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Sedimentation of materials in the Sargasso Sea 
at a 5,367 m deep station 

by Susumu Honjo1 

ABSTRACT 
A sediment trap array was deployed in the Southern Sohm abyssal plain, Sargasso Sea, for 

75 days beginning on October 20, 1976. The sediment trap consisted of two separate cones with 
hydrodynamically designed honeycomb collectors with a total collecting area of 3 m'. The results 
of an investigation of the sediment collected at 5,363 m (114 m above the bottom) are reported 
in this paper. The trap collected 10.35 g of sediment. Very large particles were rare except for 
a Sargassum fragment and a number of large pteropod shells. Approximately 10% of the sedi-
ment particles were larger than 62 µm. Most of the particles were fine grained skeletal remains 
of plankton and clay. A small quantity of anthropogenic material was collected. Carbonate 
flux was approximately 18% of the total flux and consisted of 93% calcite and 7% aragonite. 
The flux of coccoliths was about twice (or two times) that of foraminifera. The organic carbon 
flux was approximately 3% of the total flux and represented approximately 0.5% of the total 
carbon production in this area. Pigmented particles contained in one type of fecal pellets ap-
peared to be a major source of organic carbon transported to this depth. Fine particles such as 
clay and coccoliths also were transported directly from the surface layer in these fecal pellets. 
Other fecal pellets consisted mostly of clay and contained far less organic matter than the other 
kind. A significant amount of the catchment consisted of resuspended particles, particularly 
clay. The estimated net flux of material was 46.0 mg/ m'/day. 

1. Introduction 

Knowledge of the fluxes of particulate materials through the ocean has a signifi-
cant impact on our understanding of many areas of oceanography. The composition, 
structure and rate of accumulation of marine sediments are dependent upon these 
fluxes. Moreover, benthonic communities are ultimately dependent upon the supply 
of food energy in the form of fluxes of organic particles. 

Studies of ocean particles (e.g. Carder et al., 1971) show that their size distribu-
tion may be described as an exponential function with median sizes of 2 to 8 µ.,m. 
Particles larger than 20 µ.,m are rare and have a low probability of occurrence in a 
sample of only a few liters of sea water. Despite their low abundance, the exponen-
tial increase in mass and sinking velocity with size axiomatically shifts the predomi-
nant fraction to the larger size ranges, if one assumes that the density of the large 

1. Woods Hole Oceanographic Institution, Woods Hole, Massachusetts, 02543, U.S.A. 
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particles is estimated to those in the median size ranges. In addition to this effect, it 
is evident that processes in the upper layers of the ocean act to aggregate smaller 
particles. One of the most important of these processes is likely to be zooplankton 
feeding and excretion ( e.g. McCave, 197 5). 

Traditional oceanographic methods, such as hydrocasts, are not effective for the 
study of rare, relatively large and fast-sinking particles. The bottle does not dis-
criminate against large particles, but statistically it has a low probability of catching 
them. Net tows may also be used for very large particles. However, fragile aggre-
gates are not able to withstand the mechanical disturbance during handling. A 
recent innovative large volume pump system (Bishop et al., 1977) offers significant 
advantages, but has restricted depth capabilities at present. Sediment traps, how-
ever, afford a unique method of measuring the downward flux of material. Because 
of their long exposure and large catchment area they are able to catch large and 
rapidly sinking particles. 

Where the water is turbulent, trajectories of particles vary with different sinking 
rates at the opening of the trap (Gardner, dissertation, personal communication). 
Random movement of water at the rate of several centimeters per second has been 
recorded in even the most energy depleted deep layer of a central gyre (i.e. Gould 
et al., 1974). Hydrodynamic experiments and field tests enabled us to design a trap 
with a reasonable catching efficiency by applying a segmented collector arranged 
like a honeycomb. A large opening was necessary in order to collect relatively large 
samples from a low-productivity zone of open ocean during a few months of de-
ployment. 

As part of a long-term effort to elucidate the role of such large particles transport-
ing materials to the deep sea environment, (code-name of the research program, 
P ARFLUX), a sediment trap array was deployed in the southern Sohm abyssal 
plain region for 75 days between October 20, 1976 and January 5, 1977 (PAR-
FLUX S1). This part of the Sargasso Sea is known to be one of the least productive 
areas in the Atlantic Ocean (Ryther, 1963; Ketchum, 1967, 1968). This first experi-
ment was conducted during the low productivity season. Therefore, the amount 
collected by the sediment trap should represent one of the smallest yields per unit 
time compared to other parts of the world ocean. Current meter experiments indi-
cate that at the mooring site the deep current energy is quite low (Schmitz, personal 
communication; continuous 3 years record is available at the site 5 miles north of 
the P ARFLUX S1 site). The area is at least 200 km from regions disturbed by pass-
ing North Atlantic cold core rings (Richardson et al., 1973). 

The mooring area is at least 2,000 kilometers from the North American land 
mass, at least 1,500 km from the Gulf Stream, and 300 km away from the eastern 
edge of the Bermuda Rise. The bottom is an extensive flat abyssal basin 5,000 m to 
5,600 m deep. A lone steep seamount rising 2,100 m above the bottom is located 
1 70 km away in a northeast direction. Because of its geographical setting, sedi-
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mentation at the P ARFLUX S1 mooring site could be expected to be dominated 
by vertical fluxes, rather than by localized phenomena, and abnormal sedimentation 
and turbidity are not anticipated. 

2. Sediment traps and field operations 

A pair of traps, each with a 1.5 m2 opening, were deployed at 398, 998, 2,797 
and 5,367 m along a taut line at 31 °32.0'N, 55°00.8'W. The bottom depth is 
5,581 m. A separate floating sediment trap with identical collecting area was de-
ployed at 200 ± 3 m. 

The honeycomb particle collector was made of PVC II, 13 8 cm in diameter at 
the opening and segmented into 94 hexagonal partitions. The hexagonal opening 
of an individual segment was 13 cm in diameter and 25 cm deep. Collected sedi-
ment was concentrated by a PVC II funnel, 17 4 cm high, with a cone angle of 24 °, 
and deposited in a clear lucite cup, 20 cm in diameter and 20 cm high. No metallic 
surface was exposed to the inside of the sediment trap. 

Bactericides were applied to one of the paired sediment traps at each depth in 
the following way: sodium azide (NaN~, organic, reagent) crystal was cast into a 
hard cake with sodium chloride filler (20%) and stored in a teflon container. In 
order to maintain the concentration of sodium azide in the cup of a few hundred 
ppm during deployment, the sodium azide was diffused continuously into the cup 
(Cup 1) from its side through a multiple diffusion membrane. One of each pair of 
cups was deployed without bactericides (Cup 2). A spring loaded Dacronn Shutter 
activated by a signal from an electronic timer closed the receiving cups before re-
covery. While the traps were recovered, the sample and in situ water were sealed 
in the cup with silicon rubber O-rings. Pressure built inside of a sealed cup during 
the ascent was released through a valve with membrane filter (Fig. 1). 

The mooring tautline was mostly 3/ 16 inch polyethylene insulated-steel wire and 
buoyancy was supplied by Benthosn glass spheres. The distribution of buoyancy 
along the array was designed to achieve maximum stability. A tiltmeter and ten-
siometer, which recorded the anomaly events throughout the duration of deploy-
ment, clearly indicated that this goal was achieved. The collecting surface was main-
tained horizontal within one degree. The array was decoupled from the anchor by 
activating an AMF acoustic release which was installed above the anchor. Engi-
neering detail of the traps and the mooring array design will be published elsewhere 
(Honjo and Connell, in preparation). As soon as the sediment traps were on board, 
the cups with shutter were detached from the cone. The samples were kept at 1 °C 
in the original cup assemblage until returned to the onshore laboratory. 

