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Chemical fluxes from a sediment trap experiment 
in the deep Sargasso Sea 

by D. W. Spencer,1 P. G. Brewer,1 A. Fleer,1 S. Honjo, 1 

S. Krishnaswami,2•8 and Y. Nozaki2 

ABSTRACT 
A pair of sediment traps, each with an opening of 1.5 m', were deployed at 5367m in 5581m 

of water at 31 • 34'N, 55° 03'W in the Sargasso Sea. The traps were located within the bottom 
nepheloid layer, which, at this site, extends from about 4900m to the bottom. The two traps 
collected different amounts of material, one collecting 3.45g, and the other 6.90g. The difference 
is probably attributable to mooring and "shadow" effects, and may be a general problem for this 
class of experiment. In a collection time of 75 days, the mean total particulate flux is estimated 
to be 1.68 ± 0.79 mg cm-• yr-1

• 

Samples from each trap have been analyzed for the elements Si, Al, Ca, K, Mg, Fe, Mn, Ba, 
Sr, Ti, V, I, Sc, La, Cr, Sb, Cu, Zn, Cd, Ni and Co by a combination of instrumental neutron 
activation and atomic absorption techniques. Several radioisotopes, including ""Th, ""'fh, """Th, 
'"Th, " 0Po, " 0Pb, :m-rh, ''"U and """Ra, have been determined by °' and /3 spectrometry. The 
trapped material consists of about 50% clay, 20% calcium carbonate, 20% silica and 5% or-
ganic matter. 

In interpreting these data, we have paid particular attention to the following problems: sepa-
ration of the primary flux from the re-suspended sediment contribution, estimation of the trap 
efficiency for different size classes of particles, estimation of particle settling velocities and as-
sessment of adsorption onto particles during transit through the water column. These problems 
are common to most sediment trap experiments. 

The flux of resuspended bottom sediment requires careful interpretation of the U-Th series 
isotope data. In particular, the measured mean flux of ""'Th is 14% less than that expected 
from production in the overlying water column. However, the existence of a major flux of 
""'Th from resuspended sediment means that either the traps are inefficient for fine particles that 
may contain most of the flux of the "'°Th or that adsorption onto settling particles may not be 
the major removal mechanism for "'°Th in the deep ocean. 

The measured fluxes of the long-lived nuclides "''Th, "'°Th, 238U and ""Ra are consistent with 
the suggestion that about 60% of the total mass flux is derived from resuspended bottom sedi-

ment. 
Most of the measured flux of the short-lived nuclides, ""Th, ""'fh, " 0Pb and " 0Po must be 

derived from the water column above the trap. We have derived a model which relates the 
settling velocity of particles to a first-order adsorption coefficient for the uptake of nuclides onto 
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particles settling through the water column. On the assumption that the adsorption coefficient 
is the same for 22B'fh and ""'Th, the model gives two solutions. Either a settling rate of about 
1-5 X 10' m yr-1 and a residence time for adsorption of Th of >70 years or a settling velocity 
of about 1-2 X 10' m yr-1 and a residence time of 0.6-0.8 yr are compatible with the data. On 
the basis of the low efficiency of our traps for fine particles, we favor the first solution but can-
not, yet, reject the second. 

We interpret the elemental and isotope data to suggest that, of the total flux, only 5% of the 
clay, most of the calcium carbonate and 90% of the organic matter were contributed by rapidly 
settling large particles, derived recently from the surface ocean. The larger part of the total 
flux appears to be from resuspended bottom sediments that are aggregated and sedimented 
from the nepheloid layer, probably by a population of bentho-pelagic organisms that produce 
distinct red fecal pellets consisting of about 80% clay. 

