of such accidents leaves no doubt as 
to the origin of the axopodia, and their true pseudo
podial nature is clear. They are definitely not spines. 
The transition from axopodia to spines is complex and 
difficult to resolve with the light microscope. 

SPINE DEVELOPMENT AND ASSOCIATED 


BEHAVIORAL CHANGES OF GLOBIGERINIDS 


As secondary calcification of the test proceeds, the 
appearance of the organisms changes considerably. 
There is a marked decrease in numbers ofaxopodia, 
which are replaced by fewer shorter, blunter and 
thicker, developing spines (PI. 4, Fig. I: PI. 5, Fig. 4 
vs. PI. 6, Fig. 4). 

The hardened cores of spines appear to grow out
wards at the tip. An intermediate stage in calcification 
is visible at the distal end of the core, grading into the 
clear protoplasm at the tip. During active spine growth 
the protoplasm extends beyond the tapering calcite tip 
while retaining the normal bidirectional movement of 
contents. The protoplasmic extensions (PI. 6, Figs. 1
3) move in an exploratory manner at the tip of each 
spine, greatly extending the feeding and exchange ca
pacity of the floating globigerinid in the absence of 
axopodia. The tips anastomose only rarely, when they 
contact other exploring tips (PI. 6, Fig. 2 arrow), be
cause of the distance between the spines. Streaming 
motile extensions up to one-third the length of the cal
cified axial cores were seen in one floating globigerinid 
with long spines. 

The motile tips are sensitive, withdrawing quite rap
idly (in a visible motion) when disturbed or damaged 
in any way. They can then be seen initially as irregular 
buildups near the tip of the core (PI. 5. Fig. I) which 
subsequently move back along the spine using the cal
cified core as a substrate (PI. 5, Figs. 2, 3). 

There is a tendency in both axopodia (PI. 8, Fig. 4) 
and spines (P1. 6, Figs. 1, 3) for the protoplasm to 
appear twisted about the axial core, which itself ap
pears somewhat flattened and tapering. However, 
once the riblike nature of the outer edges of the cal
cified core becomes visible. the spiralling is no longer 
so obvious. Doflein (1916) described a similar spiral
ling of protoplasm about the axial cores of certain he
liozoan axopodia. 

As calcification proceeds, the spines become brittle 
and may be broken in transfer, rather than tangled as r 

with axopodia. Orbulinid axopodia are usually re- s 
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sorbed as the internal globigerinid is resorbed. In glo
bigerinids, development continues as long as the spec
imen is actively metabolizing and not heavily calcified. 
Spines are usually much shorter than the earlier axo
podia possibly in part due to breakage, but also be
cause the heavier calcified cores cannot be supported 
as far out from the test as can the delicate microtubular 
cores ofaxopodia. With time, sharply tapering spine 
ends appear blunter, and the bases become wider and 
heavier. The granular contents of the protoplasm cov
ering the spines are greatly decreased in quantity and 
variety ofform (PI. 5, Figs. 1-3 vs. 4) and seem to be 
restricted largely to mitochondria, vacuoles, and small 
particles quite unlike the irregular food granules trans
ported by axopodia and reticulopodia at an earlier 
stage. Possibly the food requirements are greatly re
duced at this stage, as metabolism slows down and the 
creature matures. Also. because test pores are slowly 
filled in, the size of particle which can be transported 
into the test probably decreases at this time, with the 
exception of particles entering through the aperture. 

I 
Be (1965) showed that pores of Globigerinoides sac

culifer are gradually sealed by euhedral calcite. Be
cause similar closing was observed in thin sections of 
Globigerina huf/oides (Adshead and Stapleton, un
published data), it is quite likely that axopodia are 
gradually resorbed and replaced by growing spines. 
Protoplasm is still able to move onto the surface of 
the test and form the pseudopodial structures in which 
spines develop, possibly involving microtubular axo
nemes as an organic matrix for calcification. Clarifi
cation of the sequential stages in spine development 
will require a scanning electron microscope study of 
specimens in culture. The process could not be clearly 
visualized at the test surface using the light micro
scope, owing to depth of field and resolution restric
tions at high magnifications. 

When calcification has advanced sufficiently in ma
ture globigerinids, the organisms apparentl y drift 
down in the water column (falling to the dish bottom 
in cultures). The spines, being much shorter and less 
numerous, may not be adequate to support flotation 
of the heavily calcified test beyond a certain density, 
even when combined with the internal vesicular sys
tem suggested by Lee and others (1965), and Anderson 
and Be (1976). It is also likely that the extensive and 
constant feeding seen in healthy young specimens with 
axopodia is essential to provide the gases involved in 
the buoyancy mechanism. 

At some point in the maturation process, globige
rinids may die and fall to the bottom with the spines 
still intact, or they may resorb the spines and fall to 

the bottom. Globigerinids with resorbed spines can 
continue to move and feed benthically, but they can
not replace spines and resume flotation as could youn
ger specimens following repair of damaged axopodia. 
Accordingly, such mature specimens are apparently 
not suitable for starting cultures. 

DEVELOPMENT AND PSEUDOPODIA OF ORBULINID 

AND BIORBULINID INDIVIDUALS 

Occasionally a recently collected floating globige
rinid lays down an orbulinid sphere amongst the bases 
of extended axopodia (Adshead, 1967a). For about 
three weeks such an individual passes through a def
inite developmental sequence. Initially the clear, 
smooth sphere floats on the long, actively streaming 
axopodia (PI. 8, Fig. 4), while the enclosed globige
rinid is resorbed and secondary calcification of the 
outer sphere proceeds. 

When the test has become thick and opaque, axo
podia are apparently resorbed and the shell-heavy or
bulinid drops to the bottom of the culture dish. Such 
a descent of mature specimens in the ocean would 
probably explain the occurrence of mature heavily cal
cified globigerinids and orbulinids relatively deep in 
the water column (300-2,000 m), although Be (1965) 
thought that such shell thickening might be an "ad
aptation to increasingly deeper habitats." 

Specimens broken early in the developmental se
quence (for example, PI. 8, Fig. 3) have shown that 
pseudopodia originate initially from the parent globig
erinid inside the sphere. Some aspects of the matu
ration process are illustrated in PI. 9, Figs. 1-6. Re
lease of gametes as described by Le Calvez (1936), 
although not observed in my cultures, may be trig
gered only by specific stimuli which were not present. 
Rarely, two globigerinids may fuse prior to secretion 
of the orbulinid spheres, resulting in the formation of 
a biorbulinid structure. The two united specimens may 
calcify at different rates, that is, one sphere may lag 
behind the other as it passes through the develop
mental sequence outlined above. Such a lag between 
the two halves suggests that biorbulinid formation may 
be accidental. 

When orbulinid axopodia are broken off in plankton 
tows, short reticulopodia may emerge from the test. 
These reticulopodia function in wavelike groups (PI. 
8, Figs. I, 2) similar to those seen in mature globige
rinids rotating on a surface (PI. 2, Fig. 2; PI. 3, Figs. 
2, 3). In the spherical orbulinids, however, the 
"waves" enable the protist to roll actively on a sub
strate. 
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PSEUDOPODIA OF HELIOZOANS 

Heliozoans develop axopodia which normally sup
port flotation (PI. 10, Fig. I), but can serve as mooring 
lines (similar in effect to the reticulopodial feeding net 
of foraminiferans) to attach the creatures to a sub
strate. The attached axopodia are so firmly anchored 
that they can be pulled aside along their length, but 
can be moved from position only by tearing them 
loose. Although heliozoan axopodia also exhibit bidi
rectional flow of protoplasm and contents (mitochon
dria, vacuoles, and dense bodies), they do not have 
the restrictions imposed by the calcareous test of glo
bigerinids and routinely utilize whole food. Accord
ingly, heliozoan axopodia lack the coarse, granular 
contents seen in axopodia of young globigerinids. He
liozoan axopodia do contain fine, regular granules 
which exhibit saltatory movement (Rebhun, 1972: 
Edds, 1975a) similar to that seen in globigerinids. The 
refractile granules found in centrohelidan axopodia 

were termed "kinetocysts" by Bardele (1976), 
suggested that these extrusive organelles were" 
pound motile mucocysts" which functioned in food 
trapping. 

Heliozoan axopodia are often extremely sensitive 
(Bardele, 1975) retracting readily when irritated or on 
contact with prey organisms. Two methods offeeding 
have been described for heliozoans. One method, de· 
scribed by Kitching (1964) and Ockleford and Tucker 
(1973) for Actinophrys sol, involves an axopodium 
holding the prey and rapidly contracting to deposit the 
food organism near the cell body, which sends a food· 
cup forming pseudopodial outgrowth to engulf the 
prey and draw it into the cell body. Another method 
described by Mackinnon and Hawes (1961) for Echi
nosphaerium (=Actinosphaerium) is initiated when a 
flagellate contacts several axopodia which immediate
ly bend and contract to surround the organism and 
draw it in toward the cell body (PI. 10, Fig. 2). The 
axopodia continue the enveloping process to form an 

PLATE 9 
Orbuiinid axopodia 

1-3 	 Long tenuous axopodia of a recently formed orbtlJinid, flex 5 Axopodia towards the end of the three-week developmental 
ible and containing granules (although less than in young period, being resorbed as secondary calcification of the test 
globigerinids). Figure 3 shows two fused tips separating. proceeds. (x450) 
joined only by slender strands of protoplasm. (Fig. \, x200, 6 	 Resorption ofaxopodia in a hispid, well-developed orbulinid. 
Figs. 2, 3, x300) At this stage, the creatures fall to the bottom of the culture 

4 Axopodia appear to have developed calcified axial cores, dish, being heavily calcified and greatly slowed metabolical· 
being thicker and more brittle than in Figs. 1-3 (x300) ly. According to LeCalvez (1936), gamete release probably 

occurs at about this stage. (X 350) 

PLATE 10 


Heliozoan axopodia 


Echinosplw(!rium nucleofilum floating in culture with extended, the food organism into the cell body. Axopodia at this point are 
flexible axopodia having bidirectional movement of finely gran irregular and distorted (arrow) almost like reticulopodia as they 
ular contents. Upper axopodia are gripping a pile of detritus. surround the prey and form a food vacuole. (x 2,000) 
(x650) 3 As the food vacuole is being taken into the cell body, micro

2 Eci1inosph(l('rillm capturing a flagellated food organism. Axo pseudopodia (arrow) appear, radiating from the surface of the 
podia bend and are rapidly retracted following contact, pulling vacuole. Their function is not clear. (x2,Ooo) 

PLATE 11 

Acantharian pseudopodia and myofrisks 

Acantharian with extended axopodia (arrow), and myofrisks filopodium (arrow number 1) which literally climbs rapidly up 
extended along the spines. (x 500) and down the spines. The motion is unlike that seen in any 

other pseudopodia observed. A sticky pseudopodia\ tip (arrow2 	 Acantharian with myofrisk extended almost to end of spine 
(arrow). (x500) number 2) is doubled over at the tip of the same spine. ( 

4 Acantharian which had just retracted by pulling in the myo3 	 Acantharian spine showing an unusual variety of spidery 
frisks along the spines. (x250) 
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external vacuole, which is then pulled into the cell 
body. As the vacuole is retracted, numerous fine pro
cesses appear, radiating from the surface of the vac
uoles (PI. 10, Fig. 3). A remarkably similar process 
was described by Wetzel and Wollman (1972) in the 
thyroid cells of the rat, which when stimulated engulf 
colloid from the lumen and pull it into the cell in an 
externally formed vacuole with "microvilli" on the 
surface! 

Axopodial retraction in Heterophrys marina takes 
less than 20 milliseconds (Davidson, 1973), whereas 
re-extension takes 2-3 minutes. Axopodia may be 
withdrawn singly, in groups, or simultaneously de
pending on the stimulus. Heliozoans can also use ax
opodial tips, as do globigerinids, acantharians, and ra
diolarians, to control rolling along a substrate with the 
current (Watters, 1968). In the process, they grip and 
release the surface with alternating axopodial tips. 

PSEUDOPODIA OF ACANTHARIANS 

Acantharians develop reticulopodia, fine axopodia, 
and a unique type of spidery filopodia which literally 
climb very rapidly up and down the spines (PI. 11, Fig. 
3), as well as rounded or blunt pseudopodial tips on 
the spines (PI. 11, Fig. 3). 

In addition, acantharians possess myofrisks, bun
dles of specialized fibers connecting the cell body with 
the spines (PI. 11, Figs. 1-3) and providing these prim
itive protists with a coordinated, hydrostatic control 
system. When an acantharian is irritated, the myo
frisks appear to contract almost in unison, pulling the 
bulk of the extended cell body down the spines and 
away from the stimulus (somewhat like an opening 
umbrella). The effect of such contraction can be seen 
in comparing Figures 1, 2, and 4 of Plate 11. Cheissin 
and Poljansky (1963) referred to the hydrostatic nature 
of this remarkable apparatus, found only in acanthar
ians. Febvre (1971), who at that time doubted the func
tional nature of the myonemes, apparently did not ob
serve such contraction in his study of acantharians. 
More recently, Febvre and Febvre-Chevalier (pers. 
comm.) have recorded some of the behavior of acan
tharians using quite spectacular cinemicrography. 
Their results should rapidly advance our understand
ing of these creatures. 

PSEUDOPODIA OF RADIOLARIANS 

Radiolarians as well as acantharians were kept 
using the technique of Adshead (1967a). Some 
floating specimens with ornately branching 
seemed to utilize a frothy cytoplasm to remain afloat, 
as no axopodia were visible. Other specimens (PI. 12) 
possess axopodia which extend to varying degrees 
(see also Adshead, 1967a). Axopodia of radiolarians 
are usually extremely fine and clear, with only small 
amounts of granular contents, and are more similar to 
axopodia of acantharians than to those of foraminif
erans or heliozoans. The axopodia are far more nu
merous than the spines, and also have pseudopodia! 
tips that can be used in rolling on a substrate. 

There is very little information available on behavior 
ofaxopodia in radiolarians, although they appear to 
be relatively short, stable, supporting structures. Tha
lassicolla, a large radiolarian with no shell, has a pro
tective gelatinous capsule traversed by pseudopodia 
of an unusual nature, which can be extended beyond 
the capsule for feeding, or retracted when disturbed. 

ZOOXANTHELLAE 

External zooxanthellae were commonly encoun
tered in actively metabolizing, healthy young globig
erinids and newly formed orbulinids, often in great 
numbers. The symbionts (apparently chrysomonad 
algae), were yellow orange in color and quite light sen
sitive, clustering over the test in intense light, and 
spreading out along the axopodia in moderate-dim 
microscope light (PI. 1). Occasionally a round green 
algal symbiont was found in globigerinids. The zoo
xanthellae were most numerous in actively calcifying 
globigerinids and early orbulinid phases. 

DISCUSSION 


PRESERVATION OF SARCODINA FOR 

ULTRASTRUCTURAL STUDIES OF PSEUDOPODIA 


The remarkable and unexpected adaptiveness of 
planktonic foraminifera is due largely to their ability 
to employ a wide variety of pseudopodial structures 
in response to environmental changes. Probably glo
bigerinids are the most diverse representatives of the 
planktonic Sarcodina, in view of the ease with which 

PLATE 12 

Floating radiolarian with extended spines and axopodia. (x500). 
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some species can switch from a planktonic existence 
to a benthic one similar to that of benthic foraminiferal 
species. Although all planktonic Sarcodina are appar
ently able to roll on a substrate, and heliozoans may 
attach, there is so far no record of such a reversibility 
as that found in globigerinids. 

When this study was initiated (1964-66) electron 
microscopists were only beginning to turn their atten
tion to the pseudopodia of heliozoans (Kitching, 1964) 
and some benthic foraminifera (Hedley and others, 
1967). Prior to that time, preservation methods were 
inadequate for dealing with such sensitive organisms, 
and particularly their pseudopodial extensions. Glu
taraldehyde was introduced by Sabatini and others 
(1963) as a superior fixative for protein, commonly 
used prior to osmium tetroxide in fixation procedures. 
Without a glutaraldehyde prefix, the microtubules sup
porting exposed pseudopodia are irreversibly damaged 
by osmium, although some remarkably good pictures 
of microtubules in the oral capsule of osmium-fixed 
Gromia were obtained by Hedley and Bertaud (1962). 
There is still controversy concerning the effects of fix
atives on cells and their organelles. The only accept
able criterion is comparison of fixed cells with their 
healthy, living state by monitoring fixation. 

McGee-Russell and Allan (1971) used extremely 
high levels (38%) of MgCI2 to stabilize an extremely 
labile class of microtubules in the benthic foraminifer 
Affogromia. Earlier workers had failed to find micro
tubules in AI/ogromia, although their presence had 
been indicated by rigidity and positive birefringence 
in the living specimens. However, the levels of MgCI 2 

used proved quite disastrous to specimens of the ma
rine heliozoan Heterophry.l' (Bardele, 1975) and the 
planktonic foraminifer Globigerifloides ruber (Ads
head, unpublished data), causing total breakdown in 
Heterophrys and loss ofaxopodia in Globigerinoides. 

Although Mg2+ served to stabilize heliozoan axo
podial microtubules at concentrations of 0.07-10 mil
limolar (mM), Shigenaka and others (1974) found that 
concentrations above 12 mM resulted in degradation 
ofaxopodia. A similar divalent cation sensitivity was 
encountered in gill cilia of freshwater mussels, which 
responded with a rigid "shock-stop" (Adshead and 
others, 1974) when exposed to Mg2+ and Ca2+ concen
trations of 2.5-100 mM (Adshead and others, unpub
lished data). Although the cilia appeared intact, all 
signs of normal axone mal structure (as revealed by 
ultrathin sectiops, freeze-fracture, and ciliary spread
ing techniques) were lost. 

Bardele (1975) found that Ca2+ also affected Het
erophrys axopodia during fixation, unless the helio

zoans were placed in a calcium-free artificial seawater 
medium containing 10 millimolar (mM) ethyleneglycol
bis (B-aminoethyl ether) N1W tetraacetic acid (= 
EGTA) to chelate any free calcium ions prior to glu
taraldehyde fixation. This selective removal of extra
cellular Ca2+ resulted in superior fixation of the most 
sensitive axopodia. Addition of a supporting slurry of 
0.8 percent agar after fixation helped Anderson and 
Be (1976) to protect Globigerinoides sacculifer 
through the rigors of uranyl acetate postfixation (de
calcification) dehydration and embedding. However, 
decalcified specimens should routinely be compared 
with intact fixed specimens to determine losses re
sulting from decalcification. Adshead, Cachon and 
Cachon (manuscript in preparation) have recently per
fected a fixation technique which protects even the 
most sensitive pseudopodia of globigerinids. The tech
nique can be used for specimens intended for either 
transmission or scanning electron microscopy, and 
should allow greater success in studying ultrastruc
tural aspects of the developmental stages and phys
iological states of globigerinids and other planktonic 
Sarcodina. 

MICROTUBULE SUPPORT FOR PSEUDOPODIA 

Prior to use of the electron microscope, Doflein 
(1916) had described a clear, thicker supporting core 
(stereoplasm), overlain by streaming, miscible, gran
ular rheoplasm in heliozoan axopodia. Similar rheo
plasm served in foraminifera to build up a reticulum, 
and Doflein maintained that the only difference be
tween reticulopodia and axopodia was due to a change 
in state of the internal material of reticulopods. Light 
microscope studies of globigerinids strongly supported 
Doflein's hypothesis. And modern electron micro
scopic investigations of heliozoans (Kitching, 1964; 
Tilney and Porter, 1965; Roth and others, 1970), ra
diolarians (Cachon and Cachon, 1971), and benthic fo
raminifera (Hedley and others, 1967; Marszalek, 1969) 
show the ultrastructural basis for the earlier observa
tions. Pseudopodia in rheoplasmic Sarcodina (all those 
exhibiting stickiness of the outer granular layer) have 
been found to contain axial microtubule concentra
tions of a more or less ordered nature depending on 
the type of pseudopodium and the species involved. 

Microtubules have been described in the axopodia 
of the heliozoan Echinosphaerium by Tilney and Por
ter (1965), and Roth and others (1970). In this helio
zoan, the elaborate, birefringent axial core or axoneme 
consists of a "double-spiral" array of microtubules, 
first described by Kitching (1964) for Actinophrys. 
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Kitching noted that the microtubules resemble' 'those 
of cilia except that they are arranged in two interposed 
spirals, instead of a ring within which there are two 
central fibers." The precise axoneme structure is 
maintained by the linakge structures or bridges which 
bind adjacent microtubules into specific patterns (Roth 
and others, 1970). Circulating in the cytoplasm be
tween the limiting plasma membrane and the axial core 
ofaxopodia are mitochondria, dense bodies, vacuoles 
and in Helerophrys. specialized organelles termed ki
netocysts by Bardele (1975). Tilney and Porter (1965, 
p. 337) emphasized the support function ofaxopodial 
microtubules as follows: 

"Since in other biological systems the plasma mem
brane is not recognized as a rigid form-producing 
structure but instead as a limiting membrane of ex
tremely low elasticity, it is evident that support of 
a relatively rigid cell process, 100 times longer than 
wide, must reside in the axial rod or bundle of mi
crotubules. ,. 

Shigenaka and others (1971) showed that the helio
zoan axopodium has three regions, based on differing 
reactions to dilute urea (0.15 Molar). The basal part 
is most stable, having the most defined structure, nu
merous links, and many microtubules. Lability in
creases distally along the axopodium out to the sen
sitive tip, which has relatively few loosely ordered 
microtubules. This distal lability allows the frequent 
and rapid retraction of pseudopodial tips. which are 
normally involved in feeding and response to stimuli 
(PI. 10, Fig. 2). Bardele (1975) suggested that helio
zoan axopodia might function on the basis of mechan
ical or chemical stimuli causing changes in membrane 
permeability to allow a sudden influx of Ca2 

,. (or other 
divalent cations present in excess). Such an alteration 
in microenvironment along the length of the axoneme 
could cause "instantaneous microtubule disassembly 
during rapid contraction." 

The only information on radiolarian axopodial fine 
structure comes from the French laboratories of Hol
lande and others (1965, 1970) and of Cachon and Ca
chon (1971, 1972a, b, c; Cachon and others, 1973). 
They demonstrated the presence of a surprising pad
dle-wheel configuration of microtubules in cross sec
tions of the axoneme of nassellairian radiolarians, and 
showed the variations found in other groups as well. 
In 1975, Cachon and Cachon discovered a remarkably 
orderly series of arms along the pseudopodial micro
tubules of the shell-free radiolarian Thalassico/la nu
c1eata Huxley. 

Pseudopodial microtubules were demonstrated in 

ultrastructural studies of several species of benthic fo
raminifera which lack the calcareous test found in 
most foraminifera, and were therefore easier to study. 
Hedley and others (1967) were the first workers to 
demonstrate pseudopodial microtubules in a benthic 
foraminifera (Shepheardella taeniformis). Marszalek 
(1969) used transmission and scanning electron mi
croscopy to show that the rigidity attained by reticu
lose pseudopodia in Iridia diaphana was due to the 
presence of numerous microtubules. Although Mar
szalek could find closely packed microtubules (con
nected with fine bridges) throughout a given reticulo
podium, microtubules more commonly occurred in 
discrete groups, running along or parallel to the long 
axis. Hottinger and Dreher (1974) found a similar 
grouping of microtubules showing connecting bridges 
in Opercu/ina ammonoides. 

The ultrastructure of planktonic foraminiferal pseu
dopodia has not been adequately studied to date due 
to the scarcity of living specimens in established cul
tures, and the firmly held belief that axopodia do not 
develop in the Foraminiferida. Axopodia were used 
by taxonomists for a long time, to separate Sarcodina 
having them from those which did not. Because the 
only living foraminifera studied earlier were benthic, 
it was believed that only reticulopodia formed in the 
Foraminiferida. Adshead (1967b) reported that axo
podia do develop in healthy, young, globigerinids (for 
example, G/ohigerina hu/loides), and in fact appear as 
part of a developmental sequence whose ultrastructure 
would be of considerable interest to students of prim
itive motility. These developmental stages are pres
ently being studied by Adshead, Cachon and Cachon. 

The major inadequacy of published ultrastructural 
studies of globigerinids to date (Febvre-Chevalier, 
1971; Anderson and Be, 1976) has been their restric
tion to more mature specimens having distinct spines. 
Also, Anderson and Be seem to have concentrated on 
one specimen of G/ohigerinoides sacculifer, which 
cannot be considered a representative sample. espe
cially in organisms having complex developmental se
quences. 

Fixation techniques have been a limiting factor, 
there being no real precedent for adequate globigerinid 
fixation (as mentioned earlier). Amongst planktonic 
Sarcodina which have been studied, heliozoans (al
though sensitive) lack a test, and radiolarians are si
liceous. Decalcification procedures used in both pub
lished studies of globigerinid ultrastructure (that is, 
Febvre-Chevalier, 1971; Anderson and Be, 1976) 
might have damaged delicate peripheral structures and 
pseudopodia. Such damage could lead to wrong or 
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misleading interpretations of results due to a lack of 
control specimens for comparison. 

Febvre-Chevalier (1971, p. 217) found a somewhat or
derly microtubular core in what she termed filopodia 
of Globigerina bullvides. The slightly wavy core ac
tually resembled that ofaxopodia in the very sensitive 
heliozoan Heterophrys discussed by Bardele (1975, p. 
94). Febvre-Chevalier may have sectioned a reticulo
podium (filopodium) similar to those seen among the 
base of spines in mature specimens (PI. 5, Fig. 5), or 
may in fact have encountered an axopodium which 
was in a transition stage or had been slightly altered 
during fixation. Her work was careful and thorough, 
and is still the only available reference on ultrastruc
ture of Globigerina bullvides. 

Anderson and Be (1976) found only a network of 
rhizopodia (= reticu/opvdia) in their specimen of Glo
bigerinoides sacculifer, and were unable to demon
strate microtubule distribution in these pseudopodia. 
If Globigerina and Glvbigerinoides have comparable 
pseudopodial development, their specimen of Globi
gerinoides might correspond to that of Globigerina 
shown in Plate 6, Figure 4, possibly having reticulo
podia similar to those seen in Plate 5, Figure 5. 

BIDIRECTIONAL STREAMING OF PROTOPLASM 

Bidirectional filamentous movement of protoplasm 
was described in the 19th century in foraminiferans, 
radiolarians, heliozoans, some testate amoebae with 
filose pseudopodia, and certain proteomyxans (affini
ties uncertain, probably related to heliozoans). Pro
toplasmic streaming in extensive and relatively large 
pseudopodial networks of foraminifera have been 
studied most frequently by light microscopy. Jepps 
(1942) and Arnold (1953) presented some of the most 
aesthetically pleasing descriptions of streaming in the 
benthic foraminifera, while Allen (1964) was more bio
physically oriented. The "granular" nature of the cy
toplasm which composes reticulopodia and axopodia 
in foraminiferans and heliozoans enhances observa
tion of streaming in these organisms. 

Although the mechanism in all cases appears to be 
similar, there has been considerable controversy con
cerning bidirectional streaming for some years. Tilney 
(1971) emphasized that two distinguishing features of 
bidirectional streaming were (I) specificity of particles 
moved (not indiscriminate movement of cytoplasm in 
a stream, as in Amoeba. Nitella, and Physarum), and 
(2) movement of particles in rigidly defined tracks (sal
tatory movement of particles). Edds (1975b) and Bar
dele (1976) have implicated microfibrillar systems (ac-

tin and myosin) in the streaming mechanism of 
heliozoans. 

SPINE DEVELOPMENT RELATIVE TO 

CALCIFICATION IN GLOBIGERINIDS 

There appear to be two possible explanations for 
the differences seen between the long, tenuous axo
podia of young specimens, and the shorter, blunter, 
calcifying extensions with motile tips found in matur
ing specimens with considerable secondary calcifica
tion. Either (1) some axopodia develop calcified axial 
cores (Cachon and Cachon, 1 972a, suggested a pos
sible role ofaxopodia in silica deposition in radiolar
ians), or (2) axopodia are withdrawn as the spine ex
tensions are built outward from the test. 

Because spines are considerably less numerous than 
young axopodia (compare PI. 5, Fig. 4; PI. 6, Fig. 2), 
they may be a different phenomenon. Owen (1868) 
noted that pseudopodia extended from the foramina, 
whereas spines originated on the test around openings. 
Be and Hemleben (1970) referred also to spines "from 
internal chambers protruding through some of the 
pores." 

Adshead and Jongebloed (paper in preparation) have 
recently made a scanning electron microscope (SEM) 
study of living globigerinids in cultures, looking at all 
the stages of pseudopodial and spine development at 
the test level. The results help to clarify pseudopodia
spine-test interactions in development by providing a 
depth of field that is lacking at high power in light 
microscopes, and a third dimension that is Jacking in ( 
transmission electron microscopy. Hemleben (1969) a 
has used SEM most effectively on planktonic fora
minifera which were alive but lacking the extensive 
pseudopodial development seen in cultured specimens t 
which have been allowed to recover from collection f 
shock. 

Any interpretations based on newly collected spec
imens will inevitably be incomplete, as are interpre
tations which fail to take into account the evidence of 
spine development in calcifying tests. The important 
question concerns the true nature of spines: are they 
calcified axopodia or independent structures? If they 
are independent, is there a correlation between the 
structures, that is, must the globigerinid resorb axo
podia to provide a pool of materials with which to 
form spines? Or can the two structures occur concur
rently as suggested by some observations? 

Globigerinids with calcifying spines have been ob
served to have motile, streaming protoplasmic exten
sions up to one-third the length of the calcified axial 
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cores (PI. 6, Figs. 1-3). It may have been such exten
sions which Be (pers. comm., 1966) referred to as re
sembling flags, because in a floating specimen they do 
bear a similarity to banners flying from standards. Be 
believed then that the pseudopodial tips might ema
nate from within hollow spines, but was restricted by 
the limitations of the binocular microscope in this ob
servation. Lipps (1966) also referred to the pseudo
podial extensions from globigerinid spines. 

Mature, heavily calcified specimens of Globigerina 
bulloides may lose both axopodia and spines, fall to 
the bottom of culture dishes, and lead a benthic ex
istence. Parker (1962) noted that often young speci
mens have spines and older ones do not. Be (1960a) 
pointed out that spines are present in juveniles of 
many globigerinids, but are reduced in numbers or lost 
completely in later stages. Be stated (1965, p. 377): 

"The absence of spines at some stage or throughout 
the life cycle of these species is real and not due to 
breakage during plankton-towing, because in the lat
ter event the broken spine bases would be appar
ent. " 

My observations suggest that the spines are in fact 
resorbed by some globigerinids and orbulinids as the 
specimens calcify and mature (illustrated for orbulin
ids in Pl. 9), perhaps prior to assuming a benthic life
style in some species. Hemleben (1969) believed that 
globigerinids could resorb spines. 

Radiolarians exhibit axopodia in addition to spines 
(PI. 12); a similar situation may exist in globigerinids 
also. 

Secondary calcification of the globigerinid test oc
curs at different rates in different specimens and cul
ture conditions. All degrees of calcification have been 
found in cultured specimens (depth of culture medium 
a few centimeters), although Be (1965) stated that cal
cification could be related to depth in the water col
umn, that is, "most living planktonic foraminifera 
thicken their tests in adaptation to increasingly deeper 
habitats." In fact, in the same way that the maturing 
foraminiferan thickens and falls to the bottom of cul
ture dishes, in nature such dense specimens would 
have resorbed spines (or be in the process of doing 
so), would be falling in the water column, and there
fore would be collected at greater depths. Buoyancy 
would no longer be vital at this stage of maturity, 
where metabolism has apparently slowed and food ex
change is drastically reduced. The reduced require
ment for particulate food is clearly reflected in the 
reduced surface area of mature individuals (which 

r 

have relatively few, shorter spines) compared to the 
surface area of young, actively metabolizing speci
mens, with thin tests and numerous lengthy axopodia 
or young spines. 

CULTURING PLANKTONIC SARCODINA 

The planktonic mode of life has been achieved by 
a remarkable variety of Sarcodina. Some of the groups 
represented are entirely planktonic, some are plank
tonic for only part of the life cycle. In most represen
tatives the life cycle is quite complex, involving an 
alternation of sexual and asexual generations. Com
plete life cycles are poorly known or not at all for 
many groups, including all of the planktonic forami
niferans, due to the complexity of the life cycle. Be
cause specific stimuli are required to trigger each gen
eration, these stimuli must be recognized by 
researchers before life cycles can be completed in cul
tures. 

The problem has been overcome for a number of 
benthic foraminiferans after years of effort by many 
workers. Sliter (1965) was able to show that Rosalina 
globularis was in fact the correct identity for the 
species which Myers (1943) had described in such ex
quisite detail as Tretomphalus bul/oides. That study 
was complicated by the unusual reproductive float 
chamber which enables Rosalina to utilize effectively 
both the benthic and the planktonic habitats. 

Planktonic foraminiferans have been less accessible 
and have quite different maintenance requirements 
than benthic foraminiferans. Because of this, no one 
had kept foraminifera in cultures prior to 1964-66 
(Adshead, 1967a), although there had been interest in 
the problem for some time (Be and Ericson, 1963). 

In order to determine an organism's specific living 
requirements it is essential to watch the organism for 
long hours to learn something about its behavior and 
its responses to environmental change in reasonably 
"natural" cultures. Such studies are painstaking, re
quire much patience and may at first seem like "soft" 
science. Yet with the resulting knowledge it is possible 
to undertake ultrastructural and ecological studies that 
actually can be correlated to the life of the organism. 
Without such knowledge, ultrastructural and often 
ecological studies will tend to be interpreted out of 
context, and can have only limited value. 

Sliter (1965), knowing the careful descriptive work 
of Myers (1943) and others on Tretomphalus, was able 
to show its true life relations, and found that only mi
nor temperature changes were required in his estab
lished culture conditions to induce gametogenesis. 
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My observations of Glohigerina hulloides and other 
globigerinids in culture (l967a) support Bandy (1966) 
and Hofker (1967) in the claim that the orbulinid phase 
(reported by Le Calvez, 1936, to produce gametes) 
does in fact occur periodically in several globigerinid 
species. However, orbulinids obviously do not occur 
in all globigerinid life cycles. Species-specific differ
ences in life cycles were described by Grell (1973) in 
benthic foraminifera. There is no reason to expect that 
planktonic species will be simpler, as Be and Ander
son (1976) have pointed out. The possible occurrence 
of benthic stages in the life cycle, as described by 
Christiansen (1965) for Glohigerinoides ruhra. is a fur
ther complicating factor, which may have to be con
sidered in attempting to determine some globigerinid 
life cycles. 

In their admirable description of gametogenesis in 
Hastigerina pehlgica. Be and Anderson (1976, p. 890) 
made the surprising claim that planktonic foraminifera 
had not been studied in cultures prior to their work. 
"The delicate nature of the latter group (planktonics) 
frustrated previous attempts to study them in cul
ture." Anderson and Be (1976, p. I) again declared 
that "Despite the effort of numerous investigators dur
ing the past decade, no successful laboratory cultures 
have been achieved to date." 

Despite considerable progress in studying living 
planktonic foraminiferans, we are still ignorant of 
many very basic details in the development and life 
cycles of globigerinids. It would be most constructive 
if researchers describing observations of living glo
bigerinids would clearly define the term "cultures" as 
it applies to their studies. Then ensuing workers can 
better evaluate their own contributions. The fact that 
organisms cannot be reared through all of a complex 
life cycle does not negate observations on specimens 
reared through a part of that life cycle. This is partic
ularly true, for example, when Orhulina universa is 
still being used as a valid taxon, 14 years after Bandy 
(1966) and Hofker (1967), using fossil evidence had 
urged that orbuJinid spheres be recognized as repro
ductive stages in several genera and species of globig
erinids (discussed later). Adshead's repeated obser
vation of the globigerinid-to-orbulinid transition in 
cultures has reinforced their findings by showing that 
the sequence occurs regularly in some recent globig
erinids at least. The actual mechanisms for this re
markable occurrence are still not clear. 

Most important, whether one "maintains" or "cul
tures" globigerinids through all or part of the life 
cycle, careful observations of many healthy, floating 
and developing globigerinids (including occasional 

transitions to orbulinid or rarely biorbulinid stages) layer: 
can be extremely useful. In fact, such studies should bentll 
soon enable us to achieve complete life cycles in cul . away 
ture. bigen 

secor 
speci

PLANKTONIC AND BENTHIC BEHAVIOR Th, 
OF GLOBIGERINIDS . studil 

Foraminifera are usually considered to be either impol 
planktonic or benthic, except such rotaliids as Ros globil 
alina with its "Tretomphalus" floating stage. None existl 
theless, globigerinids in culture are well adapted to tonic 
assume a benthic mode of existence after damage in in ob 
young specimens, and commonly also in mature spec life c: 
imens with resorbed spines. The frequency of such of th« 
observations in cultures suggested a definite role in 
the natural environment for this ability of globigerinids 
to revert to a benthic existence. 

Murray (1897) established the planktonic life style 
of some foraminifera (using specimens collected in Ob 
drinking glasses from surface water) during a cruise of from 
the Challenger. Murray was one of the earliest work (1967 
ers (except Owen, 1868) to observe undamaged living aceOl 
planktonic foraminifera. His unusual collection meth (1966 
od resulted from a dispute over the natural habitat of to eli 
globigerinids (sea surface vs. sea floor) and the con recer 
tention of other biologists that globigerinids collected freel1 
in surface tows with a plankton net had originated in Ba 
stead from sediment contaminants on deck. fact l: 

The planktonic nature of globigerinids has since feren 
been so firmly established that many workers today c1ud~ 

tend to dismiss as contaminants rose bengal-stained Origil 
specimens (Walton, 1952) of globigerinids found in porte 
bottom sediments (Green, 1960; Phleger, 1954, 1960). bulin 
However, Christiansen (1965) described a benthic from 
stage in the life cycle of Globigerinoides ruher col the 1 

lected in bottom mud from a depth of 200 m in the belie 
Gulf of Naples. The benthic stage, living in mud 
houses, was microspheric and multinucleate, whereas su 
specimens from plankton tows were megalospheric ev
and uninucleate. Glohigerilloides ruher is thJS appar

F<
ently one species of G/ohi/?eI'ifloides which omits an bu
orbulinid phase. Other species [G. tri/oha sacculifera an
(Brady) and G. conglobata] were found inside orbu
linid chambers by Rhumbler (1911), Bandy (1966), and 

or 

Hofker (967). 
cu 
br

Be's study (1960b) of Arctic Glohigerinll pachy to 
derma disclosed the presence of the terminal (mature) 
form in bottom sediments, while the juvenile was col Ow~ 

lected from near-surface waters. Be did not indicate char 
whether any of the bottom forms were alive. Green rese 
(1960) found more stained G. pachyderma in surface and 
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layers of Arctic bottom sediments than any accepted 
benthic species. Although Green attempted to explain 
away this occurrence, it is possible that these glo
bigerinids also adopt a benthic existence following 
secondary calcification, much as is seen in cultured 
specimens of G. bul/oides. 

The importance of such an adaptation to population 
studies is immediately obvious. Accordingly, it seems 
important to consider the distribution of living benthic 
globigerinids and the role which a temporary benthic 
existence might play in the life cycle of many plank
tonic foraminiferans. It is essential to remain flexible 
in observing cultures of organisms with such complex 
life cycles, especially when the behavior and relations 
of the whole group are so poorly known. 

ORBULINID PHASES IN LIFE CYCLES 

OF GLOBIGERINIDS 

Observation of the formation of orbulinid phases 
from globigerinids in cultures as described by Adshead 
(I 967a). following the work of Rhumbler (l91l) and 
accompanying the study of fossil specimens by Bandy 
(1966) and Hof!(~r (1967), should have been adequate 
to eliminate the use of "Orbulina" as a taxon. Yet as 
recently as 1976, Hecht and others used the taxon 
freely. 

Bandy (1966) showed that Orbulina IInivers(I is in 
fact a final spherical float chamber associated with dif
ferent species and genera of globigerinids, and con
cluded that modern "Orbulina" has had a multiple 
origin from different globigerinids. Hofker (1967) sup
ported Bandy's view and enlarged it to include Bior
bulina. which was observed in my cultures to form 
from two globigerinids attached to each other, with 
the two lobes developing at different rates. Hofker 
believed that his observations: 

" ... clearly prove that Orbulina is a stage with 
surrounding bulla of quite different species which 
even may belong to different genera of planktonic 
Foraminifera. This also can be said about Candor
bulina and Biorbulina so that as a genus Orbulina 
and its allies lose all biological meaning. We can 
only say that from a certain geologic time on, cir
cumstances became such, that the forming of em
bracing bullae became possible for several plank
tonic species." 

Owen (1868), observing the similarity of internal 
chambers of "Orbulina" to Globigerina, and the close 
resemblance between the varying test surfaces (with 
and without spines), preceded the foregoing by nearly 

a century. Owen' s solution was to make "Orbulina" 
a subgenus of Globigerina. because he was unaware 
of the possible reproductive role suggested by Le Cal
vez (1936). Since then several workers including Par
ker (1962) have suggested that "Orbulina" is indeed 
characteristic of a number of genera and species of 
globigerinids. Observation of gamete release and fu
sion, followed by development of new globigerinids in 
cultures, would be desirable final proof of the function 
of "Orbulina" as a reproductive float chamber. 

ZOOXANTHELLAE AND CALCIFICATION 

One of the earliest attempts to capture the dynamic 
essence of living planktonic foraminifera and their al
gal symbionts was by J. Murray (1897). 

"In Globigerina bul/oides . . . the yellow-orange 
colour of the sarcode is due to the presence of nu
merous oval-shaped xanthidae or 'yellow cells', 
similar to those found in the Radiolaria. When the 
sarcode with these 'yellow cells' flows out of the 
foramina, and mounts between the numerous spines 
outside the shell, the whole presents a very striking 
object under the microscope; the transparent sar
code can be seen running up and down the long silk
like spines, and the 'yellow cells', seated at the base 
of these spines, quite obscure the body of the shell." 

External zooxanthellae were commonly encountered 
in actively metabolizing, healthy young globigerinids 
and newly formed orbulinids in my cultures, often in 
great numbers. The symbionts, apparently chryso
monad algae, were yellow orange in color and were 
quite light sensitive, clustering over the test in speci
mens exposed to intense light, and spreading out along 
the axopodia in moderate-dim microscope light (PI. I). 

Rhumbler (1911, p. 245) illustrated zooxanthellae 
which were similar to those described by J. Murray 
(1897) and to those seen in this study also. Anderson 
and Be (1976) observed dynoflagellate symbionts in 
Globigerinoides which moved into the distal chamber 
at night and out along the spines by day. 

J. W. Murray (1973) referred to the role of zooxan
thellae in increasing the rate of test calcification by 
enabling the foraminiferan to take up calcium more 
efficiently, Similar reports have been made concerning 
the algal symbionts of coral for many years by Goreau 
(1961), Pearse and Muscatine (1971), and others. 
Pearse and Muscatine found that although calcification 
rates in a branching coral (Acropora) are highest in 
the tips, zooxanthellae are most numerous near the 
base. By means of radioactive tagging experiments 
they showed that coral calcification rates were en
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hanced by translocation of the organic products of al
gal photosynthesis from symbionts in lower parts of 
the branch to the growing tip. Because the zooxan
thellae were most common and numerous in actively 
calcifying specimens of Globigerina bulloides (and 
young orbulinid phases), it appears that they may be 
involved in calcification in these organisms also. 

CONCLUSION 

None of the planktonic Sarcodina show the remark
able diversity of pseudopodial structures observed in 
globigerinids. Sandon (1963), although unaware of the 
variability of globigerinid pseudopodia, was well 
aware of "all the varied activities (of which flow is 
only one) of all the different kinds of pseudopodia 
found among the Sarcodina, among which those of 
the Foraminifera are perhaps the most remarkable." 

Globigerinids can move or feed on a substrate with 
filopodia, reticulopodia, and pharopodia. They can 
float on long, tenuous axopodia or spines with motile 
protoplasm and extended pseudopodial tips. When ax
opodia are damaged, globigerinids and orbulinids can 
revert to a benthic existence while they recover. 

The ultrastructural basis of these globigerinid pseu
dopodia is almost unknown. Even in heliozoans, 
whose basic axopodial structure is well known, there 
is no information on the ultrastructural changes which 
occur in axopodia during feeding or attachment to a 
substrate, and the mechanisms are entirely theoretical 
(Roth and others, 1970; Bardele, 1976). Acantharians 
have a remarkable diversity of pseudopodia (the "spi
dery" filopodia have not been described at all), and 
although radiolarians are beginning to be studied (fol
lowing the breakthrough studies of Cachon and Ca
chon), correlation of structure with behavior and en
vironmental change has yet to be made. In addition, 
the mechanism underlying alterations in surface 
"stickiness" in response to environmental change is 
only beginning to be clarified (Vollett and Roth, 1972, 
1974). 

Much of the effort in primitive motility to date has 
been directed toward lobate amoebas and slime 
moulds. Planktonic Sarcodina have been generally ne
glected, often because of technical difficulties which 
are only beginning to be overcome. Yet these delicate, 
often beautiful creatures could hold the key to many 
of the problems of primitive motility. Simple exagger
ations which occur in some systems, such as the arms 
extending from microtubules in Thalassicolla (Cachon 
and Cachon, 1975), may allow isolation of elusive fac
tors once culture methods are perfected. The methods 
needed for analyzing these systems are available now. 

We should not close our minds as to what might be 
found when sophisticated techniques are applied to 
the unexpectedly dynamic planktonic Sarcodina, 
whose living cytoplasmic aspects are not nearly as fa
miliar as their exquisite skeletons. 
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FORAMINIFERAL CORRELATION OF QUATERNARY SEDIMENTS 
IN THE SANTA BARBARA CHANNEL, CALIFORNIAl 

JAY G. MARKS,~ ANDREW W. MARIANOS,3 Fn.IPINAS R. GONZAGA,3 AND CHARLES E. PFLCM4 

ABSTRACT 

Following the discovery of significant petroleum re m of marine sediments were zoned by using changes 
serves in a part of the Santa Barbara Channel pres in the coiling direction of the planktonic foraminifer 
ently designated the Santa Ynez Unit, it became nec Neogloboquodrino pochyderma (Ehrenberg). Bio
essary to find a suitable location for an offshore stratigraphic zones based on these coiling direction 
platform from which development and production of changes were traced throughout the area. When cou
these reserves could proceed. To obtain accurate and pled with water depths interpreted from benthic fo
meaningful engineering data concerning the substrata raminifera, depositional histories for each of the zones 
at the proposed platform location, the uppermost 100 were obtained. 

INTRODUCTION 

In 1969 significant reserves of petroleum were dis
covered in the Santa Barbara Channel of Southern 
California. In order to develop and produce these re
serves, it became necessary to obtain new geological 
and engineering data for the design and installation of 
production facilities for waters deeper than 270 m. The 
area studied for this purpose is now included in the 
Santa Ynez Unit (Fig. I). The term "unit," as used in 
industry, refers to a group of leases unified for the 
purpose of exploration, development and production 
without regard to individual lease obligations. 

One facet of the project was to determine the li
thology, firmness, strength and other physical prop
erties of the sea-floor sediments on which the produc
tion platform would rest. For this purpose a series of 
core-holes were drilled which penetrated as much as 
107 m into the sea floor. To best utilize the physical 
data, it was necessary to establish some framework or 

[ Appreciation is extended to Exxon Production Research Com
pany for funding this paper. 

Denver, Colorado, 
" Exxon Company, U.S.A., Houston, Texas. 
4 Exxon Production Research Company, Houston, Texas, 

scheme of reference that would permit comparison of 
the physical aspects of the sediments encountered in 
one corehole with another. To establish this frame
work, the use of conventional biostratigraphic meth
ods employing range tops of foraminifers was not fea
sible because most of the species of fossils are extant
Consequently, an alternative approach based on O. L. 
Bandy's (1959 and 1960) studies of the coiling char
acteristics of the planktonic foraminifera Neog/obo
quadrina pachyderm a (Ehrenberg) was utilized in con
structing a scheme of reference. 

GENERAL GEOLOGY 

The sediments penetrated by the coreholes are late 
Pleistocene and Holocene. They consist of relatively 
unconsolidated but subtly stratified layers ranging 
from watery mud at the top to firm sediment at depth. 
Lithologic units cannot be distinguished by visual ex
amination of the cored material. Seismic horizons are 
well defined in the eastern half of the Santa Ynez Unit, 
where argillaceous muds predominate, but are difficult 
to trace within the coarser sediments of the western 
half. They can be related to clearly defined biostrati
graphic units based on coiling reversals of Nevglo
bvquadrina pachyderma. 
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These minor reversals are relatively limited in geo
graphic extent, but can be used locally to further sub
divide the sequence. Reasons for reversals and their 
varying geographic extent are described below. 

In Arctic and Antarctic waters, 95 to 100 percent of 
living specimens of N. pachyderma are sinistrally 
coiled. In warmer seas, individuals of this species are 
about 80 to 100 percent dextrally coiled (Fig. 2). The 
critical temperature for separation of water masses 
bearing sinistral or dextral populations is about 7.2°C 
(Ericson, 1959). In areas of convergence, where warm 
and cold waters mix, the ratios of sinistral to dextral 
coiling are variable. In cold and temperate seas, sed
iments accumulating beneath 100 m or more of water 
receive a fairly steady rain of N. pachyderma tests. 

In the Santa Barbara Channel, the Pleistocene and 
Holocene muds accumulated at the rate of about 40 

every 1,000 years. Foraminiferal recovery from 
these sediments is excellent, and the microfossil sam-

Gaviota
" 

\ 

\ 


\ 

2. 
3. 
4. 

FIGURE 1 

corner of the unit. 

EST ABLISHMENT OF 
BIOSTRATIGRAPHIC UNITS 

In separate publications, Bandy (1959) and Ericson 
(1959) described the method of using reversals in the 
coiling direction of N. pachyderma to distinguish sed
iments deposited in cold waters from those deposited 
in relatively warm waters. Bandy (1960) demonstrated 
that dextral forms have persisted in waters offshore 
from California for about the last 11,000 years, and 
that these forms were preceded by dominantly sinistral 
populations in the late Pleistocene. This change in 
coiling direction marks the Pleistocene-Holocene 
boundary. Bandy's method has proven useful in sub
dividing and mapping the thick upper Tertiary and 
Quaternary sediments of the Ventura Basin. 

Detailed examination of Bandy's (1960) coiling pat
tern scheme shows that minor reversals occur within cm 
the principal trends of dominant coiling direction. 
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Neogloboguadrina pachyderma Neogloboquadrina pachyderma 

Dextral Sinistral 

FIGURE 2 

Scanning electron micrograrh, of dextrally- and sini,trally-coiled forms of N. p({c/truenn({ (Ehrenberg) from the Santa Barbara Channel. (Pho
tographs by R. D. Hockett, Exxon Production Research Company, Houston.) 

pies usually contain hundreds of specimens, Most 
samples contain an overwhelming majority of either 
sinstrally- or dextrally-coiled specimens. The intervals 
of sediment in which a single coiling direction predom
inates are sufficiently thick to constitute mappable 
units. These biostratigraphic units indicate that water 
masses of fairly uniform temperature remained in the 
area for thousands of years before being displaced by 
waters of different temperature. Boundaries between 
units seem to be nearly synchronous. The coast of 
Southern California and its offshore basins are ideally 
suited to record oscillations in water masses from coil
ing direction changes in N. pochydcrma. The com
posite log of N. pachydcrma coiling ratio curves de
veloped for this study (Fig. 3) illustrates the 
biostratigraphic units described above, The coiling-ra
tio curves are based on counts of N. pachyc/crma 
specimens made at intervals of about 30 centimeters, 
one meter, or three meters. 

BATHYMETRY 

The sediments containing N. pachvdcrma also bear 
numerous benthic foraminifera, and in some samples 
the benthics outnumber the planktonics. The benthic 
assemblages, when related to the biostratigraphic units 

established from coiling direction curves, are used to 
interpret the depth of water in which those units were 
deposited. Water depth control was provided by sam
ples of modern sediments collected at the surface of 
the sea floor before the drilling of each core hole and 
by two lines of punch cores collected in water 
ranging in depth from 124 to 513 m. Additional water 
depth control data were obtained from a foraminiferal 
study by O. L. Bandy (unpublished, 1972) conducted 
in an area adjacent to Purisima Point, California and 
from other pertinent published data on offshore South
ern California by Bandy (1953, 1961) and Bandy and 
others (1957). This information was organized in com
puter-sensible form so that the environment could be 
interpreted rapidly for each sample. The list given be
low, applicable only to this study, indicates the upper 
depth limit of taxa except where marked with an as
terisk ("), which indicates the uppermost depth oc
currence of moderate numbers of each species (more 
than nine individuals per sample). The species are list
ed in approximate order of occurrence from shallow 
to deep. 

LOWER NERITle (92-183 M) 


U\'igcrina tcnuistriata Reuss 

Epislomincl/a cxigua (Brady) 
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Composite log of N. p(Jcilydemw coiling-ratio curves. 

lslandiella cali/arnica (Cushman and Hughes) 

AnguloRerina carinata Cushman 

Buliminella curta Cushman vaL hasispinata R. E. 


Stewart and K. C. Stewart 
Epistominella pacifica (Cushman) 
Vail'ulineria araucana (d'Orbigny) 
*Bolivina intefjuflcta Cushman 
Cihicides mckannai Galloway and Wissler var. sup

presslls Martin 
Cat/eri.\' auricula (Fichtel and Moll) 

UPPER UPPER BATHYAL (183-325 M) 

Bolil'ina peirsoflae Uchio 
Karreriella Rrammostomata (Galloway and Wissler) 
'''Bolivifla argentca Cushman 
*B. pacifica Cushman and McCulloch 
Flirsenkoina bramfefti (Galloway and Morrey) 
Cancris panamensis Natland 
Epistominella vitrea Parker 

LOWER UPPER BATHYAL (325--457 M) 

*Ul'igerina peregrina Cushman 
Bolivina pseudoheyrichi (Cushman) 
Oridorsalis lenera (Brady) (over 0.6 mm diameter) 
Cassidulinoides cornuta (Cushman) 
Cassidulina fael'iRata d'Orbigny var. carinata Sil

vestri 
*SUR!mmda cdisi NatIand 
Epistominella smithi (R. E. Stewart and K. C. Stew

art) 
Cassidlilina delicaw Cushman 
C. transillcens Cushman and Hughes 
*Ul'igerina mediterranea Hofker 
*Glohohulimina affinis (d'Orbigny) 
BlIliminella tetluala Cushman 

MIDDLE BATHYAL (457-915 M) 
Gyroidina suhtenera (Galloway and Wissler) 
*Bo/ivina spissa Cushman 
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FIGURE 4 

West-east cross section through the Santa Ynez Unit showing N. I'llchyderma coiling ratio curves. 

l 
~ , B. seminuda Cushman 
; Cassidulinoides waltoni Uchio 

Gyroidina soldanii d'Orbigny altiformis R. E. Stew
art and K. C. Stewart 

Bolivina plicata d'OrbignyI 
Bulimina sli/Jacllminata Cushman and R. E. Stewart 
Bolivina sinuata Galloway and Wissler 
Hoeglundin{l elegans (d'Orbigny) 
Uvigerina hispidocostata Cushman and Todd 
Gyroidina .wldanii d'Orbigny 

DESCRIPTION OF THE 
BIOSTRATIGRAPHIC UNITS 

The units established on the basis of N. pachyderma 
coiling curves are shown in Figures 3 to 5. The up

permost unit, OJ, is Holocene and corresponds to Ban
dy's (1960) upper dextral coiling unit which was es
tablished through radiocarbon dating to be 0-11,000 
years B.P. The average rate of sediment accumulation 
was about 80 centimeters per 1,000 years. Sediments 
in the upper part of the OJ unit contain the same as
semblages of benthic foraminifera as now exist at the 
same locations in the Santa Barbara ChanneL but the 
assemblages in the lower part were deposited in some
what shallower water. Deposition of the lower 0 1 unit 
faunas occurred during the final episode of shoaling 
that prevailed in latest Pleistocene (Zone a-a2 ) time. 

Sediments of the Sl unit (Pleistocene) lie beneath 
the Holocene muds and sands throughout the entire 
area. In general, deposition occurred in cooler water 
than that of the Dr unit since N. pachyderma is pre
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North-south cross section through the Santa Ynez Unit showing N. 
pachyderma coiling ratio curves. 

dominantly sinistrally coiled, except in some thin in
tervals. None of the coreholes penetrates the entire 
Pleistocene section. Studies of coccoliths suggest that 
the oldest sampled Pleistocene sediments are no older 
than about 0.5 million years. Determinations of mag
netic polarity indicate that the entire section is in the 
Brunhes normal interval and is younger than about 
0.69 million years. 

