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Material fluxes and modes of sedimentation in the 
mesopelagic and bathypelagic zones1 

by Susumu Honjo 2 

ABSTRACT 
Initial results from samples collected during three sediment trapping experiments at three deep 

ocean stations in the central Sargasso Sea, the tropical Atlantic and the central North Atlantic 
are reported in this paper. At each station a moored array with four or five PARFLUX Mark 
II sediment traps with an opening of 1.5 m' was deployed through 4,000 m to near bottom for 
6 I to 110 days. Trapped samples were split by a precision sample splitter into aliquots ranging 
from 1 / 4 to 1/256 or smaller and each was analyzed to assess sedimentological properties 
using microscopic and chemical methods. 

The m ain chemical and mineralogical constituents of trapped sediment were carbonates, 
silicates and organic compounds. The experiment indicated that the majority of mass flux to 
the deep sea was achieved by fast sinking large particles. Dominant large particles were plank-
tonic foraminiferal tests, radiolarian skeletons, pteropod shells, diatom frustules, and fecal 
pellets of zooplankton. 

The fluxes in the layer were essentially constant and consistent in terms of the masses and 
the constituents at all stations. The mode of sedimentation in the mesopelagic zone was strongly 
influenced by entrapped zooplankton. The exception was the flux of silicates which increased 
consistently throughout the entire water column. Biogenic carbonate particles and organic mat-
ter contributed 70 to 55% and 10 to 20% of the flux , respectively. The flux of those constituents 
decreases with depth in the bathypelagic zone due to the post entrapment dissolution. The rate 
of sedimentation of opal increased with depth in the mesopelagic zone and was constant through-
out the bathypelagic zone. On the other hand, the flux of clay particles and quartz/ feldspar 
consistently increased with depth at S, and E stations and was small and constant at the P, 

station. 
Organic carbon flux near the bottom was estimated to be 0.7, 0.9 and 1.7 mg/ m'/ day at P,, 

S, and E stations, respectively. Approximately 6 to 4% and 1.5 to 0.8% of primary production 
is transported to the mesopelagic and bathypelagic zones, respectively. The C/ N ratio of meso-
pelagic sediment was 8 to 9 and was approximately 10 throughout the bathypelagic zone. The 
organic carbon atom flux was considerably larger than carbonate carbon in the mesopelagic 

traps and slightly smaller in the batbypelagic traps. 

1. Introduction 
The deep ocean is a stratified environment characterized by the decreasing avail-

1. Woods Hole Oceanographic Institution Contribution Number 3873. 
2. Woods Hole Oceanographic Institution, Woods Hole, Massachusetts, 02543, U.S.A. 
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ability of energy and increasing environmental stability. Primary production is 
limited to the euphotic zone; the mesopelagic zone below this is dominated by zoo-
plankton activity. The remainder of the water column, the bathypelagic zone, is an 
energy depleted layer with sharply reduced organic activity (Hedgreth, 1957). 

The mechanism which transfers energy and material from the sun-rich ocean sur-
face to the abyssal floor through such environments has long been of interest to 
ocean scientists. Since the discovery of the existence of abyssal fauna by the Chal-
lenger Expedition in the last century, the source of nutrients for the deep sea eco-
system has been the subject of speculation. The study of deep-sea bottom sediments 
has indicated that the majority of the sediment particles are produced as mineralized 
tissue of plankton as well as eolian particles. Phytoplankton related particles are 
produced only in the euphotic zone and zooplankton skeletons are produced within 
the upper two zones and perhaps even deeper. 

The questions arise concerning the quantity and quality of particles leaving the 
productive layer toward the bottom of the deep ocean floor, and the processes in 
the layers of water which may alter the characteristics of descending particles. In 
particular, how is balance between the production of particulates and deposition at 
the seafloor met? 

Primary products from the photic layer far above must be supplied to the deep 
ocean. How is this accomplished? How can reactive particles with short residence 
times such as coccoliths, diatom frustules or organic pigments possibly arrive at the 
abyssal floor? 

Evidence has been found which suggests that there should exist efficient means 
of transport of small particles, nutrients and man-made matter from the upper layer 
to the bottom in the pelagic water column (e.g. Osterberg et al., 1963; Honjo, 1977; 
Elder and Fowler, 1977). Studies of ocean particles (e.g. McCave, 1975) have 
shown that their size distribution may be described as an exponential function. In 
practice, particles larger than 20 µ,m are rare and have a low probability of occur-
rence in a water sample. However, despite their low abundance, the exponential in-
crease in mass and sinking velocity with size shifts the predominant fraction of 
mass flux of settling particles to the large size range. This is the basis of the hy-
pothesis that vertical transport of material in the pelagic water column is accom-
plished by large but rarer particles. 

Fecal pellets of zooplankton may be an answer to the transport of small particles 
and organic matter. Almost all primary products are grazed by zooplankton (Steele, 
1974). Some filter feeders can ingest mineral particles such as clay and quartz (e.g. 
Honjo, 1976; Honjo and Roman, 1978). Indigestible particles and surplus organic 
matter are ejected as fecal pellets which are usually orders of magnitude larger than 
the original size of particles. Collection of such large marine particles by means of 
conventional water sampling is extremely inefficient due to the scarcity and higher 
settling speed of these large particles. Deployment of sediment traps is one method 
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Table 1. Summary: Sediment traps deployed, P ARFLUX Phase I. 

PARFLUXS, PARFLUX S. PARFLUXE 

Location 31 °32.5'N, 55°55.4'W 13°30.2'N, 
54°00.l'W 

Ocean/ Basin Central Sargasso Sea Tropical Atlantic 
Sohm Abyssal Plain Demerara A.P. 

Term 10/76-1/77 7/77-10/77 11/77-2/78 
Duration 75 days 110 days 98 days 

Trap depth (m) 398 N* 372 (G) 389 G 
998 N* 976G 988 G 
2,797 N 2,700 N 3,755 G 
5,367 G* 3,694 G 5,068 G 

5,206 (G) 

Anchor depth 5,581 5,581 5,288 

Attachments 3-ISWAC Us** Diss. sensors Diss. sensors 
Diss. sensors 2 inclinometers 
2 inclinometers 
1 stress gauge 

Deployment ship R.V. Knorr R.V. Oceanus R.V. Oceanus 
Recovery ship R.V. Knorr R.V. Oceanus R.V. Atlantis II 

* G: successful recovery; N : unsuccessful; ( G) : limited success. 
** Honjo and Erez, 1978. 
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PARFLUXP, 

15°21.l'N, 
151 °28.5'W 

North Central Pacific 
E. Hawaii A.P. 

9/78-11/78 
61 days 

378 G 
978 G 
2,778 G 
4,280 G 
5,582 G 

5,792 

3-ISWAC Ills 
Diss. sensors 
Geochem. sensors 
2 inclinometers 

R.V. Kana Keoki 
R.V. Kana Keoki 

which can provide a quantity of large particle samples for pertinent scientific exami-
nation (e.g. Wiebe et al., 1976; Izek.i, 1976; Gardner, 1977; Honjo, 1978; Spencer 
et al., 1978; Soutar et al., 1977; Staresenic, 1978; Knauer et al., 1979; Rowe and 
Gardner, 1979). 

Since October 1976, sediment trap experiments (PARFLUX Phase I) have been 
conducted at three pelagic locations with different environmental conditions in the 
Atlantic and the Pacific: Southern Sargasso Sea which represents an oligotrophic en-
vironment; a station east of Barbados having a typical tropical Atlantic setting; a 
station in the North Pacific located in a vast abyssal plain which appears to be re-
ceiving minimum terrestrial influence by water transport but possibly constant 
eolian input, the water column at this station is strongly undersaturated in terms 
of calcium carbonate. In order to clarify the differences between the mode of sedi-
mentation with increasing depth of the mesopelagic and the bathypelagic zone four 
or five sediment traps were deployed for 61 to 110 days at each experimental site 
ranging from 372 m to 5,582 m (Table 1, Figs. 1 and 3). 

The following is an initi al report of the geological and sedimentational aspects 
of the trapped sediment samples at the three stations during P ARFLUX Phase I. 
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Figure I. Approximate position of PARFLUX Phase I stations. 

The report on the geochemical and radiochemical studies on the same samples will 
be published elsewhere (Brewer et al., in prep.). Geological and geochemical investi-
gations of a sample collected by a sediment trap deployed at 5,367 m at the Sar-
gasso Sea station were already reported by Honjo (1978) and Spencer et al. (1978). 

2. Location of sediment trap arrays 

The Central Sargasso Sea, which lies over the Southern Sohm Abyssal Plain, is 
one of the least productive oceans known (Koblentz-Mischke et al., 1970). Oscilla-
tion of plankton abundance with small amplitude has been reported in this area (Men-
zel, 1961; Ryther, 1963; Ketchum, 1967, 1968). According to those reports, the S1 
array was deployed during the annual minimum and S2 represents a low productivity 
period in the fall. The area is characterized by abundant Sargassum and other epi-
phyte colonies which float on the sea surface (e.g. Carpenter and Cox, 1974). 
Schmitz (1978) reported as a result of large scale current meter experiments that 
the horizontal movement of deep water in this area is on the average less than 
4 cm/ sec. The North Atlantic cold water eddies do not extend this far southeast 
(Richardson et al., 1973). The S station, therefore, is located in a deep water area 
of very low kinetic energy. 

The S station is located at least 1,700 km from the nearby continent (Cape 
Sable, Nova Scotia), and is approximately 400 km from the edge of the Bermuda 
Rise. The bathymetry and the nature of the sediment at the S station were described 
in Honjo (1978). Direct input by rivers or near bottom sediment sliding from the 
slope is unlikely in this region. Laine (1977) discussed, however, the indirect in-
flu ence of sediment originating from the St. Lawrence cone moved by bottom water 
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transport. The detailed hydrographic data including suspended sediment load which 
were collected during the recovery of the s1 trap array (January 1977) have been 
reported by Spencer et al. (1978). 

The E station is at least 750 km from the nearby landmass (Guyana Coast). Pri-
mary productivity and other biology of this area has been studied by many authors 
(e.g. Bj ornberg, 1971). No systematic seasonal oscillation of phytoplankton and 
zooplankton has been found in this area (Moore and Sander, 1977; Steven and 
Glombitza, 1972). The bottom topography near the E site is relatively flat and slowly 
deepens northward toward the eastern end of the Puerto Rico Trench. No deep 
current meter measurements have been available in this general area. The inclinom-
eter and in situ and strain-gauge records deployed at 382 m revealed that there were 
occasional current activities that lasted only a few hours and no resolvable tilt was 
recorded during the rest of the term. The S and E stations are comparable in terms 
of stability of the arrays during deployment (Clay and Honjo, in prep.). The bottom 
sediment at the E station is firm silty clay. 

The P 1 station is located in the East Hawaii Abyssal Plain which lies between 
the Molokai and Clarence Fracture Zone and is one of the largest basins in the 
North Pacific. The nearest continent is 3,350 km away (Monterey, California). No 
significant ridge, seamount or submarine volcano has been reported within 450 
kilometers of the station. 