1. Introduction 

The flux of material to the deep ocean is of fundamental interest in marine sci-
ence. Benthonic organisms utilize the particulate flux of reduced organic carbon as 
their food source and its rate of supply is critical in determining their abundance. 
Falling particles represent nascent sedimentary material and their accumulation con-
structs the sedimentary record. The chemical changes required to transform the 
particulate flux into deep sea sediments are an important control on the chemical 
composition of sea water. Various attempts have been made to determine the chemi-
cal composition of marine particulate matter, and to assess the particulate flux 
through oceanic depth strata. The chemical composition is relatively easily obtain-
able through collection of water samples, filtration and analysis (Spencer et al., 
1972). However, such procedures, while not producing any bias in the size frequency 
distribution since a complete element of water is enclosed, permit only an inferior 
estimation of the flux. This is due to the fact that settling velocities of the different 
size fractions are unknown and estimates based on isotopic evidence (Krishnaswami 
and Sarin, 197 6(b ), or on Stokes Law calculations (Bishop et al., 1977), necessarily 
contain model assumptions. The direct estimate of the flux of the chemical elements 
is made possible by the use of sediment traps (Berger and Soutar, 1967; Wiebe et 
al ., 1976) with the caveat that turbulent effects can cause such devices to under-
trap or overtrap the sinking material (Gardner, 1977). In this paper, we report on 
the chemical fluxes obtained from a sediment trap experiment in the deep Sargasso 
Sea. 

2. Methods 

a. Sampling and hydrographic setting. The sediment traps and the mooring con-
figuration used have been described by Honjo (1978) and Honjo and Connell 
(1978). The traps are P.V .C. cones presenting an opening of 1.5 m2 and mounted in 
pairs, facing vertically upwards, in a tubular aluminum frame. The mooring with 
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Figure 1. Salinity profile at the sediment trap site in the Sargasso Sea (31° 34' N 55° 03'W). 

the four traps at 398, 998, 2797 and 5367 m was deployed in 5581 m of water at 
31 °34'N, 55°03'W. 

The site is in an area of flat topography. The Bermuda Rise Slope to the west 
and two relatively large seamounts to the northeast are too distant to result in a 
sedimentation anomaly. 

Hydrographic observations were made at stations approximately three miles from 
the mooring site in about 5200 meters of water. 

In Figures 1, 2 and 3 we show vertical profiles of salinity, oxygen and silicate at 
the sediment trap station. The principal features of the profiles are characteristic of 
the Sargasso Sea and not dissimilar to the GEOSECS-II station discussed in detail 
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Figure 2. Dissolved oxygen profile (µM / kg) at the sediment trap site. 

by Spencer et al., (1972) and to GEOSECS Station 120. The station is in an area 
of low primary productivity (Menzel and Ryther, 1962; Menzel, 1961), and 
hence of low biogenic flux to the sediments. The oxygen minimum, centered around 
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Figure 3. Dissolved silicate profile at the sediment trap site. 

800m, is sharp but not intense. The mid-water column is occupied by North Atlantic 
Deep Water. Of particular interest for this experiment is the break in the oxygen 
and silicate depth profiles at 4800m signifying the presence of Antarctic Bottom 
Water. The trap at 5367m lies within this water mass at a temperature of 2.14°C, 
salinity 34.870%0 and dissolved oxygen concentration 257 µ,M/kg. In addition to 
these hydrographic observations, the distribution of total suspended matter concen-
trations in the water column was also measured, by vacuum filtration of 30 l water 
samples using 0.4 µ,m Nuclepore filters. 

The duration of the experiment was 75 days (0.21 years) from October 19, 1976 
to January 5, 1977. Material falling into the trap was collected in a lucite cylinder 
attached to the lower end of the cone. One cone of each trap pair contained sodium 
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azide as a bactericide, the other did not. Recovery of the traps was by a lanyard 
attached to the lower end of the frame, thus tipping water from the cones and 
greatly reducing the weight to be handled. Trapped material was prevented from 
falling out by timed closure of a spring-loaded door which slid across the mouth of 
the lucite cylinder. All the traps appeared to collect significant quantities of material. 
However, a malfunction in the closing mechanism resulted in inadequate closing of 
the lucite cylinder in the three shallower traps, and these samples were lost during 
recovery. One trap pair, that at 5367m, worked perfectly, and material from this 
trap was subjected to chemical analysis. 