Because of an electronic malfunction of the shutter timing device, quantitatively 
reliable samples were recovered only from the deepest trap. Initial results of investi-
gation of the sample recovered from 5,367 m will be discussed in this paper. Sedi-
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ment collected from the other traps will be referred to only for qualitative com-
parison. 

A sediment sample was collected by a Hessler type 40 X 40 cm2 box corer. 
Due to the extremely watery nature of the sediment, we are not confident about 
the exact water/ solid boundary. We regarded the upper 2 cm of the collected core 
as the uppermost bottom sediment. 

3. Laboratory methods and results 

Aliquot. Immediately upon arrival at the laboratory the sample from each cup was 
split into four aliquots by a rotating splitter developed recently in our laboratory 
(Erez and Honjo, in preparation). The standard deviation of the splitting method 
was less than 1 % for the particles of smaller than 62 µm and 6% for particles 
with dimensions greater than 250 µm. 

A quarter of the sample was retained on a 0.5 µm Nuclepore filter , rinsed with 
prefiltered distilled water, dried and weighed to estimate the total mass of the sam-
ple in a trap. This dried aliquot was used for the elemental analysis by an instru-
mental neutron activation technique and radiochemical measurements such as 
Th230

, Th234, Po21 0 (Spencer et al; in press). The rest of the aliquots were main-
tained at 1 °C in the original sea water. Further splits were made, as necessary, for 
analyses described in the following sections. Specific methods used for scanning, 
transmission electron microscopy and energy dispersive X-ray spectroscopy are 
explained in the captions of attached photomicrographic plates. 

General description and total mass flux. When the trap was on board, the sample 
appeared to be fine grained and was light grayish brown in color. The sediment 
sample was obviously darker than the box core top. Trapped material was well 
settled in the bottom of the receiving cup. No turbulence occurred when the cup 
was tilted by the pitching and rolling of the ship. No visible change was observed 
during on-board cold storage. 

The total dry weight collected in both traps during the 75 day deployment 
(October 20, 1976 to January 5, 1977) at 5,367 m was 10.35 g. Cup 1 collected 
3.45 g and Cup 2 collected 6.90 g, showing a considerable difference. The mass 
flux was 30.7 mg/ m2/ day for Cup 1 and 61.3 mg/ m2/ day for Cup 2, averaging 
46.0 mg/ m2/ day or 1.68 g/ cm2/ l,000 years (Spencer et al., in press). A 1/ 16 
aliquot of the same was wet-sieved using filtered Sargasso Sea deep water. Despite 
efforts to preserve fragile particles intact during sieving, part of the large fraction, 
particularly red fecal pellets, was fragmented. Mass fluxes calculated for various 
size fr actions (dry weight, less salt) are given in Table 1, but it must be noted that 
these figures are biased by the disintegration of some fecal pellets. Several unusual 
objects larger than 10 mm are not included in this table, but are discussed in a later 
section. The total fluxes calculated for the sieved aliquot are given in the righthand 



1978] Honjo: Sedimentation in the Sargasso Sea 473 

Table 1. Mass fluxes* of various size fractions (mg/m'/d). 

Particle Size >250 µ.m <250,>62 µ.m < 62 µ.m Total 
Cup 1 1.45(4.6% ) 1.85(5.8%) 28.5(89.6%) 31.8 
Cup 2 1.48(2.6%) 1.94(3.4%) 53.5(94.0% ) 56.9 

Particle Sizet <125,>25 µ.m <25,>10µ.m <IO µ.m Total <125µ.m 
Cup l 2.18 18.0 15.5 35.68 
Cup 2 2.13 19.5 35.8 57.4 

* Net mass flux. Total of vertical flux (sensu stricto) and catchment of resuspended matter. 
t The size fractions <125µ.m were determined on a separate 1/ 16 aliquot using a capillary filter 

which may be particularly distinctive of large fecal pellets. Note the major difference is only found in 
the fraction less than 10 µ.m. 

column of Table 1 and are reasonably consistent with the fluxes calculated from 
the 1 / 4 aliquot that was dried and weighed. 

Particle constituents. Large objects were rare; a piece of Sargassum was a few centi-
meters long and a number of pteropod shells exceeded 10 mm. Particles larger than 
2 mm were handpicked from the whole sample and counted separately. Quantitative 
data on the finer constituents were derived from a 1/16 aliquot of the sample in 
Cup 2. This aliquot was wet-sieved into five fractions > 500 µ,m, 500-250 µ,m, 
250-125 µ,m, 125-62 µ,m and 62 µ,m. The 500-250 µ,m was further split into 8 
sub-aliquots, each of which was retained on an 0.45 µ,m pore size MilliporeR filter, 
individually rinsed, dried and mounted on microscope glass slides, then immersed 
in CargileR immersion oil (ref. index 1.563). Particle counts from each of the 8 
sub-aliquots were summed and then multiplied by 16 to obtain the total counts. The 
250-125 µ,m fractions and 125-62 µ,m were subdivided into 24 aliquots, mounted, 
and then counted and summed as above. The final counts were multiplied by 16. 
The 62 µ,m fraction was split, using the quantitative splitter, into 256 sub-aliquots. 
One of these was further subdivided into 25 sub-aliquots and processed as above. 
The result of the summation of these 24 sub-aliquots was multiplied by 4096 for 
the final count. 

Under light microscope observation, eleven particle types accounted for more 
than 99.9% of the material in the sediment trap. They were 1) fecal pellets of 
zooplankton; 2) planktonic foraminiferal tests; 3) radiolarians; 4) diatoms; 5) ptero-
pods; 6) fragments and molts from crustaceans; 7) coccoliths; 8) Thoracosphaera; 
9) silicoflagellates; 10) clay minerals; and 11) unidentified biogenic debris. Practi-
cally all the particles larger than 62 µ,m were biogenic except for a small number of 
man-made particles. More than 99 % of the non-biogenic constituents were clay 
minerals. With the exception of the clay contained in fecal pellets all of these clay 
minerals were in the less than 62 µ,m fraction. Other minerals of igneous origin and 
glass shards were very rare and mostly included in the smallest size fraction. Cal-
culated fluxes of the biogenic particles are shown in Table 2. Fecal pellets, as de-
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Table 2. Biogenic constituents: Flux to Cup 2, 5,367 m, number/ m2/ day. 

<500 < 250 

>500µm > 250µm > 62µm < 62µm Total 

Fecal pellets; individual* 0 34 1,760 I 6,311 I 8,105 

Fecal peJlets; continuous* 0 6 37 2,621 2,664 

Fecal pellets; distintegrated* 3 229 760 36,263 37,255 

Planktonic foraminifera 9 46 1,799 23,010 24,844 

Radiolarians * * 0.6 38 3,973 10,049 14,066 

Centric diatoms 0 6 177 7,573 7,756 

Pennate diatoms 0 0 1,079 3,058 4,137 

Pteropods and large fragments 22 38 ? ? 60 

Copepod pleopods (molted) 301 301 

Sargassum and large fragments 5 
Coccoliths ++H 

Thoracophaera ++ 

Silicoflagellates + ++ 

Unidentifiable biogenic (?) 7 65 ap.500 ap. IO' 

particlest 

* Total of "green" and "red" fecal pellets. 
** Counted as individual, no remains of colonies were found. 
t Including possible zooplankton exoskeletal fragments. 
t + marks indicate relative abundance of specimen. 

scribed later, could be separated into two distinct groups, "individual," fusiform 
shaped pellets and " continuous," cylindrical, apparently broken sections of a longer 
excreted mass. Within each of these groups the fecal pellets could be separated into 
individuals which were dominantly green or red in color. 