Zone a-a2 contains predominantly sinistrally-coiled 
N. pachyderma although locally some samples con
tain a large percentage of dextrally-coiled forms. A short 
interval (a1) of dominantly dextrally coiled N. pachy
derma occurs near the middle of the zone and presum
ably represents a short-term incursion of warm water. 
Water depths at the inception of a-az were similar to 
or greater than those of today. During a-a2 time sea 
level lowered, reaching its minimum at about the end 
of the period. Sea level was then 60 to 90 m lower than 
it is now, except in the western half of the area where 
tectonism and rapid deposition masked the eustat
ic effects. Sediments of Zone a-az are coarser and 
contain fewer foraminifers per volume of material 
than those of the DI unit. Large amounts of mica, lig
nite and tar are evident. The species Flori/us labra

doricus, which is not reported presently in California sed 

waters, is persistent in the foraminiferal assemblages catl 

representative of Zone a-az. Radiocarbon dates from flue 

mollusk shells in the upper part of the zone are 15,000 lev, 

to 18,000 years B.P. 
 sid, 


Zone aZ-a3 is a remarkably uniform blanket of argil mil 

laceous sediment distinguished by its dextrally-coiled COl 


popUlation of N. pachyderma. In the eastern part of Sal 

the area the indicated water depths are about the same 

as those of today. In the western part they are a few 

hundred meters greater. The almost totally dextrally 


BAcoiled assemblages of N. pachyderma are accom
panied by other planktonic foraminifers indicating 
warmer water, substantiating the conclusion that 
water temperatures were as warm or warmer than 
those of today in the same area. The argillaceous na
ture of the sediment and high yields of foraminiferal 
tests per volume of sediment indicate that the rate of 
sediment accumulation was slower. A sample com
posed entirely of foraminifer tests was submitted for 
radiocarbon dating, but yielded only a determination 
of "greater than 35,000 years." Coccolith studies also 
indicate about the same age for this zone. 

Zone a3-aS is a relatively thick sequence of silty sed
iments. Water depths at its inception were about 160 
m greater than they are today. During middle a3-aS 
time a sudden shallowing took place, bringing water 
depths to about their present leveL 

Zone as-as faunas indicate dominantly warm-water 
temperatures with erratic influxes of colder currents. 
The sediments are dominantly argillaceous through
out, and the rate of deposition was apparently rather 
slow. Water depths were generally 160 to 250 m great
er than those of today. Sediments deposited prior to 
Zone a5-a(; represent generally cooler water tempera
tures with short periods of warmer waters. The water 
depths indicated for these strata, about 160 to 250 m 
greater than at present, are similar to those of Zone 
a5-~;' 

SUMMARY 

The biostratigraphic units defined by the direction 
of coiling of the planktonic foraminifer N. pachy
derma extend throughout the Santa Ynez Unit. Defi
nition and correlation of these biostratigraphic units 
have provided a framework that permits comparison of 
engineering data throughout the area of the Unit. The 
primary purpose of these studies is to aid in the po
sitioning of drilling platforms in deep water with con
fidence. In addition, studies of the bottom-dwelling 
foraminifera have helped us understand some of the 
conditions of deposition of the subtly layered shallow 
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sediments. The paleobathymetric picture is compli
cated by local tectonic effects, and some water-depth 
fluctuations which appear to be eustatic changes of sea 
level are probably due instead to local uplift or sub
sidence. We believe that additional studies of fora
minifers in this area will lead to a more exact ac
counting of the physical factors that have affected the 
Santa Ynez Unit during Quaternary time. 
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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 
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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

e , 
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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-

BANDY 
OL SSON 

1976 

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. I)eep~sea core mater!al~ 

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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Continued. 
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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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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 ,~IPLEISTOCENE 

[Mid 

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

PLIOCENE "----

~A~ l V 

4:
DuT£RTREl HUMEI/OSA of-.....,.. N DUTEIHREI 5U!lCR(TACEA --l' 

DATUM DATUM 

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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ABSTRACT 


Analyses of foraminiferal biofacies and lithofacies 
within thick Cenozoic sequences exposed in the Santa 
Ynez Mountains, Ventura Basin, Santa Rosa and San 
Miguel Islands, Palos Verdes Hills, and the Santa Ana 
Mountains-San Joaquin Hills area of southern Califor
nia clearly delineate major Paleogene and Neogene 
depositional cycles characterizing the tectonically 
complex portion of the Pacific rim assigned to the 
Southern California Continental Borderland, Empha
sis is placed on estimated upper depth limits of se
lected species of benthonic foraminifera in recon
structing paleobathymetry of each of six sequences 
analyzed, with integrated assessment of modern mi
crofaunal and sedimentologic patterns allowing iden
tification of up to 40 lower bathyal through littoral pa
leoenvironmental boundaries. Each sedimentary 
column and associated paleobathymetric-paleoenvi
ronmental curve is plotted both in relation to maxi
mum unit thickness and to an updated Cenozoic time 
scale utilizing available planktonic zonal criteria, ra
diometric ages, and magnetostratigraphy. The litho
stratigraphic-chronostratigraphic plots yield estimated 
rates of uplift, subsidence, and sediment accumulation 
for each paleoenvironmental segment identified (basin 
plain, slope, shelf, etc.), reflecting interplay between 
tectonic and depositional events during Paleogene and 
Neogene basin-filling episodes in the northern and 
eastern portions of the borderland. Paleogene deep 
marine sedimentation in this region was focused in an 
east-west trough (Santa Barbara Embayment) in the 
area of the present Santa Y nez Mountains and north
ern Channel Islands. Filling of this depocenter was 
slow during Late Cretaceous through early Eocene 
time when lower bathyal (~2,000 m) basin plain and 
distal fan deposits accumulated at rates of 20-50 ml 

m.y. balanced by equally slow subsidence. Subse
quently, great wedges of outer, middle, and supra fan 
sediments filled the trough from the north and east at 
rates of 200-300 m/m.y. during the middle Eocene. 
This accelerated to 500 m/m.y. during the late Eocene 
as subsidence waned to less than 100 m/m.y. and 
slope, shelf, and littoral facies transgressed westward 
over proximal fan and base-of-slope deposits. A tec
tonic pause accompanied by widespread nonmarine 
deposition and erosion occurred over the southern 
California margin during the Oligocene aided by a 
global eustatic event. Nonmarine deposition was ter
minated by abrupt and widespread subsidence (150
500 m/m.y.) during the latest Oligocene-early Miocene 
coincident with initiation of equally dramatic tectonic 
events elsewhere around the Pacific rim. Rapid sub
sidence produced a series of effectively silled middle 
bathyal Miocene basins momentarily deficient in ter
rigenous debris allowing relatively undiluted deposi
tion of prolific numbers of diatom frustules from highly 
productive surface waters. Most middle to late Mio
cene basin sills hovered at depths within the oxygen 
minimum zone creating oxygen deficient (0.1-0.5 mil 
I.) subsill water, effectively excluding well-developed 
megainvertebrate faunas capable of destroying bed
ding and thus facilitating accumulation and preserva
tion of diatomaceous muds and laminated diatomites 
(Monterey Formation). Tectonic reorganization of the 
Miocene borderland basins began in late Miocene-ear
ly Pliocene time with further subsidence to lower 
bathyal depths in some synclinal areas. In addition, an 
increasing influx of terrigenous material in the form of 
local fan lobes and fine-grained detritus diluted diatom 
frustules and capped underlying diatomites with early 
Pliocene mudstones and distal sands. Major flexing of 
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the borderland occurred about 3 m. y. ago (middle Plio
cene) marked by rapid uplift (400-1,000 m/m.y.) of 
anticlinal interbasin ridges and borderland margins as 
illustrated in the Palos Verdes Hills and Santa Ana 
Mountains-San Joaquin Hills sequences. This same 
event was accompanied by dramatic increases in rates 
of sedimentation (>2,000 m/m.y.) and subsidence 
(> 1,000 m/m.y.) in synclinal nearshore depocenters 

such as the Los Angeles and Ventura basins. Both of 
these basins were filled to capacity by the late Pleis
tocene as signaled by rapid reductions in rates of sed
iment accumulation and subsidence « 1 ,000 m/m. y.). 
A major late Pleistocene tectonic episode then de
formed borderland margins, basin sills, and interbasin 
ridges to their present configuration initiating modern 
depositional patterns. 

INTRODUCTION 

The spectacularly thick sequences of Cenozoic ma
rine sediments housed within the coastal mountains 
and basins of southern California have been scruti
nized via pick and drill for more than a century. These 
studies have resulted in an impressive body of data 
bearing on the tectonic and depositional history of this 
region. Moreover, it was early recognized that these 
deposits have their direct analogues within the com
plex of submarine environments forming the modern 
continental borderland of southern California (Bagg, 
1907; Natland, 1933); this relationship has been vig
orously exploited during the past 40 years to the point 
where the region effectively serves as a natural geo
logic laboratory. Emery's 1960 summary of the bor
derland still stands as a prime source of information 
on the marine geology and oceanography of this re
gion; however, the appearance of new geologic, geo
physical, and paleontologic concepts, tools, and tech
niques continues to force a recasting of older ideas 
concerning the evolution of this complex margin. The 
emergence of seismic reflection profiling and the par
adigm of plate tectonics have been especially critical 
in this respect (e.g., Yeats, 1968; Moore, 1969; At
water, 1970; Crowell, 1974; Vedder and others, 1974; 
Snyder, Dickinson, and Silberman, 1976). In addition, 
advances in local and worldwide planktonic biostra
tigraphy, magnetostratigraphy, and chronostratigra
phy (Berggren, 1969, 1972; Berggren and Van Cou
vering, 1974) necessitate a recalibration of provincial 
biostratigraphic units including those in use in Cali
fornia that ultimately affect estimates of timing and 
duration of tectonic and depositional events. Finally, 
recent concepts of paleoenvironmentally diagnostic 
lithofacies packages (e.g., Selley, 1970; Walker and 
Mutti, 1973; Dolt and Shaver, 1974) and stratigraphic/ 
depositional cycles (Dickinson and Graham, 1975) 
provide powerful interpretive models with which to 
analyze margin history. 

This report represents an attempt to utilize aspects 
of all these interpretative tools and insights to recon
struct depositional histories of six well-studied Ceno
zoic surface sections exposed along the margin of 
southern California (Fig. 1). Methods of analysis are 
briefly reviewed and particular emphasis is placed on 
the use of benthonic foraminiferal assemblages, litho
facies trends, and an updated chronostratigraphy to 
illustrate the dynamic interplay between estimated 
rates of sediment accumulation, subsidence, and pa
leobathymetric/paleoenvironmental history of the 
northern and eastern portions of the Southern Cali
fornia Continental Borderland in a series of summary 
diagrams. 

BIOSTRATIGRAPHIC 
AND CHRONOSTRATIGRAPHIC FRAMEWORK 

The provincial Neogene and Paleogene benthonic 
foraminiferal stages and zones erected by KleinpeJJ 
(1938), Natland (1952), and Mallory (1959) comprise 
the most widely applied means of biostratigraphic age 
assignment and correlation within Tertiary and Qua
ternary marine sediments of California. However, re
cent advances in planktonic biostratigraphy and atten
dant correlations with the paleomagnetic and 
radiometric time scales are providing an alternative 
Cenozoic time scale against which to view regional 
and worldwide marine events, as ably summarized by 
Berggren (1972) and Berggren and Van Couvering 
(1974). The past decade has seen increasing study of 
planktonic foraminifera and calcareous nannofossils in 
bathyal marine sequences along the Pacific Coast al
lowing partial to full recognition of the now well-es
tablished low-latitude Cenozoic planktonic biozones 
in California (Lipps, 1967; Ingle, 1967a, 1973a, 1977a; 
Bramlette and Wilc~in, 1967; Wilcoxin, 1969; 
Schmidt, 1970; Steineck and Gibson, 1971; Lipps and 
Kalisky, 1972; Bandy, 1972a, b; Bukry, Brabb, and 
Vedder, 1973; McKeel and Lipps, 1975; Poore and 
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FIGURE I 

Location map illustrating the present bathymetry of the Southern California Continental Borderland, important Cenozoic surface sections 
referred to in this report, and the approximate positions of the late Miocene and middle Pliocene strandlines, 

Brabb, 1977). In addition, studies of the more common 
mid- to high-latitude calcareous and siliceous plankton 
within these same sediments have identified a number 
of useful indices and climatically induced planktonic 
biofacies trends which allow correlation of both deep 
sea and marginal basin Neogene sequences from Cal
ifornia north to Alaska (Bandy, 1960a, 1967: Ingle, 
1967a, 1973a, b, 1976, 1977a: Bandy and Ingle, 1970; 
Casey, 1972; Schrader, 1973; Casey and Price, 1973; 
Barron, 1973, 1975; Keller and Ingle, 1977). 

One of the more significant and at the same time 
controversial (Phillips, 1972) results of the increased 
application of planktonic biostratigraphy in the Pacific 
Coast region is the recognition by some authors that 
many if not all of the provincial Cenozoic benthonic 
foraminiferal stages are time transgressive when 
viewed against a planktonic biostratigraphic frame
work (Bandy, 1960a, 1967; Ingle, 1967a; Bandy, 1971; 

Bukry, Brabb, and Vedder, 1973, 1977; Steineck and 
Gibson, 1971, 1972; Gibson, 1973). Facies control of 
benthonic foraminiferal faunas indicative of various 
Paleogene stages is also suggested by apparent exten
sion, broad overlap, and inversion of ranges of key 
species (Vedder, 1972; Gibson, 1973). Although more 
study is needed to establish the magnitude of these 
discrepancies, the general time-transgressive charac
ter of the provincial benthonic foraminiferal stages is 
implied by slanted stage boundaries in the time scale 
presented on Figure 2. 

Use of planktonic zonal criteria in California has 
also led to reassessment of provincial Cenozoic epoch 
and subepoch boundaries with respect to their tradi
tional positions vis-a.-vis provincial microfaunal 
stages. In turn, continuing realignment of various 
planktonic zones with the paleomagnetic-radiometric 
scale and the appearance of radiometric dates of vary

165 



-- --
-- --

--

INGLE 

CALIFORNIA 
BENTHIC 

EPOCHI FORAMINIFERAL 
SERIES STAGES 

0 
HALLIAN/WHEELI 
EN!~EPETTIANC( 

DE~~AN
CD 

MOHN/AN~ 10 
~ LUISI A-N 

R ELi ziA"N 
f- SAUCES/ANz 

20w 
Ul 
W 
a:: 
tl. 

lEMORR/AN 
w 30 
a:: 
0 
l!.. ?-?w 
CD 

40 

W 
Z 
w: 

:iU 
0 

::::E W 

w 
Z 
W ...i 
U 
0 
(!) 

...J W
0 

REFUG/AN
Ul W 
0:: 
« 
w 
>
l!.. 50 

Z 
W 
U 
0 
w w 

d 
W ....J 

...J 
<t 
0.. w 

ULAT/ SIAf..0 

Ul PENUTIAN_
Z 
0 BULITIAN_ 

2N~AN....J 60....J 
DANIAN~ 

FIGURE 2 

Suggested alignment of the provincial Cenozoic microfaunal stages 
of Kleinpell (1938), Natland (1952). and Mallory (1959) with the 
radiometric time scale. Placement of series/epoch boundaries as 
well as chronostratigraphy is based on pertinent radiometric dates 
in southern California sequences and current correlations of pro
vincial stages with planktonic zonations and, in turn, the paleomag
netic-radiometric time scale of Berggren and Van Couvering (1974). 
Dashed lines separating the stage boundaries are placed at an angle 
to the radiometric time scale reflecting accumulating evidence of 
the time-transgressive nature of faunas defining these units (ingle, 
1967a; Bandy, 1971; Bukry, Brabb, and Vedder. 1973; Gibson, 1973: 
Bukry, Brabb, and Vedder, 1977; Poore and Brabb, 1977). This 
figure should be viewed as a working correlation destined for further 
adjustment as new microfaunal, radiometric, and paleomagnetic 
data become available. See text for references used in compiling 
this figure. 

ing reliability in the marine Cenozoic of California 
(Evernden, Savage, Curtis, and James, 1964: Berg
gren, 1969, 1972: Ingle, 1967a; Bandy and Ingle, 1970; 
Turner, 1970: Berggren and Van Couvering, 1974) 

have led to continuing recalibrations of epoch and sub
epoch boundaries with profound implications for the 
assessment of timing and duration of Cenozoic tecton
ic and depositional histories in the Southern California 
Continental Borderland and elsewhere. Therefore, a 
state-of-the-art correlation of provincial stages, epoch 
and subepoch boundaries, and alignment of the radio
metric time scale is provided on Figure 2. It is impor
tant to emphasize that this biostratigraphic-chrono
stratigraphic compilation represents a working time 
scale which will no doubt undergo further adjustments 
and revisions as new microfaunal, radiometric, and 
paleomagnetic data become available. This diagram 
follows the current alignment of standard planktonic 
biozones and datum planes with the radiometric and 
paleomagnetic time scales by Berggren and Van Cou
vering (1974) and, in turn, correlations of the standard 
planktonic biozones with the provincial benthonic fo
raminiferal stages of California, incorporating analyses 
by Lipps (1967, 1972), Bandy and Ingle (1970, Ingle 
(1973b, 1976, 1977a, c), Schmidt (1970), Steineck and 
Gibson (1971), Bukry, Brabb, and Vedder (1973), 
Schrader (1973, 1974), and Gibson (1973). 

Radiometric calibration of the provincial benthonic 
stages includes consideration of the planktonic cor
relations noted above as well as pre-1973 radiometric 
Neogene dates from California summarized by Berg
gren and Van Couvering (1974). The recent fission
track ages reported by Izett, Naeser, and Obradovich 
(1974) and Boellstorff and Steineck (1975) have partic
ular significance for placement of the Pleistocene-Plio
cene and Pliocene-Miocene boundaries with respect 
to the late Tertiary-Quaternary benthonic stages of 
Natland (1952) and the Delmontian1 stage of Kleinpell 
(1938). These latter dates corroborate planktonic evi
dence (Ingle, 1973b, 1977a, c), indicating that the base 
of the Pleistocene, defined in terms of the initial ap
pearance of Globorotalia truncatulinoides and the 
Olduvai paleomagnetic event at 1.8 m.y.B.P.,2 occurs 
variously within the Wheelerian, Venturian, and Re
petti an stages, depending on individual rates of basin 
subsidence and sedimentation due to the paleoecologic 
control of foraminiferal assemblages characterizing 
each of these stages (e.g., Bandy, 1972b; Ingle, 1976). 
Additional paleomagnetic evidence for these relation
ships has been recently provided by Blackie and Yeats 
(1976). The Miocene-Pliocene boundary as defined on 
the basis of planktonic criteria occurs in the middle 

I The validity of the Delmontian stage has been questioned by 
Pierce (1972) due to the apparent Mohnian age of the type section 
of the lower Dehnontian stage. 

, Millions of years before the present. 

166 



CALIFORNIA CENOZOIC PALEOBATHYMETRY 

MID LATITUDE 

TEMPERATURE (OC) 


3 6 9 12 15 18 21 
SEA ~~----..c~:-:::C:-:C:::-;:--:-:-:==C~:::C-C:=-------'-------------'r--- I I I I ! I 10M 
LEvEL ___~IDAL RANGE ~ liTTORAL ZONE MAx PENETRATION MIXED OR 
DEPTHVARI~S __ INNER NERITIC lONE* OF LIGHT "'-'150M SURFACE 

~~T~G~IDAL -50M ___~_~-..:.b::;:U'-ltE,,"R~N::ER::':'':';TI,::,C;Z~O:NE~*_·__ (PHOTI{ ZONE) ~AYE~ __ _ 

EFFECTIVE ~50M~,PERMANENT 
FAIRWEATHER AVERAGE - - 200M I 
WAVE BASE DEPTH OF ' 

500M ~ -10-15 M S"H~,~~~DGE - t- l' THERMOCLINE 
POSITION OF OXYGEN L AYE R 
MINIMUM ZONE 

( VARIABLE) 

CLASSIFICATION OF -=-~-=:~gg~ , 
MARINE BENTHONIC 

E NVI RONMENTS DEEP 
PRESSURE WATER 
INCREASES 
1ATM/l0M 

AVERAGE DEPTH 

OF THE WORLD 

OCEAN =3750M 


TOP OF RECENT 
CALCIUM 
CARBONATE:.

* INNER SHELF OR INNER SUBLITTORAL ZONE g~~+~N1gJ6~N I 
* *OUTER SHELF OR OUTER SUBLITTORAL ZONE (VARIES WITH I 


LATITUDE 8 GEOL I 

TIME) 

- 4000M 

LOWER 
BATHYAL 

ZONE 

-100M 

-IOOOM 

-4000M 

'2 
NOTE 
VARIABLE 
SCALE 

FIGURE 3 

Classification of benthonic marine environments in terms of depth and positions of critical oceanographic boundaries or transitional zones in 
the modern world ocean. Note that water depths are given in meters. This classification is a modification of that presented by Hedgpeth 
(1957): from Ingle (l975a). 

portion of the Delmontian stage (Casey, 1972; Casey 
and Price, 1973; Ingle, 1973b; Boellstorff and Stei
neck, 1975) correlative with a radiometric age of 5 
m.y.B.P. (Berggren and Van Couvering, 1974). Both 
revisions have special importance for any analysis or 
borderland history due to the episodic increases in 
rates of uplift, subsidence, and sedimentation experi
enced in this region during the later Neogene (Yeats, 
1977). 

PALEOENVIRONMENTAL AND 

PALEOBATHYMETRIC ANALYSIS 


BENTHONIC MARINE ENVIRONMENTS 

The recognition of ancient marine environments in 
the Cenozoic of southern California and elsewhere is 
largely dependent on our understanding of the rela
tionships between physical and biologic systems in the 
modern world ocean, especially those peculiar to con
tinental margin settings. Fortunately, the water mass 
filling the oceanic "bowl" at any given moment is den
sity stratified due to variations in temperature and sa
linity with depth produced by latitudinal differences 
in surface temperature, precipitation, zonal winds, and 

the production of relatively cold and dense bottom 
water in polar regions (Sverdrup, Fleming, and John
son, 1942; Neuman and Pierson, 1966). Additional lay
ers or parcels can be recognized on the basis of the 
effective penetration of sunlight (photic zone), effec
tive wave base, variations in the amount of dissolved 
oxygen, etc. (Fig. 3). Ultimately, each of these water 
mass boundaries or gradients impinges against the 
continental margin at a known depth or depth range 
forming key bathymetric horizons which are common
ly marked by sharp variations in faunal and sedimen
tologic parameters, imprinted in the sedimentary re
cord, and preserved. Thus, both modern and fossil 
biofacies and lithofacies mirror the stratified nature of 
the marine water column providing readily accessible 
paleobathymetric/paleoecologic tools. 

The stratified character of the world ocean also aids 
in the classification of benthonic marine environments. 
The scheme used in this report represents a modified 
version of the classification proposed by Hedgpeth 
(1957) with the majority of zonal boundaries drawn at 
the top or base of important water mass boundaries 
(Ingle, 1975a; Fig. 3). Consequently, bathymetric ter
minology (upper bathyal, abyssal, etc.) applied to both 
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Variation in numbers of foraminifers and radiolarians per gram of 

dry sediment across Guaymas Basin, Gulf of California, Mexico; 

adapted from Ingle (1%7b). 


modern and ancient environments takes on some pre
cision with each term implying not only a specific 
range of water depth but also variations of other pa
rameters as well (Figs. 3 and 4). An example of this 
relationship is inherent in the definition of the upper 
middle bathyal zone (500 to 1,500 m) which effectively 
coincides with the oxygen minimum zone, a parcel of 
water containing only marginal amounts of dissolved 
oxygen (0.1-0.5 mIll) due to oxidation of organic de
bris derived from high productivity in the overlying 
photic zone (Richard, 1957). Intersection of this 
unique water mass with the continental slope and/or 
basin sills leads to a reduction or exclusion of mac
rofaunal invertebrates and minimal bioturbation of 
sediments, resulting in preservation of conspicuously 
thin-bedded or laminated sediment enriched in organic 
matter (e.g., Hulesmann and Emery, 1961; Calvert, 
1964: Rhodes and Morse, 1971). Critical deeper 
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FIGURE 5 

Variation of Recent benthonic foraminiferal biofacies, sediments. 
and dissolved oxygen with depth in Guaymas Basin, Gulf of Cali
fornia, Mexico (Fig. 4), as plotted from data of Bandy (196\), van 
Andel (l964), and Calvert (1964); figure from Ingle (1%7b, 1975a). 
Note that the limits of the oxygen minimum zone in this basin co
incide with the distribution of laminated diatomaceous sediments 
analogous to Miocene diatomites and siliceous shales assigned to 

the Monterey. Modelo. and Capistrano formations of southern Cal
ifornia. The benthonic foraminifer SU,f:l.(runda eckisi Natland serves 
as an index to this oxygen minimum facies (Ingle, 1967a: Phleger 
and Soutar, 1973) with homeomorphic equivalents such as S, cali
fomim (Kleinpel\) present in analogous Miocene deposits, The hor
izontal biofacies and lithofacies trends illustrated in this Recent ba
sin are clearly analogous to the vertical (time) trends established in 
Paleogene and Neogene basinal sequences of southern California 
and elsewhere around the North Pacific rim. 

boundaries include the lysocline (LCD) and the cal
cium carbonate compensation depth (CCD) at 3,000 to 
4,000 m (Berger, 1970, 1974); the top of the abyssal 
zone (4,000 m) is essentially coincident with the top 
of the CCD in mid-latitude oceanic areas today. How
ever, the effects of this chemical threshold as well as 
those expressed by the LCD can be masked or mod
ified by (a) rapid deposition of terrigenous debris in 
base-of-slope deposits and/or (b) a shallowing of the 
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Percentages of displaced (redeposited) benthonic foraminifers, distribution of live (L) and dead (D) specimens of selected benthonic foramin

ifers, and bathymetry across Guaymas Basin, Gulf of California, Mexico (Fig. 4), as plotted from data of Bandy (1961) and Phleger (1964). 

The importance of upper depth limits in paleobathymetric interpretation are emphasized by the live-dead distributions illustrated. 


LCD and CCD surfaces along continental margins 
(Berger, 1974). Moreover, the CCD and LCD have 
experienced considerable vertical migration with time 
(van Andel, 1975) due to major variations in produc
tivity, bottom water migration, and paleoclimatic his
tory, with obvious consequences for paleobathymetric 
interpretations based on recognition of this facies 
boundary in the stratigraphic record (e.g., Garrison 
and Fisher, 1969). 

MICROFAUNAl TRENDS 

Many microfaunal parameters display systematic 
trends with depth and distance from strandline as a 
function of major physical boundaries in the modern 
ocean as illustrated by patterns in the Gulf of Califor
nia (Figs. 4-6), Importantly, variations in abundance 

and character of foraminifera, radiolaria, etc., can be 
readily assayed in a qualitative or quantitative manner 
in fossil deposits allowing general differentiation of 
major paleoenvironments. Trends established at this 
faunal level reflect large-scale biologic responses and 
consequently have broad application independent of 
age and differences expressed at the generic or species 
level. 

Foraminiferal number (number of testsigram of dry 
sediment) varies as a function of rate of reproduction 
and rate of sedimentation, with highest abundances 
generally associated with the shelf-slope transition 
where low rates of sedimentation, upwelling, and high 
productivity combine to form an unusually rich ben
thonic habitat (Ingle, ] 975a). Significantly, the diver
sity (number of species) of benthonic foraminifera also 
increases to a maximum in the outer shelf and upper 
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bathyal zones in response to these same optimal con
ditions. Deeper continental margin environments are 
characterized by decreasing foraminiferal numbers 
and diversity: however, anomalously high numbers 
often occur within individual turbidite units due to 
downslope redeposition of tests (Figs. 4-6). The rel
ative abundance of planktonic foraminifera represents 
an additional readily scrutinized parameter, with tests 
of planktonic species commonly absent or rare in ne
ritic (shelf) deposits. An abrupt increase in abundance 
and diversity of planktonic foraminifera commonly 
marks the shelf-slope juncture representing an easily 
identified biofacies boundary in both modern and an
cient sequences (Bandy, Ingle, and Resig, 1964; Ingle, 
1975b; Bandy and Arnal, 1969). Additional gross fo
raminiferal trends include variations in abundance of 
arenaceous. porcelaneous, and hyaline forms with 
depth and environment <Bandy, 1 960a: Bandy and 
Arnal, 1960, 1969). 

The abundance of radiolarian tests also represents 
a reliable guide to lower bathyal-abyssal paleodepths 
(Bandy and Arnal, 1960; Ingle, I 967a, 1975a). Both 
the relative and absolute abundance of radiolarian 
tests increase in middle bathyal depths, with radiolar
ians becoming major faunal constituents at depths 
greater than 2,000 m (Fig. 4). Dissolution of calcareous 
foraminiferal tests below the LCD and CCD further 
exaggerates this ratio below 3,000 m and increases the 
relative abundance of arenaceous foraminifera. 

BEKTHONIC FORAMI"IIFERAL BIOFACIES 

Modern foraminiferal faunas have been analyzed 
from a wide spectrum of Recent marine environments:! 
and. although we are still investigating the complex of 
physical and biologic controls on their distribution, it 
is apparent that well-established biofacies patterns re
flect significant physical boundaries in both Recent 
and fossil deposits spanning the Iittoral-to-abyssal gra
dient (Fig. 5). Distributional patterns reported from 
mid and low latitudes in the marginal eastern Pacific 
(e.g., Bandy, 1953, 1961; Bandy and Rodolfo, 1964; 
Smith, 1964) have particular significance for interpre
tation of faunas reported from Cenozoic deposits in 
southern California. Indeed, the pioneering reports of 
Natland (1933, 1952. 1957) and Bandy (1953) continue 
to provide premier examples demonstrating the direct 
relationship between the bathymetric distribution of 
living benthonic foraminifera off California and the 
sequential appearance of similar biofacies in late Ce

:I See Ingle (1967al for a review of pre-1967 studies in the eastern 
North Pacific and Murray (1973) for a general overview. 

nozoic basin through shelf deposits in this same re
gion. Moreover, general morphologic trends estab
lished with depth and environment among living 
benthonic foraminifera have led to the recognition that 
the structure, composition, and morphology of this 
group exhibit convergent environmental adaption and 
evolutionary trends through time <Bandy. 1960b, 1963: 
Harman, 1964; Theyer, 1971) in turn allowing identi
fication and use of paleoecologically significant 
homeomorphs and isomorphs for paleobathymetric in
terpretation of Cenozoic and Mesozoic faunas (Bandy 
and Arnal, 1960, 1969: Ingle, 1967a, 1972: Sliter and 
Baker, 1972: Sliter, 1972, 1975). 

During this investigation, selected species of ben
thonic foraminifera commonly reported from the Ce
nozoic sediments of southern California were assigned 
to six Neogene and six Paleogene faunal groups rep
resenting inner shelf through lower bathyal paleoen
vironments (Tables I and 2). Assignment of species to 
bathymetrically defined biofacies is based on the con
cepts of adaptive morphology and use of isomorphic 
and homeomorphic relationships proposed by Bandy 
(l960b), fossil occurrences of living species with 
known bathymetric tolerances, and recurrent species 
associations within well-established bathyal deposits 
(e.g., Anita Formation, Kreyenhagen Shale, Monterey 
Shale). In addition, the recognition of middle and low
er bathyal Paleogene species was aided by reports on 
Paleogene and Neogene deep-sea assemblages by 
Beckmann (1953) and Douglas (1973). 

It is important to note that there is accumulating 
evidence demonstrating that deeper bathyal biofacies 
have undergone vertical and horizontal migration in 
response to climatically induced changes in bottom 
water temperature, structure, and flow (Streeter, 1973; 
Schnitker, 1974); the patterns and limits of these ad
justments have significant implications for paleodepth 
and paleoenvironmental interpretations (Douglas, 
1973). In turn, both paleontologic and isotopic evi
dence indicate that the Cenozoic climatic record is 
punctuated by major warmings and refrigerations with 
(a) pervasively warm temperatures during the early 
Paleogene (late Paleocene-early Eocene), (b) a pro
found refrigeration and restructuring of surface and 
deep oceanic circulation during the Oligocene, and (c) 
a fluctuating but deteriorating climatic pattern in the 
Neogene produced by high latitude glaciation (Emili
ani, 1954, 1956; Dorf, 1955: Bandy, I 960a, 1968: Dor
man, 1966, 1968; Devereux, 1967; Ingle, 1967a, 1973b, 
1977a, c; Kennett, 1968: Margolis and Kennett. 1971: 
Saito and van Donk, 1974; Kennett and others, 1975; 
Shackleton and Kennett, 1975a; Savin, Douglas, and 
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TABLE I 


Species composition of Neogene benthonic foraminiferal biofacies,' 


1i'<i'<ER SHELF" BIOFACIES": 0-50 m; 0-150 ft. 

Ammonia beel/rri (Cushman) 
Buliminella el{'Rut/fissima (d'Orbigny) 
Bun'eila friRida (Cushman) 
Bun'ella tet/errima (Bandy) 
Caneris auricula (Fichtel and Moll) 
Cibicides lobarlls (Montagu) 
Cibicides fletcheri Galloway & Wissler 
Elphidillm crispltm (Linne) 
E/phidium incerlllln (Williamson) 
Elphidium poeyanltm lrons/llcens Natland 
Elphidillm granli Kleinpell 
Flori/liS ("Nonion") ('osr(jl'rum (Cushman) 
Flori/lis ("Nonionell,,") inl'islis (Cushman) 
Hanzawaia basiloba (Cushman) 
Nonionellu ba.lispinuta (Cushman & Moyer) 
Nonioneila miocl'lIica mio('cnica Cushman 
Nonionella mioaf/im sfello Cushman & Moyer 
Nonionell" pizarrellSis (Berry) 
Quinque/o('l1/ina akneriana d'Orbigny 
Quinqueloclilina (ltIgulostriata Cushman & Valentine 
Quinqueloct/fino costa/a d'Orbigny 
Quinqlle/oclIlina lillnarckillno d'Orbigny 
Quinque/oclllina spp, 
Trochammina inflata (Montagu) 
Troclwmmina pacifica Cushman 

OUTER SHElF BIOFACIES: 50-150 m; 150-470 ft. 

Bolivina aCIIIIIla Bandy 
Bolivina ae'liminata Natland 
Bolivit/a rhomboidalis (Millett) 
Bo/ivina longi tongi Cushman 
Bo/ivina rongi fi/icostma Cushman & McCulloch 
Bo/h'ina vaughani Natland 
Bulimina marginatll delllldata Cushman 
Buliminel/II curta Cushman & Parker 
Bu/iminel/a cali/iJrllica Cushman 
Buliminel/a dubio Barbat & Johnson 
Bllliminel/a cowciorano Cushman & Stevenson 
Buliminel/o semihi.lpida Kleinpell 
Bu/iminel/o spp, 
Cassidulina minuta Cushman' 
Cassidillina oblollga Reuss' 
Discorbinel/a 1'II/monteensi,1 Kleinpell 
G(//ldryina (IT{'flIlria Galloway & Wissler 
Hi/nZl/lVaia cT({SSiSepla (Cushman & Laiming) 
Hunzawaia illingi (Nutta!) 
Hanz(/\<'{/ia nitidllia (Bandy) 
HanZ{1lt'(fia re/izensis (Kleinpell) 
Loxostoll1um baculum Bandy 
Planulina ariminellsis (d'Orbigny) 
Planlliina baggi Kleinpell 
Planulino ornala (d'Orbigny) 
Pul/enia lI1o/kinae Coryell & Mossman 
Pllllenia ,wlisburyi Stewart & Stewart 
Saracetlario b{'{/li (Cushman) 
Saracenaria spp, 
Sigmoilina tenllis (Czjzek) 
Trijarina angulo,l'a (Williamson)' 

TABLE 1 
Continued 

Trifari!w baftgi (Galloway & Wissler)4 
Triforina (lccidentalis (Cushman)4 
Trifilrinll spp,< 
Udgerinll juncea Cushman & Todd' 
Valvl/lineria ca.l'itasensis Kleinpell 
Vall'lIlineria depressa Cushman 
Voll'alinnia miocenica Cushman 

UPPER BATHYAL BIOFACIES: 150-500 m: 460-1,560 ft. 

Baggin(l C{llifornia Cushman' 
Ba/,fflina caneriformis Kleinpell' 
Baggino robllsta robllSta Kleinpell' 
Bagflina robusla globosa Kleinpell' 
Baggina slIbineqlla/is Kleinpell' 
Bolivina ilCliminata Natland 
Bolil'ina advena at/vena Cushman 
Bolivina advena gradlis Cushman & Kleinpell 
Bo/idnil advella ornata Cushman 
Bolivina ath'ena striatel/a Cushman 
Bolivina barbarwU/ Cushman & Kleinpell 
Bolivina benedicrensis Pierce 
Bolivina brum/etti Kleinpell 
Bolil'ina brel'ior Cushman 
Bolivina califi)rllica Cushman 
Bolivina davisi Cushman & Ellison 
Bolivina decurlota Cushman 
Bolil'illo dlln/api Kleinpell 
Bolivina inlerjuncta Galloway & Wissler 
Bolivina marginaf{/ Cushman 
Bolivina modeloemis Cushman & Kleinpell 
Bolivina obliqllu Barbat & Johnson 
Bolidna pacijim Cushman & McCulloch 
Bolil'ina parva Cushman & Galliher 
Bolivina perrini Kleinpell 
Bo/il'i!lu pSl'lIdoplicatll Heron-Allen and Earland' 
Bolil'ina rankini KleinpelP 
Bolivina seminllt/a ill/milliS Cushman & McCulloch' 
Bolivina spissa Cushman 
Bolil'ina rieensi" Kleinpell 
Bolil'ifw Illmida tumido Cushman 
Bolivina tllmit/a {,lInealiJ Kleinpell 
BlIlilllinella SlIbfilsij{Jrmis Cushman' 
Catleri.\' baggi Cushman and Kleinpell' 
Cas.lidel/a braff//etti (Galloway and Morrey) 
Cassidel/a cal(/ilrniensis col(f{)rni('nsis (Cushman) 
Cussidel/a wl(fiJrlliensis /,frondi" (Cushman and KleinpeJl) 
Cassidel/a t/('lmontl!ensis (Cushman and Galliher) 
Cassidlliina barbarana Cushman and Kleinpel14 
Cassit/Illinu ml(fiJrnica Cushman and Hughes' 
Cassidulina limbata Cushman and Hughes' 
Cassidlliinu lomitensis Galloway and Wissler' 
Cussidlllina marRareta Karrer 
Cussitllllina mot/e/ol'lIsis Rankin4 

Cassidlllina monic{Illll Cushman and Kleinpell' 
Cassitil/lina norcrossi Cushman' 
Cas.vidlilina panzana Kleinpell" 
Cus.li<iuli!1(1 sllbgl(lss(I quut/rata Cushman and Hughes' 
CassidJl/ina tortuow Cushman and Hughes' 
ClIssidlllina trall.\!Jl('('/lS Cushman and Hughes 
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Cassidulina ",il/illlni Kleinpell' 
Cassidulina cornllta (Cushman) 
Cihicid('s mckannai Galloway and Wissler 
Cihicides pselldounf,lerlanlls (Cushman) 
Ehrenherf,lina compres.ra Cushman 
Eilohedra I('vi('ula (Resig) 
Episrominella exiRIUI (Brady) 
EpislOminella suhpert/viana (Cushman)' 
Glohohulimina pacifica Cushman' 
Gyroldina alrijiJrlnis R. E, and K, C. Stewart 
Gyroidina suhlener (Galloway and Wissler) 
HO('Rlllndina e/cRlIns (d'Orbigny) 
LOXOSlOfI'/lIIn pselldoheyrichi (Cushman) 
SURRmni/a cali/rlrniea Kleinpell' 
SUI'Rl'unda e('kisi Natland' 
SURRrundo kleinpelli Bramlette" 
Tritllrina ('({rinala (Cushman)4 
Uvil'erin({ .f(lxensis Woodring and Bramlette 
UviRcrilw kernensis Barbat and von Estorff 
UviRerina peregrina Cushman 
UviRerill(f segundoen.l'is Cushman and Galliher 
UI'igerina sparsicoslala Cushman and Laiming 
Uvigerina .Hlhperl'I'rina Cushman and Kleinpell 
Urll'erine/la cai(filrnica californlca Cushman 
UI'il'erinella cali/iJrlllea (fppre.\'S(f Cushman' 
Ul'Igerinc/la CIIlifomica ornata Cushman 
Uvil'erinclla ohesa ohesa Cushman 
U\'igerine/la ohesa impo/ila Cushman and Laiming 
Valvillincria ca/i/()rnica cali.filrnica Cushman" 
Vah'ulineria ca/(/i)fnie(f appressa Cushman4 

Vall-ulineria ca/({ornica ohesa Cushman' 
Vah'ulineria ",iIIill/ns Kleinpell' 

UPPER MIDDLE BATHYL BIOFACIES: 

500-1,500 m; 1,560-4,700 ft. 

Amhitrofius el'ax (Bandy) 
Bo/il'ina arl'enfea Cushman 
Bolil'ina conlea Cushman 
Bo/ivina cune!/ilflnis Kleinpell 
Bolil'ina ./loridana Cushman 
Bolil'ilw girardensis Rankin 
Bolil'ina goudkojji Rankin 
Bolidna granli Rankin 
Bolil'ina hUI'hesi Cushman 
Bo/ivina imhricala Cushman 
Bolll'ina interjunC/a Galloway and Wissler 
Bo/i"in(l marginala mulficoslalo (Cushman) 
Bolidnll pisci{ormis Galloway and Morrey 
Bo/il'illa pseudospissa Kleinpell 
Bolivina salinasensis Kleinpell 
Bolil'ina seminuda s('lninuda Cushman' 
Bo/i"ina seminuda ./{Jr(lmilli/i'f({ R. E, and K, C, Stewart' 
Bo/il'illo semiperforala Martin 
Bolidn(1 sillllllla Galloway and Wissler 
Bolil'ina spissa Cushman 
Bolil'ina suhadl'ena .Iu/p/wrensi" Cushman and Adams 
Bo/il'ina "'oodringi Kleinpell 
Bulilllilla (({finis d'Orbigny 
Buliminll mrnerosl'nsis Cushman and Kleinpell 
Bu/imina inflala i11f/olo Sequenza 

Bulimina inf/ala o/lil'ata Cushman and Laiming 


Continued 

Bulimina micf{)c()slata Cushman and Parker 
Bu/imina pagoda hehespinata R. E, and K, C. Stewart 
Bulimina ps{'adOl!ffinis Kleinpell 
Balimina rinconensis Cushman and Laiming 
Bulimina sahacaminata Cushman and Stewart 
Bulimina subca/va Cushman and Stewart 
Buliminella lenaala (Cushman) 
Cassidlilina cmssa d'Orbigny 
Canidalina de/ieota Cushman1 

Cassida/ina /ael'igata/aevigata d'Orbigny' 
Cassidulina /ael'igata carinata Cushman' 
Chilostomel/a ovoidae Reuss' 
Cihicide.l' spira/is Natland 
ConcaveI/o (Epislominel/a) Ryroidinaformis (Cushman and Goud

koff) 
Dentalina mltlnwni.\' (d'Orbigny) 

Episloltlinella capitanet/si,I' (Cushman' and Kleinpell) 

Epislominel/a pacifica (Cushman)1 

G/anda/ina lael'iga{(J d'Orbigny 

G/ohobll/imina gal/iheri (Kleinpell)' 

G/ohobalimina OI'ala ovula (d'Orbigny)' 

Glohobalimina oVilla pedroana (Kleinpell)' 

Glohobu/imillo pyrula (d'Orbigny) 

Oridorsa/is lener (Brady) 

Oridorsa/is umhonalus (Reuss) 

Pullenia qllinque/oha (Reuss) 

Sighogenerina hranneri (Bagg)'; 

SiphoRenerifla collomi Cushman" 

Siptzol?enerina hughesi Cushman" 

Siphogenerina mullicoslala Cushman" and Jarvis 

Sip/lOgenerina nodifera Cushman" and Kleinpell 

Sip!lOgenerina reedi Cushman' 

Siptzogenerifla transversa Cushman'; 

Sphaeroidifla hli//oides d'Orbigny 

Sptzaeroidina l'(Iriahilis Reuss 

Uvigerina I'allowayi Cushman 

Uvil'erifla I'esteri Barbat and von Estorff 

Uvigerina hispidoco.l'tola Cushman and Todd 

Ul'il'erina hoolsi Rankin 

Uvigerina joaquinensis Kleinpell 

Ul'il'erina peregrina dirupta Todd 

Vall'lliilleria arallCOfla Of(lUClllla (d'Orbigny) 

Vall'lllineria (fraUC{fn{f ma/agensis Kleinpell 


LOWER MIDDLE BATHYAL BIOFACIES: 

1.500-2,000 m; 4,700-6,250 ft. 

Anoma/ina salina('nsis Kleinpell 
Bulimina corrlll'ala Cushman and Siegfus 
Bu/imina roslr(l(a Brady 
Cihicides floridanus (Cushman) 
Gvroidina I'emma Bandy 
Gyroidina heaMi (R. E, and K. C. Stewart) 
Gyroidin(f keenani (Cushman and Kleinpell) 
Gyroidina lIlullicall1l'ralll (Kleinpell) 
Gyroidina mU/li/ocu/a Coryell and Mossman 
Gyroidina rosa/ormis (Cushman and Kleinpelll 
Gymidina rolundimarl'o R, E, and K. C, Stewart 
Lalicarina{(l pau{Jerala (Parker and Jones) 
Me/onis har/nonas (Williamson)" 
Pullenia hulloides (d'Orbigny)" 
Pul/enia miocenic(/ miocenim Kleinpell" 
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Plillenia lIlioceniw }?IOhlllll Kleinpell 

Pullenia muorei Kleinpell 

Srilosromella adolphina (d'Orbigny) 

Srilastomella advena (Cushman and Laiming) 

Slilostomella irreRlilari.1 (Kleinpell) 

Sri/aslomella lepidllla (Schwager) 

Sri/oslomella spp. 

Uvil!,erina hispida Schwager 

Uviw'rina proboscidea Schwager 


LOWER BATHYAL BIOFACIES: 2,000 m-'-; 6,250 ft. 

Cibicides jloridanlls clishmani Barbat and von Estorff 
Cihicides p.leudounRerianus evollilus Cushman and Hobson 
Gyroidina soldani (d'Orbigny) 
Melonis pompilioides (Fitchel and Moll)" 
Pleclqf'rondicularia ad~'ena (Cushman) 
PleCl«(/'rondiclilaria california Cushman and Stewart 
Pleclqf'rondicularia mioeenica laiminRi Kleinpell 
Uvigerina senticosa Cushman 
UviRl'rina sl'nticosa vaL 

1 Arrangement and interpretation of biofacies follows procedures 
and principles described by Bandy (I960b, 1961), Bandy and Arnal 
(1960, 1969), and Ingle (J967a, 1967b, 1973a) with modifications and 
additions based on reinterpretations of recurring species associa
tions and incorporating additional (post-1972) information on the 
bathymetric distribution of living species. Each biofacies includes 
important and/or common late Oligocene, Miocene, Pliocene, and 
Pleistocene-Holocene benthic species associated with each respec
tive biofaeies in surt'ace exposures of Neogene continental border
land sediments. Thus, not all species included within each biofacies 
are encountered in any given sample nor are all of the species iden
tified to date in Neogene sections included in one of the six biofa
cies. 

2 The term shelf' is equivalent to the neritic or sublittoral zone of 
many authors. 

Includes littoral species. 
Species exhibiting a transitional distribution from outer shelf to 

upper bathyal depths and generally indicative of the shelf-edge en
vironment. 

5 Species thought to be indicative of the anaerobic bottom con
ditions produced by low-oxygen content (less than 0.2 mill of oxy
gen) of ambient water overlying slopes or basin plains and associ
ated with the effects of the oxygen minimum layer (Hulesmann and 
Emery, 1961: Harman, 1964; Ingle, 1967a: Phlegerand Soutar, 1973; 
Sliter, 1975), The genus SIIf,(gfllnda appears to have a particular 
affinity for these conditions. 

Ii The paleobathymetric significance of middle Tertiary costate
striate species of SiphORenerina is not fully resolved. Recurring 
species associations within progressively shoaling middle Tertiary 
stratigraphic sequences (e.g., Renz, 1948; Ingle, 1972) suggest that 
the more heavily costate forms are characteristic of middle bathyal 
depths with striate forms indicative of upper bathyal-outer shelf 
depths. 

7 Species exhibiting a transitional distribution from upper bathyal 
to upper middle bathyal depths. 

, Species exhibiting transitional distributions from upper middle 
to lower middle bathyal depths. 

» Forms commonly assigned to Anomalil1l1 ca/i/<Jrtliensis Cush
man and Hobson are included with Me/onis pom{Ji/ioides in this 
report. 

Stehli, 1975; Kennett and Shackleton, 1976; Kennett, 
1977: Savin, 1977), Each major paleoclimatic-pale
oceanographic event was accompanied by poleward 
or equatorward adjustment of surface isotherms in the 
eastern Pacific and associated latitudinal migrations of 
temperature-sensitive biofacies documented by the 
appearance of subtropical-tropical faunas in southern 
California during late Paleocene-early middle Eocene. 
latest Oligocene, and middle Miocene time and cool 
temperate-subarctic faunas during late Eocene-early 
Oligocene, late Miocene, and late Pliocene-Pleisto
cene time (Arnold, 1909; Kleinpell, 1938; Durham, 
1950; Ingle, 1967a. 1973b, 1977b; Addicott, 1969; 
Schmidt, 1971; Steineck, 1971), Brief appearances of 
larger foraminifera mark the two warmest Cenozoic 
events in this region during the Paleocene (Schenck, 
1929) and late Oligocene (Hornaday, 1972). Thus, dif
ferences in species composition between Neogene and 
Paleogene benthonic biofacies utilized in this report 
(Tables 1 and 2) are assumed to reflect not only vari
ations due to evolution but also major differences in 
paleoclimatic-paleoceanographic settings during these 
two phases of the Cenozoic along with attendant 
changes in shallow as well as deep water mass struc
ture and character (Savin, Douglas, and Stehli, 1975), 
Recent high- and mid-latitude benthonic foraminiferal 
biofacies in the northeastern Pacific serve as appro
priate models for temperate through subarctic faunas 
and conditions encountered in late Neogene deposits 
(Ingle, 1967a, 1972), Alternately, modern lower lati
tude biofacies within the eastern Pacific and Gulf of 
Mexico (e,g" Phleger, 1951, 1960; Bandy and Arnal, 
1957; Bandy, 1961; Bandy and Rodolfo, 1964; Smith, 
1964) serve as crude but useful models for paleoba
thymetric analysis of temperate through tropical fau
nas encountered in Paleogene deposits of southern 
California, 

Biofacies analysis per se involves arranging species 
with similar upper depth limits into faunal groups (bio
facies) indicative of major bathymetric increments and 
benthonic environments (Bandy, 1961) which, in turn, 
reflect major water mass and substrate boundaries in 
a given area. Use of upper depth limits in defining 
these groups is of critical importance because of con
tinual downslope displacement and redeposition of 
specimens resulting in artificial extension of shallow 
biofacies into deeper water (Fig. 5), In fact, displaced 
specimens commonly constitute well over 50 percent 
of assemblages within middle and lower bathyal con
tinental margin deposits as illustrated by Recent fo
raminiferal distributions in the Gulf of California (Figs. 
5, 6). Consequently, paleobathymetric curves should 
be constructed using the deepest dwelling forms pres
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Species composition of Paleogene benthonic foraminiferal biofa
cies. l 

[i':NER SHU f" BIOf/\CIES": 0-50 m: 0-150 ft. 

AlIll'hislegil/([ spp. 
ASlaigeril/1l spp. 
B/(ccc//a spp. 
Cihicides hOi/ge; Cushman & Schenck 
Cihicidn ,wl/diegoi'lIsis Cushman & Hanna 
[)i,I(,OClT/il/o spp. 
Discorhi,\' spp. 
E/phidilllll ('u/(f;u'l/i1'll1l1 Cook 
E/pilidillll1 Hllilili Cushman & Dusenberg 
Epol1it/c,I' gm'irJ/(/l'n,lis Wilson 
El'rmit/es "/('il/pel/i Cushman & Frizzell 
EIJ(Jllidcs I)(I/d/Uimnis Staunichenko 
F/ori/lls spp. 
HIII1:ml'{lia h/al/pierii (Toulmin) 
Ha/1;al\'oia /1Or/gei (Cushman & Schenck) 
HW1;all'ai!1 II'a/1i (Banuy) 
HUI'It'pilragIl11Jir/e,\ oh/irIUic([m('ra/II,1 Marks 
NOlliolll'i/a tlflfllini Howe & Wallace 
NOI/;OIlcl/a frllllkei Cushman 
;Vol/ilil/cl/a jlll'klol/('l/slS Cushman 
NOlliol/d/u /u/mu/oricul/1 Dawson 
Nonioll"'/u lIIiOCCllica Cushman 
OI'('r1'l1/i IIU spp, 
Sip/wI/ilia spp, 
QUill(/lIc/delltilili lIIillll/a Beck 
Ql/ill(IU('loCIl/ilifl Iriallgu/aris u'Orbigny 

OUTER SHII I BIOlA( lIS 50-ISO 01: 140-470 ft. 

A/uh([lIIil/u /.:('I'/I('I/sis Smith 
AI/OIl1orl'liil1(/ II/<1CI'OSIOIlIll Karrer 
A/lOIllllIpilil/lI pa/(,(}(,(,lIic([ Cushman 
AIIOIIW/il1({ (/('11/11 Plummer 
Blllhil1l1juc/.:.wl1l'nsil Cushman & Applin 
Botiriuu pis('UiJ/'lllis Galloway & Morrey 
BI/lilllillel/a 1'111'10 Cu~hman 

BII/illlillcl/(/ ru/J('/'f.,i Howe & Ellis 
CUI/eris 111(,Ii('UIIlI Cushman & Touu 
Ca,,,irlll/il1l1 glo/io,\'(f Hantken 
Cus,lidlllillU J..en/el1,li, Smith 
Cassitill/il/(/ ;.I'Iil/li illrlirl'l'IlI Mallory 
Cihidrl"ii/c,\ ('ilalillgel/,i., Cushman &. Hanna 
C/UI'/{/illoit/e" spp, 
Eggl'l'('//(/ Wh'{'111I (Cushman) 
Eggl'r{'//a il/ill/llgio Finlay 
E,:.:g('rc//a /mclloidn (Reuss) 
(/{//«/r.l'il/(/ IUcl'iga/u Franke 
C;{/lIdn'il/(/ I/(/cil('('{wllsis Smith 
Glllllllill/l prol>/('/I/(/ (j'Orbigny 
HUII:'.all'uia illl'ollll(/ (Cushman & Dusenburyi) 
1I1II1::all'oili jO(/(/llil/('II.I;'1 (Smith) 
,\'1urgil/lI/illa /1II'I'iusI'III0 Cushman & Bermuuez 
PI(///II/illu 1{{II'dolli Cushman & Schenck 
PllI/llllillll /1'11111'(/1111 (Gumbell 
PilI/cilia IllIill(/I/('loho (Reuss) 
/'II//(,lIill salis/wryi Cushman & Stewart 
Roher/illll lI'i//',lXl'IiSis Cl1shman & Ponton 
,'ipirlll'/I'l'/lIIlllIIillu grr;h(}l\'s"i Frizzell 
Sl'irol'/(,c/lIlI1ll1illo ricilllrr/i \1artin 
Tex/II/aria fel'/a Cushman 

17~ 

TABLE 2 

Continued 

TrUilrill1l spp,' 

U";gerillll a/willi Cushman & Simonson' 

Vagill/llino!,.>is lISI}('ruli/iJ!'lllis (Nuttalll 

Va/I'II/illeria //llneYl'llsis Cushman & Simonson' 

Vemellililla Iriangulala Cook 


UPPER BATHYAL BlofAcll'.s: 150-50001: 460-1,560 ft. 

