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Calcareous Nannoplankton Biocoenosis: Sediment Trap Studies in
the Equatorial Atlantic, Central Pacific, and Panama Basin

John C. Steinmetz

Abstract

Sediment traps deployed on three moored vertical arrays collected particles at various
depths in the equatorial Atlantic (Station E), central Pacific (Station Pi), and in the

Panama Basin (Station PBi). The calcareous nannoplankton from the oe 63 ¡.m size frac-
tion were studied in order to characterize the flux of coccospheres and coccoliths, the taxa

present, and their condition of preservation throughout the water column.
The average calculated flux of coccospheres ranged from a low value of 24 coccospheres/m2

/day in the central Pacific, to an intermediate value of 4725 in the equatorial Atlantic, to

a high of 8030 in the Panama Basin. In general, the coccosphere flux 'decreased with depth

at all three sites.

Coccolith fluxes and flux profiles were significantly different at each of the three sites.
At Station E, the flux decreased regularly with depth but increased sharply at the lower-

most trap (724 m above the bottom). The average flux for the entire column was 316 x
106 coccoliths/m2/day. At Station PI, the flux was low in the shallowest two traps and
increased markedly in the three deepest traps. This increase is due mainly to a suspected

Umbilcosphaera sibogae bloom which occurre shortly before the traps were deployed in
September 1978. The highest coccolith flux was recorded in the Station PBi traps averaging
910 x 10 6 coccoliths/m2/ day. The flux profile at this station was essentially constant in
the shallowest four traps and decreased almost 59% in the lowermost two traps. The average
coccolith carbonate fluxes for the entire columns for the Stations E, Pi, and PBi are, re-

spectively, 2.53, 2.68, and 7.28 mg/m2/day. These fluxes represent minimum values, since
coccospheres and coccoliths were also contained in fecal pellets and other particles larger
than the size fraction studied (oe63 ¡.m).

Scanning electron microscopic examination of the trap samples revealed 56 species be-
longing to 33 genera of calcareous nannoplankton. Three new species are described and il-
lustrated: Alsphaera spatula n. sp., Umbilcosphaera calvata n. sp., ari;d Umbilcosphaera
scituloma n. sp.

A census of taxa present, including their relative frequency and state of preservation, is
presented together . with a photographic atlas of the taxa. Station E is the most diverse with
50 species, and is the best preserved of the three sites. Station PBi the least diverse with 26
more poorly preserved species. In general, the best preserved specimens were observed in the
shallowest sample at each of the three sites; diversity and state of preservation diminished
with increasing depth.
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Introd uction

Calcareous nannoplankton, or coccolithophores, are pelagic, single-celled, golden-brown
algae that secrete calcite plates or shields. Nannoplankton are one of the major constituents
of marine phytoplankton and are, therefore, important primary producers in the food chain
(e.g. Haq, 1978). Together with planktonic foraminifera and pteropods, they constitute the
major contributors of calcium carbonate to the water-column and the sea-floor.

Calcareous nannoplankton characteristically form spherical cells known as coccospheres.
Each coccosphere is covered with a layer or several layers of calcite shields called coccoliths.
Coccoliths are secreted internally and then extruded to the surface of the coccosphere where
they form a coating or armor around the cell. Coccoliths range in size between 1 and 10 ¡.m
in diameter, and the average coccosphere is between 5 and 20 ¡.m in diameter. Occasionally
coccoliths are sloughed off or lost, or they may be freed when a coccosphere disaggregates.

Much of our knowledge regarding the geographic distribution and preservation of cal-
careous nannoplankton is derived from plankton-tow, water-casting and surface-sediment
studies. Plankton-tow or water-casting studies have provided us with qualitative and quan-
titative information regarding the vertical distribution and seasonal variation in abundance
and composition, and with standing stock estimates of nannoplankton. Such measure-
ments, however, do not translate directly into sedimentation rate, accumulation rate, or
even preservational state of nannoplankton on the sea-floor. Surface-sediment studies may
yield information concerning the spatial distribution of calcareous nannoplankton in the
overlying waters; however, they provide little to the understanding of rates of coccolith
production and vertical transport. Until recently, oceanographers have not had a means to
investigate the processes by which these minute particles settle to the sea-floor. .

Simple, yet elegant, calculations by Honjo (1976), using the Stokes' relationship for
the settling of particles in a fluid, have shown that an individual coccolith from a cocco-
sphere would take several tens of years to settle unassisted in the open ocean. Certainly,
within a fraction of that time, a calcite particle would likely drift far beyond its original
latitudinal zone distribution and would undergo marked, if not complete, dissolution. Yet,
well-preserved coccolith ooze is present on the deep-sea floor beneath an overlying euphotic
community that is identical to it in assemblage composition.

Nannoplankton populations in the open ocean are under hi.gh grazing pressure from
zooplankton and are therefore likely to be consumed before completing their life cycle

(Honjo, 1975). Nannoplankton are among the flora consumed by grazing zooplankton and
commonly pass through the gut of these tiny organisms with no mechanical or chemical
effect on the calcite coccoliths. Fecal pellets of zooplankton occasionaly consist almost
exclusively of coccoliths. Often delicately preserved, intact coccospheres are found within
pellets (Honjo, 1975, 1976; Honjo and Roman, 1978). Fecal pellets and other oceanic macro-
aggregates are believed to be responsible for the rapid vertical transport of the majority of

coccospheres and coccoliths through undersaturated waters to the sea-floor (Honjo, 1975,
1976; Honjo and Roman, 1978). Such a transport mechanism also explains why coccoliths
occur below the calcite saturation depth and may exhibit little or no effect of progressive
dissolution. .

Individual coccoliths found at depth in the water column have either descended very
slowly to that point (very unlikely) or have been released from a fecal pellet that transported
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them to that depth (Honjo, 1976). In this paper, the term "free-coccolith" is used, and is
here defined as a coccolith found separate or free in the water column or retained in a
sediment trap. Free-coccoliths are likely to have been liberated (released) from fecal pellets

(or similar aggregate particles) which have broken or biodegraded and spiled their contents.
Fresh coccoliths or coccospheres are thus replenished at al depths by descending fecal pellets

(Honjo, 1976). If coccoliths are released from the host fecal pellets, their rate of descent
decreases a thousand-fold, and they are fully exposed to undersaturated deep water (Honjo,
1975). Upon their release from a fecal pellet, their residence time at depth in the water
column is relatively short and they are quickly remineralized. Thus, free-coccoliths dissolve
before they arrive at the sea-floor and do not disturb the bio-thanatocoenosis correspondence
between the surface water community and the surface sediment assemblage (Honjo, 1976).

With the advent of sediment-trap technology, scientists are now able to deploy anchored
or floating collecting devices for days to months in the open ocean. Once retrieved, the
quantities and identities of these particles can be ascertained, and particle fluxes directly
calculated (Wiebe et aI., 1976; Honjo, 1978, 1980; Spencer et al., 1978; Soutar et al., 1977;
Knauer et al., 1979; Rowe and Gardner, 1979; Thunell and Honjo, 1981). By measuring
the flux of calcareous nannoplankton to the sea-floor we can determine how the biocoenosis

(living assemblage) is transformed into the thanatocoenosis (death, or sedimentary, assem-
blage). We can then better estimate the importance of calcareous nannoplankton to the

calcium carbonate cycle in the oceans.
To date, little assessment of the assemblage composition, amount, and preservational

condition of calcareous nannoplankton from sediment trap experiments has been attempted.
Honjo (1976) reported on a study of the contents of zooplankton fecal pellets collected in
a sediment trap (Wiebe et al., 1976). The trap was deployed at 2,200 m for two months
in the Tongue of the Ocean, Bahamas. He found that about 80% of the pellets contained
hard skeletons of phytoplankton (coccoliths and diatoms) and clay mineral-like particles.
The preservation of the coccoliths was excellent. Honjo (1976) determined that the average
fecal pellet collected contained 0.8 ¡.g of CaC03, which he estimated to be equivalent to
approximately 1 X io5coccoliths or 5,000 average-size coccospheres. He also calculated the
horizontal drift of an average fecal pellet descending through a 5,000 m water column and
estimated the resolution of replication of the biD- and thanatocoenosis to be better than
200 km.

Sediment trap experiments are particularly important in obtaining information about
the transport of material through the water column. The Particulate Flux Experiment
(PARFLUX) was designed to measure total particulate flux to the sea-floor (Honjo, 1980).
A part of the program involved deploying a series of sediment trap arrays in different
oceanographic conditions. Material collected provides an unusual opportunity to measure
and compare total coccosphere and coccolith fluxes in regions of vastly different surface
productivity, as well as to document the biocoenosis of calcareous nannoplankton at these
locations.

Time-series PARFLUX sediment traps were utilzed by Samtleben and Bickert (1990)
to collect coccoliths at monthly increments for a year at three locations in the Norwegian
Sea. Results of the analyses are an important contribution to our understanding of cocco-

lith seasonality, species composition, and selective preservational' processes in high-latitude
waters.
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The purpose of this article is to document the character, quantity, and preservation of
coccospheres and coccoliths recovered from three vertical sediment-trap arrays deployed in
different water masses. Presented for the first time are measured flux values for coccospheres
and coccoliths in tropical areas. These values are presented in both flux of particles, as well
as in flux of equivalent calcium carbonate to their respective locations in the water column.
An atlas of calcareous nannoplankton ilustrates the taxa recovered at the three trap sites.

Oceanographic Setting of the Sediment-Trap Stations
The P ARFL UX experiment was designed to measure, characterize, and compare the flux

of particulate matter in different oceanographic regions having significantly different levels
of productivity. Of the three locations discussed here, the Panama Basin has the highest
level of primary productivity. The levels of biological productivity in this region of upwellng
exceed an annual average of 1,000 mg Cjm2 jday in the euphotic zone (Forsbergh, 1969;
Love, 1970, 1971; Moore et al., 1973). Station PI in the central Pacific lies within the area
of lowest level of biological productivity of the three regions considered. The station is north
of the eastern equatorial Pacific high productivity region and exhibits a productivity of less
than 100 mg Cjm2 jday (Koblentz-Mishke et al., 1970; van Andel et al., 1975). Station E
in the western tropical Atlantic displays a level of primary productivity that is somewhat
intermediate between those of the Panama Basin and central Pacific stations.