Carbonate f Lux. All of the carbonate particles were of biogenic origin. They con-
sisted of calcite and aragonite. X-ray diffraction spectroscopy detected no high 
magnesium calcite particles. The total biogenic calcium carbonate flux estimated 
from Cup 2 was at least 8.3 mg/ m2/ day or 0.30 g/ cm2/ lO00 yr and was 16% of 
the total mass flux . The total biogenic calcium carbonate flux was estimated from 
the weight loss of a 1 / 16 aliquot of a sample from Cup 2 after digestion with 2N 
HCI. 

The plank tonic foraminifera tests and pteropod shells in a 1 / 16th aliquot were 
hand picked and weighed. Radiolarians were separated by a heavy liquid method. 
The abundance of thoracospbaera was estimated under scanning electron micro-
scope and the mass of free coccoliths was estimated from carbonate dissolved from 
the fraction less than 20 µ,m (Table 4). 

The flu xes of calcium carbonate in different faunal groups and size fractions are 
given in Table 3. Data for the Thoracosphaera were estimated from the total counts 
by using carbonate mass/ individual data of 3.8 ng determined from relatively pure 
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Table 3. Biogenic carbonate fluxes, Cup 2 (mg/ m'/d). 

Size Fractions 
CALCITE 

>250 /,Lffi <250 /,Lffi < 125 µm < 62µm 
> 125 /,Lffi > 62 /,Lffi 

Foraminifera 1.30 0.74 0.26 0.1? 
Cocco!iths 4.9 
Thoracosphaera 0.4 

ARAGONITE 
> 500m <500µm <250µm 

<250µm 
Pteropods* 0.25 0.34 <.01 

475 

Total 
Carbo-

Total nate, % 

2.4 29% 
4.9 59% 
0.4 5% 

0.6 7% 

* A significant number of severely dissolved fr agments of pteropod shell s were found in the less 
than 62 µm fr action under SEM. They were probably ignorable in net weight percent of carbonate. 

fractions of thoracospheres isolated from cores. Data for foraminifera and pteropods 
were estimated by weight loss on dissolution of isolated individuals. 

A significant fraction of the coccoliths was contained in fecal pellets, particularly 
in "green fecal pellets." 

In general, foraminifera tests (in all size fractions) showed no visible dissolution. 
Very rarely severely dissolved large tests were found. 

Small planktonic foraminiferal tests, less than 62 µ,m, were unexpectedly abun-
dant. They were juvenile stages and species identification was difficult (Plate 3a 
through h). The majority of foraminifera tests in the size range between 62 µ,m and 
250 µ,m were encrusted forms. A few apparently benthonic (?Bolivina) foraminifera 
were found in the trap (Plate 3i). Thoracospheres were well preserved and of uni-
form size. They appeared to consist of a single species (Plates 2k, 3b). 

Large pteropod shells were intact. Numerous pteropod fragments, showing evi-
dence of severe dissolution, were found in all the size fractions (Plate 4a, b and c). 
Creseis acicula and Limacina sp. were most commonly found. Shells of Diacria 
trispinosa reached 8 mm in width and weighed 0.2 mg. Some Creseis were as long 
as 15 mm. 

Biogenic silica flux. Radiolarians dominated the siliceous skeletal remains. The 
species diversity was high (Plate 3j, k and 1). A detailed study has not been com-
pleted, but species of Amphirrhopalum, Aulosphaera, Eusyringium (mostly E. 
cinenkowskil), Anthocytidium, Lithatractus fragilis, Challengeron, and Challengerina 
were common. Needles of Sphaerozoum puncatum were not recorded in Table 3. 
No acantharian skeletons were found. 

The number of radiolarians which remained in the fraction of between 62 µ,m to 
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Figure la. PARFLUX sediment traps (double cone) on board R. V. Knorr. 1. Floating sedi-
ment trap which was deployed at 200 m from the surface with a radio marker buoy. 2. 
PINGO winch for retrieval of PARFLUX taut line. 
b. A single cone sediment trap ready to launch. 1. A total of 400 lb BenthosR glass sphere 
buoyancy is installed on the trap's frame. 2. Calcium carbonate dissolution sensors are in-
stalled on all traps. 
c. A single cone sediment trap viewed from the bottom. 1. A DuronR shutter is retained by 
double stainless steel springs and a titanium bum-wire(2). 3. A PVC-II cone is anchored to 
the aluminum tubing by 16 NeopreneR shock mounts. 
d. A close-up view of a receiving cup. I. Bactericide diffusion chamber (reverse side) is in-
stalled on a lucite cup (2; 6 inch diameter, 7 inches high). The cup can be sealed from out-
side when the burn-wire (c,2) is cut by an electronic timer (5) to release retention springs (3) 
and trip a shutter (c,l) . The pressure which may build up in a cup while ascending to the 
surface is released through a release valve with membrane filter (4). 

Figure 2. Energy dispersive X-ray spectroscopy of trapped particles. Particles were picked 
under light microscope from desalted sample mounted onto graphite studs and analyzed 
directly without applying mounting or coating media at 20 KV. After the experiment, parti-
cles were coated by Au-Pd and scanning micrographs were made. 
a. EDX spectrograph of a red fecal pellet. A pellet was flattened while wet and this flat sur-
face was mounted perpendicular to the beam direction. Wide area scanning over 100 X 100 
µm; 60 sec. 
b. Wide area scanning spectrograph (JOO X 100 µm) of compact red pellet (such as Plate 5b); 
120 sec. 
c. Wide-area scanning spectrograph (100 X 100 µm) of combusted, decalcified sample smaller 
than 62 µm; 60 sec. 
d. Same as c except the sample was combusted and rinsed in distilled water. Organic matter 
related elements are not seen in the spectrogram. 
e. and f. Typical wide area scanning spectrograph (100 X 100 µm) of green fecal pellet. e. No 
Al , Si spectra are shown. Notice high Ca peaks. f . More clay particles are included in this 
pellet. 
g. and h. Spectra of clay particles (flat surface made by diamond knife) in fecal pellet differ 
significantly from each other. g. is the more typical spectrum. h. Red particles in red fecal 
pellet contain a high concentration of Fe. Spot analysis, 120 sec. 
i. Spot analysis of a quartz grain (Plate 4h); 30 sec. 
j. Spot analysis of a transparent (optically) glass shard (Plate 4i and j). 
k. Spot analysis of black shard (Plate 41); 125 sec. 
1. and m. Wide-area scanning spectrum (JOO X 100 µm) of fly-ash. The composition is con-
siderably different. Vertical scale comparable to k; 60 sec. 

