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Amy Weinheimer

Radiolarian distributions and physical oceanographic
data from the southern California borderlands indicate the
following: Strong anti-El Nino periods can be characterized
by 1) average radiolarian standing crop, 2) high percentage
of transition-central radiolarian fauna, and 3) low
percentage and number of warm water radiolarian fauna.

This

distribution pattern is attributed to strong wind-driven
upwelling and reduced northward transport by the California
Countercurrent during anti-El Nino periods.
Strong El Nino periods were typically 1) high in
radiolarian standing crop, 2) low percentage and high number
of cold water fauna, and 3) high percentage and number of
warm water fauna.

This distribution is attributed to

reduced wind-driven upwelling, enhanced northward
countercurrent transport, and geostrophic doming of the cold
water masses in the shear zone between the California
Current and California Countercurrent.
Preliminary work on a varved sample from the Monterey
Formation, Lompoc, California indicates that variations of
radiolarian populations appear to represent changes in

oceanic circulation similar to those recorded in the Santa
Barbara Basin varved sediments.
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INTRODUCTION

Radiolarians are marine polycystine microplankton with
solid opaline skeletons.

They occupy most environmental

niches from warm shallow waters to frigid bottom waters and
are common to all of the world's oceans.

Their great

diversity, both morphologically and ecologically, and
potential for preservation make radiolarians very useful in
interpreting present day- and paleo-oceanography.
Many investigators have illustrated the correlation of
radiolarian assemblages to physical (paleo-) oceanographic
features and (paleo-) oceanic circulation patterns (Casey
1966, 1971a,
1977).

1971b, 1972,1977; Kling 1977, 1979, Molina-Cruz

There have also been studies on the seasonal changes

in radiolarian assemblages in the water column (Casey 1966,
Cleve 1902, Popofsky 1913).

This thesis is a continuation

of a study on the seasonality of radiolarians conducted by
Dr. R. E. Casey (1966) in the Santa Catalina Basin during
the early 1960's.
Casey (1966) noted that the radiolarian standing crop
in the water column varied from season to season.

The

current study involves determining how anomalous climatic
variations (El Ninos), which have a greater impact on the
environment than annual seasonality, are reflected in the
radiolarian standing crop and the recent sedimentary record,
and if similar climatic occurrences are detectable in the
1
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sedimentary rock record.
The samples analyzed include plankton tows taken in the
Santa Catalina Easin, recent varved sediment from the Santa
Barbara Basin, and varved sedimentary rock from the Monterey
Formation, Lompoc, California.

These data from the modern

day samples were compared to physical oceanographic data
from the same location and time.

The radiolarian

populations characteristic of anti-El Nino (the normal
situation with a stong California Current (Simpson, 1984b))
climatic periods and the anomalous El Nino periods were
determined.

Using these populations, an attempt was made to

interpret the radiolarian assemblages found in the Monterey
Formation, primarily to determine whether the radiolarian
assemblages reflected short term (on the order of years)
climatic variations.

3
PREVIOUS STUDIES

Radiolarians have been used successfully in
biostratigraphy, paleoceanography, and paleoecology.

One of

the first studies on radiolarians was conducted by Ernest
Haeckel (1887) on material collected from the H.M.S.
CHALLENGER in the late 1800fs.

From the radiolarian content

of the plankton tows and bottom sediments collected, he
concluded that radiolarians are distributed widely in all
the oceans and are environmentally restricted to some
degree.

He was able to loosely define three depth zones

based on various radiolarian species.

A more definitive

zonation was not possible since he used open vertical nets
to collect the plankton.
Popofsky (1S08 and 1913) conducted the first conclusive
study on radiolarians.

In his studies he illustrated the

morphologic differences between warm and cold forms of a
single species, seasonal variations in distributions, the
effect of physical oceanographic conditions on
distributions, and the endemic distribution of certain
species.

Several other authors have demonstrated the

indigenous nature of radiolarians: (Casey 1966, 1971a and
b, 1977; Petrushevskaya 1966, 1971; Renz 1976; Riedel,
Westberg-Smith, and Budai 1962; and Spaw 197S) and numerous
taxonomic studies have also been published (Eoltovskoy and
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Riedel I960, Cleve 1902, Nigrini and Moore 197S> Nigrini
1968, and Nishimura and Yamauchi 1984)*
Radiolarian assemblages found in marine surface
sediment have been studied extensively permitting the use of
radiolarians as indicators of current oceanographic
conditions.

Goll and Bjorkland (1971), using piston core

tops from the North Atlantic, found that radiolarian
abundance, preservation, and distribution varied across the
North Atlantic.

The sediment under strong currents, such as

the Gulf Stream, contained many more radiolarians than
sediment underlying quieter less productive waters such as
the gyres.

Recurrent group analyses by Nigrini (1968) on

radiolarians from eastern tropical Pacific surface sediment,
and factor analysis by Molina-Cruz (1977) on radiolarians
from southeastern subtropical Pacific surface sediments,
reflected the distribution of present day surface currents
and water masses.

Similar studies by Johnson and Nigrini

(i960, 1982) using surface sediment taken along a transect
across the eastern and western Indian Oceans showed that
geographic boundaries of radiolarian assemblages resembled
major oceanographic boundaries and currents such as the
south equatorial divergence, subtropical gyre, subtropical
convergence, and the Antarctic convergence.

Casey (1971a)

using the occurrence and abundance of radiolarian species in
sediment samples from the Pacific Ocean was able to
illustrate the utility of radiolarian distributions in
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determining oceanographic convergences, divergences, and
water masses*

On a smaller geographic scale, Kling (1S77)

was able to use the distribution of radiolarians from
surface sediment taken from the Santa Barbara and Santa
Monica Basins to illustrate the different circulatory
patterns for the two basins.

He found that deeper living

radiolarians were more abundant in the Santa Monica Basin
sediment than the Santa Barbara Basin.

He attributed the

different radiolarian abundances to the difference in sill
depth of the two basins and the consequent difference in the
water masses filling those basins.
The vertical profiles of radiolarians obtained from
plankton samples further illustrate the facility of
radiolarian distribution in determining the distribution of
currents and water masses.

Several authors have noted that

the vertical distribution of radiolarians in the water
column reflects the arrangement of physical oceanographic
features and water masses.
McMillen and Casey (1$78) working in the Gulf of Mexico
and Caribbean Sea were able to correlate the vertical
distribution of radiolarians to physical oceanographic
horizons and water masses.

Petrushevskaya (1S71) found two

radiolarian assemblages in plankton tows from the central
Pacific; one at 0-100m, 33•S-35•9°/oo salinity, and 20-28°C
and the other at 75-100m depth, 34.2-36.0°/oo salinity, and
7-1S°C.

Kling (1979) determined four depth zones using the
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vertical distribution of radiolarians in plankton tows taken
from the central North Pacific and Renz (1979) was able to
delineate six depth zones based on the distribution of
radiolarians in plankton tows taken in the central Pacific.
Casey (1971b) established seven shallow radiolarian
zones using plankton and sediment samples from the North and
South Pacific which he correlated to Muromtsev's surface
water masses.

These shallow zones extend from the surface

down to 100 or 200m, and possibly to 400m at low latitudes.
He also distinguished faunal zones which probably correspond
to deeper water masses.
(below 200 to 400m).

These occur below the surface zones

Casey classifies them as follows.

1) North Transition-Central fauna, characteristic of
the North Central Water Mass.

These forms are shallow at

high latitudes and dive with the water mass at the
subtropical convergence.
2) Subarctic-Intermediate fauna, characteristic of the
North Pacific Intermediate water mass.

This fauna is

shallow north of the polar convergence and dives with the
water mass at that convergence.
3) Deep and Eottom fauna, possibly associated with
Antarctic bottom waters.
The horizontal distribution of radiolarians has also
proven useful in oceanographic studies.

Casey, Spaw, and

Kunz (1982) correlated the lateral distribution of
radiolarians from Holocene marine sediments from all the
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oceans to major dynamic oceanographic features of the oceans
as represented by a hypothetical ocean.

This hypothetical

ocean modeled the oceanographic features of todayfs oceans,
e.g. boundary currents, gyres, convergences, and
divergences.

The authors found that the subtropical and

polar convergences acted as boundaries to radiolarian fauna
to the north and south of these features and the eastern and
western boundary currents extended the distribution of cold
fauna southward and the distribution of warm fauna northward
respectively.
Many other studies have broadened the use of
radiolarians by correlating radiolarians in plankton tows to
those in the underlying sediment.

McMillen and Casey (1978)

compared the empty radiolarian skeletçns in the plankton
tows to the radiolarians in the sediment below the tows and
found them to be very similar.

The similarity of the two

demonstrates that in some cases, oceanic circulation
patterns may be deciphered from radiolarian distributions in
sediment samples.

However, Berger (1968) has shown that

dissolution of radiolarians suspended in the water column
can affect the radiolarian fauna present in the sediment.
Renz (1976), in her comparison of radiolarians in
sediment to those in plankton tows, concluded that three
domains in the central Pacific sediment correspond to the
radiolarian distribution in the water column.
Petrushevskaya (1971) found that radiolarians in sediment
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samples of the central Pacific contained all the radiolarian
species in the plankton tows taken from the overlying
waters, but that the radiolarians were more diverse in the
tows than in the sediment.

She attributed the diminished

diversity in the sediment to selective dissolution.
Radiolarians have also been used as paleoceanographic
indicators to construct paleotemperature curves.

Using

recurrent group analysis on radiolarians from Quaternary
North Pacific samples and the relative abundances of the
warm, cold, and transition-central radiolarian groups,
Nigrini (1970) was able to construct a paleotemperature
curve.

The resulting curve was verified by a temperature

curve constructed using diatoms from the same area (Nigrini
1970).

Casey (1972) determined paleotemperatures using

ratios of warm to cold radiolarians from Experimental Mohole
samples off Guadelupe Island and southern California
land-based and offshore samples.

Pisias (1979) and Casey

(1970) have illustrated that radiolarian distributions in
the varved sediment from the Santa Barbara Basin reflect
yearly variations in the sea surface temperature and
strength of the California Current.
The paleoceanographic significance of radiolarians has
been illustrated by several authors.

Kling (1977) compared

the distribution of radiolarians in Miocene rocks of
southern California and found the same provincialism in
distribution as he found in the radiolarian fauna from
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sediment in the present day borderland basins.

He concluded

that the écologie conditions in the Miocene were similar to
today's borderland basin environment.

Casey, Weaver, and

Perez (1981) delineated five radiolarian assemblages in the
Monterey and Capistrano Formations in the Newport Bay area.
They were able to make paleoceanographic interpretations,
such as the degree of mixing of surface waters, strength of
the California Current, and the presence of different water
masses based on these assemblages.
Wigley (1984) traced Neogene oceanographic developments
in the offshore area of California using the distribution of
different radiolarian fauna in sediments from the 5, 8, and
10 Ma time planes.

She found that the California Current

was narrow and close to shore at 8 and 10 Ma and the
convergence off Baja California well formed at 5 and 10 Ma.
In a similar study, Perez-Guzman (1982) reconstructed the
paleoceanography off the Baja- California area during the 8
and 10 Ma time planes using the radiolarian content of
sediments from that area.

Her data showed an intense

northward flowing warm current at 10 Ma and a strong
California Current at 8 Ma.

Romine (in press), using

sediment from the 8 million year time plane in the North
Pacific, defined radiolarian biogeographic distributions
based on Q-mode analysis and was able to determine the
paleoceanographic conditions of the North Pacific during
that time
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Seasonal and supraseasonal variations in present day
radiolarian distributions provide a means for determining
oceanographic changes of short duration.

Casey (1966)

described discrete seasonal variability in plankton tows
taken in the waters over the Santa Catalina Easin during
1962 and 1963*

His data show that California Current and

Equatorial fauna invaded the area in November, 1962 and
October, 1963 indicating the presence of the Davidson
Current and a nearshore California Current.

In the tows in

late April, 1963 the radiolarian density and diversity were
highest.

Casey believed this was due to the combination of

the California Current and Equatorial faunas and the
addition of deeper waters and their endemic fauna by
upwelling.

During this period of upwelling, the California

Current was pushed offshore and the intrusion of Equatorial
waters diminished.
Casey (1970), using varved sediment from the Santa
Earbara Basin (core #230), constructed a "paleo" temperature
based on the relative abundances of 14 warm and 14 cold
radiolarian species.
1965-

The varves sere dated from 1900 to

The constructed curve illustrates interannual

(supraseasonal) changes in temperature of varying degrees.
In the periiod of this study (1900-1965), which overlaps the
current study, two strong warm years, 1957 and 1964, are
apparent.
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Although radiolarians are good indicators of upwelling,
there are other indicators of this process preserved in the
sedimentary record.

Baturin (1983) has shown that

sedimentologic and geochemical, as well as paléontologie
information provide evidence of coastal upwelling.

This

evidence includes coprogenic material and bone breccias,
plankton blooms, phoshatic nodules associated with
glauconite and pyrite, relatively high organic matter
content, and relatively low delta 13c values.
From the published information on radiolarians, one
realizes the utility of these microfossils as
biostratigraphic and environmental indicators.

But nearly

all the previous studies involved relatively long periods of
time (on the order of 10^ to 10^ years) and very few
investigated short term (on the order of months and years)
variations in *radiolarians for use in oceanographic
reconstructions.

Therefore, this study was carried out to

determine whether seasonal and/or supra seasonal oceanic
events are recorded in the present day radiolarian record
and if similar events are recorded in the fossil record.
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Present Day Circulation in and Adjacent to the
Current System

California

The primary feature of the North Pacific surface and
shallow circulation pattern is a wind driven anticyclonic
gyre (clock-wise in the northern hemisphere) (fig. 1).

The

gyre is characterized by oligotrophic (low productivity)
waters in the center and more productive, eutrophic waters
in the bounding currents circulating around the gyre.
The California Current, a wind driven surface current,
forms the eastern segment of the gyre.

The California

Current flows equatorward paralleling the coast beginning
near 48°N (Simpson, 1984a).

Near 25°N the current turns

again and flows westward into the North Equatorial Current
which forms the southern portion of the gyre (Reid, Gunnar,
and Wyllie,

1958).

The North Equatorial Current flows

westward and turns northward forming the Kuroshio Current.
The Kuroshio Current constitutes the western limb of the
gyre.

The northern limb, fed by the Kuroshio Current, is

formed mainly by the west wind drift.

The west wind drift

completes the gyre circulation as it flows into the
California Current.
The California Current briefly described above is the
surface current of a complex circulatory system referred to
as the California Current System (fig. 2).

It is the

California Current System which supplies the waters to the
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Fig. 1.

Wind driven currents comprising the North Pacific

anticyclonic (clockwise) surface circulation.

KC = Kuroshio

Current, WWD = West Wind Drift, CC = California Current,
NEC = North Equatorial Current.
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Fig. 2.

Block diagram illustrating the currents comprising

the California Current System including the southward
flowing California Current (CC), its seasonal offshoot
forming the southern California eddy (SCE), the California
Countercurrent (CCC), and the northward flowing California
Undercurrent (CU).