Station PBi is located in the northeast quadrant of the Panama Basin. The Panama
Basin lies in the eastern equatorial Pacific Ocean and is bounded on the east by the Isthmus
of Panama between Central America and South America, on the northwest by the Cocos
Ridge, and on the south by the Carnegie Ridge. The hydrography of the east tropical
Pacific region adjoining the Panama Basin is dominated by the Equatorial Current system.
Here lies the eastern terminus of the Equatorial Counter Current and the place of origin
of the westward flowing North and South Equatorial Currents (Smayda, 1966). Surface

circulation in the Panama Basin is characterized by a counterclockwise eddy, except during
February and March. During these months of the upwellng season, the southernmost loop
of the eddy continues directly into the South Equatorial Current (Cromwell and Bennett,
1959; Smayda, 1966), instead of flowing eastward toward the coast of South America and
then northward into the Gulf of Panama as the Columbia Current (Wooster, 1959).

Annually, the region is successively influenced by the movement of the Trade Winds-
Calm Belt (Doldrums) climatic system. From January through April, the dry, northerly,
offshore winds of the northeast Trade Winds prevail over the area and induce upwellng.
During upwellng, the surface waters are displaced offshore and replaced by colder, more
salne and nutrient-rich water. In late April or May, the northeast Trade Winds usualy
weaken and dissipate, move northward, and are progressively replaced by the Doldrums
and the southeast Trade Winds. The rain-bearing southeast Trade Winds are southwest,
relatively light and shalow onshore winds that usually persist until mid-December. For 8
months, heavy rains diminish ocean mixing. The surface waters become warm, diluted, and
nutrient-impoverished. A slight resurgence of northerly winds during July andjor August
may induce mixing or even cause a slight upwelling. During the rainy season, a progressive
southerly migration of the Trade Winds-Calm Belt (Doldrums) system re-establishes the
northeast Trade Winds in the region by December (Wooster, 1959; Smayda, 1966).
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Details of the oceanography of the Panama Basin have been described in reports by
Wooster and Cromwell (1959), Wyrtki (1967), Forsbergh (1969), and Stevenson (1970).
Upwellng in the Panama Basin is largely responsible for the high productivity ofthe waters.
Productivity is highest near the coastal margins and over the Carnegie Ridge (Moore et al.,
1973). The sediments in the Basin are dominated by biogenous components, except near
the coast where terrigenous input is high. The character and distribution of the sediments

are discussed by Kowsmann (1973), Moore et al. (1973), van Andel (1973), Heath et al.
(1974), and Yamashiro (1975).

Station PI is located between the Molokai and Clarion Fracture Zones in the east Hawaii
Abyssal Plain, one of the largest basins in the North Pacific Ocean. The area exhibits unusu-
aly monotonous flat topography, and no significant submarine features (ridges, seamounts,
or volcanoes) occur within 450 km of the station (Honjo, 1980). The nearest continental
landmass is 3,350 km away (Monterey, California). Station PI lies within the main axs of
the westward-flowing North Equatorial Current (Tchernia, 1980). Bottom sediments in the

area consist of consolidated clay with alternating thin ferro-manganese laminations (R/V
KANA KEOKI Cruise Report, September 1978, Hawaii Institute of Geophysics). Calcium
carbonate comprises less than 10% of the sediment (Berger et al., 1976).

Station E is located in the western tropical Atlantic at least 750 km from the nearest
landmass (Guyana coast). The station is situated within the north westward-flowing North
Equatorial Current (Tchernia, 1980). The underlying Demerara Abyssal Plain has a gentle
topography, is relatively flat, and gradualy deepens northward toward the eastern end of
the Puerto Rico Trench.

Logistics

The samples used in this study were collected from sediment trap arrays located in
the western equatorial Atlantic (Station E), the central North Pacific (Station PI) and the
Panama Basin (Station PBi) (Figure 1 and Table 1). At Station E (13°31'N, 54°00'W) four
sediment traps were deployed at various depths between 389 and 5,068 ffin 5,288 m of water
for a period of 98 days from November 1977 to February 1978. At Station PI (15°21'N,
151°28'W) five sediment traps were deployed between 378 and 5,582 m in 5,792 m of water
for a period of 61 days from September to November 1978. The third array, at Station PBi

(5°2lN, 81°53'W), consisted of six traps pl~ced at depths between 667 and 3,791 m in
3,856 m of water for 112 days from July to November 1979. -

The PARFLUX Mark II sediment trap was used at all three locations. The details of
the design and engineering were presented in Honjo (1980) and Honjo et al. (1980). The

trap opening is 1.5 m2 and contains hexagonal baffe cells to minimize water turbulence in
the trap. The sediment receiving cup is located at the bottom of the trap. Sodium azide
(NaN3) bacteriocides diffuse through a series of porous membranes to prevent degradàtion
of organic matter in the cup. Each receiving cup was automatically sealed 3 days prior to

recovery.
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Table 1:. Sediment Trap Logistics.

PARFLUX E PARFLUX Pi PARFLUX PBi

Location 13°30'N, 15°2lN, 5°2lN,
54°00'W 151°28'W 8¡053'W

Ocean/Basin Equatorial Central Eastern
Atlantic/ Pacific/ Pacific/
Demerara E. Hawaii Panama

Abyssal Plain Abyssal Plain Basin

Term 11/77-2/78 9/78- 11/78 7/79-11/79

Duration 98 days 61 days 112 days

Trap Depths 389 m 378 m 667 m

988 m 978 m 1,268 m
3,755 m 2,778 m 2,265 m
5,068 m 4,280 m 2,869 m

5,582 m 3,769 m
3,791 m

Ocean Depth 5,288 m 5,792 m 3,856 m

150° 120° 60° 30° 0°90°

Figure 1: Geographical locations of the three sediment-trap sites.
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Laboratory Procedures
Sample Preparation

The sediment trap samples were processed, split, and stored according to the methods
discussed in Honjo (1980). The oe63 t.m size-fraction from each sediment trap sample
was wet split into aliquots using a precision rotary splitter (Honjo/Erez splitter, Honjo,
1978). The laboratory procedures were performed on the following fractional alquots:
Station PI samples: 1/256 aliquot; Station E samples: 1/256 aliquot; and Station PBi
samples: 1/1024 alquot. Using pipettes, subsamples in the fractional alquots were taken
for the three assessments to be described (i.e., coccosphere studies, coccolith studies, and
SEM studies). The coccospheres and coccoliths were enumerated using separate procedures.
This is because of the size differences between coccospheres and coccoliths, but particularly
due to the frequency of coccoliths that was several orders of magnitude greater than that
of coccospheres.

The total liquid volume of each sample was between 60 and 160 mL.Each sample was
stored in a I-liter bottle. The size of the bottle and amount of liquid in each were such that
the sample could be gently swirled and thoroughly agitated to disperse and randomize the
solid particles within the liquid without losing sample. A few crystals of mercuric chloride
(HgCh) were added to each bottle to inhibit bacterial growth.

Coccosphere Studies

The Utermöhl or Inverted Microscope Method (Utermöhl, 1958; Lund, Kipling and
LeCren, 1958) was used to count coccospheres. In order to concentrate the particulate
material, a 5-ml alquot of liquid was withdrawn from an agitated sample container and
deposited in a 10-ml-capacity glass settling chamber. The particles were alowed to settle
to the bottom of the settling chamber for two hours and were then identified and counted
from beneath, using an inverted microscope.

Samples observed to be too dense were diluted with buffered, filtered sea-water to either
1/10 or 1/20 their original volume. Five diameter-transects of the settling chamber were
counted, and based on the average number of coccospheres per transect, the total number
of coccospheres in the entire chamber was estimated. The following rationale was used in
making this calculation: The ratio of the whole settling chamber bottom area to the area
of a one-diameter transect is:

1lr22 1lr
2rw 2w

where r is the radius of the chamber and w is the width of the diameter transect. The total
number of coccospheres in the entire chamber equals:

1lr N-x
2w

where N is the average number of coccospheres in a one-diameter transect.
In this study, for example, the 10-ml-capacity settling chamber had a diameter of 25 mm,

and the width of the transect (defined using a x40 objective lens) was 0.54 mm. Therefore,
the ratio of the whole bottom area to the area of one diameter transect was 36.36.



8 John C. Steinmetz

Only complete coccospheres or obviously ruptured spheres were counted; aggregates or
clumps of coccoliths were not. The estimates of the numbers of coccospheres per milliiter
represent a minimum; coccospheres less than about 10 t.m were not recognizable using a
x40 objective lens (x400 total magnification). Therefore, al small coccospheres, especialy

Emiliania huxleyi, were not accounted for in the estimates. Thoracospheres and individual
scyphospheres also were not counted.

The total number of coccospheres in the original sediment trap sample was calculated by
taking the product of the number of coccospheres per mililter, the original volume of liquid
sample in the fraction aliquot, and the inverse of the fractional alquot. The coccosphere
flux was calculated by dividing the total number of coccospheres by the area of the sediment
trap opening (1.5 m2), and by the number of days the trap was deployed (see Table 1).

Coccolith Studies

Experiments were performed using various cell-counting chambers in order to find the
most appropriate for counting coccoliths at the magnification required for their identifica-
tion. The Sedgwick-Rafter and Palmer-Maloney types provide for small volumes of liquid
(1.0 ml and 0.1 ml, respectively), but the densities of coccoliths present were too great to
count practically. The hemocytometer with improved Neubauer ruling was found effective
for counting coccoliths, considering the magnification required and the density of individu-
als per sample volume. The hemocytometer has two counting chambers consisting of nine
ruled squares, each 1.0 mm on a side. Each 1 mm2 area is further equally subdivided into
twenty-five squares. With the coverslip in place, the chamber is 0.1 mm deep and the vol-
ume of a 1 mm2 area is 1 mm3. Since 1 ml = 103 mm3, the volume of one 1 mm3 area is
0.0001 mL. Similarly, the volume of a 1/25 mm2 area is 0.000004 ml (= 4 x 10-6 ml). The
conversion factor used to obtain the number of coccoliths per mililter, from the average

number of coccoliths in a 1/25 mm2 area is 4 x 106.
Sample preparation for the hemocytometer consisted of withdrawing a 2-mlalquot of

liquid from the agitated sample container and. depositing it in a test tube. The tube was
agitated for thirty seconds on a vortex mixer at its highest speed setting to disarticulate
coccospheres and aggregates. A drop of liquid containing the sample was then introduced
into each of the two chambers of the hemocytometer. Rapid, continuous diffusion beneath
the coverslip ensured that the distribution over the counting grid was even. The coccoliths
in the liquid were allowed to settle 2-4 minutes before enumeration. _

A 1/25 mm2 area of the hemocytometer fills the field of view of a compound microscope
set for a magnification of x250 with a x20 objective. Coccoliths are readily visible at
this magnification. The coccoliths in twenty to forty 1/25 mm2-areas in each of the two
chambers were counted, with the aid of a hand taly, and an average number of coccoliths
for each area calculated.