b. Analytical. Elemental analyses for Al, Ca, Ba, Ti, Sr, Mn, Mg, Cu, V and I 
were carried out on 0.5-1.0 mg samples of the dried, agate mortar ground, trapped 
material by means of instrumental neutron activation analysis (INAA) . Samples 
were weighed onto a Nuclepore filter and then pressed into a pellet (4mm X Imm) 
in order to minimize geometry and handling problems. Irradiations were carried 
out at the Rhode Island Nuclear Science Center, exposing the sample to a thermal 
neutron flux of 4 X 101 2 n cm-2 sec-1 for 10 minutes and cooling for 5 minutes 
before counting on a Ge(Li) detector. Samples were irradiated and counted indi-
vidually, and standards were run at the beginning and end of each working day. 
Samples of fecal pellets individually removed from the trapped material under light 
microscopy were analyzed identically using a sample size of 50 fecal pellets per 
irradiation. 

Analyses for Au, La, Cr, Sb, Sc, Fe, Zn and Co were also carried out on the same 
samples, again by INAA using a long (8 hr.) irradiation technique (Spencer et al., 

I 

1972). 
Analyses for Si, Al, Ca, Fe, Mg, K, Mn, Cu, Ni and Cd were carried out by 

atomic absorption spectrometry (AA) following lithium rrietaborate fusion of about 
0.2 g fractions. 

Isotopic analyses were carried out both at Yale and at Woods Hole. 234Th was 
measured (Yale) by nondestructive 13- assay of its short-lived daughter 23 4Pa (2.31 
Mev 13- max.). About 3-40 mg of the sample was deposited over ~4 cm2 area on 
a plexiglass holder (Amin, 1970), covered with a 0.9 mg/ cm2 thick mylar and its 
13- activity assayed using a low background 13- counter (Lal ·and Schink, 1960). 
(The counter has a background of 0.15 cpm and a counting efficiency of ~36% for 
4°K betas.) An additional absorber of 5 mg/cm2 was placed between the sample 
and the counter to cut off a particles and the low energy 234Th betas. The samples 
were recounted at regular intervals of about 10 days to follow the decay of 234Tb. 
The net 234Th activities at the time of first counting, within about a month of sam-
ple collection, were about 8 counts per minute compared to a residual activity of 
5 counts per minute observed after several months. 

The a emitting nuclides of Th {2 28Th, 230Th and 232Tb) were measured both at 
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Yale and at Woods Hole, and 2 26Ra at Yale following procedures given by Krish-
naswami and Sarin (1976a) and Koide and Bruland (1975). The sample was digested 
with fuming HN03 (Woods Hole) and HF-HN03 (Yale) in the presence of 234Tb 
and 223Ra tracers and Pb carrier. 

210Po was measured independently on a third, approximately 25 mg, aliquot of 
the sample by dissolution in the presence of a 208Po spike and spontaneous deposi-
tion on silver discs (Bacon, 1976; Turekian, et al., 1973). 

210Pb was measured by ingrowth of its 210Po daughter (Woods Hole) and by as-
saying ingrowth of its 210Bi daughter on a low background 13- counter (Yale). 

238U concentrations (Yale) were measured in a fourth, approximately 50 mg, split 
of sample. The sample was totally dissolved in the presence of 232U spike and the 
U isotopes were separated using standard procedures (Krishnaswami and Sarin, 
1976a; Turekian et al., 1973). 

All the a measurements were made using a 300 mm2 area (Woods Hole) and 
450 mm2 area (Yale) solid state detector coupled to a multichannel analyzer. The 
counting efficiencies of the detectors were ~23 % and ~33 % , respectively. 