Bo/il'illa ,,/azari'lIsi.\' Cushman 
Boli1'ill(/ i/fl/golli'IISi.1 (Nuttall) 
Bolil'illa hasiscllr/a Cushman & Stone 
Bo/il'illa ha,lisl'lir/a oregollellsi.l Cushman, Stewart & Stewart 
Bo/ipill(/ "racili,,' gracilis Cushman & Applin 
Bo/idlla graci/is illci.ll'lIrtllii Cushman 
Bo/iI'illa IIlilrgillll/ii Cushman 
Bo/il'illll mitf,myell.,is hl'l/cal' (Weaver & Weaver) 
Botil'illoiiles II/{'Xicw/(/ (Cole) 
BulimilUl hrwlhllni Martin 
BII/ill/illo r/('curifl/il Cushman & Stainforth 
Billimino gua.l"lha/l'nsis Cole 
Blllimilla /.cug/eri Cushman & Renz 
Bu/imillu (}1'(/1I/ ('oll'/il:.I'I1S/,1 Beck 
Bulill/illa omlil {)I'(/Ill u'Orbigny 
Bulimina flllfioidl's u'Orbigny 
Cussidl/lillil c/'{/Ili/llln('/{//a Cushman & Hobson 
Cassidillilla gal1'illl'llsis Cushman & Frizzell 
CltiiosIOII/{'I/{/ cylil/{/eroides Reuss 
Cihicidl's ({ml/lli1II1S Martin 
Cihil'idl's {"\{'/I(IOI1'Ul'l/ors/o~/Ji Cole 
Cihicidl's Sjiirojlllll('/ulus Galloway & Morrey 
Ein's/oll/illa ('oe('l/ieu (Cushman & Hanna) 
Epistomil/<l helicI'l/" Hanna 
(i/"hohlllilllil1f1 ol'llla (d'Orbigny) 
G/"h"hlllill1il1(/ f)(lci!il'{/ COlllprl'S,1'II Hornaday 
G/oh"hlllimil/{/ (!Uci!iCil orl',I.!OIll'llsis (Stewart & Stewart) 
Gymidil/a gll".l'iIhilll'll.li.l' Cole 
Gyroidilli/ (}1'/OCilllli'rtI/ii Cushman & Hanna 
Gyroidillil orhiclI/aris d'Orbigny 
(/.\'ruiilill{/ orhiell/ari" ohlitillii/ll Cushman & McMasters 
Gyroidil1a orhicu/aris plalla/a Cushman 
HOl'g/wulil/il spp, 
LUX()S/Oll/IIIII al'f'lil/{Ii' (Plummer) 
Oridor,\'(//i,\ IImhollallls (Reuss) 
PSl'l/dog/al/{lalilJa !Ilolli/i',11iI Rell~s 

Ul'igai/Ja (,OI'O(/l'll,li,I' Cushman 
Udgl'rilla glll/oll'ari Cushman 
UI'igeril/lI jOl'kSOlll'l/sis Cushman 
Ul'igeril1l1 /.:1'1'I11'111'i.l' Barbat & von ESlOrff 

Ul'igerillu H'elll'eri Smith 
Ul'igerillu .\·{/~(}(l{'ll,lis Clark 
Ul'igl'rill{'l/a "he,l'lI impoli/ll Cushman & Laiming 
Vail'lIlilJl'ria lIlartilJe~el/.,is Smith' 
Vall'll/illeria plI/marea/ellsis (Nullall)' 
Vilh'lI/ilJeria II/{J/I/{/.I'i Cushman & Simonson' 

VUh'lI/illl'fiil wi/coxi'lI"i" Cushman & Ponton 

UPPER MIDDLE BATHYAl. BIOFA(II~S: 

5()0- U()O 01: 1.560-4,700 ft. 

AIJOIIJa/illii gilr::'ili'lJsis Cushman & Siegflls 
Blllimil/ll {'III/alil/ili Galloway & \1orrey 
BIi/imilJiI {,Ol1saguilll'lI Parker & Bermuuez 
Blllilllilla illslilhi/i, Cushman & Parker 
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Blllimina jai'ksonensis we/comensis Mallory 
Blllimina lira/a Cushman & Parker 
Bulimina lIlacilenta Cushman & Parker 
Bulimina micFOcoSfaill Cushman & Parker 
Bulimina pachecoensis Smith 
Blilimina rinconel1.1'is Cushman & Laiming 
Bulimina SCII/plilIiS Cushman 
Bulimina semicos/{//{/ /acrim(l Mallory 
Bulimina semicoslat(l semil'oslala Nuttall 
Cihicides /ailllinf.!i Mallory 
Cihicide.l' pacilyderma (Rzehakl 
E,Ulcrella hrw/yi Cushman 
Eponitfes dllprei Cushman & Sehenck 
Eponide.l' /"doensis Martin 
Karreriel/a c/wpapo/ensis Cole 
G/andl1lilla "Iel'illala {)\'a/II (Cushman & Applin) 
Gyroidina condom' (Cu~hman & Schenck) 
Mar/illoliel/a cocenica Cushman & Bermudez 
Marlinoliel/o pelrosa (Cushman & Bermudez) 
Me/onis "'lIilla II1i1WI" (Smith) 
Me/onis ref.!ina regina Martin 
Me/om's lennesseensis (Berry) 
O,wmgl1/aria clI/ler mid,,'IIYlIIW (Cushman & Todd) 
Osangll/oria lII{'xiClIIIll (Coie) 
Pill/cilia hlll/oid('s (d'Orbigny) 
Pul/enia eo('eniea Cushman & Siegfus 
Pu/lenio l/Ilinl/lle/oha (Reuss) 
Pselldoli/ulldlllilla Ol'ullI (Cushman & Applin) 
Rlwhdalllll1il/ll eo('c/liea Cushman & Hanna 
Ul'i[lerina c!lIIrc!li c/1I/rchi Cushman & Siegfus 
Ul'i[lerina cllllrchi demieoslala Mallory 
Ul'i[lerina garcinerae Cushman 

LOWER MIDDLE BATHYAL BIOFACIES: 

1.500-2.000 m: 4.700-6.250 ft. 

Bo/dill (AI1(}lIIalina) crossisep/a (Cushman & Siegfus) 
Bu/imina "dwn"i Cushman & Parker 
Bulimina ('"rruga/a Cushman & Siegfus 
Bulimina trtlllCalla Gumbel 
BII/imina lrul1l'anell(/ Finlay 
Bulimina 1,-hiNd Martin 
Cihicides ('()alil1gensis (Cushman & Hanna) 
Cihicides 0l10Clliral'IISis Howe & Wallace 
Cibicidoides cOll/ingellsis (Cushman & Hanna) 
Cihicidoides grimsde/l'i (Nuttall) 
Cihicidoides per/Ilcitlll.\ (Nuttall) 
C\'(101ll1llilla ClInCl'l/lita Brady 
Cydamlllilla clarki (Hanna) 
Cye/ammil/(/ il1cim Starke 
Cye/allllllill<i Illlcific(f Beck 
Cyc/wnmina sa/l/allicli Berry 
GiIl'elinel/o spp. 
KlIrreriella elOIlwlW (Mallory) 
Karreril'//a Il'ashillglo/Wlisis Rau 
Melonis durhllllli (Mallory) 
Piertofrolldiell/llria gracilis Smith 
P/el'll~frol/dicl/lllril/ 'pp. 
Sli/a.,lamelia ac/l'l'IUI (Cushman & Laiming)" 
Sli/osto/l/el/a ado/phil/a (d'Orbigny) 
Stilo.\loll1ellll irl'l'gll/aris (Kleinpell) 
Sli/aslomel/a I,pidllia (Schwager) 

5IiIO,\loll1('I/(1 p/lll11mcrae (Cushman) 

Sli/os/olllel/a slIIlc/a('crticis (Kleinpell) 

Ul"igerilw gar~{/('II.\-is nlldo-rohllSla Mallory i 


Vall'u/illa cllrra Cushman & Siegfus 
 L 
LOWER BATHYAL BIOI'AUES': 2.000 m+: 6,250 fv 

Alloma/il/llide.\' dorri amgonclIsis (Nuttall) 
Alloll1olil1oides pOll1pilioi<ies (Galloway & Hemingway) 
Balh\"Sip/lO/1 spp, 
Glolllospira c/wroides (Jones & Parker) 
Gyroidil111 solda/1i d'Orbigny 
A1e/ollis POll1f,i/ioides (Fitchell & Mol!)" 
Nllllalicies Irtllllpyi (Nuttall) 
P/cllroslomel/a {U II/a Hantken 
Plellroslolllella a/a;:arensis Cushman 
Plcllro.Holllelia allemans Schwager 
P/ellrosloll1ella IIIt!toli Cushman & Siegfus 
P/ellrosloll1ella polcocl'lIicll Cushman 
P_,aIl11110"p/w{'ra spp. 
Ul"igcri/111 gardllerae pocheco(,l1sis Smith 
U"igerinll gar;:,ol'llsis Cushman & Siegfus 

, An'angement and interpretation of biofacies follows procedures 
and principles described by Bandy (1960b, 1961 l. Bandy and Arnal 
(1960, 1969) and Ingle (1967a. 1967b. 1973a) with modifications 
based on analysis of Recent tropical-subtropical benthic foraminif
eral distributions thought to be analogolls to the Paleogene faunas 
of the marginal mid-latitude Pacific. recurring species associations 
within unequivocal bathyal deposits (e.g.. Kreyenhagen Shale). and 
established lower bathyal-abyssal assemblages (e.g.. Beckmann. 
1953. Douglas. 1973), Not all species listed within each biofacies 
are present in any given sample due to various age ranges of the 
component species. 

" The term sltdr is equivalent to the neritic or sublittoral zone of 
many authors. 

" Includes littoral species. 
" Species thought to exhibit a transitional distribution from shelf 

to upper bathyal depths, In many tropical areas. a minute hispid 
species of UI'igl'rin{/ (usually assigned to U. al/heritll/II d'Orbigny) 
characterizes shelf-edge biofacies: (j, I'Ionga/{/ Cole may represent 
a Paleogene homeomorph of this species. 

The assumed Paleogene homeomorph of Bulimina roslrala Bra
dy which exhibits heterobathyal upper middle to lower bathyal up
per depth limits in the modern ocean. 

,; Ornamented species of Slilo.I/OII/I'/llI are thought to exhibit a 
transitional distribution from lower middle bathyal to lower bathyal 
depths based on modern distributional patterns (e.g" Bandy and 
Rodolfo. 1964). 

'In situ lower bathyal-abyssal faunas indicative of depths ap
proaching or below the calcium carhonate compensation depth (Fig. 
5: van Andel. 1975) are composed primarily of arenaceous species 
and radiolaria as exemplified by assemblages from portions of the 
Oceanic Formation of Barbados (Beckmann. 1953) and SImilar are
naceous faunas reported from portions of the Anita Formation in 
southern California and correctly surmised to represent a sub-ly
socline biofacies by Gibson (1973): common genera in this particular 
hiofacies include Balh,l'siplwl1. CYc/(//IIlIIil1(1, Eggat'i/a. Glol1l"
spira. Hap/ophrtilimoides, Jlor/lwsillla, JI."{Jall IIIlIIill(/ • PSa1111110
spllllera. RlllIhdammil1{1, Troc/wlI1l11illoides, and Vllh'u/in(/. 

S Forms commonly assigned to Anoll/lIlil/a ntlif;mliensis Cush
man and Hohson are included with lde/onis f"}~ipilillidl'_\ of this 
report. 
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ent in a given sample yielding estimated minimum 
depths of deposition; correct paleodepths are not ob
tained by "integrating" the depth aspect of entire fau
nas nor by focusing exclusively on the most abundant 
elements in a fauna to arrive at "average" paleo
depths. Paleobathymetric curves presented in this re
port were constructed following this concept with es
timated paleodepths derived by analysis of deepest 
dwelling members of Paleogene or Neogene paleo
bathymetric biofacies (Tables 1, 2) reported by various 
authors from each section studied. No attempt was 
made to compare taxonomic assignments of each au
thor; all taxa listed in any given report are accepted 
as valid identifications. Moreover, most microfaunal 
reports utilized tabulate relative abundances of species 
in qualitative terms preventing quantitative analysis of 
biofacies trends ; those reports utilizing quantitative 
faunal data serve to emphasize the direct analogies 
between modern and fossil biofacies (e.g., Bandy and 
Kolpack, 1963; Ingle, 1967a, 1972, 1976). 

PALEOENVIRONMENTAL MODELS 

Variations of general microfaunal parameters, ben
thonic foraminiferal biofacies, and sedimentologic pat
terns across Guaymas Basin in the Gulf of California 
illustrate important qualitative and quantitative trends 
with depth in a marginal basin setting and provide 
striking analogues of facies trends characteristic of 
Cenozoic basinal cycles of the Southern California 
Continental Borderland. Indeed, by simply turning 
Figures 4 to 6 on end, the horizontal Recent trends 
within the modern gulf can be viewed "stratigraph
ically" with vertical variations duplicating a typical 
cycle of basin evolution from initial subsidence 
through filling of the resulting basin. When Figure 5 
is viewed in this context, (I) the nonmarine bajadas of 
the Baja California peninsula are analogous to the 
Eocene-Oligocene deposits of the Sespe Formation, 
(2) the bioclastic deposits of the western gulf shelf are 
analogous to the Oligocene Vaqueros Formation, (3) 
the western shelf edge through upper slope deposits 
are analogous to the Miocene Rincon Shale, (4) the 
laminated diatomites and diatomaceous muds associ
ated with the slope and the oxygen minimum zone are 
analogous to the Miocene Monterey Shale, and (5) the 
terrigenous deposits forming the fan, slope, and shelf 
of the eastern gulf are analogous to the Plio-Pleisto
cene basin-filling phase of the eastern borderland usu
ally assigned to the Fernando and Pico Formations. 
Major variations of these trends within Cenozoic bor
derland sequences are related to differences in posi
tion of effective basin sills, proximity of the Cenozoic 

strandline, and variations in rates of subsidence and 
uplift. 

A generalized model of characteristic physical, mi
crofaunal, and sedimentologic trends across a sche
matic continental margin is provided on Figure 7, in
corporating many of the major lithologic and 
microfaunal boundaries utilized in paleoecologic and 
paleobathymetric interpretation of the southern Cali
fornia Cenozoic sequences presented in this report. 
Each of the more than 40 paleoenvironmental bound
aries identified in this model is tied directly to signif
icant variations of major physical parameters gov
erned by the stratified nature of the marine water 
column providing multiple cliteria for analyzing Ce
nozoic paleobathymetric and depositional history. In 
addition, a summary of terminology applied to the 
complex of depositional environments associated with 
slope, base-of-slope, and submarine fan environments 
is included for clarity because of the predominance of 
these particular lithofacies in marginal basin se
quences of the borderland (Fig. 8). Thus, the hind
casting of Cenozoic paleobathymetry was essentially 
a search for microfaunal and lithologic signatures of 
major paleoenvironmental trends, boundaries, and 
biofacies (Fig. 7) through scrutiny of previously pub
lished reports on the portions of the borderland se
lected for study. Reconstructions were also aided by 
earlier paleoenvironmental analyses by Natland (1952, 
1957), Bandy (1953), Bandy and Kolpack (1963), Ingle 
(1967a, 1972), Weaver and others (1969), and Gibson 
(1973); however, paleobathymetric trends presented 
herein represent revaluations of previously presented 
data and interpretations in light of the current concepts 
and models discussed earlier. Estimated paleobathy
metric curves are based primarily on analyses of the 
deepest dwelling members of foraminiferal assem
blages reported from each unit in each of the six se
quences studied following biofacies assignments noted 
in Tables I and 2. Identifications of specific paleoen
vironmental facies (i.e., shelf, slope, anaerobic basin 
plain, etc.) represent integrated assessments of avail
able microfaunal and lithologic data interpreted in light 
of basic depositional models (Figs. 7, 8) based on pat
terns established in the modern borderland (Emery, 
1960; Moore, 1969) and in the Gulf of California (van 
Andel and Shor, 1964). 

ANALYSIS OF SUBSIDENCE, UPLIFT, AND 
RATES OF SEDIMENT ACCUMULATION 

One of the more speculative but interesting aspects 
of this study concerns variations in estimated rates of 

. sediment accumulation, subsidence, and uplift. In or
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FIGURE 7 

Mode of significant microfaunal and sedimentologic trends across a schematic littoral to abyssal bathymetric gradient along with associated 
major physical oceanographic boundaries. Arrows indicate general direction of sediment transport with large open arrows indicating transport 
of suspensates. Foraminiferal trends are based on late Neogene and Recent distributional patterns and abundances. Lithologic patterns 
modified from Emery (1969); figure from Ingle (I975b). 

der to gain a clearer understanding of these param
eters, five of the six sequences are plotted in terms of 
both stratigraphic thickness and estimated duration of 
each stratigraphic unit in time (e.g., Fig. 9) through 
correlation of planktonic zonal data, provincial stages, 

and the radiometric time scale (Fig. 2). These con
trasting but complementary columns emphasize the 
inherent differences in the lithostratigraphic versus 
chronostratigraphic perspective and provide basic in
formation necessary to calculate estimated rates of 
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FIGURE 8 

Schematic distribution of distinctive proximal and distal sedimen
tary facies characterizing various portions of a typical submarine 
fan deposit: adapted from Normark (1974), Nelson (1975), and Ricci
Lucchi (1975), 

sedimentation and subsidence. Amounts of subsi
dence and uplift were calculated using the following 
technique modified from Bandy and Arnal (1960): (a) 
if estimated water depth increases from the strati
graphic base of an arbitrary paleoenvironmental unit4 

(Le" shelf, slope, etc.) to the top of that unit, the 
amount of deepening is added to the stratigraphic 
thickness assigned to the unit of interest to obtain total 
subsidence: (b) if estimated water depth remains the 
same from the bottom to stratigraphic top of a given 
paleoenvironmental unit, the amount of subsidence is 
approximately the thickness of that unit; (c) if water 
depth decreases from one arbitrary unit to the next, 
the amount of shoaling is subtracted from the strati
graphic thickness of the unit of interest to obtain a 
value for subsidence: (d) uplift is indicated if the 
amount of shoaling is greater than the stratigraphic 

4 Bandy and Arnal (1960) utilize differences in water depth be
tween stages. 
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thickness of the unit of interest. Rates of subsidence 
and uplift were estimated by dividing the amount of 
subsidence or uplift calculated for an arbitrary pa
leoenvironmental unit by the estimated duration of 
that unit in time in millions of years as deduced from 
the appropriate chronostratigraphic plot (e.g., Fig. 9). 
Estimated rates of sediment accumulation were com
puted in a similar manner by dividing the maximum 
stratigraphic thickness of a given paleoenvironmental 
unit (shelf, slope, etc.) by the estimated duration of 
the unit in time. No attempt was made to correct es
timated rates of sediment accumulation for compac
tion. 

PALEOBATHYMETRIC AND 

PALEOENVIRONMENTAL HISTORY 


Even a cursory review of the now substantial liter
ature dealing with the Cenozoic marine history of 
southern California quickly reveals the rather tidy par
titioning of Paleogene and Neogene basinal sedimen
tation in this region with a third depositional phase 
characterizing Plio-Pleistocene time. This tripartite 
division of the stratigraphic record is clearly the prod
uct of the unusually dynamic but episodic tectonic his
tory of this portion of the Pacific rim, initially delin
eated in classic syntheses by Reed (1933) and Reed 
and Hollister (1936). Newer tectonic insights indicate 
that major adjustments of the Pacific-Farallon and Pa
cific-American plate boundary have been responsible 
for the respective Paleogene and Neogene cycles of 
basin formation and filling in this region (Atwater, 
1970; Nilsen and Clarke, 1975; Silver, 1974; Snyder, 
Dickinson, and Silberman, 1976). The following dis
cussions and summary diagrams focus on the paleo
bathymetric and paleoenvironmental history of six key 
stratigraphic sequences arrayed along the northern 
and eastern edges of the present borderland (Fig. l) 
representing end products of these complex tectonic 
and sedimentary events. Each column represents a 
generalized history of a restricted portion of the evolv
ing borderland margin emphasizing the deepest de
positional environments envisioned for any given unit 
and maximum stratigraphic thicknesses. Thus, the re
port is interpretive in character: no attempt is made 
to reprint basic geologic and paleontologic data readily 
accessible in the many references duly cited and uti
lized in the analysis. In effect, the six diagrams pre
senting paleobathymetric, paleoenvironmental, and 
depositional histories of individual areas constitute the 
summary and conclusions of this study with the fol
lowing text discussion highlighting regional trends and 
events. 
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FIGCRE 9 

Paleobathymetry, marine paleoenvironments, and estimated rares of sedimentation and subsidence within Cenozoic deposits exposed in the 
central Santa Ynez Mountains, California. Note that paleobathymetry is plotted in terms of maximum stratigraphic thickness of each formation 
(Al and alternately in terms of estimated duration of each unit in time (8) based on correlations of provincial stages with the radiometric time 
scale presented on Figure 2. The stratigraphic column is adapted from Dibblee (1950, 1966) and Kleinpell and Weaver (1963). Estimated 
paleobathymetry is based on an analysis of benthonic foraminifera reported in these units by Woodring and Bramlette (1950), Wilson (1954), 
Mallory (1959), Hornaday (1961), Weaver and Weaver (1962), Kleinpell and Weaver (1963), Bandy and Kolpack (1963). Weaver and Molander 
(1964), Edwards (1972), and Gibson (1973), utilizing methods discussed in text and biofacies detailed in Tables I and 2; stage assignments 
follow these same authors. However, it is important to note that Gibson (1973) documents early as well as early middle Eocene 
ages for portions of the upper Anita Formation based on planktonic criteria implying facies control of Ulatisian benthonic foraminiferal 
faunas within these beds; these discrepancies, as well as similar facies problems in older and younger strata, are not fully documented in this 
generalized column but are noted in text and Figure 2. Interpretation of sediment character and structures is based on descriptions in these 
same reports. Rates of subsidence and sedimentation were computed for each depositional-paleoenvironmental unit (shelf. slope, etc.) fol
lowing the method outlined by Bandy and Arnal (1960). 

PALEOGENE HISTORY AND THE 


SANTA BARBARA EMBAYMENT 


A total of more than 18,000 m of Upper Cretaceous 
and Cenozoic marine strata are displayed in the Santa 
Ynez Mountains, adjacent Channel Islands, and the 
western Ventura Basin (Fig, 1) comprising a remark
able record of deposition along the northern margin of 
southern California from Turonian through Holocene 

time (Figs. 9-12), The east-west structural trough 
forming this major depocenter is commonly referred 
to as the Santa Barbara Embayment (Reed and Hol
lister, 1936) and contains clear evidence of both Pa
leogene and Neogene cycles of basin evolution, The 
late Mesozoic-Paleogene basinal history experienced 
in this northern area stands in striking contrast to the 
mild subsidence and paralic marine history recorded 

'\. 
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FIGURE 10 

Paleobathymetry, marine paleoenvironments, and estimated rates of sedimentation and subsidence within Cenozoic sediments exposed in the 
eastern Santa Ynez Mountains, California, Note that paleobathymetry is plotted both in terms of maximum stratigraphic thickness of each 
formation and alternately in terms of estimated duration of each unit in time following the time scale and correlations presented on Figure 2, 
The stratigraphic column was compiled from Dibblee (1966), Stauffer (1967a), and Dickinson (1969). Estimated paleobathymetry is based on 
biofacies analysis of benthonic foraminifera reported from these strata by authors noted on Figure 10 together with data in Blaisdell (1953) 
and Ingle (1969); stage assignments follow these same authors. 

in sediments of this age along the southern margin of 
the borderland as typified by exposures in the Santa 
Ana MCluntains-San Joaquin Hills area (Figs. 1, 13). 
Thus, discussions of Paleogene events center on se
quences within the Santa Barbara Embayment lying 
north of the present-day Channel Islands and precur
sor highs assigned to "Anacapia" (Reed and Hollister, 
1936; Weaver and others, 1969). 

Regional overviews of the Cenozoic stratigraphy 
and evolution of the western Transverse Ranges-Santa 
Barbara Embayment area have been presented by Bai
ley and Jahns (1954), Corey (1954), Kleinpell and 
Weaver (1963), Weaver (1969b), Dickinson (1969), and 
Vedder and others (1974). All of these authors em
phasize the west-trending structural control of depo
sitional patterns in this portion of the borderland dur

ing the early and middle Cenozoic and note that uplift 
of the Santa Ynez Mountains and Santa Monica 
Mountains ultimately shifted subsidence and sedimen
tation to the present Santa Barbara Basin-Ventura 
Basin axis in the late Cenozoic (Fig. 1). The basic 
stratigraphic and geologic framework of the Santa 
Ynez Mountains has been worked out by Dibblee 
(1950, 1966) with the related geology of the Channel 
Islands described by Weaver and others (1969). Pre
vious studies dwelling primarily on Paleogene paleo
bathymetric and paleoenvironmental history of por
tions of the Santa Ynez sequence include reports by 
Natland (1957) and Bandy and Kolpack (1963); a num
ber of reports by D. W. Weaver and University of 
California students provide detailed information on 
Paleogene benthonic foraminiferal faunas in this area 
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Paleobathymetry and marine paleoenvironments within early and middle Tertiary deposits exposed on Santa Rosa Island, California: a 
supplementary section reported from San Miguel Island (Fig. ]) allows extension of paleoenvironmental trends to the Tertiary-Cretaceous 
boundary. Estimated paleobathymetry is based on biofacies analysis of benthonic foraminiferal faunas reported from these sediments by 
Weaver (1%9a). Weaver and Doerner (1969), and Avila and Weaver (1969). Sedimentary columns and paleoslope data were taken from these 
same reports and from McCracken (in Weaver and Doerner, 1%9). Chronostratigraphy follows correlations presented on Figure 2: stage 
assignments follow authors noted above . 

........._-_ ..._---------------- 

as cited in text and diagrams to follow. Lithofacies 
and depositional regimes are emphasized by Stauffer 
(1967a, b), McCracken (1969), Obrien (1972), Link 
(1975), and van Kamp and others (1974). Summary 

diagrams Illustrate Cenozoic paleobathymetric and de
positional histories of four subareas within the Santa 
Barbara Embayment in the central and eastern Santa 
Ynez Mountains (Figs, 9, 10), Santa Rosa-San Miguel 
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FIGURE 12 

Paleobathymetry and marine paleoenvironments within Neogene deposits of the western Ventura Basin, California. Note that paleobathymetry 
is plotted in terms of maximum stratigraphic thickness of each formation and alternately in terms of the estimated duration of each unit in 
time following the time scale presented on Figure 2. Chronostratigraphy incorporates fission-track dates reported by Izett, Naeser, and 
Obradovich (1974) and Boellstorff and Steineck (1975) and the paleomagnetic data of Blackie and Yeats (1976). Estimated paleobathymetry 
is based on biofacies analysis of benthonic foraminifera reported from these units by Natland (1933, 1952, 1957). Natland and Kuenen (1951), 
and Ingle (1967a). 

Islands (Fig. 11). and the western Ventura Basin (Fig. 
12). 

Late Mesozoic deposition in this area occurred in
board of a major submarine trench experiencing sub
duction with wedges of Lower through Upper Creta
ceous terrigenous sediments shed generally westward 
forming abyssal-lower bathyal fans deposited on top 
of Jurassic deep sea radiolarian oozes and ultramafic 
crust (Franciscan Formation) moving eastward into 
the trench (Nilsen and Clarke. J975). Turonian red 
mudstones intercalated with coarse fan deposits of the 
Jalama Formation on San Miguel Island (Weaver, 
1969a) likely represent sediments accumulating at or 
near the Late Cretaceous carbonate compensation 
depth (Fig. 7). Several species of Glomospira, Pleu
rostomella, and other genera common to Late Creta
ceous lower bathyal-abyssal biofacies (Sliter, 1972) are 
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present in both the youngest and oldest portions of the 
Jalama deposits (Akpati, 1966; Weaver, 1969a) indi
cating paleodepths of 2,000 m and deeper during the 
some 25 m.y.5 of Turonian through Maestrichtian de
position represented by this unit. Sedimentary struc
tures and lithologies described from the Jalama and 
related units are typical of several submarine fan en
vironments (Stauffer, 1967b), including overbank (in
terIobe) and outer fan sand lobes and channels (e.g., 
Walker, 1975). Unconformities separate Upper Cre
taceous sediments from overlying lower Tertiary shelf 
and banktop deposits (including the Sierra Blanca 
Limestone) in the San Raphael uplift area north of the 
central Santa Ynez sequence (Weaver, 1969a; Gibson, 

, Using the Mesozoic time scale of Berggren, :\1cKenzie, Sclater, 
and van Hinte (1975). 
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FIGURE 13 

Paleobathymetry, marine paleoenvironments, and depositional history of Cenozoic deposits exposed in the Santa Ana Mountains-San Joaquin 
Hills area, California. Note that paleobathymetry is plotted in terms of maximum thickness of each formation and alternately in terms of 
estimated duration of each unit in time following the time scale and correlations presented on Figure 1. Estimated Neogene paleobathymetry 
is based on biofacies analysis of benthonic foraminifera reported from these strata by Natland (\957), Smith (1960), and Ingle (1962, 1972). 
Paleogene paleobathymetry is based on a summary of these deposits by Woodford, Scholl hamer. Vedder, and Yerkes (1954), personal 
observations, and data in Mallory (1959): stage assignments follow these same authors. 
-- _.- -----_...........'-- 

1973; van Kamp and others, 1974), attesting to late 
Mesozoic flexing of this area. However, sedimentation 
was apparently continuous across the Mesozoic-Ce
nozoic boundary in bathyal-abyssal environments 
south of this major structural high (Weaver, 1969a: 
Gibsc..:t, 1973) as typified by the Jalama/Canada/Pozo 
transition of San Miguel Island (Fig. II) and the Ja
lama! Anita shale transition in portions of the Santa 
Ynez Mountains sequence (Figs. 9, 10). 

Lower bathyal depths continued to prevail during 
early Paleogene (Ynezian to Ulatisian) deposition of 
basin plain and submarine fan deposits represented by 
the Anita and Juncal formations (Figs. 9 and 10). 
Abundant radiolarian tests and planktonic foraminif
era together with lower bathyal benthonic foraminifera 
mark the Anita shales in the central Santa Ynez Moun
tains (Gibson, 1973). Maroon portions of this unit, re
ferred to as the "Poppin Shale," and underlying silt
stones, appear to represent deposition at or near the 

Paleocene CCO at depths in excess of 2,000 m (Van 
Andel, 1975). A transition from a dominantly arena
ceous fauna containing species of Bathysiphon. Cy
clammina. Hyperamminll. Rhahdammina. and Tro
chamminll'i to a calcareous fauna containing lower 
bathyal-abyssal species of Stifostomella and Pfelll'O
stomella li (Table I) recorded in the Anita formation by 
Gibson (1973) may mark this important paleoceano
graphic boundary. The 300 m of basinal muds and fan 
fringe debris comprising the Anita Formation in the 
central Santa Ynez sequence (Fig. 9) telescope latest 
Cretaceous through early Eocene time (Gibson. 1973, 
1974), reflecting generally low rates of sedimentation 
and mild subsidence seaward of advancing fans (Fig. 
9). In fact, some portions of this unit have been dated 

" Deepest dwelling members of both assemblages are very similar 
to modern lower bathyal-abyssal faunas reported from the south
eastern Pacific (Bandy and Rodolfo. 1964: Keller and Ingle. 19761. 
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as early middle Eocene in age (Gibson, 1973), repre
senting areas of basin floor free of major fan deposits 
until this later period. Pods and lenses of detrital lime
stone and limy mudstones within the lower bathyal 
portions of this unit represent redeposited bioclastic 
and glauconitic debris from coeval bank tops and 
shelves fringing the Paleogene San Raphael high (Gib
son, 1973; van Kamp and others, 1974). 

Packages of thick sands and siltstones forming the 
Juncal Formation signal the appearance of lower and 
mid fan deposits in the eastern Santa Ynez sequence 
during Paleocene-early Eocene time (Fig. 10). West
southwest progradation of these deposits (Stauffer, 
1967b) and west-northwest transport offan debris rep
resented by the Canada-Pozo formation of San Miguel 
Island (Fig. II) spurred dramatic increases in rates of 
sediment accumulation, subsidence, and shoaling in 
the Santa Barbara Embayment. The time-transgres
sive character of Paleogene fan and slope facies is ap
parent when the eastern and central Santa Y nez se
quences are compared (Figs. 9, 10). In general, each 
successively shallower facies (base-of-slope fan, 
slope, shelf, etc.) appears later in time toward the 
west, crudely following Walther's law (Middleton, 
1973) but in detail this pattern has led to inevitable 
controversies over correlation of specific sand and 
shale units both across and along depositional strike 
(Bailey, 1952; Stauffer, 1967a; Dickinson, 1969; Ved
der, (972). For example, thick Juncal fan lobes and 
interlobe deposits were rapidly accumulating in the 
east at the same time relatively thin basinal muds of 
the Anita Formation were slowly accumulating to the 
west as early noted by Kelley (1943). Consequently, 
rates of sedimentation began to exceed rates of sub
sidence by latest Paleocene time CBulitian-Penutian) 
in the eastern Santa Ynez Basin (Fig. 10), whereas this 
same event did not occur until early Eocene time 
(Ulatisian) in the central and western areas (Fig. 9). 
This depositional scheme continued to accelerate into 
the;niddle Eocene with Matilija sands of the central 
and western Santa Ynez Basin representing the distal 
margins of major fans (Juncal Formation) initially ap
pearing in Paleocene time (Ynezian-Penutian) in the 
eastern portion of the basin (Fig. 10). Middle bathyal 
faunas containing Bulimina corrugata have been re
ported from distal fan deposits of the Matilija For
mation as mapped in the Point Conception area 
(Weaver, 1962; Weaver and Weaver, 1962). Alternate
Iy, only meager bathyal assemblages containing sev
eral species of Cyclmnmina have been reported from 
proximal turbidite sands of the type Matilija Forma
tion in the Ojai area to the east (Fig. 10; Blaisdell, 
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1956). with upper Matilija sediments containing evi
dence of a short-lived local excursion of a nearby delta 
front onto the shelf and slope (Link, 1975); however, 
enclosing Juncal and Cozy Dell shales contain diverse 
middle bathyal faunas. Similar middle bathyal paleo
depths are also indicated by faunas from Paleocene
early Eocene (Penutian-Ulatisian) South Point sub
marine fan deposits exposed on Santa Rosa Island 
(Fig. 11) and by foraminifera at the base of coarse fan 
debris (Jolla Formation) underlying Cozy Dell shales 
on Santa Cruz Island (Doerner, 1969). 

Middle bathyal faunas containing costate buliminids 
and costate-spinose uvigerinids (Table 1) also occur 
within interlobe fan deposits and laminated basin mud
stones assigned to the Cozy Dell Formation in the cen
tral and western Santa Ynez areas (Fig. 9; Weaver, 
1962; Bandy and Kolpack, 1963; Weaver and Molan
der, 1964). In contrast, faunas reported from Cozy 
Dell shales in the eastern area of the basin (Blaisdell, 
1956) are indicative of middle bathyal, upper bathyal, 
and shelf paleodepths (Fig. to). A similar paleoenvi
ronmental-paleobathymetric transition from supra or 
mid fan base-of-slope sands to slope and shelf-edge 
deposition is represented by middle and upper bathyal 
faunas within the Sacate Formation of the central San
ta Ynez sequence (Fig. to); corroborating sedimen
tologic evidence of this transition is detailed by Obrien 
(1972). Interestingly, common to abundant pyritized 
foraminifera and/or limonite casts have been reported 
from both Cozy Dell and Sacate shales (Hornaday, 
1961; Bandy and Kolpack, 1963), pointing to anaerobic 
bottom conditions likely induced by the intersection 
of a relatively weak oxygen minimum layer7 with Pa
leogene basin sills and slopes dictating a maximum sill 
depth of about 1,000 m (Figs. 7, 9). Gibson (1973) 
notes pyritized foraminifera in Anita, Matilija, and 
Cozy Dell sediments in the western Santa Ynez Basin 
and suggests effective sills were formed in early mid
dle Eocene time. Alternately, basin sills may have 
been produced during late Mesozoic uplift with effec
tive intersection of the oxygen minimum layer delayed 
until middle Eocene time due to paleoclimatic events. 

7 Tropical-subtropical surface temperatures implied by late Paleo
cene·early Eocene planktonic foraminifera in this mid latitude area 
(Schmidt, 1970, 1971; Ingle, 1977bl call for relatively sluggish over
turn of the surface layer and, in turn, relatively low rates of primary 
productivity, a deficiency of organic detritus at depth. and a weakly 
developed oxygen minimum layer (Figs. 3. 5. 7). Deteriorating 
Eocene climate (Steineck, 1971: Kennett and others, 1975: Kennett, 
1977) was likely accompanied by increased atmospheric transport, 
increased upwelling, and increased productivity, in turn generating 
a well-developed oxygen minimum layer. 
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Rates of sediment accumulation approached 500 m/ 
m.y. as fan, slope, and shelf deposits prograded into 
the Santa Ynez Basin from north, east, and southeast 
during middle and late Eocene time (Ulatisian-Refu
gian). The final phases of Paleogene marine sedimen
tation in the eastern part of the basin are represented 
by shelf and intertidal deposits of the Coldwater For
mation. Rates of subsidence slackened in the eastern 
area during this period but increased to the west (Figs. 
9, 10), allowing littoral marine deposition (Coldwater 
Formation) to give way to nonmarine alluvial fans 
(Sespe Formation) in the eastern portion of the basin 
about 43 m.y.B.P. with marine sedimentation continu
ing to at least 35 m.y.B.P. to the west (Fig. 9) as rep
resented by upper bathyal, neritic, and littoral litho
facies and biofacies of the Gaviota and Alegria 
Formations (Wilson, 1954; Obrien, 1972). 

Extensive erosion and nonmarine deposition contin
ued to take place during Oligocene time not only with
in the Santa Barbara Embayment area but also over 
most of the southern California margin (Vedder and 
others, 1974), including the Santa Monica Mountains
San Joaquin Hills area (Fig. 13). Erosion was aided by 
flexing of older rocks in the northwestern area of the 
borderland (Dibblee, 1950; Weaver, 1969b), but con
tacts between Paleogene and Neogene strata bounding 
Oligocene erosion surfaces and nonmarine deposits 
are commonly concordant even in areas where major 
stratigraphic gaps are present (Figs. 9, 11). Thus, it 
seems almost a certainty that the major change in base 
level demanded by these events was in part the prod
uct of significant eustatic variations of sea level ac
companying severe late Eocene-early Oligocene global 
refrigeration8 (Kennett and others, 1975; Shackleton 
and Kennett, 1975; Kennett and Shackleton, 1976; In
gle, 1975c, 1977b; Ingle, Graham, and Dickinson, 
1976). 

FORMATION OF NEOGENE BASINS 

The rather peaceful Oligocene vista of broad alluvial 
valleys and bajadas formed during a 15-m.y. pause in 
the tectonic development of southern California was 
abruptly terminated by widespread subsidence and 
marine transgression in late Oligocene-early Miocene 
(Zer::>rrian) time. This major event initiated a Neo
gene cycle of basin formation and eastward transgres
sion of the marine strandline from its static Oligocene 

H An alternate but less viable explanation of the apparent global 
Oligocene regressive event involves adjustment of mean depth, vol
ume, and freeboard of the major ocean basins as a function of plate 
tectonics. 

position west of the present Channel Islands (Reed, 
1933). Subsidence was accompanied by increasing vol
canism which peaked during late early Miocene time 
(19 to 16 m.y.B.P.) forming a regional datum of ba
saltic through andesitic intrusives, flows, and pyro
clastics in borderland sediments of this age (Weaver 
and others, 1969; Vedder and others, 1974). Signifi
cantly, this middle Cenozoic tectonic scenario was re
peated in many areas around the Pacific rim including 
the Philippine Islands, Japan, Kamchatka, as well as 
along the west coast of North America resulting in 
widespread production of marginal basins in early to 
middle Miocene time (Dott, 1969), generating amaz
ingly similar Neogene stratigraphies (Ingle, 1973b, 
1975c). Essentially synchronous basin formation over 
this broad a region was likely the product of a middle 
Cenozoic adjustment of plate margins and a change in 
vector and rate of subduction of the Pacific plate, re
sulting in back-arc spreading in the western Pacific and 
initiation of translational tectonics creating character
istic borderland topography in California (Packham 
and Falvey, 1971; Jackson and others, 1972; Atwater, 
1970; Silver, 1974). An updated view of Neogene 
plate-edge events along the Pacific coast is provided 
by Snyder, Dickinson, and Silberman (1976) who dem
onstrate a remarkable correlation between timing of 
marginal basin formation, cutoff of volcanic activity, 
and migrating ridge segments. 

The initial blanket of late Oligocene (Zemorrian) 
marine sediments deposited along the northern and 
eastern margins of the southern California borderland 
is commonly assigned to the Vaqueros formation (Loel 
and Corey, 1932). This unit varies from thin glaucon
itic and foraminiferal banktop sands in the northeast 
(Corey, 1965) to thick wedges of coarse terrigenous 
strandline debris toward the south (Figs. 9-13). Rapid 
rates of subsidence soon outpaced the relatively low 
rates of sediment accumulation in the northern bor
derland giving way to slope deposits of the overlying 
Rincon formation in early Miocene (Zemorrian-Sauce
sian) time (Figs. 9-11). SUbtropical outer shelf through 
middle bathyal biofacies (Table 2) occur sequentially 
in this formation (Avila and Weaver, 1969; Edwards, 
1972) and pelletal phosphorite likely marks the inter
section of the oxygen minimum zone with the early 
Miocene slope and shelf edge (Figs. 7, 9). 

Estimated early Neogene paleobathymetric histo
ries of all six borderland sequences suggest a progres
sive north~to-south pattern of subsidence, with basin 
floors reaching a maximum depth of 1,500 m by early 
Miocene (Saucesian) time adjacent to the northern 
strandline (Figs. 10, 11), almost 2,000 m by the early 
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PALOS VERDES HILLS. CALIFORNIA 

FIGURE 14 

Paleobathymetry and marine paleoenvironments within Neogene deposits of the Palos Verdes Hills, California. Note that paleobathymetry 
is plotted in terms of maximum stratigraphic thickness of each formation and alternately in terms of estimated duration of each unit in time 
following the time scale and correlations presented on Figure 2 together with the potassium-argon dates of Turner (1970) and the fission-track 
dates of Boell,torff and Steineck (1975). Estimated paleobathymetry is based on biofacies analysis of foraminiferal and radiolarian assemblages 
reported from these strata by Woodring, Bramlette. and Kew (1946) and Ingle (1967a). Age assignments include consideration of planktonic 
foraminiferal and radiolarian data presented by Ingle (1967a). Casey (1972). and Casey and Price (1973). 

middle Miocene (Relizian) in the area of Santa Rosa 
Island (Fig. 12), and 2,000 m or deeper by middle Mio
cene (Luisian) time along the southern margin of the 
borderland (Fig. 13). Interestingly, Neogene tectonic 
and sedimentologic patterns are almost the exact in
verse of events terminating Paleogene marine depo
sition, with the added twist that highest rates of early 
Neogene sedimentation and subsidence prevailed in 
areas of former Paleogene stability (e.g., Fig. 13). 

All evidence points to a middle Miocene (Luisian) 
b07 derland bathymetry consisting of a series of essen
tially empty basins momentarily deficient in terrige
nous debris due to rapid tectonic adjustment of basin 
margins, formation of intervening sills, and eastward 
transgression of Miocene strandlines and associated 
spigots of terrigenous sediment (Fig. 1). The almost 
simultaneous and ubiquitous appearance of laminated 
diatomaceous muds (Monterey Formation) at the con

clusion of middle Miocene (Relizian-Luisian) subsi
dence attests to the truly effective nature of basin sills 
created during this phase of borderland evolution 
(Figs. 9-14). These dominantly biogenic deposits are 
the direct analogues of laminated diatomites now 
forming on basin slopes and floors in the Gulf of Cal
ifornia and elsewhere under the influence of well-de
veloped oxygen minimum zones and prolific diatom 
production in overlying waters (Hulesmann and 
Emery, 1971; Calvert, 1964; Ingle, 1967a, 1973b; Ingle 
and Garrison, 1977; Figs. 4, 7). 

Benthonic foraminifera characteristic of low oxygen 
conditions (Table 2) are common in Monterey shales 
along with displaced members of shelf through middle 
bathyal biofacies indicative of middle and late Mio
cene (Relizian to Mohnian) basin sills at 200 to 1,000 
m (e.g., Ingle, 1967a, b, 1972: Fig. 9). These latter 
paleodepths were well within the core of the oxygen 
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minimum layer dictating low oxygen conditions in sub
sill areas regardless of depth of individual basin floors 
(Emery, 1960, p. Ito) facilitating widespread preser
vation of seasonal diatomaceous lamina. In fact, re
lationships documented in the modern low oxygen 
subsill environment of Santa Barbara Basin (Fig. I) 
suggest that (a) laminated Miocene diatomites formed 
beneath ambient basin waters with dissolved oxygen 
concentrations of less than 0.1 mill; (b) nonlaminated 
but thin-bedded diatomaceous shales formed beneath 
waters containing 0.3-0.5 mill of oxygen; and (c) more 
homogeneous diatomaceous muds were deposited un
der waters containing 0.5-1.0 mill of oxygen (Emery 
and Hulesmann, 1962; Rhodes and Morse, 1971) re
flecting progressive and/or alternating exclusion of 
macrofaunal invertebrates capable of destroying sea
sonal diatomaceous lamina through bioturbation. Dia
tomaceous muds and intercalated fine-grained distal 
turbidites accumulated at rates of 50 to 150 m/m.y. 9 

compensated by equally low rates of subsidence. This 
balance apparently maintained relatively constant 
depths of basin floors during deposition of the 300 to 
900 m of Miocene siliceous shales, diatomites, and 
diatomaceous shales assigned to the Monterey, lower 
Sisquoc, and Santa Margarita Formations in the north
ern borderland and the Monterey, Modelo, Puente, 
and lower Capistrano formations of the southern bor
derland (e.g., Figs. 9, 13). 

Quiet middle Miocene (Relizian-Luisian) deposition 
of diatomaceous muds was interrupted in local areas 
by introduction of coarse terrigenous debris containing 
large clasts of distinctive glaucophane schist (San On
ofre Breccia). This material was shed onto basin 
slopes and floors from fault scarps and narrow shelves 
created during rapid early to early middle Miocene 
basin subsidence in or near areas underlain by Me
sozoic Catalina schist basement (Woodford, 1925: 
Yeats, 1973: Stuart, 1973). Lenses of this unusual 
lithofacies form portions of early Miocene (Saucesian
Relizian) supra fan base-of-slope deposits in the Santa 
Rosa Island area (Avila and Weaver, 1969: Fig. 1 I), 
and similar breccia occurs interbedded with middle 
Miocene (Luisian) basinal diatomites in the San Joa
quin Hills (Woodford and others. 1954; Fig. 13). 

Deteriorating Neogene climate was punctuated by 
severe global refrigeration in the late Miocene (Ingle, 
1967a, 1973a, b; Kennett, 1967; Mayewski. 1973; Ken
nett and others, 1975; Shackleton and Kennett, 1975a) 
accompanied by intensification of upwelling and pri
mary productivity in eastern boundary current areas 

" Uncorrected for compaction. 

such as southern California. This event is clearly sig
naled by significant changes in the composition of both 
benthonic and planktonic foraminiferal biofacies in 
southern California (Kleinpell, 1938; Ingle, 1967a, 
1973b, 1977a, c). Deposition of laminated diatoma
ceous muds was enhanced under these paleoclimatic 
conditions and continued unabated in oxygen-deficient 
borderland basins until latest Miocene (Mohnian-Del
mondan) time (e.g., Figs. 9, 11, 13, 14). However, 
Plio-Pleistocene depositional trends were anticipated 
by the initial appearance of major submarine fan de
posits in the eastern borderland basins in late Miocene 
(Mohnian) time as represented by the Tarzana fan 
(Sullwold, 1960) and the Doheny channel-and-fan sys
tem (Bartow, 1966; Piper and Normark, 1971) within 
the Santa Ana Mountains-San Joaquin Hills sequence 
(Fig. 13). These great wedges of terrigenous clastics 
moved seaward across basin floors, capping underly
ing diatomaceous muds and diluting the continuing 
rain of biogenic debris from the photic zone-a pattern 
which was to become the dominant theme during later 
Plio-Pleistocene filling of eastern and northern bor
derland basins. 

PLIOCENE AND PLEISTOCENE EVENTS 

Prevailing patterns of Miocene sedimentation were 
seriously altered as a result of Pliocene flexing and 
tectonic reorganization of borderland topography 
(Emery, 1960; Yerkes and others, 1965; Moore, 1969). 
These processes are reflected by differences in posi
tion of late Miocene and middle Pliocene strandlines 
(Fig. 1) and by rapid Pliocene bathymetric changes 
induced by increasing rates of subsidence, uplift, and 
sedimentation throughout the Santa Barbara Embay
ment area (Figs. 9, II, 12) and in borderland basins to 
the south (Figs. 13, 14). Initial late Miocene-early Plio
cene uplift along portions of the borderland margin 
such as that expressed in the eastern Santa Ynez 
Mountains (e.g., Ingle, 1969) was matched by deep
ening in major synclinal areas including the Ventura 
and Los Angeles Basins along with concurrent ad
justment of basin sills. This same period saw an in
creasing flux of terrigenous sediment into these two 
basins in terms of both fan deposits in northern and 
eastern base-of-slope areas as noted earlier and wide
spread appearance of fine-grained material in deep ba
sin plain areas forming a characteristic late Miocene
early Pliocene (Delmontian) lower bathyal lithofacies 
composed of massive mudstones generally devoid of 
calcareous foraminifera and containing prolific num
bers of radiolarian tests (commonly 500 to 5,000/grams 
dry sediment; Ingle, 1967a). These latter deposits are 
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typified by the Santa Margarita Formation in the Ven
tura Basin (NatIand, 1957), the Malaga mudstone of 
the Palos Verdes Hills sequence (lngle, 1967a), and 
the lower Capistrano Formation of the Santa Ana 
Mountains-San Joaquin Hills sequence (Ingle, 1972). 
All three of these units appear to be analogous to ra
diolarian-rich muds currently being deposited in the 
modern Gulf of California at depths in excess of 3,000 
m (Van Andel, 1964; Ingle, 1967a). The lack of cal
careous foraminifera, common presence of arenaceous 
foraminifera (Natland, 1957), and abundant radiolari
ans suggests these mudstones may have been depos
ited below the local calcium carbonate compensation 
level (Fig. 7). 

Increasing rates of late Miocene-early Pliocene 
(Delmontian) terrigenous sedimentation, cessation of 
subsidence, and consequent shoaling along the north
western margin of the borderland are recorded in the 
upper Sisquoc Formation (Dibblee, 1950) foreshad
owing Plio-Pleistocene uplift of the entire Santa Ynez 
Mountains area (Fig. 9). Weaver (1969b) also notes 
probable Pliocene uplift along the present San Miguel 
Island-Anacapa Island trend south of the Santa Bar
bara Basin-Ventura Basin trough (Fig. 1), and Emery 
(1960, p. 94), Moore (1969), and Vedder and others 
(1974) all conclude that initial growth of major north
west-southeast anticlinal highs such as the Santa Rosa
Cortez ridge (Fig. 1) occurred during early to middle 
Pliocene time. More specific evidence of the chronol
ogy of these compressive and translational events is 
displayed in the Miocene through Pleistocene se
quence of the Palos Verdes Hills (Fig. 14). This readily 
accessible area constitutes a premier example of Plio
Pleistocene anticlinal growth in the area of a former 
middle to late Miocene (Relizian-Mohnian) basin plain 
collecting laminated diatomaceous sediments (Alti
mira Shale and Valmonte Diatomite). Recent fission
track dates and associated radiolarian faunas (Casey, 
1972; Boellstorffand Steineck, 1975) indicate that low
er bathyal Malaga Mudstones overlying the diatoma
ceous units were deposited during latest Miocene and 
early Pliocene time (about 3 to 6 m.y.B.P.). These 
beds are in turn disconformably overlain by a thin unit 
of middle to upper Pliocene glauconitic silts and sands 
(Fernando Formation)lO conaining lower bathyal 
through middle bathyal in situ biofacies mixed with 
high percentages of upper bathyal species displaced 
down the flank of an adjacent shoal area representing 
a growing sea-floor structure (Ingle, 1 967a). The sig
nificant abundances of displaced upper bathyal species 

'" "Repetto Formation"' of many authors. 

._.,..

and glauconite pellets in this unit indicate the crest of 
the rising submarine bank or ridge was shallower than 
500 m by middle Pliocene time and that initial uplift 
of the Palos Verdes anticline occurred between 2 and 
3 m.y.B.P. at a rate of at least 1,000 m/m.y,H (Fig. 
14). Continued flexing and growth of this structure 
took place during Pleistocene time as marked by a 
significant unconformity separating deep bathyal Plio
cene silts from overlying upper bathyal-neritic depos
its of Pleistocene age (Lomita Marl, Timms Point Silt, 
and San Pedro Sand). An additional unconformity is 
present between these latter deposits and late Pleis
tocene marine terraces which ring the present hills at 
elevations of up to 380 m above present sea level 
(Woodring, Bramlette, and Kew, 1946) indicative of 
major uplift during latest Pleistocene time (Fig. 14). 
The episodic middle Pliocene and late Pleistocene his
tory of uplift displayed by the Palos Verdes Hills 
structure is in all likelihood similar to the pattern of 
growth experienced by other major northwest-south
east anticlinal ridges separating basins within the pres
ent continental borderland of southern California as 
detailed by Moore (1969). 

Equally dynamic uplift of borderland margins par
alleled Plio-Pleistocene growth of interbasin ridges re
sulting in relatively telescoped stratigraphies as illus
trated by the Santa Ana Mountains-San Joaquin Hills 
sequence (Fig. 13). Pliocene and Pleistocene shoaling 
in this particular area was the combined result of major 
increase in rate of sedimentation coincident with rapid 
uplift. The transition from lower bathyal radiolarian
rich mudstones to lower bathyal coarse silt and sands 
in the upper Capistrano Formation marks the initial 
appearance of a prograding wedge of slope deposits 
onto this portion of the basin floor. Lower bathyal, 
middle bathyal, upper bathyal, and shelf biofacies ap
pear sequentially in the overlying Plio-Pleistocene 
Fernando Formation and quantitative biofacies anal
ysis of this sequence demonstrates that displaced 
species constitute well over 75 percent of most lower 
bathyal assemblages marked by Melonis pompilioides 
(Ingle, 1972), similar to modern trends in the Gulf of 
California (Fig. 5). 

In contrast to the interrupted and/or abbreviated 
Plio-Pleistocene sequences deposited along the east
ern and northern margins of the borderland and on 
seaward interbasin ridges, the subsiding Los Angeles 
and Ventura Basins provided receptacles for contin
uous deposition of enormous volumes of sediment re

11 Rate based on deepest possible middle Pliocene crest bathym
etry of-500 m. 
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suIting in expanded records of this period. These two 
depocenters have received an inordinate amount of 
study due to the prolific accumulations of hydrocar
bons present in both areas generated from highly or
ganic Miocene diatomaceous sediments lying beneath 
basin fill of Plio-Pleistocene terrigenous clastics (Bar
bat, 1958; Holman, 1958; Mayuga, 1970). Papers by 
Bandy (1953), Natland (1957), Woodford and others 
(1954), Conrey (1967), and Yerkes and others (1965) 
illustrate that more than 6,000 m of terrigenous detri
tus were deposited in the northwest-southeast-trend
ing central trough of the Los Angeles Basin during 
Pliocene and Pleistocene time, primarily in the form 
of turbidites which poured into the subsiding depres
sion from the north and east, filling the basin by latest 
Pleistocene time. A similar and equally dynamic his
tory of Pliocene and Pleistocene subsidence and tur
bidite deposition is present in over 6,200 m of basin 
plain, deep sea fan, slope, and shelf deposits held 
within the western Ventura Basin as described by Nat
land (1933, 1957) and Natland and Kuenen (1951). 

Paleobathymetric analysis of Plio-Pleistocene se
quences in both the Los Angeles and Ventura Basins 
is facilitated by the fact that the vast majority of fo
raminifera found as fossils in these sediments are cur
rently living within established bathymetric limits in 
the Recent northeastern Pacific as discussed and illus
trated by Natland (1933, 1957), Natland and Kuenen 
(1951), and Bandy (1953), Natland and Rothwell 
(1954), White (1956), Ingle (l967a, 1972, 1976), and 
Kern and Wicander (1974). However, analysis of 
planktonic foraminifera from various sections in these 
same deposits has shown that appearances of depth
diagnostic biofacies (Table 2) vary in time and space 
both within and between the Los Angeles and Ventura 
Basins as a function of varying rates of subsidence, 
uplift, and sedimentation, as might be expected in this 
dynamic province (Bandy, 1967; Ingle, 1967a, 1976). 
Despite these differences in timing and duration of 
discrete paleoenvironmental controlled biofacies and 
lithofacies in any given area, the fundamental pattern 
of Plio-Pleistocene basin filling is essentially the same 
in both basins and closely follows the model of bor
derland basin sedimentation proposed by Gorsline and 
Eme.,. (1959). In each instance, the rapid transgres
sion of outer submarine fan debris across early Plio
cene basin floors is followed by the sequential ap
pearance of interlobe, mid fan, supra fan, slope, shelf, 
and, finally, nonmarine alluvial facies exemplified by 
the western Ventura Basin sequence (Fig. 12). Signif
icantly, recent fission-track dates (lzett and others, 
1974; Boellstorff and Steineck, 1975), paleomagnetic 

signatures (Blackie and Yeats, 1976), and planktonic 
biostratigraphy (Ingle, 1967a; Bandy and Wilcox in, 
1970; Casey, 1972) suggest that portions of the coarse 
Plio-Pleistocene basin fill ('"Repetto," Pico, Fernan
do, and Capistrano Formations) are younger than tra
ditionally assumed (Fig. 12), forcing a revaluation of 
previously estimated rates of sedimentation and sub
sidence (Bandy, 1953; Yerkes and others, 1965) in 
terms of both the currently accepted radiometric ages 
of the Pliocene-Miocene (5 m.y.B.P.) and Pliocene
Pleistocene 0.8 m.y.B.P.) boundaries as well as the 
estimated positions of these boundaries in local sec
tions (Figs. 2, 12, 13). 