Immediately following a counting procedure, the chambers were rinsed with fresh water,
followed by ethyl alcohol, and wiped dry with lens paper. This ensured rapid and smooth
distribution of the next sample.

The total number of coccoliths in the original sediment trap sample and the coccolith flux
were respectively calculated in the same manner as those for coccospheres. The coccolith
carbonate flux was calculated by assuming coccoliths to be pure calcium carbonate with an
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average mass of 8 X 10-12 gm per individual coccolith (Honjo, 1976). The product of the
flux and the average mass yields the carbonate flux in mgjm2 jday.

SEM Studies

The scanning electron microscope (SEM) was used to assess the taxa of coccolithophores
present in each trap sample, as well as their relative abundance and condition of preserva-
tion. The procedure for the preparation of samples was as follows: the sample was gently

agitated, and a small volume (1-2 ml) withdrawn into a pipette. The suspended sample was
released into a funnel of a vacuum filtering apparatus and deposited onto a N uCiepore(£

polycarbonate filter membrane 47 mm diameter, 0.4 t.m nominal pore size. It was not nec-
essary to treat any of the samples with an oxidant to remove organic matter before filtering.
A gentle vacuum (30 cm Hg), supplied by hand vacuum pump, ensured the preservation of
fragile coccospheres. Several washes of 10 ml buffered (with ammonium hydroxide) distiled
water removed any salts. The filter was vacuum-fitered until dry. The filter was removed,
placed in a petri dish on absorbent paper, and stored or air-dried overnight.

Small sections of the dried fiter were carefully cut and shaped with a dissecting scissors
to fit an SEM stub. The periphery of the filter was fixed to the stub using conductive silver
paste, applied with a wooden toothpick. After the paste was dry, the sample was coated
with about 150 Angstroms gold-palladium (AujPd:60j40) alloy in a Technics Hummer
Jr.(£ diode sputter coater apparatus applying 40-80 milltorr argon gas as an ionizer at 10

miliamperes for 2 minutes. The sample was examined on the high resolution, top stage
of an International Scientific Instruments(£ DS- 130 scanning electron microscope. Images
were recorded on Kodak(£ 35 mm Pan-X (ASA 32) film.

Each sample was studied several times; first to document (list and photograph) al of
the species present, later to estimate the relative frequency and state of preservation of each
species in the assemblage. The presence of whole coccospheres was also noted. Groups of
closely distributed coccoliths of the same species were assumed to have been derived from
a coccosphere which collapsed during the preparation procedure.

Frequency estimations of each species in the trap assemblage were semiquantitative.

That is, those taxa observed only once were designated as rare in occurrence; 2-10 times:

frequent; 10-100 times: common; and 100 or more times: abundant. Anyone taxon over-
whelmingly abundant in the assemblage was designated: dominant. Several thousand in-
dividuals were observed in each sample. Only after traversing the sample several minutes
(Le., encountering several hundred individuals) without observing an as-yet-unseen taxon,
was the search terminated. This procedure proved to be rapid, effcient, and reliable (i.e.,
reproducible). Using the same frequency estimation technique for smear-slide examination
of coccolith assemblages in the optical microscope (Gartner, 1972; Steinmetz, 1979), the
observer encounters and records the most abundant taxa first. These can then be ignored,
while attention is paid to the increasingly more infrequent taxa.
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Results

Coccosphere Studies

A typical sediment trap sample in the oe63 t.m particle size range contained few complete
coccospheres, but many individual coccoliths. Settled samples, deposited on the bottom of
the counting chamber, consisted of what was essentialy a monolayer of particulate material
evenly dispersed and exhibiting no aggregates. The average size of the coccospheres observed
was 18.7 t.m (n = 17, range: 12-24 t.m). Other particles in this size range included diatoms,
silcoflagellates, radiolaria, smal planktonic foraminifera, fragments of larger representatives
of the same, and assorted amorphous biogenic and unidentifiable mineral particles.

The total number of coccospheres, and the calculated fluxes of coccospheres, for each
sample are presented in Table 2 and shown graphicaly in Figure 2. The total number
of spheres represents an estimate of the minimum number, since the frequency of cocco-
spheres observed is limited by the methods applied in their enumeration. The range of
total coccospheres results from replicate, separate counting procedures performed on vari-
ous subsamples.

In general, the coccosphere flux decreases with depth at all three sites. The flux is lowest,
among the three sites, at Station PI where the average flux is greatest in the shallowest
trap (378 m), i.e., 122 coccospheresjm2 jday, and is zero at all other depths. At Station E,

the flux increases slightly from the shallowest trap (389 m) to'the next deeper (988 m),
and then decreases to the lowest trap. This increase may, in fact, be an artifact of the
laboratory method, considering the range of fluxes calculated (Table 2). The average flux
for the entire water column is 4725 coccospheresjm2 jday.

The highest fluxes were calculated at Station PBi. The average coccosphere fluxes for

the shallowest trap (667 m) and for the entire water column were, respectively, 23,413 and

8,030 coccospheresjm2 jday.

Coccolith Studies

Typically, a sample in the hemocytometer exhibited an even distribution of coccoliths,
with no aggregates of coccoliths, and no coccospheres. The usual number of coccoliths per
Ij25 mm2 area ranged from 0 to 5.

The term "coccolith" includes al calcareous nannoplankton with round or oval outlines
(placoliths), as well as discospheres, ceratoliths, rhabdoliths, helicospheres, -and scypho-

spheres. Additionally, the samples contained whole or fragmented diatoms, radiolaria, sili-
coflagellates, planktonic foraminifera, and unidentifiable debris.

The total number of coccoliths, calculated flux of coccoliths, and total coccolith carbon-
ate flux, for each sample in the oe63 t.m particle size range are presented in Table 3 and
shown graphically in Figure 3. The range of total coccoliths results from replicate counting
procedures performed on various subsamples.
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Table 2: Comparison of coccosphere fluxes in oe63 t.m size fraction. (The range results from
several separate counting experiments.)

Station:
Depth

(m)

Average
Total

Coccosphere Range of Total

Average
Coccosphere Flux
# sphere/m2/day)

Range of
Coccosphere Flux
# spheres/m2/day)

E: 389 860,092
988 1,150,886

3,755 536,832
5,068 231,941

Pi: 378 11 ,136

978 °
2,778 °
4,280 °
5,582 °

PBi: 667 3,933,389
1,268 2,085,888
2,265 471,020
2,869 489,984
3,769 145,101
3,791 968,448

660,480 - 1,215,283

60,877 - 2,439,270

336,384 - 737,280

198,676 - 265,206

° - 22,272

o - 942,039

o - 982,941

° - 290,202

o - 1,936,896

5,851
.7,829

3,652
1,578

4,493 - 8,267

414 - 16,594

2,288 - 5,016

1,352 - 1,804

122
°

°
°

°

0- 243

23,413
12,416
2,804
2,916
. 864

5,764

° - 5,607

° - 5,851

0- 1,727

0-11,529

E
EQUATORIAL ATLANTIC

10000

1000

2000

:il- _
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COCCOSPHERE FLUXES
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Figure 2: Variation in coccosphere flux with depth at Stations E, Pi, and PBi. The flux is

reported in number of coccospheresfm2 fday. Horizontal bars represent range of variation
among several counting experiments.
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Figure 3: Variation in free-coccolith flux with depth at Stations E, Pi, and PBi. The flux is
reported in coccoliths (x 106)jm2 jday along the upper horizontal axs, and in mgjm2 jday
along the lower horizontal axs. Horizontal bars represent range of variations in the cal-
culations resulting from several counting experiments. The dotted line in the PI profie

represents a "fractional" estimate of the flux (see text for an explanation).
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Coccolith fluxes and flux profiles are very different at each of the three sites. At Sta-
tion E, flux decreases regularly with depth, but increases sharply at the lowermost trap
(5,068 m) to its highest value in the profile. The average flux for the entire column is

316 x 106 coccolithsjm2 jday. Station PI has a slightly higher average for the entire col-
umn, 335 x 106 coccolithsjm2 jday, but the profile is not the same. Instead of decreasing
with depth, there is a marked increase in flux below the shallower two traps. The fluxes for
these two shallow traps (378 m and 978 m) are the lowest among all traps under consider-
ation, 0.03 and 33.57 x 106 coccolithsjm2 jday, respectively. The average coccolith flux in
the Station PBi traps is almost three times greater than the average flux in either Station E
or PI (910 x 106) coccolithsjm2jday. The uppermost four traps show a steady, sinular flux
averaging 9.04 :: .55 x 106 coccospheresjm2 jday. There is a marked drop in flux in the two
lowest traps (3,769 m and 3,791 m) to an average of 3.70 :: .42 x 106 coccospheresjm2 jday.

If we assume the average coccolith has a mass of 8 x 10-12 gm (Honjo, 1976), it is
possible to express the coccolith fluxes in terms of carbonate fluxes (Table 4 and Figure 4).
The average coccolith carbonate fluxes for the entire columns for Station E, PI, and PBi,
are, respectively, 2.53, 2.68, and 7.28 mgjm2 jday.

Based on biogenic carbonate flux data for each sample (Honjo et aI, 1982a), it was
possible to calculate the contribution of free-coccolith carbonate in oe63 t.m size-fraction

to the biogenic carbonate flux (Table 4 and Figure 4). This contribution ranges from 0%
(Station PI: 378 m) to 50.67% (Station PI: 4,280 m). The relative contribution of free-
coccolith carbonate to the biogenic carbonate flux is lowest at Station E (averaging 9.1% for
the entire column), moderate at Station PBi (16.4%), and highest at Station PI (26.6%).

SEM Studies

The calcareous nannoplankton recovered in the sediment traps are presented in Table 5
according to the hierarchial classification suggested by Tappan (1980). Fifty-six species,
belonging to thirty-three genera and representing fifteen familes, are recorded. A census of
the taxa present in each trap, including relative frequency and preservational data, is found
in Table 6. The most diverse assemblage was found at Station E with 50 species. The least
diverse assemblage was found at Station PBi with 26 species. Station PI had 35 species of

coccolithophores.
Preservation of the taxa ranged from good (pristine) to poor in most of the samples.

Only at the shallowest trap at each site were all specimens preserved in good condition.