12 2°

12 0°
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southern California borderland.

Three major currents

interact to form the California Current System (Simpson,
Dickey, and Koblinsky, 1984).

The most obvious part of this

system is the California Current.

It is a typical eastern

boundary current being relatively slow moving, shallow, and
broad.

Its velocity ranges from .25 to 1.Om/s (Simpson,

Dickey, and Koblinsky, 1984)»
The western boundary of the California Current is
indistinct and defined differently by various authors.

It

is arbitrarily set at 1000km offshore by Reid (1965) and at
the well developed halocline of the North Pacific Central
Water mass (approximately 1600km offshore) by Bernal and
McGowan (1981).

The eastern boundary changes seasonally but

its easternmost portion is generally within 150 to 270km of
the California coast (Simpson, Dickey, and Koblinsky, 1984,
Hickey, 1979).

In the spring and summer, when southward

flow is strongest (Eernal and McGowan, 1981), the current
moves offshore, while it swings inshore during fall and
winter as the flow weakens (Hickey, 1979).
The waters carried by the California Current are
relatively cool (approximately 16°C offshore southern
California) and low in salinity (34°/oo offshore southern
California) but high in dissolved oxygen and nutrients
(Hickey,

1979, Simpson, Dickey, and Koblinsky, 1984» Reid,

Gunnar, and Wyllie, 1958).

At 32°N where the California

Current takes an eastward bend, the current splits into a

18

northward flowing and a southward flowing branch where the
continent obstructs flow.

The southward limb continues

equatorward while the north flowing limb forms the nearshore
portion of a semi-permanent cyclonic eddy over the Southern
California Bight (Schwartzlose, 1963» Sverdrup and Flemming,
1941). Drift bottle data indicate the eddy is not present in
the spring (Hickey, 1979).
The counterpart of the surface California Current is
the subsurface poleward flowing California Undercurrent.
This current is located beneath the California Current and
centered over the continental slope.

Flow originates in the

eastern equatorial Pacific and has been identified as far
north as Vancouver Island.

The core, 28-70km in width

(Simpson, Dickey, and Koblinsky, 1984)» lies at a depth of
100-300m during most of the year (Hickey, 1979).

Speeds of

.13 to .3m/s have been measured (Simpson, Dickey, and
Koblinsky, 1984).
The California Undercurrent exhibits significant
seasonal changes in core depth and velocity.

In fall and

winter the California Undercurrent shoals to become a
surface current landward of the California Current.

Hickey

(1979) refers to this surface current as the Davidson
Current north of Point Conception, and the Southern
California Countercurrent south of Point Conception.

Reid

(1965) refers to the entire northward flowing surface
current as the California Countercurrent.

This current will
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be referred to as the California Countercurrent when it
occurs at the surface and as the California Undercurrent
when it is submerged.
The third component of the California Current System is
the deep poleward flow.

Not much is known about this

current since it has not been thoroughly studied.

It is

present below 500m extending to a minimum of 300km offshore.
The identifying feature of this deep poleward flow is an
oxygen minimum occurring between 700 and 800m depth
(Simpson, Dickey, and Koblinsky, 1934)*
The three currents of the California Current System
transport five water masses.

The water masses are defined

based on their chemical and physical properties prior to
entering the system.

Although the properties are altered

during transport in the California Current System, the water
masses are still identifiable upon exiting the system
(Simpson, Dickey, and Koblinsky, 1984)*
Three of the water masses enter the system at the
surface (above 200m) and two enter at depth.

Hater masses

introduced at the surface are entrained in the California
Current.

Pacific Subarctic Hater enters the California

Current from the west wind drift near 4S°N (Simpson, 1984a).
It is characterized by low temperature and salinity, and
high oxygen and phosphate content.

The most notable feature

of the Pacific Subarctic Hater mass is its well developed
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halocline, 75-150m thick situated above 250m (Simpson,
Dickey, and Koblinsky, 1$84)«
The North Pacific Central Water mass is a second water
mass entering the California Current System at the surface.
Originating in the gyre, it enters the system from the west
(Simpson, Dickey, and Koblinsky, 1984).

It is typically

warm, salty, low in dissolved oxygen and phoshate content
(Simpson, 1984a), and free of a halocline.

Mixing of the

Pacific Subarctic and North Pacific Central waters occurs
but varies with depth (Simpson, Dickey, and Koblinsky,
1984)»

Mixing is most intense in the upper 100m of the

California Current and North Pacific Central water
characteristics dominate.

Below the upper 100m the

California Current more closely resembles Pacific Subarctic
waters.
The third type of water introduced at the surface is
upwelled water, brought into the California Current by
upwelling along the coast, generally within 50km of shore
(Simpson, 1984a).

This water is relatively cool, salty, low

in dissolved oxygen, and high in nutrients.

It is formed at

depth by mixing lower levels of the Pacific Subarctic waters
with equatorial waters that have moved northward along the
western margin of North America (Simpson, Dickey, and
Koblinsky, 1984)»
The remaining two water masses are brought into the
California Current System at depth (below 200m).

Equatorial
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Pacific waters are entrained by the California Undercurrent
between 200 and 300m depth (Simpson, Dickey, and Koblinsky,
1984)*

It originates in the eastern tropical Pacific

between 10°S and 20°N below a pronounced thermocline (zone
of rapid vertical change in temperature) (Simpson, 1S84a)«
This deeper equatorial water is suspected to be restricted
to the outer continental shelf and slope and shoals in the
winter off the coast of southern California (Simpson,
Dickey, and Koblinsky, 1984)*
The other deep water mass of the California Current
System is the North Pacific Intermediate Water whose
circulation mirrors the gyre circulation, and it is believed
to supply water to the deep poleward flow.

North Pacific

Intermediate Water, situated below North Pacific Central
water, is characterized by a salinity and oxygen minimum.
The salinity minimum is at about 300m but shoals toward the
North American coast (Simpson, Dickey, and Koblinsky, 1S84).
Although the California Current System involves deep
water masses, the circulation of the wind driven surface
currents, both in and adjacent to the system, is the primary
control on the circulation of the California Current System
as a whole.

Consequently, the strength and location of the

driving winds ultimately dictates the circulatory pattern of
the system.
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Circulation Patterns in the Pacific Ocean and Atmosphere:
Typical and Anomalous

The most important driving winds in the Pacific Ocean
are the equatorial trade winds and the subpolar westerlies.
The intensity of the trade wind, which drives the westward
flowing equatorial current (southern limb of the
anticyclonic gyre), is controlled by the location and
strength of the subtropical high pressure cell and the
equatorial low pressure cell (Wyrtki et al., 1976).

Under

typical atmospheric conditions, the trades are strongest in
the spring and summer when the pressure cells are most
intense and therefore that is when the equatorial currents
are strongest.

The trades are weakest in the fall and

winter when the pressure cells are less intense.

Diminished

trade winds cause the equatorial currents to weaken.

These

normal circulatory conditions are referred to as anti-El
Ninos (Simpson, 1$84b).
The control of the equatorial currents by the trade
winds makes these currents particularly vulnerable to
changes in the strength of the winds.

Anomalous weakenings

of the trade winds results in the warming of the surface
waters along the west coasts of North and South America
occurring about every four to ten years. Adjustments to
circulation in the equatorial Pacific affect the rest of the
Pacific Ocean and have world-wide effects on climate.
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Circulatory changes occurring in the equatorial and
subtropical Pacific Ocean leading to anomalously weak trade
winds and high sea surface temperatures begin with the
development of strong trades due to an intensification of
the equatorial and subtropical pressure cells (Quinn, 1974)»
Strong trades lasting a year or more typically precede
anomalously weak trades and speed up the westward flowing
equatorial currents.

Consequently, water builds up in the

western equatorial Pacific (Wyrtki et al., 1976).

The

period of abnormally strong pressure cells is followed by a
period of weakened pressure cells (Quinn, 1974)»

This

causes the trades to slacken and at times reverse, allowing
the build up of surface water in the west to flow back to
the east.

The proposed mechanism for the eastward return of

water is an internal seiche or Kelvin wave.

The eastward

flowing Equatorial Countercurrent and Equatorial
Undercurrent intesify to accomodate this transport (Wyrtki
et al., 1976).

When the back flow of warm surface waters

reaches the North and South American continents, some of the
water is transported north and some south along the coast.
The resulting anomalous warm currents are referred to as the
El Nino.
El Nino conditions in the tropical and subtropical
equatorial Pacific result in atmospheric adjustments in the
North Pacific.

The Aleutian low intensifies and moves south

(Simpson, 1963) and the westerlies strengthen and also shift
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southward (Salstein and Rosen, 1984)*

During the 1962-1983

El Nino, the subtropical North Pacific high near the western
coast of North America moved offshore and weakened.

This

shift caused the coastal low to move offshore also and be
replaced by anomalously higher pressure along the coast
(Simpson, 1983a).
The shift in atmospheric pressure cells resulted in an
imbalance in geostrophic forces and caused the California
Undercurrent (California Countercurrent) to strengthen and
transport more warm Equatorial Pacific Water than normal
into the Southern California Bight (Simpson, 1983b).

Due to

the less intense subtropical high, the California Current
slowed and moved inshore (Simpson, 1984b).
In response to the increased amount of surface waters
coming from the western equatorial Pacific, the thermocline
off California deepened (Philander, 1984, Simpson, 1984a)
and instead of a spring and summer of high productivity,
productivity was diminished.

Another anomaly due to the El

Nino in the equatorial Pacific is enhanced onshore transport
of Subarctic Water (Simpson, 1984a).
Obviously, the atmosphere and the ocean are intimately
linked.

Such a cause and affect relationship results in a

delicate balance between the two, where changes in the
atmosphere near the equator will eventually cause changes in
California Current System circulation and vice versa.
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The water masses circulated by the California Current
System supply the basins in the study area and the fauna
contained in those water masses are deposited within the
(

basins.

These basins, which provide a receptical for the

pelagic rain and a favorable environment for microfossil
preservation, are the product of a long and complex plate
margin history.

This history is explained in Appendix I.
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Present Day Sedimentation in the Santa Barbara Basin

The Santa Earbara Basin is the northern most basin in
the Southern California borderland (fig. 3)«

This basin is

bounded by the Northern Channel Islands to the south and by
the California mainland (between Point Conception and Point
Hueneme) to the north.

Sills bound the east and west sides

of this east-west trending pull apart basin.

The sill to

the east is at a maximum depth of 225m and the sill to the
west is at a maximum depth of 475m.

The maximum water

depth, 589m» is on the southern side of the basin.

The

slopes of the Santa Earbara Basin are gentler than the other
borderland basins and are not cut by submarine canyons.

The

basin bottom is quite flat; between 475 to 575m depth, the
slope is 1/100 and from 575m to the bottom, the slope is
1/800 (Hulsemann and Emery,

1960).

The bottom environment of the Santa Barbara Basin is
determined by the depth of its sills.

Waters contained in

the basin are typically homogenous and compositionaly
similar to the waters which impinge on the sills.

The

oxygen minimum of the open ocean intersects the sills
resulting in low oxygen (»3ml/l) basin waters. The oxygen
content is diminished further by biologic uptake and by
oxidation of the organic matter supplied by the overlying
eutrophic California Current waters (Fleischer, 1972).
Bottom waters below 570m are essentially anoxic, containing
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Fig. J.

Contour map of the Southern California borderland

depicting the sample locations; Lompoc, Santa Barbara Basin
(SBB), and Santa Catalina Easin (SCB).
locations are marked with an "X".

The

latter two
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less than .1ml/l oxygen (although, this may periodically
rise to .3 or .4ml/l (Sholkovitz and Gieskes, 1971)) and
unable to support a macrobenthic fauna (Hulsemann and Emery,
I960).

Although the Santa Barbara Basin is a restricted

basin, the waters are not stagnant.

Bymond et al. (1981)

has found that the mid-depth currents average 0 to 17.5
cm/s.

Bacterial mats on the basin floor provide a framework

for sediment accumulation and a means to resist turbidation
by bottom currents (Soutar and Crill, 1977).
Sedimentation features of the Santa Barbara Basin are
typical of a restricted basin.

At depths below 570m, bottom

deposits include thin laminae, 1 to 2mm thick, of
alternating light and dark sediment (Fleischer, 1972).

The

dark layers are terrigenous and on the average are 55$
smectite, 30$ illite, and 15$ chlorite.

The light layers

are biogenic, consisting primarily of diatoms along with
radiolarians and foraminifera (Hulsemann and Emery,

I960).

The light and dark couplets form varves reflecting the
seasonal changes which occur annually.

Terrigenous sediment

from run off due to winter rains form the dark laminae and
the light laminae record the spring bloom of diatoms and
other shelled microplankton (Hulsemann and Emery,

1960).

Evidence that these couplets are actually varves is
illustrated by correspondence between varves with serially
assigned years and age estimates of those varves derived
from Th-228 and Pb-210 (Koide, Bruland, and Goldberg, 1973).
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As previously mentioned, the intent of this study is to
determine if and how seasonal or supraseasonal events are
seen in the fossil record.

The varved sediment in the Santa

Barbara Basin and the thinly laminated (varved) Monterey
Formation sedimentary rock provide the required record of
discrete time intervals for such a seasonality study.

31

Methods

Lata from three types of samples were used.

They

include modern day plankton tows, Holocene sediments from a
box core, and upper Miocene land based sedimentary rock
samples which are all believed to have come from comparable
oceanographic environments.

All samples are from locations

exposed to the California Current in the area of the
southern California borderland.

Plankton tows were taken in

the waters overlying the Santa Catalina Basin, a box core
from the Santa Barbara Basin, and an upper Miocene sample
from the silicious facies of the Monterey Formation at the
Lompoc Quarry (figure 3)*

The plankton samples are seasonal

and sample anti-El Nino to El Nino events.

The box core and

the Monterey Formation samples are believed to represent
similar anoxic environments which might preserve such
events.

It was hoped to model El Nino and anti-El Nino

conditions in the modern oceanographic setting using the
Santa Catalina Easin plankton tows and Santa

Barbara Basin

sediment record and then to apply this model to the fossil
record in an attempt to find similar events.

To accomplish

this, physical oceanographic data from the California
Cooperative of Fisheries Investigations (CalCOFl) reports
were analyzed and the radiolarians in the three sample sets
were studied
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After identification of the radiolarians,(over 10,000
radiolarians were counted and identified to the lowest
operational taxonomic unit) they were assigned, when
possible, to environmental groups based on literature
citations and consultations with R. E. Casey.

Five

environmental groups were derived which correspond to the
water masses described in the oceanographic circulation
section.

These groups, their oceanographic characteristics

and corresponding water mass are listed below.
1. Warm water sphere: surface waters south of the
subtropical convergence; North Pacific Central (gyre) and
Eastern Tropical Pacific waters.
2. Transition (California Current indicators): waters
originating between the subtropical and polar convergences
and transported equatorward by the eastern boundary current
(the California Current); Pacific Subarctic water.
3. Transition-Central: surface waters originating
between the subtropical and polar convergences and diving
equatorward below the warm water sphere and subsurface low
latitude waters; upwelled waters.