Plate I. Scanning electron micrographs of sodium azide sea water treated green fecal pellets. 
Samples were fi xed and rinsed in buffered distilled water, air dried and coated by Au-Pd 
using triode cold-cathode spattering method with Ar gas carrier. Critical point dehydration 
technique did not improve the surface characteristics of fecal pellets. 
a. An "independent" green fecal pellet. X200. 
b. Detail of the surface of (a). Dominated by well-preserved coccoliths. A scypholith in up-
per-right, a Thoracosphaera is shown lower-left. X 900. 
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c. Same as (b) showing a high diversity of coccoliths. X 1350. 
d. Texture of a green fecal pellets. X 1350. 
e. A "continuous" green fecal pellet. X 150. 
f. A very long "continuous" green fecal pellet. X 40. 
g. A part of (e); notice high content of coccoliths. X 900. 
h. A portion of green fecal pellet. Arrow mark; spines of a silicoflagellate appear through 
the pellet. This has been observed frequently indicating that the surface layer was eroded at 
least the depth equivalent to the protrusion of spines. X 250. 
i. A fragment of disintegrated green fecal pellets. A large number of both green and red 
fecal pellets were disintegrated. X 900. 
j. Disintegrated green fecal pellets which contain small planktonic foraminifera (arrow 
mark). x 70. 
k. Coccospheres were commonly found in fecal pellet. x 1350. 
I. Intact coccoliths of Pontosphaera syracusana; on the surface of a green fecal pellet. Refer 
to Plate 2 I. X 1500. 

Plate 2. Scanning electron micrographs of red fecal pellets, fibrous remains, pigmented parti-
cles (TEM). Biogenic particles from the floating sediment trap experiment. 
a. An independent type fecal pellet. X 200. 
b. A long continuous type red fecal pellet. A small green fecal pellet (independent type) is 
superimposed on the red pellet. X 450. 
c. A continuous type fecal pellet. X 175. 
d. Red fecal pellets were often covered by amorphous material (after dehydration). X 2200. 
e. and f. Surface of red fecal pellet; consists of large clay particles and coccolith with limited 
diversity. e. X 1800; f. x 900. 
g. and h. Fibrous remains g. X 145; h. X 185. 
i. and j . Transmission micrographs of pigmented particles; refer the caption of Plate 5 for 
method. x 3700. 
k. Thoracosphaera trapped by floating sediment trap from 200 m !Thoracosphaera cf. heimi. 
Refer to Plate 1 b. 
I. A part of intact coccosphere of Syracosphaera syrausa. A number of this species was col-
lected by a floating sediment trap from 200 m during the recovery operation of PARFLUX 
S, (January 1977). X 1250. 

Plate 3. Scanning micrographs of foraminifera and radiolarians. 
a. Showing the wide range in the size of planktonic foraminifera. Disintegrated green fecal 
pellet is shown in the upper half of the micrograph. X 40. 
b. through h. Examples of very small foraminifera which we were unable to identify. b. 
X 650; c. X 450; d. X 150; e. X 450; f. X 450; g. X 450; h. X 270. 
i. A small test typical of benthonic foraminifera. X 600. 
j, k, and I. Radiolarian skeletons. j. X 220; k. A long spine of radiolaria, X 900; I. x 900. 

Plate 4. Scanning micrographs of biogenic aragonite, Biogenic, igneous, volcanogenic and 

anthropogenic particles. 
a. A highly dissolved fragment of pteropod shell. X 180. 
b. Moderately dissolved shell showing outstanding crystals of aragonite (lower part of photo); 

upper part, Thoracosphaera. X 1350. 
c. Intact gastropod shell. Shell surface appeared smooth under higher magnification. X 70. 

d. Enlarged part of silicoflagellate. X 4500. 
e. A frustule of intact diatom. X 17 5. 
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f. Strongly dissolved girdle remains of centric diatoms. X 120. 
g. A clump of clay. X 1350. 
h. A small quartz particle; refer to Figure 2i. X 450. 
i. and j. A glass shard. X 100. Enlargement (j. X 450) shows fresh surface; refer to Figure 2j. 
k. A dark colored glass shard with hydrated surface. X 220; refer to Figure 2k. 
I. A fly-ash particle. X 100. Refer to Figure 2 1 and m. 

Plate 5. Transmission electron micrographs of green and red fecal pellets. Fecal pellets were 
hand-picked with a micropipette on the return to the shore-lab. Fixed in 5% glutaraldehyde 
in seawater buffered with 50 mM Sodium Cacodylate, pH 7.4. Post fixation was with 2% 
0 ,0, in sea water buffered with 50 mM Sodium Cacodylate, pH 7.4. After dehydration 
through ethanol series, specimens were embedded in EPON/ Araldite, sectioned and using a 
diamond knife. Sections were placed on a large hole grid (single hole), supported by carbon 
and formbar film. Then, stained and decalcified by uranyl acetate solution and lead citrate. 
A) Mosaic photomicrograph of a typical green fecal pellet from Cup 2. 

The margin of the section of the pellet (a) was covered by a thin layer of clay particles (in-
dicated by arrow marks). Pigmented particles (b) (also refer to Plate 2i) and sections of coc-
coliths (c and arrow marks, decalcified) are numerous. Clay particles are less, seen as dark, 
straight fabrics in sections (thick arrow marks) x 1200. Parallel streaks are artifacts pro-
duced during microtomy. 
B) A section of red fecal pellets showing the margin from Cup 2. 

The contents are almost exclusively clay particles. Pigmented particles (b) are strongly 
degraded and rare. Mosaic photomicrograph. x 1200. 
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Table 4. Partial list of plank.tonic foraminifera* and coccolith species in the trapped sediment. 

a. Plank.tonic Foraminifera 

Globigerinoides ruber 
Globigerinoides conglobatus 
G/obigerina rubescens 
Globigerina calida 
Globigerina bulloides 
G/obigerina falconensis 
G/obigerina quinqueloba 
G/obigerine/la siphonifera 
G/obigerinita glutinata 
Hastigerina pe[agica 
Globorotalia cultrata 
Globorota/ia scitula 
Orbu/ina universa 

b. Coccoliths in Green Fecal Pellet 

Coccolithus pe/agicus 
Cyclococco/ithina fragi/is 
Cyclococco/ithina /eptoporat (R) 
Emiliania hux/eyit (R) 

Gephyrocapsa oceanicat (R) 
Gephyrocapsa ericsoniit 
He/icopontosphaera hyalina 
H elicopontosphaera kamptneri 
Umbilicosphaera sibogae 
Acanthoica acanthifera 
Anthisphaera quadricornu 
Calciosolenia sinuosa 
Cerantholithus 
Florisphaera profunda 
Florisphaerea profunda var. eleganta 
U mbellosphaera irregu/aris 
Syracosphaera mediterranea 
Syracosphaera nodosa 
Pontosphaera syracusana 
Scyphosphaera apsteini 
Unidentified species 

* Juvenile specimens (Plate 3) are not included in the above list. 

most dominant >50% 
fairly common 
common 
common 
fairly common 
rare 
fairly common 
fairly common 
fairly common 
rare 
rare 
rare 
common 

common 
common 
very common 
very common 
very common 
common 
rare 
common 
common 
rare 
rare 
rare 
very rare 
fairly common 
fairly common 
common 
rare 
rare 
common 
fairly common 

t Coccospheres found frequently. (R); common coccoliths in red fecal pellets. 

250 µ,m was twice that of planktonic foraminifera of the same size. The number of 
radiolarians smaller than 62 µ,m was approximately half that of the foraminifera in 
that size range. The mass contribution to the total weight was relatively small. The 
radiolarian skeletons were well preserved at 5,367 m. SEM observation revealed no 
evidence of partial dissolution. 
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Diatoms were relatively rare compared to foraminifera and radiolarians. Species 
identification was not possible but many of them were from the families Thalas-
siosiracea and Chaetoceraceae. They were strongly dissolved. In many cases valves 
had disappeared and only parts of the girdles were preserved (Plate 4f). Pinnates 
were dominated by Amphora spp., Cocconeis scutellum, Thalassiothrix mediter-
ranea and T. delicatula. Bristles of Chaetoceros lorenzianus may have been mistaken 
for long specimens of pinnates. 