In general, well-, moderate-, and poorly-preserved specimens of the same species were all
found in the same trap sample. This substantiates two previous assumptions: 1) well-
preserved specimens in traps at great depth were rapidly transported there, even through

undersaturated waters; and 2) the breakdown of fecal pellets or oceanic aggregates proceeds
within (or just above) the traps, allowing coccoliths to be partially, if not wholly, dissolved.
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Table 4: Flux of free-coccolith carbonate.

Biogenic
Depth Carbonate Flux'

Station m (mg/m2/day)

Free-Coccolith
Carbonate Flux
(mg/m2/day)

% Free-Coccolith
in Biogenic

Carbonate Flux

E: 389 43.5 2,78 6,39
988 27.1 2.08 7,68

3,755 26.1 1.00 3.83
5,068 23.0 4,26 18.52

378 4.0 Tr Tr
978 5.4 .27 5,00

2,778 11.7 4,23 36.15
4,280 12.0 6.08 50.67
5,582 6.8 2.82 41.47

667 41.2 9.44 22.41
1,268 41.0 9.32 22,73
2,265 44.9 8.49 18,91
2,869 50.9 8.91 17,50
3,769 45.2 4.12 9,12
3,791 46.9 3.38 7,21

Pi:

PBi:

"Data from Honjo et al., 1982,

PROPORTION OF FREE-COCCOLITH CARBONATE

IN BIOGENIC CARBONATE FLUXES
(%)E p, PS,

EQUATORIAL ATLANTIC CENTRAL PACIFIC PANAMA BASIN10 20 10 20 30 40 60 10 20 30

Figure 4: Variation in proportion of free-coccolith carbonate in biogenic carbonate flux with
depth at Stations E, Pi, and PBi. The dotted line in the PI profie represents a "fractional"
estimate of the flux (see text for an explanation).
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Table 5: Taxonomic list of calcareous nannoplankton from sediment traps.

Kingdom PLANTAE

Division HAPTOPHYTA

Class COCCOLITHOPHYCEAE ROTHMALER, 1951
Order ISOCHRYSIDALES PASCHER, 1910

Family GEPHYROCAPSACEAE HAY, 1977
Genus Crenalithus ROTH, 1973

C, sessilis (Lohmann) OKADA AND MCINTYRE, 1977
Genus Emiliania HAY AND MOHLER, 1967
E. huxleyi (Lohmann) HAY AND MOHLER, 1967

Genus Gephyrocapsa KAMPTNER, 1943

G. oceanica KAMPTNER, 1943

Family THORACOSPHAERACEAE SCHILLER, 1930
Genus Thorocosphaera KAMPTNER, 1927

T. heimii (Lohmann) KAMPTNER, 1941

T. tuberosa KAMPTNER, 1963

Order ZYGOSPHAERALES HAY, 1977
Family CALYPTROSPHAERACEAE

BOUDREAUX AND HAY, 1969

Genus Calyptrosphaera LOHMANN, 1902

C. catillifera (Kamptner) GAARDER, 1962
C. oblonga LOHMANN, 1902

C. pirus KAMPTNER, 1937

Genus Corisphaero KAMPTNER, 1936

C. gracilis KAMPTNER, 1937

Genus Helladosphaera KAMPTNER, 1936

H. aurisinae KAMPTNER, 1941

H. cornifera (Schiler) KAMPTNER, 1937
H. dalmatica (Kamptner) OKADA AND MCINTYRE, 1977
H. fastigata OKADA AND MCINTYRE, 1977

Genus Homozygosphaera DEFLANDRE in GRASSÉ, 1952

H. ponticulifera (Kamptner) KAMPTNER, 1954
H. quadriperforata (Kamptner) GAARDER, 1962
H. schilleri (Kamptner) OKADA AND MCINTYRE, 1977

Genus Sphaerocalyptra DEFLANDRE in GRASSÉ, 1952

S. marsilii BORSETTI AND CATI, 1976
Order DISCOASTERALES HAY, 1977

Family DISCOASTERACEAE VEKSHINA, 1959

Genus Hayaster BUKRY, 1973

H. perplexus (Bramlette and Riedel) BUKRY, 1973
Family CERATOLITHACEAE NORRIS, 1965

Genus Cerotolithus KAMPTNER, 1950

C, cristatus KAMPTNER, 1950
Family BRAARUDOSPHAERACEAE DEFLANDRE, 1947

Genus Braarodosphaera DEFLANDRE, 1947

B. bigelowi (Gran and Braarud) DEFLANDRE, 1947
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Table 5 (Continued)

Order EIFFELITHALES ROOD, HAY, AND BARNARD, 1971

Family PONTOSPHAERACEAE LEMMERMANN
in BRANDT AND ApSTEIN, 1908

Genus Pontosphaera LOHMANN, 1902

P. messinae BARTOLINI, 1970

P. multipora (Kamptner) ROTH, 1970

Family SCYPHOSPHAERACEAE JAFAR, 1975
Genus Scyphosphaera LOHMANN, 1902

S. apsteinii LOHMANN, 1902
Famly HELICOSPHAERACEAE Black, 1971,

emend. 'JAFAR AND MARTINI, 1975

Genus Helicosphaera KAMPTNER, 1954

H. carten (Walich) KAMPTNER, 1954

H. hyalina GAARDER, 1970

H. pavimentum OKADA AND McINTYRE, 1977
H. wallichii (Lohmann) OKADA AND MCINTYRE, 1977

Famly CALCIOSOLENIACEAE KAMPTNER, 1937

Genus Anoplosolenia DEFLANDRE in GRASSÉ, 1952

A. brasiliensis (Lohmann) DEFLANDRE in GRASSÉ, 1952

Genus Scapholithus DEFLANDRE in DEFLANDRE AND FERT, 1954

S. tossilis DEFLANDRE in DEFLANDRE AND FERT, 1954

Order COCCOLITHALES SCHWARZ, 1932 orth. mut.,
Rood, Hay, and Barnard, 1971

Famly COCCOLITHACEAE POCHE, 1913 orth mut., Kamptner, 1928
Subfamly COCCOLITHOIDEAE KAMPTNER, 1928

Genus Oolithotus REINHARDT in COHEN AND REINHARDT, 1968

O. frgilis (Lohmann) OKADA AND MCINTYRE, 1977
Subfamily TERGESTIELLOIDEAE REINHARDT, 1966

Genus Cyclococcolithus KAMPTNER, 1954

C. leptopora (Murray and Blackman) KAMPTNER, 1954
Genus Umbilicosphaera LOHMANN, 1902

U. calvata STEINMETZ, n. sp.

U. hulburtiana GAARDER, 1970

U. scituloma STEINMETZ, n. sp.
U. sibogae (Weber-van Bose) GAARDER, 1970

17
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Table 5 (Continued)

Order SYRACOSPHAERALES HAY, 1977
Family SYRACOSPHAERACEAE LEMMERMANN

in BRANDT AND ApSTEIN, 1908

Genus Alisphaera HEIMDAL, 1973
A. spatula STEINMETZ, n. sp.

Genus Anthosphaera KAMPTNER, 1936

A. oryza (Schlauder) GAARDER in GAARDER AND HASLE, 1971

Genus Coronosphaera GAARDER AND HEIMDAL, 1977

C. binodata (Kamptner) GAARD~R AND HEIMDAL, 1977
Genus Syracosphaera LOHMANN, 1902

S. lamina LECAL-SCHLAUDER, 1951

S. molischi SCHILLER, 1925

S. pulchra LOHMANN, 1902

Famly HALOPAPPACEAE KAMPTNER, 1928
Genus Deutschlandia LOHMANN, 1912

D. anthos LOHMANN, 1912

Genus Florisphaera OKADA AND HONJO, 1973
F. profunda OKADA AND HONJO var. profunda

OKADA AND HONJO, 1973
F. profunda OKADA AND HONJO var. elongata

OKADA AND MCINTYRE, 1979

Genus Halopappus LOHMANN, 1912

H. adriaticus SCHILLER, 1914

Genus Thorosphaera OSTENFELD, 1910

T. ftabellata HALLDAL AND MARKALI, 1955
Famly RHABDOSPHAERACEAE LEMMERMANN

in BRANDT AND ApSTEIN, 1908

Genus Discosphaera HAECKEL, 1894

D. tubifera (Murray and Blackman) LOHMANN, 1902

Genus Rhabdosphaera HAECKEL, 1894

R. clavigera MURRAY AND BLACKMAN, 1898

R. stylifera LOHMANN, 1902

Genus Umbellosphaera PAASCHE
in MARKALI AND PAASCHE, 1955

U. il'egularis PAASCHE in MARKALI AND PAASCHE, 1955

U. tenuis (Kamptner) PAASCHE in MARKALI AND PAASCHE, 1955
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Table 7: Comparison of fluxes at the three sediment-trap sites.

Average
Mass Flux.

Site (mg/m'/day)

Average
Biogenic Fraction.

('Y)

Average
Biogenic Flux"
(mg/m' /day)

Average Biogenic
Carbonate Flux.

(mg/m' /day)

Average
Cocc08phere Flux

(# sphere/m'/day)

Average
Coccolith Flux

((xI06)/m'/day)

E 53,0 80,3 42,5 28,5 4728 316,3

Pi 12.8 97.2 12,4 7,6 24 334,9

PB, 143. 720 103. 42.9 8030 909,6

.Calculated from data ia Banjo d ai., 1982.

Discussion

Total Calcareous Nannoplankton Flux

The flux of biogenic material (Le., carbonate, silica, and organic matter) in the water
column is a reflection of the biological productivity of the surface water. The differences in
fluxes at the three sediment trap sites indicate the variation in surface productivity. This is
apparent in the average total biogenic mass fluxes and the average total carbonate fluxes,
as well as in the coccosphere and coccolith fluxes. Data from Honjo et aL. (1982a) were used
to calculate these values; see Table 7. The lowest fluxes (Le., average biogenic flux, average
biogenic carbonate flux, average coccosphere flux, and average coccolith flux) were recorded
at Station PI in the low productivity region of the central Pacific. Intermediate flux values

occur at Station E in the equatorial Atlantic. The highest values occur in the Panama Basin,
Station PBi, in a region of coastal upwellng. There, flux values are approximately double
or more for each of the parameters measured. Modification of the coccolith-carbonate flux
by carbonate dissolution is indicated by the apparent decrease of flux with depth. The only
deviation from this trend is seen in the average coccolith flux value for Station Pi. This

wil be explained in the section below.