4.

Intermediate: waters diving at the polar

convergence below the transition waters; North Pacific
Intermediate waters.
5. Polar: deep common waters of the ocean.
The transition-central, intermediate, and polar groups
described above correspond to Casey's (1571a) North
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transition-central, subarctic-intermediate, and deep and
bottom faunal groups.

The average percent of radiolarians

put into groups is 65% in the Santa Catalina Basin tows, 76%
in the Santa Earbara Basin sediment, and 89% in the Lompoc
sedimentary rock sample.

Those species not restricted to a

single environment were labeled as other.
The Santa Catalina Basin tows were taken and prepared
by Dr. R. E. Casey in 1963 and 1964 using Nansen closing
nets (.25m in diameter with 62 micron mesh net), towed from
1000m to the surface.
listed in table 1a.

Specific tow depth intervals are
Each sample was split into two aliquots

using a Folsom plankton splitter. One aliquot was kept for
the archives and the other was boiled in water and hydrogen
peroxide in order to concentrate the shelled microplankton.
Slides of the calcareous and silicious skeletons were made
and

the radiolarians on the slides were counted.

For this

study, Dr. Casey's data from the slides he counted including
April, August, and October, 1963 and February, 1264 and new
counts of the slides made from the April, 1964 tows were
used •
The radiolarians in the plankton tows were counted and
the number and percent per cubic meter of water filtered of
radiolarians in each of the environmental groups were
tallied (tables 1a and b).
The varved sediment samples from the Santa Barbara
Easin were from a box core collected, processed, and dated

3b

Table 1a

Number of radiolarians in each of the faunal groups per
cubic meter of water filtered in the Santa Catalina Basin
plankton tows.

Below the dates of collection are the depths

of the tow intervals.

TABLE la
Date
Depth
<«)

Warm
Water
Sphere

Transition

Trans¬
ition
Central

Inter¬
mediate

Polar

Other

4/63
0-97
97-480
480-970
Total

31.2
6.5
2.3
6.9

.6
2.2
.28
1.1

2.4
11.4
2.0
5.8

1.0
.2
.04
.1

0
0
0
0

29.0
8.2
3.7
8.1

8/63
0-25
25-50
50-123
123-194
194-480
480-970
Total

24.0
35.2
54.1
37.3
2.6
1.6
10.0

.8
0
.5
1.9
.2
.2
.36

0
3.2
.8
4.0
3.1
1.5
2.1

0
0
0
.53
0
.08
.08

0
0
0
0
0
0
0

7.2
16.8
44.0
42.4
3.1
2.7
9.3

10/63
0-480
480-970
Total

11.4
4.0
7.7

.40
.24
.32

2.5
2.2
2.3

0
.12
• 06

0
0
0

7.8
6.2
7.0

2/64
0-25
25-50
50-75
75-100
100-190
190-340
340-580
580-750
750-970
Total

33.6
19.2
19.2
21.6
10.0
2.4
1.7
1.9
1.9
4.9

0
8
.8
1.6
0
0
.2
.1
0
.2

2.4
1.6
1.6
2.4
.6
1.9
.6
1.4
.6
1.2

0
0
0
0
0
0
0
.2
.1
• 06

0
0
0
0
0
0
0
0
0
0

22.4
12.0
ie.4
25.6
8.0
2.8
1
3.7
1.7
4.6

4/64
0-10
10-25
25-50
50-100
100-190
190-500
500-900
900-1280
Total

.62
63.2
125.6
134.8
39.3
7.3
3.7
6.9
18.3

183.0
181..6
73.6
81.6
20.7
3.0
5.2
2.5
13.8

0
3.9
6.4
17.6
6.0
4.1
4-4
1.6
4.1

2.0
0
6.4
15.6
5.8
3.7
4.2
3.3
4-4

8.0
0
0
13.6
5.6
2.3
4.9
1.9
3.4

8.0
2.6
1.9
32.0
12.8
5.8
5.3
4.8
7.2

•
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Table 1b

Percentages of radiolarians according to faunal group in the
Santa Catalina Basin plankton tows from 0-1000m depth.
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by A. Soutar (1S75) of the Scripps Institution of
Oceanography.

The varved core (SBC #241) was cut into two

year intervals, weighed, boiled in water and hydrogen
peroxide, seived over a 63 micron seive, and then stored
(the greater than 63 micron fraction) in sealed plastic
vials.
Although the varves date to the 1800's, only the 1950
to 1968 year pairs were studied.

This interval was chosen

because 1950 is when CalCOFI, the main source of physical
oceanographic data, was started, and the top of the core was
dated at 1968.

The sample vials were shaken and 1cc was

removed from each using a 1cc plunger.

The 1cc was then put

in a plankton counting chamber and the radiolarians were
counted (an average of 160 specimens per cc) using an
inverted plankton microscope at a magnification of 100x.
The radiolarians in the varves from the Santa Barbara
Basin were assigned to the same environmental groups as
those in the plankton tows.

Some of the samples had

measured portions of the original sample removed and the
vials contained different volumes of water.

In order to

standardize the counts so that they could be compared to
each other, the counts were multiplied by coefficients such
that each count would represent the number of radiolarians
in 1cc taken from a 25cc sample.

Two multiplication

coefficients were derived to accomplish this
standardization.

Coefficient "A" was used to restore the
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sample size to its original size.

It was calculated using

the following equations
A = 100 / % of the sample present
The second coefficient, "V", was used to standardize
the volume to 25cc using the equation:
V = volume of sample (cc) / 25
The "corrected" numbers of radiolarians per 1cc of a
25cc sample was calculated usings
number of radiolarians = A x V x number of radiolarians
counted
Using the corrected number of radiolarians (table 2a),
the following calculations were made to aid in interpreting
the data:
1. § radiolarians / cubic meter of overlying water
(table 2b), where the volume of water is:
surface area of core (.02m x .14m) x water depth (480m) =
1.34m3
2. # radiolarians / dry gram weight of couplet sediment
(table 2c).
3. % radiolarians of each environmental group (table
2d) .
The varved land based section from the silicious facies
of the Monterey Formation was collected by Dr. Casey from
the Lompoc diatomite quarry, Lompoc, California.

This was

cut into a block with a hand saw so that the surface area of
the plane of sedimentation equalled the surface area of the

Table 2a

Number of radiolarians in the Santa Barbara Easin varved
sediment per two years. Values are normalized.
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Table 2b

Number of radiolarians per cubic meter of water column in
the Santa Barbara Basin varved sediment (normalized values).
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Table 2c

Number of radiolarians per gram of sediment, Santa Barbara
Easin varved sediment (normalized values).
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Table 2d

Percentages of radiolarian faunas in the Santa Barbara Basin
varved sediment (normalized values).
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Santa Barbara Basin box core.

Using a razor blade, single

varves (one light and one dark laminae) were shaved whenever
possible; when this was not feasible two varves were
combined.
retreived.

A total of 22 layers containing 31 varves were
These samples were weighed (dry), disaggregated

in boiling water and hydrogen peroxide, and seived over a 63
micron mesh in the same manner as the Santa Catalina Basin
plankton and Santa Barbara Basin sediment samples were
processed.

The greater than 63 micron fraction was put into

a vial and filled to 25 cc.

Aliquots of 1cc were taken and

counted in the same manner as was done for the Santa
Catalina and Santa Barbara Basin samples.

Slides were not

made in order to maintain consistancy with the other
sediment samples.
The radiolarians were counted and identified using
Nigrini and Moore’s (1979) taxonomy whenever possible.
necessary, other sources were used.

When

A complete list of the

references used for identifying the radiolarians may be
found in Appendix II.
The Lompoc counts did not require coefficients to
correct the numbers since complete samples were available
and all were 1cc taken from a 25cc volume of water.

But

since the samples represented one, two, or three years, the
count values were divided by the number of years contained
in each sample (table 3a).

The number of radiolarians per

year was then used to calculate:
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1. # / dry gram weight of sediment (table 3b).
2. % radiolarians of each environmental group (table
3c).

Table 3a

Number of radiolarians per varve in the Lompoc, Monterey
Formation sedimentary rock.

The number of rows listed under

each layer indicates the number of varves contained in that
layer.

Example: Layer two contains two varves.
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TABLE 3a
Harm Transition
Ha ter
Sphere

Trans¬
ition
Central

Inter¬
media te

Polar

Other

2

.5
.5

8.5
8.5

6.5
6.5

30
30

2.5
2.5

1.5
1.5

3

.5
.5

8.5
8.5

11
11

28
28

3
3

1.5
1.5

4

0

13

13

46

7

3

5

.5
.5

14.5
14.5

17
17

51.5
51.5

0
0

14
14

6

0

19

16

60

4

9

7

1

46

47

119

13

28

8

1
1

21.5
21.5

25
25

67.5
67.5

7.5
7.5

12
12

9

0
0

23
23

27.5
27.5

65
65

6.5
6.5

11
11

10

2

17

17

45

8

5

11

1

7

21

41

4

11

12

1.7
1.7
1.7

26
26
26

20.7
20.7
20.7

59.7
59.7
59.7

10.7
10.7
10.7

19
19
19

13

0
0

10.5
10.5

7.5
7.5

22
22

5
5

3.5
3.5

14

0

9

12

21

7

6

15

0

13

13

43

12

17

16

0

5

5

17

7

8

17

0

10

11

39

7

6

18

0

8

14

38

7

12

19

0

12

12

64

8

21

20

0

15

13

47

8

17

21

0

14

12

41

3

9

22

.5
.5

12
12

27
27

61
61

13.5
13.5

14
14

Table 3b

Number of radiolarians per gram sediment in the Montere
Formation varves.

Number of rows represents the number

varves contained in the layer*
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TABLE
Harm
Ha ter
Sphere

3b

Transition Trans¬
ition
Central

Inter¬
mediate

Polar

Other

.7
.7

11.8
11.8

9.0
9.0

41.7
41.7

1.4
1.4

20
20

3

.5
*5

5.2
5.2

11.3
11.3

28.9
28.9

3.1
3.1

1.5
1.5

4

0

7.2

7.2

25.4

3.8

1.7

5

.3
.3

9.7
9.7

11.3
11.3

34-3
34-3

0
0

5.3
9.3

6

0

11.6

9.8

36.6

2.4

5.5

7

.4

16.7

17

43-1

4-7

10.1

6

.7
.7

14.7
14*7

17.1
17.1

46.2
46.2

5.2
5.2

8.2
8.2

9

0
0

12.4
12.4

14.8
14.8

34.9
34-9

3.5
3.5

5.9
5.9

10

1

8.7

8.7

23

4.1

2.6

11

.5

3.8

11.5

22.4

2.2

6

12

.7
.7
.7

10.8
10.8
10.8

8.6
8.6
8.6

24.9
24-9
24-9

4.5
4.5
4.5

7.9
7.9
7.9

13

0
0

8.1
8.1

5.8
5.8

16.9
16.9

3.9
3.9

2.7
2.7

14

0

11.1

14.8

25.9

8.6

7-4

21.6

6

8.5

15

0

6.5

6.5

16

0

4.1

4.1

13.9

5.7

6.6

17

0

8.6

9.5

33.6

6.1

5.2

18

0

4.9

8.5

23.2

4.3

7.3

19

0

7.8

7.8

41.6

5.2

13.7

20

0

12.8

11.1

40.2

6.8

14.5

21

0

15.9

13.6

46.6

3.4

10.2

22

•

3
.3

7.1
7.1

15.9
15.9

35.9
35.9

7.9
7.9

8.2
8.2

Table 3 c

Percentages of radiolarian fauna in the Monterey Formation
varves.

Number of rows represents the number of varves
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TABLE 3c
Warm
Wa ter
Sphere

Transition

Trans¬
ition
Central

2

1.1
1.1

18.1
18.1

13.8
13.8

3

1
1

10.2
10.2

4

0

5

Inter¬
media te

Polar

Other

63.8
63.8

5.4
5.4

3.2
3.2

22.4
22.4

57.1
57.1

6.1
6.1

3.1
3.1

15.5

15.5

54.8

8.4

3.6

.5
.5

14.6
14.6

17.2
17.2

52
52

0
0

14
14

6

0

17.6

14.8

55.6

3.7

8.3

7

.4

18.3

18.7

47.2

5.2

11.1

8

.7
.7

15.8
15.8

18.3
18.3

49.5
49.5

5.5
5.5

8.8
8.8

9

0
0

16.9
16.9

20.2
20.2

47.8
47.8

4.8

4.8

8.1
8.1

10

2.1

18.1

18.1

47.9

8.5

5.3

11.

1.2

8.2

24.7

48.3

4.7

13.9

12

1.2
1.2
1.2

18.1
18.1
18.1

14.4
14.4
14.4

41.7
41.7
41.7

7.5
7.5
7.5

13.3
13.3
13.3

13

0
0

21.4
21.4

15.3
15.3

44.9
44.9

10.2
10.2

7.1
7.1

14

0

15.8

21.1

36.8

12.3

10.5

15

0

13.3

13.3

43.9

12.2

17.3

16

0

11.9

11.9

40.5

16.7

19

17

0

13.5

14.9

52.7

9.5

8.1

18

0

10

17.5

47.5

8.8

15

19

0

10.3

10.3

54.7

6.8

17.9

20

0

14.7

12.7

46.1

7.8

16.7

21

0

17.7

15.2

51.9

3.8

11.4

22

.4
•4

9.2
9.2

20.7
20.7

46.7
46.7

10.3
10.3

10.7
10.7
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Results and Discussion

Santa Catalina Basin Tows
The cumulative curve of the total number of
radiolarians per cubic meter of water filtered (fig. 4)
shows a general decrease in standing crops of all
radiolarians from the period of anti-El Nino spring
upwelling in April, 1963 to the El Nino winter in February,
1964.

A dramatic increase in radiolarian standing crop is

seen in the El Nino spring of April, 1964»
The number of radiolarians in the water column in
April, 1963 is relatively high (fig. 4)*

From the physical

oceanographic data (fig. 5) which shows shoaling isotherms
and isohalines, this appeared to be a period of typical
spring upwelling.

The transition-central radiolarians

peaked (in both number and percent, fig.s 4 and 6) at this
time and were probably introduced into the waters over the
Santa Catalina Basin by horizontal and vertical advective
processes.
The vertical distribution of radiolarians in the water
column (table 1a) at this time (April, 1963) shows the cold
water sphere radiolarians (transition, transition-central,
intermediate, and polar faunas) upwelled and/or advected
into the basin waters.

Overlying the upwelled and/or

advected waters was a cap of warm, high salinity water (fig.
7a) in which the maximum number of warm water sphere
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Fig. 4»

Bar graph of the Santa Catalina

Basin

tows (0 to

1000m) showing the number per cubic meter of water filtered
of warm radiolarians including the symbiotic
subgroup, and cold radiolarians

including the

(SYMB)
transition

(TRANS), transition-central (T-C), intermediate (INTER), and
polar (present only in 4/64) subgroups.
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Fig. 5*

Temperature (°C) and salinity (°/oo) data (from

CalCOFI Reports 6304» 6307» 6401, and 6404).for waters over
the Santa Catalina Basin at the times of plankton tow
collection.