3. Results 

Samples from both Cone 1 (containing sodium azide as a preservative) and Cone 
2 were analyzed. The two cones trapped different amounts of material, Cone 1 
trapping 3.45 g (1.12 g/ cm2/ l000 yrs. or 30.7 mg/ m2/ day), and Cone 2, 6.90 g 
(2.24 g/ cm2/ l000 yrs. or 61.3 mg/ m2/ day). It is obvious that the sodium azide 
preservation is of lesser importance than technical considerations in trap and moor-
ing design, for presumably the different trapping efficiencies represent orientation 
and "shadow" effects. 

Data on the mineralogy, taxonomy and morphology of this sample have been 
presented by Honjo (1978). In Table 1 we present data on the chemical composi-
tion of these samples, as determined on four aliquots from each cone by INAA and 

a single aliquot by AA. 
Table 2 presents the apparent mass fluxes, using the mean of the INAA data and 

single point AA values. The 1in1its for each cone represent analytical and subsam-
pling uncertainties, the limits of the means include the uncertainty due to different 

total flux measurements in each cone. 
The INAA were performed on subsamples of less than 1 mg. Such small aliquots 

can give rise to sampling problems if the material to be analyzed is not completely 
homogeneous. The trap samples were ground in an agate mortar for 10 minutes, 
and we believe the compositional differences apparent between Cone 1 and Cone 2 
to be largely due to sampling inhomogeneity. In this regard, the larger subsamples 
taken for the atomic absorption and radioisotope isotope analyses do not show such 

significant differences. 
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Table 1. Elemental composition of sediment trap samples. With one standard deviation limits. 

Cone 1 Cone 2 

INAA AA INAA AA 

Si (%) 22.7 22.4 

Al(%) 6.08 ± .41 6.4 4.8 ± .63 5.9 

Fe(%) 4.24 ± .24 4.2 3.23 ± .56 4.1 

Mg(%) 2.45 ± .09 1.6 1.93 ± .35 1.7 

K (%) 2.1 2.0 

Ca(%) 10.37 ± .52 9.3 7.19 ± 1.43 8.4 

Ti (%) 0.34 ± .01 0.26 ± .05 

Mn (ppm) 1080 ± 60 1040 885 ± 150 980 

Ba (ppm) 369 ± 26 316 ± 59 

Sr (ppm) 595 ± 58 389 ± 185 

V (ppm) 113 ± 6 90 ± 15 

I (ppm) 99 ± 8 77 ± 12 

La (ppm) 55 ± 5 45 ± 8 

Sc (ppm) 13 ± 1 10 ± 2 

Cu (ppm) 163 ± 0 60 129 ± 40 65 

Au (ppm) 0.19 ± .07 0.20 ± .01 

Cr (ppm) 80 ± 5 58 ± 10 

Sb (ppm) 6.8 ± 1.8 5±2 
Zn (ppm) 721 ± 225 303 ± 44 
Co (ppm) 22 ± 16 11 ± 7.8 
Ni (ppm) 5 6 
Cd (ppm) <l <l 

The elements Mn, Cu, Al , Ca, Mg, and Fe were determined by both neutron 
activation and atomic absorption analyses. The comparison between both analytical 
techniques is good except for Cu and Mg. We believe' that some significant loss of 
volatile copper may have occurred during the lithium metaborate fusion that pre-
ceded the atomic absorption measurement. The differences in Mg have not been 
resolved at this time. 

In Table 3, we present the various radioisotopic results as determined in two 
laboratories. 

The results of 234Th, 210Po and 228Th presented in Table 3 are decay corrected 
values to the time of collection. Decay corrections were made using the relation: 

A At eXt2 A - i 
o- (I-e-xt, ) (1) 

where A0 is the activity of the nuclide (dpm/ g) in a freshly depositing particle, A is 
its measured activity in the lab, t1 is the time interval for which the trap was de-
ployed (75 days), and tz is the time elapsed between the recovery of the sample from 
the sea to its assay and A the decay constant of the nuclide. For all the isotopes, the 
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Table 2. Apparent mass fluxes of elements (µg cm-• yr- 1
) . With one standard deviation limits. 