Station P 1, Central Pacific

The coccosphere and coccolith fluxes at Station Pi are unusual for several reasons. First
the average coccosphere flux is 24 coccospheresjm2 jday, almost 200 times lower than the

flux at Station E (Table 7). Were it in proportion to the average biogenic carbonate flux

seen at the other two sites, an average flux of about 1,300 coccospheresjm2 jday would be
expected. Second, the free-coccolith flux increases with depth (Table 3 and Figure 3). This
results in an anomalously high average coccolith flux for the site. It is also remarkable, since
the profile of coccolith flux decreases with depth at the other two sites, which is normal
considering the increased dissolution of calcium carbonate with depth.

In explaining this unusual profile, I initially suspected an artifact from the laboratory
procedure. I repeated the coccolith enumerations using the hemocytometer, but this time
counted only those coccoliths that could be identified as such without equivocation. (The
reasoning for this second count was that some of the smal circles and ovals seen through
the microscope, and perhaps counted, may have been dead cilates or fragments of diatoms
or radiolaria, thus inflating the counts). The recount did not indicate this to be a problem.
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The "fractional" profile (shown in Figures 3 and 4 by the long-dashed line in the Sta-
tion PI profile) thus represents the contribution of ceratoliths, helicospheres, rhabdoliths,

and scyphospheres only (i.e., calcareous nannoplankton with unique shapes). This frac~
tional profile is also seen to increase with depth before decreasing at the lowermost trap,
thus paralleling the original (total count) coccolith flux. The answer to the reason for the
unusual trend was provided by SEM examination of the samples. The "bulge" in the pro-
file is due mainly to the predominance of one species in the assemblages, Umbilicosphaera
sibogae. What the profile likely represents is the record of a nannoplankton bloom which
occurred on the surface just before the sediment-trap array was deployed in September
1978.

The cocco spheres and coccoliths produced in the bloom were apparently already pack-
aged in fecal pellets or other oceanic aggregates and had descended below the second trap
depth (978 m) when the trap array was deployed. Hence, the intermediate traps (2,778 m
and 4,280 m) and lowest trap (5,582 m) collected material already "in transit" to the sea-
floor.

Evidence of the blooms of U. sibogae have also been observed by Honjo et al. (1982b)'
and Honjo (1982) in the Panama Basin. Using rotating collector cups on sediment traps
to provide a means to determine the seasonalty of fluxes and flux constituents, they noted
that 93% of the June/July 1980 flux was accounted for by U. sibogae. At Station Pb the

bloom was not constrained only to this one species of coccolithophore, since the "fractional"
members of the assemblage are also seen to increase with depth. Why this is not reflected in
the coccosphere flux profile is not readily evident; however, U. sibogae was seldom observed
with the SEM in whole coccospheres at any of the stations or depths. This suggests that
the coccosphere of U. sibogae easily disaggregates and may not survive the passage through
a zooplankton gut except as individual coccoliths.

In the late summer and early fall 1969, an oceanographic expedition aboard the R/V
HAKUHO MARU collected along a north-south transect along the 155°W meridian of lon-
gitude. The coccolithophore community was studied in the surface-water and subsurface-
water column down to 200 m (Okada and Honjo, 1973; Honjo and Okada, 1974). Sta-
tion PI (15°2lN, 151°28'W) is close enough to permit comparison of coccolith assemblages
between 10° and 25°N within the North Equatorial Current. Okada and Honjo (1973)

reported that Umbellosphaem irregularis was the dominant species in the surface waters,
usually comprising more than 50% of the assemblage. The next most abundant species
was Emiliania huxleyi (less than 20%), followed, in approximate decreasing abundance, by
Discosphaera tubifera, Umbellosphaera tenuis, Umbilicosphaera sibogae, Umbilicosphaera

hulburtiana, Rhabdosphaera clavigera, and Syracosphaem spp. The dominant species was
replaced in the lower photic waters (125-200 m) by two deep-water species, Florisphaera
profunda and Thorosphaem flabellata (together commonly accounting for more than 70%
of the assemblage).

In the present study, species in assemblages were evaluated in terms of relative frequency
(see Table 6), so direct comparison with the results of Okada and Honjo (1973) and Honjo
and Okada (1974) is not possible. However, several points are noteworthy. First, with
the exception of one taxon, all species mentioned above occur regularly and frequently at
Station Pl. The exception is Thorosphaera flabellata; it was not recorded at Station Pl.
Second, Umbellosphaem irregularis was usually common to abundant in Station Pi traps,
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but it was not dominant in any assemblage. Finally, Umbilicosphaera sibogae never ac-

counted for more than 10% of any assemblage within waters of the North Equatorial Cur-
rent along the 155°W transect in the study by Okada and Honjo (1973) and Honjo and
Okada (1974), yet it was dominant at depth in Station PI traps. The last two points are,
again, probably best explained by the seasonal, fall blooming of Umbilicosphaera sibogae in
the North Equatorial Current.

While the evidence for a bloom at Station PI is not altogether overwhelming, it does, at
least, support the limited evidence at hand. Until more seasonal and time-related studies can
be run, it is best to remember a comment by Sheldon (1984, p. 1345) to help us accommodate
the hypotheses advanced to explain such strange phenomena: "... The oligotrophic central
regions of the ocean have often been compared to deserts, but they resemble deserts in only
one characteristic-low biomass. In their other features, notably, high growth rates and
rapid recycling, they perhaps more closely resemble tropical forests."

Station E, Equatorial Atlantic

The coccosphere and coccolith flux profies at this station are not unusual, except that
the coccolith flux increases sharply in the lowermost trap (5,068 m). An increase with
depth in clay and rock forming minerals also was noted by Honjo (1980). All other flux
profies show a tendency of materials to decrease with depth, an indication of progressive
dissolution with depth. Collectively, these observations suggest that the sharp increase

in the coccolith, clay, and rock forming mineral fluxes are due to two possibilties. They
could result from the resuspension of in situ sediment. The bottom sediment is firm silty
clay (Honjo, 1980). The lowermost trap is 724 m above the sea-floor. Alternatively, the
sediments could result from the horizontal advective transport of very fine particles from
the Amazon Cone. The mineralogy of the clays in the region of the Amazon Cone and in
the lowermost trap appears to be similar (Miliman et al., 1975; Emelyanov and Trimonis,
1977; Honjo, 1980). Deep advective transport of lithogenic particles has been demonstrated
in the Panama Basin (Honjo et al, 1982c; 1982d). Smectite caught there in sediment traps
originated from the continental slope northeast of the station and was lateraly transported
at mid-water depths to the station.

The presence of the calcareous nannofossils Discoaster brouweri TAN SIN HOK (extinct
since the end of the Pliocene) and Discoaster quinqueramus GARTNER (extinct since the
late Miocene) in the Station E trap demonstrates the fact that particles at least about 7 t.m
in diameter are being resuspended or transported from elsewhere.

Station PBi, Panama Basin
The high productivity of the upwellng water in the Panama Basin is demonstrated in

the coccosphere and coccolith fluxes. The average coccosphere flux for the water column
at Station PBi is almost twice that the the equatorial Atlantic, Station E (8,030 vs. 4,728

coccospheresjm2 jday). The average coccolith flux at Station PBi is almost three times that
for Station E (909.65 x 106 vs. 316.32 x 106 coccolithsjm2 jday). The average coccolith

flux measured in oe63 t.m portion is 7.28 mgjm2 jday or about 17.2% of the biogenic car-
bonate flux. The coccosphere flux decreases irregularly with depth (Table 2 and Figure 2).
The shallowest trap shows a flux of about 23,400 coccospheresjm2 jday. The next deepest
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(1,268 m) has about half that, the next two traps (2,804 m and 2,916 m) about one-fourth
of that. The lowermost trap shows an increased flux for an unknown reason.

The flux of coccoliths through the water column shows an unusual profile. The flux of
coccolith carbonate at the topmost four traps is almost the same, averaging 9.04 mgjm2 jday
(s.d. = .43; range: 8.49-9.44 mgjm2 jday). There is a rapid decrease to the lowermost two
traps to an average flux of 3.75 mgjm2 jday (Figure 3). The change in flux between the
upper traps and the lower traps represents a decrease of 58.6%. These results correlate
well with the findings of Thunell et al. (1981), who conducted an in situ study of calcite
dissolution in the Panama Basin using foraminifera. Their results also indicated that the
rate of dissolution in the water column increased at 2,869 m, but particularly below that
depth. This coincides with the depth at which the calcium carbonate content of surface

sediments began to decrease rapidly (the sedimentary lysocline). They concluded from
their study that neither the sedimentary lysocline nor the hydrographic lysocline could be

directly related to a transition from saturation to undersaturation.

The Fate of Coccoliths Suspended at Depth
Fecal pellets produced by zooplankton serve as a means of vertical transport of coccoliths

and coccospheres from the euphotic zone to the deep-sea floor (Honjo, 1976). This was first
suggested by Lohmann (1902). Since then coccoliths have been reported in the gut contents
of various zooplankton (Murray and Hjort, 1912; Esterly, 1966; Mulln, 1966), as well as in
zooplankton fecal pellets (Marshall and Orr, 1956, 1962; Bernard, 1963; Roth et al., 1975;
Honjo and Roman, 1978). Fecal pellets also serve to protect coccoliths in their descent
through undersaturated waters. This role has been directly demonstrated by scanning

electron microscopy (Schrader, 1971; Honjo, 1975; Roth et aI., 1975; Honjo and Roman,
1978).

Coccoliths and coccospheres apparently pass through the alimentary canal of copepods
with no dissolution effect. While Marshall and Orr (1955) stated that the gut of copepods
is acidic, Honjo and Roman (1978) found no evidence to support this. Aragonite crystals
mixed with food were fed to copepods. These crystals readily dissolved in solution with
slightly lowered pH (oe6), but showed no evidence of dissolution or etching in the fecal
pellets. Honjo and Roman concluded that the pH of the copepod gut was close to that of
seawater, and that coccoliths, including delicate forms such as Umbilicosphaera irregularis,
would not show any dissolution in natural fecal pellets. Honjo and Roman (1978) suggested
that fecal pellets are thus protective rather than destructive to skeletal particles of less than
10 t.m. The present study indicates that the lower limit of "protection" certainly extends
to the sub-micron range. Calyptrosphaem catillifera and Helladosphaera fastigata, both
composed of calcite crystallites less than 0.1 t.m in diameter, were found intact and showed
no evidence of dissolution.