The P 1 array was deployed at the center of an unusually monotonous fl.at topog-
raphy where the depth changed a maximum of two meters from average depth of 
5,792 mat least for an area of 10 (S-N) by 16 (E-W) kilometers (found by us dur-
ing deployment cruise on board R.V. Kana Keoki, September 1978). The bottom 
sediment was consolidated clay with alternating thin ferro-manganese laminations 
(Cruise Report, September 1978, Hawaii Institute of Geophysics). 

3. Sediment trap and field experiment 

The outline of the Mark I version of trap construction was described in Honjo 
(1978). The Mark II trap, which is an improved, single cone version of the Mark I, 
was used for the S1, E and P 1 experiments (Fig. 2,A and B, also Fig. 2A and B in 
Honjo, 1978). Engineering details of the trap will be reported elsewhere (Honjo and 
Connell, 1979, technical report). To summarize, the trap opening was 1.5 m2 and 
consisted of 94 sections of PVC honeycomb collector (Fig. 2A). The hexagonal 
opening of an individual segment was 12.5 cm in diameter and 25 cm deep with 
the figure ratio of 2.0. Sediment particles intercepted by the honeycomb collector 
were concentrated to a 20 cm in diameter, 20 cm high lucite sediment receiver 
through a steep PVC-II funnel, 174 cm high with a cone angle of 14 ° (Fig. 2B). No 
metallic surface was exposed to the inside of the trap. Sodium azide bactericide was 
used as a preserver as described in Honjo (1978). The receiving cup was kept open 
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Figure 2A and B. Schematic illustration of a P ARFLUX Mark II sediment trap. Opening of 
sediment trap where a honeycomb collector (A) is installed. The outcircle and incircle of a 
hexagon is 15.6 cm and 11.7 cm. The effective diameter was 12.5 cm. The height of a cell 
was 25.0 cm except the incomplete cell in the outermost circular row was 11.2 cm. The 
honeycomb was anchored to the funnel (b) by three TelfonB coated stainless steel cross-bars. 
The funnel was made of ¾ " PVC-II and was supported by 2", schedule 40 marine quality 
aluminum tubing and anchored to the frame. The frame was also constructed of 2" alumi-
num pipes. The sample was stored in a 6" diameter LuciteB receiving cup (g) which was 
equipped with a bacteriacide diffusion chamber and a pressure release valve. There are two 
types of shutter mechanism, Type C and S (Honjo and Connell, 1979, tech. report) and only 
type C is illustrated in this figure. The receiving cup is isolated by a shutter (e) which is made 
of ½ " thick Teflonn plate by releasing titanium bum-wire (h) and retracting stainless steel 
spring (i). The timing is controlled by a quartz oscillator circuit and dry cell struck for burn-
wire current which are housed in pressure case (f) . A sediment trap involves approximately 
100 lb. of buoyancy by installing 8 Pyrex buoyancy spheres. 

to the funnel while being deployed and a DelrinB shutter was triggered by a quartz 
oscillator controlled timer approximately 3 days prior to the recovery. The shutter 
sealed the sediment receiver tightly and no exchange of water between the inside 
and outside of the receiving cup was expected. 

A P ARFLUX mooring (Fig. 3) was supported by high tension tautline and was 
designed to maintain its vertical configuration under 5 cm/ sec horizontal currents. 
High pressure glass sphere flotations of 50 lb. buoyancy each were strategically dis-
tributed along a polyethylene coated, 3/ 16" steel wire rope ,and anchored at the 
bottom via an AMF acoustic release. The top of the array was deployed to the water 
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Figure 3. Schematic mooring array configuration. The numbers along the left side of the taut-
lines are the corrected depths of traps. Numbers in parenthesis indicate the rejected sample. 
The sample from S, 5,206 m trap was partially used in this paper. The numbers on the right 
side of the line indicate the number of buoyancy spheres. A sphere involves 50 lb. of positive 
buoyancy. Also refer to Table I. "ISWAC" stands for in situ water circulator which was 
used for the carbonate dissolution experiment (Honjo and Erez, 1978). 

first and finally an anchor was dropped at the designated spot. To ensure the re-
covery of an array, relocating navigation accuracy (absolute) of the ship was kept 
within 350 m. A detailed description of the mooring array design, navigation pro-
cedures and deployment/recovery method of the PARFLUX mooring array will be 
published elsewhere (Clay and Honjo, in prep.). 
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Figures 4A, B and C. Diagrams explaining the sample splitting of schedule and the flow-pl an 
of laboratory experimental procedure. 

4. Laboratory methods 

As soon as the sediment trap samples were recovered on board, the shutter closure 
assembly was detached from the receiving cup. Immediately, 5 cc of 3% sodium 
azide solution was added to the cup which was resealed with a polypropylene film, 
and a clean, PVC lid with a silicon rubber gasket was screwed in. Receiving cups 
were opened inside a clean plastic air-bag or under a clean-air bench. Recovered 
samples in the original receiving cups were then individually stored in insulated con-
tainers in the ship's refrigerator at approximately 4 °C until the ship arrived at port. 
This storage period diff ered for each cruise: S1 samples, 12 days; S2 samples, 15 
days; E sample, 5 days and P1 sample, 6 days. S2 samples were air-transported from 
Barbados to the laboratory; the S2 samples were unrefrigerated for approximately 
12 hours during this transportation. S1 and E samples were brought under refrigera-
tion directly from the ship which terminated the cruise at Woods Hole. P1 samples 
were air-transported from Honolulu to the laboratory under refrigeration at 2 ° to 
5 °C (26 hours). Temperature increased to 8 °C during the last 4 hours. 

Immediately upon arrival at the laboratory, samples were transferred to one liter 
beakers and wet sieved with a 1 mm nylon/LuciteR sieve. The smaller than 1 mm 
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fraction was then wet split into 4 aliquots using a prec1s1on rotary splitter (Brez 
and Honjo splitter, Honjo, 1978). The larger than 1 mm fraction was split in half 
by pairing two particles matched in size and origin. This was repeated on all parti-
cles to be split. 

Two of the quarter aliquots were then wet sieved by 63 µm fraction mesh. (The 
rest of quarter aliquots were archived or used for geochemical and radiochemical 
investigation; Brewer et al., in prep.). Each of the larger than 63 µm aliquots and 
the smaller than 63 µ.,m fractions of the first two quarter aliquots were further split 
into four aliquots. Six of those 1 / 16th aliquots were processed to obtain dry weight, 
carbonate content, combustible content (approximate organic content), noncom-
bustible content (approximate silicates) and mineral composition (Fig. 4A, "main 
analytical line"). 

The residue of each of six I / 16th aliquots, after being filtered through pre-
weighed 45 mm Nucleporen filters with 0.4 µm pore size at 10 lb. vacuum, were 
rinsed with 20 ml prefiltered (with 0.2 µm Nucleporen filter) distilled water three 
times. They were then dried in a 50°C oven overnight and weighed. Total mass flux 
and its standard error of the less than 1 mm fraction was estimated by averaging 
the weight of those I / 16th aliquots. A daily flux in a square meter section of water 
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column at a trap depth was calculated, dividing the total flux by the number of days 
deployed and 1.5 m2 • 

After the first weighing, filters with I/16th dried samples were returned to the 
filter apparatus and decalcified by 0.5 N HCl for 20 minutes at room temperature. 
They were then rinsed by filtering prefiltered distilled water, dried and reweighed 
for decalcified weight. Other methods to remove the CaCO3 particles such as acetic 
acid and lactic acid leaching in various concentrations as well as conventional gaso-
metric methods using phosphoric acid were compared to this method. The difference 
between those methods was smaller than the error which was incurred by splitting 
the sample into 1/16 aliquots. In order to test oxidation and leaching of organic 
matter which may have occurred during decalcification (Gibbs, 1977), a standard 
sample was prepared by decalcifying a 1/256th sediment fraction from the E988 m 
trap. The samples were immersed in dilute HCl solution in various concentrations 
for three hours at 35°C and the combustible carbon concentration and organic 
carbon/ nitrogen ratio were compared to the standard sample. When the HCl con-
centration was less than 0.8 N, no systematic change was found. 
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Four dry decalcified samples of 1 / 16th aliquots were peeled off from the Nucle-
poren filters, individually reweighed, wrapped in platinum foil and combusted at 
550°C for 6 hours in a muffle furnace. After cooling in a desiccator, the residue was 
weighed to obtain combustible mass. Combustible mass was designated as organic 
matter and the residue of this procedure was designated as silicates (Table 2). The 
SEM examination and the result of higher temperature pyrolysis indicated that the 
mass of refractive organic residue is within the analytical error. 

Two decalcified 1 / 16th aliquots of larger and smaller than 63 µ,m were com-
bined and homogenized. This aliquot was suspended in 0.1 N NaOH solution at 
50°C on a shaking table for 2 hours to dissolve opal and a major part of organic 
matter which severely attenuates the sensitivity of X-ray diffraction analysis. This 
treatment dissolved a maximum of 7 % of standard kaolinite (illites) and 10 % of 
smectite (Manganini and Honjo, in press). Leached samples were then filtered 
through a Selasn silver membrane with a nominal pore size of 0.45 µ,m. After it 
was rinsed and dried, X-ray diffraction analysis was carried out directly on the 
silver filter using a method similar to that of Pappe and Hathaway (1979). 

Separation of opal, quartz, feldspar, kaolinites, mica and other layered silicates 
was performed on two 1 / 64th aliquots of smaller than 1 mm fr action (Fig. 4A, 
"main analytical line") using NaOH leaching and pyrosulfate fusion technique based 
on the method developed by Jackson (1956), Kiely et al . (1965), Syers et al. (1968) 
and Hurd (1973b). Improvements were made to adapt the previous method to 
smaller samples such as less than 10 mg and separate silicate species in one series 
of analytical procedure (Manganini and Honjo, in press). 

Two 1 / 16th aliquots, one from the larger than 63 µ,m fraction and the other from 
the smaller than 63 µ,m fraction were wet split into 1/ 64th aliquots (eight 1/ 64th 
aliquots total). Three 1/ 64th aliquots from each fraction were then filtered through 
a 4 7 mm Nucleporen filter with 0.45 µ,m pore size, and the residues were processed 
and decalcified as previously described. Thus, dry weight and decalcified weight 
were also obtained from 1/ 64th aliquots. Three decalcified 1/ 64th aliquots from 
each fraction were peeled off from filters, reweighed and analyzed for C, H and N 
contents by Perkin Elmer Model 240 Elemental Analyzer. A 1/ 64th aliquot from 
each fraction was further split into half to make two 1 / 128th aliquots which were 
dried and decalcified on filters. After being dried at 50°C, the sample was peeled 
off the filter and homogenized with 5 mg benzoic oxide and reweighed. The mixture 
was formed into a 2 mm diameter, about 1.5 mm high pellet using a static press. 
Calorie value of the dry samples was measured by the Phillipson microbomb method 

(Phillipson, 1964) under 5 lb/ inch2 
0 2 pressure. 