Skeletons of silicoflagellates (Plate 2h and 4d), Dicyocha fibula and its varieties, 
were most common m the less than 62 µ,m fraction. Distephanus speculum was 
usually larger and common in the fraction between 250 µ,m and 62 µ,m. 

Zooplankton remains. Complete remains of zooplankton were not found in the 
trapped sample in either Cup 1 or Cup 2 with bactericides. Frequently, a few types 
of copepod pleopod molts were found. They were a few hundred microns long and 
made of very thin organic film. 

Organic carbon and nitrogen. Size fractionated samples from 1/ 16 aliquot were 
filtered through 0.45 µm silver filters. The filters used in this experiment were pre-
cleaned by boiling in concentrated hydrofluoric acid for several hours. The sample 
on the filter was rinsed with prefiltered distilled water, dried and weighed. Then the 
filter , with residue, was exposed to a slow flow of concentrated hydrochloric acid 
gas for 24 hours to eliminate carbonate carbon from the sample. The sample was 
then dried in a 55°C oven for 48 hours. Organic carbon and nitrogen contents were 
measured by an infra-red spectroscopic elemental analyzer. 

The total calculated fluxes of organic carbon and nitrogen at 5,367 m were 1,236 
µ,g and 216 µ,g/ m2/ day, respectively, and the average C/ N ratio was 6.3. The less 
than 62 µ,m fraction contained more than 94% of the total organic carbon. 

As shown in Table 5, the size fraction between 250 µ,m and 62 µ,m had the 
highest proportion of organic matter. This fraction consisted of a relatively large 
number of green fecal pellets which contained more than 20% organic matter. On 
the other hand, the fraction larger than 250 µ,m was rich in organic matter because 
of the relatively greater abundance of carbonate particles. The less than 62 µ,m frac-
tion is relatively rich in organic matter because of the concentration of small fecal 
pellets, fragments of fecal pellets and free pigments. 

Stable carbon isotope. A 1 / 8 aliquot of the sample from Cups 1 and 2 was plated 
on glass petri-dishes, dried and placed in a low temperature oxygen-plasma asher 
for 60 minutes. Produced CO2 gas was trapped by liquid nitrogen and purified re-
peatedly over tungsten metal flasks. The C1 3 / C1 2 ratio was determined by mass-
spectrometry (Erez, J., personal communication). The measured 8C13 relative to 
PDB of the samples in Cups 1 and 2 was -21.19% and -21.35%, respectively. 
The difference is not significant. 
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Table 5. a. Organic carbon and nitrogen concentrations in Cup 2 (% of size fraction or total) . 

Size Fraction 
< 250 µ,m Total 

>250 µ,m >62 µ,m <62 µ,m Sediment 

Organic Carbon 1.70 2.78 2.62 2.63 ± .036 
Organic Nitrogen 0.26 0.40 0.38 0.38 ± .0026 

C/ N 6.5 6.9 6.9 6.9 

b. Fluxes (µ,g/ m2/ day) of organic and nitrogen, calculated from a. 

Organic Carbon 
Organic Nitrogen 

>250 µ,m 

25 
3.8 

Size Fraction 
<250 µ,m 

>62 µ,m < 62 µ,m 

54 
7.8 

1156 
203 

Total 
Sample 

1235 
2.6 

Bottom 
Sample 

0.73 ± .068 
0.09 ± .021 

8.1 

Non-biogenic mineral particles. X-ray difir~ction spectroscopic analysis showed cal-
cite, mica and quartz in the fraction between 250 and 62 µ,m. In the fraction larger 
than 250 µ,m only calcite and a faint quartz signal were detected. Calcite, mica, 
quartz, feldspar and possibly amphibole particles were collected in the less than 
62 µ,m fraction. Under the microscope, these mineral particles were found only in 
the less than 62 µ,m fraction. 

Free quartz and feldspar particles in the fraction less than 62 µ,m ranged from 
52 µ,m to 20 µ,m (Fig. 2i, Plate 4h). Sharp-edged glass shards ranging from 60 to 
30 µ,m were rare and were of two kinds, transparent and dark brown. The energy 
dispersive x-ray spectrography (EDX) of the transparent particles gave only a silica 
signal (Fig. 2j); the dark brown particles contained more metallic elements, such as 
iron (Fig. 2k). Some glass shards showed significant hydration and others were very 
fresh (Plate 4i, j and k). 

X-ray diffraction analysis of fecal pellets was conducted by a micro powder-
camera method on a batch of 10 fecal pellets by Dr. C. C. Woo, U. S. Geological 
Survey. X-ray diffraction signals from mineral particles in green fecal pellets showed 
interference from the high organic content and characteristic lines were faint except 
for quartz and kaolinite. The mineral assemblage found in red fecal pellets was 
similar to that in the less than 62 µ,m fraction. X-ray data from a box core top 
sample showed a mineral composition similar to the sediment trap sample except 
for a depletion of calcite (Table 6). 

Although scanning electron microscopy revealed pteropod shell fragments in the 
less than 62 µ,m fraction (Plate 4a and b), the x-ray diffraction method failed to 
detect aragonite. This might be due to size reduction of crystals by severe dissolu-
tion during settling or while resting on the trap. 
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Table 6. Comparative X-ray mineralogy of trapped sample, fecal pellets, and box core top. 

Trapped Bottom 

Fecal Pellet* Samplet Samplet 

"Green" "Red" <62µ, < 62µ, 

Calcite +++ ++ ++ + 
Quartz ++ ++ ++ ++ 
Mica ? + + + 
Kaolinite + + + + 
Montmorillonite 
Chlorite ? + + + 
Illite ? + + + 
Feldspar + + 
Amphibole (+) (+) 

* Mi cro powder camera method (Dr. C. C. Woo). 
t Normal X-ray diffraction method, Collodion film substrate. 

Anthropogenic material and miscellaneous particles. Fly ash particles were com-
monly found in the trap. They ranged from 20 µm to 400 µm and there were sev-
eral different colored types (Fig. 2 1 and m; Plate 4 1). The chance of contamination 
from the smoke stack of the vessel from which the sediment trap was deployed is 
believed to be very small. 

Black spherical particles, 200 µm or more in diameter, were occasionally found. 
They consisted of a pitch-like black material and could be cracked easily by a 
needle tip. Energy dispersive x-ray analysis did not show metals but there were 
traces of sulphur, phosporous, chlorine, and sodium (the last two perhaps from the 
seawater). A number of biogenic and non-biogenic particles less than 125 µm were 
present; their origin has not been determined. For example, greenish mineral parti-
cles of approximately 100 µm diameter have x-ray spectra similar to javacite. 

Fecal pellets. Fecal pellets range in size from less than 30 µm to 500 µm in length 
and less than 10 µm to 100 µm in width. Long, thin pellets which exceed 1 mm were 
present but rare. The average dry weight of 100 fecal pellets in the fraction larger 
than 250 µ,m was 10.4 µ,g; 3.2 µ,g for the fraction between 125 µ,m and 250 µ,m 
and 1.4 µ,g for the fraction between 62 µ,m and 250 µ,m. 