6o

WATER DEPTH (m)

TEMPERATURE (°C)

SALINITY (%o)

61

Fig. 6.

Bar graph showing the percentages of each faunal

group in the Santa Catalina Basin plankton tows (0 to
1000m).

Faunal groups are the warm with the symbiotic

(SYMB) subset and the cold with the transition (TRANS),
transition-central (T-C), intermediate (INTER), and polar
subse ts.
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Fig. 7«

Cross section of the physical oceanographic data

along CalCOFI line 90 showing the areas of <33«4°/oo
(representing the California Current waters) and >34*0°/oo
(representing intermediate waters) salinity and the >15°C
and >18°C (representing gyre waters to the west of the
California Current and Eastern Tropical Pacific waters
nearshore) temperature contours.

Depicted in the lower

frames are the height anomalies indicating strength
(increase with increase in slope) and direction (height
increases to the right of flow direction) of flow.

The (a)

July 1963 (anti-El Nino) cross section illustrates a deep
California Current offshore whereas (b) the July 1964 (El
Nino) shows a significantly diminished California Current
closer to shore and doming of the intermediate waters to the
extent of disrupting the 15°C isotherm.

To the west of the

California Current the area of >15°C indicates invasion of
the gyre waters.
Zm = depth in meters, <> D 0/500 dBar = difference in
pressure between 0 and 500 meters depth in decibars.
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radiolarians was found (fig. 8).

This probably represents

warm saline gyre waters and/or water from the eastern
tropical Pacific that were transported by the California
Undercurrent.
In August of 1963» the temperature and salinity
contours were depressed (fig. 5) reflecting diminished
upwelling common in late summer.

The number of

transition-central radiolarians decreased.

The cyclonic

southern California eddy had formed by this time as
indicated by the salinity minimum near 40m (fig. 5) and by
the counter-clockwise geostrophic flow lines (fig. 9).
Strengthening of the California Undercurrent/California
Countercurrent, typical in the late summer, is evident by
the increase in number of warm water sphere radiolarians.
The vertical distribution of this fauna in the water column
(fig. 8) indicates that the California Undercurrent existed
between 75 to 125m, below the salinity minimum of the
southern California eddy.

In October, 1963 the radiolarian

population decreased (fig. 4) in response to the initiation
of decreased productivity characteristic of the winter
season.
The April, August, and October, 1963 plankton tows were
taken during normal anti-El Nino climatic conditions.
1964 a minor El Nino developed (Chelton et al., 1982).

In
The

anomalies resulting from that El Nino are apparent in the
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Fig. 8.

Chart showing the vertical distribution of warm
f

water fauna in the Santa Catalina Basin, measured in number
per cubic meter of water filtered, for each tow.

Note that

the horizontal scale for each tow is independant and
symmetrical.
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Fig. S.

Geostrophic flow at 200m (topography of the 200

decibar surface, in dynamic meters, relative to the 500
decibar surface) over the Southern California borderland
during August 196? showing the existance of the southern
California eddy.

(Taken from CalCOFI Atlas 4)»
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radiolarian populations collected in February and April of
1964.
The February, 1964 tows have the lowest radiolarian
standing crop (fig. 4).

All radiolarian environmental

groups show depressed standing crop, but the warm water
sphere group dominates and the percent of intermediate
radiolarians increases (Table 1b).

During that time, El

Nino conditions set in and the California Countercurrent was
particularly strong as indicated by the geostrophic flow
lines showing northward flow along the coast north of Point
Conception (fig. 10).

A maximum standing crop of warm water

sphere radiolarians at 0-25m (fig. 8) confirms the presence
of the Eastern Tropical Pacific Water transported by this
current.

Currently, the fauna of the Eastern Tropical

Pacific Water is indistinguishable from the gyre fauna and
we must rely primarily on physical oceanographic data to
determine which is the dominant water mass present.

Since

the Santa Catalina Basin is in an area of significant mixing
of water masses, it is most likely that both the gyre and
Eastern Tropical Pacific waters are represented by the warm
water sphere radiolarians.

The low standing crop of

radiolarians during February, IS64 may reflect the low
productivity of the waters so common to El Nino conditions.
By April, 1964 the El Nino was well developed and,
contrary to what might be expected during an anomalously low
productive period, the radiolarian density (standing crop)

Tl

Fig. 10.

Geostrophic flow at 200m (topography of the 200

decibar surface, in dynamic meters, relateve to the 500
decibar surface) over the Southern California borderland
during February 1964 showing the northward flowing
California Countercurrent.

(Taken from CalCOFI Atlas 4)»
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in the water column drastically increased and surpassed the
density of April, 1963 (fig. 4)«

The most noticeable

increase occurred in the cold water shpere fauna, although
all groups increased significantly in number.

The

oceanographic conditions which might produce such an
increase in radiolarian density were probably produced by
the El Nino.
The distribution and density of radiolarians in the
water column during April, 1964 show anomalously high
transition values at the surface (fig. 11) indicating the
presence of the California Current in the southern
California borderland.

Also, there are high cold water

sphere values at unusually shallow depths (table 1a).

The

temperature and salinity diagrams (figs. 5 and 7b) also show
a doming of the deeper water masses by the shoaling of
isotherms and isohalines.

The steep dynamic height profile

(lower frame of fig. 7b) of the doming deeper waters
indicates that these waters were also flowing rapidly.
These two data sets, the radiolarian population and physical
oceanographic data, suggest doming and increased flow of the
deep water masses.
The warm water fauna also exhibits increased standing
crop.

These radiolarians were probably brought into the

area by the California Countercurrent and possibly by the
California Currtnt and gyre waters.

The warm fauna

introduced by the California Countercurrent probably

Fig. 11.

Chart showing the vertical distribution of

transition fauna in the Santa Catalina Basin for each tow,
measured in number per cubic meter of water filtered.

Note

that the horizontal scale for each tow is independent and
symmetrical
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originated in the Eastern Tropical Pacific.

On the other

hand, the source of the warm fauna (which might be
transported by the California Current) might be gyre waters
as indicated by the increase in symbiotic fauna.

Gyre

waters could be entrained by the California Current when the
Westerlies driving the California Current shift southward
under El Nino conditions.

The gyre fauna can also enter the

borderland basins when weakening of the California Current
(during El Nino) allows adjacent gyre waters to impinge into
the coastal waters off California.
Using the data obtained from the plankton tows and the
CalCOFI reports, the following conclusions can be made.
1. During anti-El Nino spring (wind driven)
circulation and upwelling coupled with .increased Califronia
Current flow brings transition-central radiolarians into the
California borderlands as represented by their relatively
high standing crop and percent compared to other seasons and
other cold water sphere groups.

Warm water sphere

radiolarians are relatively low in standing crop and
percent.
2. As winter conditions develop, the strengthening
California Undercurrent/Countercurrent brings in more warm
water sphere fauna.

The transition-cenntral fauna decrease

in standing crop and percent reflecting diminished
transportation in the California Current and upwelling
typical of the fall and winter.
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3. Development of the oligotrophic El Nino conditions
in the winter results in low radiolarian density in the
water column.

The enhanced California Countercurrent

probably transports the majority of the warm water sphere
fauna into the borderland, although some probably enter from
the gyre.

4.

Geostrophic doming and accelerated flow of the

deeper waters during well developed El Nino conditions could
be the source of the large numbers of intermediate and
deeper fauna.
5. The increase in warm water sphere radiolarians
during the El Nino may be due to the combination of the
tapping of high standing crops from eastern tropical Pacific
and gyre waters in the area.

Santa Barbara Basin Varved Sediment
The next step in this study was to determine if and how
the anti-El Ninos and El Ninos were represented in the
sedimentary record.

A varved sediment core from the Santa

Barbara Basin was dated and sectioned into two year
increments from 1950-1968 (as described in the Methods
section) and CalCOFI reports from the same time period and
location were analyzed.

Between 1S50 and 1968 two El Ninos

occurred; a major one in 1957-1958 and a smaller, but still
important one in 1964»

Particularly strong anti-El Nino
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conditions characterize the early 1950's prior to the
1957-1958 El Nino and weaker anti-El Ninos followed in the
1960's (Chelton, et al., 1982).
During the strong anti-El Nino years (1950-1957)» the
waters overlying Santa Barbara Basin were below mean
temperatures and above mean density (sigma t) (fig. 12) and
the total number of radiolarians per two years was higher
during this period than during the anti-El Nino years in the
late 1950's to late 1960's (fig. 13; fig. 7, Chelton,
Bernal, and McGowan, 1982).

Both of these indicators, the

physical oceanography and the radiolarian content, are
evidence of the vigorous California Current and upwelling
coupled with advection.

The large number of total

radiolarian content reflects the high concentrations of warm
and cold water sphere fauna.

The average number of cold

radiolarians per two years was 53-1 in the period of
1950-1956 compared to 41*6 of the other anti-El Nino years.
The high warm water content is attributable to the
strengthening of the California Current system from 1950 to
1956 and the consequent increase in northward transport
(although not necessarily simultaneously) to maintain
geostrophic balance.

Such an increase in northward flow is

reflected in the higher fluxes of warm water sphere
radiolarians during the early 1950's (44*1) as compared to
the late 1950's and 1960's (32.9) (fig. 13).

The symbiotic

fauna show similar trends as the warm water sphere and cold
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Fig. 12.

Time-depth graph showing the standard deviation of

temperature and sigma-t from the monthly means for the
waters in the Santa Barbara Basin.

Shaded areas indicate

lower than normal (below the monthly mean) values.

YEAR

TEMPERATURE-0

MEAN DENSITY
(sigma t)

80
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Fig. 13.

Bar graph showing the radiolarian content in

number per two years of the Santa Barbara Basin varves.

El

Nino years are contained in the 56-58 and 64-66 samples, the
remaining years are anti-El Nino years with the years prior
to the 57-58 El Nino being the strongest anti-El Nino years.
SYMB = symbiotic, TRANS = transition, T-C *
transition-central, INTER = intermediate faunal subsets.
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water sphere faunas (fig. 13)» indicating strong circulation
in the early fifties followed by reduced circulation in the
1960's.
In the two El Nino intervals, the total number and the
number of radiolarians in each group (warm and cold water
sphere and symbiotic radiolarians) increased and show up as
peaks (fig. 13).

The 1S56-1S58 sample exhibits the greatest

peak in the entire 1950-1S68 interval and couplets younger
than 1956-1958 decrease in radiolarian number until the 1964
El Nino.

These two years, 1964-1966, is a peak but is not

as strong (high) as the years 1950-1960.
During the El Nino years 1957-1958 and 1964» contained
in samples 1956-1958 and 1964-1966 respectively, the average
number of the cold water radiolarian fauna was 59*1.

This

value is significantly higher than the average during the
anti-El Nino years.

This was a very unexpected find.

During El Ninos, when the anomalously warm waters from the
south and west invade the area and the cooler waters
transported by the California Current diminish, one would
expect the number of cold fauna to decrease, but they
increased approximately twenty five percent.

However, the

cold water fauna went down in percent due to the relatively
greater increase in warm water radiolarians during the El
Nino (fig. 14).

These radiolarians probably entered the

area primarily from the California Countercurrent to the
south-southeast and secondarily from the gyre waters to the

8k

Fig. 14*

Ear graph illustrating the percentages per two

years of each faunal group in the varved Santa Barbara Basin
sediment.

The transition (TRANS), transition-central (T-C),

intermediate (INTER), and polar faunas are cold fauna
subsets .
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west.

The physical oceanographic data (fig. 12) shows that

anomalously warm and saline waters were present from the
surface to approximatley 100m in 1958 supporting the
radiolarian data indicating the occurrence of anomalously
warm waters.
The symbiotic fauna peak in number during the El Ninos
(fig. 13)» especially in 1956-1958.

These probably

represent the existance of gyre or Eastern Tropical Pacific
waters, which are noted for their high concentrations of
symbiotic fauna, and the favorable conditions for this
écologie niche during the low productive El Nino periods.
From data derived from the sediment record, the
following conclusions can be made.
Anti-El Ninos (strong California Current and wind
driven upwelling) can be characterized by 1) consistant and
moderately high numbers of the total radiolarian population,
2) high percentages of transition-central fauna, and 3)
depressed numbers and percentages of warm water sphere (and
symbiotic) fauna.
El Ninos (slackened California Current and enhanced
California Countercurrent), on the other hand, can be
characterized by 1) unusually high numbers of total
radiolarians, 2) lowered percentages, but increased numbers,
of the cold water sphere fauna, and 3) high numbers and
percentages of warm water sphere (and symbiotic)
radiolarians.
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Both the plankton data and the sediment data show
similar trends during the El Nino and anti-El Nino periods
suggesting that these oceanographic conditions are recorded
in the sedimentary record*

Features common to the plankton

and sediment data in anti-El Nino intervals are 1) the
transition-central fauna enhancement, 2) warm water sphere
fauna decrease, and 3) standing crop and radiolarian number
variability but not peaking*
During El Ninos, from both plankton and sediment data,
peaks exist in fluxes of warm and cold water fauna, and the
symbiotic, intermediate, and polar subgroups*

Anomalous

oceanographic conditions must exist to explain these
radiolarian distributions during El Ninos.
Under El Nino conditions, as mentioned previously, the
Westerlies strengthen (Salstein and Rosen, 1984) while the
Easterlies weaken (McGowan, 1984)«

This results in a "build

up" of water along the northwest coast of the United States
at a rate faster than the weakened Easterlies can carry the
water away*

In order to maintain geostrophic balance,

waters below the geostophically raised, wind driven surface
waters, must move southward.

These deeper waters are cold

water sphere waters.
Meanwhile, the northward flowing California
Countercurrent strengthens and the California Current moves
inshore.

Since the California Current and California

Countercurrent flow in opposite directions, a shear zone
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develops between them.

An analogous situation exists

between the North Equatorial Current and the Equatorial
Countercurrent.
Large scale shoaling of the temperature and salinity
contour lines and dramatic increase in the cold water sphere
fauna during the peak of the 1S64 El Nino suggest that the
cold water sphere water masses geostrophically domed in the
southern California borderland.

(Chelton, et al. (1S82)

have reported similar geostrophic "upwelling" in the
California Current).

The shear zone between the California

Current and California Countercurrent provides an area where
the doming can

occur.

This same sort of doming occurs

between the North Equatorial Current and Equatorial
Countercurrent.
At or close to the peak of El Nino conditions, when the
geostrophic imbalance initiated by changing atmospheric
conditions is at a maximum, geostrophic upwelling or doming
of the deeper cold water sphere water masses occurs between
the California Current and Califonia Countercurrent in the
waters overlying the southern California borderland basins.
The cold water masses dome and the flow is accelerated in
order to regain geostrophic balance and could be the source
of the high concentrations of the cold water sphere fauna
found in the water column and sediment

BS
Lompoc Land Based Sample Data Interpretation
The trends in the radiolarian distributions
characterizing the El Nino and anti-El Nino periods in the
borderland basins were used to interpret the Lompoc data.
Although the oceanographic regime of that area in the upper
Miocene was probably different than today in that upwelling
was probably much greater (as indicated by the dominance of
intermediate fauna in the Miocene and warm water fauna in
the present day), the data suggest that there were short
term periods of warming similar to the warm periods of
today's El Ninos.