Recalibration of the Plio-Pleistocene basin-filling fi
nale in the Ventura area (Fig. 2) demonstrates the very 
abrupt and dramatically high increases in rates of sed
iment accumulation and subsidence that were induced 
as Pliocene submarine fan debris spilled onto the deep 
basin floor (Fig. 12). The immediately preceding and 
tectonically induced pulse of late Miocene-early Plio
cene subsidence occurred at rates of less than 500 m/ 
m.y. but quickly accelerated to 1,000 m/m.y. about 3 
m.y.B.P., when rapid sediment loading occurred due 
to fan transgression. Plio-Pleistocene rates of sediment 
accumulation averaging 2,000 mim.y. outpaced sub
sidence and rapidly filled the Ventura Basin to capac
ity by late Pleistocene time, with similar events taking 
place in the adjacent Los Angeles Basin (Yerkes and 
others, 1965). Rate of sediment accumulation dropped 
sharply in the later Pleistocene as sediments began to 
pass across the brimful Ventura Basin with rates of 
subsidence almost balanced by rate of sediment ac
cumulation just prior to major late Pleistocene flexing 
of this area and initiation of the present cycle of basin 
filling centered in the partially filled basins west and 
south of the modern strandline (Figs. 1, 12). 
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ABSTRACT 

Planktonic foraminiferal assemblages from the Late of Marginotruncana concavata indicates that the sub
Cretaceous Niobrara Formation of the Western Inte tropical fauna is of late Coniacian to early Santonian 
rior, U.S.A., can be divided into a lower temperate age. Faunal studies of formations correlative with the 
fauna, a middle subtropical fauna and an upper tem Niobrara Formation indicate that the subtropical fauna 
perate fauna. The subtropical fauna is marked by con is an easily traced assemblage which has been noted 
spicuous keeled planktonic foraminifera. The presence as far north as Montana. 

INTRODUCTION 

In recent years it has been shown that migrations of 
species of planktonic foraminifera reflect changes in 
the surface-water temperature of the oceans (Bandy, 
1960; Ericson, Ewing, and Wollin, 1964; Climap, 1976; 
and many others). Most of these studies have concen
trated on Pleistocene faunas, but a few authors have 
studied older migrations in the late Miocene and Plio
cene (Bandy, 1960; Bandy, 1968; Bandy, Butler, and 
Wright, 1969; Jenkins, 1967). Studies of paleoceano
graphically controlled migrations of species of plank
tonic foraminifera in older rocks are essentially non
existent. 

Bandy (1960), however, did establish criteria for 
paleotemperature interpretations in rocks older than 
the late Miocene. Bandy pointed out that planktonic 
foraminifera having a keel have a subtropical and trop
ical distribution in today's oceans and that geologic 
evidence suggests that this has always been the case. 
The "keeled line," as he defined it, represented the 
northernmost occurrence of keeled planktonic fora
minifera in the northern hemisphere through time. In 
subsequent publications, Bandy (1964, 1967) illustrat

ed variations in the keeled line which he attributed to 
major changes in surface-water temperature. 

The present paper is part of an ongoing project to 
study the planktonic foraminiferal faunas of the Nio
brara Formation (early Coniacian to late Campanian) 
and equivalent formations in the Western Interior. As 
part of this project Niobrara sections at Pueblo, Col
orado, and Centennial Valley, Wyoming, were sam
pled at intervals ranging from one to five feet. These 
samples were then washed through a screen with 63 
Mm openings, randomly split until two to three 
hundred specimens of planktonic foraminifera were 
counted from each sample, and the number of keeled 
specimens counted. Samples from two sections of the 
equivalent Hilliard Formation in western Wyoming 
were treated in the same manner, although the sam
pling interval was greater. 

The purpose of this study is to illustrate the pres
ence of a paleoceanographic controlled migration of 
planktonic foraminifera in sediments of the Niobrara 
Formation and correlative units in the Western Inte
rior, and to demonstrate its use in correlation. The 
Niobrara Formation ranges in age from Coniacian to 
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Index map showing the locations of Western Interior sections dis

cussed in this paper. 


late Campanian (Frerichs and others, 1975; unpub. 
data) and crops out from northern New Mexico in the 
south to Montana in the north and from Wyoming in 
the west to the Missouri River in the east. Planktonic 
foraminiferal assemblages from the formation are 
mainly temperate (Frerichs and Adams, 1973; Frerichs 
and others, 1975 and 1977). Keeled planktonic fora
minifera or species apparently adapted to warmer 
waters are abundant in only a thin portion of the Nio
brara Formation. 

RESULTS AND DISCUSSION 

I believe that this interval of keeled planktonic fo
raminiferal occurrence marks a major temperature
controlled migration of subtropical to tropical fora
minifera into the Western Interior. As such, the 
occurrence of abundant keeled planktonic foraminifera 
represents a correlative horizon which may be used 
throughout the Western Interior in rocks of the Nio
brara and correlative formations. If this is correct, the 
migration of keeled planktonic foraminifera into the 
Western Interior should be traceable from south to 
north, and keeled planktonic foraminifera should be 
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Correlation of sections of the Niobrara Formation near Pueblo, Col
orado (left), and Centennial Valley, Wyoming (center), with the 
Hilliard Formation of southwestern Wyoming (right). The lines to 
the right of each generalized section indicate the relative abundance 
of keeled planktonic foraminifera at each locality. The correlation 
between sections is based on the peak abundance, 

more abundant in the southern part of the Western 
Interior and decrease to a featheredge of abundance 
to the north. 

This distributional pattern can in fact be found in 
the Western Interior. The southernmost section of the 
Niobrara Formation used in this study is at Pueblo, 
Colorado (Fig. 1). This section has become a standard 
section for the Niobrara Formation in the Western In
terior. Keeled planktonic foraminifera first form a per
centage of the planktonic population in the upper few 
feet of the Fort Hays Member, and are a common 
element of the planktonic assemblage for 130 feet of 
section and then disappear in the lower few feet of the 
middle shale unit of the Smoky Hill Member (Fig. 2). 
The peak of the keeled planktonic foraminiferal inter
val with a relative abundance of 20 percent is at the 
top of the shale and limestone unit of the Smoky Hill 
Member. A total of eight keeled planktonic foraminif
eral species have been identified from this interval, of 
which Marginotruncana concavata is the most im
portant. 

Marginotruncana concavata is an index fossil for 
the late Coniacian and early Santonian epochs of the 
Late Cretaceous and it or synonymous species have 
been reported from Austria (Tollman, 1960), Germany 
(de Klasz, 1953), the Isle of Wight (Barr, 1962), Russia 
(Subbotina, 1953), Switzerland (Mornod, 1950), Israel 
(Brotzen, 1934), Algeria (Sigal, ]952), Gabon (de 
Klasz, 1961), Madagascar (Collignon, 1959), Libya 
(Barr, 1972), Tunisia (Dalbiez, 1955), Mexico (Pessag
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no, 1967), Trinidad (Bolli, 1957), and the United States 
(Takayanagi, 1965; Pessagno, 1967). Santonian occur
rences are more common and Coniacian occurrences 
have only been reported from Texas (Pessagno, 1967), 
the Isle of Wight (Barr, 1962), Libya (Barr, 1972), and 
Gabon (Collignon, 1959). 

In the Western Interior Marginotruncana conca
vata has been found in a sample from bed 36 of the 
shale and limestone unit of the Smoky Hill Member 
of the Niobrara Formation at Pueblo, Colorado (Scott 
and Cobban, 1964). This is the first reported occur
rence of M. conan'ata in the Western Interior and it 
is from a horizon directly below bed 37 of the shale 
and limestone unit which contains Inoceramus defor
mis Meek and Inoceramus (Volviceramus) invo!utus 
Sowerby, and one foot above bed 34 which contains 
Inoceramus deformis Meek. 

Four specimens of Marginotruncana concavata 
have been identified from this sample which contains, 
in addition to Marginotruncana concavata. the fol
lowing planktonic foraminiferal species: Marginotrun
cana angusticarenata, lWarginotruncana coronata, 
Marginotruncana indica, Marginotruncana pseudol
inneana, Archaeogiohigerina hosquensis, and Hete
roheiix reussi. All of the above species have been re
ported from the late Coniacian to early Santonian 
interval and are consistent with the occurrence of 
Marginotruncana concavata (PI. I). 

According to Scott and Cobban (1964), and based 
upon the stratigraphic occurrence of Inoceramus de
formis and Inoceramus involutus, the uppermost bed 
37 of the shale and limestone unit is middle Coniacian 
in age and the remainder of the unit is early Coniacian 
(Fig. I). The occurrence of Marginotrunc(lna conca
vaW in bed 36, however, raises a question as to the 
age of this unit and suggests a late Coniacian to early 
Santonian age for the upper portion of the shale and 
limestone unit. 

Further north in Centennial Valley, near Laramie, 
Wyoming (Fig. 1), the keeled planktonic foraminiferal 
interval is found in the center of the Sage Breaks Shale 
(Fig. 2). The keeled zone is less than 75 feet thick in 

Centennial Valley, and peak values are 8 percent, 
appreciably less than at Pueblo. Marginotruncana 
concavata is not present at this more northern locality 
and the number of keeled planktonic foraminifera de
creases to six species. The two most abundant species 
are Marginotruncana marginata and Marginotrun
cana pseudolinneana which have ranges extending 
into the early Santonian, with M. pseudolinneana be
coming extinct at the end of the early Santonian (Pes
sagno, 1967). Archaeogiobigerina bosquensis. a non
keeled species which is rare in the late Coniacian but 
common in Santonian rocks of Texas (Pessagno, 
1967), is found in the keeled interval and limits the age 
of the interval to late Coniacian to early Santonian. 
The time interval defined is very similar to the keeled 
interval at Pueblo, Colorado, and the hypothesis con
cerning the migration of a keeled planktonic forami
niferal assemblage in the Western Interior seems to be 
substantiated. Consequently, a late Coniacian to early 
Santonian age is assigned to the peak abundance of 
the keeled zone in Centennial Valley. 

Further north and to the west in the Hilliard For
mation of Snider Basin, Wyoming (Fig. I), keeled 
planktonic foraminifera have been noted in a 50-foot 
zone 500 feet above the top of the Frontier Formation. 
At this locality keeled planktonic foraminifera are not 
abundant enough to form an appreciable percent of 
the fauna, but the two keeled species noted, M. mar
ginata and M. pseuciolinneana, are the two most 
abundant species found in Centennial Valley. Appar
ently, Snider Basin is near the northern limit of keeled 
planktonic foraminifera. The limit does extend further 
north, however, as this author has noted keeled plank
tonic foraminifera (M. pseudolinneana and M. mar
ginata) in the Hilliard Formation at Deadman Moun
tain, Wyoming (Fig. 1), and M. marginata has been 
reported as far north as the Kevin Shale in west-cen
tral Montana (Fig. 1) by Strong (1972). 

The horizon defined by the peak of this keeled abun
dance zone approximates a late Coniacian to early 
Santonian time line which can be used as a correlation 
tool in the thick shale sequences of western Wyoming. 

PLATE I 

1-3 Marllillo/rlIl1('ana corallala Bolli, Specimen from the Sage 7-9 Marllillo/ruf/Ctlllll cOII('anlta (Brotzen). Specimen from the 
Breaks Shale, Centennial Valley. Wyoming, 1IS, Smokey Hill Member. Niobrara Formation. Pueblo, Colo

4-6 Marllillo/J'lIIlCa/la af/IIII.,(icarel1(//(/ (Gandolfi). Specimen rado. x 55, 

from the Sage Breaks Shale, Centennial Valley, Wyoming. 10, I I Arc/)aeol{iohigerina hosqllel1sis Pessagno. Specimen from 
x130, the Sage Breaks Shale, Centennial Valley. Wyoming, x160. 
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0 18/0'6 paleotemperature curve for temperate surface water tem
peratures (composite of many authors). Note that the late Conia
cian-early Santonian is a warm interval. This part of the curve is 
based upon the work of Lowenstam and Epstein (1954). 

CONCLUSION 

An environmentally induced migration of warm
water keeled planktonic foraminifera into the Western 
Interior sea during Late Cretaceous time forms a rec
ognizable biostratigraphic horizon throughout the 
Western Interior. The diversity of keeled planktonic 
foraminifera decreases from the south to north and no 

additional species occur in the more northerly assem
blages. These two factors seem to indicate a southern 
dispersal point. Care must be taken when correlating 
the keeled intervals as it is the peaks which are syn
chronous, while the first and last appearances of 
keeled species in different sections are probably di
achronous. The age of the peaks has been dated as 
late Coniacian to early Santonian in the Pueblo, Col
orado, section where Marginotruncana concavata oc
curs in the sample with the peak abundance. 

That water mass oscillations are the controlling fac
tor for a migration of tropical and subtropical faunas 
northward in the late Coniacian to early Santonian is 
strongly suggested from an examination of the oxygen
isotopic paleotemperature curve for temperate areas. 
A major warming of temperate waters is indicated for 
the Coniacian and Santonian epochs (Fig. 3) (Low
ens tam and Epstein, 1954). A late Coniacian to early 
Santonian age for the peak abundance of tropical 
keeled species in the Western Interior agrees well with 
this curve . 
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AN EXTANT OPALINE FORAMINIFER: TEST ULTRASTRUCTURE, 
MINERALOGY, AND TAXONOMY 
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, RONALD 1. ECHOLSiI , AND STEPHEN WEINER2 

ABSTRACT 

Fabric and mineralogical studies of the test of a similar to that in miliolid foraminifera, its mineralogy 
modern benthic foraminiferal species, recovered from and structural details preclude assignment to any of 
several widely spearated locations in the Pacific and the available taxa within the Order Foraminiferida. A 
off Antarctica, have shown it to be constructed of opal new suite of taxa of suborder and lesser rank is pro
precipitated by the foraminifer. Although microarchi posed to accommodate this new form, which has been 
tecture and gross morphology of the siliceous test is designated Silicoloculina profunda, n. gen, n. sp. 

INTRODUCTION 

Increased attention is being directed toward deter
mining the physical and chemical properties, struc
tures, and functions of bioinorganic materials in ma
rine organisms, where they occur as strengthening 
agents of skeletal hard parts. Recent studies, utilizing 
modem techniques, have shown that the biosynthesis 
of X-ray amorphous, hydrous silica (opal) in the sea 
is accomplished by diatoms, silicoflagellates, radiolar
ians, sponges, the patellacean gastropods (Lowen
stam, 1971), holothurians of the Family Molpadiidae 
(Lowenstam and Rossman, 1975), and some Arthrop
oda, namely the copepods. This indicates that the 
taxonomic diversity of opal-precipitating marine biota 
is far greater than has been realized in the past and 
stresses the fact that our knowledge of the chemical 
composition and structure of the bioinorganic constit
uents of hard parts is as yet very limited. Hence, a 
distinct possibility exists that there are still other taxa 
which may be involved in opal fixation. 

The extensive literature on the anatomy and histol
ogy of marine organisms, published prior to and short-

I Department of Geology and Geophysics and Hawaii Institute 
of Geophysics, University of Hawaii. 

t Department of Geological and Planetary Sciences, California 
Institute of Technology, Pasadena, California. 

3 Mobil Oil Corporation, Dallas, Texas. 

ly after the turn of this century, contains a number of 
references to "siliceous" hard parts, cements, or in
clusions (Vinogradov, 1953). The "siliceous" nature 
of the material was commonly deduced from wr 
chemical analyses in which silica was found to be the 
major elemental c0nstituent, or from the fact that it 
was acid-resistant. Only a few of the earlier reported 
"siliceous" precipitates have been re-examined in re
cent decades. In the case of the onchidellid gastro
pods, the siliceous deposits were found to consist of 
detrital quartz (Lowenstam, 1974). The "siliceous" 
cement in agglutinated tests of some members of the 
foraminiferal Family Rzehakinidae was shown to be 
an acid-resistant, organic membrane, stated to consist 
of acid mucopolysaccharide (Lipps, 1971, 1973). 

We report here the occurrence of an opaline test in 
a modern foraminiferal species recovered in surface 
sediment and cores from the Scotia Sea (Echols, 
1971), the Peru-Chile Trench area, the Central Pacific 
Basin (Lineberger, 1975), and the Bering Sea (see ap
pendix 1 for sampling data not previously published). 
The origin of the opal is discussed and the species is 
described. 

MORPHOLOGY 

Attention was initially drawn to the new foraminifer, 
which has the gross morphology of a miliolid (PI. 1), 
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PLATE I 

Variou s views of Si/ico/OCII/illo I'rotlllldo. n . gen .. n . sp. 

Lateral view of ho lo type (USNM 27250 1) showi ng chamber· 4 3. Apertllr·a l v iew of para type (USNM 272504): x 158. DSDP 
nec k: x179. Y71 -8-70MG3 (0-3 em). 320A. 1-2 (139-141 em). o. Enl argement of a perturil l tooth 

Lateral view of paratype (USNM 272 502) showi ng side oppos ite showing a tt ac hmen t to apertllr·al rim : x 788. 

that in Figure I. x 154. DSDP 320.1-3 (114-116 em). 5 Interior of detached chamber· showing lage noid chamber shape 

:I Infe rior v ie w of parat y pe (US N M 2725(3) s howing intersection and latera l c hamber ex ten<;ion s: x ISO. DSDP 320. 1-2 (120-122 

of axia l plane s of succeed ing c ha mbers: x 132. DSDP 320 ( 120 em). 
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because of its unusual occurrence in otherwise totally 
agglutinated assemblages below the CCD in the Scotia 
Sea and the Peru-Chile Trench. Each volution of the 
test consists oftwo chambers, added so that the broad 
posterior portion of each chamber covers the preced
ing aperture and the long axes of the chambers cross. 
The chamber narrows to a neck toward the aperture, 
which contains a broad tooth. The test has an opales
cent-porcelaneous appearance when dry and is trans
parent and hyaline when wet. Specimens range from 
about 0.25 to 0.50 mm in length. 

ULTRASTRUCTURE 

Tests of the new form obtained from off Antarctica, 
the Peru-Chile Trench, and from the Central Pacific 
Basin were mechanically cleaned and then fragmented 
to study their ultrastructure with the aid of a scanning 
electron microscope. One of these specimens from the 
Scotia Sea (Eltanin 712) had been stained with rose 
Bengal, indicating that it had been alive at the time of 
collection. The basic features of the microarchitecture 
were found to be the same for all specimens examined 
from the three widely distant sampling sites and hence 
the following description applies to them alL 

SEM micrographs show the test wall to consist of 
an outer organic membrane, a median layer of min
eralized tubular rods, and an inner organic membrane 
(PI. 2, Fig. A). The thickness of the outer layer is 
approximately O.ljLm, the median layer is 19 jLm, and 
the inner layer is O.ljLm. The mineralized median lay
er, which is the major component of the test wall, can 
be subdivided into three microarchitectural units 
based on orientation and packing density of the rods. 
The outer and inner subunits are only 0.2 jLm thick. 
They consist of one to two layers of a two-dimensional 
array of tightly packed rods parallel to the inner and 
outer surfaces of the test and chamber walls (PI. 3, 
Figs. A, B, D). The rods are arranged in parallel to 
subparallel sheets, which are occasionally crossed by 
discordant rods. Clusters of parallel-aligned rods are 
commonly bordered by others with a different axial 
orientation (PI. 2, Figs. B, C, 0). Angular openings 
which sometimes occur between the clusters (PI. 3, 
Figs. A, B, D) are the result of loose packing and are 
not comparable to the perforations in some calcareous 
and agglutinated foraminifera. The central subunit has 
a thickness of about 18 jLm, and is therefore the main 
component of the median layer. It is characterized by 
a three-dimensional, random array of tubular rods 
which are firmly joined wherever they come in con-

SILICOLOCULINA PROFUNDA 

tact, thus forming an open mesh, rigid framework. In
dividual rods predominate; however, couplings of two 
parallel-aligned rods are not uncommon. Arrays in ex
cess of two aligned rods are occasionally present. The 
interstitial spaces and the central cavity of the rods 
are, in the specimens examined by us, devoid of any 
infilling material. Even the specimen stained with rose 
Bengal did not show any additional organic material 
between the rods or in the rod lumens. According to 
the orientation of the rods, the contact relations of the 
three subunits are unconformable, hence sharply de
fined (PI. 3, Figs. A, 0). 

The hollow rods are the principal constituents of the 
test and account for the rigidity of its wall. Their mor
phologic features and the nature of their contacts were 
determined from high resolution SEM micrographs, 
obtained from vertical fracture surfaces ofthe test wall 
and from the test surfaces where the organic veneer 
had been exfoliated. The rods are invariably rectilinear 
over their length (PI. 3, Figs. A and 0). Their surface 
geometry is variable. In the central subunit, some rods 
are hexagonal to circular in cross section, but most 
are quadrangular to circular. In the inner subunit of 
the middle layer, the similarly shaped rods appear to 
be largely truncated at the side which is in contact 
with the bounding organic membrane. All rods are hol
low centrally, the space always being large in propot 
tion to the thickness of the wall, giving the rods a 
tubular appearance. In rods laterally joined or in an
gular contact, the lumens of the individual rods gen
erally remain separated by an intervening wall (PI. 3, 
Figs. Band 0). However, the wall separating the lu
mens can be incomplete or absent (PI. 3, Figs. A, B, 
and C). Even when they lie adjacent, the lumens, as 
seen in cross section, usually maintain their individual 
identity in diameter and shape (PI. 3, Fig. B). The 
cross-sectional outlines of the lumens are the same as 
those of the rods, namely quadrangularly shaped rods 
have quadrangular lumens and rounded rods have 
round lumens. In rods located at or near the border of 
the outer organic membrane, the diameter of the lu
mens tends to approximate the thickness of the rod 
wall. However, with increasing distance from the out
er surface, the diameter of the lumens increases mark
edly compared to the thickness of the rod wall (PI. 3, 
Figs. A and 0). Uniform wall thickness is maintained 
in each adjoining rod which is even in minimal contact 
with others. Where the contact area is extensive, the 
common wall of adjoining rods usually has the same 
thickness as the unattached wall segments (PI. 3, Figs. 
A and B). The common wall shows no evidence of 
lateral fusion of originally discrete wall segments. 
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A B 


c D 

PLATE 2 
Wall ultrastructure, 
(Sca le h,lI' = I {Lin) 

A Cross sect ion of ou ter chamber wa ll . o Innermost subunit of middle layer partly covered by the 

B,C Extelior surf«ce of test, showing the outer organic mem inner organic membrane , 


brane covering the olltermost subunit of the middle layer. 
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A B 


c o 

PLATE 3 

Morphology and fabric of tubular rods. 
(Scale bar = I /-Lml C Cross secti on of cen tral part of middle layer showing ex

ceptional concen tration of fused rods. 
A. B Cross sec ti on of outer organic membrane , the ou termost o Cross section of inner organic membrane , innermost sub

subunit and the middle layer. 
unit and the midd le layer. 
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EDAX 
FIGURE I 


Graphic presentation of the counts versus energy produced during 

energy dispersive analysis of X-rays (EDAX) emitted by the test of 

the new form. Analysis carried out under accelerating voltage of 20 

kY. with 200,000 counts total on all channels. The 1.8 keY peak 

was produced by silicon; gold coating the specimen produced the 

2.2 keY peak. 

MINERALOGY 

Hydrochloric acid does not dissolve the test, nor 
does it disintegrate in a 30 percent solution of hydro
gen peroxide. Energy dispersive X-ray analysis 
(EDAX) of a section of the test wall produced only 
one pronounced peak, at 1.8 keY (Fig. 1), which is the 
counts versus energy signature of silicon. The infrared 
absorption spectrum, obtained on a cleaned and clo
roxed sample of one entire test, matches the spectrum 
of our opal standard (Lowenstam, 1971). Hence, the 
inorganic fraction of the test consists entirely of amor
phous, hydrous silica (opal). 

DISCUSSION 

Some agglutinated foraminifera are highly selective 
in the construction of their tests and are known to 
incorporate solely or largely opaline sponge spicules 
(summarized in Loeblich and Tappan, 1964). As the 
spicules usually are visible on the outer surface of the 
test wall and have a characteristic shape, there is no 
doubt that they are derived from silica-precipitating 
sponges. In the case of the new foraminifer described 
here, there are several lines of evidence which pre
clude a derived origin for the opaline test and support 
opal precipitation by the protist itself. The rods of the 
foraminiferal test have the following characteristics: 

ca b 

I I 
I~ \ e 
~ ®1'200\

d f 
FIGURE 2 

Some aspects of coiling in Silicoloculina prqlunda. n. gen .• n. sp. 
a-c. Camera lucida drawings of lateral and apertura! views of large 
test that appears triloculine due to extensive concealment of early 
volutions by lateral extensions of chambers, length 0.49 mm. cham
ber neck and aperture broken. d-f. Sketches showing disposition of 
chambers in lateral and apertura! views of Silicoloculina. 

their lumens vary somewhat in shape but duplicate the 
surface geometry of the rods, occasionally the lumens 
of several adjoining rods coalesce, tt e lumens and 
walls of the rods are of uniform dimensions throughout 
the length of a single rod, and lumen diameter gener
ally increases toward the base of the test wall. Opaline 
spicules which are formed by species among the de
mosponges and hexactinellid sponges as well as the 
spines of certain radiolarians and silicoflagellates (R. 
Casey, pers. comm.) do not possess all of these fea
tures. When considering them individually, one could 
argue that at least those rods which have a quadran
gular cross section might be derived from hexactinellid 
sponges, which have a similarly shaped axial canal 
(Reiswig, 1971). However, the diameter of the hex
actinellid axial canals and the lumens of the forami
niferal rods relative to their wall thicknesses are sig
nificantly different. Moreover, the sponge spicules 
have a circular cross section, whereas the rods have 
a quadrangular one. Epi- and diagenetic alterations of 
sponge spiCUles commonly result in major enlargement 
of their axial canals. However, the canal diameter of 
altered spicules varies greatly along the spicular axis, 
whereas the lumens of the rods are invariably uniform. 
Hence, the hexactinellid sponge spicules cannot be the 
source of even a portion of the rods in the foraminif
eral wall. 

Particles for an agglutinated test, however rare, are 
to be found in the sediment. Therefore, fine fraction 
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smears of two surface samples (Y71-8-70MG3 and 
KK74-FFC48) from the Peru-Chile Trench area were 
mounted on 30-mm-diameter plugs and carefully ex
amined under the scanning electron microscope. No 
siliceous hard parts resembling the rods of the sili
ceous foraminiferal test were noted. Only some bro
ken sponge spicules were observed, which were dif
ferent in size and morphology from the foraminiferal 
rods. 

On the other hand, the ultrastructure of the miner
alized wall of the new form bears a striking resem
blance to that of miliolid foraminifera, which are 
known to secrete their tests. The miliolid wall consists 
of a three-dimensional random array of calcite needles 
veneered by a two-dimensional array of needles par
allel to the outer surface of the test; the mineralized 
wall occurs between two organic membranes (Hay and 
others, 1963: Towe and Cifelli, 1967; Lynts and Pfis
ter, 1%7: Hemleben, 1969; Haake, 1971). However, 
in the miliolids, the structural units are not hollow, 
suggesting differences in the process of mineral pre
cipitation in these two groups. The dimensions of the 
structural units of the two groups also appear to differ. 
The siliceous rods on the exterior and interior surfaces 
of the wall are about 4 JLm to 5 JLm long and about V3 
JLm in diameter, whereas calcite crystals and rods in 
the miliolids thus far studied are reported to be about 
Y.! JLm to 2 JLm long and about VB JLm to Y2 JLm in 
diameter (Hay and others, 1963; Lynts and Pfister, 
1967). 

As in the case of microarchitecture of the wall, the 
test morphology of the new siliceous form is similar 
to that of some members of the Family Miliolidae, but 
the two types of foraminifera differ in the orientation 
of the longitudinal axes of their chambers. In the si
liceous foraminifera, the planes of bilateral symmetry 
ofthe successive chambers cross one another, where
as in the Family Miliolidae they radiate out from the 
longitudinal axis of the test. Thus, in contrast to the 
miliolids in which the longitudinal axes of the cham
bers normally lie parallel, lateral aspects of the test of 
the siliceous form reveal early chambers with their 
longitudinal axes oblique to those of the latest volution 
as a result of the continual shift in chamber orientation 
(Fig. 2, d-O. In advanced growth stages, this differ
ence is obscured due to extensive overlap of lateral 
extensions of the chambers on earlier volutions of the 
test (Fig. 2, a-c). These lateral extensions also tend 
to obscure the distinctive lagenoid shape of the cham
bers, clearly visible in young specimens. 

It may be concluded that the new foraminifer pre
cipitates opal for its test. Microarchitectural similari
ties suggest that it may have developed from a miliolid 
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stock. Indeed, Ponder (1974) included Echols' (1971) 
siliceous specimens in his redescription of the Genus 
Miliolinella. But the siliceous form is distinct in its 
chamber shape and addition as well as in mineral com
position, so that his definition appears to us to be too 
broad. The siliceous form is sufficiently differentiated 
to warrant wide taxonomic separation from the mil
iolids. 

TAXONOMY 

TAXONOMIC ASSIGNMENT OF THE NEW FORM 

The modern subdivision of the Foraminiferida into 
suborders on the basis of test mineralogy and structure 
(Loeblich and Tappan, 1964) has historical precedent 
going back to about the middle of the 19th century 
(Carpenter, and others, 1862; Reuss, 1862). In this 
classification, construction of the wall is regarded as 
reflective of the nature of the secreting protoplasm, 
whereas isomorphic test configurations are considered 
adaptive products unrelated to phylogeny. The clas
sification recognizes 5 suborders as follows: Allogrom
iina (membranous and tectinous tests), Textulariina 
(agglutinated tests), Fusulinina (calcareous microgran
ular tests), Miliolina (calcitic imperforate tests), and 
Rotaliina (calcareous perforate tests). The only pro
vision made for tests of siliceous composition is among 
the Textulariina where forms with milioline chamber 
arrangement and "siliceous or agglutinated" walls are 
grouped together in the Family Rzehakinidae (Cush
man, 1933; Loeblich and Tappan, 1964, p. 220). The 
microstructure of the siliceous wall in this family must 
be taken as agglutinated according to the suborder un
der which it is classified, and indeed Cushman pre
cisely defined the wall structure of members of this 
group as "arenaceous, usually siliceous." 

The species with a secreted, opaline test described 
in this report may not be assigned to any of the avail
able taxa within the Order Foraminiferida. Therefore, 
a new suite of taxa of suborder and lesser rank is pro
posed to accommodate this distinctive form. 

SYSTEMATICS 

Order FORAMINIFERIDA Eichwald, 1830 

Suborder Silicoloculinina, n. subord. 


Test of secreted opaline silica, imperforate. 

Family Silicoloculinidae, n. fam. 

Test free, proloculus followed directly by chambers 

with two to a volution, arranged in intersecting planes; 

aperture terminal, with a tooth modification. 
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Genus Silicoloculina, n. gen. 

Plate 1, Figures 1-4, Plate 2, Figures A-D 


Chambers two to a volution, alternating so that the 
posterior of each new chamber covers the preceding 
aperture and rotated so that the planes of bilateral 
symmetry of succeeding chambers intersect at an an
gie of about 20° to the right or to the left, dependent 
upon coiling direction. Chambers lagenoid, developing 
broad lateral extensions which progressively obscure 
the preceding chambers, producing an external triloc
uline appearance in large specimens. Wall siliceous 
with an organic covering, imperforate, porcelaneous 
to opaline in appearance; aperture a terminal arch, 
with a tooth arising from the lower rim. 

Type species: Silicoloculina profunda, n. sp. 

The generic name was selected to indicate similarity 
in gross morphology to certain miliolid foraminifera 
and is derived from the Latin, silex (flint) plus loculina 
(cell, dim. of locus); gender feminine. 

Silicoloculina profunda n. sp. 

Plate 1, Figures 1-4 


Milio/ina /abiosa (d'Orbigny)-EARLAND, 1934, Discovery Repts., 
v. 10, p. 50, pI. I, figs. 5-7. 

'Miliolineiia' Sp.-ECHOLS, 1971, Antarctic Research Ser., v. 15, p. 
157, pI. 12, fig. I. 

Miliolinella 	 cf. circularis (Bomemann)-FILLON, 1974, Micropa
leontology, v. 20, p. 144, pI. 3, fig. 13. 

Test ovate in outline, somewhat flattened; chambers 
lagenoid in shape with lateral extensions, two to a vo
lution, with the ultimate chamber occupying about ~ 
of the perimeter of the test and rotated with each 
chamber addition so that planes of bilateral symmetry 
of successive chambers intersect at an angle of about 
20°; wall of secreted opaline silica in the form of hol
low rods, imperforate with an organic covering, the 
surface smoothly finished and procelaneous to opales
cent when dry, transparent when wet; aperture a ter
minallow arch with a simple broad tooth. 

Length of holotype 0.33 mm; paratypes range from 
0.23 to 0.49 mm in length; proloculus diameter 0.06 
mm. 

Types and occurrence. Holotype (USNM 272501) 
from Recent surface sediment at lat 8°41.9'S, long 
82°13.3'W, water depth 4,378 m (Y71-8-70MG3, 0-3 
cm) on the western margin of the Peru-Chile Trench. 
Figured paratypes (USNM 272502) from DSDP 320, 
1-3 (114-116 cm), Quaternary; (USNM 272503) from 
DSDP 320, 1-2 (120-122 cm), Quaternary; (USNM 
272504) from DSDP 320A, 1-2 (139-141 cm), Quater

nary. In the type area off the coast of Peru, the species 
has been recovered between lat 7°35'S and 21°12'S, in 
water depths of 4,237 to 6,505 m, with one occurrence 
in a calcareous sample from a water depth of 2,734 m. 
It also occurs in 993 to 4,644 m water depths in the 
Scotia Sea (Echols, 1971), in the Ross Sea (FilIon, 
1974), in DSDP cores in the Bering Sea, and in water 
depths of 3,960 to 5,339 m in the Central Pacific Basin 
(Lineberger, 1975), indicating that it is widely distrib
uted. Echols (1971) found specimens that stained with 
rose Bengal from about 2,300 and 3,100 m water depth 
in the Scotia Sea. 

Specimens of Silicoloculina profunda were noted at 
subsurface depths as great as 25 m in strata dated as 
early Quaternary (Scientific Staff, 1974) at the Deep 
Sea Drilling Project Sites 320 and 321 on the Nazca 
Plate. They occur down to the Denticulina kamtscha
tica diatom zone of late Miocene or early Pliocene age 
in the DSDP borings in the Bering Sea and have been 
found in the Dorcadospyris alata radiolanan zone of 
middle Miocene age in the Central Pacific Basin (Line
berger, 1975). The cored sediment as well as the sur
face sediment containing the new form is generally 
rich in radiolarian and diatom skeletons, but in spite 
of the concentration of siliceous remains, the new 
form is always rare. 

The specific name is derived from the Latin profun
dus (deep), emphasizing the general deep-sea habitat 
of the species. 

REMARKS 

In the course of a literature survey to determine 
other possible members of the new suborder, it be
came apparent that in the Family Rzehakinidae, only 
the nominal genus, Rzehakina, having a homogeneous 
fine-grained siliceous test, might belong in this sub
order. The other included genera (Ammajiintina, Mil
iammina, Silicosigmoilina, Spirolocammina, Spiro
sigmaifinella, Trilocularena, and Psamminopelta) 
have agglutinated type species. The Rzehakinidae re
semble the Nubeculariidae among the porcelaneous 
foraminifera in having a primary planispiral stage, in 
contrast to the primary milioline-like coiling of the· 
Silicoloculinidae. Thus, the possible reassignment of 
the Rzehakinidae to the new suborder would not affect 
the validity of the new family. Hansen and Hanzlikova 
(1974), however, determined that the type species of 
Rzehakina, Silicina epigona Rzehak, is agglutinated 
of very fine particles and diagenetically altered. In ad
dition, one of the writers examined a paratype of Rze
hakina venezuelana Hedberg (Stanford University 
6873) which has a semi-transparent finely granular si
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liceous wall. Under 5,OOOx magnification, the sur
face of the wall appeared as an irregular surface of 
polygons, unlike the rods seen in the modern siliceous 
form. As the genus is confined to Upper Cretaceous 
and Lower Tertiary strata, alteration of the original 
test material may be the rule. 

Determination of the wall structure of contemporary 
foraminifera is an easier task. Numerous investigators 
have reported Recent milioline morphotypes from 
deep or cold waters where biogenic precipitation of 
calcite must be difficult. Some of those foraminifera 
may belong in the taxa described in this paper. 
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APPENDIX 1 DSDP·~NAZCA PLATE 

Log of Samples Containing Silicolo('f{lill([ 
Site Lo(.;ation 

Water 
deprh 
imf Sample Age 

Numher 
of Sili· 

colocujina 

PERU--CHILE TRENCH AREA 

Core'" 

Water 
depth 
(m) 

Sumner of 
Sili(;oloculina 

320A 9°00.40'S 
83°31.S0'W 

4.487 I-I (14-16) 
1·2 (139-141) 

Quat. 
Quat. 2 

Y71-8-71 MGI"x 7°35.3'S 5,535 fragments 
1-4 (52-54) Quat. 2 

81°40.0'W 320 9°00.40' S 4.487 1·1 (99-10]) Quat. 

Y71-S-75MG3 7°40.4'S 
81°20.3'W 

5,670 
83°31.80'W 1-2 (120-122) 

1·3 (\ 14-116) 
Quat. 
Quat. 2 

Y7I·8-76MG3 S007.0'S 5,122 fragments 
321 12°01.29'S 

SfD54.24'W 
4.827 4-2 (64-66) Quat. 

8I'36.0'W 

Y71·8·70MG3 S041.9'S 4,378 4 DSDP-BERING SEA. N. PACIFIC 

82° 13.3'W 184 53°42.64'N 1,910 7-3180-82) L. Plio. 
Y71-8-59MG5 9°21.8'S 5,304 1700 55.39'W 10·3 (SO-1m L. Plio. 

800 41.1'W 189 54°02.14'N 3,437 5-1 (76-78) E. Pleist. 2 
Y71-7-30MG4 10003.1'S 4.237 2 170° 13.38' E 5-4 (76-78) E. Pleist. 2 

88°40.6'W 190 55°33.55'N 3,875 4 cc M. Pleist. 
Y71-7-27MGI 100 14.6'S 4.569 5 17I°38.42'E 14cc L. Mio. 

82e05.2'W 191 56°56.70'N 3,854 2 cc L. Pleist. 2 
Y71-6-24MG2 15°16.0'S 4.899 168°10.72'E 

76°IS.8'W 192 53°00.57'N 3,012 1 cc L. Pleist. 2 
Y71-6-12MG3 16°26.6'S 2.734 J64°42.8J'E 4-2 (43-45) M. Pleist. 

77°33.8'W 4 ec M. Pleist. 5 

Y71-6·22MG4 16°48.6'S 
74°03.4'W 

5,301 fragments 
7 ec 
8-3 (130-132) 

8 ce 

L. Plio. 
L. Plio. 
L. Plio. 

2 

Y71-6-2IMG2 16°50.S'S 6.505 fragments 10 ce E. Plio. 
74°21.7'W II cc E. Plio. 

Y7J·6-19MG3 17°03.0·S 5,791 18 ce I.. Plio. 

74°24.5'W 19 cc L. Plio. 
20 cc L. Plio. 

Y71-6-14MG3 17°40.2'S 4.625 fragments 
75°47.3'W Sample depth 0-3 em. r/4 core area. 

KK74-FFC48*'" 21°12.0'S 
71°40.I'W 

4,540 
*' Y = R. V. YAQUINA. Oregon State University; MG = 

mUltiple gravity core. 
KK R. V. KANA KEOKI. University of Hawaii; FFC = 

free· fall core. 
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REGARDING THE GENUS HEMISPHAERAMMINA 
LOEBLICH AND TAPPAN (FORAMINIFERA) 

Y. LE CALVEZ 1 AND O. CESANA2 

ABSTRACT 

The genus Hemisphaerammina is a senior synonym particles and little cement, and the attached side, with 
of Daitrona. A detailed scanning electron microscopic fine particles and abundant cement, results from the 
and transmission electron microscopic study was con selective choice of agglutinated particles. This selec
ducted on the test, the cytoplasm (ectoplasm and en tion probably occurs at the ectoplasm level. 
doplasm), and the nucleus of the species H. bradyi. In contrast to the simple and rather primitive orga

The arenaceous test has a calcareous cement. Both nization of the test, the endoplasm and nucleus show 
sides of the test show a very different composition. a complex ultrastructure, which is as complex as that 
The differentiation between the outer side, with coarse of advanced calcareous foraminifera. 

On trouve dans les herbiers marins de Banyuls-sur
Mer, fixes sur les feuilles de Posidonies, des Foramin
iferes a test arenace, de forme hemispherique et de 
couleur blanchfttre (PI. I, Fig. I) dont la position sys
tematique resta pendant longtemps tres mal definie. 

SYSTEMATIQUE 

Ces formes furent decrites en 1866 par Jones, Parker 
et Brady dans Ie Pliocene inferieur d' Angleterre (Crag 
of Sutton) sous Ie nom de Trochammina (Wehhina) 
irregu/aris (O'Orbigny) var. hemisphaerica, avec la 
diagnose suivante: 

"Small, circular, subconical, monothalamous like 
a low bell-tent, parasitic, recognisable only by its 
smooth but sandy shell, and general resemblance to 
the common forms of Wehhina irregll/aris. Oiam. 
1/50 inch." 

Puis, quelques annees plus tard, en 1884, Brady les 

Laboratoire de Micropaleontologie, Ecole Pratique des Halites 
Etudes, 8 rue de Buffon, 75005 Paris (France). 

'Laboratoire d'Evolution des Etres Organises, 105 BId Raspail, 
75006 Paris (France). 

elevant au rang d' espece ( Wehbina hemisphaerica) les 
refigura dans son travail (Challenger, PI. XI, Fig. I I). 
Heron-Allen et Earland (1908-1909) en etudiant Ie 
materiel de Selsey Bill retrouverent ces Foraminiferes 
et furent amenes, tout en faisant des reserves, ales 
rapporter a Thurammina papil/ata (Brady). Cepen
dant en 1914, dans leur memoire relatif aux Forami
niferes du .. Kerimba Archipelago," ils reconnurent 
(p. 372) qu'il s'agissait de differents stades du devel
oppement de Wehhina hemisphaerica. 

En 1904, Rhumbler constatait que certains Fora
miniferes places parmi les Wehhina possedaient un 
test arenace alors qu' au sens de 0'Orbigny, ce genre 
ne comprenait que des individus pourvus d'une co
quille calcaire; il etablit donc pour eux Ie genre Weh
hinet/a qui reunissait les especes W. clavata et W. 
hemisphaerica. Ce nouveau genre devait etre emende 
par Cushman en 1918, qui en sortit les W. c/avata 
pour lesquels il crea Ie genre Ammo/aRena et designa 
Wehinel/a hemisphaerica comme espece-type du gen
re Webhinel/a. 

Jusqu' en 1957, ce genre fut maintenu et signale par 
de nombreux auteurs et des especes nouvelles, tant 
actuelles que fossiles, vinrent s'ajouter a l'espece
type. 

I 
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A cette epoque, A. Loeblich et H. Tappan venus a 
Londres pour examiner les collections du British Mu
seum, constaterent que I'holotype de Webbinel/a 
hemisphaerica etait en realite un Polymorphinide fixe, 
voisin de Bu/lopora Quenstedt. Dans ces conditions, 
les Webbinel/a prenaient tout naturellement place 
dans la sous-famille des Webbinellinae et la famille des 
Polymorphinidae: les Foraminiferes a test arenace, 
prealablement consideres comme des Webbinelfa. ne 
pouvaient plus etre maintenus ni dans ce genre, ni 
dans cette espece. Loeblich et Tappan (1964) en firent 
des Hemisphaerammina, avec pour espece-type H. 
bradyi dont I'holotype etait la forme figuree par Brady 
dans Ie Challenger (1884; PI. 41. Fig. It). 

Hemisphaerammin(J bradyi. puisque tel est desor
mais Ie nom de ce Foraminifere, est tres caracteris
tique mais aussi tres polymorphe, con.me d'ailleurs la 
plupart des formes arenacees fixees. Cette variabilite 
du test tient tres certainement a sa nature meme, mais 
aussi it la place dont iI dispose sur son support. Les 
feuilles de Posidonies sont tres souvent recouvertes 
de Bryozoaires, d' Algues encroutantes, de Serpulides, 
etc., qui genent son developpement. De sorte qu'a 
cote d'individus parfaitement hemispheriques dont Ie 

test est generalement borde d'une etroite bande de
primee ayant I'aspect d'une petite frange (Cushman, 
1918, p. 62)' on en trouve d'autres moins reguliers ou 
legerement aplatis et parfois depourvus de frange. 
L'animal est fortement fixe sur son support et il est 
malaise de I'en detacher sans Ie briser. Pour cette rai
son, les auteurs n'ont en general examine que la face 
superieure du test. La face inferieure ou face de fix
ation est plus complexe et montre un dispositif de sep
ta rayonnants qui font partie du test et Ie divisent en 
lobes 6troits (PI. I, Figs. 2, 3). Aucune ouverture n' est 
visible. Les caracteres de cette face de fixation ont ete 
remarques en 1948 par Cushman chez Webbinella ar
fica; n 'ayant jamais vu la face inferieure de Hemi
sphaerammina bradyi. iI a cru se trouver en presence 
d'une nouvelle espece. Or il est a peu pres certain que 
ces deux formes sont synonymes; on trouve en effet 
des H. bradyi dont certains lobes sont arrondis et res
semblent tout a fait it ceux figures par Cushman. II se 
pourrait aussi que Webbinelfa depressa H.-A. et E. et 
W. limosa Earland soient conspecifiques de H. bra
dyi; les figures qu'ils en donnent ne representent que 
la face superieure du test mais elles correspondent 
bien a certains individus de H. bradyi. 

PLANCHE I 

Hemisphaerammino bradyi 

Photographic de l'animal vivant encore fixe sur son support. On 3 Electromicrographie de la face de fixation d'un test vide. x50. 
observe Ie test arenace en forme de dome, Ie pourtour deprime 4 Electromicrographie de la face superieure du test, constituee par 
formant une sorte de couronne. x40. des elements grossiers dont des frustules de Diatomees (D) des 

2 Photographic de la face de fixation de I'animal vivant. Elle spicules d'cponges (SP) et un ciment peu abondant. x 100. 
montre les septa rayonnants subdivisant la cellule en lobes 5 Photographie d'un animal detache de son support. On cons tate 
etroits plus ou moins reguliers occupes par Ie cytoplasme et Ie debut de la transformation. La cellule prend une forme sphe
I'orifice central (0). x30. rique et la bordure deprimee disparait. x 30. 

6 Electromicrographie de la partie adherente au support. Les ma
Photographies: Lecompte, Laboratoire Arago, Banyuls-sur-Mer: teriaux qui la composent sont tres fins et noyes dans une grande 

PI. /. quantite de ciment. x2,000. 

PLATE I 

Photograph of the living animal still attached to its substrate. 3 Electron micrograph of the attached side of an empty test. x 50. 
The arenaceous test is dome-shaped. with a ring-like depression 4 Electron micrograph of the upper side of the test composed of 
near the outer edge. x40. coarse particles including diatom frustules (D). sponge spiculae 

2 Photograph of the attached side of the living animal. The ra (SP) and a sparse cement. x 100. 
diating septa subdivide the cell into narrow. rather regular lobes 5 Photograph of an animal detached from its substrate. The cell 
which are occupied by the cytoplasm and the central opening has a more spherical shape and the outer depressed ring disap
(0). x30. pears. x 30. 

6 Electron micrograph of the part adhering to the substrate. The 
Photographs of Plate I are by Lecompte. Laboratoire Arago. Ban particles are very fine and are embedded in a large quantity of 

yuls-sur-Mer. cement. x2,OOO. 
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Quant a Webbinellafacta Earland (1934), les figures 
donnees par I'auteur ne laissent aucun doute sur son 
identite avec H. bradyi. 

Sur I'animal vivant, les pseudopodes sont difficile
ment observables; its sont tres fins et apparaissent au 
bord marginal du test. 

Lorsqu'on detache de son support Hemisphaeram
mina bradyi et qu'on Ie place dans un petit recipient 
rempli d'eau de mer, on constate au bout de quelques 
heures que Ie test se recroqueviIIe et se referme sur 
lui-meme, masquant ainsi completement Ie proto
plasme qui se trouve a rinterieur d'un test grossiere
ment globuleux (PI. I, Fig. 5). Quelques pseudopodes 
tres tenus apparaissent et fixent l'animal a la paroi du 
recipient. 

Vne section dans ce test globuleux fait apparaitre 
les septa divisant en lobes ['unique chambre qui Ie 
compose, septa n'atteignant pas la region centrale qui 
est plus ou moins grande suivant les individus. En 
d'autres termes, on se trouve en face d'un animal qui 
correspond a la diagnose donne par Loeblich et Tap
pan en 1961 pour Ie genre Daitrona, nouveau nom 
donne aux Foraminiferes decrits en 1896 par Goes 
sous Ie nom de Crithionina lens. Nous sommes donc 
en droit de penser que les Daitrona lens sont en realite 
des Hemisphaerammina bradyi qui se sont detaches 
de leur support et ont pris la forme globuleuse, isolant 

ainsi Ie protoplasme du milieu exterieur. lis'agirait en 
fait d'un phenomene de protection de la matiere vi
vante qui permettrait a l'animal de continuer a vivre 
et d'assurer la perennite de J'espece. 

Hemisphaerammina et Daitrona deviennent con
generiques et Ie premier etant Ie plus ancien, it doit 
etre maintenu. 

Par ailleurs, les particularites de la face inferieure 
d'H. bradyi doivent etre considerees comme un carac
tere specifique et non comme un critere generique, 
car il existe des Hemisphaerammina qui en sont de
pourvues. H. crassa decrite par J. Le Calvez en 1935 
possede une face superieure rappelant celIe de H. bra
dyi, avec toutefois cette difference que Ie test, toujours 
peu compact, est plus epais et herisse de nombreux 
brins vegetaux qui sont des fibres provenant des rhi
zomes de Posidonies. La face inferieure, celIe de la 
fixation, montre une cavite centrale arrondie, sans 
septa rayonnants. 

J. Le Calvez (p. 90) qui a etudie les aspects proto
plasmiques et nucleaires de H. bradyi et H. crassa 
constate qu'ils "sont si semblables qu'i1s indiquent 
une parente certaine" et que par consequent, it est 
impossible d' etablir un genre pour les formes pourvues 
de septa rayonnants et un autre genre pour celles qui 
en sont depourvues. Ajoutons a cela que ces deux 
especes sont des formes d'herbiers et qu'elles co-

PLANCHE II 

7 	 La coupe passe par Ie cytoplasme (C) et Ie revetement micro

fibrillaire (RfJ d'Hemisphaerammina, Des corps multivesicu
laires (cm) sont en contact avec des mitochondries (M) 
(fteche). Des goutteleltes lipidiques (Ll et des granules osmio
philes (g) sont alignes it la peripherie de la cellule, x \3.600. 

8 	 One portion de cytoplasme montrant Ie reticulum endoplas
mique granulaire (re), des appareils de Goigi (G), des corps 
denses ou microbodies (m), des mitochondries (M) et des ves
icules avec contenu granulaire (Vg). x 13,600. 

9 One portion d'un lobe cytoplasmique montrant de nombreux 
microtubules (mil groupes en faisceaux, des vacuoles nutri
tives (Vn) et des gouttelettes lipidiques (U. xI3,600. 

10 A fort grossissement, des microtubules (mil groupes en fais
ceaux diversement orientes (fleche). x 32,000. 

II La coupe passe par un pseudopode (pse) situe a I'exterieur du 
revetement microfibrillaire (RfJ. x32,OOO. 

12 One portion du cytoplasme avec une frustule (fr) de Diatomee 
(D) et un trichocyste (Tl. x \3.600, 

PLATE II 
7 	 The section cuts through the cytoplasm (C) and the microfi buIes (miJ grouped in bundles, food vacuoles (Vn) and the lip

brillar coat (Rf) of Hemi.lphaerammina. The close relation be idic droplets (Ll. xI3,600. 
tween mitochondria (M) and multivesicular bodies (em) is vis 10 A high magnification of microtubules (mi) grouped in diversely 
ible (arrow) as well as the lipidic droplets (L) and osmiophilic orientated bundles (arrows). x 32,000. 

granules (g) along the periphery of the cell. xl3,600. 
 II A pseudopodium (pse) near the outside of the microfibrillar coat 

8 A portion of the cytoplasm showing endoplasmic reticulum (RfJ. x 32,000. 
(re), Goigi apparatus (G)' microbodies (m), mitochondria (M) 

12 A portion of cytoplasm with a frustule (fr) of Diatom (0) and 
and vesicles with a granular content (Vg). x 13,600. a trichocyst (Tl. x13,600, 

9 A portion of a branch of an adult cell showing many microtu

219 



LEeALVEZ AND eESANA 

existent a Banyuls-sur-Mer. H. bradyi y est toutefois 
plus abondante et sa repartition bathymetrique plus 
grande; on la trouve entre 5 et 20 metres de profondeur 
alors que H. crassa est restreinte a une zone com
prise entre 0,50 et metres. 

ULTRASTRUCTURE 

J. Le Calvez Ie premier decrivit la morphologie du 
test ainsi que la structure cytoplasmique et nucJeaire 
de Hemisphaerammintl bradyi Loeblich et Tappan 
sous Ie nom de Webbinella hemisplzerica (J.P.B.). 

Nous avons repris en microscopie electronique 
!'etude de cette espece dont Ie cycle biologique est 
encore mal connu. 

METHODES EMPLOYEES 

Les tests desseches ont ete observes et photogra
phies au microscope electronique a balayage (type 
CAMEBAX, CAMECA) apres metallisation par va
porisation d'or pur. 

Pour les observations au microscope electronique 
a transmission, les Hemisphaerammina ont ete fixees 
au glutaraldehyde a 2,5% dans un tampon phosphate 
0,4 M une heure a temperature ambiante, puis post
fixees 	a I'acide osmique a 2% dans Ie meme tampon 

une heure ao°c. Les cellules debarassees de leur test 
ont ete incluses dans I'Epon. Les coupes ultrafines 
effectuees au microtome Richert OMU 2 ont He con
trastees aI'acetate d'uranyle aqueux puis au citrate de 
plomb. Elles ont ete observees et photographiees au 
microscope electronique Philips EM 300 du "Labor
atoire de microscopie electronique appliquee ala Biol
ogie, C.N .R.S." 

MORPHOLOGIE DU TEST 

Nous avons deja decrit I'aspect exterieur du test et 
sa conformation dans la partie de ce travail consacre 
a la systematique. 

Le microscope electronique a balayage confirme la 
structure arenacee du test. Les differents elements qui 
Ie composent sont agglomeres par un ciment calcaire. 
Les deux faces montrent une texture tres differente. 

La face superieure, bomMe, est constituee de ma
teriaux assez grossiers. Les grains de quartz, de cal
caire, les spicules d'Eponge et les tres nombreuses 
frustules de Diatomees sont reunis par un ciment peu 
abondant donnant acette face un aspect lache et gros
sier (PI. 1, Fig. 4). 

La face de fixation est composee de materiaux beau
coup plus fins, uniquement d'origine sedimentaire. lis 

PLANCHE III 

13, 14 Les deux sections traversent Ie noyau (N). L'enveloppe 15 

nucleaire (en) a un coutour irregulier et dessine des sillons 
qui s'enfoncent plus ou moins profondement dans Ie noyau 16 
(Heche). Elle est exterieurement recouverte d'une fine 
couche de cytoplasme (e). Un reseau de larges citernes (ci) 
separe Ie noyau du cytoplasme (e). La membrane interne 
de I'enveloppe nucleaire est tapissee d'une lame de materiel 
microfibrillaire (If) qui par place s' organise en un reseau 
alveolaire (Heches). Dans Ie nucleoplasme (np), on observe 
de nombreux nucleoles (n) de forme irreguliere. Figure 13, 

17 

xl 1,200: Figure 14, x20,000. 