Two types of fecal pellets could be distinguished by their shape (Table 2). One 
was cylindrical to fusiform with round or pointed ends and of uniform size (Plate 
la and 2a); the other was also cylindrical but with flat ends and varying lengths in 
proportion to the diameter (Plate le, f and g, 2b and c). It is presumed that the 
former are produced singly by the organism, while the latter are formed by the 
breaking of continuously ejected feces. Pellets in varying stages of decomposition 
were abundant. However, it is possible that some of them were broken during 
processing. 
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Table 7. Major constituents of fecal pellets (in % ). 

Clay 
Carbonate 
Biogenic Silica 
Organic Carbon 
Organic Nitrogen 

Red 

85 
10 

~0.5 
5 

0.6 

Green 

25 
50 
5 

15 
3 

483 

Under the incident light microscope, fecal pellets can be classified into two rather 
well defined groups on the basis of their color and surface texture. One group is 
deep green with numerous small black spots (Plate 1). The other is reddish clay 
colored and appears to consist largely of clay particles of subuniform size (Plate 2a 
through f). Rarely, some pellets show a mixture of these characters. Both " indi-
vidual" and "continuous" fecal pellets were found in the green and red fecal pellet 
groups. In the size ranges > 250 µm, 125-250 µm, 62-125 µm and < 62 µm the 
ratio of red to green fecal pellets was estimated as 0.54, 0.92, 1.38 and 2.33 re-
spectively. 

Samples of red and green fecal pellets were handpicked from Cup 2 and estimates 
., were made of the concentration of various constituents. Total clay, carbonate, and 

biogenic silica were estimated from particle counts using the SEM and organic car-
bon and nitrogen were determined by the elemental analyzer after decalcification 
with HCl gas. The results are given in Table 7. Samples of both kinds of pellets were 
analyzed by an instrumental neutron activation technique for a variety of elements 
(Spencer, et al., in press). These results, compared with several other samples, are 
given in Table 8. 

Green fecal pellets. Under the light microscope (polarized and phase contrast), 
and the transmission electron microscope, a section of a green fecal pellet showed 
a mixture of greenish pigments (pigment-like spheric particles), degraded cells and 
cell organelles, plant cell walls, coccoliths, clay, and apparent voids (Plate Sa). Pig-
ments and remains of cellular structures are conspicuous (Plate 2i and j). These 
constituents are homogeneously mixed in a pellet but in thin sections the carbonate 
and clay particle-rich portions are sometimes concentrated in zones (Plate 5). 
Small foraminifera tests, thoroacospheres and coccospheres were commonly found 
in green fecal pellets (Plate 1 b, c, d, g and I). In some cases several forarninifera 
tests were included in a pellet (Plate lj) . 

The cell organelles were degraded to various degrees. Chloroplasts appeared to 
be resistant to degradation and often remained inside of strongly folded cell walls, 
which were also preserved. Nuclei and mitochondria with relatively few crests were 
often found independently outside of the cell wall. Golgi complexes were rare, show-
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Table 8. Fecal pellet composition (Data from Brewer and Spencer). 

Ho-
mog-
enized Frac- Suspended Particles** 

Fecal Pellets* Trap tion Eu- Neph- Bottom Salp 

"Green" "Red" Sample* <62~m• photic 2786m e!oid Samplet GuU 

Ba (ppm) 192 526 283 378 244 430 319 520 158 

Ti (ppm) 1328 3145 2284 4122 445 1560 3042 3786 22 

Sr (ppm) 1432 0 338 0 570 710 323 1156 1789 

Mn(ppm) 2110 768 825 746 162 440 590 4972 13 

Mg% 0.81 2.73 1.78 2.71 1.39 0.51 2.43 2.62 0.4 

Cu (ppm) 650 308 110 450 920 925 920 40 

V (ppm) 76 114 84 113 14 33 104 116 15 

Al% 2.08 7.49 4.51 7.94 0.48 0.7 5.9 7.7 0.21 

Ca% 23.2 5.69 6.53 5.29 2.69 3.9 2.77 7.5 5.73 

I (ppm) 496 83 72 31 283 134 52.4 54 490 

* from 5367 m trap, Cup 2. 
** sample from GEOSECS 120 station. 
t PARFLUX S site, top 2 cm. 
:t Contents of guts from 10 individuals of salp. Collected in January, 1977. Total wt. of sample used 
for analysis was 1.197 mg. 

ing selective degradation by digestion. Clay particles and skeletal material were 
mixed with these cell organelles (Plate Sa). 

Under SEM observation, the surface of a green fecal pellet was covered by coc-
coliths, fragmented diatoms, silicoflagellates (and their fragments) and clay minerals. 
Organic constituents appeared as amorphous particles (there was no significant 
difference in the organic morphologies of fecal pellets subjected to critical point 
dehydration and those dried in air). 

Skeletal particles, mostly free coccoliths and diatoms, made up about 55% of the 
dry weight of green fecal pellets (Table 7). A total of 19 coccolith species were 
found in green fecal pellets (Table 4). Most of the fragile specimens such as ortho-
coccoliths, lophodoliths, and megacoccoliths of Umbellicosphaera were preserved 
intact. Effects of dissolution were not observed. Diatoms were usually broken into 
fragments except for some small pinnates. About a quarter of the weight of green 
fecal pellets was clay particles (Table 7). 

The organic content of some dry green fecal pellets exceeded 20% of their weight. 
The C/N ratio was 5.5. Sr and Ca are enriched in the green pellets, consistent with 
their higher carbonate contents. Iodine is probably present mostly in organic matter, 
which is consistent with its higher concentration in green pellets. 

Red fecal pellets. Under the light microscope and the transmission electron mi-
croscope, a section of red fecal pellets was strongly dominated by clay minerals 
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and contained little pigment-like organic matter or carbonates. Red fecal pellets are 
rich in deep red minerals several microns in diameter. Red fecal pellets contain 
fewer pigments and cell remains, and homogeneously distributed coccoliths and 
thoracospheres were present to varying extents. Irregular void spaces, common in 
a green fecal pellet, were rarer and smaller in red fecal pellets (Plate Sb and c). 
Some red fecal pellets were covered by a distinct zone of several layers of large 
plates of clay particles arranged like fish scales over the surface of the fecal pellet. 

The reddish color of a pellet under incident light is presumably due to these clay 
particles. Sometimes a part of the surface of a red fecal pellet was covered apparently 
by organic matter; however, we have not been able to confirm that it was a part of 
the original peritrophic membrane (Plate 2d). 

Semi-quantitative elemental analysis of a thin section of a fecal pellet was per-
formed using energy dispersive x-ray microprobe spectroscopy (EDX). It was found 
that the composition of heavy metals in each clay particle contained a large amount 
of Fe and Ti , presumably as an oxide coating of clay (Fig. 2h). 

Biogenic skeletal particles were mostly coccoliths with limited species diversity 
and many were partially dissolved (Plate 2d, e and f). E. huxleyi and G. oceanica 
were the dominant species (Table 4). 

The organic carbon and nitrogen contents of red fecal pellets measured on a batch 
of 200 pellets were 5% and 0.6% of the dry weight, respectively. Pigmented ma-
terial in red fecal pellets varies widely, approximately I to 8% (estimate from the 
number and area shown in the thin section). The average C/ N ratio was 6.2. 

Neutron activation analysis of some of the elemental constituents showed that 
red fecal pellets have significantly higher concentrations of Al, Ti, Mg, and Ba than 
green fecal pellets. These elements are likely to be associated with clay minerals. 