Using the criteria characterizing strong

anti-El Nino trends (average total radiolarian content,
depressed warm water fauna, and high cold water fauna
content) there appears to be one particularly strong period
of upwelling (anti-El Nino) represented by layer 7 (figures
15 and 16).
Applying the strong El Nino trends, characterized in
the present day borderland basins by anomalously high total
radiolarian content, low cold water fauna percent but high
number, and increased number and percent of warm water
fauna, to the Lompoc data, it appears that a warming trend
may be contained in layer 12 (figs. 15 and 16; table 3a).
Layer 12 contains three years so the highs and lows in the
faunal groups are smoothed over due to averaging the three
varves together making them less obvious.

In layer 12, the

total radiolarian content is high as well as are the warm

so
and cold faunas.

These increased values are similar to the

El Nino trends seen in the Santa Catalina and Santa Barbara
Basins and might reprsent short term El Nino-like warming
periods in the late Miocene.
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Fig. 15.

Bar graph illustrating the radiolarian content,

measured in number per varve (one light and one dark
laminae), of the Monterey Formation sedmentary rock from
Lompoc.

Represented are the cold fauna subgroups, T =

transition, T-C = transition-central, I = intermediate, P =
polar.

Warm water fauna are represented by the number over

the respective bar and bar width is proportional to the
number of varves represented.
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SAMPLE NUMBER
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Fig. 16.

Bar graph showing the percentage of faunal group

in the Monterey Formation sample, where TRANS = transition,
T-C = transition-central, and polar subgroups of the cold
fauna.
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CONCLUSIONS

Analysis of the data from the plankton samples
indicates that the radiolarian fauna in the water column
reflects seasonal and supra-seasonal oceanographic events.
The radiolarians preserved in the recent varved sediment, on
the other hand, record well the supra-seasonal events of
geologically short duration.

The supra-seasonal anti-El

Nino events, indicated by a high percentage of
transition-central fauna and a low percentage of warm water
sphere fauna, is the annual norm for the California Current
at present.

The El Nino events, characterized by a low

percentage but high number of cold water sphere fauna and a
high percentage and number of warm water sphere fauna occur
approximately every eight years.
During the anti-El Nino periods, the California Current
is relatively far offshore (McGowan, 1S84)» as indicated by
the diminished transition fauna population, and wind driven
upwelling coupled with increased California Current flow,
which taps the transitonal water mass accounting for the
peak in transition-central fauna, is well developed.
The anomalous El Nino event, induced by an imbalance in
atmospheric circulation, is an expression of oceanographic
circulation which is different from the normal anti-El Nino
circulation.

The most apparent change in circulation during

El Nino is that of the surface waters.

The physical
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oceanography and radiolarian data indicate that warm waters
from the Eastern Tropical Pacific to the south and the
central Pacific gyre waters to the west invade the study
area explaining the increase in warm water fauna during El
Ninos.

Another possible mechanism for introducing more of

this fauna into the area is by the California Current
itself.

When the Westerlies shift equatorward during El

Ninos, the California Current, which is wind driven, might
shift far enough south that it taps the gyre waters and
transports the accompanying warm fauna into the borderlands.
The California Current slows, becomes shallower, and swings
eastward over the southern California borderlands accounting
for the peak seen in the transition fauna.
The response of the deeper waters to the slowed and
repositioned surface circulation is less clear.

The

radiolarian data show increases in the amounts of deeper
fauna during El Ninos.

There are several hypotheses that

can explain this phenomenon, all of which suggest a
mechanism for an increased amount of deeper water masses
entering the borderlands.

If one were to assume the deep

water circulation slows, as does the surface water
circulation, increased residence time of the waters over the
study area would be implied.

A longer residency of these

waters would allow time for the effects of reproduction to
be recorded in the sediment.

But this hypothesis does not

allow for the increase of cold water fauna found in the
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plankton tows.

A more plausable explanation is that

shallowing of the California Current in effect leaves a
"void" in the water column allowing the cold water masses to
invade the area and consequently introduce a larger cold
water sphere radiolarian population.

Although this

mechanism is reasonable on a local scale, on a more regional
scale it neglects to provide a mechanism accounting for the
accelerated flow of the deeper water masses and to maintain
the geostrophic balance which is offset by the anomalous
surface circulation.

The surface circulation during El

Ninos results in a build up of surface waters at the
northern end of the California Current and sluggish
southward transport by this current.

Consequently, the

deeper water masses below the northern extent of the
California Current are rapidly moved southward by
geostrophic forces in order to regain a balance.

The shear

zone between the California Current and California
Countercurrent could provide a likely expressway for the
influx of these deeper waters from the north and account for
the increase in the cold water sphere fauna during El Ninos
(fig.

17).
Applying these conclusions to the analogous Miocene

samples is some what difficult in that the over all climate
during that period was much cooler than it is today.

Even

so, the radiolarians in the Miocene varves do vary on a
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yearly basis and it appears that variations in the climate
occurred at relatively high frequency and low amplitude.
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Fig. 17.

Schematic diagram of the geostrophic dome model

derived to explain the distribution of radiolarians during
El Nino climatic events.
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APPENDIX I

Tectonic History of Study Area

The continental margin along the California coast
evolved through several stages involving many different
types of margins.

Dickinson (1981) has outlined the

occurrence of the four major margin types involved.

The

initial tectonic setting, lasting from the Precambrian to
the Devonian, was that of a passive margin along western
North America (Dickinson, 1981).

During that time,

miogeosynclinal deposits of elastics, sandstones,
conglomerates, shales, and carbonates accumulated on the
continental margin.
By mid-Devonian, a Japanese type margin developed with
offshore island arcs separated from the continent by
marginal seas (Dickinson, 1981).

Passive margin features

continued to exist along the continental flanks of the
marginal seas.

At times the

polarity of subduction

reversed from eastward to westward and the location of the
trench changed from being seaward of the volcanic arcs to
being landward of the volcanic arcs, respectively.

Polarity

reversal is indicated by thrust emplaced allochthons of
oceanic sediment onto the westwern flank of the
"miogeocline" and particularly by crustal collisions between
the volcanic arcs and the continent (Dickinson, 1981).
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Two orogens are believed to represent such collisions;
the Devono-Carboniferous Antler Orogeny and the
Permo-Triassic Sonoma Orogeny (Dickinson,

1S81).

The

allochthons associated with these ancient mountain belts
might be explained by back arc thrusting, but back arc
thrusting has not been documented in intraoceanic arc
systems.

Also, the chaotic nature of the strata and

structure of the Antler and Sonoma allochthons are much more
complex than those found in back arc thrusts.

The tectonic

characteristics of the allochthons resemble those of
subduction complexes more than back arc thrusts, further
supporting the hypothesis of subduction polarity reversal
(Dickinson, 1S81).
The accreted packages contain oceanic assemblages of
turbidites, cherts, argillites, and greenstones (altered
basic igneous rocks).

During periods of reversed polarity,

when the island arcs collided with the continent, the arcs
accreted onto the margin.

Today, accreted arcs of the

Sonoma Orogeny are visible in the Klamath Mountains, Sierra
Nevada, and northwest Nevada.
The Sonoma Orogeny is believed to mark the end of the
Japanese type margin and the inception of head on
B-subduction in the late Mesozoic (Dickinson, 1S81).

The

new tectonic setting consisted of an arc-trench system with
a volcanic chain on the continent.

The B-subduction regime

was probably induced by a switch in the direction of
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subduction from westward to eastward after the arc-continent
collision of the Sonoma Orogeny.

The lithologic provinces

associated with this stage of margin evolution are the
subparallel northwest trending belts of the Great Valley
sequence, the Sierra Nevada plutons to its east and the
Franciscan accretionary complex to its west.

The Franciscan

accretionary complex is primarily comprised of lithic rich
and quartzofeldspathic turbidites and secondarily of pillow
lavas, pelagics, hemipelagics, and carbonates.
been metamorphosed to the blueschist facies.

These have
The Great

Valley sequence includes turbidites, deltaic, and shoreline
facies.

As subduction proceeded, the Franciscan rocks on

the down-going plate were accreted onto the over-riding
continental margin as a chaotic melange of thrust sheets
(Dickinson, 1S80).
At the end of the Cretaceous, the head on B-subduction
changed to oblique low angle subduction.

With this change

in the style of subduction came a corresponding change in
the style of deformation.

The main focus of deformation

shifted eastward into the more inland Laramide region of the
Central Rocky Mountains where crustal buckling occurred.
The decrease in the angle of subduction cut off the magma
supply and consequently the volcanic activity in the Sierra
Nevada region ceased.

To the west, clastic sediment from

the Seirra Nevada plutons continued to accumulate in the
marginal basins.

These basins along the margin receiving

1 os
the sediment were significantly affected by the change to
oblique subduction.

During head on subduction, the forearc

basins were elongate and continuous.

But as the subduction

became oblique, local restricted pull-apart basins formed in
modern-day central California.

These smaller basins formed

in response to the strike slip faulting associated with
oblique subduction.

The borderland nature of the margin

(small restricted basins) strongly affected the depositional
style along the continental margin.

Instead of elongate

continuous depositional units, the strata were aereally
restricted.

While the margin along central California was

fragmented, the southern California marine basin remained a
broad stable forearc basin through the Eocene (Howell, et
al.,

1S80).
The third major reorganization of the western margin of

the North American plate occurred in the late Oligocène,
approximately 2Smy ago.

By this time the Farallon plate,

which separated the North American and Pacific plates, was
totally subducted underneath North America near present day
Los Angeles.

This permitted the intersection of the East

Pacific Rise with the North American plate creating a
transform plate boundary with a triple junction at either
end of the transform.

The predominant mode of deformation

in a transform boundary regime, which has persisted to the
present, is wrench tectonics.

The resulting structural

forms produce borderland features of en echelon linear
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ridges and rhomboid basins. In the Southern California
Borderland, these structures are primarily northwest
trending.

The tectonic style of the area causes rapid

elevation changes on the order of 1 to 10m/l000yrs.

The

stratigraphy is controlled by the strike slip faults and
reflects the borderland tectonics.

The lithology varies

relatively quickly from basin to basin in both age and
composition.
but thick.

The units are typically aereally restricted
Significant thicknesses are obtained due to the

rapid subsidence of the basins.

Unconformities frequently

occur at basin margins as do submarine canyon facies,
slumps, and pinch outs.

Mass flow deposition is the mode of

sedimentation in the basins subjected to terrigenous input;
while sediment starved basins (basins lacking terrigenous
sources) receive pelagic and hemipelagic deposits.
Two of the evolutionary stages in the development of
the North American plate margin have produced borderland
type deformation.

Oblique low angle subduction created

restricted en echelon basins in central California and the
wrench tectonics associated with the transform boundary
formed a borderland off southern California.

The transform

setting constructed ridges and basins of greater regional
extent than the oblique subduction.

Both the transform and

oblique subnduction regimes have produced unconformities,
fans, and pinch outs on a much smaller scale than those
associated with head on subduction (Howell et al., 1S80).
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The most obvious consequences of wrench tectonics are
basin formation and simultaneous uplift.

Blake et al.

(1978) have proposed two processes for basin formation in
the southern California Borderland.

One alternative

proposes that contact of the East Pacific Rise with the
overriding North American plate caused extension within the
continental crust.

The east-west extension due to the rise

superimposed on the strike slip system of the transform
boundary resulted in the creation of en echelon basins.

The

second process suggested for explaining the inception of
basin development considers the relative plate motions.

The

azimuth of shear between the Pacific and North American
plates has been documented by E. A. Silver et al. (unpub.
data in Blake et al., 1978) and shows that a major change
occurred around 10 my ago from north to northwest.

The

shift in plate motion to a more westerly direction
introduced a westward vector of motion that caused extension
along the north trending strike slip faults.

The best

evidence for extension around 10my ago is the opening of the
Gulf of California.

Opening of the Gulf of California about

10my ago is indicated by the occurrence of Diartus hughesi
(Campbell and Clark, 1944) (Casey, pers. comm.).

The first

process would result in basins which formed as the triple
junction migrated southward so the basins would therefore
originate later in that direction.

The second alternative,

on the other hand, would result in coeval basins

Both
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options seem to have contributed to the formation of the
Borderland basins off southern California.
Whichever process acted, the mechanisms of deformation
were similar in both.

In a strike slip system where faults

bend, branch, and anastomose, compression and extension
occur hand in hand.

In general, where right (left) strike

slip faults step or bend right (left) extension results
forming depressions; where right (left) strike slip faults
bend or step left (right) compression results forming folds
and uplifts.

Since the faults in a transform regime are

subparallel, the structural highs and lows tend to be en
echelon features.

The amount of side stepping along the

faults is the primary controlling factor over the type of
depression or uplift created (Crowell, 1974)*

A gently

curving strike slip fault produces crowding and rising in
compressional areas and stretching and sagging in
extensional areas.

A sharply curving strike slip fault

produces pull-apart basins with subsidence where extension
occurs and produces overlap and uplift where compression
occurs.

A variation in the deformation caused by strike

slip faults results from branching and anastomosing faults.
Where right slip faults branch and diverge, the terrane
subsides and the terrane is elevated where the faults rejoin
(Crowell, 1974)*

The proposed mechanism for extension of

the crust is listric normal faulting (Bally,

1983).
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Tertiary Stratigraphy

The stratigraphy of the California Borderland has
proven to be very problematical.

Due to the structural

partitioning of the crust into numerous small basins, facies
vary laterally over short distances.

Also, each basin

imposes its own controls on bathymetry and basin geometry
which dictate the sedimentation occurring within the basin.
This results in lithologically similar, although
disynchronous, rocks.

Another problem posed by borderland

topography is that not all facies are present everywhere
making correlations difficult (Pisciotto and Garrison,

).

1981

The depositional processes active in the borderland can
be categorized into two classes based on the continuity of
sedimentation.

One class includes continuous processes

either terrigenous, such as nepheloid, wind blown, and
traction sedimentation, or biogenic pelagic and benthic
input.

The second category includes the discontinuous

processes of mass movement (slides, slumps, and high
concentration flows) and turbidity currents (Gorsline,
1978).
The depositional systems which supply and transport
sediment to the basins involves these continuous and
discontinuous sources of sediment.

Gorsline (1978) has

outlined five such systems grouped according to the area

114
from which they move sediments to the site of depositon.
These five systems are:
1) River-shore centered processes which transport
terrigenous elastics to the shoreline and coastal facies.
2) Shelf centered processes involving neritic biogenic
and terrigenous deposits.
3) Canyon centered processes where sediment collects in
canyons connected to longshore drifts or river discharge.
The accumulations move down slope due to overloading or
shock via mass movement, slides, or turbidity currents.
4) Slope centered processes which carry sediment from
the slope to the basin floor by mass movement and deposit
deep sea fans.
5) Water column processes supply pelagic and hemipelagic
rain of sediment over the entire baisn.
These five modes of sediment transport are in part
responsible for the strata seen in the modern and ancient
borderland regime.
Another significant factor influencing sedimentation is
the structural character of the terrane.