PLATE III 
)3, 14 	 Two sections through the nucleus (N). The nuclear enve 16 

lope (en) shows an irregular outline with invaginations (ar
rows). It is covered externally with a fine cytoplasmic layer 
(e) and a network of large cisternae (ci). The inner mem
brane of the nuclear envelope is lined with a fibrous lamina 
(If). In the nucleoplasm (np). the irregularly shaped com
pact nucleoli (n) are present. Figure 13, xl 1,200: Figure 14, 17 
x20,000. 

15 A Diatom (D) surrounded by the characteristic frustule (fr). 
x 14,000. 

Une Diatomee (D) entouree par une frustule caracteristique 
(fr). x 14,000. 

La section coupe tangentiellement Ie noyau (N) montre 
dans les Figures \3, 14. A certaines places et contre 
I'enveloppe nucleaire, la lame fibreuse (If) s'organise en 
une mince couche alveolaire (al) (fleche). Le reseau de 
larges citernes (ci) separe Ie noyau (N) du cytoplasme (e). 
x 20,000. 

Une Zooxanthelle dans I'endoplasme. ElIe possede des 
chloroplastes (CI). un noyau avec lin nucleole central (n) et 
des chromosomes caracteristiques (Chr). x 14,000. 

A tangential section through the same nucleus (N) as the 
one shown in Figures 13 and 14. In certain areas in contact 
with the inner nuclear membrane, the organization into an 
alveolar layer (al) of the fibrous lamina (If) is clearly visible \ 
(arrows). A network of large disternae Ici) is between the 
nucleus (N) and the cytoplasm (C). x 20,000. 

A Zooxanthel in the endoplasm. It possesses chloroplasts 
(Cl) and a nucleus with a central nucleolus (n) and the char
acteristic chromosomes (ehr). x 14,000. 
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sont completement noyes dans une grande quantite de 
ciment, De ce fait, cette partie du test apparait beau
coup plus fine et reguliere (PI. I, Fig. 6). 

CYTOPLASME 

Comme chez la plupart des Foraminiferes, Ie cyto
plasme se compose d'un endoplasme et d'un ecto
plasme. 

L'endoplasme, de couleur jaune vif a orange, oc
cupe toute la loge du test et constitue un dome borde 
de lobes rayonnants, etroits et irreguliers, II epouse 
parfaitement les contours du test. Sa face plane, en 
contact direct avec Ie support, comporte une petite 
ouverture centrale circulaire (PI. I, Fig. 2), Cette der
niere, vue en section polaire, se presente sous la forme 
d'un cylindre de faible profondeur. Elle est chez Ie 
Protiste vivant Ie point de depart des pseudopodes, et 
Ie passage de rendoplasme al'ectoplasme se fait ason 
niveau. L'endoplasme est dense, sauf dans la region 
centrale de la cellule et dans les environs immediats 
de I'ouverture ou il tend ase vacuoliser. 

L'ectoplasme est generalement enleve avec Ie test 
au cours de la preparation du materiel. Toutefois nous 
avons pu abtenir quelques electromicrographies de 
pseudopodes (PI. II, Fig. 11) dans lesquels l'ectoplasme 
apparait pauvre en organites, 

Le plasmalemme de l'endoplasme est recouvert sur 
toute la surface de la cellule d'un revetement sur le
que] d'ailleurs s'appuie Ie test. Ce revetement de 
structure homogene dans les cellules observees au 
microscope photonique parait au microscope eJectro
nique constitue de deux couches. 

La couche interne, de 2,5 /-tm d'epaisseur en 
moyenne, est forme de microfilaments si tenus et si 
serres que cette couche semble constituee par un ma
teriel compact et homogene, 

La couche externe, plus mince (I /-tm), de texture 
lache, filamenteuse, est bordee de flocons denses aux 
electrons (PI. II, Fig. 7). 

L'endoplasme homogene comprend un reticulum 
endoplasmique granulaire bien developpe aproximite 
duquel se trouvent de nombreux corps denses ana
logues ades "microbodies," une multitude de petites 
mitochondries et d'abondants dictyosomes de struc
ture classique (PI. II, Fig. 8). 

L' endoplasme renferme egalement un grand nombre 
de vacuoles nutritives et de vesicules. Tantot les ve
sicules possedent un contenu finement granuleux qui 
s'accompagne parfois d'un nodule compact dense aux 
electrons (PI. II, Figs. 7, 8), tantot elles comprennent 
un materiel faiblement osmiophile d'aspect spumeux 
auquel s'adjoignent de minuscules ampoules plus con
trastees. 

Des formations analogues a des corps multivesicu
laires sont egalement tres abondantes et un grand 
nombre d'entre eUes sont frequemment en contact ou 
au voisinage immediat des mitochondries (PI. II, Fig. 
7), 

Des granules de materiel tres osmiophile et des 
gouttelettes lipidiques se repartissent dans tout Ie vo
lume ceUulaire. Plusieurs d'entre eux se disposent Ie 
long du plasmalemme et forment une barriere continue 
en bordure de la cellule (PI. II, Figs. 7, 9). 

Les lobes endoplasmiques qui rayonnent entre les 
septas a partir du disque cellulaire central contiennent 
de nombreux et courts microtubules reunis en fais
ceaux diversement orientes (PI. II, Figs. 9, 10). 

Par ailleurs, des elements analogues a des tricho
cystes s· observent vers la peripherie de la cellule (Pl. 
II, Fig. 12). Des Algues du genre Diatomee et du genre 
Zooxanthelle se reconnaissent aisement dans 
l'endoplasme (PI. III, Figs. 15, 17), 

LE NOYAU 

Place a l'extremite d'un lobe protoplasmique, Ie 
noyau, de taille gigantesque, se presente sous la forme 
d'une vesicule quelquefois fortement aplatie d'environ 
60 a 80 /-tm de diametre moyen. 

L'enveloppe nucleaire, tres mince, est percee de 
pores nombreux, rapproches et regulierement es
paces. Elle est recouverte par une mince couche de 
cytoplasme d'environ, O,l/-tm d'epaisseur, separee du 
reste de la cellule par un reseau de larges citernes et 
canaux (PI. III, Figs. 13, 14, 16), 

Par ailleurs, l'enveloppe nucleaire montre un con
tour irregulier et dessine des sillons qui penetrent plus 
ou moins profondement dans Ie noyau (PI. III, Figs. 
13, 16). 

La membrane interne de I'enveloppe nucleaire est 
bordee d'une epaisse couche de materiel fibrillaire. 
Cette couche, de 2,5 a 3 /-tm d'epaisseur, n'offre au
cune organisation particuliere. Toutefois, contre la 
membrane et par endroit, Ie materiel microfibrillaire 
s'ordonne en un mince reseau alveolaire (PI. III, Figs. 
13, 14, 16). 

Le noyau contient un nombre important de nu
cleoles groupes asa peripherie. Ces nucleoles sont de 
forme irreguliere et de structure compacte (PI. III, 
Figs. 13, 14). 

DISCUSSION ET CONCLUSION 

Cette etude montre que les genres Daitrona et 
Hemisphaerammina sont analogues et doivent etre 
mis en synonymie. 

Le microscope eJectronique a balayage revele que 
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chez cet organisme primitif, en ce qui concerne 
l'organisation du test, il existe malgre tout une differen
ciation entre la face superieure et la face de fixation. 
Cette differenciation provient d'une selection dans Ie 
choix des materiaux de construction du test, selection 
qui se fait vraisemblablement au niveau de 
I'ectoplasme. 

L'etude au microscope electronique de I'endoplasme 
d'Hemisphaerammina permet de constater que celui
ci possede des caracteres particuliers. Ce sont d'une 
part ralignement des gouttelettes lipidiques et des 
granules de materiel osmiophile a la peripherie de la 
cellule, Ie long du plasmalemme, et d'autre part la 
presence de nombreux et courts faisceaux de micro
tubules disposes les uns a cote des autres avec des 
orientations differentes. L'existence de faisceaux mi
crotubulaires a ete montree chez d'autres Foramini
feres (Hedley et coli., 1967: Marszalek, 1969: Febvre
Chevalier, 1971: Leutenegger, 1977) mais generale
ment, ces faisceaux sont orientes dans Ie sens 
d'ecoulement de I'endoplasme (par exemple entre 
deux loges), ou du deplacement des pseudopodes. lis 
sont alors repartis parallelement les uns par rapport 
aux autres et nan dans des directions opposees comme 
chez Hemisphaerammina. 

Par ail1eurs, r apparente relation entre les mitochon
dries et des formations analogues a des corps multi
vesiculaires constitue un fait singulier que nous avons 
d'ailleurs observe chez un autre Foraminifere; Iridia 
lucida (Cesana, travail non publie). 

Enfin. Ie revetement qui recouvre exterieurement Ie 
plasmalemme d' Hemisphaerammina hradyi serait an
alogue a la couverture organique rencontree chez la 
plupart des Foraminiferes agglutines et appelee "ba
sale chitinoi'de" par Lacroix (1931) et J. Le Calvez 
(1938). "chitinous inner lining" par Christiansen 
(l958),ou "chitinous lining" par Hedley (1962). 

L'ultrastructure du noyau montre que l'enve!oppe 
nucleaire est bordee interieurement par une couche de 
materiel fibrillaire. Cette organisation n'est pas excep
tionnelle. Elle a ete trouvee chez de nombreux Fora
miniferes ayant fait l'objet d'une etude au microscope 
electronique (voir les travaux de Dahlgren, 1 967a, b: 
Febvre-Chevalier, 1971: Cesana, 1975: Leutenegger, 
1977). Cependant, l'absence d'une structure reguliere 
dans toute r epaisseur de la lame fibreuse intranu
c1eaire distingue Ie noyau d'Hemisplwerammin(l de 
ceux des autres Foraminiferes chez lesquels la struc
ture alveolaire s'etend a I'ensemble de la couche fi
brillaire. 

Les gros noyaux de plusieurs Foraminiferes sont 
separes de I'endoplasme par une couronne de larges 
vesicules: elle a ete signalee par plusieurs auteurs 

(Schwab, 1969; Leutenegger, 1977). Toutefois, chez 
Hemisphaerammina, c'est un reseau de citernes et de 
canaux qui entoure Ie noyau et une organisation simi
laire ne semble avoir ete observee que par Dahlgren 
(l976a) chez Ovamina. 

Si cette etude a permis de mettre en evidence que 
Ie test d'Hemisphaerammina possede une organisa
tion simple, voire primitive, il n'en est rien de 
I'endoplasme ni du noyau. Ceux-ci montrent une 
structure aussi complexe que celie observee chez des 
Foraminiferes a test calcaire evolue et plusieurs de 
leurs formations dont nous avons signale [a singularite 
posent des problemes tant fonctionne[s que biolo
giques. 
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LYCHNOCANOMA BANDYCA N.SP., A NEW, 

STRATIGRAPHICALLY IMPORTANT, 


LATE EOCENE RADIOLARIAN 


C. Y. MATO AND F. THEYER 
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ABSTRACT 

Lychnocanoma handyca n.sp., a radiolarian found species is distinguished from other species of Lych
in upper Eocene sediments of two deep-sea cores col nocanoma by the circular pores, encased within hex
lected in the central equatorial Pacific, is an excellent agonal frames, that ornament its campanulate thorax, 
index of the lower two-thirds of the Thyrsocyrtis and by its three prominent cylindrical to conical feet. 
bromia Zone of the tropical radiolarian zonation. This 

INTRODUCTION 

Research seeking to extend the Tertiary paleomag
netic time-scale by means of chronologically overlap
ping Tertiary piston cores (Theyer and Hammond, 
1974a, b), requires precise biostratigraphic control to 
establish the chronology of the magnetic polarity se
quence in the cores. Because the piston cores em
ployed in these studies originate from the deep central 
equatorial Pacific, they are essentially carbonate free, 
and the only abundant microfossils represented in the 
sediments are radiolarians. Thus, to enhance the pre
cision of this biostratigraphic-paleomagnetic work, a 
search is being made for radiolarians of short strati
graphic ranges. 

One such radiolarian, undescribed as yet, was found 
in upper Eocene sections of two Hawaii Institute of 
Geophysics (RIG) piston cores (Fig. 1). This species 
is restricted to the lower two-thirds of the Thyrsocyrtis 
bromia Zone of the tropical radiolarian zonation (Rie
del and Sanfilippo, 1971). The first appearance of this 
form seems to occur in core M70-39 at 1,980 em (Fig. 
2), between the extinction horizons of Calocyclas his
pida and Artophormis dominasinensis. Its extinction 
apparently takes placf"'~'n core S68-24 at 2,040 em, be
tween the extinction levels of Eusyringium jistuliger

um and Calocyclas turris. The first appearance and 
the extinction consequently define a relatively short 
stratigraphic range for this species which, combined 
with its striking morphology and general abundance, 
makes it a useful biostratigraphic index. 

SYSTEMATICS 

Subclass RADIOLARIA Miiller, 1858 

Order NASSELLARIA Ehrenberg, 1875 

Family THEOPERIDAE Haeckel, 1881, 


emend. Riedel, 1967 

Genus L YCHNOCANOMA Haeckel, 1887 


Lychnocanoma bandyca n.sp. 

Plate 1, Figures 1-6 


Lychnocanoma sp., RIEDEL and SANFILIPPO, 1977, p. 889, pI. 10, 
fig. 8, 

Description of the species. Cephalis subhemispher
ical with a few, randomly arranged, small, irregular 
pores; apical spine lacking. Thorax campanulate with 
relatively large, longitudinally arranged. circular 
pores, eml;ledded in longitudinally arranged hexagonal 
frames. Irregular, laminar lattice extends from distal 
thorax on well-preserved specimens. Very fine, ran
domly arranged distal pores. Three sturdy, prominent, 
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Locations of piston cores S1>8-24 and M70~39, and bathymetry of the central basin of the equatorial Pacific. Isobath, arc at 1,000 m interval,. 
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/.1'c/IlIOCii//ill//(/ hUlld.l'C1I n. 'I'. Holotype. Core S68-24, 2,143 
em, complete specimen view, 200x. Stored at Hawaii Insti
tute of Geophysics microfossil collection under HIG-MC 
number 001. 

2-6 	 LyciIllOC/IIIIJI/lII hUI/{/yclI n."p. Paratypes. 2. Core S68-24, 
2,143 cm, complete specimen view, 200/. 3-6. Core M70
W, 1,885 cm: 3A. 5A. 6. Complete specimen views, 216x, 

10· 
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o· 
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.. ~L 

170· 	 160· viI50· 20• 
FIGURE I 

3B (cephalis). 3C, 3D (distal thorax and proximal feet views), 
enlargements of 3A. 1.350x. 4. Apical view of complete 
specimen, 216x, 5B. Cephalis. enlargement of 5A, 1 ,350x. 
Numbers I, 2. Transmitting-light-microscope photographs. 
Numbers 3-1>. Scanning-electron-microscope photographs. 
Paratype, stored at Hawaii Institute of Geophysics micro
fossil collection under HIG-MC numbers 002-006. 
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thorax, 120-140 ttm (based on 15 specimens from HIG 
core M70-39, 1,880 cm). 

2

Type locality. Holotype and 18 paratypes from 
1,880-1,885 cm within HIG core M70-39, cotlected at 

0 27'S, 173°20'W, at a depth of 5,449 m; and from 
2,143 cm within HIG core S68-24, collected at 20 03'S, 
178°45'E, at 5,291 m (central basin of the equatorial 
Pacific; Fig. 1). 

Type level. Upper Eocene. 
Remarks. This species can be distinguished from 

other species of Lychnocanoma by its distinctive tho
rax, ornamented by circular pores that are embedded 
in longitudinally arranged hexagonal frames, and by 
its three prominent cylindrical to conical feet. 
Another, apparently undescribed Lychnocanoma sp., 
cited in a Deep Sea Drilling Project (DSDP) report 
(Ling, 1973, PI. 2, Figs. 10-11) has a longer strati
graphic range (part of which extends throughout the 
Eocene) and is distinguished from Lychnocanoma 
bandyca n.sp. by its long conical, apical horn and its 
three, bladed feet. Lychnocanoma grande (Kling, 
1973; PI. 10, Figs. 10-14), which is also similar to 
Lychnocanoma bandyca n.sp., lacks hexagonal 
frames around the pores of the thorax and has bladed 
feet. 

Within the species' stratigraphic range, the later 
forms tend to have shorter, and slightly outward-flared 
feet. Lychnocanoma bandyca n.sp. has been previ
ously illustrated by Riedel and Sanfilippo (1977; PI. 10, 
Fig. 8). A. Sanfilippo (pers. comm., 1973), in agree
ment with our data, also found L. bandyca n.sp. to 
range in the lower two-thirds of the Thyrsocyrtis 
bromia Zone. It also occurs in upper Eocene sedi
ments of the Gulf of Mexico, where Foreman (pers. 
comm., 1974) reports that some specimens from Site 
94 (cores 9-15, 9-16) of DSDP Leg 10 have an apical 
horn or apical thorns. 

On the basis of correlations in Site 94 of DSDP Leg 
10, it appears that the range of L. bandyca n.sp. spans 
the late Eocene Globigerapsis semiinvoluta plankton
ic foraminiferal Zone, as interpreted by McNeely 
(1973). 

The species is named after the late Professor Orville 
L. Bandy to honor his numerous contributions to bio
stratigraphy. 
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FIGURE 2 

Stratigraphic range of Lychnocanoma bandyca n.sp., composed 
from cores S68-24 and M70-39. Question marks reflect possible in
terval of non-overlap of sediments. Solid triangle indicates bottom 
of piston core. Arrows mark the continuous range of Thyrsocyrtis 
triacantha, 1'. hromia, and T. lefracanlha beyond the depicted sam
pling interval in core S68-24. Black dots show abundant occurrences 
of specimens, white circles indicate rare occurrences. 

cylindrical to conical, straight to slightly curved feet 

extend from thorax. 


Measurements. Overall length, 310-470 ttm; of 

cephalis, 20-30 ttm, of thorax, 100-120 ttm, of feet, 
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PLANKTON BIOSTRATIGRAPHY OF THE REFUGIAN AND 
ADJOINING STAGES OF THE PACIFIC COAST TERTIARY 

A. D. WARREN 1 AND J. H. NEWELL2 

ABSTRACT 

Nannoplankton and planktonic foraminiferal data are also considered in order to delimit the extent of 
are presented in order to demonstrate that the Refu the Refugian Stage with respect to plankton zonations. 
gian Stage of the Pacific Coast Tertiary may be equat The Refugian Stage is considered to be correlative to 
ed with the Discoaster barbadiensis Zone, Isthmoli all or parts of the Jacksonian Stage of the Atlantic and 
thus recurvus Subzone, and with the P.16 and P.17 Gulf Coastal Province, the Priabonian Stage of Eu
foraminiferal zones. Data derived from sediments as rope, and the Kaiatan and Runangan Stages of New 
signed to the adjacent Narizian and Zemorrian Stages Zealand. 

INTRODUCTION 

The Refugian Stage was proposed and formalized 
by Schenck and Kleinpell (1936) with the Gaviota and 
lowermost Sespe (now considered Alegria) Forma
tions in Canada de Santa Anita, Santa Barbara Coun
ty, California, designated as the stratotype; definition 
of the stage was based on mollusks and benthonic for
aminifers and it was originally considered to be prob
ably equivalent in age to part of the late Eocene or 
early Oligocene of Europe. Mallory (1959) and Klein
pell (1938) proposed and defined, respectively, the 
subjacent Narizian and superjacent Zemorrian Stages 
in California. Kleinpell and Weaver (1963) placed the 
Refugian Stage in the Oligocene sensu lato of the Santa 
Barbara Embayment, but they also indicated (1963, 
Fig. 2) the lower Refugian to be Eocene and the upper 
Refugian to be Oligocene in age. Weaver and Frantz 
(1967) presented evidence from which they concluded 
that the entire Alegria Formation, rather than only the 
lowermost part in the Refugian type area, is of late 
Refugian Age. Tipton, Kleinpell, and Weaver (1973) 

1 Anderson. Warren & Associates. Inc .. San Diego. California. 
2 Superior Oil Company. Geoscience Laboratory. Houston. 

Texas. 

discussed further the faunal definition of the Refugian 
Stage and Tipton (this volume) has now formally pro
posed and documented a threefold zonation based 
largely on benthonic Foraminifera for that unit in part 
from data on the Arroyo el Bulito continuum in the 
type area of the stage. Many others have contributed 
importantly to the literature on the Refugian Stage, 
but in the interests of brevity, only those pertinent to 
the present study are cited in the bibliography. 

The purpose of this report is to demonstrate the 
relationship of the calcareous microplankton disci
plines, which have developed in large part over the 
past three decades, to the Refugian and adjacent 
stages of the Pacific Coast Tertiary. The vertical dis
tribution of calcareous nannoplankton and planktonic 
Foraminifera within the Refugian and adjoining stages 
as manifested in several areas will be examined and 
discussed. Both nannofossils and planktonic foramin
ifers are scarce and of spasmodic occurrence in strata 
of Refugian Age. Nevertheless, both groups are pres
ent in most exposures and serve as perhaps the only 
means of correlating the Refugian directly with the 
stages of the Atlantic and Gulf Coastal Province, Eu
rope, New Zealand, and other areas. It will be obvious 
that there are discrepancies between traditional Pacific 

233 



WARREN AND NEWELL 

Coast provincial age assignments and those currently 
favored by most specialists studying planktonic mi
crofossils. All age assignments herein based on cal
careous microplankton will reflect the opinions as ex
pressed by most plankton investigators unless 
otherwise indicated. All new data on the relationships 
of nannofossil and planktonic foraminiferal zones to 
the stages of the Pacific Coast Tertiary will be referred 
to in the text in terms of the calcareous nannoplankton 
zonation of Bukry (1973, 1975) and in terms of the 
planktonic foraminiferal letter/number zones proposed 
by Blow (1969). Both Martini (1971) and Berggren 
(1972) have attempted to correlate the nannoplankton 
zones of the former author to the planktonic forami
niferal letter/number zones of Blow (1969). By and 
large, their correlations have been confirmed by inte
gration of data in both disciplines from reports of the 
Deep Sea Drilling Project, although there still remain 
some conflicts. During the following discussion, it will 
be necessary to equate nannoplankton zones to plank
tonic foraminiferal zones and vice versa; these cor
relations are based on both the opinions of Martini 
(1971) and Berggren (1972), but also, to some degree, 
on the personal observations of the present writers. 
Exact integration of nannoplankton, planktonic fora
miniferal, and benthonic foraminiferal zonations is far 
from being perfected, so the reader is cautioned that 
all interdisciplinary correlations to follow should be 
taken in a general sense. For example, in Figure 5, 
planktonic foraminiferal Zones P.10 through P.15 are 
correlated with nannoplankton Zones NP 15 through 
NP 18, which is an essentially valid equation. How
ever, no exact correlation of planktonic foraminiferal 
zone to nannoplankton zone is intended, rather the 
equations of P Zones to NP Zones are to be taken in 
a general and approximate sense until such time as 
more data are available to provide more refined cor
relations. 

NANNOPLANKTON BIOSTRATIGRAPHY, 

REFUGJAN AND ADJACENT STAGES 


PREVIOUSL Y PUBLISHED DATA A~D OPINIO!'\S 

Bramlette and Sullivan (1961) described a nanno
flora from the Canoas Member, basal Kreyenhagen 
Formation of Garza Canyon, Kings County, Califor
nia, which may be assigned with certainty to the Nan
notetrina quadrata Zone of Bukry (1973); this flora 
was noted in two samples approximately 10 m and 16 
m above the base of the Canoas. A third sample 1.2 
m above the base of the Canoas may be assigned ten
tatively to the Discoaster sublodoensis Zone, Rhab

dosphaera inflata Subzone of Bukry (1973). Original
ly, Mallory (1959, p. 51) did not consider the 
foraminiferal fauna from the basal Canoas at this lo
cality sufficiently diagnostic to determine whether it 
should be placed definitely within the Ulatisian Stage; 
subsequently, Mallory, in personal communication 
with Sullivan (1965, p. 23), indicated that the basal 
part of the Canoas at Garza Canyon could just as well 
be Narizian in age. However, the senior author inter
prets the upper 25 m of the 34 m thick Canoas Member 
at Garza Canyon to be definitely Narizian in age based 
on absence of Ulatisian index Foraminifera and pres
ence of 40 foraminiferal species reported by Cushman 
and Siegfus (1942, checklist) and 61 foraminiferal 
species reported by Mallory (1959, Table 12) all of 
which species are now known to be typical and diag
nostic of the earliest Narizian Stage. The lowermost 
2 m of the Canoas Member at Garza Canyon are U1a
tis ian in age based on the presence of Ulatisian index 
foraminifers noted by the senior author in two samples 
from the basal Canoas Member 0.33 m and 1.2 m 
above the Avenal Formation at that locality; both of 
these samples contained rare to few specimens of Glo
borotalia aragonensis tlvisselmanni, Nodosaria late
jllgata, and Uvigerina lodoensis miriamae all of which 
are typical of the Ulatisian Stage while the first and 
last named species do not occur above the Ulatisian 
Stage. The Canoas Member at Oil City, Oil Canyon, 
Little Tar Canyon, and Coal Mine Canyon localities 
contains sediments U1atisian in age based on forami
niferal occurrences reported by Cushman and Siegfus 
(1942, checklist) and by Mallory (1959, Tables 7, 8, 
and 18). At any rate, the two samples of Bramlette 
and Sullivan (1961) from the Canoas Member at Garza 
Canyon here assigned to the Nannotetrina quadrata 
Zone are earliest Narizian in age. 

Sullivan (1965) identified species typical of his 
"Faunizone IV" (equivalent to the Nanflotetrina 
quadrata Zone of Bukry, 1973) from the early Narizian 
portions of the "Vacaville shale" in Solano County, 
Alhambra Formation in Contra Costa County, upper 
Los Muertos Creek Formation in San Benito County, 
the middle "Tejon" Formation in Kern County, and 
lower Cozy Dell Formation in Santa Barbara County, 
California. 

Lipps (1967b) listed 6 species of long-ranging nan
nofossils from the Zemorrian Stage of California but 
did not specifically indicate the locality from which 
they were obtained. From comments elsewhere in his 
text, it would appear that these species are from late 
Zemorrian strata at Los Sauces Creek, Ventura Coun
ty, California, which he correlated with the Globoro
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talia opima opima planktonic foraminiferal zone of 
Bolli (1957a). The G. opima opima Zone is equivalent 
to the greater part of Zone P.21 (N.2) of Blow (1969) 
which is middle to late Oligocene in age. 

Lipps (1968) listed 10 species of nannofossils and 
mentioned one more in the text as being present in 
rocks from the Zemon'ian Stage in Los Sauces Creek, 
Ventura County, California. He suggested that the 
species noted support ':'')rrelation with the Glohoro
talia opima opima and Glohi!(erina ciperoellsis cip
eroensis Zones of Trinidad: these two planktonic fo
raminiferal zones are equivalent to the greater parts 
of Zones P.21 (N .2) and P.22 (N .3) of Blow ( 1969) and 
are middle to latest Oligocene in age. 

Nannoplankton data developed from the Refugian 
of the Church Creek Formation, near Monterey, Cal
ifornia, were published by Brabb, Bukry, and Pierce 
(1971) who concluded that the Stage is late Eocene in 
age and correlative to the Discoaster harhadiellsis 
Zone although no data were presented from the delim
iting and adjoining stages. 

Lipps and Kalisky (1972) reported that a sample 
from the Refugian portion of the Gaviota Formation 
in Arroyo el Bulito, Santa Barbara County, California, 
contained nannofossils indicative of the late Eocene 
NP 19 and NP 20 nannoplankton zones of Martini 
(1971); these two zones are equivalent to the Disc()(ls
fer barhadiensis Zone, Isthmolithlls rCClIrl'llS Subzone 
of Bukry (1975). They also listed 7 nannofossil species 
from the late Zemorrian of Los Sauces Creek, all of 
which were previously listed by Lipps (1968); Lipps 
and Kalisky considered some of these 7 species as 
suggestive of middle and upper Oligocene NP 24 and 
NP 25 nannoplankton zones of Martini (1971) which 
are equated here with the Spliellolithlls ciperoel1.1'is 
Zone of Bukry (1973). 

McKeel and Lipps (1972) reported the presence of 
Isthmolithlls rccurl'lls and 4 other long-ranging species 
of nannofossils from the Refugian portion of the Alsea 
Formation of Oregon; they suggested correlation of 
this association with an uppermost Eocene nannoflora 
described by Stradner (1969). 

Worsley and Crecelius (1972) reported on 60 nan
nofossil species in 23 samples from the Olympic Pen
insula of Washington from the Crescent, Boundary, 
Lyre, and Twin River Formations and from an un
named sequence at Scow Bay, northeast Olympic Pen
insula. It would appear that they assigned the Ulatisian 
Stage to the NP 14 and NP 15 nannoplankton zones 
and considered that stage to be middle Eocene in age. 
The Narizian Stage was assigned to the NP 16 nan
noplankton zone and was shown to be late Eocene in 

age, while the Refugian Stage was charted as Oligo
cene in age and shown to contain nannofossil associ
ations that those authors interpret as indicating the NP 
21 and NP 23 nannoplankton zones. Most of the above 
interpretations are in serious conflict with data devel
oped from the Narizian, Refugian, and Zemorrian 
Stages of California and Oregon to be discussed in 
paragraphs to follow. However, as Worsley and Cre
celius do not present any documentation of the inter
disciplinary controls utilized nor precise stratigraphic 
allocations, it is impossible to evaluate their opinions 
from a biostratigraphic point of view. 

Warren and Newell (1976) presented preliminary 
nannoplankton data from the Sacate and Gaviota For
mations of Arroyo el Bulito, Santa Barbara County, 
California, to support their conclusion that the Refu
gian Stage in California is late Eocene in age and 
equivalent to all or parts of the Jacksonian Stage of 
the Atlantic and Gulf Coastal Province, the Priaboni
an/Bartonian Stages of Europe, and the Kaiatan and 
Runangan Stages of New Zealand. Subsequently, 
Cavelier and Pomerol (1976). and Hardenbol and 
Berggren (1978), reported the Bartonian Stage to be 
middle Eocene in age. Thus. the Refugian Stage is not 
equivalent to the Bartonian Stage of Europe as was 
once believed. 

Bukry, Brabb and Vedder (1977) reported on nan
noplankton associations from strata of the Narizian 
and Zemorrian as well as other stages in California; 
they demonstrated that the Nanllotetrina (jlladrata 
and Reticulofcnestra IImhilic(/ Zones are present in 
the Narizian Stage and suggested that the Sp/tcl1o/i
thus predistenw.I' to Sphenolithus ciperoensi.l' Zones 
may be present in the Zemorrian Stage. 

Warren and Newell (1977) presented preliminary fo
raminiferal and nannoplankton daY. to support their 
conclusion that the middle and upper Bastendorff For
mation of southwest Oregon are late Eocene in age. 

NEW DATA, ARROYO EL BULITO CONTINUUM 

(FIG. I) 

Tipton (this volume) has documented the Narizian 
and Refugian Age of the upper Sacate and Gaviota 
Formations in Arroyo el Bulito within the type area 
of the Refugian Stage. Working with sample material 
furnished by Tipton, the authors assign a portion of 
the late Narizian within the upper Sacate Formation 
at this location to the Reticlllofellestra IImhilica Zone, 
Dis('()aster hij'ax Subzone. The iJi.lco(lster .wipallen
sis Subzone was not noted in samples available for 
study from this section. The latest Narizian within the 
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FIGURE I 


Stratigraphic distribution of nannoplankton species observed in the 

upper Sac ate and Gaviota Formations of Arroyo el Bulito, Santa 

Barbara County, California. University of California, Santa Barbara 

locality numbers 606 through 664 are documented in Donnelly ( 1976, 

p. 29-31, and 289-290). 

upper Sacate Formation is assigned to the Discoaster 
barbadiensis Zone, Chiasmolithus oamaruensis Sub
zone. The microfossiliferous portion of the Refugian 
Stage as manifested in the uppermost Sacate and en
tire Gaviota Formations is assigned to the Discoaster 
barbadiensis Zone, lsthmolithus reClirvus Subzone. 
That part of the Refugian Stage which may lie within 
the Alegria Formation is devoid of nannofossils and 

SUBSERI ($ 

Stages dnrl 

Iktil'lO dnd San LorerltO 

CuntlrlJLm dfter 

$ul\ivi!>t (1962) 

FIGURE 2 


Stratigraphic distribution of nannoplankton species observed in the 

Butano and type San Lorenzo Formations, Santa Cruz County, 

California. University of California, Berkeley, Museum of Paleon

tology locality numbers B-2228 through B-2271 are documented in 

Sullivan (1962, Figs. 3,4, p. 288-}93). 


is, therefore, not definitely assigned to any nanno
plankton zone based on data from this exposure, 

NEW DATA, SAN LORENZO CONTINUUM 

(FIG, 2) 

Small splits from 39 of the original 50 samples used 
by Sullivan (1962) for his study of the Butano and type 
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San Lorenzo Formations in Santa Cruz County, Cal
ifornia, were made available to the authors by the late 
Gordon Hornaday of the Museum of Paleontology, 
University of California, Berkeley. Of these 39 sam
ples, 12 were found to contain sufficient frequency and 
diversity of nannofossils to pe"'llit assignment to the 
nannoplankton zones and subzones of Bukry (1973, 
1975). Two of the lower samples, one from the Butano 
and one from the lowermost San Lorenzo, are as
signed to the Reticulofenestra umbilica Zone, Dis
coaster bifax Subzone; these samples are placed in the 
Narizian Stage by Sullivan (1962). The succeeding 3 
higher samples from the San Lorenzo Formation con
taining diverse nannofossil associations are assigned 
to the Reticulofenestra umbilica Zone, Discoaster 
saipanensis Subzone; these samples are also placed in 
the Narizian Stage by Sullivan (1962). The next two 
nannofossiliferous samples above are assigned to the 
Discoaster barhadiensis Zone, Chiasmolithus oama
ruensis Subzone; Sullivan (1962) places these samples 
from the San Lorenzo Formation in the latest Narizian 
Stage. Four samples from the earliest Zemorrian por
tion of the San Lorenzo Formation can be no younger 
than the Helicopontosphaera reticulata Zone, Cyclo
coccolithina formosa Subzone and the lowest of these 
samples may belong to the older Coccolithus suhdis
tichus Subzone by virtue of the presence of Spheno
lithus trihulosus which was described originally from 
the basal Oligocene of the Gulf Coast (Roth, 1970); 
this latter sample within the San Lorenzo Formation 
is only 20 m above the approximate top ofthe Refugian 
Stage according to Sullivan (1962). 

NEW DATA, BASTEN DORFF BEACH CONTINUUM 

(FIG. 3) 

Tipton (1975) documented the Narizian and Refu
gian Age of the type Bastendorff Formation, Coos 
County, Oregon. Again, working with sample material 
furnished by Tipton, the authors assign the latest Nar
izian portion of the type Bastendorff Formation to the 
Discoaster harhadiensis Zone, Chiasmolithus oama
ruensis Subzone.. All of the early Refugian and part of 
the late Refugian within the Bastendorff are assigned 
with certainty to the Discoasfer harhadiensis Zone, 
lsthmolithus recurvus Subzone. The highest two sam
ples of the late Refugian portion of the Bastendorff 
may be assigned to either the late Discoaster barba
diensis Zone or to the Helicoponfosphaera reticulata 
Zone, Coccolithus suhdisticllUS Subzone. Due to the 
rarity and erratic occurrence of Discoaster barbadien
sis and Discoaster saip(mensis in marine strata from 
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FIGURE 3 

Stratigraphic distribution of nannoplankton species observed in the 
type Bastendorff Formation. Coos County, Oregon, University of 
California Museum of Paleontology locality numbers A·80 14 
through A·8079 are documented in Tipton (1975, Figs. 6,7. p. 580
582). 

higher latitudes, the authors prefer to consider the lat
est Refugian of the Bastendorff Formation as probably 
assignable to the late Discoaster harhadiensis Zone. 

NEW DATA, ROADS END BEACH CONTINUUM 

(FIG. 4) 

D. R. McKeel collected 16 samples from an expo
sure of a portion of the Nestucca Formation at Roads 
End Beach, Lincoln County, Oregon, 13 of which con
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tained calcareous nannofossils. According to McKeel 
(1975. pers. comm.), the lowest 3 samples are of Nar
izian Age and the higher 13 samples are of early Re
fugian Age. The lowest two surface samples from the 
Narizian of the Nestucca Formation exposed at this 
location are here assigned to the Dis{'o(lster horha
diensis Zone, Chias/nolithlls o(lmarl/cnsis Subzone 
while II nannofossiliferous samples from the early 
Refugian portion of the Nestucca are assigned to the 
Di.l'c(}aster harhadien.l'is Zone, Isthmo/ithu.\' recurI'll.\' 
Subzone. 

NEW DATA, SANTA ROSA ROAD EXPOSURE 

Hornaday (1965) reported a foraminiferal faunule 
from a roadcut exposure mapped as undifferentiated 
Sacate-Gaviota Formations by Oibblee (1950) on San
ta Rosa Road near Buellton, California: Hornaday as
signed these strata to the Amphimorphina jel1kinsi 
Zone of the late Narizian Stage. Small splits of his 
original samples were furnished by Hornaday and ad
ditional material was collected by the senior author 
for study of the nannofossil associations. In two sam
ples from Locality 0-969 of Hornaday (1965) the nan
nofossil assemblage includes ClIias}Ilolitlllls grandis , 
C. titus. Sphenolitllll.\' filrc(ltolitllOic/es, and S. spin i
gel'. Three samples from Locality 0-971 contain 
Cliiasmolitll/ls (/It/l.\, C. gral1di.,', C. ,wlitIiS. C. tims, 
Di.\'c()oster h{fllX, Sp17cllofithll s .fi(l'('{/folithoides. and 
S. spilliger. The presence of these species suggests 
that both localities may be assigned to the Reticlllo
fenestra IIl1lhi/ico Zone, Discoostcr h~f{/x Subzone. 
This assignment must remain tentative because of the 
presence of very rare NOl/l/otetril/(/ cf. N. ({lIadrata 
in one sample from Locality 0-969 and a very rare 
occurrence of Istllll/olitlllls recurl'lI.1' in two of the 
samples from Locality 0-971. The presence of rare 
specimens of Nanllotetrina in the Dis('(}{lster h(fax 
Subzone has been remarked upon by Bukry (1973, p. 
690). However, the occurrence of IstlwlOlitlws rceur
\'11.1' in conjunction with most of the other diagnostic 
nannofossil species observed from Locality 0-971 is 
considered a totally incompatible association. Either 
the specimens of I.Ithmo/itlllls rCCllrl'{(S are present as 
contaminants somehow introduced into the samples, 
or, if Istlllnolitlllls 1'('('111'1'11'\ be indigenous to Locality 
0-971, then most of the other nannofossil taxa ob
served must be assumed to be redeposited older 
species. Should the latter be the case, then this would _ 
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FIGURE 4 

Stratigraphic distribution of nannoplankton species observed in the 
Nestucca Formation at Roads End Beach. Lincoln County. Oregon. 
Locality numbers 75-02-1 through 75-02-14 and their stratigraphic 
allocations are those of D. R. McKeel (1975. pers. comm.). See also 
McKeel and Lipps (1975. Fig. 2) for location of this exposure. 

where in California. Further investigation of this 
anomalous situation may provide a solution. Mean
while, assignment of these samples to some interval 
within the Reticlllt~fcflCSl/'(f IIl1lhilica to early Dis
coaster harhadicflsis Zones would seem to be reason
ably certain. 

NEW DATA. OTHER SECTIONS INVESTIGATED 

suggest that Locali"':, 0-971 would lie in the very latest The authors have examined material from the early 
part of the Narizian Stage and within a basal portion Narizian Cozy Dell Formation exposed at Las Cruces, 
of the Discoastcr hilrhadiellsis Zone, Istlimolitllll.\' rc Santa Barbara County, California. Samples from the 
curvlI.\' Subzone not yet observed nor recognized else- lower part of this exposure contain NOI/I/Olctrillo 



quadrata and Chiasmolithus gigas dictating assign
ment to the Nannotetrina quadrata Zone, Chiasmo
lithus gigas Subzone. Samples from the upper part of 
this exposure from 2 to to m beneath the Sacate For
mation contain Reticulofenestra umhilica and Dis
coaster bifax and are consequently assigned to the 
Reticuh~fenestra umhilica Zone, Discoaster h(fax 
Subzone. 

D. R. McKeel provided the authors with a sample 
from the type Alsea Formation at Alsea Bay, Lincoln 
County, Oregon. This sample is Sample Number 13 
(67-12-13) as reported by McKeel and Lipps (1972). 
Benthonic foraminifers present are Cassidulina gal
vinensis, Ceratohulimina washhurnei, Eponides klein
peW, and Sigmomorphina schencki, a typical assem
blage of the Cassidulina galvinensis Zone as reported 
by Rau (1975) who considers this zone to be late Re
fugian in age. lsthmolithus recurvus is common in this 
sample, but other diagnostic nannofossil taxa are ex
tremely rare or absent. However, the presence of this 
nannofossil index species demands assignment of this 
sample from the Alsea Formation to either the Dis
coaster harhadiensis Zone, lsthmolithus recurvus 
Subzone, Of to the Helicopontosphaera reticulata 
Zone, Coccolith us suhdistichus Subzone. 

Samples of the basal Rincon Formation of Arroyo 
el Bulito from strata assigned to the Zemorrian Stage 
contain a significant nannofossil association. These 
samples are University of California, Santa Barbara 
Localities 599, 600, and 601 which are located, re
spectively, 6, 12, and 18 m above the top of the Va
queros Formation in Arroyo el Bulito, Santa Barbara 
County, California. Some of the nannofossils noted 
here are Chiasmolithus altus, Cocco/ithus miopelag
icus, Cyclicargolithus ftoridanus, c. neogammation, 
Dictyococcites scrippsae, Discoaster deftandrei, Hel
icopontosphaera euphratis, and H. intermedia. This 
assemblage is most typical of the Sphenolithus cip
eroensis Zone, Dictyococcites hisectus Subzone of 
Bukry (1975). 

The senior author has studied material from the late 
Zemorrian, lower Rincon Formation of Los Sauces 
Creek, Ventura County, California, which immediate
ly underlies the stratotype of the Saucesian Stage. 
Samples from the late Zemorrian approximately 76 to 
91 m above the top of the Vaqueros Formation and 
within the lower Rincon Formation contain the highest 
occurrence noted of Dictyococcites hisectus in asso
ciation with Dictyococcites scrippsae, Coccolith us 
miopelagicus, Helicopontosphaera intermedia, and 
Cyclicargolithus neogammation s.s. and the benthon
ic foraminifers Hanzawaia americana cras~jsepta, 
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Nonion ynezianum, and Uvigerinella sparsicostata. 
Samples from the late Zemorrian from 152 to 198 m 
above the Vaqueros Formation and 30 to 76 m below 
the Siphogenerina transversa flood of the earliest 
Saucesian Stage contain the highest noted occurrence 
of Dictyococcites scrippsae in association with Coc
colithus miopelagicus and Cyclicargolithus neogam
mation and the benthonic foraminifers Hanzawaia 
americana crass isepta , Siphogenerina nodifera, S. 
transversa, and Valvulineria casitasensis, Based on 
these data, the senior author places the top of the 
Sphenolithus ciperoensis Zone within the late Zemor
rian of the lower Rincon Formation approximately 91 
m above the Vaqueros Formation at Los Sauces Creek 
as dictated by the last occurrence of Dictyococcites 
hisectus. Some investigators may prefer to interpret 
the top of the Sphenolithus ciperoensis Zone based on 
the last occurrence of Dictyococcites scrippsae which 
is approximately 198 m above the top of the Vaqueros 
Formation, but still within the late Zemorrian Stage at 
least 15 m below the base of the type Saucesian Stage, 
In either case, some portion of the latest Zemorrian 
Stage may be equated to at least a part of the Triqlle
trorhahdulus carinatus Zone, Cyclicargolithus ahisec
tus Subzone unless a hiatus occurs in that part of the 
section, in which case those strata present might be
long to a younger subzone of the Triquetrorhahdulus 
carinatus Zone. However, the Disco(lster druggii 
Subzone has been recognized by the senior author in 
the upper (but not uppermost) part of the Rincon For
mation near the top of the early Saucesian Stage at 
Los Sauces Creek so that the latest Zemorrian here 
must be assigned to one of the subzones of the Tri
quetrorhahdulus carinatus Zone. 

PLANKTONIC FORAMINIFERAL 

BIOSTRATIGRAPHY, REFUGIAN AND 


ADJACENT STAGES 


PREVIOUSLY PUBLISHED DATA AND OPINION 

Bandy and Kolpack (1963) reported 9 species of 
planktonic Foraminifera from strata of Narizian Age 
in the Cozy Dell and Coldwater Formations of the 
Tecolote Tunnel, Santa Barbara County, California. 
They considered those strata to be middle Eocene 
(Lutetian) in age, as the planktonic associations ob
served are typical for the middle Eocene elsewhere. 
These authors also reported one long-ranging plank
tonic species from strata of the Zemorrian Stage within 
the tunnel section. 

Lipps (1965) listed 22 species of planktonic Fora
minifera from the Zemorrian of the lower Rincon For
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mation at Los Sauces Creek, Ventura County, Cali
fornia, and assigned these strata to the Globigerina 
oligocaenica Zone of Eames, Banner, Blow, and 
Clarke (1962). The latter zone is a correlative of Zone 
P.19 of Blow (1969). 

Lipps (1967a) reported finding Subbotina linaperta, 
Turborotalia planoconica, T. centralis and Globiger
apsis semiinvoluta in samples from the Refugian Gav
iota Formation in Arroyo el Bulito in the type area of 
the Refugian Stage; consequently, Lipps assigned the 
Refugian Stage to the Globigerapsis semiinvoluta 
Zone of Bolli (l957b). However, Globorotalia (Tur
borotalia) planoconica does not occur indigenously 
above the Ulatisian Stage in California and so cannot 
be a natural constituent within the Refugian Stage. 
Until Bolli (1972) provided a comprehensive study of 
the genus Globigerinatheka (previously Globigerap
sis), the distinction between species and subspecies of 
this complex group were very poorly understood and 
it is easy to comprehend how early workers may have 
confused the various species and subspecies. 

At any rate, the senior author has had the oppor
tunity to critically examine numerous specimens of 
Globigerinatheka from the Narizian and Refugian 
Stages of California and Oregon and has yet to observe 
Globigerinatheka semiinvoluta S.s. in any section in
cluding the Refugian Gaviota Formation of Arroyo el 
Bulito. On the other hand, relatively frequent occur
rences of Globigerinatheka index tropicalis have been 
observed in the early Refugian and Narizian of the 
Gaviota, Sacate, Bastendorff, and Nestucca Forma
tions as well as in the early Refugian and Narizian of 
other formations within the Pacific Coast Tertiary. It 
is suggested that Lipps may have found Globigerina
theka index tropicalis rather than G. semiinvoluta in 
the Refugian strata at Arroyo el Bulito. Lipps (l967a) 
listed to species of planktonic Foraminifera, all of 
which he had listed previously with 12 additional 
species (Lipps, 1965), from the Zemorrian of Los 
Sauces Creek. He suggests, this time, a correlation of 
the late Zemorrian with the Globorotalia opima opima 
and Globigerina ciperoensis Zones of Bolli (1957a) 
and to Zones N.2 (P.2l) and N.3 (P.22) of Banner and 
Blow (1965). It is not clear whether Lipps has here 
revised his original interpretation, as he does not men
tion the precise stratigraphic allocation of his material 
in either report. Should this not be a change in inter
pretation, then the implication is that the late Zemor
rian as manifested in the lower Rincon Formation at 
Los Sauces Creek should be equated with Zones P.lllo'" 
to P.22 (N.3) of Blow (1969). This interpretation is in 

partial conflict with new nannoplankton data from that 
location as will be discussed in later paragraphs. 

Schmidt (1970) listed 12 species of planktonic Fo
raminifera from the Narizian Stage in the Sidney Flat 
and Kellogg Formations of Contra Costa County, the 
Kreyenhagen Formation of Kings County, and the 
Sacate-Gaviota Formations (undifferentiated) and 
Cozy Dell Formation of Santa Barbara County, Cali
fornia. Schmidt's Locality 0429 (which is from Local
ity 0-971 of Hornaday, 1965) from within the undif
ferentiated Sacate-Gaviota Formations contains, 
among others, Clavigerinella eocanica, Globigerina
theka index, Guembelitria columbiana, and TrImco
rotaloides rotundimarginatus (a junior synonym of 
Truncorotaloides collacteus). The presence of these 
species in the Santa Rosa Road faunule assigned by 
Hornaday (1965) to the late Narizian Amphimorphina 
jenkinsi Zone would suggest equivalence to some part 
of Zone P.l3 of Blow (1969). This interpretation would 
further suggest that the tentative assignment of Lo
cality 0-971 to the Reticulofenestra umbilica Zone, 
Discoaster bifax Subzone in an earlier paragraph is 
probably valid and that the very rare lsthmolithus re
eurvus found there are contaminants somehow intro
duced into our samples. 

Steineck and Gibson (1971) reported Globorota
loides suteri and Truneorotaloides coUaeteus from the 
Poway Formation of Narizian Age in San Diego Coun
ty, California, and considered that formation to be late 
middle Eocene in age. 

McKeel and Lipps (1972) reported the occurrence 
of Chiloguembelina cubensis, C. victoriana, Globig
erina minima. G. praeturritilina, G. senilis. and G. 
wilsoni in the late Refugian portion of the type Alsea 
Formation of Oregon; they concluded that the Alsea 
Formation is latest Eocene or earliest Oligocene in 
age. Rau (1975) equated this section with his Cassi
dulina galvinensis Zone (equivalent to the Eponides 
kleinpelli Zone of Rau, 1958). 

Bandy (1972) considered the Ulatisian and Narizian 
Stages to be equivalent to Zones P.1O through P.14, 
the Refugian Stage to be equivalent to Zones P.15 
through P.17 and the Zemorrian Stage to be equivalent 

.'to Zones P.18 through P.22 of Blow (1969). Bandy 
(1972, p. 41 and Fig. 1) also stated that "the Refugian 
Stage, as with other stages based upon benthic 
species, should be shown as a time-transgressive 
stage...~ this opinion appears to be contradicted by 
data from the present report. 

Steineck, Gibson, and Morin (1972) listed 9 species 
of planktonic Foraminifera from the Narizian Poway 

240 



PACIFIC COAST TERTIARY STAGES 

Formation in San Diego County, California, which 
they contend suggested equivalence with the Orbuli
noides beckmanni Zone, a correlative to Zone P.13 of 
Blow (1969). 

Rooth (1974) conducted a comprehensive study of 
the biostratigraphy and paleoecology of the Coaledo 
and Bastendorff Formations utilizing both benthonic 
and planktonic Foraminifera is his biostratigraphic 
analysis. He lists Globigerapsis index, Globigerina 

I' 	 prasaepis?, Glohigerina senilis, and Subbotina lina
perta from the middle Bastendorff and Chiloguembel
ina cubensis, Globigerina prasaepis?, Globigerina tri
partita tripartita, Globorotalia gemma, Globorotalia 
cf. G. gemma, Globorotalia increbescens, Globoro
talia oplma nana, and Globorotalia sp. from the upper 
Bastendorff at the stratotype locality. He concluded 
(p. 93) that the Coaledo and Bastendorff Formations 
are late Eocene in age and that they can be correlated 
confidently with the Runangan Stage of New Zealand 
and tentatively with the "P.l?" partial range zone of 
Blow (1969) and others. Rooth's description and illus
tration of Globorotalia sp. from the uppermost Bas
tendorff Formation (22 meters below the Tunnel Point 
Formation) are sufficient to permit identification of the 
two specimens found as Globorotalia insolita, a lat~ 
Eocene index species originally described from New 
Zealand by Jenkins (1966). In addition, the specimens 
identified and illustrated by Rooth as Globorotalia 
gemma and Globorotalia aff. G. gemma also appear 
to be specimens of Globorotalia insolita. 

McKeel and Lipps (1975) documented the occur
rence of Chiloguembelina cubensis, Globorotaloides 
aff. G. pseudokugleri, Globigerinatheka index index, 
and Glohigerina (Subbotina) wilsoni from the late 
Narizian portion of the type Bastendorff Formation of 
Oregon as defined by Tipton (1975); the former authors 
also reported the occurrence of Globigerina praebul
loides and Globigerina sp. in the late Refugian portion 
of the type Bastendorff. They equated their material 
from the Bastendorff Formation respectively to Zones 
P.15 and P. 16 oflate Eocene age. 

Poore and Brabb (1977) studied the planktonic Fo
raminifera of the Butano and type San Lorenzo For
mations in the Santa Cruz Mountains of the central 
California Coast Ranges. They concluded that the up
per part ofthe Butano Sandstone (Narizian in age) and 
lower part of the Twobar Shale Member (late Narizian 
in age) contained assemblages typical of Zones P.B 
to P.14 of Blow (1969), while the middle part of the 
Twobar Shale (late Narizian in age) was assigned to 
Zones P.15 to P.16. Those samples from the early Ze

morrian in the lower part of the Rices Mudstone Mem
ber were considered referable to Zones P.19 to P.20. 
The Refugian Stage at this locality, in the basal 60 to 
90 m of the Rices Mudstone Member, is practically 
barren of planktonic microfossils, but can be logically 
related to one or more of the planktonic foraminiferal 
zones between and including Zones P.16 to P.19. 

Other workers, mainly concerned with the benthon
ic Foraminifera, cited the occurrence of specimens 
which they assign to Globigerina triloculinoides from 
the Narizian and Refugian Stages. These forms may 
be Globigerina angiporoides, G. brevis, G. galavisi, 
G. linaperta, or other homeomorphic species, but not 
Globigerina tri/oculinoides S.s. The latter species ap
pears to be everywhere restricted to strata of Paleo
cene age. 

NEW DATA, ARROYO EL BULITO CONTINUUM 

Planktonic Foraminifera are present but rare in sev
eral samples from the upper Sacate and Gaviota For
mations furnished by Tipton (this volume). The strati
graphically highest occurrence of Globigerinatheka 
index tropicalis noted is in U.C.S.B. 633 from the 
Gaviota Formation approximately 190 m below the 
base of the Alegria Formation and within the middle 
of the Uvigerina atwilli Subzone of the early Refugian 
Stage. Pseudohastigerina micra is present in U.C.S.B. 
616,621, and 635 all of which localities are in the early 
Refugian of the upper Sacate and Gaviota Formations. 
A single specimen of Globorotalia cerroazulensis cer
roazulensis is recorded here from U.C.S.B. 664 in as
sociation with Globigerina galavisi and Globigerina 
gortanii gortanii; this locality is in the uppermost Gav
iota Formation approximately 20 m below the base of 
the Alegria Formation and within the Uvigerina vicks
burgensis Zone of the late Refugian Stage. No Fora
minifer were noted in samples available from the Al
egria Formation, and that unit is considered to be 
Refugian in age based on megafossil evidence alone 
(see Weaver and Frantz, 1967). The highest occur
rence of Globigerinatheka index tropicalis here seen 
in U.C.S.B. 633 from the early Refugian portion of the 
Gaviota Formation is equated with the lower part of 
Zone P.16 (equivalent to the lower part of the Glo
borotalia cerroazulensis Zone of Bolli, 1966). Pres
ence of Globorotalia cerroazulensis cerroazulensis 
and Globigerina gortanii gortanii together in U.C.S.B. 
664 from the late Refugian portion of the uppermost 
Gaviota Formation suggests that this sample be as
signed to Zone P.17 (equivalent to the upper pal'! of 
the Globorotalia cerroazulensis Zone of Bolli, 1966). 
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NEW DATA, BASTENDORFF BEACH CONTINUUM 

Samples from the type Bastendorff Formation uti
lized by Tipton (1975) in her study of that section were 
examined for planktonic Foraminifera by the senior 
author. Planktonic species were noted as rare to fre
quent constituents in 7 of these samples. Globigeri
natheka index index and G. index tropicalis were 
found in a sample from Locality A-SOI4 of the late 
Narizian portion of the Bastendorff Formation 446 m 
below the base of the Tunnel Point Sandstone. The 
highest occurrence noted for Globigerinatheka index 
index at this exposure is from Locality A-S029 and is 
still within the late Narizian portion of the Bastendorff 
Formation 357 m below the base of the Tunnel Point; 
other occurrences of that species are from Localities 
A-S024 and A-S02S. Also noted from Localities A-S02S 
and A-S029 are Globigerina angiporoides angipo
roides, Globigerinatheka index tropicalis, and Glo
borotaloides suteri. The highest occurrence noted at 
this exposure of Globigerinatheka index tropicalis is 
from Locality A-S046 in the early Refugian portion of 
the Bastendorff Formation 217 m below the base of 
the Tunnel Point Sandstone. A single specimen of Glo
borotalia cerroazulensis pomeroli occurred in a sam
ple from Locality A-S047 approximately 2 m above 
Locality A-S046 within the early Refugian Stage. Glo
bigerina linaperta was found in a sample from Locality 
A-8058, stilI in the early Refugian Stage and approxi
mately 176 m below base of the Tunnel Point. 