4. Discussion 

Transfer of material by fecal pellets. The following evidence supports the view that 
green fecal pellets were produced in the surface layer where the host animal grazed, 
and that they arrived at the depth of the trap within a short time, directly from the 
surface. I) Green fecal pellets contain relatively fresh plant cell remains in large 
quantities; 2) they contained coccoliths and coccospheres whose species diversity 
was as high as that in the photic layer. Coccoliths of seasonal species which were 
in bloom during part of the deployment period were abundant in green fecal pellets 
(for example, Pontosphaera syracusana, Plate 7 1, and 2 l) ; 3) no dissolution of the 
coccoliths was evident, even in the most susceptible species; 4) the elemental com-
position of suspended particles in the photic layer, gut composition of grazers and 
green fecal pellets is similar with respect to most major and minoi: elements. 

Pigments make up a large proportion of the organic matter in _green fecal pellets 
(Plate Sa); chloroplasts were most resistant to breakdown among the cell organelles. 
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Efficient vertical transport of such light objects is enhanced by the "ballasting" 
effect of calcium carbonates, clay and other heavier particles. 

The concentrations of heavy metal and trace elements in green fecal pellets are 
three or four orders of magnitude higher than in open ocean phytoplankton or zoo-
plankton (Vinogradov and Kobalsky, 1962). Such concentrations are due to clay 
minerals, igneous particles, and skeletal remains. However, the high concentration 
of biogenic elements such as iodine cannot be explained simply by the contribution 
of such inorganic components. 

Red fecal pellets were not found in the traps deployed at shallower depths (200 m 
through 2,797 m). The coccoliths in red fecal pellets showed significant dissolution 
as discussed before. Therefore, the red pellets may have been produced at greater 
depths by animals which utilize material from water undersaturated with respect 
to calcite. 

Several hypotheses can be advanced to explain the origin of red fecal pellets: 
(1) They were made in the nepheloid layer. In the deep water column high con-

centrations (approximately 50 µ,g/ kg water) of suspended clay are only available in 
the nepheloid layer (Spencer et al., in press). This hypothesis, however, involves ac-
cepting the following difficulties: 

a. This explanation can be possible only when a sizeable biomass of grazers live 
in the uppermost part of the nepheloid layer (the trap was 214 m from the 
bottom). A single deep towing of a plankton net (mesh size 150 µ,m) at the 
5000 m to 5,500 m level at this station for 4 hours indicated no significant 
standing crop of zooplankton. 

b. The elemental composition of suspended particles in the nepheloid layer is 
different from that of red fecal pellets. Also, nepheloid particles contain more 
clay and less organic matter than red fecal pellets. 

c. Existence of pigments in red fecal pellets is hard to explain because being sus-
pended in the upper nepheloid layer they are extremely rare. 

d. The estimated flux of red fecal pellets is similar to that of the green. To ex-
plain this, the size of the population of the hypothetical deep water fauna has 
to be comparable to that of the photic layer, assuming the recycling rates are 
similar. No evidence exists in the literature to support this (Grice, 1962; 
Harding, 1974). 

(2) They were made at the water/ sediment interface. The composition of red 
fecal pellets is similar to the sediment at the water/sediment interface with respect 
to the concentration of major and trace elements, abundance of pigment, mineralogy, 
and the degree of carbonate preservation. The water/ sediment interface is rich in 
food material brought down by fecal pellets. Therefore, this interface could be the 
best deep water feeding environment for animals. However, it is highly unlikely that 
a fecal pellet with a settling velocity of 50 to 200 m/ day can be resuspended and 
brought as high as 214 m off the bottom by currents. A hypothetical fauna that 
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swims up more than 214 meters after feeding at the interface before excreting could 
explain the origin of red fecal pellets. Such an animal has not been described in the 
literature. 

(3) Effect of the ecologic ladder. Coprophagy by zooplankton is well known (i .e., 
Frankenberg, et al., 1967). Green fecal pellets can be attractive food for mid to 
deep water zooplankton (Harding, 1974; Wheeler, 1970). When green fecal pellets 
or their fragments are ingested by zooplankton, the organic content will decrease 
and undigestable clay and skeletal matter will increase at each step. Delicate species 
of coccoliths will dissolve and refractory material like clay particles should be con-
centrated and the pellet would become more compact. This could explain the con-
trasting characteristics of red and green fecal pellets. Within red fecal pellets there 
exist significant differences of skeletal and organic concentration and different states 
of preservation of pigments and pigment-like particles, suggesting multiple copro-
phagy. Red fecal pellets were generally smaller; almost no green fecal pellets were 
in the less than 30 micron fraction. These observations are in support of the "eco-
logical ladder" hypothesis (Vinogradov, 1962), and the similarities in the composi-
tion of red and green fecal pellets and sediment at the water-solid interface are thus 
readily explained by this hypothesis. 

Some red fecal pellets contain significantly dissolved coccolith specimens, sug-
gesting that they were in the calcite undersaturated water for a long period. The 
calculated saturation depth of calcite (Takahashi, 197 5) at the PARFLUX mooring 
area is 3,900 m; thus dissolution should take place in the lower 1,700 m of the water 
column. A possible explanation is that deep dwelling zooplankton graze free sus-
pended, partly dissolved coccoliths (Honjo, 1975) as well as sinking fecal pellets. 

(4) Red fecal pellets are artifacts. Since the material collected by a sediment trap 
is a mixture of organic matter and clay minerals, unusual coagulation of particles 
can take place while kept in a cup in the field or during wet sieving in the labora-
tory, and many small fecal pellets did not show well defined shapes. This claim can 
hardly be accepted for the following reasons: 

a. Curved cylindrical red pellets (continuous type) whose length/ width ratio ex-
ceeded 15 were commonly found in the fraction larger than 62 µ,m (Plate 2b 
and c). Such shapes are unlikely to be fabricated by physical coagulation. 

b. Wet sieving using normal sea water, filtered sea water, distilled water, or alco-
hol did not show significant effects on the size and shape of red fecal pellets 
in all size ranges. 

The question still remains as to why no peritrophic membrane was observed on 
red fecal pellets if they were produced in the deep water where bacterial degrada-
tion is minimal (Honjo, 1976; Turner, 1977; Honjo and Roman, 1978). It is possi-
ble that red fecal pellets might never have been covered by a peritrophic membrane, 
but rather by a dissolvable material such as mucus (suggestive evidence; Plate 2d). 
Deep coprohagous animals may find it difficult to build a true peritrophic membrane. 
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Coating by a thin clay layer can be explained by coagulation of clay particles on the 
mucus-covered surfaces of fecal pellets kept in a cup. 

The animals producing green and red fecal pellets are currently unknown. Pre-
sumably they are small zooplankton. The green fecal pellet could be formed by an 
organism whose feeding strategy bas high ingestion and excretion but low extraction 
efficiency. The red fecal pellet could be formed by an organism that is much more 
effective (due to energetics, gut construction, long retention time, etc.) at extracting 
organic carbon, and so needs to ingest less material. These could form two selective 
poles of feeding specialization. 

Catchment of resuspended particles. It was clear that the 5,367 m trap which was 
214 m from the anchor was located near the top of the nepheloid layer (Spencer et 
al., in press). The sedimentation rate based upon the measured net mass flux (46 
mg/ m2/ day) is equivalent to 1.5 cm day/ 1000 yr, which is too high to expect in this 
area. The content of trapped clay particles relative to carbonate (calcite) particles is 
too large to be expected from a gyre area which is located very far from the conti-
nent. The clay/ calcite ratio in green pellets is more reasonable. Minimum estimate 
of vertical flux (sensu stricto) of clay and clay-size igneous particles is equivalent to 
the mass contained in green fecal pellets. Deposition of red fecal pellets is a re-
cycling process no matter how they are produced. 