Cone 1 Cone 2 Mean 

Si 254 501 378 ± 175 
Al 69 ± 4 108 ± 12 93 ± 26 
Fe 47 ± 2.5 76 ± 14 62 ± 18 
Mg 25 ± 4 42 ± 7 34 ± 10 
K 23 45 34 ± 16 
Ca 113 ± 8 167 ± 30 143 ± 36 
Ti 3.8 ± .14 5.7 ± 1.2 4.9 ± 1.3 
Mn 1.20 ± 0.06 2.03 ± 0.30 1.61 ± .48 
Ba 0.41 ± 0.03 0 .71 ± 0.13 0.56 ± 0.18 
Sr 0.67 ± 0.06 0.87 ± 0.42 0.77 ± 0.30 
V 0.13 ± 0.01 0.20 ± 0.o3 0.17 ± 0.05 
I 0.11 ± 0.ot 0.17 ± 0.o3 0.14 ± 0.04 
La 0.06 ± 0.ot 0.10 ± 0.02 0.08 ± o.oz 
Sc 0.015 ± 0.001 0.023 ± 0.004 0.018 ± 0.005 
Cu 0.18 0.29 ± 0.09 0.24 ± 0.08 
Au 2X 10___. ± 8X JO-<> 4X JO-< ± 2x 10-- 3X JO-< ± 1x 10--< 
Cr 0.089 ± 0.006 0.13 ± 0.023 0.11 ± 0.027 
Sb 7.6Xl0-s, ± 2. l XlO-s, 11x 10-o ± 4.6Xl0-o 9.3Xl0__, ± 3.7Xl~ 
Zn 0.81 ± 0.25 0.68 ± 0.10 0.74 ± 0.19 
Co 0.024 ± 0.017 0.024 ± 0.018 0.023 ± 0.016 
Ni 0.006 0.013 0.010 ± 0.005 
Cd <.001 <.002 < .002 

Table 3. Radioisotope concentrations (dpm g-1
) in sediment trap material. 

Cone 1 Cone2 
Woods Hole Yale Mean Woods Hole Yale Mean 

(a) (b) (a+b) (a) (b) (a+b) 

""Th* 1960 1960 2390 2390 
""Th 1.88 .64 2.52 3.2 2.86 1.98 .41 2.39 2.9 2.65 
""'Th 7.38 .89 8.24 8.3 8.27 7.07 .62 7.69 9.0 8.35 
-rh* 24.77 .87 25.63 30.5 28.06 26.05 .52 26.57 30.0 28.29 
00Po* 549 497 523 655 541 598 
nopb 328 371 350 344 362 353 
t2'1'fh <0.2 <0.2 ~O ~O 
""'U 1.1 1.1 1.3 1.3 
220Ra :::;;;2 :::;;;2 :::,;;3 :::,;;3 

(a) Sample digestion with HN0 3• 

(b) Residue from digestion (a) treated with HF. 
* Results are decay corrected as in text. 
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Table 4. Elemental composition of fecal pellets. 

"Green" Fecal Pellets 

Al(%) 2.08 

Fe(% ) 2.16 

Mi(%) 0.81 

Ca(%) 23.2 
Ti(%) 0.13 
Mn (ppm) 2110 
Ba (ppm) 192 
Sr (ppm) 1430 
V (ppm) 76 
I (ppm) 496 
La (ppm) 24 
Sc (ppm) 4 
Cu (ppm) 650 
Au (ppm) <0.1 
Sb (ppm) < 5 
Zn (ppm) <20 
Co (ppm) 15 
OrgC (% )* 15 

* From Honjo (1978). 