A quarter aliquot of smaller than 63 µ,m (A in Fig. 4B, "special line") was wet 
split into four 1 / 16th aliquots. Two 1 / 16th aliquots from this splitting line were 
sent for organic chemical analysis (not discussed in this report). Solids in one of the 
other two 1 / 16th aliquots were deposited on a large precombusted watchglass and 
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Table 2A. Composition of Sargasso Sea Station samples (S2), mg/ m'/day. 

FLUX CONSTITUENTS 

Flux Carbonates Silicates Organic 

(%) mg'> (% ) mg2> (% ) mg'> (%) mg'> 

S2 976 > I 22.37 4.38 12.61 2.47 .15 .03 9.55 1.87 

1-63 48.21 9.44 28.45 5.57 5.92 1.61 11.54 2.26 

<63 29.42 5.76 17.3 1 3.39 6.08 l.19 6.13 1.20 

Total 100.00 19.58 58.32 11.42 14.45 2.83 27.17 5.32 

s, 3,694 >l 0.00 
1-63 26.54 4.88 18.71 3.44 4 .79 .88 3.05 .56 
<63 73.46 13.51 48.89 8.99 16.80 3.09 7.78 1.43 
Total 100.00 18.39 67.59 12.43 21.53 3.96 10.82 1.99 

S, 5,206 < I 0.00 
1-63 5.25 .68 5.41 .27 2.01 .26 1.24 .16 
>63 94.75 12.27 8.49 1.10 59.85 7.75 28.34 3.57 
Total 100.00 12.95 10.50 1.36 61.78 8.00 29.58 3.83 

I) Error in total flux produced mainly during splitting. S was ± 3.62% of weight, in 8 
samples each. 

2) S was ± 6.27% of weight in 4 samples each. 
3) S was ± 1.76% of weight in 3 samples each, S2 5,206 sample involved exceptionally high 

error, ± 12.78% . 

freeze-dried. The sample was then combusted in low temperature oxygen plasma 
furnace with 3 % 0 2 in He for 2 hours to oxidize carbon in the organic matter. The 
CO2 gas was trapped in liquid nitrogen, purified, the volume measured, and C13 

assessed by a mass-spectrometer. Foraminiferal tests were then hand-picked from 
the residue and assessed for C1 3 and 0 1 8 (Erez, 1978; Erez and Honjo, in press). 

The other I / 16th aliquot was wet split into four 1/ 64th aliquots, and four 
1 / 256th aliquots were made by further wet splitting. Two 1 / 256th aliquots were 
each diluted up to 100 ml prefiltered sea water to prepare stock aliquot for CoulterR 
counter analysis to gain the size spectrum of particles between 64 µm to 1 µm. 
Measurements were at least triplicated on each level. A few 1/ 1024th aliquots (the 
aliquots smaller than 1/ 256th fraction can be used only for the percentage of con-
stituents) were filtered through 4 7 mm Milliporen filters with 0.45 µm pore size, 
rinsed and dried. These filtered residues were used for transmission optical micros-
copy with the filters rendered transparent by processes described later. Another set 
of l / 1024th aliquots were filtered on Nuclepore filters with 0.45 µm pore diameter 
and a number of 5 X 5 mm portions were cut out serially through the center of the 
filter and mounted on aluminum studs. They were coated with gold palladium (Au-
Pd) deposit (60:40) in diode sputtering apparatus applying 250 millitorr argon gas 
as an ionizer. A few pieces of filters were mounted on graphite studs and coated by 
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ORGANIC CONSTITUENTS 

Organic C H N Others as 0 
(%) mg (% ) mg (% ) mg (%) mg (% ) mg 

35.15 1.87 15.23 .8 I 1.50 .08 5.64 .30 12.59 .67 
42.48 2 26 19.92 1.06 2.63 .14 3.38 . I 8 I 6.35 .87 
22.56 1.20 10.53 .56 .94 .05 1.32 .07 9.77 .52 

100.00 5.32 45.68 2.43 5.08 .27 10.34 .55 38.72 2.06 

0.00 
28. 14 .56 11.56 .23 .OJ .02 1.51 .03 14.07 .28 
7 1.86 1.43 32. I 6 .64 4.08 .08 3.52 .07 32.66 .65 

100.00 l.99 43.87 .87 5.03 .10 5.03 . IO 46.73 .93 

0.00 
4. I 8 . 16 1.57 .06 .26 .01 .03 .001 l.83 .07 

95.82 3.67 .26 .OJ 9.40 .36 .26 .O J 83.29 3.19 
100.00 3.83 1.83 .07 9.66 .29 .29 .O J J 93.99 3.26 

the carbon-arc method for Fluorescent X-ray analysis by a Kevexn energy dispersive 
X-ray spectrometer. 

Relatively large organic particles such as fecal pellets were hand-picked by glass-
capillary and other microtools from the original water and fixed in 5 % glutaralde-
hyde solution buffered by sodium cacodylote for 2 hours and then post fixed by 2 % 
osmium tetroxide in sea water. Samples were transferred through ethanol/distilled 
water graduation series to absolute ethanol and then transferred through ethanol/ 
Freon 113 graduation series to 100% Freon 113. Critical point dehydration pro-
cess was performed by BomarH critical drier with Freon 13 as carrier gas. After de-
hydration, samples were mounted on studs with a piece of double adhesive tape and 
coated by Au-Pd alloy in diode sputter coater as mentioned before. 

A quarter aliquot (B in Fig. 4C, "microscope line") of larger than 63 /J,m fr ac-
tion was wet split into four 1 / 16th aliquots. Two of such aliquots were sent for or-
ganic chemical analyses together with the two aliquots from A in "special line". A 
1 / 16th aliquot was then wet sieved by 500, 250 and 125 /J,ITT stainless steel mesh 
and thus four size fractions were made. They were individually filtered on Nucle-
poreR filters, rinsed and dried. Under stereo-dissecting microscope, the following 
particles were picked by hand using extra fine Japanese calligraphic brushes: all 
visible foraminifera tests larger than 125 ,._,,m, radiolarian skeletons, all visible fecal 
pellets, intact pteropod shells and part of organic remains of various origin. They 
were first weighed and individually studied under light microscope, SEM and some 
under TEM. Some were subject to stable isotope analyses (Erez, 1978) and organic 

and ash (silicates) contents studies. 
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Table 2B. Composition of Equatorial Atlantic Station samples (E), mg/ m'/ day. 

FLUX CONSTITUENTS 

Flux Carbonates Silicates Organic 

(% ) mg'' (% ) mg'' (% ) mg3> (%) mg" 

E 389 > I 34.97 24.20 26.43 18.34 2.78 1.93 5.66 3.93 

1-63 36.17 25.10 22.80 15.82 6.54 4.54 6.83 4.74 

< 63 28.98 20.10 13.50 9.37 8.29 5.74 7.19 4.99 

Total 100.00 69.40 62.71 43.52 17.59 12.21 19.68 13.66 

E 988 > I 6.75 3.32 3.46 1.70 1.89 .93 1.40 .69 

1-63 48.22 23.73 35.33 17.38 7.80 3.84 5.08 2.50 

<63 45.03 22.16 16.26 8.00 17.87 8.79 10.89 5.36 

Total 100.00 49.20 55.04 27.08 27.55 13.56 17.39 8.56 

E 3,755 > I 1.76 .82 1.29 .60 .32 .15 .I 5 .07 

1-63 42.86 19.88 32.55 15.10 7.46 3.46 2.82 1.31 

< 63 53.38 25.69 22.38 10.38 25.74 I 1.94 7.26 3.37 

Total 100.00 46.39 56.21 26.11 33.52 15.55 10.26 4.76 

E 5,068 < I 2.40 1.13 1.9 I .90 .28 .13 .21 . JO 

1-63 30.00 14.11 24.09 11.33 4.36 2.05 1.55 .73 

> 63 67.60 31 .79 23.79 11.19 35.04 16.48 8.76 4.12 

Total 100.00 47.03 49.04 23.06 39.68 18.66 10.5 I 4.94 

1) Error in total flux produced mainly during splitting. S was ± 3.62% of weight, in 8 
samples each. 

2) S was ± 6.27% of weight in 4 samples each. 
3) S was ± 1.76% of weight in 3 samples each, S, 5,206 sample involved exceptionally high 

erro r, ± 12.78% . 

Two 64th aliquots were wet sieved through 250 µ,m mesh and each less than 
250 µ,m fraction was wet split into four 1 / 256th aliquots. They were filtered 
through gridded 4 7 mm diameter 0.45 µ,m pore size Milliporen filters with a dis-
penser which limits the spread of residue to 20 x 38 mm rectangular area. After 
being rinsed and dried, filters were trimmed to near the edge where the residue was 
concentrated. Several drops of Cargilei: B immersion compound were dropped on 
a microscopic slide. A trimmed filter was placed on it sample-side up and stood over-
night. Then, a few drops of the compound were applied to the sample side and 
covered with a large cover glass which was anchored to the slide glass with small 
drops of epoxy at its four corners. The larger than 250 µ,m fraction of 1 /64th ali-
quot was prepared the same way as the smaller fraction but to prevent breakage of 
large particles, a cover glass was not applied. Those microscopic slides were ex-
amined under transmission light microscope (normal, polaroid, phase contrast and 
Nomansky mode) to count foraminiferal tests, pteropod shells, fecal pellets, etc. 

Throughout the investigation, samples were kept in the original seawater associ-
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ORGANIC CONSTITUENTS 

Total Organic C H N Others as 0 
(%) mg (% ) mg (% ) mg (%) mg (% ) mg 

28.77 3.93 14.64 2.00 2.05 .28 2.27 .3 I 9.66 1.32 
34.70 4.74 16.40 2.24 1.98 .27 2.20 .30 13.98 1.91 
36.53 4.99 18.37 2.51 2.27 .3 1 2.12 .29 13.62 1.86 

100.00 13.66 49.41 6.75 6.30 .86 6.59 .90 37.26 5.09 

8.06 .69 3.62 .31 .58 .05 .58 .05 3.04 .26 
29.21 2.50 12.38 1.06 1.52 . 13 1.75 .15 13.20 1.13 
62.62 5.36 30.14 2.58 4.91 .42 3.74 .32 23.71 2.03 

100.00 8.56 46.14 3.95 7.01 .60 6.07 .52 43.93 3.76 

1.47 .07 .03 .13 .006 .06 .06 .003 .84 .04 
27.52 1.3 1 8.82 .42 .84 .04 1.26 .06 16.60 .79 
70.80 3.37 25.84 1.23 5.88 .28 2.76 . 13 36.34 1.73 

100.00 4.76 36.34 I. 73 6.72 .32 3.99 .19 63.34 2.56 

2.02 . 10 1.01 .05 . 14 .007 .20 .01 .8 I .04 
14.78 .73 4.25 .2 1 .20 .01 .8 l .04 9.51 .47 
83.00 4.12 29.55 1.44 7.49 .37 2.83 .14 43.56 2.15 

100.00 4.94 34.41 1.70 7.89 .39 3.85 .19 53.85 2.66 

ated with sample since recovery. In order to prevent osmotic disturbance of organic 
particles, the use of distilled water on the sample was limited to cases where de-
salted dry samples were required. In case dilution by seawater was necessary, such 
as for wet splitting, wet sieving or Coulterr. counting, we exclusively used filtered 
deep sea water collected by 30 I Niskin bottles from the vicinity where a particular 
sediment trap was deployed. 