Tectonic controls

which should be considered include the degree of faulting
and fragmentation of the crust and the rates of subsidence
and sedimentation.

Tectonics also influences relative sea

level on a local scale.
In southern California, Paleogene rocks are rare due to
non-deposition and erosion of strata during the pre-early
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Miocene low stand of sea level.

Initial subsidence and

basin formation in the Oligocène to early Miocene introduced
volcanic, continental and neritic rocks (Pisciotto and
Garrison, 1S81).

The second general phase was laid down in

response to rapid subsidence and development of marginal and
silled borderland basins.

These facies of the middle to

late Miocene (Ingle, 1981) include basinal shales,
mudstones, and overlying diatomaceous units deposited into
temporarily sediment starved basins (Pisciotto and Garrison,
1981).

The final stages of basinal filling in the late

Miocene to Pliocene represent a third major stage in the
southern California stratigraphy.

It is indicated by rapid

clastic deposition of turbidites and marine sandstones,
prograding fan, slope and shelf units (Pisciotto and
Garrison, 1981; Ingle, 1981).
This general sequence (initial basin formation, rapid
subsidence, and final basin filling) is expressed in five
basic lithofacies (fig. 1).

Basal units are nonmarine

fluvial and alluvial rocks.

These are followed by the

influx of shallow marine waters with arkosic strand and
nearshore sandstones and transition to a deeper marine
environment (Pisciotto and Garrison, 1981).
The basinal phase and its associated rapid subsidence
has three subphases based on lithology.

The first subphase

consists of aquagene tuffs and volcanic rocks along with
foraminiferan and coccolith mudstones and shales.

These lie

Fig. 1.

Diagramatic stratigraphic column of the five

Tertiary facies, including the three subfacies of the
basinal facies (represented by the Monterey Formation),
Southern California and the controlling climatic events.
(Modified from Pisciotto and Garrison, 1981).
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below or are interbedded with the Monterey Formation.

The

calcareous portion of the first subphase is represented in
the lower Monterey Formation.

The second subphase is

portrayed by relatively thin phosphatic mudstones which
occur in the middle Monterey Formation.

The third and last

subphase of the basinal phase consists of the siliceous
diatomaceous facies of the upper Monterey Formation.
The succeeding depositional phase reflected by the
Tertiary stratigraphy is a second shallow marine facies,
primarily neritic sandstones.

The capping phase is a

nonmarine facies, early Pliocene in age, which is frequently
discordant with the underlying marine sandstone (Pisciotto
and Garrison, 1981; Hall and Corbato, 1967).
The preceding text has outlined the tectonics,
depositional processes, and the structural controls on
sedimentation during the Tertiary of southern California.
Intertwined with these factors influencing sedimentation are
climate and oceanography.

The three major facies found in

the Monterey Formation indicate the climatic and
oceanographic controls on sedimentation.

The basal

calcareous facies of the Monterey Formation indicates a
relatively low nutrient environment lacking vigorous
oceanographic circulation.

The middle phosphatic facies

represents shelf, slope, and basin deposits near the oxygen
minimum boundaries.

It was probably deposited during the

transition from a non-glacial to a glacial world.

The
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siliceous facies are also shelf, slope, and basin deposits,
but were laid down under much different climatic and
oceanographic conditions.

During initial deposition of the

siliceous facies 16 to 15my ago, the climate was
deteriorating as the Antarctic ice cap was beginning to form
(Ingle, 1981).

The ice cap caused invigorated circulation

and upwelling along the western coast of North America.
Upwelling increased nutrient supply and productivity which
resulted in high concentrations of organic matter and
depleted levels of oxygen.

Consequently, many basins had

anoxic bottoms allowing the preservation of organic matter
and thin laminae.

This condition persisted from the middle

Miocene into the Pliocene.

Cenozoic Paleogeography

The Cenozoic paleogeography of southern California can
be reconstructed based on structural and stratigraphic
information.

The general regional paleogeographic pattern

of the southern California coast began in the Paleogene with
an elongate marine basin west of the Sierra Nevada magmatic
arc which persisted to early Miocene.

By middle Miocene,

the forearc basin was fragmented into smaller borderland
basins.

Regional uplift beginning in the late Miocene and
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lasting to the Recent caused westward migration of marine
and terrestrial facies (Armentrout and Cole, 1979).
During the Paleogene, three paleogeographic provinces
existed.

The ancestral Cordillera formed a major mountain

belt which was convex to the west in southern California.
Today these rocks occur in the Peninsular Ranges, Mojave
Desert,and the Sierra Nevada.

To the east of the mountains

were broad inland plains, plateaus, small discontinuous
mountains, large lakes, and volcanics.

Westward of the

ancestral Cordillera existed a topographically irregular
region extending to the continental margin.

The area was

subjected to varied and rapidly changing fluvial, deltaic,
marginal marine, and marine facies (Nilsen and Mckee, 1979).
Due to the transform boundary and significant right
strike slip movement, the terrains in southern California
have been displaced from their original Paleogene positions.
Restoration of terrains requires shifting those lying west
of the San Andreas about 305km south; counter-clockwise
rotation, on the order of 75°, of the Transverse Ranges to
reverse the post-early Miocene clockwise rotation; and
restoration of the Great Valley sequence, Franciscan
complex, and the associated plutons of the Sierra Nevada
(Nilsen and Mckee, 1979).

Reconstructions by W. 0. Addicot

(1968) indicate that the study area was west of the San
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Andreas fault and was probably transported northward
approximately two degrees latitude since the late Miocene.
In the Paleocene, sediment from the Peninsular Ranges
shed onto a stable shoreline and elongate shelf basin.

In

early and middle Eocene, the area experienced a major
transgression and eastward migration of facies.

This trend

was reversed in the late Eocene by a regression and westward
shift in the facies.

Continued regression in the Oligocène

permitted deposition of the nonmarine Sespee and Vaqueros
Formations (Nilsen and Mckee, 1979).
The beginning of the Neogene inherited the stable
elongate forearc basin of the Paleogene.

But by middle to

late Miocene, the continental shelf was fragmented into
borderland basins.

Rapid subsidence permitted marine

transgression and abyssal water depths.

,

Gradual in-filling

with sediments from highs adjacent to the basins shallowed
the basins to bathyal and neritic depths, eventually filling
some.

During the Pliocene, north-south compression uplifted

the eastern borderland subjecting it to subaerial exposure
(Cole and Armentrout, 1979).
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APPENDIX II

The partial synonymies listed include the original
author followed by additional references used in
identification of the radiolarians.

The classification used

is similar to that of Nigrini and Moore (1979) and Wigley
(1985)»

Families are listed alphabetically with genera and

species following, also alphabetically.
The environmental groups of the taxa are included
followed by the reference used to determine the environment.
A bibliography is appended.
Localities of the taxa are included where SCB = Santa
Catalina Basin plankton tows, SBB = Santa Barbara Basin box
core, and LOM = Monterey Formation sedimentary rock.
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Phylum PROTOZOA
Class ACTINOPODA
Subclass RADIOLARIA
Order POLYCYSTINA Ehrenberg 1858, emend. Riedel 1S67
Suborder SPUMELLARIA Ehrenberg 1875

Family ACTINOMIDAE Haeckel 1862,
emend. Riedel 1S71
Acanthosphaera corlocae new name, Boltovskoy and Riedel,
1980, p107, text-fig. 2, pi. 1, fig. 20.
Intermediate (Boltovskoy and Riedel, 1980).
SBB
Plate 1, fig. 1
Actinomma arcadophorum Haeckel 1887, p. 225, pi. 29, figs.
7, 8; Nigrini and Moore, 1979, p. S29, pi. 5, fig. 4.
Warm Water Sphere (Nigrini and Moore, 1979).
SBB
Actinomma leptodermum (Jorgensen), Nigrini and Moore 1979,
p. S35» pi» 3, fig. 7*
Echinomma leptodermum Jorgensen 1905, p. 116, pi. 8, figs.
53s—c•
Transition-Central (Nigrini and Moore, 1979). SBB
Notes
Exhibits variability in morphology.
Plate 1, fig. 5.
Actinomma medianum Nigrini 1967, p. 27, pi. 2, figs. 2a, b;
Nigrini and Moore, 197S, p. 231, p. 3, figs. 5, 6.
Transition-Central (Nigrini and Moore, 1979).
SBB
Astrosphaerida Haeckel 1887, p. 250.
Other.
SBB, L0M
Axoprunum Haeckel 1887»
Other.
SBB
Cenosphaerld Ehrenberg 1854»
Other.
SCB, SBB
Cladococcus gp, Boltovskoy and Riedel 1980, p. 110,
text-fig. 4» pi» 2, fig. 7*
Other.
SBB, L0M
Plate 1, fig. 9»

126
C. arborescens
Warm Water Sphere (Casey, pers. comm.).

SCB

Cypassis irregularis Nigrini 1968, p. 53» pi. 1, figs. 2a-c.
Warm Water Sphere (Casey, pers. comm.).
Notes
Symbiotic.
SBB
Plate 1, fig. 11.
Hexacontium gp A: Other (Riedel, Westberg-Smith, and Budai,
in press).
Note: Thin shelled cubosphaerid with small
pores.
SCB, SBB
Plate 1, fig. 3.
Hexacontium gp B: Other (Riedel, Westberg-Smith, and Budai,
in press).
Notes
Robust shelled cuboshpaerid with large
pores.
SCB, SBB
Plate 1, fig. 6.
Ommatartus tetrathalmus tetrathalmus (Haeckel), Nigrini and
Moore 1979» P» S49» pi. 6, figs. 1a-d.
Pananrtus tetrathalmus Haeckel, 1887, p. 378, pi. 40,
fig. 3.
Panartus tetrathalmus tetrathalmus Haeckel, Nigrini, 1970,
p. 168, pi. 2, fig. 12.
Warm Water Sphere (Molino-Cruz, 1977, McMillen and Casey,
1978).
SBB
Plate 1, fig. 2.
Stylosphaera Ehrenberg 1847» 1854°» pi. 36, fig. 26, C
right; Nigrini and Lombard, 1984, p. S21.
Note: Includes Axoprunum Haeckel 1887.
Other.
SCB
Plate 1, fig. 4.

Family COLLOSPHAERIDAE Muller 1858,
emend. Riedel and Sanfilippo 1971.
Collosphaeridae Muller 1858;
Warm Water Sphere (Casey, pers. comm.).
Notes
Symbiotic and indicator of gyre waters.
LOM
Plate 1, fig. 7.

SCB, SBB,
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Family PANARTIDA Haeckel 1887»
p. 375, pl. 40, figs. 1-9.
Warm Water Sphere (Casey, pers. comm.).
SCB

Family LITHELIDAE Haeckel 1862.
Discopyle elliptica:

Other.

SCB

Larcopyle Dreyer 1889, p. 41.
Intermediate (Casey, pers. comm.).
Plate 1, fig. 13.

SBB, LOM

Larcopyle butschlil Dreyer 1889, p. 124, pl. 10, fig. 70;
Nigrini and Moore, 1979, p. S131, pl. 17, figs. 1a, b.
Intermediate (Casey, pers. comm.).
SBB
Plate 1, fig. 12.
Larcospira quadrangula Haeckel 1887, P* 696, pl. 49, fig. 3;
Nigrini and Moore, 1979, p. S133, pl. 17, fig. 2.
Warm Water Sphere (Perez, 1983, Casey, 1977).
SCB, SBB, LOM
Plate 2, fig. 11.
Lithelid Haeckel 1862, p. 515; 1887, p. 688, pl. 49, figs.
1-7.
Intermediate (Perez, 1983).
SCB, SBB, LOM
Note: Forms are tightly coiled.
Plate 1, fig. 8.
Lithelius minor Jorgensen 1899, p. 65, pl. 5, fig. 24;
Nigrini and Moore, 1979, p. S135, pl. 17, figs. 3, 4a, b.
Intermediate (Casey, pers. comm.).
SBB
Plate 2, fig. 1.
Lithelius sp. aff. ]L. alviolina Haeckel 1862 p. 520, pl. 27,
fig. 89.
Warm Water Sphere (Spaw, 1979).
SBB
Plate 2, fig. 15.
Pylospira octopyle Haeckel ?, Nigrini and Moore, 1979, p.
S139, pl. 49, fig. 4.
Pylospira octopyle Haeckel 1887, p. 698, pl. 49, fig. 4.
Warm Water Sphere (Molino-Cruz, 1977, Casey pers. comm.).
SBB
Plate 2, fig. 13.
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Stylochiamydium asteriscus Haeckel 1887» p. 514» Pi
10

;

Nigrini and Moore, .1979» p» S113» pi..14 fig
Cold Water Sphere (Casey, pers. comm.).
SBB
Plate 2, fig. 2.

4, fig.

5.

Family PYLONIDA Haeckel 1881.
Octopyle stenozona Haeckel 1887» p. 652, pi. S» fig. 11;
Nigrini and Moore, 1979» p. S123» pi. 16, figs. 2a, b.
Warm Water Sphere (Nigrini and Moore, 1979).
Note: Found in both equatorial and gyre waters.
SBB
Plate 2, fig. 3.
? Prunopyle antarctica Dreyer 1889, p. 24, pi. 5» fig. 75;
Nigrini and Moore 1979» p. S127, pi. 16, fig. 4*
Intermediate (Casey, pers. comm.).
SBB
Plate 2, fig. 4«
Pylonida Haeckel 1881, p. 463; 1887» p. 628, pi. 9.
Warm Water Sphere (Casey, pers. comm.).
SCB, LOM
Plate 2, figs. 6 and 12.
Spirema melonia Haeckel 1887» P« 692, pi. 49, fig. 1.
Transition-Central (Nigrini and Moore, 1979).
SCB
Tetrapyle octacantha Muller 1858, p. 33» pi. 2, figs. 12,
13;
Nigrini and Moore 1979, p. S125, pi. 16, figs. 3a, b
Warm Water Sphere (Casey, pers. comm., McMillen and Casey,
1978, Molino-Cruz, 1977).
Note: Symbiotic.
SBB
Plate 2, fig, 9»

Family SPONGODISCIDAE Haeckel 1862,
emend. Riedel 1967.
Dictyocoryne Ehrenberg 1860, p. 830; Nigrini and Moore 1979,
p. S89.
Warm Water Sphere (Casey, pers. comm.).
Note: symbiotic.
LOM
D. profunda Ehrenberg 1860a, p. 767» 1872b, p. 288, pi. 7,
fig. 23; Nigrini and Moore 1979, p. S87» pi. 12, fig. 1.
Warm Water Sphere (Casey, 1966).
SCB
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Dlctyocoryne truncatum (Ehrenberg), Nigrini and Moore 1S79,
p. S87, pi. 12, figs. 2a, b.
RhopaIodictyum truncatum Ehrenberg 1861, p. 301.
Warm Water Sphere (Casey pers. comm., Nigrini and Moore,
1979 ) .
SBB
Plate 2, fig. 5.
Euchitonia furcata Ehrenberg 1872, p. 308, pi. 6, fig. 3*
Warm Water Sphere (Casey, 1966).
SCB
Plate 4, fig. 7.
Porodlscid Haeckel 1881, emend. Petrushevskaya and Kozolova
19725
Porodlscid gp. Riedel, Westberg-Smith, Budai in press, pi.
2,
figs. 3» 4» and 5.
Subpolar-Subsurface Low Latitude (Cleveland, in manuscript,
Casey, pers. comm.).
SCB, SBB, LOM
Plate 2, fig. 7.
Spongaster berminghami (Campbell and Clark), Sanfilippo and
Riedel
1973* p. 524; Nigrini and Lombard 1984* P* S63*
pi. 9* fis* 2.
Spongasteriscus berminghami Campbell and Clark 1944* P*
30, pi.
5» fig. 1 and 2.
Warm Water Sphere (Casey, pers. comm.).
SBB, LOM
Note: Indicates Eastern Tropical Pacific waters.
S. pentas Riedel and Sanfilippo 1970, p. 523, pi. 15, fig.
35
Nigrini and Lombari 1984, p. S65* pi. 9» fig. 2.
Warm Water Sphere (Casey, pers. comm.).
LOM
Plate 2, fig. 14*
S. tétras tétras Ehrenberg, Nigrini 1967, P* 41* pi. 5,
figs. 1a, b; Nigrini and Moore 1979» P* S93» pi. 13* fig. 1.
Spongaster tétras Ehrenberg 1860b, p. 833, 1872b, p. 299,
pi.
ïvTiii)» fig. 8.
Warm Water Sphere (Casey, pers. comm.).
SCB
Plate 3» fig. 6.
Spongobrachium sp. aff. S. ellipticum Haeckel 1862, p. 470,
pi. 28, fig. 2; Renz, 1976, pi. 3* fig. 5*
Warm Water Sphere (Renz, 1976).
Spongocore sp. Haeckel 1887, p. 345.
Warm Water Sphere (Casey, pers. comm.).
Plate 2, fig. 8.