[36, 3 

"Red" Fecal Pellets 

7.49 
4.36 
2.73 
5.69 
0.31 
768 
526 
50 

114 
83 
49 
15 

308 
0.16 

< 5 
<20 

10 
5 

decay corrections were made on their unsupported activities. The Woods Hole data 
are consistently lower than the Yale data; however, the isotopic ratios determined 
within each group are remarkably consistent. The Yale group used an initial 
HF-HN03 digestion procedure, the Woods Hole group a sequential digestion with 
HN03 leaving a siliceous residue, and separate determination of the isotopic con-
tent of this residue after HF treatment. The results (Table 3) show that approxi-
mately 25 % of the 232Th is contained within the siliceous fraction. 

Inspection of the trapped material revealed a mixture of clay, calcareous and 
siliceous debris, fecal pellets and a fish bone. Examination of the fecal pellets by 
light microscopy showed that two dominant forms occurred, distinguished by their 
green and red coloration (Honjo, 1978). Our analysis of the chemical composition 
of these pellets is given in Table 4. The green pellets have high Sr, Ca and I ; the 
red pellets contain much larger quantities of clay minerals, as evidenced by their 
high Al, Mg and Ti content. The majority of the coccoliths were included in the 
green fecal pellets which consisted of about 50% biogenic carbonate and 27% 
clay, whereas the red fecal pellets were found to be 84% clay and 10% carbonate. 
The green fecal pellets appear to originate at the ocean surface. Evidence of this, 
and that the transit time through the ocean water column was short, is provided by 
Honjo (1978). The evidence is that the green fecal pellets contain relatively fresh 
plant remains, the coccoliths and coccospheres contained exhibit species diversity 
comparable to that in the surface layer during the deployment season, and little 
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coccolith dissolution was evident. The origin of the red fecal pellets is not clear at 
this time. Although they are predominantly in the size range of < 62 µ,m, many are 
in excess of 250 µ,m, and it appears highly unlikely that they represent resuspended 
pellets produced by bottom dwelling organisms. Two possibilities are most likely. 
Firstly, they are the result of a population of organisms that feeds throughout the 
nepheloid layer. It is possible that a group of organisms, of low absolute abundance, 
is forced, because of low organic contents, to ingest large quantities of detritus. 

Gardner (1977) has pointed out that bentho-pelagic zooplankton are known to 
exist near the sea floor, but there is no information on their distribution with height 
above the bottom, neither is there any indication that they migrate vertically. Eco-
logically, there is no apparent reason for such migration. However, Gardner (1977) 
argues that filter feeding organisms may gain some ecological advantage by feeding 
at the top of the nepheloid layer, where the organic flux from the surface is less 
diluted with organic-poor resuspended sediment. 

Secondly, the red fecal pellets may be the result of coprophagy occurring through 
the whole deep water column. This hypothesis is preferred by Honjo (1978). 

4. Discussion 

In discussing these results, we must recognize several problems inherent in sedi-
ment trap experiments. The trap provides an experimentally determined flux, through 
a depth horizon, integrated over the course of the experiment. The experiment does 
not yield directly the settling rate, or spectrum of rates, of the particles. Moreover, 
since the efficiency of the trap will be biased toward the large size fraction, some 
estimate of trapping efficiency must be made. Finally, for traps which are set near 
the bottom, significant contributions to the measured flux from the nepheloid layer 
can result. This effect may extend up to 1000m above the sediment water interface 
(Brewer et al., 1976). In the following section, we have used the isotopic data in an 
attempt to address the problems. 

In Figure 4, we show the vertical profile of the dry weight of total suspended 
matter at the hydrographic station, approximately three miles distant from the sedi-
ment trap mooring. The data are given in Table 5 and are consistent with those 
reported for the GEOSECS Atlantic Section by Brewer et al. (1976). Surface con-
centrations are approximately 30 µ,g/ kg decreasing to approximately 8 µ,g/ kg at 
700m. The suspended matter values remain approximately constant at this value 
down to 4000m where a significant increase, to a maximum of 50 µ,g/ kg occurs in 
the nepheloid layer, although near bottom values are about 25 µ,g/ kg. The sediment 
trap at 5367m is within this layer in a zone of high concentration gradient and 
hence the trapped material may contain a significant component of resuspended 
sediment. This presents several problems, the most serious one being in assigning 
realistic values to the chemical composition of the primary particles settling through 
the water column and in estimating the apparent mass fluxes of various elements. 
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Figure 4. Dry weight of suspended matter profile at the sediment trap site. 