Samples to be examined were usually fractionated many times resulting in very 
small working aliquots. The accuracy of weighing at each stage plays a decisive 
role in the final assessment of the flux. In this study, all critical samples were 
warmed at 50°C in the oven overnight and cooled in a dessicator to room tempera-
ture before weighing. Humidity effect was monitored by control samples and blank 
Nucleporen MilliporeH filters. Weighing was done only when the humidity of a 
weighing room did not exceed 55%. We used a Mettlern Microbalance (I µ,g de-
tection limit) and Cahn 25 Electrobalance (0.1 µ,g detection limit) . Those two bal-
ances were cross-calibrated by type M weights. 

S. Description of sediment 

Trapped sediment can be classified in many ways. Three sets of criteria were 
used in this report: size fraction of particles, chemical and mineralogical constitu-

ents; and origin of particles. 
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Table 2C. Composition of Pacific Gyre Station samples (P1), mg/ m' / day. 

FLUX CONSTITUENTS 

Depth Size Total Flux Carbonates Silicates Organic 

(m) (mmcf.,µm) (% ) mg'> (% ) mg'> (%) mg3> (% ) mg3> 

P, 378 > I 52.01 5.95 13.11 1.25 2.45 .28 38.64 4.42 

1-63 35.66 4.08 21.68 2.48 2.62 .23 11.89 1.36 

<63 12.03 1.41 2.53 .29 .70 .08 9.00 1.03 

Total 100.00 1 I .44 35. 14 4.02 5.16 .59 59.53 6.81 

P, 978 > 1 11.57 .87 8.91 .67 1.06 .08 1.46 .II 

1-63 55.45 4.17 42.42 3.19 5.45 .41 7.71 .58 

< 63 32.98 2.48 20.74 1.56 5.19 .39 7.05 .53 

Total 100.00 7.52 72.07 5.42 11.71 .88 16.21 1.22 

P, 2,778 > I 6.42 1. I 2 4.14 .71 1.40 .24 .99 .17 

1-63 33.33 5.7 I 24.69 4.23 5.66 .97 3.04 .52 

<63 60. 13 10.30 39.52 6.77 10.62 1.82 9.98 1.71 

Total 100.00 I 7.13 68.36 11.71 17.69 3.03 13.98 2.40 

P, 4,280 > I 7.39 1.24 5.96 1.00 .83 .14 .54 .09 

1-63 32.00 5.37 23.54 3.95 6.20 1.04 2.26 .38 

<63 60.61 10.17 42.13 7.07 10.55 1.77 7.93 1.33 

Total 100.00 16.78 71.63 12.02 17.58 2.95 10.73 1.80 

P1 5,582 > I 7.23 .80 5.97 .65 .90 . JO .45 .05 

1-63 29.63 3.28 20.23 2.24 7.14 .79 .83 .25 

<63 63.14 6.99 35.32 3.91 16.98 1.88 10.75 I. 19 

Total 100.00 11.07 61 .43 6.80 25.02 2.77 13.47 1.49 

I) Error in total flu x produced mainly during splitting. S was ± 3.62% of weight, in 8 
samples each. 

2) S was ± 6.27% of weight in 4 samples each. 
3) ,<; was ± 1.76% of weight in 3 samples each, S, 5,206 sample involved exceptionally high 

error, ± 12.78% . 

A. Three size fractions of trapped particl es best represented observational investi-
gation. They were: 1) larger than 1 mm (visible fraction), 2) between 1 mm and 
63 µ,m (microscopic fraction), and 3) smaller than 63 µ,m (SEM fraction). Fluxes 
of each fr action in trapped sediments are shown in Tables 2A, B and C and Figure 
5 for summary. 

B. The main chemical and mineralogical constitutions of dried trapped sediment 
were: carbonates as calcite and aragonite; silicates as biogenic opal, layered silicates 
and igneous rock-forming minerals, and organic compounds (Table 2A, B and C 
and Figure 6 for summary). 

C. The constituent particles originated from mineralized tissue of zooplankton 
such as radiolarian skeletons (Actinopods, Protozoa), shells of euthescosmatous 
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ORGANIC CONSTITUENTS 

C H N Others as 0 
(% ) mg (%) mg (% ) mg (%) mg (% ) mg 

64.90 4.42 38.77 2.64 5.73 .39 4.99 .34 13.80 .94 
19.97 1.36 4.70 .32 .73 .05 .59 .04 13.80 .94 
15. 12 1.03 8.8 1 .60 1.32 .09 1.17 .08 3.67 .25 

100.00 6.8 I 52.28 3.56 7.78 .53 6.75 .46 31.28 2.13 

9.18 .112 4.10 .05 .66 .008 .74 .009 3.28 .04 
47.30 .577 20.49 .25 2.46 .03 2.46 .03 21.31 .26 
43.44 .530 20.49 .25 2.46 .03 2.46 .03 16.39 .20 

100.00 1.22 45.08 .55 5.74 .07 5.74 .07 40.98 .50 

7.08 .17 4.17 . 10 .42 .01 .33 .008 2.08 .05 
21.67 .52 7.08 .17 1.25 .03 .83 .02 11.67 .28 
71.25 1.71 34.17 .82 4.15 .10 3.75 .09 28.33 .68 

100.00 2.40 45.42 1.09 5.83 .14 4.92 .12 42.08 1.01 

5.00 .09 2.78 .05 .33 .006 .33 .006 l.67 .03 
2 1.11 .38 7.22 . 13 l.11 .02 .56 .01 12.22 .22 
73.89 1.33 38.89 .70 4.44 .08 4.44 .08 25.56 .46 

J00.00 1.80 48.89 .88 5.84 .11 5.33 .10 39.44 .7 1 

3.36 .05 1.34 .02 .20 .003 .20 .003 1.34 .02 
16.78 .25 5.37 .08 .67 .01 .54 .008 10.07 . 15 
79.87 1.19 37.58 .56 5.37 .08 4.70 .07 31 .54 .47 

100.00 1.49 44.30 .66 6.04 .09 5.44 .08 42.95 .64 

pteropods, heteropods, and gastropods (Molluscan); mineralized tissue of phyto-
plankton such as diatom frustules (Bacillariophyta) and coccoliths of coccolitho-
phoraceans (Chlorophyta); fecal pellets of zooplankton; zooplankton remains and 
small nekton carapaces; fragments of epiphyte; and eolian dust particles. 

a. Size fraction 

Particles larger than 1 mm (Plate 1). The sediment particles larger than 1 mm 
(often called " large size" fraction in this paper) were mostly made of amorphous, 
loosely aggregated organic matter as large as several millimeters (Plate la). They 
were entangled by long fibers of epiphyte or zooplankton remains. Molts typical of 
larger crustaceans were also present (Plate 1 h; 3d). Soft parts of pteropods often 
formed a "skeleton" of a large aggregate. Such aggregates attracted smaller particles, 
particularly spinose foraminiferal tests and radiolarian skeletons. It was observed 
in .'Iii traps recovered that approximately 45 to 65 % of the large particles consist 
of sµch aggregations. Large, gelatinous amorphous objects, possibly parts of siphono-
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Plate 1. (All photographs were taken by dark field macrophotography.) la. Typical amorphous 
organic aggregate. Di ameters of those aggregates range from 0.5 to 10 mm. X 8. P1 2,778 m. 
b. A fi sh scale. X 16. E 988 m. 
c. Pteropod shell. X 16. P, 5,582 m. 
d. Fecal pellets larger than 1 mm fraction of P, 2,778 m . X 4. 
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SIZE FR ACT ION 
(mg/m 2/ do y) 

D 
z4 >1 mm tmm·63J1,m <63}1,m 

71 

Figure 5. Fluxes with respect to depth and size fr action in mg/ m' /day. The flux in the S, 
398 m (broken line) was 15 mg/ m' /day (minimum). The shutter did not close and the 
trapped sediment might have been partially lost during recovery. 

COMPOSITION OF TRAPPED SEDIMENT 
(mg / m2/ doy) 

®W/41 
ca,bonalts organic slli totn 

z1 
z6 

P E..-"'.r# /',V/ 

z3 

Figure 6. Flux of materi al in terms of composition; carbonates, organic matter and silicates. 

e. "Gellatinous" remains, possibl y originated from radiolarian colonies. The diameter of 
this object is approximately JO mm. E 988 m. x 4. 

f. Fecal pellets of unknown origin. Peritrophic membrane was well preserved. X 8. E 988. 
g. Salp fecal pellets. Peritrophic membrane is parti ally preserved. Di ameter is approximately 

5 mm. P, 4,280 m. X 5. 
h. A well preserved copepod molt. x l 2. S, 976 m. 
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Plate 2. (Scanning Micrographs taken at 20 KV . Samples were coated by Pt-Pd evaporation 
film.) 2a. Planktonic foraminifera test (Globigerinoides ruber) . Spines were well preserved. 
X 140. P1 4,280. 

b. Small pteropod from P, 2,778 m, showing moderate dissolution on the surface (E 988 m). 
x 100. (f) is an enlargement of (b). X 1,600. 
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phores and salps, were also abundant. Some fecal pellets, particularly of euphausids 
and salps (Plate lg; Plate 31), were larger or longer than 1 mm. Radiolarian colonies 
in various stages of preservation were also an important part of the large fraction 
of the E and P1 traps (Plate le). Fish scales up to 10 mm were abundant in the 
mesopelagic traps particularly the 389 m trap of S2 array (Plate lb) . Portions of 
Sargassum or other epiphyte remains sometimes reaching a centimeter in length 
were found in only S1 and S2, but their fluxes are estimated to be insignificant. 

Intact zooplankton of this size fraction were abundant in mesopelagic traps. Par-
ticularl y, the 389 m trap of E array collected a quantity of li vi ng pteropods that 
were responsible for the unusually large estimate of net flux. Intact large crustaceans 
particularly scarlet myriad, penaeid and carid prowns, and euphausids were abun-
dant in mesopelagic traps. They were rare in bathypelagic traps and were usually 
damaged or disintegrated. Small amphipods remains increased with depth at all 
stations. Intact specimens were rare and it was hard to judge whether they were 
caught alive or had sunk into the trap after death. 

Pteropod shells were ubiquitous in the large particle fr action of all traps (Plate le). 