SBB, LOM
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S . puella Haeckel 1887» P* 347» pl. 48, fig. 6} Nigrini and
Moore 1979» p. S69, pl. 8, figs. 5a-c.
Warm Water Sphere (Perez, 1983, Casey 1977» Kling, 1979).
SCB, SBB
Plate 2, fig. 10.
Spongodiscus Ehrenberg 18
, pl. 35, B, IV, fig. 16.
Transition-Central (Riede
Westberg-Smith, ana Budai, in
press).
SCB, SBB, LOM
Note: Spongy disc without pylome.
Plate 3, fig. 7.

i*

Spongopyle osculosa Dreyer 1889, p. 42, pl. 11, figs. 99,
100; Nigrini and Moore 1979, p. S115, pl. 15» fig. 1.
Transition-Central (Casey, 1977).
SCB, SBB, LOM
Plate 3» fig. 5»
Spongosphaera streptocantha Haeckel 1862, p. 455, pl. 26,
figs. 1-3; 1887, p. 282.
Warm Water Sphere (Casey, 1977).
SBB
Plate 4, fig. 3.Spongotrochus brevispinus Haeckel 1862, p. 462, p. 27, figs.
4, 5.
Other.
SCB
5. glacialis Popofsky 1908, p. 228, pl. 8, fig. 27; Nigrini
and Moore 1979» p* S117» pl. 15, figs. 2a-d.
Transition-Central (Casey, 1977).
SCB, SBB, LOM
Plate 3» fig. 2.
S. (?) venustrum (Bailey), Nigrini and Moore 1979» p. S119,
pl. 15, figs. 3a and b.
Perichlamydium venustrum Bailey 1856, p. 5, pl. 1, figs.
16, 17.
Stylochlamydium venustrum (Bailey), Haeckel 1887, p. 515.
Subpolar-Subsurface Low Latitude (Nigrini and Moore, 1979).
SBB, LOM
Plate 3, fig. 1.
Spongurus (?) sp. Petrushevskaya 1967, p. 33» fig. 16, III;
Nigrini and Moore 1979, p. S67» pl. 8, fig. 4*
Polar (Casey, pers. comm.).
LOM
Plate 3» fig. 4*
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Family THOLONIIDAE Haeckel 1887
Tholonid Haeckel 1887» p. 660, pl. 10.
Intermediate (Haeckel, 1887).
SCB
Plate 3, Fig. 3.

Suborder NASSELLARIA Ehrenberg 1875»

Family ACANTHODESMIIDAE Haeckel 1862,
emend. Riedel 1971.

Campylacantha:

Other.

SBB

Ceratospyris sp. Nigrini 1967, p. 48, pl 5, fig. 6.
Other.
SCB, SBB, LOM
Plate 4, figs. 1 and 2.
Eucenium tricolpium Haeckel 1887, p. 1147, pl. 53, fig. 12.
Other.
SBB
Plate 4, fig* 8.
Liriospyris Haeckel 1881, emend. Goll 1968; Nigrini and
Lombari, 1984, p. N45, N47, N49.
Other.
SBB
Lophospyris pentagona pentgona (Ehrenberg) emend. Goll 1977,
p. 398, pl. 10, figs. 1-7; Nigrini and Moore 1979, p. N15,
pl. 19, fig. 5.
Ceratospyris pentagona Ehrenberg 1872a, p. 303; 1872b, pl.
15, fig. 15.
Ceratospyris polygona Benson, 1966, p. 321, pl. 22, figs.
15, 16.
Dorcadospyris pentagona (Ehrenberg), Goll 1969, p. 338,
pl. 59, figs. 1-3, 5.
Warm Water Sphere (Petrushevskaya, 1971a).
SBB
Plate 4, fig. 5.
Neosemantis Petrushevskaya 1971, p. 40, fig. 15, II, III.
Warm Water Sphere (Petrushevskaya, 1971a).
SBB
Plate 4, fig. 4«
Zygocircus Butshli 1881, p.
Other.
SBB
Note: Spined D-ring.
Plate 4, fig. 6.

i96; Haeckel 1887, p. 945.
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Family ARTOSTROBIIDAE Riedel 1967,
emend. Foreman 1973*
Artostrobus Haeckel 1887» p. 1481*
Intermediate (Casey, pers. comm.).
LOM

Note: Robust forms.

Botryostrobid Haeckel 1887, p. 1475.
Other. SCB
Botryostrobus aquilonaris (Bailey), Nigrini and Moore 1979,
p. N9S, pi. 27, fig. 1.
Eucertydium aquilonaris Bailey 1856, p. 4» pi * 1, fig. 9}
Eucertydium tumidulum Bailey 1856, p. 5, pi. 1, fig. 11;
Botryostrobus aquilonaris (Bailey), Nigrini 1977, p. 246,
pi. 1, fig. 1.
Transition-Central (Nigrini and Moore, 1979, Kling 1979,
Cleveland, in manuscript, Casey pers. comm.).
SBB, LOM
Plate 5, fig. 1.
B. auritus/australis (Ehrenberg) gp., Nigrini and Moore
1979, p. N101, pi 27, figs. 2a-d.
Lithocampe aurita Ehrenberg 1844a, P* 84;
Lithocampe australe Ehrenberg 18446, p. 187;
Lithostrobus sériatus Haeckel 1887, p. 1474, pi 79, fig.
15;
Botryostrobus auritus/australis (Ehrenberg) gp., Nigrini
1977,
p. 246, pi. 1, figs. 2-5.
Warm Water Sphere (Casey, pers. comm., Perez, 1983, Nigrini
and Moore, 1979).
SBB
Plate 5, fig. 2.
B. bramlettl (Campbell and Clark), Nigrini and Lombari 1984,
p. N175, pi. 31, figs. 2a-c.
Lithomitra bramletti Campbell and Clark 1944, P* 53, pi.
7, figs. 10-14;
Botryostrobus bramletti (Campbell and Clark), Nigrini
1977, p.
248, pi. 1, figs. 7, 8.
Intermediate (Casey, pers. comm.).
LOM
Carpocanarium papillosum (Ehrenberg) gp. , Nigrini and Moore
1979, p. N27, pl 21, fig. 3.
Eucyrtidium papiliosum Ehrenberg 1872a, p. 310, 1872b, pl.
7, fig. 10.
Eucyrtidium papillosum Ehrenberg 1872a, p. 310; 1872b, pl.
7, fig. 10.
Dictyocephalus papillosus (Ehrenberg), Haeckel 1887, p.
1307.
Dictyocryphalus papillosus (Ehrenberg), Nigrini 1967, p.
63, pl. 6, fig. 6.
Carpocanium calycothes Stohr 1880, p. 96, pl. 3, fig.4*
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Dictyocephalus bergontianus Carnevale 1908, p. 32, pi. 4,
fig. 20.
Warm Water Sphere (Nigrini and Moore, 1979)*
SBB
Plate 5, fig. 3.
Siphocampe caminosa Haeckel 1887» p. 1500, pi. 79, fig. 11.
Other.
SCB
S. erucosa Haeckel 1887, p. 1500, pi. 79, fig. 11.
Transition-Central (Casey, 1966).
SCB
S. lineata (Ehrenberg) gp., Nigrini and Lombari 1984» p.
N189» pl 32, figs. 2a and b.
Siphocampe lineata (Ehrenberg) gp., Nigrini 1977, p. 256,
pl. 3» figs. 9 and 10 (with synonymy).
Intermediate (Casey, pers. comm.).
LOM

Family CARPOCANIIDAE Haeckel 1881,
emend. Riedel 1967.
Carpocanium Haeckel 1887, p. 1280.
Other.
SCB, LOM
Carpocanistrum spp., Nigrini and Moore 1979» p. N23, pl. 21,
figs,. 1a-c.
Carpocanuim petalspyris in Benson, 1966, p. 434, pl. 29,
figs. 9 and 10;
Carpocanium spp., Nigrini 1970, p. 171, pl. 4, figs. 4-6;
Carpocanistrum spp., Riedel and Sanfilipo 1971, p. 1596,
pl. 1G, figs. 1-6 and 8-13*
Warm Water Sphere (Nigrini and Moore, Casey, pers. comm.).
SBB
C. évacuaturn Haeckel 1887, p. 1172, pl. 52, fig. 11.
Warm Water Sphere (Casey, 1966).
SCB
Plate 5, fig. 4.
Carpocanium verecundum Haeckel 1887, p. 1284» pl. 52, figs.
12, 13
Warm Water Sphere (Casey, pers. comm.).
SBB

Family PLAGONIIDAE Haeckel 1881,
emend Riedel 1967.
Aracnocorys araneosa Haeckel 1887, p. 1266, pl. 56, fig. 11.
Warm Water Sphere (Haeckel, 1887, Casey, pers. comm.).
SBB
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Aracnocorys circumtexta Haeckel 1660b, p. 837* 1862, p. 542,
p. 6, figs. 9-11} Boltovskoy and Riedel 1980, p. 121, pi. 4,
figs. 18a, b.
Warm Water Sphere (Boltovskoy and Riedel, 1980).
SBB
Plate 5, fig. 5.
Archiscenium quadrlspinum Haeckel 1887* p. 1150, pi. 53,

fig. 11.
Warm Water Sphere (Casey pers. comm.).

SBB

Helotholus hlstricosa Jorgensen 1905, p. 127» pi. XVI, figs.
86-88; Nigrini and Moore 1979, p. N6.
Polar (Casey, pers. comm.).
SBB, L0M
Plate 5» fig. 10.
Lampromitra sp. Haeckel 1881, p. 431.
Other.
SCB
L. quadrlcuspis Haeckel 1887, p. 1214, pi. 58, fig. 7.
Other.
SBB
Plate 5, fig. 7.
L♦ parabolic
Other.
SCB
Lithomelissa Ehrenberg 1847b, p. 54; Haeckel 1887, p. 1203.
Other.
SBB, LOM
L. monoceras Popof§ky 1913 1^x3351, Pi. 32, fig
Warm water Sphere (Casey, 1977). SCB, SBB
Plate 5, fig. 6.

7.

Lophophaena Ehrenberg 1847b.
Group As
Warm Water Sphere (Casey, pers. comm.).
Thin skeleton.
SBB
Plate 5, fig. 8.
Group Bs
Polar (Casey, pers. comm.).
skeleton.
SBB
Plate 5, fig. 12.

Note:

Note: Robust

Peridium longispinum Jorgensen 1905, p. 126, pi
75-79, pi. XVI, fig. 80; Spaw 1980, pi. 10, fig
1966, pi. 23, fig. 27, pi. 24, figs. L, 2, non3
Warm Water Sphere (Casey, pers. comm.).
SBB
Plate 5, fig. 9.

XV, figs.
23; Benson

Peridium spinipes Haeckel 1887, p. 1154, pi. 53, fig. 9.
Warm Water Sphere (Casey, 1977, Riedel, Westberg-Smith, and
Budai, in press).
SCB, SBB
Plate 5, fig. 16.
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Plectacaniscus cortinscus Haeckel 1887, p.
9.
Warm Water Sphere (Haeckel, 1887).
SBB
Plate 5» fig. 14»
Pseudodictyophimus sp.s
Plate 5, fig. 11.

Polar (Spaw,

925» pi.

1979).

Sethophormis gp. Haeckel 1881, p. 432;
Other.
SBB

fig.

SBB

P. gracilipes (Bailey), Petrushevskaya 1971a, p.
47-49» Spaw 1980, pi. 11, figs. 6a and b.
Dictyophimus gracilipes Bailey 1856, p. 4» pi*
Polar (Spaw, 1979, Kling, 1979).
SBB
Plate 5, fig. 17.
P. gracilipes tetracanthus Petrushevskaya;
Sphere (Petrushevskaya, 1971a).
SBB

91»

93» figs.
1»

fig*

8.

Warm Water

1887, p.

1243*

Sethophormis rotula Haeckel 1887» p. 1246, pi. 57. fig.
Intermediate (McMillen and Casey, 1978).
SCB, SBB
Plate 5, fig. 15.

9.

Family PTEROCORYTHIDAE Haeckel 1681,
emend. Riedel 1967,
emend. Moore 1972.

Anthocyrtidium ophirense (Ehrenberg), Nigrini and Moore
1979, p. N67, pi. 25, fig. 1.
Anthocyrtis ophirensis Ehrenberg 1872a, p. 301;
Anthocyrtidium ophirense (Ehrenberg), Nigrini 1967» p. 56,
pi. 6, fig. 3.
Warm Water Sphere (Nigrini and Moore, 1979, Perez, 1983»
Kling, 1979).
SCB, SBB
Plate 5, fig. 13.
Lamprocyclas Haeckel emend. Nigrini 1967» p. 74» Nigrini and
Moore 1979, p. N73.
Lamprocyclas Haeckel 1887, p. 1390, pi. 74» fig. 15.
Other.
SBB
L. maritalis maritalis
Haeckel, Nigrini 1967» p. 74» pi.
fig. 5; Nigrini and Moore, 1979» p. N67, pi. 25, fig. 4*
Warm Water Lphere (Nigrini and Moore, 1979).
SEB
Plate 6, fig. 6.