No identifiable planktonic species were noted from 
localities within the late Refugian portion of the Bas
tendorff in this study, although McKeel and Lipps 
(1975) reported and figured two species from Locality 
A-8079 in the upper Refugian of the uppermost Bas
tendorff Formation only 5 cm below the base of the 
Tunnel Point Sandstone; their figured specimens ap
pear to be Globigerina praebulloides and a single 
specimen of Globigerina angiporoides angiporoides. 
Also, Rooth (1974) was successful in isolating several 
planktonic species from the late Refugian portion of 
the Bastendorff Formation, the most signific<}nt being 
Globorotalia insolita (described and illuStrated by 
Rooth as both Globorotalia sp. and Globorotalia cf. 
G. gemma) found within 22 m of the top of the for
mation. 

The highest occurrence of Globigerinatheka index 
index in Locality A-S029 of the late Narizian portion 
of the Bastendorff Formation is equated with Zone 
P.15 (essentially equivalent to the Globigerinatheka 
semiinvoluta Zone of Bolli, 1972). The highest occur
rence of Globigerinatheka index tmpicalis from Lo
cality A-S046 in close association with Globorotalia 

cerroazulensis pomeroli and within the early Refugian 
portion of the Bastendorff Formation is assigned to 
the lower part of Zone P.16 (essentially equivalent to 
the lower part of the Globorotalia cerroazulensis Zone 
of Bolli, 1966). The 2 species reported from the late 
Refugian of the Bastendorff Formation by McKeel and 
Lipps (1975) are long ranging and do not permit as
signment of those strata to a particular planktonic 
zone. However, the presence of Globorotalia insolita 
in the late Refugian only 22 m below the top of the 
Bastendorff is considered sufficient evidence for as
signing this part of the formation to Zone P .17 which 
is essentially equivalent to the upper part of the Glo
borotalia cerroazulensis Zone of Bolli, 1966. 

NEW DATA, ROADS END BEACH CONTINUUM 

D. R. McKeel (1975, personal communication) ob
served several important species of planktonic Fora
minifera from samples of Narizian and Refugian Age 
in the Nestucca Formation exposed in continuum at 
Roads End Beach, Lincoln County, Oregon; the se
nior author has also examined McKeel's material in 
order to confirm those occurrences. Globigerinatheka 
index index has its highest occurrence here in Sample 
No. 75-02-1 in association with Chiloguembelina cub
ensis, Globigerina cf. G. wilsoni, and Pseudohastig
erina micra; this sample is from the late Narizian por
tion of the Nestucca Formation 60 cm above the base 
of the Nestucca continuum. The highest occurrence 
of Globigerinatheka index tropicalis is in Sample No. 
75-02-14 near the top of the sequence collected and in 
association with Globorotaloides suteri; this sample 
is from the early Refugian Stage and is 133 m above 
the base of the exposed continuum. Sample No. 75
02-1 from the late Narizian of the Nestucca Formation 
is assigned to Zone P.15 based on highest occurrence 
of Globigerinatheka index index. Sample No. 75-02
14 containing G. index tropicalis and from the early 
Refugian of the Nestucca Formation is equated with 
a part of lower Zone P.16. Zones P.15 and P .16 are in 
turn correlated with the Globigerinatheka semiinvo
luta and lower Globorotalia cerroazulensis Zones of 
Bolli (1966, 1972). An isolated sample collected by 
McKeel from older Nestucca strata south of the Nes
tucca continuum contained Chiloguembelina cuben
sis, Globigerinatheka index index, G. index tropicalis, 
Globigerinatheka sp., Globigerinita unicava primiti
va, Globorotaloides suteri, Guembelitria columbiana, 
Pseudohastigerina micra, and Truncorotaloides rohri 
var.; this sample, No. 73-12-A, is from the Narizian 
Stage and is older than any samples from the Nestucca 
continuum although its exact stratigraphic position is 
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uncertain due to slumping. However, this sample is 
assigned to Zone P.13 based on concurrence of Chi/
oguembelina cuhensis, Globorotaloides suteri, Guem
belitria columbiana, and Truncorotaloides rohri (recte 
T. pseudodubia, teste Bandy, 1964). The rare speci
mens of Tt'llncorotaloides recorded here are most sim
ilar to the variety described as T. rohri vaL guara
caraensis by Bronnimann and Bermudez (1953). 

NEW DATA, OTHER SECTIONS INVESTIGATED 

A sample from the Alsea Formation utilized by 
McKeel and Lipps (1972) in their study of calcareous 
plankton from the Oregon Tertiary was provided by 
D. R. McKeel for further examination by the senior 
author. Their Sample No. 13 (67-12-13) from the mid
dle Alsea Formation, northwest side of Alsea Bay near 
Waldport, Lincoln County, Oregon, yielded rare spec
imens of Globigerina ampliapertura, G. prasaepis, 
and Globorotalia increbescen.l' in addition to the 7 oth
er species of planktonic Foraminifera reported by 
those authors. Benthonic Foraminifera noted in this 
sample and partially listed in an earlier paragraph are 
indicative of the Cassidulina galvinensis Zone of Rau 
(1975) who considers that zone to represent the late 
Refugian Stage in the Pacific Northwest. 

Concurrence of Globigerina ampliapertura, G. gor
tanU praeturritilina, and G. prasaepis suggests that 
Sample No. 13 from the Alsea Formation should be 
equat.t with uppermost Zone P.17; the total plank
tonic fauna is the most diverse observed from the Re
fugian Stage by the senior author and also represents 
the youngest late Eocene planktonic assemblage so far 
recorded from the Pacific Coast. 

R. S. Boettcher (1971, pers. comm.) identified 
Globorotalia insolita S.s. in the subsurface late Re
fugian of the Pacific Northwest and this occur
rence was confirmed by the senior author. Globoro
talia insolita, recorded as Globorotalia sp., G. gem
ma, andG. cf. G. gemma from the uppermost 
Bastendolif Formation by Rooth (1974), has also been 
observed in the Keasey Formation of northwest Ore
gon by Kristin McDougall (1978. pers. comm,), 
Originally described by Jenkins (1966) from the 
late Kaiatan Stage (and ranging upwards through 
most of the Runangan Stage, see Jenkins. 1971) of 
New Zealand, Globorotalia insolita has also been re
corded in a deep sea core from the eastern equatorial 
Pacific by Jenkins and Orr (1972) where it was asso
ciated with other species of late Eocene age. To date, 
no occurrences have been recorded in California. 
Based on associated planktonic species occurring in 
the Kaiatan and Runangan Stages of New Zealand, in 

the late Refugian Stage of the Pacific Northwest, and 
in the late Eocene of Deep Sea Drilling Project Site 
77B, Globorotalia insolita is considered here to be 
restricted essentially to sections equivalent to plank
tonic foraminiferal Zone P.17; occurrences of that 
species in the surface and subsurface late Refugian of 
the Pacific Northwest are also equated with that zone. 

SUMMARY AND CONCLUSIONS 
(FIG. 5) 

AGE AND ZONAL ASSIGNMENTS, NARIZIAN STAGE 

The Narizian Stage of the Pacific Coast Tertiary 
may be equated with the Nannotetrina quadrata and 
Reticulofenestra umbilica Zones and Chiasmolithus 
oamaruensis Subzone of the Discoaster barbadiensis 
Zone of Bukry (1973, 1975); these zones and subzones 
are correlated with the NP 15 through NP 18 nanno
plankton zones of Martini (1971). Previously reported 
and new data from several formations in California 
support the older zonal assignment and new data from 
the type Bastendorff Formation and the Nestucca For
mation in Oregon and the type San Lorenzo Formation 
and upper Sacate Formation of California support the 
younger zonal assignments within the Narizian Stage. 
Consequently, the Narizian is considered to be equiv
alent to the middle Eocene and the early late Eocene 
as recognized by nannoplankton investigators. 

Utilizing both previously published and new plank
tonic foraminiferal data, the senior author equates the 
latest Narizian Stage with Zone P.15 of Blow (1969). 
This is based on the highest observed occurrence of 
Globigerinatheka index index in the late Narizian of 
the type Bastendorff and the Nestucca Formations of 
Oregon. Bolli (1972, Fig. 83) indicates that G. index 
index ranges to near the top of Zone P .15 (Globigeri
natheka semiinvoluta Zone) and that G. index tropi
calis ranges higher into Zone P.16 (early Globorotalia 
cerroaZlllensis Zone). This same relationship appears 
to exist within the Bastendorff and Nestucca Forma
tions where G. index index has its highest occurrence 
in the late Narizian, while G. index tropicalis ranges 
upwards into the early Refugian Stage. Most investi
gators of planktonic Foraminifera consider Zone P.15 
to be early late Eocene in age. Therefore, the latest 
Narizian is assigned here to the early late Eocene. 

AGE AND ZONAL ASSIGNMENTS, REFUGIAN STAGE 

The Refugian Stage of the Pacific Coast Tertiary is 
equated here with the Discoaster barbadiensis Zone, 
lsthmolithus recurvus Subzone; this subzone is equiv
alent to the NP 19 and NP 20 nannoplankton zones of 

243 



WARREN AND NEWELL 

tl BENTHONIC 
co FORMIlNIFERAl CAlCA~EOUS CALCAREOUS PLANKTONIC oLANKTONICLU LU 
v1 W ~ ZONATION AFTER NANNOPLANKTON NANNOPLANKTON FORIIMIN 1FE RilL FORAMINIFERAL
'" c:::;, 

'"' 
; KLEINPELL (1938) , ZONATION OF ZONATION OF ZONATION AFTER ZONATION 

~ t:; :;; TIPTON (THIS MARTINI (1971 ) BUKRY ( 1973, 1975) BlON (1969) AND BOLLI (
V) :;, 
w V) VOLUME) AND BE Rr,r,RE'j (1972);;: MALLORY (1959 ) ::;; 

W~ 1 (part) Tri q uetrorhabdu 1 uS 

car i natt r Globigerina 
I 0d rt P.22 (N.3) ci peroens i s 

Uvigeri~ei!a 
NP 25 c i peroens is .,. Zone w sparsicostata I - - -7_ - - • 

i thus --- -? - - - - - - ? - - - -Cl. 

" Zone=> 
w z NP 24 lone Gl oborota 1i a z '" P.21 (N.?) oDima Opinldw 

- - -?- - - - -- ? - - -v go0 

'" 0 Spheno 1 i thus - ~ - - -? - - ----? ----' di s ten tus
0 NP - - - - -- P.ZO (U) Globige~ina 

S. ---?--- al'1pl i apertura .,. Uvi geri na ---7-- - - - ---- Zone 
w P 9 

'" ga110wayi He 1 i copontospoaera -  - -  - - - -? ----:3 Zone NP 21/No 22 reticulata I Cass' la chipol./ 
Zone P .18 mi era 

Zone- ----- --------
co livi geri na 
w 
a. vicksburgensis
" g:=> Zore 

..8 
if> 

'" 
z: if> Globorotal ia 
::: c: Isthf'lol i thus 5 l~·~ '" '" cerroazulensis 

v '" NP 19/NP 28 :;; recurvus P,16/P.17 Zone0 => 
fc " .., 

w w.. 

l~ ~ 
.0 Sub zone .,. ~ '" 
s...., 

~ ' ~ a .0 

§; no '" '
W t: .a;
'" -
:3 0; ~ 

:> 

HI 
'" - 8

'" ~> c:; 

Chiaslr olithus 
Globi 

NP 18 oamarLier;sis Sz. P.15 sen; Zone 

r-
'" Oi scoas ter Tnlncorota 10 idesno Al11ph i ~lorph" ':; NP J7 0 .14

W .t: sa i ;>anens i s 57, rohri Zone
" jenk i ns i _0 

" ON 
::;, Zone ,=", 

w 

~ 
u.;:: Dlscoaster Porti 

z NP 16 ~ ..... bifa x P.1 :ned cana
w.J '".~ 

Subzone (Orbul inD; des beck'""nni)u (X~
0 

"" "w 
"'"w.; z 

Globorotalia-' 0,12Q 
1ehneri Zonec cr: Bul imina i: w.J Nannote~ri na:< corrugata Glob i ~eraps i s 

:3 Zone 
~~p ',5 quadrata P.11 kug 1 eri Zone

Zone 

P. 1~ Hantkeni na 
aragonens is Zone 

FIGURE 5 

Correlation chart illustrating the relationship of the Narizian, Refugian and Zemonian Stages of the Pacific Coast Tertiary to the planktonic 
zonations proposed by Martini (1971). Bukry (1973,1975), Blow (1%9), Berggren (1971,1972), and Bolli (1966), 

Martini (1971). All previous and new nannofossil data 
reported from California and Oregon would seem to 
support this conclusion. New data from the Alsea and 
Bastendorff Formations might suggest that the Refu
gian Stage could include younger nannoplankton 
lones, but other new data from the early Zemorrian 
of the type San Lorenzo Formation severely limit this 

possibility. The authors believe that the Refugian 
Stage as manifested in California does not include any 
of the Helicopontosphaera reticulata Zone and is, 
therefore, late Eocene in age throughout based on cur
rently accepted nannoplankton chronology, However, 
they maintain the possibility that the upper part of the 
Cassidulina gaivinensis Zone in the Pacific North
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west, considered to be late Refugian in age, might be 
younger than the late Refugian observed in California 
sections. Nevertheless, the nannoplankton evidence 
from most exposures would dictate that the Refugian 
Stage be considered entirely late Eocene in age. 

In contradiction to some previously published data, 
new data developed by the senior author based on 
planktonic foraminiferal distribution indicate that the 
Refugian Stage is equivalent to all or parts of Zones 
P.16 and P.17 (Globorotalia cerroazulensis Zone of 
Bolli, 1966) rather than to Zone P.15 (approximate 
Globigerapsis semiinvoluta Zone of Bolli, 1957b) as 
postulated by Lipps (1967a). Presence of Globigeri
natheka index tropicalis and Globorotalia cerroazu
lensis pomeroli and absence of Globigerinatheka in
dex index in the early Refugian coupled with the 
presence of Globigerina ampliapertura, G. gortanii 
gortanii, G. gortanii praeturritilina, G. prasaepis, 
Globorotalia cerroazulensis cerroazulensis, and G. in
solita in the late Refugian strongly suggests assign
ment of the entire Refugian Stage to Zones P .16 and 
P.l7 which are late and latest Eocene in age. 

AGE AND ZONAL ASSIGNMENTS, ZEMORRIAN STAGE 

New nannoplankton data developed from the earli
est Zemorrian of the type San Lorenzo Formation and 
the latest Zemorrian of the Rincon Formation at Los 
Sauces Creek and Arroyo el Bulito suggest that the 
Zemorrian Stage of the' Pacific Coast Tertiary ranges 
from the early Hel;copontosphaera reticulata Zone at 
the base to, and including part of, the early Trique
trorhabdulus carinatus Zone at the top; in terms of 
the nannoplankton zonation of Martini (1971), the Ze
morrian Stage would range from NP 21 to, and include 
part of, the NN 1 nannoplankton zone. Except for the 
upper part of the Sphenolithus ciperoensis Zone, 
which is present in the late Zemorrian of Arroyo el 
Bulito and Los Sauces Creek (and equivalent to NP 
25 of Martini, 1971), none of the intervening Oligocene 
nannoplankton zones have yet been definitely recog
nized from the Pacific Coast. During investigation of 
the late Zemorrian and early Saucesian strata from 
Los Sauces Creek, the top of the Cyclicargolithus 
abisectus Subzone, lowest subzone of the Triquetro
rhabdulus carinatus Zone and latest Oligocene in age, 
was not observed. However, it is reasonable to con
clude that this subzone must be limited either to the 
latest Zemorrian or includes the latest Zemorrian and 
some paC! of the earliest Saucesian Stage at Los 
Sauces Creek. In either event, the Oligocene/Miocene 
boundary as recognized by nannoplankton investi
gators must occur at or very close to the top of the 

Zemorrian Stage as manifested at this locality. Con
sequently the Zemorrian Stage is considered here to 
be wholly Oligocene in age based on nannoplankton 
distribution. 

No sections of early Zemorrian Age containing well 
preserved or diagnostic planktonic Foraminifera were 
available for study as of this writing, although it is 
suspected that such sections exist. Perhaps these are 
present in the subsurface of the western San Joaquin 
Valley of California or in surface and subsurface sec
tions of the Pacific Northwest that have not yet come 
under scrutiny by plankton investigators. 

A planktonic foraminiferal assemblage from the late 
Zemorrian at Los Sauces Creek is assigned to the Glo
bigerina oligocaenica Zone (equivalent to Zone P.19) 
of Eames, Banner, Blow, and Clarke (1962) by Lipps 
(1965). This surprisingly diverse association contains 
22 species which can only occur together in Zone P.19 
according to Blow (969). However, as mentioned in 
earlier paragraphs, nannoplankton associations re
corded from identical strata at Los Sauces Creek and 
equivalent strata at Arroyo el Bulito call for assign
ment to either the Sphenolithus ciperoensis Zone, 
Dictyococcites bisectus Subzone or Triquetrorhab
dulus carinatus Zone, Cyclicargolithus abisectus or 
younger Subzone of Bukry (1973, 1975); these zones 
and subzones are equivalent to NP 25 and early NN 
1 nannoplankton zones of Martini (1971). Both Martini 
(1971) and Berggren (1972) have indicated that the NP 
25 and early NN 1 nannoplankton zones are equivalent 
to the P.22 planktonic foraminiferal zone. Lipps (1965) 
must consider this planktonic foraminiferal assem
blage from the late Zemorrian at Los Sauces Creek to 
be early Oligocene in age by virtue of the species he 
lists as present. However, nannoplankton species 
from the late Zemorrian of Los Sauces Creek and Ar
royo el Bulito are late Oligocene in age. Consequently, 
a contradiction exists here for which no satisfactory 
explanation can be offered at this time. 

CONCLUSIONS 

Calcareous nannofossils and planktonic Foraminif
era are relatively scarce and erratic in occurrence in 
strata of late Narizian, Refugian, and Zemorrian Age 
within the Pacific Coast Tertiary. However, both 
groups are present in sufficient numbers in the marine 
sediments so that a persistent investigator may devel
op data from which zonal assignments can be deter
mined. Experience would indicate that, of the two dis
ciplines, the calcareous nannoplankton provide the 
greater stratigraphic resolution by virtue of their more 
consistent presence. Care must be taken so as not to 
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FIGURE 6 

Tentative correlation of Narizian, Refugian, and Zemorrian Stages of the Pacific Coast Tertiary to those of the Atlantic and Gulf Coastal 
Province, Europe and New Zealand. 

be misled by reworked and redeposited nannofossils 
which seem to be all too prevalent in sediments of the 
Pacific Coast Tertiary. Consequently, it is best to 
avoid working with isolated single samples whenever 
possible: a series of samples collected from an ex
posed continuum offers the best chance of recognizing 
alien specimens that are incompatible with the indig
enous nannoflora whi~h might be present within that 
section. 

The focal point of this study is the Refugian Stage 
of the Pacific Coast Tertiary, but in order to properly 
delimit that unit it has been necessary to examine also 
the subjacent Narizian and superjacent Zemorrian 
Stages. Considerable new data have been presented 
on both the calcareous nannoplankton and planktonic 
foraminiferal associations and distributions within 
these three stages. Based on this data and applying 

the plankton chronology accepted by most inves
tigators the authors conclude that: (1) the latest 
Narizian Stage is at least in part equivalent to the 
Discoaster barbadiensis Zone, Chiasmolithus oama
mel/sis Subzone of Bukry (1973, 1975) and to Zone 
P.15 of Blow (1969) and is earliest late Eocene in 
age; (2) the Refugian Stage is equivalent to the Dis
coaster barbadiensis Zone, Isthmolitlllis recurvus 
Subzone and to Zones P .16 and P .17 and is late 
Eocene in age; and (3) the earliest Zemorrian Stage in 
California includes all or most of the Heficopontos
phaera reticulata Zone and is earliest Oligocene in 
age. 

By collating previously published plankton data, 
new data, and the authors' personal knowledge, a ten
tative correlation can be made between the Pacific 
Coast stages and those of the U.S. Atlantic and Gulf 
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Coast Province. Europe and New Zealand (Fig. 6). 
The authors have drawn upon the works of Berggren 
(l971, 1972), Hardenbol and Berggren (978), Jenkins 
(1971), and Murray (1961) plus their personal, but un
published, knowledge of Gulf Coast planktonic bio
stratigraphy in illustrating the relationships between 
the Narizian, Refugian, and Zemorrian Stages of the 
Pacific Coast Tertiary and those of the Atlantic and 
Gulf Coast, Europe, and New Zealand. 

During this investigation, no hard evidence was un
covered to suggest that the Pacific Coast stages under 
study, and as based on benthonic foraminiferal distri
bution, might be time-transgressive in nature. The se
nior author has followed with interest the debate that 
developed between proponents of plankton biostratig
raphy and advocates of benthonic foraminiferal bio
stratigraphy regarding this controversial issue (see 
Steineck and Gibson, 1971; Bandy, 1972; McWilliams, 
1972; Gibson and Steineck, 1972; Phillips, 1972; and 
Steineck and Gibson, 1972). There certainly appears 
to be some basis in fact from the plankton investi
g<l.tor's point of view to consider that some of the early 
Tertiary marine stages of the Pacific Coast as mani
fested in various areas may not have the degree of 
temporal integrity that has been traditionally assigned 
to them. On the other hand, it has not been proven 
how much the semantics of the various disciplines may 
have magnified the problem. Also, some plankton in
vestigators have failed to include all of the documen
tary details in their presentations necessary to con
vince a skeptical audience that their conclusions are 
justified by ha'd fact, and, therefore, merit serious 
consideration. it is the senior author's belief that ad
ditional carefully prepared data on the distribution of 
planktonic and benthonic Foraminifera and calcareous 
nannoplankton will settle the controversy. Hopefully, 
such document ion will be accomplished in a spirit of 
cooperation, rather than one of contention, between 
the various disciplines. 

ACKNOWLEDGMENTS 

We are grateful to the late G. R. Hornaday, and to 
D. R. McKeel and Ann Tipton who provided much of 
the sample material necessary to this investigation. 
For stimulating and informative discussions relevant 
to the subject, we thank R. E. Anderson, R. S. 
Boettcher, J~. N. Edwards, J. A. Forman, R. M. 
Kleinpell, D. R. McKeel, R. W. Morin, S. F. Percival, 
H. L. Tipsword, Ann Tipton, and D. W. Weaver. Da
vid Bukry kindly agreed to review the manuscript 
prior to publication. 

PACIFIC COAST TERTIARY STAGES 

NANNOPLANKTON REFERENCE LIST 

Preferred modern names are followed by the original 
designation and reference. 

Bramletteius serraculoides Gartner, 1969, Micropa
leontology, v. 15, no. 1, p. 31, pI. 1, figs. 1-3. 

Braarudosphaera bigelowi (Gran & Braarud) = Pon
tosphaera bigelowi Gran & Braarud, 1935, BioI. 
Board Canada Jour., v. 1, p. 388, fig. 67. 

Braarudosphaera irregularis Bybell & Gartner, 1972, 
Micropaleontology, v. 18, no. 3, p. 324, pI. I, figs. 
1, 2. 

Chiasmolithus altus Bukry and Percival, 1971, Tulane 
Studies Geology and Paleontology, v. 8, no. 3, p. 
126, pI. 2, figs. 1, 2. 

Chiasmolithus gigas (Bramlette & Sullivan) Coc
colithus gigas Bramlette & Sullivan, 1961, Micro
paleontology, v. 7, no. 2, p. 140, pI. I, figs. 6a-d. 

Chiusmolithus grandis (Bramlette & Riedel) Coc
colithus grandis Bramlette & Riedel, 1954, Jour. 
Paleontology, v. 28, no. 4, p. 391, pI. 38, figs. la, b. 

Chiasmolithus oamaruensis (Deflandre) Tremali
thus oamaruensis Deflandre in Deflandre & Fert, 
1954, Annales de Paleontologie, v. 40, p. 154, pI. 
11, fig. 22; text. figs. 72-74. 

Chiasmolithus solitus (Bramlette & Sullivan) Coc
co/ithus so/itus Bramlette & Sullivan, 1961, Micro
paleontology, v. 7, no. 2, p. 140, pI. 2, figs. 4a-c. 

Chiasmo/ithus titus Gartner, 1970, North Am. Pale
ont. Convention, Sept. 1969, Proc. G, p. 945. fig. 
17. 

Cocco/ithu.\' eope/agiclls (Bramlette & Riedel) Tre
ma/ithl/s eope/agiclIs Bramlette & Riedel, 1954, 
Jour. Paleontology. v. 28, p. 392, pI. 38, figs. 2a, b. 

Cocco/ithus miopelagiclIs Bukry, 1971, San Diego 
Soc. Nat. History Trans., v. 16, no. 4, p. 310, pI. 
2, figs. 6-9. 

Cocco/ithl/s pe/al?icus (Wallich) Cocc()sphaera pe
/agica Wallich, 1877, Ann. Mag. Nat. History, ser. 
4, v. 19. p. 348, figs, 1, 2, 5, 11, 12. 

Crucip/aco/ithlls delus (Bramlette & Sullivan) Co£'
co/ithites de/us Bramlette & Sullivan, 1961, Micro
paleontology, v. 7, no. 2, p. 151, pI. 7, figs. la-c, 
2a. b. 

Cyclicargo/ithus jloridanus 	(Roth & Hay) Cocco
lith us jloridanus Roth & Hay in Hay and others, 
1967, Gulf Coast Assoc. Geol. Soc. Trans., v. 17, 
p. 445, pI. 6, figs. 1-4. 

Cyclicargo/ithus neogammation (Bramlette & Wilcox
on) = Cyclococcolithlls neogammation Bramlette 
& Wilcoxon, Tulane Studies Geology and Paleon
tology, v. 5, no. 3, p. 104, pI. I. figs. 1 pI. 4, figs. 
3-5. 
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Cyclococcolithina formosa (Kamptner) = Cyclococ
colithus formosus Kamptner, 1963, Ann. Naturh. 
Mus. Wien, v. 66, p. 163, pI. 2, fig. 8; text. fig. 20. 

Dictyococcites bisectus (Hay, Mohler & Wade) 
Syracosphaera bisecta Hay, Mohler & Wade, 1966, 
Eclogae Geoi. Helvetiae, v. 59, p. 393, pI. 10, figs. 
1-6. 

Dictyococcites scrippsae Bukry & Percival, 1971, Tu
lane Studies Geology and Paleontology, v. 8, no. 3, 
p. 128, pI. 2, figs. 7, 8. 

Discoaster barbadiensis Tan, 1927, Koninkl. Neder
landse Akad. Wetensch. Proc., Sec. Sc., v. 30, p. 
415 (not figured). 

Discoaster bifax Bukry, 1971, San Diego Soc. Nat. 
History Trans., v. 16, no. 14, p. 313, 314, pI. 3, figs. 
6-11. 

Discoaster binodosus Martini, 1958, Senckenbergiana 
Lethaea, v. 39, p. 362, pI. 4, fig. 18a, b. 

Discoaster deflandrei Bramlette & Riedel, 1954, Jour. 
Paleontology, v. 28, p. 399, pI. 39, fig. 6, text-figs. 
la-c. 

Discoaster distinctus Martini, 1958, Senckenbergiana 
Lethaea, v. 39, p. 363, pI. 4, figs. 17a, b. 

Discoaster gemmifer Stradner, 1961, Erdoel-Zeit
schrift, v. 77, p. 86, fig. 83. 

Discoaster germanicus Martini, 1958, Senckenber
giana Lethaea, v. 39, p. 360, pI. 3, figs. 15a, b. 

Discoaster lodoensis Bramlette & Riedel, 1954, Jour. 
Paleontology, v. 28, no. 4, p. 398, pI. 39, figs. 3a, b. 

Discoaster nodifer Bramlette & Riedel = Discoaster 
tani nodlfer Bramlette & Riedel, 1954, Jour. Pa
leontology, v. 28, no. 4, p. 397, pI. 39, fig. 2. 

Discoaster saipanensis Bramlette & Riedel, 1954, 
Jour. Paleontology, v. 28, no. 4, p. 298, pI. 39, fig. 4. 

Discoaster tani Bramlette & Riedel, 1954, Jour. Pa
leontology, v. 28, no. 4, p. 397, pI. 39, fig. l. 

Discoaster tani ornatus Bramlette & Wilcoxon, 1967, 
Tulane Studies Geology and Paleontology, v. 5, no. 
3, p. 112, 114; pI. 7, figs. 7, 8. 

Discolithina distincta (Bramlette and Sullivan) = Dis
colithus distinctus Bramlette & Sullivan, 1961, Mi
cropaleontology, v. 7, no. 2, p. 141, pI. 2; figs. 8a, 
b,9a-c. 

Discolithina panaria (Deflandre) = Discolithus pan
arium Deflandre in Deflandre & Fert, 1954, Annales 
de Paleontologie, v. 40, p. 141, text-figs. 39,40. 

Discolithina plana (Bramlette & Sullivan) = Discoli
thus planus Bramlette & Sullivan, 1961, Micropa
leontology, v. 7, no. 2, p. 143, pI. 3, figs. 7a-c. 

Helicopontosphaera compacta 	(Bramlette & Wilcox
on) Helicosphaera compacta Bramlette & Wil
coxon, 1967, Tulane Studies Geology and Paleon
tology, v. 5, no. 3, p. 105, pI. 6, figs. 5-8. 

Helicopontosphaera euphratis (Haq) Helico
sphaera euphratis Haq, 1966, Stockholm Contr. 
Geology, v. 15, no. 3, p. 33, pI. II, figs. 1, 3 
Helicosphaera parallela Bramlette & Wilcoxon). 

Helicopontosphaera intermedia (Martini) Helico
sphaera intermedia Martini, 1965, Proc. XVII 
Symp. Colston Res. Soc., v. 17, p. 404, pI. 35, figs. 
1, 2. 

Helicopontosphaera lophota (Bramlette & Sullivan) 
Helicosphaera seminulum lophota Bramlette & Sul
livan, 1961, Micropaleontology, v. 7, no. 2, p. 144, 
pI. 4, figs. 3a, b, 4. 

Helicopontosphaera reticulata (Bramlette & Wilcox
on) = Helicosphaera reticulata Bramlette & Wil
coxon, 1967, Tulane Studies Geology and Paleon
tology, v. 5, no. 3, p. 106, pI. 6, fig. 15. 

Helicopontosphaera seminulum (Bramlette & Sulli
van) = Helicosphaera seminulum seminulum 
Bramlette & Sullivan, 1961, Micropaleontology, v. 
7, no. 2, p. 144, pI. 4, figs. la-c, 2. 

Isthmolithus recurvus Deflandre & Fert, 1954, Ann. 
Paleont., v. 40, p. 169, pI. 12, figs. 9-13, text-figs. 
119-122. 

Nannotetrina quadrata (Bramlette & Sullivan) Chi
phragmalithus ? quadratus Bramlette & Sullivan, 
1961, Micropaleontology, v. 7, no. 2, p. 157, pI. 10, 
figs. 14, 15. 

Neococcolithes dubius (Deflandre) = Zygolithus du
bius Deflandre in Deflandre & Fert, 1954, Ann. Pa
leont., v. 40, p. 149, text-figs. 43-44, 68. 

Pemma basquensis (Martini) Micrantholithus bas
quensis Martini, 1959, Senckenbergiana Lethaea, v. 
40, p. 417, pI. 1, figs. 9, 10, 12. 

Pemma papillatum Martini, 1959, Erdol u. Kohle, v. 
12, p. 139, text-fig. 1. 

Reticulofenestra hillae Bukry & Percival, 1971, Tu
lane Studies Geology and Paleontology, v. 8, no. 3, 
p. 136, pI. 6, figs. 1-3. 

Reticulofenestra samodurovi (Hay, Mohler & Wade) = 
Apertapetra samodurovi Hay, Mohler & Wade, 
1966, Eclogae Geoi. Helvetiae, v. 59, p. 388, pI. 6, 
figs. 1-7. 

Reticulofenestra umbilica (Levin) Coccolith us um
bilicus Levin, 1965, Jour. Paleontology, v. 39, p. 
265, pI. 41, fig. 2. 

Rhabdosphaera crebra (Deflandre) = Rhabdolithus 
creber Deflandre in Deflandre & Fert, 1954, Ann. 
Paleont., v. 40, p. 157, pI. 12, figs. 31-33, text. figs. 
81,82. 

Rhabdosphaera tenuis Bramlette & Sullivan, 1961, 
Micropaleontology, v. 7, no. 2, p. 147, pI. 5, figs. 
14a, b. 

248 



PACIFIC COAST TERTIARY STAGES 

Sphenolithus abies Deflandre in Deflandre & Fert, 
1954, Ann. Paleont., v. 40, p. 164, pI. 10, figs. 1-4. 

Sphenolithus Jurcatolithoides Locker, 1967, Geologie, 
v. 	]6, p. 363, figs. 7-8. 

Sphenolithus moriformis (Bronnimann & Stradner) 
Nannoturbella moriformis Bronnimann & Stradner, 
]960, Erdoel-Z., v. 76, p. 368, figs. 11-16. 

Sphenolithus predistentus Bramlette & Wilcoxon, 
1967, Tulane Studies Geology and Paleontology, v. 
5, no. 3, p. 136, pI. 2, figs. 10, 11. 

Sphenolithus pseudoradians Bramlette & Wilcoxon, 
1967, Tulane Studies Geology and Paleontology, v. 
5, no. 3, p. 126, pI. 2, figs. 12-14. 

Sphenolithus spiniger Bukry, 197], San Diego Soc. 
Nat. History Trans., v. ]6, no. 14, p. 32], pI. 6, figs. 
1],12; pI. 7, figs. 1,2. 

Sphenolithus tribulosus Roth, 1970, Eclogae Geol. 
Helvetiae, v. 6], p. 870, pI. 14, fig. 5. 

Transversopontis pulcher (Bramlette & Sullivan) = 

Discolithus pulcher Bramlette & Sullivan, ]961, 
Micropaleontology, v. 7, no. 2, p. 143, pI. 3, figs. 
8a-c. 

Tribrachiatus orthostylus (Bramlette & Riedel) = Dis
coaster tribrachiatus Bramlette & Riedel, 1954, 
Jour. Paleontology, v. 28, no. 4, p. 397, pI. 38, fig. 
11. 

Zygrhablithus bijugatus 	(Deflandre) Zygolithus bi
jugatus Deflandre, 1954 (part), in Deflandre & Fert, 
Ann. Paleont., v. 40, p. 148, pI. 11, fig. 21 (not text 
fig. 59). 

FORAMINIFERAL REFERENCE LIST 

All species of Foraminifera reported here as new 
data are listed alphabetically by preferred modern 
name and followed by the original designation and ref
erence. 

Cassidulina galvinensis Cushman and Frizzell, 1940, 
Cushman Lab. Foram. Research Contr., v. 16, pt. 
2, p. 43, pI. 8, figs. lOa-c. 

Ceratobulimina washburnei Cushman and Schenck, 
1928, California Univ., Dept. Geol. Sci. Bull., v. 17, 
no. 9, p. 314, pI. 45, figs. la-c. 

Chiloguembelina cubensis (Palmer) Giimbelina 
cubensis Palmer, 1934, Soc. Cubana Hist. Nat. 
Mem., v. 8, p. 74, text figs. 1-6. 

Eponides kleinpelli Cushman and Frizzell, 1940, Cush
man Lab. Foram. Research Contr., v. 16, pt. 2, p. 
42, pI. 8, figs. Ila-c. 

Globigerina ampliapertura Bolli, 1957, U.S. Natl. 
Mus. Bull. 215, p. 108, pI. 22, figs. 4a-7b. 

Globigerina ang/poroides angiporoides Hornibrook = 
Globigerina angiporoides Hornibrook, 1965, New 

Zealand Jour. Geology and Geophysics, v. 8, no. 5, 
p. 834, figs. 1, 2. 

Globigerina brevis Jenkins, 1966, New Zealand Jour. 
Geology and Geophysics, v. 10, no. 6, p. 1100, fig. 
7, nos. 58-63. 

Globigerina galavisi Bermudez, 1961, de Geologia, 
Caracas, p. 1.183, pI. 4, fig. 3. 

Globigerina gortanii gortanii Borsetti = Globigerina 
gortanii Borsetti, 1959, Gior. Geologia (2), v. 27, p. 
205-2]2, pI. 1. 

Globigerina gortanii praeturritilina (Blow and Ban
ner) Globigerina turritilina praeturritilina Blow 
and Banner, ]962, Fundamentals of mid-Tertiary 
stratigraphical correlation (2), p. 99, pI. XIII, figs. 
A-C. 

Globigerina linaperta Finlay, 1939, Royal Soc. New 
Zealand Trans., v. 69, pt. ], p. 125, pI. 23, fig. 54-7. 

Globigerina praeblilloides Blow, 1959, Bulls. Am. Pa
leontology, v. 39, no. 178, p. ]80, pI. 8, figs. 47a-c; 
pI. 9, fig. 48. 

Globigerina prasaepis Blow, 1969, Internat. Plankton
ic Conf., 1st Proc., v. ], p. 382, pI. 10, fig. 13; pI. 
18, figs. 3-7. 

Globigerina triloculinoides Plummer, 1926, Univ. 
Texas Bull. 2644, p. ]34-]35, pI. 8, figs. lOa-c. 

Globigerina wilsoni Cole, 1927, Bulls. Am. Paleontol
ogy, v. 14, no. 5], p. 34, pI. 4, figs. 8,9. 

Globigerinatheka index index (Finlay) = Globigeri
noides index Finlay, 1939, Royal Soc. New Zealand 
Trans., v. 69, pt. 1, p. 125, pI. 14, figs. 85-88. 

Globigerinatheka index tropicalis (Blow and Banner) 
Globigerapsis tropicalis Blow and Banner, 1962, 
Fundamentals of mid-Tertiary stratigraphic corre
lation (2), p. 124, 125, pI. XV, figs. D-F. 

Globigerinatheka semiinvoluta (Keijzer) = Globiger
inoides semiinvolutus Keijzer, 1945, Univ. Utrecht 
Geogr. en Geol. Med., Phys.-Geol. Reeks, ser. 11, 
no. 6, p. 206, pI. 4, figs. 58a-e. 

Globigerinita llnicava primitiva Blow and Banner, 
1962, Fundamentals of mid-Tertiary stratigraphic 
correlation (2), p. 114, pI. XIV, figs. J-L. 

Globorotalia aragonensis twisselmanni Mallory, 1959, 
Lower Tertiary Biostratigraphy of the California 
Coast Ranges, Am. Assoc. Petroleum Geologists, 
Tulsa, p. 252, pI. 23, fig. la-c. 

Globorotalia 	 cerroaZlilensis cerroazulensis (Cole) = 
Globigerina cerro-aZlilensis Cole, 1928, Bulls. Am. 
Paleontology, v. ]4, no. 53, p. 2]7, pI. 1, figs. lI 
n. 

Globorotalia cerroazulensis pomeroli Toumarkine and 
Bolli, 1970, Rev. Micropaleontologie, V. 13, no. 3, 
p. ]40, pI. I, figs. 10-18. 

Globorotalia increbescens (Bandy) = Globigerina in
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crebescens Bandy, 1949, Bulls. Am. Paleontology, 
v. 32, no. 131, p. 120, pI. 23, figs. 3a-c. 

Globorotalia insolita Jenkins, 1966, New Zealand 
Jour. Geology and Geophysics, v. 8, no. 6, p. 1120, 
fig. 13, no. 113-118. 

Globorotaloides suteri Bolli, 1957, U.S. Natl. Mus. 
Bull. 215, p. 117, pI. 27, figs. 9a-13b. 

Guembelitria columbiana Howe = Gilmbelitria co
lumbiana Howe, 1939, Louisiana Geol. Survey Bull. 
14, p. 62, pI. 8, figs. 12, 13. 

Hanzawaia americana crassisepta (Cushman and 
Laiming) = eibicides americanus crassiseptus 
Cushman and Laiming, 1931, Jour. Paleontology, v. 
5, no. 2, p. 119, pI. 14, figs. 7a-c. 

Nodosaria latejugata Gumbel, 1868, Beitrage zur For
aminiferenfauna der nordalpinen Eocangebilde, K. 
Bayer, Akad. Wiss. MUnchen, Math.-Physik. CI., 
Abh., Munchen, Deutschland, bd. 10 (1870), abt. 2, 
p.619. 

Nonion ynezianum Kleinpell, 1938, Miocene stratig
raphy of California, Am. Assoc. Petroleum Geolo
gists, Tulsa, p. 237, pI. 11, figs. 1, 2. 

Pseudohastigerina 	micra (Cole) Nonion micrus 
Cole, 1927, Bulls. Am. Paleontology, v. 14, no. 51, 
p. 22, pI. 5, fig. 12. 

Sigmomorphina schencki Cushman and Ozawa, 1930, 
U.S. Natl. Mus. Proc., v. 77, art. 6, p. 133, pI. 35, 
figs. 6a, b. 

Siphogenerina nodifera Cushman and Kleinpell, 1934, 
Cushman Lab. Foram. Research Contr., v. 10, pt. 
1, p. 13, pI. 2, figs. 15, 16. 

Siphogenerina transversa Cushman = Siphogenerina 
raphanus transversus Cushman, 1918, U.S. Natl. 
Mus. Bull. 103, p. 64, pI. 22, fig. 8. 

Truncorotaloides rohri Bronnimann and Bermudez, 
1953, Jour. Paleontology, v. 27, no. 6, p. 818,819, 
pI. 87, figs. 7-9. 

Uvifierina lodoensis miriamae 	Mallory, 1959, Lower 
Tertiary Biostratigraphy of the California Coast 
Ranges, Am. Assoc. Petroleum Geologists, Tulsa, 
p. 209, pI. 17, figs. 8a-c, 9a-c; pI. 40. fig. 9. 

Ul'ifierinella sparsicostata Cushman and Laiming, 
1931, Jour. Paleontology, v. 5, no. 2, p. 112, pI. 12, 
figs. 12a, b. 

Valvulineria casitasensis Cushman and Laiming, 1931, 
Jour. Paleontology, v. 5, no. 2, p. 113, pI. 13, figs. 
la-c. 
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ABSTRACT 


In contrast to the strongly cyclic isotopic record of 
late Pleistocene deep-sea cores, the isotopic record of 
earlier deep-sea sediment sections is much more uni
form. The first pre-Pleistocene sediment sections ana
lyzed isotopically for paleotemperatures include the 
lower section of Swedish core 234, previously as
signed either a lower-middle Miocene age or an upper 
Miocene age on the basis of limited foraminiferal stud
ies. Both the oxygen isotopic curve and calcium car
bonate percentages reflect a sequence of three strati
graphically distinct units in the core section. Because 
of the significance of the isotopic results in terms of 
pre-Pleistocene climate and the paucity of paleonto
logical data from the cursory foraminiferal examina

tions, a refined micropaleontologic investigation of the 
core section was carried out for more complete paleo
climatic information. The results confirm that: (1) the 
lower portion of the core is not as disturbed as pre
viously thought; (2) clearly, three distinct biostrati
graphic units are indicated, the bottommost being 
Pleistocene in age; (3) environment of deposition was 
tropical and deep-water; (4) the core penetrated 
through Pleistocene into only Pliocene sediments; (5) 
species in the fine fraction «250 ~m) are important 
to a complete faunal study and should not be elimi
nated from analyses; and (6) pelagic species often ex
hibit temperature-related trends in distribution, abun
dance and test morphology. 

INTRODUCTION 

Oxygen isotope analysis of deep-sea cores (Emili
ani, 1955, 1956, 1966, 1978; Shackleton and Opdyke, 
1973, 1976) has led to a complete revision of Pleisto
cene climate. In lieu of the four classical glaciations 
proposed by Penck and Bruckner (1909), a picture has 
emerged of many, short, intense glaciations alternating 
with warm interglacials with a quasi-periodicity of ap
proximately 100,000 years. These consistent, strong, 
quasi-periodic variations are interpreted as an effect 
of temperature variations and variations in the oxygen 
isotopic composition of sea water related to glaciaV 

1 Present address: U.S. Geological Survey, Fisher Island Station. 
Miami Beach, Florida 33139. 

interglacial cycles (Emiliani, 1955, 1958, 1966, 1972, 
1978; Shackleton and Opdyke, 1973, 1976). The strong 
isotopic variations observed in deep-sea sediment sec
tions of Pleistocene age are attenuated in sediment 
sections older than approximately 3 m.y. (Shackleton 
and Opdyke, 1977). 

Three core sections of presumably Tertiary age 
were analyzed isotopically by Emiliani (1956). The 
longest section is the lower portion (702.5 to 1,474.5 
cm) of Swedish core 234 (lat. 5°45'N, long. 21°43'W; 
3,577 m depth) raised from the Sierra Leone Rise in 
the eastern equatorial Atlantic. This portion exhibits 
very small, erratic oxygen isotope variations through
out, in marked contrast to the strong isotopic varia
tions in the upper portion of the same core. The upper 
portion, 693.5 to 0 cm, consisting of undisturbed sed
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iments, was readily assigned a late Pleistocene to Ho
locene age, ranging from stage 8 to stage 1, on the 
basis of intercore correlation (Emiliani, 1955). Micro
paleontological analysis, based largely on a few pelag
ic foraminifera, led Phleger and others (953) to assign 
a Miocene age, not younger than upper Miocene, to 
the bottom of core 234. These authors noted, however, 
the continued presence of modern species throughout 
the section. They also observed that the section is 
lithologically more compact and indurated than that 
above and interpreted the lithologic boundary as an 
unconformity occurring at approximately 1,100 cm 
below core top. Emiliani (1956) assigned a lower-mid
dle Miocene age to the same sediments on the basis 
of selected benthic and pelagic foraminifera. None of 
the three Tertiary core sections analyzed isotopically 
by Emiliani (1956) shows significant isotopic variations 
of the type characteristic of Quaternary cores. This 
was interpreted as a corollary to absence of glaciation 
during the time when these core sections were depos
ited. 

In view of the significance of the isotopic data, a 
more precise investigation of foraminiferal stratigra
phy of core 234 was conducted for the purpose of ob
taining a clearer picture of the pre-Pleistocene climatic 
record. Significant progress made in stratigraphic mi
cropaleontology during the past 20 years yielded an 
additional effect, that the bottom sediments are youn
ger than previously thought, thus leading to an age 
reassignment to the lower portion of the core. 

METHODS 
A thorough micropaleontologic examination was 

conducted initially on a sample (1,412.5-1,414.5 cm) 
52 cm from the bottom. A total of 51 species was 
identified and their stratigraphic ranges determined on 
the basis of foraminiferal zonations of Parker (1967), 
Blow (1969), Berggren and Van Couvering (1974), and 
Stainforth and others (1975). Distribution of those 
species most diagnostic biostratigraphically was then 
determined throughout the core section at sedimentary 
intervals of 10 to 50 cm (Table 1), the closer interval 
being used when significant changes in faunal assem
blages were noted. Each sample was sieved into three 
size fractions (>500 f,tm, 250-500 f,tm, <250 f,tm) and 
each fraction was examined separately. An entire sam
ple, ranging from 0.3 to 2.8 grams, was used for the 
taxonomic study. * Test preservation throughout the 

Gram weights given exclude specimens of Globigerinoides sac
clIl(fi>rlI and G. ruhra, which had been removed from all >500 ~m 
and most 250-500 ~m size fractions for oxygen isotope analyses. 
As a result. no quantitative total faunal analysis was undertaken. 

core section varied from good to poor, the latter ap
parently resulting from post-depositional dissolution 
(i.e., Emiliani, 1955). 

Micropaleontological analysis is often restricted to 
those species present in the coarser size fractions of 
a sample, a procedure which can lead to biostrati
graphic misinterpretation of the faunal assemblage by 
omission of species whose adult forms occur only in 
the fine fraction. For instance, as shown in Table 1, 
some species (e.g., Globigerina rubescens and Glo
bigerinoides tenella, and others examined from the 
1,412.5-1,414.5 cm sample but not listed in the Table, 
such as Globigerina bradyi, G. decoraperta, G. hex
agona, many Globigerinita species, and Globigeri
noides bolli) are present largely or exclusively in the 
fine fraction. Accurate analysis, therefore, must be 
directed at close examination of all size fractions, 
thereby reducing the error and increasing the strati
graphic resolution. Inherent bias, however, exists in 
fine fraction faunal analyses. Thin-walled forms are 
often broken, rendering identification impossible, and 
there is the danger of misidentification of any species 
whose adult tests are found normally in the coarser 
fractions (i.e., Stainforth and others, 1975). Micropa
leontologic analysis of the fine fraction should be re
stricted, therefore, to only those species occurring 
there as adults. Throughout the lower section of core 
234, adult specimens of the subspecies Sphaeroidinel
lopsis dehiscens immatura, believed to be restricted 
in range to Blow's (1969) Zone N19 (upper Pliocene), 
resemble smaller than adult specimens of S. dehiscens 
dehiscens so closely that no attempt was made to dis
tinguish between the two at the subspecific leveL 

DISCUSSION 

It is evident from Table 1 that the lower section of 
core 234 is composed of three distinct biostratigraphic 
units, here referred to as core intervals A (top), B 
(middle), and C (bottom or basal unit). A Pleistocene 
fauna (Globigerinita digitata digitata, G. eggeri eg
geri, pink Glohigerinoides ruhescens tests, G. tenella, 
Globorotalia acostaensis pseudopima, G. hirsuta hir
suta, G. truncatulinoides, and Pulleniatina obliquiloc
ulata jinalis) clearly dominates the pelagic foraminif
eral assemblage in core intervals A (702.5-1,099.5 cm) 
and C (1,452.5-1,474.5 cm). Core interval B (1,132.5
1,444.5 cm), on the other hand, contains a mixture of 
species with varying ranges: Pliocene to Holocene 
(Globigerinoides rubra, Pulleniatina obliquiloculata 
obliquiloculata, and Sphaeroidinella dehiscens); mid
dle Miocene to Holocene (Globorotalia menardii); 
middle and late Pliocene to Pleistocene (Globigeri
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noides jistulosa, Globorotalia cultrata exilis, and G. 
miocenica); late Miocene to early Pleistocene (Globig
erinoides obliqua extrema, Globorotalia acostaensis 
acostaensis, and Pulleniatina obliquiloculata prima
lis); and from the middle Miocene to the N2l/N22 
boundary of Blow (1969) (Globorotalia multicamerata 
and Pulleniatina ohliquiloculata praecursor). Core in
terval B also includes flexuosa-type specimens (of 
Glohorotalia menardU, G. tumida, and G. multicam
erata) and specimens of G. tosaensis, whose respec
tive ranges extend from early and late Pliocene into 
upper and lower Pleistocene. In addition, Glohigerina 
venezuelana, Glohoquadrina altispira altispira, Glo
horotalia miozea cibaoensis, G. tumida merotumida, 
Sphaeroidinel/opsis seminulina kochi, and S. suhde
hiscens subdehiscens all occur in this core interval and 
all have extinction datum levels located at or near the 
Pliocene-Pleistocene boundary, Globigerina ne
penthes, Globorotalia margaritae. and G. tumida ple
siotumida are present and exhibit a middle Pliocene 
extinction. Two species (Globoquadrina dehiscens 
and Sphaeroidinellopsis seminulina seminulina) pre
sumed to become extinct in the upper Miocene also 
occur, possibly because ofredeposition, together with 
Pleistocene species which apparently have been re
worked down the core (i.e., Gartner and Lidz, 1972). 
This mixing, however, was not sufficiently great to 
homogenize the sediment; a clear biostratigraphic dis
tinction between the 702.5-1,099.5 cm interval and the 
1,132.5-1,444.5 cm unit can still be made (see Table 
1). 

The presence of a thin unit of Pleistocene sediment 
at the very base of the core (core interval C: 1,452.5
1,474.5 em) appears to indicate that the core barrel 
was dropped back into the sediment immediately after 
extraction or that the surface sediments of the sea 
floor were sucked up into the barrel. It should be noted 
that the basal unit again shows a lower carbonate con
centration characteristic of the upper Pleistocene (i.e., 
OJausson, 1960). A similar trend is shown by oxygen 
isotopic analysis (Emiliani, 1956). 

The fact that many species occurring in the lower 
portion of core 234 range from within the Miocene into 

the Pliocene, becoming extinct before the Pleistocene, 
and that a clear distinction exists between the two 
major biostratigraphic units (at approximately 1,100 
cm below top), is consistent with the theory of a great, 
worldwide planktonic foraminiferal change during the 
middle Pliocene (i.e., Blow, 1969; Stainforth and oth
ers, 1975, Fig. 22); however, the added effect of an 
unconformity at 1,100 em is probable. A Miocene 
species previously reported from this core as Sphae
roidinellopsis rutschi (Phleger and others, 1953; Emi
liani, 1956) does not appear distinguishable from ma
ture specimens of Sphaeroidinellopsis subdehiscens, 
a form whose horizon of extinction is unknown, ac
cording to Blow (1969), and may well occur within the 
Pliocene but whose datum is thought by Stainforth and 
others (1975) to be within the late Miocene near the 
Miocene/Pliocene boundary. Following the biostrati
graphic controls established by Blow (1%9) and sub
sequently used by Berggren and Van Couvering 
(1974), the coexistence of Sphaeroidinellopsis and 
Sphaeroidinella groups, plus the presence of Globo
quadrina altispira altispira, characterize foraminiferal 
Zones N19 and N20, which are dated at 4.8 and 3.0 
m.y. B.P. (Berggren and Van Couvering, 1974), and 
continue to occur together throughout the 5 to 3 m. y. 
B.P. interval. Based on these criteria, therefore, core 
interval B (1,132.5-1,444.5 em) appears to be of mid
dle to upper Pliocene age. 

PALEOECOLOGY 

Oxygen isotope analyses indicate that slightly more 
negative values are evident in the interval between 
1,150 and 1,450 em than in the portion between 750 
and 1,100 em (Emiliani, 1956). In addition, the isotopic 
composition of Globigerinoides sacculiferalG. rubra 
in the section from the bottom of the core to 702.5 em 
is intermediate between glacial and interglacial values. 
This would indicate a temperature of about 2°C lower 
than today, but still quite tropical, as is also shown by 
the continued presence of such warm-water species as 
Pulleniatina ohliquiloculata and Sphaeroidinella de
hiscens. The Globorotalia menardii group, on the oth-

TABLE I 

Biostratigraphy of lower section of Swedish core 234: 33 stratigraph
ically significant species and their presence (X) or absence (blank) 
from 1,474.5 cm (total depth) to 702.5 cm below top of core. Core 
interval A of Pleistocene age; core interval B of middle to upper 
Pliocene age; core interval C of Pleistocene age. (a) >500,...m size 

fraction; (b) 250-500 ,...m size fraction; (c) <250 ,...m size fraction. 
Gfobigerinuides .fislu/osu; (f) highly spinose; (X) very lightly spi
nose, often identifiable with certain specimens of G.H/C·cldi!em. 
Glohorotalia menarilii. G. mufticall1erata. and G. Il/lI1ida fIImid([: 
(F) flexuosa-type: (X) non-fiexu()sa type. 
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er 	hand, is conspicously absent between 763.5 and 
959.5 cm, a clear example of nonlinear response by a 
major foraminiferal group to environmental parame
ters. Analogous nonlinear responses by the same 
group occur in the Gulf of Mexico (Kennett and Hud
dleston, 1972, Fig. 1) and in the Atlantic-Caribbean 
during warm stages 15 and 13 (Emiliani, 1964). 

Benthic species identified randomly throughout the 
core section are deep-water forms (1,000-4,000 m or 
deeper; Bock, pers. comm., 1973). 

Oxygen isotope values for the lower portion of core 
234 show small (0.5 per mil) but well defined oscilla
tions on a trend which indicates that sediment and/or 
coring disturbances were not sufficiently large to ran
domize this parameter (or other parameters, such as 
coarse fraction percentages, foraminiferal trends, 
etc.). From the point of view of faunal composition, 
the following observations are made: 

1. 	 Specimens of Globigerina digitata digitata are 
morphologically well developed in interval A, 
whereas the species is largely absent in interval B. 