In the 389 m trap of the E array, 68 percent of pteropod shell s contained partially 
disintegrated body organs. Such "fresher" looking pteropods shell s were commonly 
found in all mesopelagic traps. On the other hand, pteropod shells tra,pped in 
bathypelagic traps were free of visible organic matter. Many of the pteropod shells 
looked chalky and were thinner and fragmented in the bathypelagic traps. 

Particle between 1 mm and 63 f-1,111 . The sediment particles between I mm and 63 
fl,m (often called " middle size" fr action) mainly consist of foraminiferal tests (Plate 
2a,e, and i) , radiolarian skeletons (Plate 2g and k), fecal pell ets and smaller pteropod 
shells (Plate 2b). Amorphous aggregates of organic matter were included in this 
fraction. Fresh zooplankton remains were almost absent in this fraction except for 
smaller copepods which were common in mesopelagic traps. A few nearly intact 
copepod carapaces of this size fraction were found in bathypelagic traps of the 
E station. 

Particles small er than 63 f-1,111. The parti cles m the fraction smaller than 63 f-1,m 

(often called "small size" fraction) consisted of highly diversifi ed species. In the 
mesopelagic traps organic debris and cell fragments were more dominant. Coccoliths, 

c. Small fi sh scale common in P, traps. P, 978. X 80. 
d. Part of relatively large crustacean molt coll ected by S, 3,694 trap. X 160. 
e. Spinose foraminifera test from P, 4,280 m. X 80. 
g. A spongy spumellarian (fragment of Styptosphaera spumacea) skeleton. X 60. 

h. Glass shard coll ected by S, 3,694 m trap. X 80. 
i. Sli ghtly dissolved specimen of Globigerina digitata (P, 4,280 m). X 60. 
j. Di sso lved pteropod specimen from P, 4,280. X 120. 
k. A spumellari an radiolari an skeleton (H e/icosphaera sp.) from P, 5,582 m. X 80. 

l. A quartz fragment from S, 986. X 80. 
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radiolarian skeletons and fragments, diatom frustules and fragments were also 

major components at all depths (Plate 3j). 
CoulterR counter analysis of the small size fraction from four deeper traps on the 

P1 array showed bimodal size distributions (Fig. 7B). A maximum volume peak 
was found at 20 µ,m (nominal) diameter and another less prominent peak was found 
at 4 µ,m diameter. In the shallower samples the 4 µ,m diameter peak did not exist. 
A similar distribution was found in the 388 m trap of the E array. On the other 
hand, analysis of deeper trap samples from the E station (989 m and 3,775 m) 
showed that the size distribution is single-mode with a narrow peak at 6 µ,m. The 
5,068 m sample of the E station was similar to the above but was dominated by 
smaller particles of 3 to 5 µ,m (Fig. 7 A). 

6. Sediment flux 

a. Carbonate flux. Carbonate particles consisted of 1) calcite tests of planktonic 
foraminifera and coccoliths, and 2) aragonite shells of pteropods, heteropods and 
gastropods. Biogenic carbonates constituted 55 to 70% of sediment flux collected 
by three experiments. The carbonate flux was largest in the E array traps and the 
percentage of carbonates in the trapped sediment was highest in the P1 array com-
pared to the traps from equivalent depths. Flux of carbonate particles larger than 1 
mm (as well as the smaller particles of carbonates associated with this fraction) was 
generally constant through the water column. On the other hand, the fraction be-
tween 1 mm to 63 µ,m tended to decrease with depth in all the stations. The flux 
and percentage of the fraction smaller than 63 µ,m tended to increase with depth 
in all the stations in contrast to the decreasing middle size fraction. The exception 
was P 1 array samples where total carbonate flux in bathypelagic traps decreased 
with depth (Table 2, Figs. 6 and 8). 

At the S station, larger carbonate particles were replaced with a smaller fraction 
with faster rate than other arrays; the smallest fraction occupied 29 % of the car-
bonates at 976 m (S2) and it increased to 73 % at 3,694 m. The middle size fraction 
decreased to less than half while the large fraction of carbonate was virtually de-
pleted. The assessment of carbonate flux at 5,206 m, S2 station was not reliable be-
cause of instrument malfunction. 

Some tests and shells were excellently preserved while others were somewhat dis-
solved, presumably while they were sitting in the cup as discussed later, and this 
contrast was particularly true in the sample from P1 • Spinose forms of Globogeri-
noides ruber (Plate 2a), G. truncatulinoides and G. siphonifera were abundant (Plate 
2a and b). In the bathypelagic traps of Station P1 , approximately 35% of fora-
miniferal tests in the 2,778 and 4,280 m trap were spinose forms while 10% were 
in the mesopelagic trap. In the E array traps preservation of foraminiferal tests was 
not as good as at the P1 station and only about 5% of tests from the bathypelagic 
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Figures 7A, B and C. Coultern counter spectrum of particle size (µm) vs % volume. A and B: 
small er than 63 µm fr action of trapped material. C: small er than 63 µm fr action of a box-
core top collected from the P, station. 
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Figure 8. Carbona te flu x in mg/ m' / day. Three boxes indicate fr om left to right, fractions 
la rger than I mm, between I mm and 63 µ,m and small er than 63 µ,m , respectively . The num-
ber above three boxes indicates to tal flu x o f carbona tes and numbers immediately below a 
box is the flu x of the parti cul ar fr acti on. Those reagents are a lso applicable to Figure 9 and 
Figure I 1. T he I mm porti on of the Equatorial Atl antic 389 m carbonate flu x occupies the 
slot fo r the Sargasso Sea 398 m (not illu strated). 

traps had preserved original spines (Thunell and Honjo, in press). Tests with well 
preserved spines were very rare at Stations S, and S2 • 

The aragoniti c shell s ranged fr om 10 mm to as small as 50 µ,m. The majority 
were pteropods which made up 94 to 73 % of the shell population. The remainder 
were gastropods (20% or less) and heteropods shell s (10% or less). 

b. Organic flu x . Organic constituents (as combustibl e matter) contributed 10 to 
20 % of sediment flu x. Lik e the carbonate constituents, the flux of organic matter 
was large but inconsistent in the mesopelagic traps of all arrays. Exceptionally the 
organic flu x in P1 978 m was quite small compared to other mesopelagic traps. 
Bathypelagic organic flu x diff ered by stations; organic flux at the E station was 
twice as much as at the P, station but it was consistent throughout the depth, con-
stant flu x (S2 and E) or slow downward decrease (P1) . In mesopelagic samples, only 
approximately 30% of the organic flu x was small er than 63 µ,m. On the other hand, 
more than 95% of the organic flux was associated with the flux smaller than 63 µ,m 
in the deepest traps (Table 2, Figs. 6 and 9). 
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ORGANIC FLUX (mg/m 2 /doy) 
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Figure 9. Organic flu x in mg/ m'/day. The reagents are the same as in Figure 8. 

The organic carbon flux is illustrated in Figure 10. Organic carbon flux in the 
mesopelagic traps of all arrays was generally much larger. The largest organic car-
bon flux was approximately 6.8 mg/ m" / day which was observed in the 400 m trap 
of the E array. The organic carbon flux decreased consistently at a slow rate from 
2,800 m to 5,600 min the P1 array. The flux of organic carbon in the bathypelagic 
layer in the E station was twice as much as the P1 array. 

Calorific calorie value of samples was linearly related to the carbon content. The 
conversion coefficiency of 1 mg organic carbon to calories was 11.4 for plankton 
near Nova Scotia (Platt and Irwin , 1973). The efficiency for the mesopelagic trap 
sediment was approximately 9.5 and was 9.0 for bathypelagic trap sediment. 
Calories ranged from 66 ca]/m2/ day at the 378 m trap of E station to as low as 
1.9 ca]/m2/ day at 5,582 m trap of the P1 station (Fig. 10). The calorie flux at S2 

5,068 m appeared to be unrealistic due to partial malfunction of the trap. It was 
almost constant throughout the bathypelagic traps of E array and decreased with 
depth at the P 1 station. Estimated daily calorie fluxes arriving at the sea floor were 
approximately 6.8 cal and 16.5 cal at P1 and E station, respectively. 
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Plate 3. (Scanning micrographs taken at 20 KV . Samples were coated by Pt-Pd evaporation 
film .) 3a. A green fecal pellet. E 988 m. X 140. 
b. A small fragment of fecal pellet. P, 400. x 500. 
c. Plank tonic foraminifer tests in a large salp fecal pellet. Processed by Freon I 3 critical 

drying method. x 160. P, 978 m. 
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The C13 relative to PDB in the organic matter was -20.7%0 in the S2 array and 
-21.2%0 in the E array. The differences between the traps of the same array were 
within the analytical error (analyzed by Dr. J. Erez, Hebrew University). 

c. Silicate flux. Silicate particles consisted of 1) biogenic opal mainly from radio-
larian skeletons (Plate 2g and k), silicoflagellate skeletons (Plate k); 2) layered 
silicate particles; and 3) igneous particles, mainly quartz and feldspar (Plate 21) as 
well as volcanic glass shards (Plate 2h). Those silicate particles were derived from 
unrelated origin but constituted "ash" or the most refractive portion of the flux, 
often difficult to separate in very small samples. Silicate percentage in the total flux 
differed in wide range by depth; approximately 5 % to 62 % . Unlike the flux of 
other components, silicates consistently increased with depth at all the stations (ex-
cept for a slight decrease in 5,582 m trap of the P1 array). Silicate flux was largest 
at the E station and fell in value at S2 station. The largest silicate flux, 18. 7 
mg/m2/day, was observed at the deepest trap this E array. On the contrary, it was 
only 0.6 mg/m2/day in the 400 m trap of P1 array. The silicate flux in the S array 
fell in between the values of those two stations (Table 2, Fig. 6). 

Percentage as well as flux of silicate particles smaller than 63 µ,m steadily in-
creased with depth in the E and S2 stations. About one half to a third of the silicate 
particles collected from the mesopelagic traps were smaller than 63 µ,m. At the 
deepest trap, 90% (E station), 98% (S2 station) and 70% (P1 station) of silicate 

d. A part of large crustacean pellet showing small crustacean molt, fragment of centric di-
atom (arrow mark), etc. Critical drying method. X 160. P,, 2,778 m. 

e. A green fecal pellet and Rhizosolenia sp. A basket-like object in the left comer of the 
photomicrograph is a maxiella which bas parted from a copepod. E 988 m. X 160. 

f. An enlarged portion of (e). X 1,600. 
g. A Nassellarian radiolarian skeleton (Cal/imtra elisabethae) is included in a salp fecal pel-

let. X 400. P, 978 m. 
b. Silicoflagellate skeletons (arrow mark, D. messanonsis) were commonly found in green, 

red and salp fecal pellets. X 400. S, 3,694 m. 
i. A piece of fecal pellet (or fecal matter) consists of amorphous organic matter. Long ob-

jects in background are Rhizosolenia sp. X 480. E 988 m. 
j . A typical scanning electron microscope view of smaller than 63 µ,m. The particles are 

coccoliths, fragments of pennates and centric frustules and fragments of radiolarians. A 
small thoracospbere is seen. X 1,600. E 5,068 m. 

k. A large mica or clay particle in a green fecal pellet. A fecal pellet was placed in an oxy-
gen plasma furnace for a few hours and eliminated organic matter from surface. By this 
procedure one can distinguish phylosilicates from filmy cell material which is bard to dis-
tinguish by other morphological differences. X 1,600. E 5,068 m. 