[36, 3 

a. Primary versus resuspended fiux. The apparent mass fluxes given in Table 2 
contain both some fraction of the primary flux to the sediments (dependent upon 
trapping efficiency, etc.) and a component of resuspended material from the nephe-
loid layer. It is important to separate these two sources, but with our present data, 
from just the near bottom sediment trap, we cannot unequivocally do so. 

An estimate of the relative amounts of the primary and resuspended fluxes may 
be made by assuming that the primary flux of aluminosilicate material is derived 
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Table 5. Total particulate matter dry weight. 

Depth (m) Part. Cone. (µ,g/ kg) Depth (m) Part. Cone. (µ,g/ kg) 

27.7 1892 8.5 
6 15.6 2201 10.8 

11 26.4 2480 9.5 
22 31.4 2781 10.4 
53 25.7 3092 8.1 

102 18.3 3399 8.5 
158 9.6 3701 7.4 
243 14.3 4015 9.7 
350 11.3 4207 10.2 
506 11.0 4412 13.4 
659 8.4 4554 10.5 
812 7.4 4753 5.3 
914 10.7 4953 26.1 

1016 5.5 5055 22.3 
1115 8.2 5105 50.1 
1216 14.4 5125 18.9 
1418 6.8 5139 25.8 
1722 8.8 5149 21.8 

solely from the flux of atmospheric dust to the air/ sea interface. This is probably a 
reasonable assumption for the location of the sediment trap in the central regions 
of the North Atlantic gyre. Krishnaswami and Sarin (1976b) have shown that the 
pattern of particulate Al measured in North Atlantic Surface Waters is quite con-
sistent with principal atmospheric dust fluxes from the Trade Winds and the Wester-
lies. If we take an atmospheric particulate Al concentration of 0.16 µ,g m-s over 
the North Atlantic and an air settling velocity of 1 cm sec-1 (Buat-Menard and 
Chesselet, 1977) then the flux of Al to the ocean surface is about 5 µ,g cm- 2 yr- 1 • 

If this is the sole source of Al to the area, and if the measurements are reasonable 
estimates of the mean values for the ocean and atmosphere, then the difference, of 
88 µ,g cm-2 yr- 1, between the atmospheric flux and the measured flux may be 
called the "resuspended" flux of Al . Assuming that the primary flux is delivered to 
the 5367m trap principally as green fecal pellets, then the composition of these 
pellets, normalized to the "primary" Al flux of 5 µ,g cm-2 yr- 1

, may be regarded 
as a first-order estimate of the "primary" flux of other elements. This "primary" 
flux is given in Column 2 of Table 6, and in Column 3, the difference between the 
measured and the "primary" flux of each element, is a first-order estimate of the 
"resuspended" fluxes. The compositions of the "resuspended" flux, the red fecal 
pellets and the nepheloid layer standing crop, normalized to Al, are given in Col-
umns 4, 5 and 6. The data on the nepheloid layer standing crop are the average 
element/ Al ratios of four filtered (0.6 µ,m pore size) water samples taken in the 
nepheloid layer at GEOSECS Station 120 located close to the trap site. 
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Table 6. Element flux calculations. 