The sinking rates of fecal pellets have been variously reported. Wiebe et al. (1976) col-
lected pellets in sediment traps and measured their sinking rates in the laboratory. Rates
ranged from 50 to 225 mjday, with a mean of 160 mjday. Honjo and Roman (1978) mea-
sured the sinking rates of fecal pellets from copepods fed Emiliania huxleyi in the laboratory.
The sinking rates for fecal pellets from Acartia tonsa were approximately 120 mjday (range
80 to 150 mjday) and for the larger pellets from Calanus finmarchicus, 180 to 220 mjday,
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Pellets produced in the laboratory were less dense than fecal pellets of similar size from
sediment traps. Pilskaln (1982) calculated the sinking rate of green fecal pellets and found
that 75% descended 237-750 mjday (mean: 343 mjday). Residence time in the deep ocean
is a few weeks to months. The lateral displacement of a pellet through a 4-km deep water
column, assuming unidirectional advection of 3 cmjsec., could be between 26 and 39 km.
The resulting sediment thanotocoenosis would reflect variability in oceanic biocoenosis of
this scale (Bishop et aI., 1977).

Intact fecal pellets account for only 10% to 20% of the coccolith flux (Honjo et al.,
1982a). Moreover, fecal pellets account for only a smal fraction of the total biogenic carbon
flux (carbonate flux plus organic flux) to deep water. The bulk of carbonate and organic
matter is believed to be transported in particles variously known as macroscopic amorphous
aggregates, large amorphous aggregates, or 'marine snow' (Bishop et al., 1977; Silver et al.,
1978; Alldredge, 1979; Honjo et al., 1982a). While the origin of these aggregates is not fully
understood, they are believed to come from the disintegration of fragile fecal pellets or other
particulate organic matter (zooplankton fragments, free algal cells, pigmented granules, and
waxy particles) (Honjo et al., 1982a). Laboratory experiments indicate that the sinking rate
of amorphous aggregates (ranging from 10 to 100 mjday) is equivalent to that of middle-
sized fecal pellets (Bishop et al., 1977; Shanks and Trent, 1980; Alldredge and Cox, 1982).
Fecal pellets are believed to be particularly effcient in transporting surface-induced fine

particles, while settling amorphous aggregates are thought to play the dominant role in
transport to the deeper layers (Honjo, 1984).

Okada and Honjo (1973) observed up to 100 suspended coccoliths per liter in the deep
equatorial Pacific. The abundant suspended coccoliths distributed at depth in the ocean are
presumed to have been spiled from fecal pellets (Honjo, 1975). Coprophagy (Frankenberg
and Smith, 1967; Paffenhöfer and Strickland, 1970), bacterial degradation (Johannes and
Satomi, 1966), and other modes of destruction (Smayda, 1969) of the protective organic
pellcle surrounding the fecal pellet are believed largely responsible for the breakage of pellets
at depth. Microbial activity, however, is very slow in the deep sea (Jannasch and Wirsen,
1973). Fresh coccoliths and coccospheres are thus continually replenished at all depths by
rapidly descending fecal pellets or aggregates. Once spiled or released from a fecal pellet,
coccoliths undergo a thousandfold decrease in their rate of descent (Honjo, 1976). Moreover,
they are fully exposed to the undersaturated deep water and proceed to undergo immediate
dissolution (Honjo, 1975, 1976). Hence, only very recently spiled coccoliths are collected
by sediment traps, which explains the presence of undissolved coccoliths in undersaturated
water.

In the present study, except in the shallowest trap from each of the sediment trap
sites, coccoliths were found in all stages of preservation at all depths. Not only were well-
preserved, as well as nearly-dissolved, forms found in even the deepest traps, but the ratio of

well-preserved to poorly-preserved forms did not change with depth. In the shallowest traps,
only well-preserved forms were found; any dissolution was minimal. The diversity of the as-
semblage changed with depth, in general, decreasing with depth. At Stations E and PBi the

number of species in the lowermost traps contained half the number found in the shallowest.
This evidence of selective dissolution with depth was most apparent among the holococ-
coliths (e.g., Calyptrosphaera, Corisphaera, Helladosphaem, and Homozygosphaera); rarely
were specimens observed below about 3,800 m.
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These general trends were also noted by Honjo (1975) in his analysis of suspended
coccoliths retrieved in filtered water samples from various depths in the Pacific Ocean.
However, he did not observe any strongly dissolved coccoliths. The microarchitecture of
coccoliths is such that even a slight amount of dissolution wil greatly weaken the entire
structure. Honjo (1975) suggested that the weakened forms disintegrated and were lost

during filtration. The presence of well-preserved, or pristine, forms at depth, particularly
in undersaturated waters, indicates that fecal pellets and aggregates do provide means of
protection and rapid transport to these depths. It also indicates that the free-coccoliths were
released from the fecal pellets or aggregates immediately above the trap mouths, that the
fecal pellet pellcles broke or were biodegraded within the traps, or that the pellets merely
broke during the mechanical handling of the samples. Any exposure of free-coccoliths to the
undersaturated deep waters would likely result in immediate dissolution, so it is reasonable
to assume that the pristine forms are derived from fecal pellets and aggregates broken in
laboratory handling of the samples. This is supported by the observations of Honjo and
Roman (1978), that the "green" fecal pellets are loosely formed and easily broken. Similarly,
Pilskaln (1982) noted that large fecal pellets, such as produced by salps and euphausidsand
contributing a large proportion to the flux, also have a soft consistency thus assuring their
breakdown in the sediment trap, or certainly in the laboratory.

Conclusions

1. Coccospheres and coccoliths can be effectively enumerated in sediment trap samples
utilzing settling chamber-inverted microscope techniques and hemocytometer count-
ing chamber techniques.

2. Coccosphere fluxes at the three sampling sites range from zero at depth at Station PI
up to 23,400 coccospheresjm2 jday in the high productivity region of the Panama
Basin. In general, coccosphere flux decreases with depth in the ocean.

3. Coccolith fluxes range from trace levels (Station Pi, 378 m) up to over 2000 X 106
coccolithsjm2 jday in the Panama Basin. Coccolith flux profiles differ at each of the
three sample sites. In general, the flux tends to decrease with depth in the ocean,
except in the central Pacific where the increased flux at depth is due to a suspected
coccolithophore bloom (particularly Umbilicosphaera sibogae) which occurred shortly

before the sediment trap array was deployed in September 1978. A marked increase in
the flux at the lowermost trap in the equatorial Atlantic is attributed to either res us-
pension of bottom sediment or advective transport of fine material into the sediment
trap.

4. The average coccolith carbonate fluxes for the entire columns for Stations E, Pi,

and PBi, are respectively, 2.53, 2.68, and 7.28 mgjm2 jday. These fluxes represent
minimum values, since coccospheres and coccoliths in the oe63 t.m-sized fraction were
studied. Coccospheres and coccolith contained in fecal pellets and other particles were
not considered.

5. The relative contribution of free-coccolith carbonate in oe63 t.m-sized fraction to the
biogenic carbonate flux is lowest at Station E (averaging 9.1% for the entire column),
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moderate at Station PBi (16.4%), and highest at PI (26.6%). The high value at
Station PI is almost entirely attributable to the coccolithophore bloom.

6. SEM examination of all the sediment trap samples revealed 56 species of calcareous
nannoplankton belonging to 33 genera. The most diverse assemblage was found at
Station E (50 species), the least diverse at Station PBi (26 species), and Station PI
with an intermediate level (35 species).

7. Preservation of the taxa ranged from good (pristine) to poor in all the traps except
the shallowest at each site where all specimens were preserved in good condition.

Well-preserved specimens in traps at greater depths were rapidly transported there,

even through undersaturated waters, in fecal pellets or amorphous aggregates. The
breakdown of fecal pellets or aggregates proceeds within or just above the traps,
allowing coccoliths to be partially, if not wholly, dissolved. This explains why fragile
taxa, such as holococcoliths, are found preserved in only the shalower traps in an
array, and why there is a general decrease in the diversity of an assemblage with

depth.

8. An atlas of calcareous nannoplankton recovered in the sediment traps is presented.
Three new species are described and ilustrated: Alisphaera spatula n. sp., Umbili-
cosphaem calvata n. sp., and Umbilicosphaera scituloma n. sp.

Systematics of New Species

Kingdom PLANTAE
Division HAPTOPHYTA

Class COCCOLITHOPHYCEAE ROTHMALER, 1951
Order COCCOLITHALES SCHWARZ, 1932 orth.

mut. ROOD, HAY, AND BARNARD, 1971

Family COCCOLITHACEAE POCHE, 1913 orth.
mut. KAMPTNER, 1928

Subfamily TERGESTIELLOIDEAE REINHARDT, 1966
Genus Umbilicosphaera LOHMANN; 1902

Umbilicosphaera calvata STEINMETZ new species
Plate 5, figures 1-4

Cricosphaera sp. I CONNLEY, 1979, p. 28; pi. 5, fig. 14; pi. 6, fig. 11.

DERIVATION OF NAME: From Latin, calvata, bald or made bare.

DESCRIPTIO COCCOLITHORUM: Coccolîthi simplices ovati, magna centmlia foramina ha-
bentes. Bina scuta fistula brevissima coniunguntur. Scuta distalia sunt paullo maiom
interque elementa eorum subimbricata suturae rectae intersunt. Sunt in scutis distal-
ibus c. 32 elementa latitudinibus diversis. Scuta proximalia a proximali parte obser-
vata aliquantulum convexa videntur. Suturae elementorum minus apparent omnesque
se leviter in dexteram partem ab interiore peripheria in exteriora inclinant.
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DESCRIPTION OF COCCOLITHS: Simple ellptical coccoliths with large central openings.
The two shields are connected by a very short tube. The distal shields are slightly
larger and have straight sutures between slightly imbricate elements. There are about
32 elements of differing widths in the distal shields. The proximal shields are slightly
convex when viewed proximally. The element sutures are less distinct and all inclined
slightly to the right, from the inner periphery outward.

DIMENSIONS:

distal shield length:

proximal shield length:
central opening length:

4.2-4.6 t.m,
3.75-4.0 t.m,
2.5-2.75 t.m,

width:
width:
width:

3.6-3.9 t.il;
3.1-3.25 t.m;
2.0-2.1 t.m.

HOLOTYPE: Plate 5, figure 2. Negative 17-X-24.

HOLOTYPE DIMENSIONS:

distal shield length:

proximal shield length:
central opening length:

4.6 t.m,

4.0 t.m,
2.75 t.m,

width:
width:
width:

3.9 t.m;
3.25 t.m;
2.1 t.m.