I. A scanning micrograph of a part of salp (Sa/pa maxima) fecal pellet. Fecal pellet is made 
of a continuous, thread-like subunit (arrow mark) which is easily dispersed by a slight 
shock and turned to short cylinders. This structure encourages dispersion of pellet. X 32. 
Refer to Plate I g for light micrograph (different species). Diving collection at E station 

in March 1978. 
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Figure 10. Organic carbon flux in mg/ m'/day and calorific calories flux . Numbers above the 
boxes indicate organic carbon flu x. 

particles were smaller than the 63 µ,m fraction. On the other hand, flux and per-
centage of the middle size fraction decreased consistently with depth at all stations. 
The fr action larger than 1 mm contains virtually no silicates in the bathypelagic 

Table 3. Silicate flu x; opal and others in less than 1 mm sample. 

mg/ m'/ day 

Layered 
Pacifi c P, Opal silicates* Tectosilicate 

378 (m) 0.38 + 0.10 
978 0.64 + 0.11 

2,778 2.65 + 0.44 
4,280 2.49 + 0.50 
5,582 2.31 + 0.42 

Atlantic E 
389 (m) 8.19 1.28 0.56 
988 8.40 2.87 2.13 

3,755 8.82 6.17 2.93 
5,068 6.97 6.47 2.73 

Atlantic S 
976 (m) 1.41 .51 .81 

3,755 1.70 .69 .43 
5,367 0.30 2.43 

* Layered silicates were only traceable at the P, station. 
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Figure 11. Sili cate flux in mg/ m'/day. The reagents are the same as Figure 8. 

samples. Opal flux was as large as 85% of silicates in P1 and less than 30% in the 
S2 and E samples (Fig. 11). 

The flu x of opal, clay and tectosilicate were shown in Table 3. Quartz and feld-
spar could not be separated by our analytical technique. 

d. Opal. The flux of biogenic opal is almost constant or is slightly decreased with 
depth at all stations. The flux of radiolarian skeletons was approximately 18,173 
individuals/ m2 / day (S = 2,436) at E station and was consistent at all depths. 
The species diversity of radiolarians trapped in the sediment was exceedingly high 
compared to the diversity generally known in deep sea sediments. For example, 140 
radiolarian species (57 Spumell arian, 57 Nasselarian and 26 Phaeodarian species) 
were identified from the traps of the E array (Takahashi and Honjo, in press). 
Species composition was similar at each depth. Three species of silicoflagellates, 
Dictyocha messanensis, D . epiodon and Octactis pulchra were found at E station. 
They were smaller than 63 f-1-m. A considerable number of Rhizosolenia frustules 
(background, Plate 3a, e and i) were found in the traps of P 1 and E stations. 
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Table 4. Flux of "green" and "red" fecal pellets (Honjo, 1978) in reference to the distance 
from the bottom; Station S1,, and Station E. 

Station S1 Station S, Station E 

Distance 
from 
Bottom 214 m (Oct.-Jan.) 375 m (Jan.-Oct.) 220 m (Nov.-Feb.) 

Size 250-125 µ,m 125-63 µ,m 250-125 µ,m 125-63 µ,m 250-125 µm 125-63 µ,m 

"Green" 3,750 3,840 3,210 4,700 450 1,020 

"Red" 2,890 5,020 510 2,100 0 0 

e. Igneous particles. Igneous particles made up about 10% of silicates content at 
the P 1 station and had constant values in all of the traps. In the E and S arrays, 
igneous particles increased significantly with depth from approximately 10% in 
mesopelagic traps to more than 30% in the deeper traps. The particles were smaller 
than 63 µ,m although some rare particles were 120 µ,m in diameter. The igneous 
particles were mostly quartz and feldspar, with a few pyroxene crystals also present. 
The flux of glass shards, 20 to 100 µ,m diameter, was largely different between traps 
and ranged from 0.8 to 2.4 pieces/m2/day in all of the traps. They were mostly 
obsidian but a few were less opaque and were identified by the pearl-fracture sur-
face under SEM (Plate 4i, j and k of Honjo, 1978). 

f. Clay particles. Clay content increased with depth at S2 and E stations and ap-
peared to be constant in the P 1 station. The clay contents were largest in S traps; 
clay flux was only traceable in the P 1 traps. Approximately one half of the clay flux 
consisted of the mica/illite group minerals. These minerals increased with depth at 
S and E stations. At those stations, chlorite group minerals increased downwards. 
The kaolinite content decreased with depth and ranged from 20 to 45 % of the clay 
flux. SEM observation revealed that fecal pellets in all traps often contained clay 
particles (Plate 3k). 

g. Biogenic aggregates. "Biogenic aggregate" is a morphological unit and its de-
scription is not pertinent to this section. It constitutes an important process in 

regulating the material and size distribution, and a short description of the material 
is given here. 

"Green" fecal pellets (Honjo, 1978) were ubiquitous in all the traps deployed. 
"Red" fecal pellets were found only in the deepest traps of the S1 (5,367 m) and S2 

(5,206 m) arrays. As illustrated in Table 4, the flux of red fecal pellets decreases 
rapidly with distance from the sea floor (although the seasonal effect on the produc-
tion of red fecal pellets is not known; S1 and S2 were deployed in different sea-
sons). No red fecal pellets were found in the other traps where green pellets were 
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abundant, including the 3,694 m trap which was next to the deepest in the S2 array 
and 1,790 m off the bottom. 

Green fecal pellet flux decreased slowly with depth in all arrays. Pellets between 
125 and 63 µ,m were usually twice as abundant as 250 to 125 µ,m pellets. The traps 
of the P 1 array collected less consolidated fecal pellets produced by salps and larger 
crustaceans (Plate If and g). These pellets were not usually well preserved. Positive 
identification of the origin of pellets was not possible in the E and S2 traps since 
many of them were fragmented. 

The diversity of the particulates which were contained in green fecal pellets and 
salp pellets was usually high. All species of living coccoliths were represented in 
"green" and salp fecal pellets at all stations. No visible sign of dissolution was ob-
served with the coccoliths in pellets, even in susceptible species as Umbelicosphaera 
irregularis (Plate 3b). However, coccoliths were partly damaged in some green fecal 
pellets (Plate 3f). Diatom frustules from primarily large centric genera such as 
Stephonopyxis and Bacteriastrum, were broken into small pieces (Plate 3d). Small 
pennate diatoms such as Navicula spp. were usually intact in fecal pellets. Clay, 
quartz and feldspar particles were common in green fecal pellets (Plate 3k). Plank-
tonic foraminifera (Plate 3c), radiolarian skeletons (Plate 3g) and small, intact 
pteropod shells were included in salp and euphausid fecal pellets. Segments of zoo-
plankton (Plate 3d), mostly from copepods, were often included in green fecal pel-
lets as well as in soft fecal pellets. Silicoflagellates skeletons were commonly ob-
served in all types of fecal pellets (Plate 3h). 

A few percent of the fecal pellets of all size ranges consists of amorphous matter; 
apparently well-digested cell material and no mineralized or hard tissue was present 
in them (Plate 3i). 

No green or red fecal pellet were preserved with the peritrophic membrane (Honjo 
and Roman, 1978; Turner, 1977). In contrast to this, all intact salp fecal pellets 
preserved, wholly or in part, their peritrophic membrane. The membrane was less 
preserved in larger crustacean pellets. Some large fecal pellets of unknown origin, 
such as the one illustrated in Plate If (E, 988 m), retained a thick peritrophic 
membrane. 

7. Discussion 

a. Sedimentation in the mesopelagic and bathypelagic layers. The mode of sedi-
mentation observed between mesopelagic and bathypelagic traps was distinctly dif-
ferent in all stations. Mesopelagic trap sediment was strongly influenced by zoo-
plankton bodies while fresh zooplankton were rare in bathypelagic traps. The total 
material flux in the mesopelagic layer was generally larger but it differed from one 
trap to the other. In mesopelagic traps the large size fraction with inconsistent fluxes 
occupied a significant portion of the sediment. This was due to incidental entrap-
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ment of zooplankton which contribute large flux of organic and carbonate 
components. 

The mass flux and constituents of the sediment in traps deployed in the bathy-
pelagic layers were constant and consistent in terms of mass flux and its constituents. 
The total flux tended to decrease with depth or stayed uniform. Zooplankton remains 
found in bathypelagic traps were usually incomplete or partially disintegrated. 

The environmental contrast of mesopelagic and bathypelagic zones in terms of 
the size of biomass has been reported by many workers. It has been known that the 
zooplankters actively migrate within or throughout the mesopelagic layer (i.e. 
McAllister, 1961; Banse, 1964; Vinogradov, 1968; Marlowe, 1975; Youngbluth, 
1975; Ortner et al., 1978). The 400 m and 1,000 m traps were located within the 
zone of active zooplankton migration. Zooplankton trapped in the receiving cup 
may have fed on the sediment already trapped, such as fecal pellets which are rich 
in nutrients (e.g. Honjo and Roman, 1978), and some zooplankters may have 
escaped from the trap prior to trap closure. This may cause errors in assessment 
of flux. 

Several large crustacean fecal pellets (average dry weight; 2.1 mg) included 
"chalky" shells of pteropods which indicated that large crustaceans had fed on the 
trapped sediments. The flux observed in P1 978 m trap was unusually small and 
made up only 47% of the flux in P1 2,778 m trap. The organic flux was approxi-
mately 20% of P1 378 m and 50% of P1 2,778 m. Such depletion may be explained 
by "escaping" zooplankters. 

In situ data has not been available on how the trapped zooplankton, particularly 
large crustaceans, react with toxic sodium azide bactericides. Susceptibility may be 
different depending on the type of zooplankton and their size. No living zooplankton 
were found in the receiving cups at the recovery. It has not been determined whether 
the cause of the mortality was a result of intoxication by sodium azide and/or suffo-
cation of animals during entrapment prior to recovery-traps were closed a few 
days before the recovery. 