2. 	 The warm-water species, Splzaeroidinella delzis
cens and Pulleniatina obliquiloculata, are abun
dant between 750 and 900 cm, whereas the deep
water form, Globorotalia tumida, is absent. 

3. 	 Between 750 and 900 cm, specimens of Globoro
talia crassaformis are large and abundant, number 
of chambers in the final coil is relatively high (5
6), and the periphery ranges from relatively acute 
to partially carinate, all parameters morphological
ly characteristic of warm temperatures in the Pleis
tocene (i.e., Emiliani, 1969; Lidz, 1972). 

4. 	 Both the Globorotalia miocenica/G. multicamerata 
and G. tumida groups exhibit strong changes in 
flexed versus non-flexed morphotypes; these vari
ations do not appear to be correlated to each other 
within the two groups. 

5. 	 The fistulose characteristic of Globigerinoides .!is
tulosa is strongly more developed in interval B than 
in the overlying interval A. 

6. 	 Of particular significance is the abundance of ab
normal specimens, both benthic and pelagic, in the 
lowest 1 m of Pleistocene interval A 0,012-1,097 
em); neither the isotope nor the coarse fraction per
centages indicate any significant gradient or 
change. The cause of the high incidence of abnor
mality remains, therefore, unknown. 

Altogether, it appears that temperatures remained 
above the winter threshold for Sphaeroidinella and 
Pulleniatina species throughout interval B. This ob
servation and the trend of the isotopic curve suggest 

that while winter temperatures may have been similar 
to those of today, summer temperatures may have 
been a few degrees centigrade lower. Present-day an
nual temperatures in the equatorial Atlantic range 
from 24.40 to 29.4°C (U.S. Naval Hydrographic Office, 
1967). Isotopic temperatures for core 234 vary from 
21.00 to 25SC (Emiliani, 1956) for the lower section 
discussed herein. 

CONCLUSIONS 

The lower portion of core 234 (702.5-1,474.5 cm) 
consists of three different biostratigraphic units: core 
interval A (top) of Pleistocene age (702.5-1,099.5 cm), 
core interval B (middle) of middle to late Pliocene age 
(1,132.5-1.444.5 cm), and core interval C (base), again 
of Pleistocene age (1,452.5-1,474.5 cm). This three
part division is borne out by oxygen isotope and cal
cium carbonate percentages. In addition to pelagic fo
raminiferal species characteristic of the three units 
mentioned, Pleistocene and Miocene species are pres
ent in the Pliocene interval, causing the appearance of 
disturbed sediments. Uniformity of the isotope curve 
and gradational trends in variation of foraminiferal pa
rameters, however, are consistent with undisturbed 
sediments. Mixing apparently occurred during core 
sampling and was such that further differentiation of 
the three intervals into specific zones was not possible. 
The presence of Splzaeroidinellopsis and Splzaeroidi
nella species, along with Globoquadrina altispira al
tispira, which characterizes foraminiferal Zones N19 
and N20 dated at 4.8 and 3.0 m.y. B.P., is good evi
dence that the core penetrated Pliocene and not Mio
cene sediments. Benthic species throughout the core 
section indicate a depositional environment of 1,000
4,000 m or greater. 

The warm-water species, Pulleniatina obliquilocu
lata obliquiloculata and Splzaeroidinella dehiscens. 
remain abundant in the lower portion of the core, pro
viding corroborative evidence for a tropical (but 2°C 
cooler than today) environment of deposition as de
termined by oxygen isotopic analysis. On the other 
hand, the warm-water Globorotalia menardii group is 
absent between 763.5 and 959.5 cm, indicating a non
linear response by this group to environmental param
eters. 

Detailed examination of the fine ( <250 /-Lm) fraction 
of sediments precludes overlooking those species 
whose adult tests occur largely or exclusively in the 
fine fraction. In some cases, even in Quaternary and 
especially in Tertiary sediments, such pelagic species 
are good age indices and would otherwise be missed. 
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Applied to mature tests of selected species of pe
lagic foraminifera with respect to isotopic temperature 
variations, evolutionary changes and/or adaptations of 
test growth and structure, species abundance and dis
tribution often are a reflection of changes in paleoen
vironment. In core 234 selected species adapted to 
tropical waters demonstrate sensitivity to paleotem
perature changes. Their variations in morphology, 
however, are not as pronounced as those exhibited by 
species adapted to higher latitudes, where glacial/in
terglacial temperature amplitudes are greater. 

The basal 22 em of Pleistocene sediment, which ap
pear to underlie the older Pliocene interval, were prob
ably artificially introduced into the core barrel upon 
extraction from the sea floor. This could have been 
accomplished by dropping the barrel back into the sur
face sediment or by suction upon extraction, causing 
sea floor sediment to "flow into" the barrel and be 
retained. 
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FORAMINIFERAL ZONATION OF THE REFUGIAN STAGE, 
LATEST EOCENE OF CALIFORNIA 

ANN TIPTON 

Resource Associates of Alaska. Inc., 5926 McIntyre St., Golden, Colorado 80401 

ABSTRACT 

The Refugian Stage of California contains two Op noplankton Zone of Bukry (1973, 1975). NP19 and 
pelian zones, the Vall'lllineria tumeyensis Zone in the NP20 of Martini (1971: see Warren and Newell, ) 980). 
lower Refugian, and the Ul'igerina l'icksburgensis The present zonation for the Refugian Stage is ap
Zone in the upper Refugian. The V. tumeyensis Zone plicable to all known areas of California and the Cal
consists of the Cibicides Iwydoni Subzone, below, and ifornia borderland, as well as southern Oregon. Re
the Uvigerina atwilli Subzone, above. fugian foraminiferal faunas of northern Oregon and 

The Refugian Stage is equivalent to the Globorotalia Washington are very similar in overall faunal content, 
cerroazulensis planktonic foraminiferal zone of Bolli but in details of faunal sequence differ sufficiently to 
(1957, 1966), and to the lsthmvlithus recurVllS Sub be recognized as belonging to a separate Refugian bio
zone of the Discoaster barbadiensis calcareous nan- geographie subprovince, within which the zonation of 

Rau (1958, 1966) is used instead. 

INTRODUCTION 

The foraminiferal "zones" previously used to sub
divide the Refugian Stage in California are inadequate
ly defined or purely local biostratigraphic units and are 
herein replaced by Oppelian zones (see Berry, \966, 
\968). The latter are based on faunal analysis, through
out the biogeographic province, of sequences repre
senting numerous biofacies and paleoenvironments, to 
determine a succession of diagnostic congregations 
of fossils. The zones based on these faunal congre
gations are anchored in both time and space by ac
curately defined type sections. 

The succession of congregations defining zones is 
independent of ecologic facies to the extent that faunas 
representing a wide range of biofacies and paleoenvi
ronments, including a range of water depths, have 
been utilized in determining the succession. 

In actuality, the range of these factors that has been 
considered is sometimes far from perfect. In the case 

of the Refugian Stage in California, deep-water forms 
predominate among the known benthic foraminiferal 
faunas, nearly to the exclusion of neritic assemblages 
(Donnelly, 1976), so that neritic forms are less well 
represented in the zonal congregations than are bathy
al and deeper forms. 

Downslope displacement and differences in rates of 
sedimentation also have the potential to affect ap
pearances and extinctions of individual species or of 
assemblages in the stratigraphic record, but these fac
tors are unlikely to disrupt the slIccessions of rigor
ously defined zonal congregations from place to place. 
A discussion of the various physical and biological 
factors during sedimentation that affect the accumu
lation and preservation of fossils is beyond the scope 
of this paper, but they nonetheless are to be recog
nized as playing a role in further complicating the al
ready complex task of paleontological correlations at 
the zonal level. 
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CALIFORNIAN REFUGIAN STAGE 

TABLE I 

Primary references to foraminiferal data for the Refugian Stage in California. Locations of areas I through 9 are shown on Figure I. 

AREA FORMATION 	 REFERENCE 

I. 	Western Santa Ynez 
Mountains 

2. Santa Lucia Mountains 

3. San Juan Bautista 

4. Santa Cruz Mountains 

5. Sacramento Valley subsurface 

6. 	 Mount Diablo area of Contra 
Costa County 

7. 	 Diablo Range and subsurface 

8. Temblor Range and subsuJi'aee 

9. 	 San Emigdio Range and 
subsurface 

Uppermost Sac ate and Gaviota 

Church Creek 

San Juan 
Bautista and ('!) Pineeate 

San Lorenzo 

"Markley Gorge fill" 

Kirker 

Tumey 

Wagonwheel ("'Oceanic sand" 
and "Tumey shale" of 
subsuJi'aee) 

upper San Emigdio and lower 
Pleito 

Wilson (1954): Kleinpell and Weaver (1963): 
Donnelly (1976) 

Waters (1%3), Dickinson (1%5) 

Castro (1%7): Clark and Rietman (1973) 

Sullivan (1%2); Fairchild and others (1969): Smith 
(1970 

Almgren and Schlax (1957) 

Kleinpell (1938: Zemorrian microfauna); Refugian 
mollusks treated in Primmer (1%4) 

Cushman and Simonson (1944): Phillips and others 
(1974); Donnelly (1976) 

Smith (1956): Tipton and others (1973) 

Delise (1967); Tipton and others (1973) 

Oppelian zonation of the Refugian Stage has lagged 
with respect to that of California's stages of the older 
Eocene (zonation of Mallory, 1959) and of the Oligo
cene and Miocene (Kleinpell, 1938) because of the 
scarcity of continuously microfossiliferous marine se
quences through the Refugian interval. Lying above 
the Narizian and below the Zemorrian Stages, the Re
fugian is typically represented in California's outcrops 
by continental deposits (Sespe, Vasquez, Plush 
Ranch, Simmler Formations), non-foraminiferal, shal
low-water marine beds (e .g., Alegria Formation) or 
hiatus. These features are indicative of regression of 
seas or uplift of source areas throughout much of west
ern California during Refugian time. 

The present zonation is based on analysis of the 
distribution of foraminiferal species in every known 
Refugian outcrop sequence (see Table I and Fig. l) 
and in numerous subsurface sequences of onshore and 
offshore California. Details of each area, its forami
niferal taxonomy, biofacies, paleoenvironments, a dis
cussion of Refugian paleogeography and of correla
tions to Refugian sequences in the Pacific Northwest 
are available in Donnelly (1976). 

EOCENE OR OLIGOCENE? 

The present study does not attempt to treat fully the 
controversial question of the Eocene-Oligocene 
boundary in the California sequence of stages. Ac
cording to the usage of workers such as Kleinpell '1nd 

Weaver (1963), it most probably falls somewhere with
in the Refugian Stage, whereas many planktonic mi
crofossil specialists (e.g., Warren and Newell, 1976, 
1980) place it at the top of the Stage. A full discussion of 
this subject is not presented here. Weaver and Tipton 
(1972) discussed the theoretical difficulties involved in 
pinpointing, at a stage or zonal level of refinement, the 
series-epoch boundaries of the Tertiary. Boundaries 
were never defined by Lyell in his designation of the 
Eocene or Miocene; the Oligocene of von Beyrich, 
defined for a time interval between the two, involves 
serious problems of correlation both at the top and the 
bottom of its type sequence in Europe. 

These correlation problems are magnified in making 
long-distance correlations across the boundaries of 
zoogeographic provinces. In each region, usages inev
itably differ for different groups of taxa, because the 
times of best-defined evolutionary change in one group 
do not necessarily coincide with those of another 
group. The molluscan faunas of the Refugian Stage 
bear closest affinities to the Eocene (e.g., the large 
venericards of the Turritella variata fauna; see Weav
er and Kleinpe/l, 1963, p. 118). The benthic forami
niferal faunas of the Refugian Stage have notable ele
ments in common with benthic faunas of the upper 
Jackson and Vicksburg Groups, lithogenetic units long 
considered of upper Eocene and Oligocene age. Re
cent correlations on the basis of the chronologically 
diagnostic nannoplankton of the lstlzmolithus recurvus 
Subzone (A. D. Warren, pers. comm., 1975, and War
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Primary areas of occurrence of Refugian foraminiferal sequences in California. Numbers 1 through 9 refer to Table 1. 


ren and Newell, 1976) link the Refugian Stage of Cal
ifornia with a portion of the upper Jackson Group that 
Warren regards as Eocene, but whether the upper 
Jackson Group is entirely Eocene, or perhaps partially 
Oligocene, is itself open to controversy. 

The placing of the Eocene-Oligocene boundary 
within the context of the California provincial stages 
thus inevitably involves interpretation that varies both 
according to the group of organisms considered and 
the individual usage. To place it at all at the stage or 
zone level of refinement is falsely accurate, but is done 
nonetheless in order to relate California sequences 
generally with those of other regions. The usage fol
lowed here, based primarily on the general affinities 

of the Turritella variata molluscan assemblages, is 
that of uppermost Eocene age for the entire Refugian 
Stage. 

PREVIOUS WORK 

Schenck and Kleinpell (1936, po 219) named the Re
fugian Stage of the West Coast for "the rocks depos
ited after the strata usually included with the Tejon 
(restricted) Formation were laid down and before the 
Zemorrian age They left the Stage unsubdivid0 0 • 0" 

ed into Zones "until a more finely drawn control over 
the faunal sequence has been established" (po 221). 

Cushman and Simonson (1944) described the Refu
gian foraminiferal succession in cores of the Seaboard 
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Geologic setting of collected section, Sacate and Gaviota Formations, Arroyo el Bulito, western Santa Ynez Mountains, California. Geology 
from Dibblee (1950) and Kieinpell and Weaver (1963). 

Welch # 1 Well near the type Tumey Formation 
(Atw ill , 1935).)f the Diablo Range in central Califor
nia. Beneath the Zemorrian and younger faunas of the 
subsurface Temblor Formation, they distinguished 
three foraminiferal "zones" within the Tumey inter
val: the "Leda Zone," the "Uvigerina cocoaensis 
Zone" and the "Transition Zone." Beneath the latter, 
faunas of the Kreyenhagen Shales indicated definite 
pre-Refugian age. 

The "zones" of Cushman and Simonson would, by 
present usage, be termed zonules (Fenton and Fenton, 
1928), purely local biostratigraphic units that are not 
necessarily significant in terms of age. 

Kleinpell and Weaver (1963, pp. 32-33) proposed 

tentatively that an upper Refugian Uvigerina vicks
burgensis Zone is typified by occurrences of Uvigerina 
vicksburgensis in the "Leda Zone" of Cushman and 
Simonson (1944), in addition to the earliest occur
rences of Cassidulina galvinensis, Eponides kleinpelli. 
Uvigerina gallowayi, and others. 

In local investigations of Refugian sections in Cali
fornia (Table 1), the "Uvigerina cocoaensis Zone" of 
Cushman and Simonson (1944) and the tentative Uvig
erina vicksburgensis Zone of Kleinpell and Weaver 
(1963) have commonly been used as lower and upper 
Refugian zonal subdivisions, respectively. Their use 
in regional biochronology has led to confusion and 
miscorrelations because they lack faunal criteria for 
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TABLE 2 	 TABLE 2 

Known occurrences of selected foraminiferal taxa in upper Narizi Continued. 
an, Refugian, and lower Zemorrian Stages of California (+ x = oc

NARI	 ZEMORcurs lower than upper Narizian; x+ = occurs higher than lower STAGE ZIAN REFUGIAN RIAN 

Zemorrian). 
Uvi- u. 

A. gerina gallo.
NARI ZEMOR jen Valvulineria vicks- waYl 

STAGE ZIAN REFUGIAN RIAN ZONE kinsi tumeyensis bllr~en-
5IS 

Uvi U. C. U. 
A. gerina gallo	 hay at 

jen Valvulineria vicks waYl SUBZONE doni willi 
ZONE kinsi bur~en-[Umeyen~is 

SIS P. vaugh ani 	 x x x x+ c. U. 
hay- at- P. vokesi x x x x 

SUBZONE doni willi Pseudohastigerina 
micra 	 +x x xAlabamina kernensis x x x x 

Anomalina californiensis x x x x x+ Spiroloculina 

Bifarina eleganta +x wilcoxensis +x xx x 
Tritaxilina colei +x x x x+ 

Bolivina jacksonensis x x x x 
Bolivina basisenta x 

Uvigerina atwilli 	 x x 
Uvigerina cocoaensis x x 

var. tumeyensis x x x Uvigerina gallowayi x x+ 

Bolivina marginata x x+ Uvigerina gardnerae x x x x'? 

Bulimina corrugata +x 

Bolivina jacksonensis 

Uvigerina garzaensis +x x x x 

Bulimina schencki x x x Uvigerina garzaensis 

Bulimina sculptilis +x x x x var. nudorobusta +x x 

Cancris joaquinensis x x x Uvigerina jacksonensis x x 

Cassidulina galvinensis x Uvigerina kernensis x x+ 

Cibicides cushmani +x Uvigerina vicks-

Cibicides elmaensis x x+ burgensis x 

Cibicides haydoni x x x Vaginulinopsis 

Cibicides hodgei x x x x saundersi +x x 

Cibicides natlandi 	 Valvulineria jacksonensis+x 
Cibicides pseudo- var. welcomensis +x x 

ungerianus var. evolutus x x x x x+ Valvulineria menloensis x 

Cibicidoides Valvulineria tumeyensis +x x x 

coalingensis +x x x Vulvulina curta +x x x 

Dentalina consobrina +x x x x x+ 
Eggerella elongata +x 
Eggerella subconica +x x 
Epistomina eocenica +x x x x~ recognition verified throughout the province, and be
Eponides gaviotaensis +x x x cause no type sections have been designated where 
Eponides kleinpelli 	 x x+ superpositional and faunal relationships are clearly
Eponides mansfleldi 

exemplified. Tipton, Kleinpell, and Weaver (1973, p. var. oregonensis x x 
Eponides yeguaensis +x x 20) emphasized the need for definition of Refugian 
Globocassidulina zones and suggested tentative faunal criteria for the 

globosa +x x x x eventual designation of three such units. 
Globocassidulin'1 

margareta x x+ 
NEW ZONATIONGyroidina condoni +x x x x x+ 

Guttulina irregularis x x x x x~ 
The zonation presented here is generalized from de

Lenticulina chirana +x x~ x 
tailed foraminiferal investigations in each known areaLenticulina welchi +x 


Nonion planatum +x x of Refugian occurrence in California (Table 1 and Don

Planularia tolmani x x x nelly, 1976). Biostratigraphic ranges of species in two 

Plectofrondicularia 
 important sections are newly published here (from 

garzaensis 	 x x x x Donnelly, 1976), first, the upper Sacate and Gaviota 
P. packardi var. 

Formations at Arroyo el Bulito, western Santa Ynezmultilineata 	 +x x x x x 
P. pac kardi var. 	 Mountains (Figs. 2-5), and, second, the Kreyenhagen 

packardi x x x x and Tumey Formations of the Seaboard Welch # 1 
P. packardi var. Well (Figs. 6, 7; first reported by Cushman and 

robusta 	 x x x Simonson, 1944) in the foothills of the Diablo Range 
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CALIFORNIAN REFUGlAN STAGE 

STRATIGRAPHIC DISTRIBUTION 

OF FORAMINIFERA 

ARROYO EL BULITO SECTION 

X RARE 
o FEW 

T!ONED 

• COMMON 
• ABUNDA';T 

E 

FORMATION 

UCSB 
LOCALITY 
NUMBER 

U.CS.B 

LOCALITY 
NUMBER 

FIGURE 5 

SACATE GAVIOTA 

Stratigraphic distribution of Foraminifera, Arroyo cl Bulito, from Donnelly (1976). 

FIGURE 4 


Stratigraphic distribution and Stage-Zone assignments of microfossil localities 603 through 668, inclusive, Sacate and Gaviota Formations, 

Arroyo el Bulito. Lithologies and thicknesses modified from Kleinpell and Weaver (1963, Fig. 8). 
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CALIFORNIAN REFUGIAN STAGE 

north of Coalinga (see Fossil Localities). These sec
tions provide dominantly fine-grained and nearly con
tinuous foraminiferal sequences from the upper Nari
zian to the upper Refugian. 

The stratigraphy and structure of the Arroyo el Bu
lito area are fully treated in Dibblee (1950) and Klein
pelJ and Weaver (1963). The nonforaminiferal Alegria 
Formation, which overlies the Gaviota at Arroyo el 
Bulito, is considered to be mainly, probably entirely, 
Refugian on the basis of its mollusks (Weaver and 
Kleinpell, 1963; Weaver and Frantz, 1967). 

SUBJACENT NARIZIAN STAGE 

Strata of the Narizian Stage (Mallory, 1959) underlie 
marine strata of the Refugian Stage with no apparent 
break in sedimentation in the western Santa Ynez 
Mountains (Sacate, Coldwater, and Gaviota Forma
tions), in the Santa Cruz Mountains (San Lorenzo For
mation), along the west side of the San Joaquin Valley 
(Kreyenhagen, Tumey, and Wagonwheel Forma
tions), and on the southern border of the Great Valley 
(San Emigdio Formation). A similar Narizian-Refugi
an foraminiferal continuum is also to be found in the 
type Bastendorff Formation of southern Oregon (Tip
ton, 1975). 

The upper limit of the Narizian Stage is defined in 
California by the highest stratigraphic occurrences of: 
Amphimorphina jenkinsi (Church), Bifarina eleganta 
(Plummer), Bolivina hasisenta Cushman and Stone, 
Bu/imina microcostata Cushman and Parker, Bulimi
na corrugata Cushman and Siegfus, Cibicides nat
landi Beck, Cihicides cushmani Nuttall, Lenticulina 
welchi (Church), and Egger(;.'Ia elongata Blaisdell. 

The many other taxa listed by Mallory (1959, pp. 
60-61) also become extinct at or near the end of the 
Narizian Age. However, as shown on Table 2, the 
following forms previously cited by Mallory as extinct 
near the end of the Narizian have since been found in 
Refugian assemblages: Eponides yeguaensis Wein
zierl and Applin, Nonion planatum Cushman and 
Thomas, Plectofrondicularia vokesi Cushman, Stew
art, and Stewart, Lenticulina chirana (Cushman and 
Stone), Tritaxilina colei Cushman and Siegfus, Uvig
erina garzaensis var. nudorohusta Mallory, Valvuli
neria jacksonensis var. welcomensis Mallory, and 
VulvlI/ina curta Cushman and Siegfus. These taxa are 
thus no longer diagnostic of pre-Refugian age. 

REFUGIAN STAGE 

The Refugian Stage in California is here subdivided 
into two Oppelian zones, the Valvulineria tumeyensis 
Zone in the lower Refugian, and the Uvigerina vicks
burgensis Zone in the upper Refugian. The Valvuli
neria tumeyensis Zone consists of the Cihicides hay
doni Subzone in its lower part, and the Uvigerina 
atwilli Subzone in its upper part. 

VALVUUNERIA TU:HEYENSIS ZONE 

The Vall'ulineria tumeyensis Zone has its type lo
calityat Arroyo el Bulito, western Santa Ynez Moun
tains (Figs. 2-5), in the uppermost Sacate Formation 
and all but the uppermost 61 meters of the overlying 
Gaviota Formation. The type section includes locali
ties 614 to 654 of the present study; assemblages of 
localities 646 to 654 are zonally nondiagnostic or bar
ren, but are arbitrarily included in the V. tumeyensis 
Zone because they lack the faunal criteria for younger 
age. The top of the V. tumeyensis Zone at Arroyo el 
Bulito is drawn below Sample 655, which is the lowest 
sample of diagnostically upper Refugian age. 

Faunas representative of this zone are also found 
within the type San Lorenzo Formation (samples 
B-2251 and B-2252 of Sullivan, 1962), the type Tumey 
Formation (see "lower Refugian" of Phillips, Tipton, 
and Watkins, 1974), the subsurface Tumey (Localities 
530-568, Seaboard Welch # 1 Well, this study), the 
type Wagon wheel Formation (lowermost 5 samples, 
Smith, 1956, Fig. 3), the subsurface Wagonwheel (see 
Tipton and others, 1973, Texaco Tulare Well section), 
and subsurface San Emigdio and Pleito Formations 
(see "lower Refugian," Texas P.U .P. # 1 Well section, 
Tipton and others, 1973, Fig. 4). 

The Valvulineria tumeyensis Zone is defined by the 
earliest occurrences of Bolivina jacksonensis var. (U

meyensis Cushman and Simonson, Cihicides haydoni 
(Cushman and Schenck), and Plectofrondicularia 
packardi var. rohusta Kleinpell and Weaver, and the 
highest occurrences of Valvulineria tumeyensis Cush
man and Simonson, b[Jonides yeguaensis Weinzierl 
and Applin, Lenticulina chirana (Cushman and 
Stone), Planularia hJimani Cushman and Simonson, 
Vaginulinopsis saundersi (Hanna and Hanna), Vul
vulina curta Cushman and Siegfus, and possibly Uvig
erina gardnerae Cushman (occurs questionably in up-

FIGURE 6 

Lithology and age of cored study interval. Seaboard Welch # I Well, Fresno County, California. 
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per Refugian). Of the planktonic species, Pseudo
hasti[?erina micra (Cole) and Globi[?erinatheka index 
tropicalis (Blow and Banner) have their highest 
known occurrences in this zone (Warren and Newell, 
1980). 

Two subzones are recognizable within the Valvuli
neria tumeyensis Zone, herein designated the Cibi
rides haydoni Subzone, below, and the Uvigerina 
atwilli Subzone, above. 

Cibicides haydoni Subzone. This subzone is best 
represented at its type locality, Arroyo el Bulito, in 
samples 614 through 621 of the uppermost Sacate and 
lowermost Gaviota Formations. It is also recognizable 
faunally in the type San Lorenzo Formation (localities 
B-2251 and 2252 of Sullivan, 1962, and possibly sample 
B-4356 of Fairchild, Wesendunk, and Weaver, 1969), 
in the subsurface Tumey Formation (localities 530
550, Seaboard Welch # 1 Well section, this study) and 
the subsurface San Emigdio Formation (localities 
D-4251, 4252, Texas P.U.P. #1 Well section, Tipton 
and others, 1973). 

This lowermost Refugian Subzone is defined by the 
earliest occurrences of the relatively few taxa defining 
the base of the Refugian Stage and the Valvulineria 
tumeyensis Zone: Cibicides haydoni (Cushman and 
Schenck), Plectofrondicularia packardi var. robusta 
Kleinpell and Weaver, and Bolivina jacksonensis var. 
tumeyensis Cushman and Simonson in association 
with the highest occurrences of Uvi[?erina garzaensis 
var. nudorobusta Mallory, Valvulineria jacksonensis 
var. welcomensis Mallory, and Eg[?erella subconica 
Parr. 

The Uvigerina atwil/i Subzone. This subzone also 
has its type locality at Arroyo el Bulito, where it is 
represented by samples 623 through 654, spanning all 
but the lowermost and uppermost beds of the Gaviota 
Formation. It also is known to occur in subsurface 
equivalents ofthe Gaviota Formation beneath the San
ta Barbara Channel. The subzone almost certainly oc
curs within the type San Lorenzo Formation (lower 
Rices Mudstone Member), though neither Sullivan 
(1962) nor Fairchild, Wesendunk, and Weaver (1969) 
report assemblages diagnostic of it. It is represented 
at Monocline Ridge, Fresno County, by much if not 
all of the "lower Refugian" Tumey of Phillips, Tipton, 
and Watkins (1974), and it is found in the nearby sub
surface between depths 3,818' (1,157 m) and 3,513' 

CALIFORNIAN REFUGIAN STAGE 

(1,064 m) of the Seaboard Welch #1 Well. Much of 
the Uvigerina cocoaensis "zone" of Cushman and 
Simonson (1944) is referable to the Uvigerina atwilli 
Subzone. 

The lowermost five assemblages checklisted from 
the type Wagon wheel Formation by H. P. Smith (1956, 
Fig. 3) are typical of this subzone, and Smith's single 
sample from the underlying Welcome Member, Krey
enhagen Formation, is also referable to it. It occurs 
within the subsurface equivalents of the middle Wag
onwheel and lowermost Pleito Formations, south
western San Joaquin Valley, typically localities 
D-4324 through 4335 and D-4253 of Tipton, Kleinpell, 
and Weaver (1973, Figs. 7 and 8, respectively). 

The Uvigerina atwil/i Subzone is defined by the 
lowest known occurrences of Uvigerina atwilli Cush
man and Simonson, Uvi[?erina cocoaensis Cushman, 
Uvigerina jacksonensis Cushman, and Eponides 
mansfieldi var. oregonensis Cushman, Stewart and 
Stewart in conjunction with the highest occurrences 
of Valvulineria tumeyensis Cushman and Simonson, 
Eponides yeguaensis Weinzierl and Applin, Lenticu
lina chirana (Cushman and Stone), Planularia tolmani 
Cushman and Simonson, Vaginulinopsis saundersi 
(Hanna and Hanna), Vulvulina curta Cushman and 
Siegfus, and ?Uvigerina gardnerae Cushman. 

UVIGERINA VICKSBURGENSIS ZONE 

Kleinpell and Weaver (1963, p. 42) proposed a ten
tative zone of this name, constituting the upper portion 
of the Refugian Stage, but they could not at that time 
define the faunal criteria for recognizing it. They im
plied that the zone is best typified by the upper part 
of the Seaboard Welch #1 Well sequence, the "Leda 
zone" of Cushman and Simonson (1944). 

The present study has confirmed the tentative zone 
of Kleinpell and Weaver essentially as originally con
ceived. For this reason, it seems unnecessary to 
search for a new zonal name, and the term Uvigerina 
vicksbur[?ensis Zone is herein maintained, constituting 
an upper Refugian Substage. 

Late Refugian time was characterized by the initi
ation of uplift and local folding on the borders of many 
of California's marine basins. Where strata of Uvig
erina vicksburgensis age occur, an unconformity or dis
conformity is common, often truncating them, though 

FIGURE 7 

Stratigraphic distribution of Foraminifera, Seaboard Welch #1 Well (from Donnelly, 1976). 
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CALIFORNIAN REFUGIAN STAGE 

not in every instance. Examples include them Alegria 
Formation of the western Santa Ynez Mountains (in
cluding subsurface Santa Barbara Channel), the type 
Tumey Formation, the type Wagon wheel Formation, 
and the subsurface equivalents of the latter two units, 
including the "Leda Zone" of Cushman and Simon
son. At the Devils Kitchen syncline in the San Emig
dio Mountains, the type Pleito Formation is upper 
Refugian in part, but the UI'igerina vicksbllrgensis 
Zone cannot be recognized because of lack of fora
minifera in that interval (see Delise, 1967). The zone 
is well represented faunally in the Upper Church 
Creek Formation of the Santa Lucia Mountains (Dick
inson, 1965; Waters, 1963), but the section is truncated 
by a fault at the top, and no Zemorrian assemblages 
have been found. 

Foraminiferal beds of the UI'igerina I'ickshllrgensis 
Zone are known to be overlain by diagnostically mi
crofossiliferous lower Zemorrian in only three areas 
of California: (I) north and east of Coalinga, where 
the subsurface "Leda Zone" below the regional un
conformity locally contains rare Uvigerina gesteri in 
its uppermost beds and is thus apparently as young as 
early Zemorrian, (2) in the upper San Lorenzo River 
area of the Santa Cruz Mountains, where the Rices 
Mudstone Member of the San Lorenzo Formation and 
the Vaqueros Formation provide a dominantly fine
grained and foraminiferal sequence from the early Re
fugian to the late Zemorrian or early Saucesian (see 
Fairchild, Wesendunk, and Weaver, 1969), and (3) the 
dominantly fine-grained subsurface equivalents of the 
Pleito Formation at the Pioneer anticline (see Texaco 
P.D.P. # 1 Well, Tipton and others, 1973). 

As the superpositional relationships are clearest and 
the faunal evidence most complete in the latter sec
tion, the type section of the UI'igerina vickshllrgensis 
Zone is designated as the Texaco Pioneer Unit Plan 
#1 Well in the western San Emigdio Mountains, ap
proximate drilling depths 7,725' to 7,830', including 
localities 0-4254 through 4256 of Tipton and others 
(1973, Fig. 4). In addition to the checklisted species 
from that well, the authors (p. 23) report that Uvigeri
na I'ickshllrgensis was recorded by R. M. Kleinpell in 
previous observations at the horizon of locality 
D-4254, upper Refugian, and that BII/iminel/a cllrta 
was similarly observed at the horizon of sample 0
4257, lowest Zemorrian. 

Assemblage slides and lithologic information re
garding the Texaco P. U .P. # I Well section are housed 
at the Paleontological Laboratories of Texaco, Inc., 
Los Angeles. 

It is far from ideal to designate a subsurface section 
as a biochronological type locality, and thus it seems 
advisable to designate supplementary outcrop sections 
where the faunas of the Uvigerina vickshllrgensis 
Zone can be sampled from surface exposures, though 
those exposures are not in continunity with microfos
siliferous Zemorrian strata. The supplementary sec
tions are as follows: 

1. 	 The uppermost 61 meters of the Gaviota Formation 
at Arroyo el Bulito, localities 655-668 of the pres
ent study. (The overlying nonforaminiferal Alegria 
Formation is also upper Refugian, on the basis of 
mollusks.) 

2. 	 The interval embracing localities 0-464, 463, 462, 
468,469,471,472, and 470 of Waters (1963), Sec
tion A, type Church Creek Formation (see also 
Dickinson, 1965, localities S. O. 7416,7475, 7414, 
7470, 7315, upper type Church Creek Formation). 

The UviRerina vickshllrgensis Zone is defined by 
the lowermost occurrences of the following species: 
Bo/ivina marRinafa Cushman, Cihicides e/maensis 
Rau, Eponides k/einpel/i Wilson, Uvigerina gal/owayi 
Cushman, and Uvigerina kernensis Barbat and von 
Estorff in conjunction with the latest occurrences of 
A/ahamina kernensis Smith, Bo/iI'ina jacksonensis 
Cushman, Bo/iI'ina jacksonensis var. fumeyensis 
Cushman and Simonson, BII/imina schencki Beck, 
BII/imina sCII/pti/is Cushman, Bu/imina sCII/pti/is var. 
/aciniata Cushman and Parker, Cancris joaqllinensis 
Smith, Cihicides haydoni (Cushman and Schenck), 
Cihicides hodgei Cushman and Schenck, Cihicidoides 
coa/inRensis (Cushman and Hanna), Epistomina 
eocenica Cushman and Hanna, Eponides gaviotaensis 
Wilson, Nonion p/anatllm Cushman and Thomas, 
P/eclidrondiclI/aria garz'aensis Cushman and Sieg
fus, P/ectoj'rondiclI/aria packardi s.s. Cushman and 
Schenck, P/ectojrondiclI/aria packardi var. rohllsta 
Kleinpell and Weaver, P/ectojron diclI/aria I'okesi 
Cushman, Stewart, and Stewart, Spir%clI/ina \t'i/
coxensis Cushman and Garrett, Uvigerina atwil/i 
Cushman and Simonson, UI'igerina cocoaensis Cush
man, Uvigerina garzaensis Cushman and Siegfus, and 
UI'igerina jacksoflensis Cushman. The extinctions of 
the taxa just listed also define the upper limit of the 
Refugian Stage as a whole. 

The following species are restricted in California to 
the UviRerina vickshurgensis Zone: UI'igerina I'icks
hurgensis Cushman and Ellisor, Vah'lIlineria men
/oensis Rau, and Cassidu/ifla Rah'illensis Cushman 
and Frizzell, 
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Correlation of selected Refugian marine sequences in California. 

SUPERJACENT STAGE 

The rare locations at which lower Zemorrian strata 
overlie the Refugian Stage conformably in outcrop 
have been enumerated in the discussion of the Uvig
erina vicksburgensis Zone (see also Kleinpell, 1938, 
p. 108). 

The faunal criteria for recognition of the base of the 
Zemorrian Stage include the lowermost occurrences 
of Uvigerina gesteri Barbat and von Estorff, Sipho
generina spp., Buliminella curta Cushman, Bulimi
nella sllbfusiformis Cushman, Planillina cushmani 
(Barbat and von Estorff), Epistomina ramonensis 
Cushman and Kleinpell, Cassidulina crassipunctata 
Cushman and Hobson, and others as listed by Klein
pell (1938, pp, 110-111). 

The present author disagrees, however, with Klein
peWs listing of Uvigerina gesteri, Cassidulina eras
sipunctata, and Eponides frizzelli as occurring as low 
as the Refugian, and with the listing of Cibicides 
hodgei S.s. as occurring in the Zemorrian Stage. The 
first three named are restricted to Zemorrian or 
younger strata, and the latter is restricted to Refugian 
and older horizons. R. M. Kleinpell concurs with these 
emendations (pers. comm., 1975). 

RELATIONSHIP OF THE REFUGIAN 
STAGE TO ZONATIONS BASED 
ON PLANKTONIC ORGANISMS 

Published and unpublished records of planktonic 
forminifera from the Refugian Stage in California in
clude those of Sullivan (1962), Waters (1963), Lipps 
(1%7), and Donnelly (1976). Schmidt (1970) and Bandy 
(1972) treat the correlation of the Stage with the stan
dard planktonic foraminiferal zones of Bolli (1957, 
1966) and Blow (1969), inferring the general equiva
lency of the Refugian with parts of PI5 through P17 
and with the Globigerapsis semiinvoluta or Globoro
talia cerroazulensis Zones of Bolli. 

Refugian nannoplankton have been studied in Cali
fornia by Brabb, Bukry, and Pierce (1971), and by 
Lipps and Kalisky (1972). 

Warren and Newell (1976, 1980) have documented 
and greatly refined the correlation of the Refugian 
Stage with the chronologies based on planktonic or
ganisms by studying continuous sequences where 
chronologically significant planktonic and benthonic 
microfossils occur together, e.g., the Sacate and Ga
viota Formations at Arroyo el Bulito, the San Lorenzo 
Formation in the Santa Cruz Mountains, and the Bas
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tendorff Formation in southern Oregon. They dem
onstrate the equivalency of the Refugian Stage with 
the Globorotalia cerroazulensis Zone (Bolli, 1957, 
1966), PI6 and PI7 of Blow (1969), and with the lsth
molithus recurvus Subzone of the Discoaster barba
diensis calcareous nannoplankton Zone of Bukry 
(1973, 1975), NPI9 and NP20 of Martini (1971). War
ren and Newell show that the N arizian-Refugian 
boundary is correlative with the boundary between 
nannoplankton zones NPI8 and NPI9, and that the 
Refugian-Zemorrian boundary is approximately cor
relative with the boundary between NP20 and NP2l. 

GEOGRAPHIC LIMITS OF 

THE NEW ZONATION 


The present zonation is believed to be applicable in 
all explored areas of California and the California bor
derland. South of southern California, scarcity of evi
dence prevents any precise delineation of the southern 
limits of applicability of the Refugian zonation for Cal
ifornia. Refugian marine strata are apparently absent 
in Baja California. Certainly, correlative benthonic 
faunas of the Gulf Coast and Caribbean regions belong 
to a separate biogeographic province, for despite some 
elements in common with those of California they are 
distinctly more tropical in character. 

To the north of California, the Refugian foraminif
eral faunas of Oregon and Washington have become 
well known through studies by Rau (1948, 1951, 1958, 
1964, 1966, 1975), Cushman and Schenck (1928), Det
ling (1946), Tipton (1975), Rooth (1974), McDougall 
(1975) and others. Donnelly (1976) summarized the 
evidence for correlations from California to each area 
of Refugian occurrence in the Pacific Northwest, and 
enumerated similarities and differences in the faunal 
sequences of the two regions. 

The many similarities in Refugian faunal content 
from southern California to northern Washington led 
Donnelly (1976) to the conclusion that during Refugian 
time a single zoogeographic province for offshore ben
thic Foraminifera stretched from southern California 
at least as far north as the present Straits of Juan de 
Fuca. However, a few variations in actual faunal con
tent and many variations in stratigraphic ranges of 
species from one region to the other imply that, for 
zonation, northern Oregon and Washington should be 
considered separately from California and southern 
Oregon. The present zonation is applicable to the 
southern biogeographic subprovince. while the zona
tion of Rau (1958, 1966) is applicable to the northern 
subprovince (see Fig. 10)' which may also include 

.. 

J:' 

t 
1 

FIGURE 10 


Approximate locations of northern and southern subprovinces of 

the West Coast zoogeographic province for offshore benthic fora· 

minifera, Refugian Age. 


Vancouver Island and southern Alaska. These conclu
sions are fully treated in Donnelly (1976). 
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REFERENCES TO FORAMINIFERAL 

SPECIES AND VARIETIES 


The following are references to representative illus
trations of selected foraminiferal taxa discussed in the 
text. A formal systematic listing of all checklisted 
forms is found in Donnelly (1976). 

Alabamina kernensis Smith, H. P., 1956, p. 99, pI. 15, 
figs. 3, 4. 

Amphimorphina jenkinsi (Church), Mallory, 1959, pI. 
18, p. 216. fig. 5. 

Anomalina cal(forniensis Cushman and Hobson. 1935, 
p. 64, pI. 9, fig. 8. 

Bifarina eleRanta (Plummer). Mallory, 1959, p. 204, 
pI. 17, fig. 2. 

Bolivina hasisenta Cushman and Stone, Cushman, 
Stewart, and Stewart, I947b, p. 102, pI. 13, fig. 6. 

Bolivinajacksonensis Cushman and Applin, Cushman 
and Simonson, 1944, pp. 198·-199, pI. 32, fig. 15. 

Bolivina jacksonensis var. fllmeyensis Cushman and 
Simonson, 1944, p. 199, pI. 32, fig. 16. 

Bolivina marginata Cushman, Sullivan, 1962, p. 276, 
pI. 15, fig. 9. 

Bulimina corrugata Cushman and Siegfus, 1942, p. 
411, pI. 16, fig. 38. 

Bulimina microcostata Cushman and Parker, Tipton, 
Kleinpell, and Weaver, 1973, p. 53, pI. 5, fig. 9. 

Bulimina schencki Beck, 1943, p. 605, pI. 107, figs. 28, 
33. 

Bulimina sClIlptilis Cushman. 1923, p. 23, pI. 3, fig. 3. 
Bulimina sculptilis var. laciniata Cushman and Par

ker, Rau, 1951, p. 441, pI. 65, fig. 22. 

Buliminella curta Cushman, Sullivan, 1962, p. 273, pI. 
14, fig. 1. 

Buliminella subfusiformis Cushman, Sullivan. 1962, p. 
273, pI. 14, figs. 2, 3. 

Caneris joaquinensis Smith, 1956, pp. 98-99, pI. 15. 
figs. 5, 6. 

Cassidulina crassipunctata Cushman and Hobson, 
Sullivan, 1962, pp. 282-283, pI. 20, fig. 6. 

Cassidulina galvinensis Cushman and Frizzell, Rau, 
1948, p. 173, pI. 31, figs. 9-11. 

Cihicides cushmani Nuttall, 1930. p. 296, pI. 25, figs. 
3, 5, 6. 

Cihicides elmaensis Rau, 1948. p. 173, pI. 31. figs. 18
26. 

Cihicides haydoni (Cushman and Schenck), Kleinpell 
and Weaver, 1963, p. 181, pI. 14, fig. 3. 

Cibicides hodgei Cushman and Schenck, 1928, p. 315, 
pI. 45, figs. 3-5. 

Cihicides natlandi Beck, 1943, p. 612, pI. 109, figs. 1, 
5, 13. 

Cibicides pseudouflgeriaflus var. evolutus Cushman 
and Hobson, 1935, p. 64, pI. 9, fig. 11. 

Cihicidoides coalingensis (Cushman and Hanna), Mal
lory, 1959, pI. 38. fig. 11. 

Dentalina consohrin{l d'Orbigny, Wilson, 1954, p. 135, 
pI. 14, fig. 7. 

Dentalina pauperata d'Orbigny, Cushman and Laim
ing, 1931, p. 99, pI. 10, figs. 11, 12. 

Eggerella elongata Blaisdell, Tipton, Kleinpell, and 
Weaver, 1973. p. 42, pI. I, figs. 9, 10. 

Eggerella subconica Parr, 1950, p. 281, pI. 5, fig. 22. 
Elphidium cf. E. californicum Cook, Sullivan, 1962, 

p. 268, pI. 11, fig. 13. 
Epistomina eocenica Cushman and Hanna, Cushman 

and Schenck, 1928, p. 313, pI. 44, fig. 9. 
Epistomina ramonensis Cushman and Kleinpell, 1934, 

p. 15, pI. 3, fig. 1. 
f...ponides gaviotaensis Wilson, 1954, p. 143, pI. 16, 

figs. 11, 12. 
Eponides kleinpelli Cushman and Frizzell, 1940, p. 42, 

pI. 8, fig. II. 
Eponides mansjieldi var. oregonensis Cushman, 

Stewart and Stewart, 1947a, p. 48, pI. 6, fig. 4. 
Epoflides yeguaensis Weinzierl and Applin, Beck, 

1943, p. 608, pI. 108,figs. 1,4. 
GlohocassidulinG glohosa (Hantken), Fairchild, Wes

endunk, and Weaver, 1969, p. 69, pI. 22, fig. 15. 
Glohocassidulina margareta (Karrer), Tipton, Klein

pell, and Weaver, 1973, pI. 11, fig. I. 
Gyroidifla condoni (Cushman and Schenck), Wilson, 

1954, p. 142, pI. 16, fig. 10. 
Gu/tuliflU irregularis d'Orbigny, Cushman and Simon

son, 1944, p. 196, pI. 31, figs. 10-12. 
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Lentiel/fina cfliranu (Cushman and Stone), Tipton, 
Kleinpell, and Weaver, 1973, p. 44, pI. 2, fig. 2. 

LelltiClilina limhosa var. IlOckleyensis (Cushman and 
Applin), Fairchild, Wesendunk, and Weaver, 1969, 
p. 42, pI. 6, fig. 2. 

Lenticulina welchi (Church), Robllills welchi of Cush
man and Simonson, 1944, p. 195, pI. 30, fig. 11. 

Nodo!{cncrinll s([llctacctllcis Kleinpell, 1938, p. 246, 
pI. 4, fig. 22. 

Nonian p/analllm Cushman and Thomas, Kleinpell 
and Weaver, 1963, p. 173, pI. 8, fig. 3. 

P/aflll/aria tolmani Cushman and Simonson, 1944, p. 
195, pI. 30, figs. 13, 14. 

PIanil fin a cushmani (Barbat and von Estorff), Tipton, 
Kleinpell, and Weaver, 1973, pI. 12, fig. 6. 

Plect(~frondiClllaria gar:::aensis Cushman and Siegfus, 
1939, p. 26, pI. 6, fig. 9. 

PleCf(~frofldiclllari([ packardi var. mllltilineata Cush
man and Simonson, 1944, p. 197, pI. 32, figs. 2,4. 

Plect{~rrondiclllari([ packardi var. packardi Cushman 
and Schenck, Kleinpell and Weaver, 1963, p. 174, 
pI. 8, figs. 5-7. 

Plect(~frondiclllarill packardi var. rohusta Kleinpell 
and Weaver, 1963, p. 174, pI. 9, fig. I. 

Plecfofrondic/llaria \'okesi Cushman, Stewart, and 
Stewart, KleinpelJ and Weaver, 1963, p. 174, pI. 9, 
fig. 2. 

P/ectq(rondicularia ra/lghani Cushman, Kleinpell and 
Weaver, 1963, p. 174, pI. 8, fig. 12. 

Pselldolia,l,tigerina micra (Cole), Tipton, Kleinpell, 
and Weaver, 1973, p. 63, pI. 12, fig. 2. 

Spir%clllin(l wilcoxensis Cushman and Garrett, 
Cushman and Simonson, 1944, p. 194, pI. 30, figs. 
4-6. 

rritaxilin(l 	colei Cushman and Siegfus, 1935, p. 92, pI. 
14, fig. 5. 

Ul'i!{erilf(l (Itll'iIIi Cushman and Simonson, 1944, p. 
200, pI. 33, figs. 2-4. 

Ul'i!{erin(l COCO(ll'lIsis Cushman, Tipton, Kleinpell, 
and Weaver, 1973, p. 56, pI. 6, figs. 11, 12. 

Ul'igerill(l galloll'ayi Cushman, Fairchild, Wesendunk, 
and Weaver, 1969, p. 56, pI. 12, fig. 14. 

Ul'i!{crill(l gardllerae Cushman, Smith, 1957, p. 177, 
pI. 26, fig. 7. 

Ul'i!{erin([ gar:::acnsis Cushman and Siegfus, 1939, pp. 
28-29, pI. 6, fig. 15. 

UI'i!{eril1l1 gar:ael1sis var. nlldorohllsta Mallory, 1959, 
p. 208, pI. 17, figs. I I, 13. 

Ul'i!{crilla gesteri Barbat and von Estorff, 1933, pp. 
171-172, pI. 23, figs. 7, 18. 

Ul'i!{erinll j{/ckSOIll'IlSis 	Cushman, Smith, 1956, pI. 12, 
fig. 12. 

Uvigerina kernen8i8 Barbat and von Estorff, 1933, p. 
172, pI. 23, fig. 13. 

Ul'igerinll vicksburgensis Cushman and Ellisor, Cush
man and Simonson, 1944, p. 200, pI. 33, fig. 5. 

Vagil1ulinopsis saundersi (Hanna and Hanna), Beck, 
1943, p. 598, pI. 105, figs. 1,2,4,5, 10. 

Vall'ulineria jacksonensis var. we/comensis Mallory, 
1959, p. 231, pI. 20, figs. 3, 5. 

Vall'ulineria menloensis Rau, 1951, pp. 446-447, pI. 
66, figs. 17-22. 

Vall'lI/ineria tumeyensis Cushman and Simonson, 
1944, p. 201, pI. 33, figs. 13, 14. 

VII/I'u/ina ('ur/a Cushman and Siegfus, 1935, p. 91, pI. 
14, figs. 1, 2. 

FOSSIL LOCALITI ES 

University of California Santa Barbara locality num
bers 520 through 597 refer to foraminiferal assemblage 
slides of core samples from the Kreyenhagen (Loc. 
520-522), Tumey, (Loc. 523-594), and Temblor (Loc. 
595-597) Formations, from the Seaboard Oil Corp. 
Welch # 1 Well, Sec IO/Tl6S/RI3E, MDBM, 521 me
ters south and 621 meters west of the northeast corner 
of the section, Fresno County, California. The drilling 
depth of each locality is shown on the checklist of 
Foraminifera (Fig. 7), from Donnelly (1976). 

The assemblage slides from the Seaboard Welch # 1 
are housed at the Micropaleontological Laboratories 
of Texaco, Inc., Los Angeles, California. This well 
section is also discussed in Cushman and Simonson 
(1944). 

University of California Santa Barbara localities 603 
through 668 were collected by the author and D. W. 
Weaver in February 1974, in roadcuts along a dirt road 
on the first major ridge to the east of Arroyo eI Bulito, 
western Santa Ynez Mountains, Santa Barbara Coun
ty, California (see Sacate 7 W U.S.G.S Topographic 
Quadrangle, and geologic maps of Dibblee, 1950, and 
Kleinpell and Weaver, 1963). The samples were col
lected in numerical and stratigraphic order, at approx
imately six-meter stratigraphic intervals where expo
sures were adequate, from near the base of the Sacate 
Formation to the top of the Gaviota Formation. Figure 
3 shows the geographic and geologic locations of the 
samples and Figure 4 shows their stratigraphic loca
tions. 
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EASTERN EQUATORIAL PACIFIC 
PLIOCENE-PLEISTOCENE BIOSTRATIGRAPHY 

W. N. ORR1 AND D. GRAHAM JENKINS~ 

ABSTRACT 

Nine Planktonic foraminiferal datums proposed and 
utilized by Hays and others (1969) in their study of 
eastern equatorial Pacific Pliocene/Pleistocene sedi
ments have been applied to the thick sections re
covered in continuous coring of three Leg 9 Deep Sea 
Drilling Project (DSDP) sites in the same area. At best 
the datums based on dissolution susceptible forami
niferal species were found to be difficult to identify in 
the deep-water sediments. Datums based on coiling 
changes were found to be particularly reliable and eas

ily recognized. Magnetostratigraphy within the Plio
cene/Pleistocene interval presented by Hays and oth
ers (1969) was readily correlated with the DSDP cores 
by using foraminiferal datums. Average specimen size 
in assemblages of Pl/I!eniatina prima/is and P. obli
quilocllla/a and faunal diversity of the planktonic fo
raminifera were both found to show relationships with 
coiling changes in these two species. Four new poten
tially reliable datums are proposed in the sequence and 
are based on coiling changes in Pulleniatina. 

INTRODUCTION 

Biostratigraphic analysis of deep-sea cores has be
come increasingly refined in the past two decades. The 
use of planktonic foraminifera in Cenozoic biostratig
raphy has been particularly improved by the employ
ment of species coiling changes as stratigraphic da
tums. Early work by Bandy (1963) of Tertiary rocks 
in the Philippines and Bandy and Wade (1967) of ocean 
sediment cores in the South Atlantic included coiling 
changes as part of their chronologies. Late Cenozoic 
planktonic foraminiferal zonations by Bolli and Ber
mudez (1965) and Bolli (l966a, b) corroborate results 
presented by Bandy and Wade (1967). The above pa
pers and several others on late Cenozoic ocean sedi
ment stratigraphy are reviewed in detail by Hays and 
others (1969). 

Hays and others (1969) studied a large suite of piston 
cores from the eastern equatorial Pacific wherein they 

J Department of Geology. University of Oregon , Eugene, Oregon. 
, Department of Geology, The Open University, Milton Keynes, 

England. 

were able to relate carbonate, paleomagnetic, and bio
stratigraphic chronologies within the Pliocene/Pleis
tocene interval. The detailed paleontological study 
was carried out on four of the cores which measured 
II to 13 meters in length. From this study emerged a 
proposed sequence of nine foraminiferal datums. 

In the course of operations for Leg 9 of the Deep 
Sea Drilling Project (DSDP), Hays and others (1972) 
were able to continuously core the same late Tertiary 
stratigraphic interval at three of the nine sites. The 
intervals were cored at DSDP Sites 77,83, and 84 (Fig. 
1), and penetrated thick carbonate-rich Pleistocene 
sections measuring from a minimum of 80 meters in 
Site 77 to over 200 meters in Site 84. Foraminiferal 
faunas from these sequences were described by Jen
kins and Orr (/n Hays and others, 1972, p. 1059-1193). 
Our study here is an attempt to relate the datums pro
posed by Hays and others (1969) to the DSDP Leg 9 
cores in order to evaluate the datums in expanded 
stratigraphic sections. 

Details of the lithology, the techniques of sampling, 
sample processing, and sample frequency in the DSDP 
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FIGURE I 

Locality map of sites drilled in the eastern equatorial Pacific on DSDP Leg 9. Cored intervals and epoch/zone correlations indicated for Sites 
77,83. and 84 (after Hays and others, 1972}. 

S. 

G. 

G. 

cores from Sites 77, 83, and 84 have been omitted here 
because of the detailed documentation in the Leg 9 
Initial Core Description (Hays and others, 1972. Site 
77, p. 43-208; Site 83, p. 537-614; Site 84, p. 615
706). 

The zonation proposed by Banner and Blow (1965) 
was intended as a standard for DSDP legs. On Leg 9 
we soon found this zonation to be difficult to apply 
due primarily to the problem of destructive solution 
of the calcareous foraminiferal tests. Our remedy for 

this (Jenkins and Orr, 1971) was to establish and use 
a revised zonation in which the zonal species were of 
a solution resistant type (Fig. 2). Hays and others 
(1969) experienced similar difficulties with the zona
tion of Banner and Blow (1965) with its revision by 
Blow (1969). 

PLANKTONIC FORAMINIFERAL DATUMS 

Hays and others (1969) carried out studies on fora
miniferal and radiolarian faunas as well as on discoas
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Zonal scheme for eastern equatorial Pacific deep-sea Tertiary sediments based on solution-resistant species of foraminifera (Jenkins and Orr, 

1972). 
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TABLE 1 

Equatorial Pacific Datums Proposed by Hays and others (1%9, p. 
1498). 

Dalum I. A marked upward decrease in abundance of Sphaeroi
dinelhl deiJiscens at the Brunhes-Matuyama boundary. 

'Dalum fl. The first evolutionary appearance of Plillenia tina jinalis 
from P. obliquilo{'ulata midway between the Jaramillo and 01
duvai Events. 

DaluIn Ilf. The upper limit of Globi;?erinoides ji.Hulosus near the 
top of the Olduvai Event. 

*Datum IV. The first evolutionary appearance of Globorotalia trun
call/fino;de.> near the lower boundary of the Olduvai Event. 

Datum 	V. The extinction of all species of Splweroidinel/opsis 
coincident with increased upward abundance of Sphlleroidinel/Il 
deiJiscen.I' at the top of the Mammoth Event. 