7»
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L. maritalis Haeckel polypora Nigrini 1967, p. 76, pi* 7,
fig. 6; Nigrini and Moore 1979, p. N77, pi. 25, fig. 5.
Warm Water Sphere (Nigrini and Moore, 1979, Kling, 1979).
SBB
Plate 6, fig. 1.
L. nuptialis Haeckel 1887, p. 1390, pi. 74, fig.» 15.
Other.
SCB
Lamprocyrtis (?) hannai (Campbell and Clark), Nigrini and
Moore 1979, p. N83, pi. 25, fig. 8.
Lamprocyrtis hannai Campbell and Clark 1544, p. 48, pi. 6,
figs. 21 and 22.
Intermediate (Perez, 1983).
SBB, LOM
Plate 6, fig. 4*
Lamprocyrtis nigriniae (Caulet), Nigrini and Moore 1979, p.
N81, pi. 25, fig. 7.
Conarachium ? sp. Nigrini, 1968, p. 56, pi. 1, fig. 5a;
? Conarachium ? sp. Nigrini 1968, p. 56, pi. 1, fig. 5b;
Canarachium nigriniae Caulet 1971, p. 3, pi. 3, figs. 1-4?
Lamprocyrtis haysi Kling 1973, p. 639, pi. 5, figs. 15 and

TT.

—

Warm Water Sphere (Monlino-Cruz,
Plate 4, fig. 9.

1977).

SBB

Pterocorys hertwigli (Haeckel) 1887, p. 1491, pi. 8, fig.
12; Nigrini and Moore 1979, P* N85» pi. 25, figs. 11a and b.
Warm Water Sphere (Casey, pers. comm.).
SBB
Plate 6, fig. 5.
P. hirundo Haeckel 1887, p. 1318, pi. 71, fig. 4
Transition-Central (Casey, 1966).
SCB
Pterocorys sp. Haeckel 1881, p. 435.
Other.
SCB
P. minythorax (Nigrini), Nigrini and Moore 1579, p. N87» pi.
25, fig. 10.
Theoconus minythorax Nigrini 1968, p. 57, pi. 1, fig. 8.
Warm Water Sphere (Nigrini and Moore, 1979, Casey, pers.
comm.).
SBB
Plate 6, fig. 7.
P. zancleus (Muller), Nigrini and Moore 1979, p. N89» pi.
25, figs. 11a and b.
Eucyrtidium zancleus Muller 1858, p. 41, pi. 6, figs. 1-3.
Theoconus zancleus (Muller), Benson 1966, p. 482, pi. 33,
fig.
4*
Warm Water Sphere (Perez, 1983, McMillen and Casey, 1978,
Casey, 1977).
SBB
Plate 4, fig* 10.
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Pteroscenium pinnaturn Haeckel 1887» p. 1152, pi. 53» figs.
14, 15, 16.
Warm Water Sphere (Casey, pers. comm.).
SBB
Stichopilium bicorne Haeckel 1887, p. 1437, pi. 77, fig. S;
Nigrini and Moore 197S, p. NS1, pi. 26, figs. 1a, b.
Warm Water Sphere (Kling, 1979).
SBB
S. annulatum Popofsky 1913, p. 403, pi. 38, figs. 2, 3.
Other.
SCB
Theocorythium sp., Nigrini and Lombari 1984, p. N169*
Warm Water Sphere (Casey, pers. comm.).
SBB
Plate 6, fig. 3.

Family THEOPERIDAE Haeckel 1881,
emend. Riedel 1967.
Clathrocanium sp. Ehrenberg I860, p. 829; Haeckel 1887, p.
1210.

Other.

SBB

Clathrocanium ornaturn Popofsky 1905, pi. 33, fig. 2.
Warm Water Sphere (Casey, 1977).
SCB, SBB
Plate 6, fig. 2.
Clathrocanium sphaerocephalum Heackel 1887, P« 1211, pi. 64,

fig. 1.
Other.
SBB
Plate 6, fig. 8.
(?) Clathrocorys murrayi Haeckel 1887, p. 1219, pi. 64, fig.
8.
Warm Water Sphere (Casey, 1977).
SCB, SBB
Plate 6, fig. 11.
Cornutella Ehrenberg 1838, p. 128.
Intermediate
(Casey, pers. comm.).

LOM

C. profunda Ehrenberg 1854t, p. 241 ; Nigrini and Lombari
1984, P- N93, pi. 22, fig. 1.
Intermediate (Casey, pers. comm.).
SCB, LOM
Corocalyptra
Other.
SBB

Haeckel 1887, p. 1322.
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Corocalyptra craspedota (Jorgensen), Schroder 1914> p. 122,
figs. 87-90; Goll and Bjorkland 1971» p. 67» text-fig. 10.
Theocalyptra craspedota Jorgensen 1899» p » 85
Transition-Central (Goll and Bjorkland, 1971).
SBB
Plate 6, fig. 13.
Pictyoceras insectum Haeckel 1887* p. 1324» pi. 71» figs. 6,
7.
Warm Water Sphere (Casey, pers. comm.).
SCB, SBB
Pictyophimus sp. Ehrenberg 1847» p. 53; Haeckel 1887» p.
1195
Other.
SBB
P. butschlii Haeckel 1887, p. 1201, pi. 60, fig. 2.
Other.
SBB
P. clevei Jorgensen 1905» p. 127, 128; Petrushevskaya 1971a,
p. 91, 95, fig. 48.
Intermediate (Spaw, 1979).
SBB, L0M
Plate 6, fig. 12.
P. crisae Ehrenberg 1854a, p. 241; Nigrini and Moore 1979,
p. N33, pi. 22, figs. 1a, b.
Transition-Central (Casey, pers. comm.).
LCM
Plate 6, fig. 9*
P. gracilipes Bailey 1856, p. 4* pi. L, fig. 8; Haeckel
1887, p. 1197.
Polar (Petrushevskaya, 1967).
SCB
P. hirundo (Haeckel) gp., Nigrini and Moore 1979» p. N35»
pi. 22, figs. 2, 3a, b, 4;
Pterocorys hirundo Haeckel 1887» p. 1381, pi. 71» fig. 4;
? Pterocorys (?) hirundo Haeckel, Petrushevskaya 1967, p.
115, figs. 67, I-III;
Pictyophicum sp. aff. £. hirundo (Haeckel), Petrushevskaya
and Kozlova 1972 p. 555» pi. 27» figs. 16 and 17;
Pictyophimus hirundo (Haeckel) gp. Petrushevskaya 1975» p.
583.
Polar (Casey, pers. comm.).
SBB, L0M
Plate 6, fig. 10.
P♦ infabricatus Nigrini 1968, p. 56, pi. 1, fig. 6; Nigrini
and Moore 1979, p. N37, pi. 22, fig. 5.
Subpolar Subsurface Low Latitude (Cleveland, in manuscript,
Casey, pers. comm.).
SBB
P.. c.f. tripus Haeckel 1862, p. 306, pi. vi, fig. 1; 1887»
p. 1195.
Warm Water Sphere (Benson, 1966).
SCB
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Piplocyclas sp. Haeckel 1881, p.
and Moore 1979» p. N57.
Other.
SBB

434»

Eucercryphalus Haeckel I860, p. 836;
Other.
SBB

1887» p.

1887» p.

1392; Nigrini

1220.

E. sestrodlscus (Haeckel), Nishimura and Yamauchi 1984» p.
51 pi. 62, figs. 3a-b, 4a-b.
Cecryphalium setrodiscus Haeckel 1887, p. 1399, pi» 58,
fig. 1;
Eucercryphalus sestrodiscus (Haeckel), Takahashi 1982, p.
241, pl 33, figs. 5, 7, 8.
Warm Water Sphere (Nishimura and Yamuchi, 1S84).
SCB
Plate 7» fig. 1.
Eucyrtidium acuminatum (Ehrenberg), Nigrini and Moore 1979,
p. N61, pl. 24, figs. 3a, b;
Lithocampe acuminatum Ehrenberg 1844a, p. 84»
Warm Water Sphere (Nigrini and Moore, 1979, Perez, 1983).
SBB
Plate 7» fig» 6.
E. calvertense Martin 1904» P» 450,pl. 130,
Intermediate ("Casey, pers. comm.).
LOM
Plate 4» fig• 11»
E♦ hertwigii Haeckel 1887» p. 1491» pl.
Warm Water Sphere (Casey, 1966).
SCB

fig.

80, fig.

5.

12.

E. hexagonatum Haeckel 1887, P* 1489, pl. 80, fig. 11;
Nigrini and Moore 1979, p. N63» pl. 24, figs. 4a, b.
Warm Water Sphere (Nigrini and Moore, 1979» McMillen and
Casey, 1978, Casey, 1977).
SCB, SBB
Lipmanella Loeblich and Tappan 1961, p. 229; Petrushevskaya
1971a, p. 220, figs. 100, 101.
Polar (robust), Warm Water Sphere (thin) (Perez, 1983,
Casey, pers. comm.).
SBB, LOM
L. dietyoceras (Haeckel), Petrushevskaya 1971a, p. 220,
figs. 100:I-VII; Boltovskoy and Riedel 1980, p. 125, pl. 5,
fig. 12;
Litornithium dietyoceras Haeckel 1860, p. 840.
Pictyoceras virchowii Haeckel 1862, p. 333, pl. 8, figs.
1-5.
Pictyoceras acanthicum Jorgensen 1900, p. 84; 1905» p.
140, pl.
17, fig. 101a, pl. 18, fig. 101b.
Warm Water Sphere (Casey, 1977» Boltovskoy and Riedel,
1980).
SBB
Plate 7» fig. 11.

Litharachnium gp. Haeckel I860, p. 835; 1887, p. 1163.
Other.
SCB, SBB
L. araneosum Haeckel 1887, p. 1163, pi. 55, figs. 8,
Other.
SCB

10.

L. tentorum Haeckel 1862, p. 281, pi. IV, figs. 7-10; 1887
p. 1163.
Warm Water Sphere (Casey, 1S77, Kling, 1S79).
SBB
Plate 7, fig. 2.
Lithocampe sp. Nigrini 1967, p. 87, pi. 8, figs. 6a, b;
Nigrini and Moore 1979, p. N65» pi. 24, figs. 5a, b.
Other.
SBB
Lithostrobus Haeckel 1887, p. 1974.
Other.
SBB
Lophocorys polycantha Popofsky 1913, p. 400, text-fig. 122
Warm Water Sphere (Casey, 1977).
SBB
Lychnocanoma grande (Campbell and Clark), Kling 1973, p.
637, pi. 10, figs. 10-14*
Lychnocanium grande Campbell and Clark 1944» P* 42.
Intermediate (Casey, pers. comm.).
L0M
Peripyramis circumtexta Haeckel 1887, p. 1162, pi. 54» fig
5; Nigrini and Moore 1979» p. N29» pi. 21, figs. 4a, b.
Transition-Central (Casey, 1977).
SCB, SBB
Plate 7, fig. 12.
Pterocanium grandiporus Nigrini 1968, p. 57, pi. 1, fig. 7
Nigrini and Moore 1979, p. N47, pi. 23, fig. 5.
Warm Water Sphere (Nigrini, 1968).
SBB
P. korotnevi (Dogiel), Nigrini and Moore 1979» p. N39» pi.
23» figs. 1a, b.
Pterocorys korotnevi Dogiel, Dogiel and Reshetnyak 1952,
p. 17, fig. 11.
Transition-Central (Nigrini and Moore, 1979).
SBB
Plate 7, fig. 8.
P. praetextum (Ehrenberg) eucolpum Haeckel, Nigrini and
TTôore iyV9,""p. N43, pi. 25, rig. 3.
Warm Water Sphere (Perez, 1983, McMillen and Casey, 1978).
SBB
Plate 7, fig. 10.
P. praetextum praetextum (Ehrenberg), Nigrini and Moore
1979, p. N41, Pi. 23, fig. 2.
Lychnocanium praetextum Ehrenberg, 1872a, p. 316.
Warm Water Sphere (Nigrini, 1970).
SBB
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P. trilobum
(Haeckel), Nigrini and Moore 1979, p. N45» pl.
23» figs. 4a-c*
Warm Water Sphere (Nigrini and Moore, 1979» Perez, 1983,
Casey, 1977).
SCB, SBB
Plate 7» fig. 7*
P. variabilis
Other.
SCB
Sethoconus dogieli Petrushevskaya 1967, P. 95» figs. 53, I,
II.
Intermediate (Casey, pers. comm.).
LOM
Plate 7, fig. 9.
S. facetus Haeckel 1887, p. 1296, pl. 55, fig. 1.
Warm Water Sphere (Casey, 1966).
SCB
Stichocorys Haeckel 1881, p. 4381,
Other.
LOM

1887, p. 1479.

Stichocorys delmontensis (Campbell and Clark), Sanfilippo
and Riedel 1970, p. 451* p. 1, fig. 9; Nigrini and Lombari
1984, p. N129, pl. 25, fig. 4Eucertydium delmontense Campbell and Clark 1944, P* 56,
pl. 7* figs. 19» 20.
Intermediate
(Casey, pers. comm.).
LOM
Theocalyptra Haeckel 1881, p. 434; 1887, p. 1897.
Intermediate (Perez, 1983).
SBB
T. bicornis (Popofsky), Riedel 1958, p. 240, pl. 5, fig. 4;
Nigrini and Moore 1979, P* N53* pl. 24, fig. 1.
Pterocoys bicornis Popofsky 1908, p. 228, pl. 34* figs. 7»
8
Intermediate (Casey, pers. comm.).
SBB, LOM
Plate 7, fig. 5-

.

T. davisiana (Ehrenberg) cornutoides (Petrushevskaya) Kling
1977, p. 217, pl. 1, fig. 20.
? Halicalystra cornuta Bailey 1856, p. 5* pl. 1, fig. 14»
Cycladophora davisiana var. cornutoides Petrushevskaya
1967» p. 124, pl* 70, figs. 1-3;
Theocalyptra sp. Kling 1973, pl. 9* figs. 18-22.
Diplocyclas sp. aff. £. bicorna Haeckel gp. Petrushevskaya
1575, P- 587, pl. 15, figs. 8-10.
Intermediate (Casey, pers. comm.).
SBB, LOM
Plate 7, fig. 3.
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T. davisiana davisiana (Ehrenberg) Nigrini and Lombari 1S84,
p. N139, pl. 26, fig. 2.
Cycladophora ? davisiana Ehrenberg 1861, p. 297;
Theocalyptra davisiana (Ehrenberg), Riedel 1958, p. 239,
pl. 4, figs. 2, 3* text-fig. 10.
Intermediate (Casey, pers. comm.).
SBB, LOM
Plate 7, fig. 4«
T^. gegenbauri (Haeckel), Boltovskoy and Riedel 1980, p. 126,
pl. 5, fig. 18.
Eucercryphalus gegenbauri Haeckel 1860b, p. 836.
Warm Water Sphere (Petrushevskaya, 1971a, Boltovskoy and
Riedel, 1980, Spaw, 1979).
SCB, SBB
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