Some of the pteropod shells from mesopelagic layer in S and E appeared "chalky" 
(shells were white and opaque when dried. SEM examination revealed that this is 
an indication of partial dissolution of shell surface (Plate 2f). Some planktonic 
foraminifera tests were also partially dissolved in the mesopelagic traps. The near 
absence of spinose forms in 988 m trap of the E array may be explained by such 
dissolution. The mesopelagic seawater in the North Atlantic is saturated in terms of 
calcite and aragonite (Edmond, 1974; Takahashi, 1975; Honjo and Erez, 1978). If 
the bactericides were active as we planned, pH change by microbial activity may 
have not been a cause of dissolution but respiration by trapped zooplankton while 
they lived in the cup could be an explanation. 

b. Particle size modification. According to controlled laboratory experiments, the 
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average sinking rate of fecal pellets collected from all stations is greater than 300 m/ 
day (Honjo, in prep.). The average age difference between fecal pellets collected by 
the deepest and the shallowest trap is 15 to 20 days. However, when a pellet is broken 
into smaller sizes, the fragments sink much more slowly and the age difference be-
comes larger. For example, if an aggregate which descends 300 m/ day is broken 
into 10 equal size fragments at mid-depth (2,500 m) and continues to sink without 
further disaggregation, it takes about 60 days to reach 5,000 m according to our 
experimental results. This time interval could be long enough to make aggregates 
more fragile and disintegrate further after they are trapped. We have observed that 
the particles in the deeper traps, excluding hard green fecal pellets, are more sus-
ceptible to mechanical shock such as wet sieving than those from the shallow traps. 

The particle size distribution of the fraction smaller than 63 µ,m was different be-
tween traps and arrays (Figs. 7 A and B). SEM observation indicated that this was 
caused mainly by the difference in the degree of disintegration of fecal matter (Plate 
3b and i, as defined by Bishop, 1977). However, reaggregation or glutenation 
of particles after entrapment remains a possibility. 

The comparison between trapped fecal pellets (Plate 3a) and the sediment frac-
tion smaller than 63 µ,m (Plate j) was made by methods described in Honjo (1978). 
The results indicated that they have strong similarities and are suggestive of their 
common origin. The opal content in the sediment smaller than 63 µ,m was in excess 
of other constituents. This can be explained by the fact that radiolarian skeletons 
were rarely incorporated with fecal pellets (an exception to this is illustrated in 
Plate 3g), therefore their skeletons and the fragments increased independent of pel-
let fluxes. The abundance of well preserved coccoliths in the smaller than 63 µ,m 

sediment fraction collected from the traps deployed in highly undersaturated Pacific 
deep-sea water (Peterson, 1966; Berger, 1967; Takahashi, 1975) suggests that these 
coccoliths were transported very rapidly to that depth (Plate 3i). This was impossible 
unless they were brought down in association with fast sinking particles such as fecal 
pellets (Honjo, 1976). Most of the green fecal pellets and salp fecal pellets were 
loaded with coccoliths (Plate 3f and k). The other indirect evidence is the existence 
of pigments whose specific gravity was equivalent to or lighter than sea water. Such 
particles could not reach that depth without being included in fast sinking particles 
such as fecal pellets which were "ballasted" by mineralized tissue with higher specific 

gravity. 
It would be safe to conclude that a significant part of the small fraction was a 

result of disintegration of fecal pellets, in particular of "soft" pellets (typical ex-
ample: Plate lg, Plate 31), during the storage, transfer and partially during labora-
tory processing. However no evidence has been found to reject the possibility of 
the deposition of some very small particles from surrounding water into traps, di-
rectly or via marine snow type of processing (Trent et al. , 1978; Shanks and Trent, 

1979). 
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The size distribution of well preserved box core sample from the S and P2 stations 
(top 1 cm), kept in situ in sea water at 4 °C, was resuspended and examined by 
CoulterR counter (Fig. 7C). The mode of the size distribution was similar to the 
sediment in the deep traps of the E array (Fig. 7B) but significantly different from 
the shallower trapped samples (Fig. 7 A). An explanation is that the P 1 array sam-
ples were better preserved in terms of larger fractions of less than 63 µm particles 
such as fecal matter, but disintegration of E samples was more advanced similar to 
that of the bottom sediment. 

c. Biogenic and non-biogenic minerals; flux and dissolution. The estimate of nor-
malized carbonate flux (obtained by subtracting the flux of pteropod shells which 
were obviously trapped alive) increased to shallow bathypelagic depth and then re-
mained constant. Net carbonate flux decreased significantly in the traps which were 
deployed deeper than the lysocline. Particularly in the P 1 station, where the deep 
seawater is strongly undersaturated in terms of carbonates, foraminiferal tests and 
pteropod shells were severely dissolved. On the other hand, even in the 5,582 m 
trap of P1 array, some pteropod shells (particularly individuals larger than 500 µm) 

were preserved intact without a "chalky" appearance. 25 to 30% of the shells dis-
solved in varying degrees and the remainder were severely corroded or had disin-
tegrated leaving a thin film which was presumed to be organic (Plate 2b and j). A 
similarly continuous spectrum of dissolution was also found in planktonic fora-
minifera, particularly on spinose forms. This indicated that dissolution of medium 
to large foraminiferal tests and pteropod shells occurred after the entrapment 
(Honjo, 1977; Thurrell and Honjo, in press). The decrease of the larger size fraction 
of carbonates and increase of smaller particles with depth can be explained by 1) 
disintegration of pteropod shells in the trap while deployed, and 2) disintegration of 
fecal pellets which free coccoliths. 

Silicate flux increased at the E and S2 sites throughout the water column. At the 
P1 site, flux increased from 378 m to 2788 m, then it was constant to 5,582 m. 
Silicate flux in the mesopelagic layer did not appear to be influenced by zooplankton 
entrapment. Small silicate particles "piggy-backed" on larger zooplankton remains, 
redistributed to smaller fractions by disintegration of the host particles. This brought 
a downward increase of the middle size fraction of silicate components. 

Biogenic opal flux at all sites increased downward in the mesopelagic traps and 
decreased slightly in the bathypelagic layer. The decrease was probably due to dis-
solution while the skeletons and frustules sank through the water column (Takahashi 
and Honjo, in press); their descent rate was slower than carbonate particles by an 
order of magnitude (Smayda, 1970). The residence time to react in seawater would 
be much longer than the carbonate particles (Hurd, 1973a,b). Radiolarian skeletons 
are not usually incorporated in fecal pellets. However, exceptions were observed 
(Plate 3g). No acantharian skeletons were confirmed in any trapped samples although 
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they were common in filtered suspended particle samples from shallow water in 
all stations. 

Increase in silicate flux with depth at the S and E sites was also manifest as in-
crease in clay flux. Spencer (personal communication) offered the explanation that 
resuspended silicate particles from the shallower slope and their lateral transport in 
the deeper water column were a possible source. Such clay particles would be 
grazed, undergo (multiple) coprophagy of deep dwelling zooplankton and finally be 
trapped. The Bermuda Rise and northern slopes of the Sohm Abyssal Plain may 
produce such a gradient of clay and quartz particulates in suspension (Laine, 1977). 
The gradual increase of mica/ illite contents with depth at the S station partially 
supports this view. The actual mechanism of sedimentation of clay particles to the 
trap needs further explanation. 

On the other hand, clay flux at the P 1 station was smaller than the other stations 
and did not increase with depth. The P 1 station is located in the middle of the con-
tinuously flat abyssal plain. This station lacks an apparent source of gradient re-
suspension. 

d. Organic carbon flux and benthic energy requirements. A number of organic car-
bon fluxes in various ocean environments have been published (Izeki, 197 6; Bishop, 
1977; Soutar et al., 1977; Gardner, 1978; Wiebe et al., 1976; Bishop et al., 1978; 
Honjo, 1978; Staresenic, 1978; Hinga et al. , 1979; Knauer et al., 1979; Rowe and 
Gardner, 1979). The values obtained from the traps deployed in the water shallower 
than 1,300 m by lzeki (1977, Gulf of Alaska and Bering Sea, summer) and Hinga 
et al. (in press, Eastern North Atlantic) were comparable to the values obtained by 
this study. Flux (total) measured by Deuser's (Deuser and Ross, in press) recent ex-
periments in the deep water near Bermuda was also comparable to our results. 
Gardner's (1977) assessment of organic carbon from the deep Atlantic is 6.3 to 
18 mg/ m2 

/ day and one order of magnitude larger than our estimate at the equivalent 
depths. His carbonate flux were also approximately 10 times more than our estimate. 
The most recent sediment trap experiment by Knauer et al. (1979) indicated that 
the organic carbon flux at a site relatively close to the P 1 station was significantly 
larger than ours. The clue to this serious discrepancy has not been discovered. 

Daily rate of organic carbon fixation assessed by us at S2 station (October 1977) 
and E station (November 1977) were 60 mg/ m2 and 200 mg/ m2, respectively. 
Those values agree with previous reports (i .e. Ketchum, 1967, 1968). Organic car-
bon flux, arriving at the mesopelagic and the bathypelagic layers was, therefore, 
estimated to be 6 to 4%, and 1.5 to 0.8% of the primary production during those 

experiments. 
As indicated in Figure 10, the flux of organic carbon decreases in a linear fashion 

through the mesopelagic layer and it stays more or less constant to near the bottom, 
or decreases insignificantly. Recent studies show that values of benthonic oxygen 



88 Journal of Marine Research [38, 1 

PAC IFIC SARGASSO EQUATORIAL 
GYR E SEA ATLANTIC 

Plankton Cs H11 N1 02 Cs His . N1 02 C7. H10 N1 02 

400m C9 H16 N1 04 C9 H13 N, Os 

1,000 m C9 H14 N, 06 CG H7 N, 03 C9 His N, a~ 

2,800 m C10 H16 N1 07 

3,700 m C10 His N, Os C10 H24 N, O,2 

4,300 m C10 His N, 07 

5,000 m C10 H2s N, 012 

5,600 m C9_s H1 6 N1 07 

Sediment C11 HaG N1 O4s Ca H102 N, O4a C12 H117 N1 Osa 
13 139 74 23 240 151 

Figure 12. Atomic ratio in the organic matter. "O" is mostly oxygen and may involve a large 
margin of error. Plankton samples were the average of day and night catch during recovery. 
Box cores were collected from the S and P, station. The pilot core top from 120 miles north 
was used for comparison between the E station. 

consumption decrease in a logarithmic function with depth (Hinga et al., 1979, 
particularly his Figure 5; Smith and Teal, 1973; Smith et al., 1976; Smith, 1974; 
Smith, 1978; and Smith et al. , 1979). Oxygen consumption at the abyssal bottom, 
5,100 to 5,200 in the oligotrophic North Atl antic was 20 to 75 µmoles/ m2/ day 
(Smith, 1978). The estimated organic carbon consumption was 0.24 to 1.2 mg/ m2/ 

day and is less than the carbon flux estimated by our experiment at these depths. 
The organic carbon flux was considerably larger than carbonate carbon in the 

mesopelagic traps. On the other hand, the ratio was constant in the bathypelagic 
traps with carbonate carbon slightly in excess of organic carbon at all stations. This 
indicates that, as far as the trapped samples are concerned, organic carbon molecules 
are different in dissolving all carbonates in the bathypelagic traps. If we consider 
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Table 5. Nutrient components; model calculation, % in total organic. 