TYPE LOCALITY: Panama Basin, Pacific Ocean (5°2lN, 81°53'W), PARFLUX Station
PBi.

BIOGEOGRAPHY: Umbilicosphaera calvata n. sp. occurs in frequent numbers at al three
PARFLUX sites investigated in this study: equatorial Atlantic (Station E), central
Pacific (Station Pi), and Panama Basin (Station PBi). It also occurs in the Coral
Sea (Conley, 1979).

Umbilicosphaera scituloma STEINMETZ new species
Plate 5, figures 5-6

Cricosphaera sp. II CONLEY, 1979, p. 28; pi. 5, fig. 17; pi. 6, fig. 10.

DERIVATION OF NAME: From Latin, scitula, handsome, pretty, elegant; plus loma, fringe,
hem, border.

DESCRIPTIO COCCOLITHORUM: Coccolithi simplices ovati, magna centralia foramina ha-
bentes. Bina scuta brevissima fistula coniunguntur. Scuta distalia paullo maiom sunt
interque c. 35 elementa suturae rectae intersunt. Haec elementa Bunt leviter imbricata
et latitudine fere paria. Breves spinae atque truncatae a media reione distali super
vel omnia vel paene omnia elementa prominent. Scuta proximalia a proximali parte
observata aliquantulum convexa videntur. Sutume elementorum in scutis proximalibus
minus apparent.
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DESCRIPTION OF COCCOLITHS: Simple ellptical coccoliths with large central openings.
The two shields are connected by a very short tube. The distal shields are slightly
larger and have straight sutures between about 35 elements. The elements are slightly
imbricate and of approximately equal width. Short, blocky spines project from the
distal central area over all, or almost all, of the elements. The proximal shields are
slightly convex when viewed proximally. The element sutures of the proximal shield
are less distinct.

HOLOTYPE: Plate 5, figure 5. Negative 17-X-20.

HOLOTYPE DIMENSIONS:

distal shield length:
central opening length:
length of spine:

5.2 t.m,
3.3 t.m,

about 0.1 t.m.

width:
width:

4.4 t.m;

2.5 t.m;

TYPE LOCALITY: Panama Basin, Pacific Ocean (5°21'N, 81°53'W), PARFLUX Station
PBi.

BIOGEOGRAPHY: Umbilicosphaem scituloma n. sp. occurs in frequent numbers at Sta-
tion E in the equatorial Atlantic, and in common numbers at Station PBi in the
Panama Basin. It also occurs in the Coral Sea (Conley, 1979).

Order SYRACOSPHAERALES HAY, 1977
Family SYRACOSPHAERACEAE LEMMERMANN,

in BRANDT AND ApSTEIN, 1908
Genus Alisphaem HEIMDAL, 1973

Alisphaera spatula STEINMETZ new species
Plate 15, figures 6-8

DERIVATION OF NAME: From Latin, diminutive of spatha, broad flat instrument or blade.

DESCRIPTIO COCCOLITH!: Coccolith us ovatus cum peripheria impari. Orae distalis una
pars, quae axi coccolithi longiori pamllelos observatur, latitudine altemm multo su-
perat. Elementum aliquod latum, in medio situm, ensiformum, ab ora paullo tollitur
et a distali parte protruditur. Margo eiusdem extremus processum quendam continet,
obtusum, in medio situm, qui ultra marginem coccolithi paullo extenditur. Periphe-
ria interior ome distalis angustae, ad partem ensiformam adversa, in pinna crenata
angusta consistit, quae a distali parte protruditur. Octo novemve dentes, inter se in-
tervallis paribus distantes, in pinna apparent. Coccolithi partes proximalis et distalis
brevi fistulae adiunguntur. Ora proximalis ovata multo angustior est quam pars ulla
orae distalis. Elementa inter se aptata, rectis angulis formata, quae a columna super-
ficiei proximalis centrali ad medium centrum extenduntur, rimam enormiter lineatam
(ad litterae flexuosae "W" figuram) praebent. Longitudo de 1.5 ad 1.8 t.m, latitudo de
O.g ad 1.1 t.m variat. Latitudo autem quasi gladii (e regione axis longioris) c. 0.5 m
videtur.
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DESCRIPTION OF COCCOLITH: Ellptical coccolith with asymmetrical periphery. One side
ofthe distal rim paralel to the longitudinal axs ofthe coccolith is much wider than the
other. A broad centrally-located, blade-shaped element is slightly elevated from the
rim and protrudes distally. Its outer edge contains a centrally-located, blunt projection
which extends slightly beyond the edge of the coccolith. The inner periphery of the
narrow distal rim, opposite the side with the blade, consists of a narrow crenate fin
which protrudes distally. Eight or nine regularly-spaced teeth are evident on the
fin. Proximal and distal parts of the coccolith are attached to a short tube. The
ellptical proximal rim is much narrower than any part of the distal rim. Interlocking
rectangular elements extending centerward from the central column on the proximal
surface create an irregularly-outlined (zig-zig) longitudinal slit. Length ranges from
1.5 to 1.8 t.m, width from 0.9 to 1.1 t.m. Width of blade (paralel to long axs) is
about 0.5 t.m.

REMARKS: The coccolith of Alisphaera spatula STEINMETZ n. sp. differs from that of
Alisphaera ordinata (Kamptner) HEIMDAL, 1973, and Alisphaera unicornis OKADA
AND MCINTYRE, 1977, by having a blade-shaped element on its distal rim, with a
centrally-located, short, distally-pointing projection. The pointed projection of A.
unicornis is longer, extends farther beyond the coccolith rim, and originates from the
wide margin, not from a distinctly separate rectangular blade as in A. spatula n. sp.

HOLOTYPE: Plate 15, figure 6. Negative 12-L-2.

TYPE LOCALITY: Equatorial Atlantic Ocean (13°30'N, 54°00'W), PARFLUX Station E.

BIOGEOGRAPHY: Observed frequently at Station E, trap at 389 m depth, in the equatorial
Atlantic Ocean.
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Plates
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PLATE 1

Scale bar = 1 t.m unless otherwise specified

1-4 Crenalithus sessilis (Lohmann) Okada and Mcintyre

1 collapsed coccosphere, Station PI: 2,770 m, scale bar = 10 t.m.

2 detail of figure 1.
3 coccosphere, Station E: 389 m.

4 proximal view, Station E: 389 m.

5-8 Emiliania huxleyi (Lohmann) Hay and Mohler

5 coccospheres, Station E: 389 m.

6 distal view, Station E: 389 m.

7 detail of left coccosphere in figure 5, scale bar = 0.5 t.m.

8 partially dissolved coccolith, Station PI: 2,770 m.
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PLATE 2

Scale bar = 1 t.m unless otherwise specified

1-2 Emiliania huxleyi (Lohmann) Hay and Mohler

1 proximal view, Station E: 389 m.

2 proximal view highly magnified, Station E: 389 m; scale bar = 0.1 ¡tm.

3-8 Gephyrocapsa oceanica Kamptner

3 coccosphere, Station PBi: 667 m.

4 detail of figure 3.

5-8 various bridge configurations in distal views.

5 Station PI: 2,770 m.

6 Station E: 389 m.

7 Station PBi: 667 m.

8 Station PI: 2,770 m.
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PLATE 3

Scale bar = 1 t.m unless otherwise specified

1-8 Gephyrocapsa oceanica Kamptner

Various bridge configurations in distal views.

1 Station PBi: 667 m.

2 Station E: 389 m.

3 Station Pi: 2,770 m.

4 Station E: 389 m.

5 Station E: 389 m, scale bar = 0.5 t.m.

6 Station PBi: 667 m, scale bar = 0.5 t.m.

7 Station PBi: 667 m, scale bar = 0.5 t.m.

8 Station E: 389 m, scale bar = 0.5 t.m.

John C. Steinmetz
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PLATE 4

Scale bar = 1 t.m unless otherwise specified

1, 3 Gephyrocapsa oceanica Kamptner

1 partially recrystallized specimen (?), Station PBi: 667 m.

3 partially dissolved specimen, Station PBi: 1,268 m.

2-4 Thoracosphaem heimii (Lohmann) Kamptner

2 spherical cell, Station E: 389 m, scale bar = 5 t.m.

4 detail of opening and surface structure in figure 2.

5-8 Thoracosphaem tuberosa Kamptner

5, 6 spherical cells, Station Pi: 978 m, scale bars = 5 t.m.

7, 8 detail of surface structures of figures 5 and 6, respectively.
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PLATE 5

Scale bar = 1 ¡;m unless otherwise specified

1-4 Umbilicosphaera calvata Steinmetz n. sp.

1

2

3-4

collapsed coccosphere, scale bar = 5 t.m, Station PBi:

holotype, proximal view, Station PBi: 667 m.

proximal views, Station PBi: 667 m.

667 m.

5-6 Umbilicosphaera scituloma Steinmetz n. sp.

5 holotype, distal view, Station PBi: 667 m.

6 highly magnified view of distal rim in figure 5, scale bar = 0.5 t.il.
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PLATE 6

Scale bar = 1 t.m unless otherwise specified

John C. Steinmetz

1-3 Calyptrosphaera catillifem (Kamptner) Gaarder

1 collapsed coccosphere, Station E: 389 m.

2, 3 distal views of holoco~coliths, Station E: 389 m, scale bars = 0.5 t.m.

4, 5 Calyptrosphaera oblonga Lohmann

4 distal view of holococcolith, Station E: 389 m.

5 highly magnified detail of figure 4, scale bar = 0.1 lJm.

6-8 Calyptrosphaera piru.s Kamptner

6 proximal (left) and distal views of holococcolith.

7 distal view.
8 side view, Station E: 389 m.
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PLATE 7

Scale bar = 1 ¡.m unless otherwise specified

1, 2 Calyptrosphaera pirus Kamptner

1 side view, Station E: 988 m.

2 proximal view, Station E: 389 il, scale bar = 0.5 l.m.

3 Corisphaera gracilis Kamptner

Distal view, Station E: 389 m, scale bar = 0.5 l.m.

4 Helladosphaera aurisinae Kamptner

Distal view, Station E: 389 m, scale bar = 0.5 ¡.il.

5 Helladosphaera cornifera (Schiler) Kamptner

Distal view, Station E: 389 il, scale bar = 0.5 ¡.il.

6 Helladosphaera dalmatica (Kamptner) Okada and McIntyre

Distal view, Station E: 389 il.

7, 8 Helladosphaera fastigata Okada and McIntyre

7 collapsed coccosphere, Station PBi: 1,268 il.