Green fecal pellets were generally not destroyed by abrupt movement of water. 
Small red fecal pellets disintegrated easily. Red fecal pellets and the sediment frac-
tion less than 62 µ,m were about identical in their particle constituents and elemental 
composition (Table 7). The large area energy dispersive spectra of a red fecal pellet 
and of the smaller than 62 µ,m fraction match closely (Figure 2, b, vis c). Some por-
tions of such particles, if not all of those less than 62 µ,m, may have been produced 
by disintegration-while the trapped sediment was deployed and during laboratory 
processing. 

Flux difjerence between two sediment traps at the same depth. The dry weight of 
sediment collected by Cups 1 and 2 was significantly different. However, mass and 
particle constituents in both cups were very similar in the fraction larger than 62 µ,m 
(Table 1). In the fraction less than 62 µ,m, the masses of sediment between 62 and 
25 µ,m were not greatly different, and the counts of small foraminifera were similar. 
The major difference between the two cups was in the fraction, less than 10 µ,m 
which consisted mostly of clay particles and free coccoliths (Table 2). 

The two sediment traps were deployed at the same depth, side by side, only 30 
cm apart. A major source of the difference may be due to hydrodynamic phenomena 
accompanying horizontal advection. This was expected as a result of flume experi-
ments on scale models (Gardner, Ph.D. thesis). Advection may have kept the posi-
tion of the two openings parallel to the current vector, with one always being posi-
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tioned on the lee side. In such a situation, the rear trap could collect more small 
particles by a "snow-fence" effect due to a decrease in advective energy. 

Mode of sedimentation and material fiux. An in situ organic carbon productivity 
measurement applying C14 fixation technique, surface to 100 m, on July 21, 1977 
(fine day) at the PARFLUX S station was 63 mg/ m2

• This result generally agrees 
with previously published results (Ryther, 1963; Ketchum, 1967, 1968). An average 
daily flux of organic carbon at 5,364 was 1.24 mg/ m2 (Table Sb), indicating that 
approximately 2 % of the production of organic carbon was found as the bottom 
flux . 

If the model discussed in the previous section is correct, green fecal pellets play 
a major role in rapid vertical transport of organic matter. Although their source is 
not known, the best explanation of red fecal pellets is that they are the product of 
animals living in the deep layer utilizing green fecal pellets, or bottom sediment 
among other material, as a food source. The nutrient value of fecal pellets is thus 
reduced by this process while descending through the deep water column. As a re-
sult, organic carbon content is reduced from about 50% organic carbon content in 
the suspended particles of the surface layer to a few percent at the trap depth. 

Pigmented material in fecal pellets, particularly in green fecal pellets, appeared to 
be an important source of organic matter. It is presumed that fecal pellets "rain" 
uniformly on the deep ocean bottom and supply carbon and nutrients without 
producing significant patchiness unless there is surface winnowing by boundary cur-
rents. This supports, at least partially, a recent observation of Jumars (1976), who 
found conspicuous regularity in the infauna distribution in the deep sea floor. Find-
ing Sargassum pieces also suggests that they could be a source of carbon. Transport 
of a large alga to the deep sea has been observed from deep submersibles (Hollister, 
personal communication). But our data are not sufficient to warrant comment on 
the large organic particle flux in the deep sea. Biogenic fibers (Plate 2g and h) were 
frequent in the less than 250 µ,m fraction but the quantity is unknown. The 0C13 

value of the organic carbon suggests that the major part originated in phytoplankton 
(Degens, 1969). The clay particles in green fecal pellets probably originate in the 
atmospheric dust flux to the sea surface. 

Coccoliths can efficiently be transported to the deep sea bottom through a calcite 
unsaturated water layer by being packed in fecal pellets which provide a strongly 
protective environment from chemical attack and from mechanical damage. The 
classical question of why the pattern of distribution of small particles on the deep 
sea floor replicates their original distribution pattern in air or in the surface layer, 
despite advection and dissolution during long Stokesian settling times, can thus be 
explained by the mass flux and protected transportation by fecal pell ets (Schrader, 
1971; Honjo, 1975; Roth et al., 1975; Turner, 1977). This model can be applicable 
to clay particles (Biscaye, 1965), fine quartz grains (Goldberg and Arrhenius, 1958), 
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diatoms (Schrader, 1971) and coccoliths (Honjo, 1975). 
The majority of planktonic foraminiferal tests sink independently. While tests 

less than 62 µm were often found in green and red fecal pellets, they were insignifi-
cant compared to the total flux by free sinking. Radiolarians were less frequently 
found in the fecal pellets than foraminifera. Except for coccoliths in red fecal pellets 
carbonate skeletal matter, including some pteropod shells, arrived at the 5364 m 
deep trap without recognizable dissolution. 

A separate experiment to measure the rate of in situ dissolution of biogenic car-
bonate executed at the same location indicated that 73 % of pteropod shells were 
dissolved during the period while the trap opened (Honjo and Erez, in press). The 
degree of undersaturation of sea water regarding aragonite in the cup cannot be the 
same as an in situ condition; however, it was evident that some trapped pteropods 
shells were severly dissolved and lost before recovery. 

5. Conclusions 

1. The net vertical flux of material collected by a P ARFLUX honeycomb sedi-
ment trap at 5,367 min the Southern Sargasso Sea was 46.0 mg/m2/day. The sedi-
ment consisted of 26% carbonate, 7% biogenic silica, 40-50% clay, 6% of others 
including organic matter. Over 90% of the sediment particles were less than 62 µm. 
A part of this fraction was made by the fragmentation of fecal pellets during process-
ing but a significant amount of clay was trapped while resuspended. 
2. The major biogenic particle constituents were fecal pellets, planktonic fora-
miniferal tests, radiolarians, pteropod shells and fragments, copepod molt, Thora-
cosphaera, silicoflagellates, diatoms, free coccoliths, and free pigments. Biogenic 
carbonate particles arrived without significant dissolution, except for pteropods and 
those coccoliths in the small fraction of sediment and in red fecal pellets. 
3. The net carbonate flux in Cup 2 consisted of 93% calcite and 7% aragonite. 
They were 29% planktonic foraminiferal tests; 59% coccoliths; 5% thoracospheres 
and 7% pteropod shells. A significant numbers of pteropod shells which were caught 
earlier may have dissolved and some disappeared before being recovered. 
4. Organic carbon was supplied as numerous plant pigments and degraded cell 
debris. The organic carbon and nitrogen flux were 1.2 mg/m2/day and 0.2 mg/m2

/ 

day respectively (averaged Cup 1 and 2). This was about 2% of total carbon pro-
duction in this area during the period of the experiment. 
5. Two kinds of fecal pellets differing with respect to contents of pigments, skele-
tal carbonate particles and clay minerals were observed. "Green" fecal pellets were 
transported directly from the surface. "Red" fecal pellets with less organic matter 
and more clay particles may be produced in the deep water by coprophagic zoo-
planktons. The origin of red fecal pellets warrants further study. 
6. Clay minerals, quartz and other mineral particles were transported from the 
surface layer by fecal pellets to the trap depth. 
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7. Although the quantity was small, a variety of anthropogenic material such as 
fly ash was collected. 
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