R Protein Carbohydrates 

E PLNTN 48 61 29 
E 389 37 42 50 
E 988 35 39 57 
E 3,755 24 25 > 73 
E 5,068 25 25 > 73 

P, 378 42 42 36 
P, 978 31 34 63 
P, 2,778 31 31 66 
P, 4,280 35 33 62 
P, 5,582 31 34 63 

s, 986 31 
s, 3,694 28 
s, 5,206 

* ("- " indicates unrealistic numbers induced by the model). 

Lipid 

10 
8 
4 

22 
3 

3 

5 
3 
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that the aragonitic shells have already been dissolved during storage, in the receiving 
cup, excessiveness of carbonate carbon is more than apparent. 

The C/ N ratio in the zooplankton was variable in time and space and typically 
7 to 8. The C/ N ratio of mesopelagic sediment including zooplankton remains was 
somewhat variable as it ranged between 8 and 9. The C/ N ratio of bathypelagic 
organic sediment was constant at approximately 10, a significant departure from 
the Redfield number (Fig. 12). The C/ N ratio in fecal pellets was usually larger 
than plankton (Honjo and Roman, 1978); and it averaged 10 in the fecal pellets 
collected in bathypelagic traps (Honjo, in prep.). The general C/ N ratio in the meso-
pelagic organic sediment can be a value between those of zooplankton and fecal 
pellets. 

Oxygen and hydrogen increases in trapped organic matter with depth at the E 
site may be, as discussed before, partly due to the evaporation of structural or pseu-
dostructural water from opal and clay particles. Comparing the organic O/ N and 
H/ N ratio in plankton and trapped sediment, it also seems possible that organic 
matter actually changed systematically at the E station; the R values (Spoehr and 
Milner, 1949) based on our C, N, Hand O values increased with depth. This was 
indicative of more oxidized organic matter in the deeper E traps. Further calorific 
computation based upon the R value thus obtained has shown that the lipid and 
protein compounds were replaced by carbohydrates in deeper trap samples (Table 5). 

Phosphorous concentration in the E sample was analyzed by Dr. J. Morse and 
Mr. J. DeKanel (University of Miami). Organic phosphorous concentration was 
rather constant at 642 to 434 ppm in the fraction between 1 mm to 63 µ,m and 229 
to 255 ppm in that smaller than 63 µ,m throughout the array. The explanation why 



90 Journal of Marine Research 

SEDIMENT CONSTITUTION(¼) 

PAC IFIC 
GYR E 

SARGASSO EQUATORIAL 
SEA ATLANTIC 

PLANKTON ! E I~ 1 I ~1 
400 m 

1,000 m '----=~- '-I --"'IE= I 
corbono1e sil1c. org. 

2,aoo m 1 wm 
3,700 m a 1 WA 
4, 3oo m 1 Im 
5,000 m PA 
5,600m ( 

[38, 1 

Figure 13. Comparison of % content of sediment trap material, towed plankton and core tops. 

the organic phosphorous in the small fraction is half as much as large particles is 
not available. An assumption is that it may be related to the disintegration of fecal 
pellets. As in other organic components, phosphorous flux in the mesopelagic traps 
were variable. Also the phosphorous in apatite and inorganic phosphorous associ-
ated with pteropod shells and crustacean crusts was greater than organic phospho-
rous. Phosphorous contents in the bathypelagic traps of the E array were consistent 
and approximately 0.17 mg/ m2/ day. The approximate atomic ratio between organic 
carbon, nitrogen and organic phosphorous was 100: 10: 1 in the bathypelagic traps. 

e. Mode of sedimentation by large particles in the bathypelagic layer. Independently 
sinking large and medium sized foraminifera tests and pteropod shells were a major 
source of carbonate flux to the deep ocean. Average descending speeds of fora-
minifera tests were 770, 310, and 65 m per day for large, medium and small frac-
tions (e.g. Berger and Piper, 1972). Pteropod shells of equivalent size sink with simi-
lar speed to foraminiferal tests. Large pteropod shells such as 10 mm Clio spp. can 
travel more than 5,000 m a day. Smaller tests and shells such 63 µm or less sink 
slower but their mass was insignificant although the standing stock of such small 
tests and shells are large (Bishop et al., 1977; Honjo, 1978). Coccoliths, another 
important carbonate constituent, were carried by fecal pellets; their sedimentologi-
cal behavior was similar to large particles. 
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Opal flux was made mostly by free sinking radiolarian skeletons, although a few 
percent of the total number of radiolarians were associated with fecal pellets (Plate 
3g). Some diatom frustules (often fragmented) were found in fecal pellets (Schrader, 
1971). However, the extent of the contribution of fecal pellets to diatom flux was 
not clear. The majority of Rhizosolenia frustules appeared to be excluded from 
fecal pellets observed in the E and P1 trap samples (Plate 3a,e and i). Since Rhizo-
solenia are common as a constituent of marine snow (Trent et al. , 1978) the frustules' 
transport may have been accommodated by such modes and warrant further re-
search. The sinking rate of opal was assumed to be generally slower than carbonate 
particles. 

Average dry weight of green fecal pellets of 500 µm to 250 µm, 250 to 125 µm, 
and 125 to 63 µm (mesh sizes) were 10.4, 3.2 and 1.4 µg, respectively (Honjo, in 
prep.). From those numbers, it was estimated at the E station that 3.2 to 1.8% of 
total flux were provided by green fecal pellets. They contributed 5.2% of organic 
flux . In bathypelagic traps, 75 to 85% of organic matter was associated with the 
fraction smaller than 63 µm (Fig. 9). As mentioned previously, this can be explained 
by the disintegration of fecal pellets, particularly of "soft" fecal pellets such as are 
produced by salps. From the three deep sea sediment trap experiments conducted in 
open ocean conditions at the S, E and P stations, it has become obvious that large 
particles, preserved in a trap or not, played an important role in vertical transporta-
tion of fine, light and reactive particulates. 

8. Conclusions 

1. Throughout the bathypelagic layer, the fluxes were essentially constant and con-
sistent in terms of the mass and the constituent at all stations. Mesopelagic trap 
sediment was strongly influenced by the inconsistent entrapment of zooplankton and 
their remains. This made the mode of sedimentation in the mesopelagic and bathy-
pelagic traps distinctly different. 
2. The experiments indicated that the majority of the vertical transport of material 
to the deep sea was achieved by fast sinking, relatively large particles dominated by 
planktonic foraminiferal tests, radiolarian skeletons, pteropod shell s, diatom frus-
tules and fecal pellets of zooplanktons. 
3. Mass flu xes assessed by PARFLUX Mark II sediment trap in the mesopelagic 
and bathypelagic zone were: at the Sargasso Sea Station (S2) , approximately 20 and 
13.0 to 18.3 mg/ m2/ day; at the Equatorial Atlantic Station (E), 49.2 to 69.5 and 
approximately 47 mg/ m2/ day, at the Central North Pacific station (Pi), 7.5 to 11.4 
and 11.7 to 17.1 mg/ m2/ day, respectively. 
4. Main chemical and mineralogical constitutions of dried trapped sediment were: 
a) carbonates as calcite and aragonite, b) silicates as biogenic opal, layered silicates 
and igneous rock-forming minerals, and c) organic compounds. 
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5. Particles originated from a) mineralized tissue of zooplankton such as plank-
tonic foraminiferan tests, radiolarian skeletons, euthescosomatous pteropods, hetero-
pods and gastropod shells, b) mineralized tissue of phytoplankton such as diatom 
frustules and coccoliths, c) fecal pellets of zooplanktons, d) zooplankton remains 
and small nekton carapaces, e) fragments of epiphyte, f) eolian particles. 
6. Particles larger than 1 mm contain loosely aggregated organic matter, zooplank-
ton remains, particularly molt, gelatinous amorphous objects, epiphyte fragments, 
pteropod shells and in mesopelagic samples, significant amounts of intact zooplank-
tons. Some of those loose aggregates may have been the secondary product. 
7. Particles between 1 mm to 63 µm mainly consisted of foraminiferal tests, radio-
larian skeletons, fecal pellets and smaller pteropod shells. 
8. Particles smaller than 63 µm consisted of highly diversified species. The larger 
particles in this fraction were mainly disintegrating fecal pellets; middle range was 
diatoms and their fragments and a small range of this fraction was coccoliths and 
eolian particles. 
9. A significant part of the above mentioned small fraction which was preserved 
at the time of investigation was a result of disintegration of fecal pellets, in particular 
of less consolidated ones such as those produced by salps. 
10. "Green fecal pellets" were ubiquitous in all the traps deployed. "Red fecal 
pellets" were found only in the deepest traps of S1 (5,367 m) and S2 (5,206) arrays. 
11. Biogenic carbonate particles constituted 70 to 55 % of the sediment flux, and 
decreased with depth. The large carbonate fraction was replaced by the smaller 
fraction with increasing depth. 
12. Some planktonic foraminifera tests were excellently preserved with intact 
spines at all depths, while in the deepest bathypelagic samples and also in meso-
pelagic samples some tests were partially dissolved by dissolution while in storage 
in the trap during deployment. 
13. No significant dissolution of carbonate particles was found while they sank 
through the undersaturated bathypelagic water column. 
14. Organic constituents contributed 10 to 20% of sediment flux, and decreased 
with depth. Organic flux shifted to smaller particle fraction with depth; in the meso-
pelagic samples approximately 30% of organic flux was smaller than 63 µm while 
more than 95% of the flux was smaller than 63 µmin the deepest traps. 
15. The organic carbon atom flux was considerably larger than carbonate carbon 
in the mesopelagic traps. The ratio was slightly in excess of carbonate carbon to or-
ganic carbon atoms in the bathypelagic zone. 
16. Approximately 4 to 6% of primary production at the surface was transported 
to the mesopelagic layer and 0.8 to 1.5% was transported to the bathypelagic layer. 
17. The C/ N ratio of mesopelagic sediment was 8 to 9. The ratio was approxi-
mately 10 and consistent throughout the bathypelagic zone. 
18. Organic carbon flux decreased with depth at high rates in the mesopelagic zone 
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and at slower rates in the bathypelagic zone. Organic carbon fluxes at the deepest 
traps were 0.7 (P1), 0.9 (S2) and 1.7 (E) mg/ m2/ day: the calorific calorie fluxes 
were approximately 6.3, 8.0 and 15.5 calories, respectively. 
19. Total silicates flux consistently increase with depth throughout the water col-
umn at the Sand E station. At station P1 flux increased in the mesopelagic zone with 
depth and was constant throughout the bathypelagic zone. 
20. Opal flux increased in the mesopelagic zone with depth at all stations. It was 
constant throughout the bathypelagic water column at the E and S stations, or 
slightly decreased with depth at station P 1 • 

21. Layered silicates flux increased at a fast and consistent rate with depth at sta-
tions E and S. This was due to the depthward increase of mica/ illite particles. Clay 
particles were very rare in the P1 samples. 
22. Flux of rock forming minerals increased with depth at stations E and S. It was 
unchanged with respect to depth at station P1 • 
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