*Da/um VI. The extinction of Globorotalia mur;?aritae at the 
Gauss-Gilbert boundary. 

Datum 	VII. A sharp left to right coiling change in Pulleniatino, 
primarily of P. primalis. just above the Gilbert "a" Event. 

*Datum VIII. The extinction of Globi;?erina nepenthes at the top 
of the Gilbert "an Event. 

* Datum IX. The first evolutionary appearance of Plilleniatina spec
tabilis from P. primalis near the top of the Gilbert "c" Event. 

* Datum recognized only with some difficulty in one or more 
DSDP cores due to dissolution. 

ter, diatom, and silicoflagellate floras. The nine datums 
they proposed were based on planktonic foraminiferal 
parameters (Table 1). We were able to recognize most 
of their datums in the cores from DSDP Sites 77, 83, 
and 84 and correlate the paleomagnetic events docu
mented by Hays and others (1969). The following sum
mary is an evaluation of each of their datums in de
scending stratigraphic order in the light of our 
research. 

Datum 1. The upward decrease in the number of 
specimens of Sphaeroidinella dehiscens was found by 
us to be a consistent marker in all three of the Leg 9 
sites (Figs. 3, 4). Hays and others (1969) reported Da
tum I to be a particularly reliable intercore marker 
because of the resistivity to solution of the species and 
positioned the datum at the boundary between the 
Brunhes Normal and Matuyama Reversed Magnetic 
Epochs. 

Datum II. The evolutionary appearance of Pul/e
niatina finalis from Pulleniatina ohliquiloculata mid
way between the Jaramillo and Olduvai Events was 
not recognized by us in the Leg 9 cores. We experi
enced considerable difficulty in attempting to distin
guish all of the various transition members between 
Pulleniatina primalis and Pulleniatinafinalis noted by 
Blow (1969). Nevertheless, it was possible to consis
tently distinguish Pulleniatina primalis from Pullen
iatina obliquiloculata. In doing this we followed Par

~ 

~~~ 

0 '~ 
~ 

~ 
~ 

~ ~ 
~ 

FIGURE 3 

Coiling, stratigraphic ranges, specimen size, and diversity changes 
of planktonic foraminifera from Leg 9 Sites 77 and 83. Magnetic 
data from Hays and others (1%9) by direct correlation of phyloge
netic events of the planktonic foraminifera. 

ker's (1967) taxonomic treatment where she included 
"Pulleniatina praecursor" in synonymy with Pullen
iatina primalis. In a similar way Pulleniatinafinalis is 
here considered to be synonymous with Pulleniatina 
ohliquiloculata. 

I 
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sITe 84 
Il A N G SIZE OI';£HSITY 

FIGURE 4 

Coiling. stratigraphic ranges, specimen size, and diversity of Leg 9 
Site 84 foraminifera. Magnetic data from Hays and others (1%9) hy 
direct correlation of phylogenetic events of the planktonic forami
nifera. 

In addition to the evolutionary first appearance of 
"'PlIl/clliatilia fill a lis , " Hays and others (1969) also re
corded at this datum a coiling change in species of 
PIII/enilllilla from sinistral to dextral. This coiling 
change was easily recognized in the DSDP sites, but 

the upward transition from sinistral to dextral popu
lations occurred over an extended stratigraphic inter
val in Site 83 and therefore was of only limited use 
(Fig. 3). 

Dalllm Ill. The extinction of G/ohiRerinoidcs jis
tuloSlis at or near the top of the Olduvai Event was 
found to be a particularly reliable marker at the three 
sites. Although species of G/ohi!,(eril1oides are nor
mally regarded as solution susceptible (Ruddiman and 
Heezen, 1967; Berger, 1970), G/ohiMeril1oides .fistu
loslis was consistent within its stratigraphic range in 
all of the Leg 9 cores to such a degree that its local 
range zone was used as a new zone in the eastern 
equatorial Pacific (Jenkins and Orr, 1972; p. 1066; Fig. 
2). Other events corresponding to the same horizon 
were the simultaneous extinction of Pulfeniatina pri
malis and G/ohiMcrinoides ohliquus. Again, here, a 
species of the "solution-susceptible" genus G/obi!,(cri
noidcs was found to be reliable as a horizon indicator 
in deep-sea sediments. Hays and others (1969) record
ed a similar range termination for Pulfcniatina pri
malis. but their species "Pllllcniatina praecursor" has 
a range extending well up above the Olduvai almost 
to the Jaramillo Event. 

Datum IV. The first evolutionary appearance of 
Globorotalia trullcawlinoides near the lower bound
ary of the Olduvai Event was not recognized by us. 
Hays and others (1969) noted that the datum is poorly 
developed in the tropics due to the paucity there of 
temperate species. They showed an intermittent first 
appearance (dotted range) for the species, and its first 
occurrence did not correspond to the base of the 01
duvai Event in any of the Leg 9 cores. We regard the 
scarcity of G/ohorotalia trullcatlililloides here to be 
due to the solution susceptibility of this species. At 
Site 77 G/ohorotalia tmncatulinoides first appeared 
midway between the Olduvai and Jaramillo Events, 
but at Site 83 it appeared only in a few samples near 
the top of the Brunhes Epoch (Fig. 3). Globorotalia 
tosaellsis. the apparent ancestor of Globorotalia trun
catulilloides. is evidently more solution resistant. The 
inconsistency of the stratigraphic occurrence of the 
former species in the Matuyama Reversed-Gauss Nor
mal interval, readily apparent in the Leg 9 cores, was 
also recognized and noted by Hays and others (1969). 
Another possibility is that Glohorotalia tosacnsis was 
not a tropical species in the Late Cenozoic. 

Datllm V. The extinction of all species of Sphac
roidineflopsis (Sp/wcroidil1efla) coincident with the in
creased upward abundance of Splw('I'oidinella dehis
cellS at the top of the Mammoth Event was found to 
represent as many as three separate horizons in one 



of our cores (Site 84). At the other Sites, 77 and 83, 
the extinctions of Splweroidinel/opsis were also at 
different levels. The upward increase in abundance of 
Sphaeroidinella dehiseens was, on the other hand, 
very consistent in Leg 9 cores with respect to other 
species ranges and coiling changes in this part of the 
stratigraphic column. The increased abundance of 
Sphaeroidinella dehiscens occurred in all of the ex
amined Leg 9 cores just above the initial appearance 
of G/obi!,rerinoides jistulosus and just below a sharp 
coiling change in Pulleniatina obliquiloculata from 
dextral to sinistral. Hays and others (1969) did not 
record this brief sinistral peak for Pulleniatina obli
quiloeu/ata, but their coiling tabulation is a composite 
of all species of Pulleniatina. The coiling variation 
may have been thus "averaged out" between Pulleni
atina obliquiloculata and Pulleniatin([ primalis be
cause the two taxa exhibit different coiling within this 
interval. 

Hays and others (1969) regarded Datum V as cor
relative with Bandy's (1963) . 'Sphaeroidinella dehis
cens datum." It should be noted that Bandy (1963) 
also recorded at this interval a pronounced but brief 
coiling change from dextral to sinistral in populations 
of Pulleniatina obliqui/oculata in the Philippines. At 
about the same level we found that Pulleni(l{ina pri
malis underwent a coiling change from dextral to si
nistral. This latter change is not as ephemeral as that 
found in Pulleniatino obliqlliloculata, and at Site 77 
does not represent a complete change to sinistral coil
ing (Fig. 3). 

Datum VI. The extinction of Globorotalia marga
ritae at the Gauss/Gilbert boundary was not a consis
tent horizon in the Leg 9 cores. The species has a 
partial stratigraphic range at Site 77 (Fig. 3) but is rare 
or absent in the remaining sites. We regard the species 
as solution susceptible as many specimens at Site 77 
showed considerable evidence of solution. Hays and 
others (1969) also noted the relatively high solution 
susceptibility of the Globorotalia margaritae. 

Datum Vll. A sharp sinistral to dextral coiling 
change in Pulleniatina just above the Gilbert "a" 
Event was easily and consistently recognized at all 
three sites. This coiling change applies only to Pulle
niatifla primalis as the initial appearance of Pullenia
tina obliqui/o('ulata is well above this horizon. A sim
ilar coiling change at about the same stratigraphic level 
has been recorded by 1) Bandy (1963) in the Philip
pines, 2) Bandy and Wade (1967) in the South Atlantic, 
and 3) Bolli (l966a) in Java. 

Datlll1/ Vlli. The extinction of Globigerina ne
pentlie's at the top of the Gilbert "a" Event was of 
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limited use in the Leg 9 cores due to the apparent 
solution susceptibility of the species. Hays and others 
(1969) noted that the extinction of Globigerina ne
penthes corresponded closely to the extinction of Pul
leniatina spectabilis. This latter species is also appar
ently solution susceptible, but since it occurred in all 
of the three DSDP sites it was regarded as a more 
reliable marker than Globigerina nepenthes at this 
level. Globigerina nepenthes was only found by us in 
the lower Pliocene section at one site (77). At Sites 83 
and 84 the species disappeared well down below the 
Gilbert Reversed Epoch in the Globorotalia plesio
tl/mida zone of upper Miocene. At about the same 
horizon (Datum VIII) Hays and others (1969) and Bolli 
(1966) record a partial coiling change for the species 
Globorotalia tumida from sinistral to dextral. Our 
cores showed only minor fluctuations in the dominant 
sinistral coiling pattern of Globorotalia tumida at this 
horizon. These coiling variations in Globorotalia 
tumida seldom involve more than five percent of the 
total popUlation and extended over much of the Gil
bert/Gauss interval. Slight variations in coiling of Glo
borotalia tumida also occur above the Gauss, but we 
were unable to distinguish any definite correlative ho
rizons from core to core (see Figs. 3, 4). 

Datum IX. The first evolutionary appearance of Pul
leniatina spectabilis from its ancestor Pulle'niatina pri
malis near the top of the Gilbert "c" Event was also 
a difficult datum to recognize in DSDP cores. Pulleni
atina spectabilis was recorded at the three sites, but 
only in Site 77 was the occurrence consistent enough 
to regard its total stratigraphic range with confidence. 
Pul/eniatina spectabilis may be the only species of 
Pul/eniatina which is solution susceptible. Its strati
graphic range as reported by Parker (1967) is short, 
and Hays and others (1969) noted that this datum may 
only be useful in the Indo-Pacific area as the species 
is apparently restricted to that region. 

Datum IX corresponds to the base of the Sphaeroi
dinella dehiscens zone (Fig. 2) which was recognized 
by the initial appearance of the zonal marker. A similar 
first occurrence for Sphaeroidinella dehiseen:; was re
ported by Parker (1967), Banner and Blow (1967), and 
Blow (1969). Hays and others (1969) extend the range 
downward slightly to below the base of the Gilbert 
"cO' Event. Just above Datum IX we recorded a brief 
but distinct fluctuation to dextral in the dominantly 
sinistrally coiled populations of Pulleniatina primalis. 
Similar minor fluctuations were recorded from this 
horizon up to the pronounced coiling change in Pul
leniatina primalis from sinistral to dextral just above 
the Gilbert "a" Event (Datum VII). 
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PROPOSED ADDITIONAL DATUMS 

In addition to Hays and others (1969) Datums I-IX, 
we were able to recognize four other distinct datums 
based on coiling changes in species of Pulleniatina. 
Of the several types of datums used, we found the 
highest degree of reproductibility in coiling changes. 
The most important factor affecting the other bio
stratigraphic parameters (first appearances, extinc
tions, and abundance changes) is the dissolution of 
calcium carbonate in the deep sea below the compen
sation depth. Four new datums are: 

1. A short peak of dominantly sinistrally coiled in
dividuals of Pulleniatina obliquiloculata near the base 
of the Jaramillo Event. This datum is coincident with 
the disappearance of Globorotalia tosaensis at Sites 
83 and 84 and is located between Datums I and II 
(Hays and others, 1969). Hays and others (1969) re
corded this brief change in coiling and the terminal 
range of Globorotalia tosaensis as synchronous on 
their summary chart, but in their graph of core V23
59 (p. 1488) they extend the range of Globorotalia 
tosaensis well up into the Brunhes Normal Epoch. 
Bandy and Wade (1967) also noted a sinistral peak for 
Pulleniatina obliquiloculata at about this interval, and 
a similar terminal range for Globorotalia tosaensis 
was recorded by Banner and Blow (1967). 

2. A pronounced coiling change from dextral to si
nistral of both Pulleniatina primalis and Pulleniatina 
obliquiloculata occurs between the Gauss Normal Ep
och and the base of the Olduvai Event. This event was 
recorded by Hays and others (1969) between Datums 
IV and V but does not seem to be as pronounced in 
the piston cores they examined. No other biostrati
graphic events correspond to this datum, but the fact 
that it involves both species of Pulleniatina made it 
an easily recognized horizon in the Leg 9 cores. At 
Site 77, the coiling change in Pulleniatina obliquiloc
ulata occurs slightly before Pulleniatina primalis, 
whereas in the remaining more eastern Sites 83 and 84 
the event appears to be synchronous. 

3. Pronounced coiling changes in both species of 
Pulleniatina occur between the top of the Mammoth 
Event and the Matuyama Epoch. The change is from 
sinistral to dextral for Pulleniatina obliquiloculata and 
dextral to sinistral for Pulleniatina primalis. The ad
vantage of separating the coiling histories of the two 
species is again illustrated. This event occurs just 
above Datum V of Hays and others (1969) and is re
corded by them as a gradual coiling change of the com
bined data on both species from dextral to sinistral. 
Their combined coiling tabulation corresponds to the 
actual coiling change for Pulleniatina prima lis and is 

due to the numerical predominance of Pulleniatina 
primalis in this interval. The event is close to the top 
of the range of Globoquadrina aitispira near the top 
of the Kaena Event as recorded by Hays and others 
(1969). 

4. A short coiling change in Pulleniatina primalis 
from 100 percent sinistral to around 30-50 percent 
dextral at a maximum occurs just above the Gilbert 
"c" Event. This datum is just above Hays and others 
(1969) Datum IX at the top of the Gilbert HC" Event, 
and they recorded only a minor coiling fluctuation at 
this point for Pulleniatina primalis. At Site 77 only 
about 10 percent of the popUlation responded to the 
change, but at the more easterly Sites 83 and 84 the 
change was pronounced (Figs. 3,4). At all three sites 
the event occurred just above the first evolutionary 
appearance of Sphaeroidinella dehiscens. 

SIZE DISTRIBUTION 

In addition to recording coiling changes. specimen 
frequency, and stratigraphic ranges, we noted changes 
in specimen size in certain of the foraminiferal species 
assemblages. Up to 200 specimens of Pulleniatina per 
sample were measured by micrometer for the maxi
mum diameter of each specimen, and an average spec
imen size for each of the two species was tabulated 
for each sample. In order to ascertain any possible 
connection between size and coiling preference, the 
samples were originally counted separately for each 
of the sinistral and dextral groups of Pulleniatina 
obliqlliloculata and Plilleniatina primalis. There ap
peared to be no such correlation, and all members of 
the same species are plotted together on Figures 3, 4. 

Comparing the specimen size and the coiling graphs 
of the two taxa (Figs. 3, 4) it is evident that each of 
the major coiling changes either corresponds to or is 
just preceded by a marked reduction in average spec
imen size. Nevertheless, the average specimen size 
recovers to normal size rapidly in each case, and the 
coiling changes correspond to the size graph as a series 
of sharp dips. This reduction in specimen size may be 
interpreted in a number of ways, and the distributional 
pattern certainly merits further study before reason
able conclusions as to its significance may be drawn. 
If a coiling change is itself the manifestation of an 
environmental change for a given foraminiferal popu
lation, the failure of these individuals to reach mature 
size is consistent. The impetus for the coiling change 
may conversely stimulate increased reproductivity in 
foraminiferal popUlations to trigger crowding and com
petition in the populations. It has been demonstrated 
elsewhere (Orr. 1967, 1969) that the average specimen 
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size in sediment samples may be increased by second
ary post mortem dissolution removing the juveniles. 
We doubt that any secondary process would similarly 
reduce average adult specimen size; thus, we regard 
this as a primary feature of the original populations. 
We were able to find no morphological features to dis
tinguish the smaller specimens in the coiling change 
interval from other small specimens in adjacent inter
vals. Thus, it appears that coiling changes and the drop 
in average specimen size are related phenomena in 
Pulleniatina primalis and Pulleniatina obliquilocula
tao 

DIVERSITY 

Considerable fluctuations in simple species diversity 
were recorded in the Pliocene-Pleistocene at Sites 77, 
83, and 84 by Jenkins and Orr (1972; p. 1080-1081). 
More detailed planktonic foraminiferal diversity for 
original and additional samples counted shows inter
esting correlations with coiling changes. These fluc
tuations have been averaged in the present work over 
intervals much like coiling data (Figs. 3,4). Although 
considerable diversity variation from site to site is ap
parent in the Miocene and older sections (Jenkins and 
Orr, 1972; p. 1080-1081), the diversity patterns be
tween Sites 77, 83, and 84 in the Pliocene/ Pleistocene 
interval correspond well with each other. Diversity of 
Pliocene and Pleistocene faunas may run as high as 30 
species or more in a single sample, but the average 
diversity for any given interval over five meters in 
thickness almost never exceeds 15 species. 

The most significant pattern that emerged was a re
lationship between coiling and diversity. Major 
changes in diversity tend to be coincident with major 
coiling changes in Pulleniatina obliquiloculata and 
Pulleniatina primalis. Almost without exception, 
where the populations were dextrally coiled, the av
erage diversity is on the order of five species or more 
greater than the adjacent sinistral coiled populations 
of Pullenitina. The only exception to this pattern is in 
the interval where the coiling of Pulleniatina primalis 
and Pulleniatina obliquiloculata was dextral for one 
population and sinistral for the other between the 
Mammoth Event and Matuyama Epoch and just above 
Gilbert "b" Event, Site 84. Because the dips in av
erage size correspond to coiling change events, these 
changes in the size also correspond to changes in the 
diversity. 

Bandy (1960) recorded coiling changes in planktonic 
foraminiferal populations of Neogloboquadrina 
pachyderma corresponding geographically to major 
surface isotherms. The species diversity decrease not-, 

ed in all of our cores below the base of the Brunhes 
and corresponding to the coiling change from sinis
trally coiled Pulleniatina obliquiloculata may repre
sent the end of cool conditions in the eastern equa
torial Pacific. This may be further supported by the 
disappearance at about this interval of cool-water 
species Globorotalia infiata at Sites 77 and 83 and of 
Neogloboquadrina pachyderma at Site 84 (Jenkins 
and Orr, 1972, p. 1089). 

Hays and others (1969) were able to relate carbonate 
cycles to climatic phases. These agreed with the sug
gestion by Arrhenius (1952) that the cool glacial phases 
were periods of increased biologic productivity and 
consequent increase in calcium carbonate in the strati
graphic record was due to increased intensity of trade
winds and subsequent stronger equatorial current. 
Carbonate data on DSDP Leg 9 recorded by Hays and 
others (1972) was not from sufficiently close intervals 
to compare in detail to findings by Arrhenius (1952) or 
Hays and others (1969), but the overall CaC03 curve 
produced corresponded inasmuch as glacial phases 
tend to be rich in CaC03 • 

CONCLUSIONS 

1. Most of the datums proposed by Hays and others 
(1969) ~ere recognized in the DSDP Leg 9 cores from 
Sites 77, 83, and 84 through thick Pliocene/Pleistocene 
sections. We found the most reliable of their datums 
to be Datums I, III, V, and VII. The datums we had 
difficulty with were for the most part based on extinc
tions of species, and the difficulty could be directly 
attributed to the dissolution of the tests of the fora
minifera. 

2. The most reliable datums recorded by Hays and 
others (1969) were coiling changes, and four additional 
datums based on coiling changes of Pulleniatina are 
proposed. These latter coiling changes are recognized 
by the separate counting and tabulation of coiling Pul
leniatina obliquiloculata and Pulleniatina prima(is. 

3. In addition to coiling changes we also found sig
nificant variations of the average specimen size in suc
cessive populations of Pulleniatina primalis and Pul
leniatina obliquiloculata. The reduction in average 
specimen size of populations is related to coiling 
changes such that coiling changes are either accom
panied by or just preceded by a marked reduction in 
the average specimen size of the population undergo
ing the coiling change. 

4. Considerable fluctuation of diversity in Leg 9 
cores is apparent, but, like the size variation, major 
changes in diversity apparently correspond to coiling 
changes. When coiling in populations of Pulleniatina 
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ob/iqui/o('u/ata changes from sinistral to dextral, the 
average diversity figures almost invariably increase on 
the order of five additional species per sample. The 
coiling change and concurrent diversity increase is in
terpreted as corresponding to an increase in paleotem
perature. Similar interpretations of diversity and pa
leotemperature changes have been made for the New 
Zealand Cenozoic planktonic foraminifera (Jenkins, 
1%8, 1973). 
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ABSTRACT 

Most radiolarian biostratigraphic datums and zona
tions currently used (as well as other microfossil da
tums, and zonations) appear to be time transgressive 
due to their being based upon warm-water shallow 
Jiving radiolarians with disjunct distributions whose 
geographic ranges and local first and last occurrences 
are controlled mainly by paleoclimatic conditions. The 
Miocene-Pliocene transition appears to be a time of 
worldwide cooling (including a cooling in the type 
locality) and this has probably led to elevations and 
depressions of the pa1eontologically recognized 
boundary in many areas. 

In an equatorial Pacific core studied (V24-59) Ni
grini's (1971) equatorial Pacific radiolarian Zones J, 2, 
and most of 3 occur within the Brunhes Magnetic Ep
och. and Zone 4 extends from the Jaramillo Event to 

the Gilsa or Olduvai Event. Riedel and Sanfilippo's 
Pterocanium prismaliutn Zone (Riedel and Sanfilippo, 
1970, 1977 and 1978) from the Gilsa or Olduvai event 
into the upper Gauss, the Spongaster pentas Zone 
extends from the upper Gauss to around Gilbert h, 
and their Stichocorys peregrina Zone begins around 
Gilbert h. These "warm-water" datums, when com
pared to radiolarians believed to have been tropical 
submergent or deep living suggest that tropical sub
mergent or deep living forms may be very useful for 
establishing "cosmopolitan,. datum planes. Two such 
datums approximating the Miocene-Pliocene bound
ary are the first occurrences of Lamprocyclas heler
oporos and Sphaeropy/e /angii at about 4.2 and 5 
m.y.a. respectively. 

INTRODUCTION 

The four main objectives of this paper are: (a) to 
relate the magnetic stratigraphy of equatorial Pacific 
core V24-59 to the radiolarian datums and zones of 
Riedel and Sanfilippo (1970, 1977 and 1978) and Nigrini 
(1971): (b) to compare these datums and zonation to 
the Antarctic radiolarian zonation of Hays ( 1965) and 
Bandy and others (1971): (c) to relate these datums 
and zonations to paleoceanographic phenomena: and 

Acknowledgment is made to the donors of the Petroleum Re
search Fund. administered hy the American Chemical Society. for 
the partial support of this research. 

(d) to give examples of and suggest that radiolarian 
datums and radiolarian zonation based on inferred 
and/or known tropical submergent or deep living ra
diolarians may be the closest approximation to a cos
mopolitan zonation. 

This paper is especially appropriate for this memo
rial volume because Dr. Bandy and the senior author 
originally initiated this project together. Here, we will 
try to bring in some of Dr. Bandy's thoughts from the 
conversations the senior author and Dr. Bandy had in 
the early stages of this project. Dr. Bandy had begun 
work on specific aspects of this project, including 
counts of foraminifers from core V24-59. Attempts to 
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NEOGENE RADIOLARIAN DATUMS 

... 

relate some of his preliminary work will be mentioned 
in the appropriate sections. 

The works of Hays (1965) and Hays and Opdyke 
(1967) have been outstanding contributions in devel
oping and relating an Antarctic radiolarian zonation to 
magnetostratigraphy. Further, Hays and others (1969) 
presented a classic paper that related a combined pa
leontologic and paleomagnetic stratigraphy for the late 
Neogene of the equatorial Pacific. These works are of 
such significance that the senior author of this paper 
re-evaluated and added to the radiolarian biostratig
raphy of some of Hay's Antarctic cores (Bandy and 
others, 197]) and we herein re-evaluate the radiolarian 
biostratigraphy of core V24-59, one of the equatorial 
Pacific cores studied by Hays and others (1969), and 
compare them to one another and to other sections. 

ANTARCTIC RADIOLARIAN PLANKTONIC 

DATUM PLANES AND 


MAGNETOSTRA TIGRAPHY 


The Antarctic radiolarian zonation of Hays consists 
of six zones in which the upper limits of occurrence 
in cores are employed (Hays, ]965, 1967; and Hays 
and Opdyke, 1967). Three of the Antarctic cores stud
ied by Hays and Opdyke were restudied for additional 
information (Bandy and others, 1971). One of these 
cores, EI4-8, which is used in this paper, was taken 
from the western flank of the Albatross Cordillera in 
the South Pacific Ocean (latitude 59°40'S, longitude 
1600 17'W). 

Prior to the restudy of these Antarctic cores, Bandy 
(1967) had noted that the widespread occurrence of 
the radiolarian referred to as Prunopyle titan Camp
bell and Clark in the lower portions of many Antarctic 
cores might be taken as the upper limit of the Miocene 
in view of the restriction of this species to the upper 
Miocene in California (Campbell and Clark, 1944; In
gle, 1967). Upon restudy of these three cores, a num
ber of radiolarians believed to be restricted to the 
Miocene were found in the deeper portions of these 
cores (Bandy and others, 1971). Paleotemperatures 
were reconstructed from these cores using the ratio of 
"cold" to "warm" radiolarians (Bandy and others, 

FIGURE 1 

Radiolarian ranges from core V24-59 related to the magnetic stratigraphy of that core (magnetic stratigraphy from Hays and others, 1969), the 
radiolarian zonations of Nigrini (1971) and Riedel and Sanfilippo (1970) and the late Neogene time scale. Thin lines represent rare specimens 
and/or sporadic occurrences, thick lines represent common occurrences and question marks represent questionable occurrences as discussed 
in the text. The dashed lines above or below the thick lines represent specimens of those species before or after their evolutionary transition 
in the sense of Riedel and Sanfilippo (1977). The correlation of the Holocene with Nigrini's Zone I is due to chance. 

]971). The Prunopyle titan Datum consistently oc
curred in the upper Gauss. This datum occurred within 
a cold interval which had been preceded by a warm 
interval. Warm-water radiolarians such as Cyrtocap
sella tetrapera Haeckel, and Ommatocampe hughesi 
Campbell and Clark (now Ommatartus) suggested that 
the lower portions of these latter cores were of Mio
cene age. However, it is now believed by us (and was 
also believed by Dr. Bandy) that the Miocene-Pliocene 
boundary is somewhat lower than the Prunopyle titan 
Datum, and is perhaps close to or bounded by the first 
occurrences of Lamprocyclas heteroporos Hays (also 
Lamprocyrtis), and Sphaeropyle langii Dreyer in the 
sense of Foreman (1975). 

EQUATORIAL PACIFIC RADIOLARIAN 

DATUM PLANES AND 


MAGNETOSTRA TIGRAPHY 


Core V24-59 from the equatorial Pacific (latitude 
2°34'N, longitude 145°22'W) was used for this study 
because previous work had been done on the radi
olarians, foraminifers, diatoms, silicoflagellates, and 
calcareous nannofossils (Hays and others, 1969; Gart
ner, ]973) making this core extremely significant in 
correlating one microfossil zonation with another. 
This core also had a good magnetic signature with 
which to compare these datum planes and zonations. 

Figure 1 shows the ranges of radiolarians in core 
V24-59 related to the radiolarian zonations of Nigrini 
(1971) and Riedel and Sanfilippo (1970), and also re
lated to the paleomagnetic scale of V24-59 from Hays 
and others (1969). Plates 1 and 2 figure some radiolar
ians from core V24-59. 

Nigrini (1971) developed radiolarian zones for the 
Quaternary of the equatorial Pacific Ocean. Nigrini's 
diagnostic taxa are present in core V24-59 and are used 
to define Nigrini's zones as represented on Figure]. 
The Buccinosphaera invaginata Range Zone (Zone 1; 
uppermost Quaternary) is defined by the range of Buc
cinosphaera invaginata Haeckel in accordance with 
the American Commission on Stratigraphic Nomen
clature (1961). This zone is present in about the upper 
50 cm of core V24-59. The top of the Collosphaera 
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tuberosa Concurrent Range Zone (Zone 2) is defined 
by the earliest appearance of B. invaginata, and the 
bottom by the earliest appearance of Collosphaera tu
berosa Haeckel. Within this zone C. tuherosa. Am
phirlwpa/um ypsilon Haeckel, and Theocorythium 
trachelium trache/ium (Ehrenberg) have concurrent 
ranges. This zone is found within core V24-59 extend
ing from about 50 cm to about 190 cm. The Amphi
rhopa/um ypsi/on Assemblage Zone (Zone 3) occurs 
in core V24-59 from about 190 cm to about 390 cm. 
The top of this zone is defined by the earliest appear
ance of C. tuberosa, and the bottom by the latest ap
pearance of Anthocyrtidium anRu/are Nigrini. The top 
of the Anthocyrtidillm llngu/are Concurrent Range 
Zone (Zone 4; lowermost Quaternary) is defined by by 
the latest appearance of A. onRl/lore. and the bottom 
by the latest appearance of Pterocanium prismatium 
Riedel. This zone extends from about 390 cm to about 
560 cm in core V24-59. Zones I and 2 and almost all 
of 3 occur within the Brunhes. In fact, the Zone 3-4 
boundary is between the Brunhes-Matuyama bound
ary and the Jaramillo Event. Zone 4 extends to the 
Gilsa or Olduvai Event. Plates 1 and 2 figure some of 
the aforementioned species. 

Riedel and Sanfilippo (1970 and 1977) developed a 
Cenozoic radiolarian zonation exclusive of the Qua
ternary, and later modified this zonation and included 
the Quaternary (Riedel and Sanfilippo, 1978). The up
per two zones and the top of the third are found in 
core V24-59. The base of the uppermost zone (the 
PteroC(lnillm prismatium Zone) is defined by the last 
occurrence of Stichocorys peregrina (Riedel) (Riedel 
and Sanfilippo, 1970, 1977 and 1978) and the top by 
the latest evolutionary occurrence of P. prismlltillm 
(Riedel and Sanfilippo, 1970 and 1977) (the top is now 
defined by the evolutionary transition of Lamprocyrtis 
neo/tetel'Oporos Kling to L. haysi Kling (Riedel and 
Sanfilippo, 1978». This zone is represented in core 
V24-59 by the interval from about 560 cm to about 800 
em. The base of the Spongaster pentas Zone was orig

inally defined by the earliest appearance of P. pris
matium (Riedel and Sanfilippo, 1970 and 1977), and 
later by the evolutionary transition of SponRlIster ber
minglwmi (Campbell and Clark) to S. pentas (Riedel 
and Sanfilippo) (Riedel and Sanfilippo, 1978). Herein, 
the base of the SponRaster penta.~· Zone is delineated 
by the earliest appearance of P. prislnatililn s.s. and 
the latest occurrence of Omnwtartus IlURhesi both of 
which appear to be near the evolutionary transition of 
S. berminRhami in core V24-59. The specimens of 
Ommatartus hl/ghesi in core V24-59 usually do not 
bear more than one chamber distal of the polar cap 
such as Figure 5 on Plate 1, but a few are more typical 
of the type species such as Figure I on Plate 2. On 
Figure I, question marks are drawn below the solid 
line depicting the range of P(erocanillm prismatium 
s.s. to indicate the range of the possible ancestor to 
that form. This ancestor differs in having less straight 
sides. a shorter thorax, and less well-developed thorns 
on the ribs than does P. prismatium s.s. (PI. I, Figs. 
7 and 8). Riedel and Sanfilippo (1970) in discussing 
Pterocanium prismatium stated, " ... the original de
scription of this species admitted specimens without 
thorns on the three thoracic ribs, but such forms are 
now excluded," and later (Riedel and Sanfilippo, 1978) 
state, " ... the use of the lower morphotypic limit of 
Pterocanium prismatium to define the lower limit of 
this zone was rather unsatisfactory--the use of the 
evolutionary transition from SponR£lster herminRhami 
to S. penta,1 will, it is hoped, permit recognition of the 
lower limit of this zone with greater ease." The SPOf1
gaster penta:; Zone extends from about 800 cm to 
about 1,100 cm in core V24-59. The top of the Stid1O
corys peregrina Zone is coincident with the base of 
the Spongaster pentas Zone. 

In relating to the zones of Riedel and Sanfilippo 
(1970, 1977, and 1978) to the magnestostratigraphy of 
core V24-59, the Plerocanillm prismatium Zone ex
tends from the Gilsa or Olduvai Event to within the 
upper Gauss, the SPOflR(lster pentas Zone extends 

PLATE I 

Selected radiolarians from core V24-59. their occurrence given as the depth from top of core. and the approximate length of maximum 
dimension. 

Col/os/J/weU/ IlIhl'l'OSU Haeekel. From about 10 em, 120 jJ.m. 6 ()lIl/nOIl/rllll 1'0111/1111111.1 (Riedel). 1.241 cm. 300 jJ.m. 

2 AlI1pilirhol'u/1I111 ."/J.li/IJII Haeckel. Stratigraphic position un- 7 Pll'TOCUllill1ll I'riSIIWlillm Riedel (in the strict sense). 1.111 em. 
known. 200 jJ.m. 205 jJ.m. 

3 '! PruIlOj1Y/1' li((/II Campbell and Clark. ~09 em. 130 jJ.m. g Ancestor of Plerucllllillll1 pri.lIlUililllll. I. 191 cm. 200 jJ.m. 

4 Slichocorrs peregrina (Riedel). 1,008 em, 200 jJ.m. 9 LillIlprocydlls heleYoporo.l Hays. ~09 em. 200 jJ.m. 

5 ()lI1l1l11larllls' J IIII!!ilesi (Campell and Clark). I. 191 em, 220 jJ.m. 
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from the upper Gauss to just above Gilbert h, and the 
Stichocorys peregrina Zone starts just above Gilbert 
b and extends to the bottom of the core. 

Aside from the diagnostic taxa that define the zones 
ofNigrini (1971) and Riedel and Sanfilippo (1970,1977, 
and 1978) other important radiolarian datum planes 
were studied in core V24-59. At about Gilbert b a 
number of datums occur. These include the first ap
pearance of P. prismatium and Lamprocyclas heter
oporos and the latest occurrence of Ommatartus ? 
hughesi. Lamprocyclas heteroporos is rare in the re
gion represented by the thin line on Figure 1. The 
species does not become well represented in the core 
until the base of the Pterocanium prismatium Zone 
indicated by the thicker line. Specimens of this species 
noted by the thin-lined region do not have as well
developed large pores on their abdomens, or as well
developed abdomens (PI. 2, Figs. 7 and 8) as the thick
lined region (PI. I, Fig. 9; PI. 2, Figs. 5 and 6). 

Other important datums are clustered just above 
Gilbert a. Spongaster pentas evolved into S. tetras 
Ehrenberg at this level making it the easiest recogniz
able paleontological event in the core. The transition 
from Ommatartus penultimus (Riedel) (PI. I, Fig. 6) 
to Ommatartus tetrathalamus (Haeckel) also occurs 
at this level. The last occurrence of Cyrtocapsella te
trapera Haeckel (counts of Cyrtocapsella comuta 
Haeckel were included with C. tetrapera) lies just be
low these other datums. 

The next clustering of datum planes occurs within 
the upper Gauss. At this horizon the last occurrence 
of Stichocorys peregrina delineates the top of the 
Spongaster pentas Zone (Riedel and Sanfilippo, 1978). 
At about this same horizon, very sparse and sporadic 
occurrences of what appear to be forms of Prunopyle 
titan (PI. 1, Fig. 3; PI. 2, Figs. 2-4) and Lychnocanillm 

grande Campbell and Clark last occur. From paleo
magnetic evidence, these two forms last occur in the 
Antarctic at about the same horizons. At this same 
level in core V24-59, L. heteroporos becomes more 
abundant and more like the type specimen with large 
irregular abdominal pores and a well-developed ab
domen. 

The last clustering of datums occurs at the Tertiary
Quaternary boundary with the last occurrences of P. 
prismatium, L. heteroporos, and Ellcyrtidium calver
tense Martin s.s. The last occurrence of E. calvertense 
at this level is questionable. Eucyrtidium calvertense 
last occurs in Antarctic cores consistently at the 01
duvai or Gilsa Event. Casey (1972) considered the last 
occurrence of E. calvertense as a local extinction in 
the North Pacific within the pre-glacial Pleistocene. 
However, Casey's samples produced few specimens, 
and both Hays (1970) and Kling (1971) found E. cal
vertense in the Eucyrtidium tumidulum Zone of Hays 
(1970) in the North Pacific. There are some specimens 
that somewhat resemble E. calvertense occurring 
above the Gilsa or Olduvai Event in core V24-159 and 
E. calvertense appears to live in the intermediate 
waters of the Atlantic today (McMillen and Casey, 
1978). 

Since the first submission of this paper, in 1974, 
Johnson and Knoll (1975) compared two cores from 
the same geographical region to Nigrini's zonation 
(Nigrini, 1971). Their suggested correlation to the 
magnetostratigraphy (Johnson and Knoll, 1975) and 
ours agree fairly well with our Nigrini Zone I being 
somewhat shorter, our Zone 3-Zone 4 boundary being 
above the Jaramillo Event and their below, and their 
Nigrini Zone 4-Pterocanium prismatium Zone bound
ary being slightly higher than ours. However, these 
differences may well be academic, for Johnson and 

PLATE 2 
Selected radiolarians from cores V24-59 and ED-17 (their occurrence given as the depth from top of cores), and the Messinian samples 
mentioned in the text, and the approximate length of maximum dimension. 

Ommatartus ? hURhesi (Campbell and Clark). Core V24-59, 9 Sphaeropyle langii Dreyer. Core EI3-17, 140 J-Lm. 
1,24J em, 250 J-Lm. 10 Sphaeropy/e lan[?ii Dreyer. Core E 13-\7, 150 J-Lm. 
? Prunopy/e titan Campbell and Clark. Core V24-59, 1,181 I J, 12 Sphaeropy/e lanRii Dreyer. DSDP Hole 77B, core 7, section 
em, 150 J-Lm (showing mesh). I, 24-27 cm, 120 J-Lm (II shows pores of both outermost 

3, 4 ? Prunopy/e titan (Campbell and Clark). Core V24-59, 977 shells as do Figures 9 and 10, \2 outline of same). 
cm, J50 J-Lm (3 = mesh, 4 outline of same specimen). 13 Lithdius lJalltiloides PopofskY. Messinian sample, ,180 J-Lm. 

5, 6 Lamprocydas heteroporos Hays. Core V24-59, 759 cm, 150 14 Lithe/ius nautiloides Popofsky. Messinian sample, 200 J-Lm. 
J-Lm (regular form), (5 = lattice, 6 = outline of same). 

15 Spongotrochus R/aciali.\' PopofskY. Messinian sample. 250 
7, 8 Lamprocyclas heteroporos Hays. Core V24-59, 1.150 cm, J-Lm. 

160 J-Lm (primitive form), (7 = lattice, 8 = outline of same). 
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Knoll point out a significant diachroneity (time-trans
gressive nature) in their cores. We again suggest that 
during times of major climatic change warm-water 
(shallow tropical and perhaps temperate) radiolarian 
datums are time transgressive. This has prompted our 
search for a more cosmopolitan and less time-trans
gressive radiolarian zonation. 

Dr. Bandy left a hand-tabulated range chart of the 
foraminifers found in core V24-59. We feel that it is 
especially appropriate that mention of this be made in 
this paper and especially in this volume. However, the 
authors want to make it clear that this document was 
probably in a preliminary stage and some interpreta
tion was needed to decipher it. Therefore, any inac
curacies are accepted by us. On this range chart, Ban
dy designated the following datums: the first occurrence 
of Sphaeroidinella dehiscens immatura (Cushman) at 
952 cm, the first question-marked occurrence on his 
range chart shows Sphaeroidinella dehiscens (Parker 
and Jones) (with flange) at 750 cm, the first occurrence 
of Globorotalia tosaensis Takayamagi and Saito at 730 
cm, and the only recognition of Globorotalia trtmca
tulinoidcs (d'Orbigny) in a sample at 680 cm. If our 
interpretations of Bandy's chart are correct the Mio
cene-Pliocene boundary (assuming the first occurrence 
of S. dchisccns immatllra to be the datum marking 
this boundary) would be at 952 cm in the core or about 
3.5 million years ago (which is almost correlative with 
the last occurrences of Spon!{aster pentas (evolution
ary) and Cyrtocapsclla tctrapera-cornuta and the first 
evolutionary occurrence of Spon!{astcr tetras Ehren
berg and Ommatartus tetrathalamus (Haeckel). The 
only occurrences recorded for Globorotalia trunca
talinoidcs occurred between the Gilsa or Olduvai 
Event and the Gauss. Bandy also recorded sinistral 
Neo!{loboquadrina pachyderma (Ehrenberg) within 
Gilbert a and sporadic occurrences of its dextral form 
in the Matuyama. 

In working on core V24-59, care was used to distin
guish between the "rind" and the "center" of the sed
iment samples from the core. Dr. Bandy suspected 
that some of the down core occurrences of foraminif
eral species plotted by Hays and others (1969) may 
have been contaminates due to the dragging down of 
sediments along the sides of the core barrel. There
fore, samples from both the sides and centers of the 

cores were processed separately. Dr. Bandy's notes 
indicate that the oldest Sphaeroidinella dehiscens 
from the center of the core was found near Gilbert a, 
however, he did find some further down in the rind. 
We did not look extensively into this problem but did 
note that Pterocanium prismatium s.s. did occur in 
the rind further down core than in samples from the 
center. Bandy (1973) suggested the Miocene-Pliocene 
boundary to be at about 3.5 m.y. based on evidence 
from deep-sea cores and the upper Miocene-lower 
Pliocene Italian type sections. 

A COMPARISON OF AN EQUATORIAL 

PACIFIC RADIOLARIAN ZONATION TO 

OTHER MICROFOSSIL DATUM PLANES 


AND ZONATIONS FOR THE EQUATORIAL 

PACIFIC AND TO AN ANTARCTIC 


RADIOLARIAN ZONATION 


Figure 2 compares the radiolarian biostratigraphies 
of the equatorial Pacific (core V24-59) and Antarctic 
(core E14-8). Both are correlated to the magnetic stra
tigraphy of core V24-59 (taken from Hays and others, 
1969). It is suggested that the last occurrences of Eu
cyrtidium calvertensc s.s., Prunopyle titan. and 
Lychnocanium !{rande and perhaps the first occur
rence of Cyrtopcra la!{uncula Haeckel and the last 
occurrence of Pterocorys splcndcns (Campbell and 
Clark) actually occur at the same horizons in V24-59 
and E14-8 and represent "cosmopolitan" datums be
cause they are tropical submergent forms. Whereas, 
the last occurrences of Ommatartus hll!{hesi and Cyr
tocapsella tetrapcra are most likely environmentally 
controlled because they are shallow-water forms. 
Therefore, their "extinctions" or last occurrences are 
time transgressive. 

Figure 3 compares the radiolarian biostratigraphy 
herein derived from core V24-59 with Hays and others 
(1969) zonation form the same core with Berggren and 
Van Couvering's (1973 and 1974) and Theyer and 
Hammond's (1974) radiolarian zonations from other 
sources. All of these zonations are plotted against the 
magnetostratigraphy for core V24-59 (Fig. 3) assuming 
all of the Gilbert c Event is present. On Figure 3, the 
foraminiferal, diatom and silicoflagellate datums from 
Hays and others (1969) are plotted, as are the calcar-

FIGURE 2 

Radiolarian datum planes and zonations of cores V24-59 and E 14-8 are related to one another and to the paleomagnetic signature of core V24
59 (magnetostratigraphy from Hays and others, 1969). 
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eous nannofossil datums for this core (Gartner, 1973). 
The acme beginning of Ceratolithus rugoslls Bukry 
and Bramlette and the last occurrence of Ceratolithus 
tricorniclilatus Gartner (now considered Amaurolithlls 
tricorniclilatus) are both considered indicative of the 
earliest Pliocene (Bukry, 1978) and lend support to our 
contention that the first occurrence of Lamprocyclas 
heteroporos (about 50 cm and 100 cm above these da
tums respectively) is near the Miocene-Pliocene tran
sition (Fig. 3). 

RADIOLARIANS IN THE MESSINIAN AND 

THEIR BIOSTRATIGRAPHIC AND 


PALEOCLIMATIC INFERENCES FOR 

THE MIOCENE-PLIOCENE BOUNDARY 


In Messinian samples examined by the authors to 
date, the last radiolarian zone encountered before the 
evaporites are encountered, appears to be the Sticho
corys peregrina Zone. However, this age assignment 
is questionable. These samples contain few specimens 
of Stichocorys peregrina: and common occurrences 
of Lithelius nautiloides Popofsky (PI. 2, Figs. 13 and 
14) and Spongotrochus glacialis Popofsky (PI. 2, Fig. 
15). We believe that the Mediterranean region at that 
time was perhaps temperate enough for Stichocorys 
peregrina (the forms seen are similar to those "cold 
forms" from California) but too "cold" for members 
of the genus Spongaster. or the species Pterocanium 
prismatium. Petrushevskaya (1972) shows P. pris
matillm to be more restricted to low-latitude waters 
through time than was S. peregrina, and she also 
shows a general trend of an equatorial-ward contrac
tion (time transgressive) prior to the extinction of 
many forms. Whatever the zone, our radiolarian in
vestigation suggests that the Mediterranean region 
underwent a severe cooling (indicated by the abun
dance of L. nautiloides and Spongotrochus glacialis) 
just prior to the deposition of the evaporite beds. This 
cooling may help explain the formation of the evapo
rites if a cooling (glaciation) can be associated with 
eustatic drop in the sea level that helped or served to 
isolate the Mediterranean Basin from the Atlantic. A 
similar cooling and eustatic drop in sea level for the 
Messinian has been suggested by Bandy (1973). Ban
dy's chart herein referred to recorded sinistral Neo

globoquadrina pachyderm a within Gilbert a which 
also suggests cooling. The paleotemperatures from the 
Antarctic (Bandy and others, 1971) show a dramatic 
cooling between about Gilbert hand c and this may 
well reflect the same worldwide cooling and eustatic 
sea level drop. We believe that one of the main prob
lems with recognizing the Miocene-Pliocene boundary 
in many regions is that the actual boundary at the type 
locality (and worldwide) was synchronous with a time 
of glaciation or at least a cold interval. In the type 
locality the shallow or shoaling sill at Gibraltar may 
have blocked the entrance of tropical submergent 
species such as Sphaeropyle langi; and Lamprocyclas 
heteroporos which appear to be cosmopolitan species 
whose first appearances approximates the boundary. 
Many coeval last occurrences of certain diagnostic 
species may then appear either below or above the 
actual boundary in many parts of the world or would 
be time transgressive as Petrushevskaya (1972) 
showed for the last occurrence of a number of radi
olarians. This is because these diagnostic species are 
"warm-," shallow-water species that exhibit time
transgressive last occurrences at different latitudes 
and/or different paleotemperatures, and also because 
their distributions are disjunct or provincial since 
about the middle Miocene (Casey and McMillen, 
1977). 

LAMPROCYCLAS HETEROPOROS AND 

SPHAEROPYLE LANGII AS COSMOPOLITAN 


INDICATORS APPROXIMATING THE 

MIOCENE-PLIOCENE BOUNDARY 


We suggest that Lamprocyclas heteroporos is a 
tropical submergent radiolarian with a cosmopolitan 
distribution. Theyer (1973) found L. heteroporos to 
first occur within Gilbert b. Hays (1970) shows L. 
heteroporos extending slightly below Gilbert h, and 
Boellstorff and Steineck (1975) state that their fission 
track ages for the Malga Cove section confirm that L. 
heteroporos evolved at about 4.2 m.y.a. 

Sphaeropyle lang;; Dreyer (PI. 2, Figs. 9-12) in the 
sense of Foreman (Foreman, 1975) is also herein con
sidered a tropical submergent species that is biostrati
graphically useful. Foreman (1975) defined the 
Sphaeropyle langii Zone (the base is defined by the 

FIGURE 3 

Radiolarian zonation from this paper related to the zones for this core of Hays and others (1969), the zonations of Berggren and Van Couvering 
(1973 and 1974) and Theyer and Hammond (1974), the microfossil datum planes other than radiolarian for core V24-59 from Hays and others 
(1969) and Gartner (1973). All are correlated to the magnetic stratigraphy of core V24-59 from Hays and others (1969). 
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first occurrence of S. lan[?ii and the top by the last 
occurrence of Stichocorys pere[?rina) and placed its 
lower limit just below the Miocene-Pliocene boundary. 

The junior author used the first occurrence of S. 
lan[?ii in the same sense as Foreman (1975) to delineate 
the Miocene-Pliocene boundary in Deep Sea Drilling 
Project samples off Japan (Reynolds, in press). 
Sphaeropyle lan[?ii extends to the bottom of core V24
59. The magnetic stratigraphy below 1,650 cm on core 
E14-8 is not reliable (Hays and Opdyke, 1967), how
ever, Antarctic core E13-17 (latitude 65°14'S, longi
tude 123°06'W) penetrates magnetic Epoch 5 with the 
Gilbert-Epoch 5 boundary at 2,200 cm. In this core 
(EI3-17) S. lan[?ii was found to a depth of 2,126 cm 
which by extrapolation would be about 5 m.y.a. In 
Deep Sea Drilling Project Hole 77B (equatorial Pacific) 
the oldest S. lan[?ii we have found is in core 8, section 
1 at 25 to 27 cm yielding a similar absolute age assign
ment (approximately 5 m.y.a., van Andel and others, 
1975). In the Malaga Cove section of southern Cali
fornia the oldest S. lan[?ii occurs in Casey's sample 
C-20-2 stratigraphically below the first occurrence of 
Lamprocyclas heteroporos (Casey and others, 1972). 
Therefore, it seems that the firs·t occurrence of S. lan
[?ii is a cosmopolitan datum, and occurs at or near the 
commonly accepted age of the Miocene-Pliocene 
boundary or about 5 m.y.a. However, it appears that 
S. lan[?ii is somewhat susceptible to dissolution, at 
least more so than L. heteroporos which appears to 
be very solution resistant. 

SUGGESTED COSMOPOLITAN RADIOLARIAN 

DATUM PLANES USING INFERRED 

TROnCALSUBMERGENTANWOR 


DEEP LIVING RADIOLARIANS 

AND CONCLUSIONS 


Many radiolarian datum planes and zonations are 
either provincial, such as Riedel and Sanfilippo's 
"warm-water" Cenozoic, and Nigrini's equatorial 
Quaternary zonations (Casey and McMillen, 1977), or 
are time transgressive, such as has been shown by 
Petrushevskaya (1972). Studies herein suggest that at 
least some radiolarians might exhibit fairly consistent 
datum planes of a more or less cosmopolitan nature. 
These were apparently shallow-living polar and/or 
temperate forms that were "endemic" to descending 
water masses (intermediate and central) and exhibit 
tropical submergence, or are deep living cosmopolitan 
forms (of deep or bottom water). Living radiolarians 
exhibiting this type of distribution have been described 
by Casey (1971 and 1977), Casey and McMillen (1977), 
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and McMillen and Casey (1978). These include Cyr
topera la[?uncula Haeckel endemic to the intermediate 
water masses, Peripyramis circlImtexta Haeckel in 
both central and intermediate water masses and prob
ably Sphaeropyle lan[?ii although we have not ob
served this species in the plankton to date, Cornlltella 
profunda Ehrenberg endemic to intermediate and 
deeper waters, and Clathrocyclas bicornis Hays en
demic to intermediate and North Atlantic Deep Water 
(J. Spaw of Rice University has recently found radi
olarians perhaps indicative of Antarctic Bottom 
Water). Fossil radiolarians believed to have possibly 
exhibited this type of distribution include: (1) Lam
procyclas heteroporos probably endemic to the diving 
Central Water Masses as it does not occur in sedi
ments south of the Antarctic Convergence (Hays, 
1965) but does occur in sediments south of the Sub
tropical Convergence (Hays, 1965 and Theyer, 1972), 
(2) Prunopyle titan and Lychnocanium [?rande prob
ably endemic to the descending Intermediate Water 
Masses as they were found by Weaver (1973) to occur 
as far south as 65 and 63 degrees respectively in his 
cores, well south of the present day Antarctic Con
vergence where the Intermediate Water descends, and 
(3) Eucyrtidium calvertense s.s. which appears to have 
occurred in both central and intermediate water 
masses due to its relatively common occurrence in 
V24-59 and its occurrence as far south as P. titan in 
Weaver's cores (1973). Eucyrtidillm calvertense ap
pears to live in intermediate waters in the Atlantic 
today (McMillen and Casey, 1978). These fossil forms 
may well prove to exhibit "cosmopolitan" datum 
planes (from poleward of sub-tropical convergence to 
poleward of sub-tropical convergence or from pole
ward of polar convergence to poleward of polar con
vergence), and a biostratigraphic zonation based on 
radiolarians of this type may be used to develop a 
"cosmopolitan" biostratigraphic zonation. These fos
sil species are considered to exhibit this tropical sub·· 
mergent pattern of distribution because their occur
rence in fossil sediments mirrors the occurrences of 
the living tropical submergent forms in recent sedi
ments (being dominant in high latitudes and rare in 
tropical sediments). Their occurrence in core V24-59 
is shown in Figure 1. Their consistency as useful da
tum planes is suggested by comparing their extinctions 
and evolutions in high (core E 14-8) and low (core V24
59 latitudes with magnetostratigraphy as shown on 
Figure 2. Lamprocyclas heteroporos last occurs near 
The Olduvai or Gilsa Event, and Lynchnocanium 
[?rande and Prunopylc titan (and their submergent 
counterparts ?L. [?rande and ?P. titan) consistently 
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last occur within the upper Gauss; whereas Lampro
eye/as heteroporos apparently first occurs in a primi
tive form just below Gilbert h. Using this same line 
of reasoning, it is possible to suggest that Theoeyrtis 
redondoensis S.s. Campbell and Clark exhibited a bi
polar pattern of distribution instead of a tropical sub
mergent pattern for it appears at high and mid latitudes 
during the late Neogene but not at low latitudes (such 
as core V24-59), we have also found it in the Messinian 
samples suggesting it is a shallow- and cold-water form. 
Another line of evidence, which can be cited in sup
port of these forms being endemic to descending 
waters, is their slower or lack of response to small 
climatic variations when compared with tropical sur
face living forms (Reynolds, 1978). 

These ideas are still preliminary and will need to be 
tested in future studies. For example, Weaver (1973) 
has shown that in extreme high latitudes in the South
ern Ocean some of these "cosmopolitan" species such 
as Prunopyle titan and Lyehnoeanium grande are time 
transgressive. This might be expected for at these lat
itudes we are observing fluctuations in the shallow
water terminal range of these species which should 
fluctuate with time and paleoceanographic changes 
similar to the aforementioned ranged of Lamproeyclas 
heteroporos poleward of the Subtropical Conver
gences. 

Lamproc.vcias heteroporos and Sphaeropyle langii 
are the only preserved species we know of whose first 
occurrences are cosmopolitan in nature and approxi
mate the Miocene-Pliocene boundary. The absolute 
age assignments for these two first occurrences of 
species are as follows: L. heteroporos may be used as 
a datum approximating 4.2 m.y.a. and S. lafl[.?ii may 
be used as a datum approximating 5 m.y.a. 

To further develop such a cosmopolitan radiolarian 
zonation a number of parallel investigations should 
take place and to some extent are taking place such 
as: Casey and McMillen's (1977) and McMillen and 
Casey's (1978) work on living radiolarians to deter
mine which of the living species are deep living and 
cosmopolitan, to gain information on their morpholog
ic characteristics and distributions in present day sed
iments, and to infer a deep living niche for extinct 
forms; detailed radiolarian biostratigraphic work in 
high latitudes such as the work of Hays and Opdyke 
(1967), Foreman (1975), and Kling (1973) and Reyn
olds (in press) and the relation of such work to low 
latitude radiolarian biozonations and the magnetic 
scale if possible because many high-latitude radiolar
ians are tropical submergent and therefore, their da
tums may not be time transgressive: and develop a 

zonation based on these forms as herein started or as 
Reynolds (1978) knowingly did for the cornutellids and 
as Friend and Riedel (1967) and Nigrini (1977) un
knowingly started by their first attempts at using oro
sphaerids and artostrobids (from our recent plankton 
work these forms appear to be mainly deep living) in 
zonation schemes. 
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