8 distal view of holococcolith from figure 7, scale bar = 0.5 ¡.m.
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PLATE 8

Scale bar = 1 ¡im unless otherwise specified

1 HeZZadosphaera fastigata Okada and McIntyre

Distal view, Station PBi: 1,268 m, scale bar = 0.5 ¡im.

2 Homozygosphaem ponticulifera (Kamptner) Kamptner
Distal view, Station E: 3,755 m.

3-6 Homozygosphaera schiZZeri (Kamptner) Okada and McIntyre.

3 distal view, Station PI: 2,770 m.

4 highly magnified detail of figure 3, scale bar = 0.5 ¡.m.

5 highly magnified detail of central structure, Station E: 389 m,
scale bar = 0.5 ¡.m.

6 distal view of aberrant form, Station E: 389 m.

7, 8 Sphaerocalyptra marsilii Borsetti and Cati

7 holococcolith, Station E: 389 m, scale bar = 0;5 ¡.m.

8 highly magnified detail of figure 7, scale bar = O. i ¡.m.
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PLATE 9

Scale bar = 1 t.m unless otherwise specified

1 Discoaster brouweri Tan Sin Hok

Proximal view, Station E: 5,068 m.

2 Discoaster quinqueramus Gartner

Distal view, Station E: 5,068 m, scale bar = 5 t.m.

3, 4 Hayaster perplexus (Bramlette and Riedel) Bukry

3 proximal view, Station E: 389 m, scale bar = 5 t.m.

4 highly magnified detail of figure 3.

5-8 Ceratolithus cristatus Kamptner

5, 6 proximal views, Station PI: 2,770 m.

7 highly magnified detail of rods on shorter horn of figure 6.

8 highly magnified view of rods on longer horn of figure 6.
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PLATE 10

Scale bar = 1 ¡.m unless otherwise specified

1, 2 Braarudosphaera bigelowi (Gran and Braarud) Deflandre

1 proximal view, Station PI: 2,770 m, scale bar = 5 ¡.m.

2 highly magnified detail of figure 1.

3-6 Pontosphaera messinae Bartolini, emend. Burns

3 proximal view, Station E: 988 m.

4 proximal view, Station E: 389 m.

5, 6 highly magnified detail of figure 4.

7, 8 Pontosphaera multipom (Kamptner) Roth

7 distal view, Station Pi: 2,770 m.

8 highly magnified detail of figure 7.
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PLATE 11

Scale bar = 1 llm unless otherwise specified

1-5 Pontosphaem multipora (Kamptner) Roth

1 distal view, Station E: 389 m.

2 proximal view, Station PI: 2,770 m.

3 highly magnified detail of figure 1, scale bar = 0.5 llm.

4 highly magnified detail of figure 2.

5 proximal view, Station E: 988 m.

6-8 Scyphosphaera apsteinii Lohmann

6 distal view, Station E: 389 m.

7 side view, Station PI: 2,770 m, scale bar = 5 ¡.m.
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PLATE 12

Scale bar = 1 ¡.m unless otherwise specified

1-4 Helicosphaera carteri (Wallich) Kamptner

1 proximal view, Station E: 389 m.

2 distal view, Station E: 389 m.

3 detail of figure 1.
4 detail of figure 2.

5, 7 Helicosphaem hyalina Gaarder

5 proximal view, Station E: 389 m.

7 detail of figure 5.

6, 8 Helicosphaem pavimentum Okada and McIntyre

6 distal view, Station E: 988 m.

8 highly magnified detail of figure 6, scale bar = 0.5 ¡.m.
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PLATE 13

Scale bar = 1 ¡.m unless otherwise specified

1, 2 Helicosphaem wallichii (Lohmann) Okada and McIntyre

1 distal view, Station E: 988 m.

2 detail of figure 1.

3 Anoplosolenia brasiliensis (Lohmann) Deflandre

Station E: 5,068 m.

4 Anoplosolenia sp. Station E: 3,755 m.

5-8 Scapholithus fossilis Deflandre

5 Station E: 389 m.

6 highly magnified view of figure 5, scale bar = 0.5 lLm.

7 Station E: 3,755 m.

8 partially dissolved specimen, Station Pi: 5,581 m.
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PLATE 14

Scale bar = 1 ¡.m unless otherwise specified

1, 2 Oolithotus fragilis (Lohmann) Okada and Mcintyre

1 proximal view, Station PI: 2,770 m.

2 highly magnified view of figure 1, scale bar = 0.5 ¡.m.

3-6 Calcidiscus leptopora (Murray and Blackman) Loeblich and

Tappan

3 distal view, Station E: 389 m.

4 distal view of partially dissolved specimen, Station PBi: 2,869 m.

5 distal view of partially disarticulated coccosphere,

Station E: 389 m, scale bar = 5 ¡.m.

6 highly magnified view of partially dissolved distal shield,
Station E: 3,755 m.

7, 8 Umbilicosphaem sibogae (Weber-van Bosse) Gaarder

7 proximal view of collapsed coccosphere, Station PI: 378 m,

scale bar = 5 ¡.m.

8 detail of figure 7.
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PLATE 15

Scale bar = 1 ¡.m unless otherwise specified

1-5 Umbilicosphaera sibogae (Weber-van Bosse) Gaarder

1, 3 distal views, Station PBi: 667 m.

2, 4 proximal views, Station E: 389 m, scale bars = 1 ¡.m and 0.5 ¡.m,

respecti vely.

5 distal view of partially dissolved coccolith, Station PBi: 2,265 m.

6-8 Alisphaera spatula Steinmetz n. sp.

6 holotype, collapsed coccosphere, Station E: 389 m.

7 magnified detail of figure 6.

8 highly magnified detail of proximal view of shield in figure 7,
scale bar = 0.5 ¡.m.



Calcareous Nann opla.n k¡,oI1 Biocoenosis 71



72 John C. Steinmetz

PLATE 16

Scale bar = i ltm unless otherwise specified

i -8 Anthosphaera oryza (Schlauder) Gaarder

1 coccosphere, Station E: 389 m.

2 detail of coccosphere surface, Station E: 389 m.

3 highly magnified distal surface, Station E: 389 m,

scale bar = 0.5 ltm.

4, 5 partially disarticulated coccospheres, Station E: 389 m.

6 proximal surface of partially disarticulated coccosphere,
Station PI: 978 m.

7 side of coccolith, Station E: 389 m.

8 three coccoliths in side view with their proximal surfaces in

common contact, Station E: 389 m.
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PLATE 17

Scale bar = 1 ¡.m unless otherwise specified

1-3 Coronosphaera binodata (Kamptner) Gaarder

1 distal view of two coccoliths, Station Pi: 2,770 m.

2 highly magnified view of (left) coccolith in figure i.

3 proximal view of partially dissolved coccoliths, Station PI: 2,770 m.

4-6 Syracosphaera lamina Lecal-Schlauder

4 proximal view of caneolith, Station PBi: 667 m.

5 highly magnified view of figure 4, scale bar = 0.5 lLm.

6 proximal view of partially disarticulated caneolith,
Station PBi: 2,265 m.

7, 8 Syracosphaera molischi Schiler

7 coccosphere, Station PI: 2,770 m.

8 distal view of partially dissolved coccolith, Station PBi: 3,791 m.
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PLATE 18

Scale bar = 1 ¡.m unless otherwise specified

1, 2 Syracosphaera pintS Halldal and Markali

1 distal view, Station PI: 2,770 m.

2 highly magnified view of figure 1, scale bar = 0.5 ¡.m.

3-5 Syracosphaera pulchm Lohmann

3, 4 proximal views, Station E: 389 m.

5 proximal view of partially disarticulated coccolith,
Station PI: 4,280 m.

6-8 Deutschlandia anthos Lohmann

6, 7 collapsed coccosphere, Station Pi: 2,770 m.

8 distal view, Station E: 389 m.
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PLATE 19

Scale bar = 1 ¡.m unless otherwise specified

1-4 Florisphaera profunda Okada and Honjo

1 coccosphere, Station E: 389 m, scale bar = 5 lLm.

2 detail of cocco sphere interior in figure 1.

3 quadrangular coccoliths from disarticulated coccosphere,
Station E: 389 m.

4 highly magnified view of distal ends of quadrangular coccoliths,

Station E: 5,068 il, scale bar = 0.5 ¡.il.

5-7 Halopappus adriaticus Schiler

5, 6 collapsed coccoliths, Station PBi: 2,265 m and

Station E: 389 m, respectively.

7 distal view of coccolith in figure 6, scale bar = 0.5 lLil.

8 Discosphaem tubifera (Murray and Blackman) Lohmann

Side view, Station E: 389 il.
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PLATE 20

Scale bar = 1 ¡.m unless otherwise specified

1, 2 Rhabdosphaera clavigera Murray and Blackman

Side views, Station PI: 2,770 m.

3, 4 Rhabdosphaera stylifera Lohmann

Side views, Station E: 389 m.

5-8 Umbellosphaera irregularis Paasche

5, 6 proximal views, Station E: 389 m, scale bars = 5 ¡.m.

7, 8 highly magnified views of figures 5 and 6, respectively.
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PLATE 21

Scale bar = 1 ¡.m unless otherwise specified

1-4 Umbellosphaera irregularis Paasche

1 partially disarticulated coccolith, Station E: 389 m.

2, 3 proximal views of micrococcoliths, Station E: 389 m.

4 highly magnified view of figure 3, scale bar = 0.5 ¡im.

5-8 Umbellosphaera tenuis (Kamptner) Paasche

5, 6 distal views, Station E: 389 m.

7 highly magnified view of figure 5.

8 highly magnified view of figure 6, scale bar = 0.5 ¡im.
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PLATE 22

Scale bar = 1 ¡.m unless otherwise specified

1, 2 Umbellosphaera ten'uis (Kamptner) Paasche

1 distal view, Station E: 389 m.

2 highly magnified view of figure 1, scale bar = 0.5 lLm.

3, 4 Unidentified sp. 1.

3 side view, Station E: 389 m.

4 highly magnified view of distal (7) end, scale bar = 0.5 ¡.m.

5, 6 Calcidiscus leptopora (Murray and Blackman) Loeblich and

Tappan

5 proximal view, Station PBi: 3,769 m.

6 detail of center structure.

7 Unidentified sp. 2 (Sphaerocalyptra 7 sp.). Distal (7) view,

Station E: 389 m, scale bar = 0.5 ¡.m.

8 Unidentified sp. 3. Proximal (7) view, Station E: 389 m.
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