2 3 
"Primary" D iffer-

Flux ence 

From A (1-2) 6 

1 Green "Resus- 4 5 Nepheloid 7 

Measured Fecal pended" D iffer- Red . Layer Green 

Flux Pellets F lux ence Fecal Standing Fecal 

µ,g cm-• µ,g cm-• µ,g cm-• A (1-2) Pellets Crop Pellets 

Element yr-1 yr-1 yr- 1 (Normalized to Aluminum) 

Al 93 5 88 1 1 

Fe 62 5.2 56.8 .65 .58 .84 1.04 

Mg 34 1.9 32.1 .37 .37 .38 .38 

Ca 143 55.8 87.2 .99 .76 .44 11.2 

Ti 4.9 .3 4.6 .053 .041 .053 .06 

Mn 1.61 .5 1.11 .013 .010 .0098 .10 

Ba .56 .046 .51 .0058 .007 .006 .009 

Sr .77 .344 .43 .0048 .00067 .0014 .069 

V .17 .018 .15 .0017 .0015 .0017 .0036 

I .14 .12 .02 .00023 .0011 .0005 .024 

La .08 .006 .074 .0008 .00065 .0007 .0012 

Sc .018 .0096 .017 .00019 .0002 .0002 .002 

Cu .24 .16 .08 .00091 .004 .004 .032 

Sb .0093 < .001 >.008 >.00009 >.00007 .001 <.0002 

Zn .74 <.005 > .735 >.0084 >.00027 .017 <.001 

Co .023 .0036 .019 .00022 .00013 .0002 .0007 

OrgC 45 36 9 .10 .67 3.6* 7.2 

* Using particulate organic carbon data from Gagosian (1976). 

Comparison of these normalized concentrations shows that, given the error limi ta-
tions, the normalized values of Fe, Mg, Ti, Mn, Ba, V, La, Sc and Co are the same 
in each phase. This is consistent with the hypothesis that the large particle flux of 
these elements, caught by the traps, consists principally of a clay flux from the sur-
face, delivered by fecal material, and a clay flux from the biological aggregation of 
fine particles resuspended from the bottom. Comparison of Columns 4-6 with Col-
umn 7, shows that the green fecal pellets have excesses, relative to Al , of Fe, Mn 
and Co, which may imply that a distinct hydroxide phase is incorporated into the 
primary flux (Turekian and Imbrie, 1966). 

The normalized values of Ca and Sr are higher in the resuspended flux than in 
the red fecal pellets of the nepheloid layer. This is readily explained by the presences 
of large forams and pteropods in the traps which are part of the primary flux, but 
are not included in the green fecal pellets, the only assumed primary flux in Table 6. 

Organic carbon, I and Cu have consistently lower values in the " resuspended 
flux." In addition, a large fraction of the total flux of these elements is delivered by 
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Table 7. Measured and estimated radionuclide fluxes. 

Apparent measured flux 
(dpm cm-• yr-1) 

Isotope Cone 1 Cone 2 Mean 

""'Th 2.2 5.35 3.78 
""Th (X 10__,) 3.2 5.94 4.6 
""'Th m (X lQ----<I) 8.0 15.8 11.9 
"""Th exc(X 10-2) 2.82 5.88 4.35 
238lJ (X 10__,) 1.2 2.9 2.1 
""°Ra(X IO~ < 2.2 <6.7 < 6.7 
"

0Pb 0.39 0.79 0.59 
"

0Po 0.59 1.34 0.96 

* Calculated value, assuming the same removal rate constant of 228'fb. 

Estimated total removal flux 
(dpm cm-• yr- 1) 

z = 300 m z = 5,367 m 

10.6* 

0.88 
4.8** 

0.94t 
I.75t 

13.9 

1.4t 

** From the measured 228"fh deficiency in the top 300 m water column in GEOSECS stations 28, 
32, 34, 58 and 61 (Li, personal communication). 

t Assuming atmospheric flux of 1 dpm cm-•yr-1 and the measured 210Pb/ 220Ra activity ratios in 
the water column at a nearby location (Craig, et al., 1973; Bacon, et al., 1976). 

t Assuming 210Po/ 210Pb ratio in particles = 1.9 (Bacon, 1976). 

the green fecal pellets (Cols. 2 and 7, Table 6.) It is not unreasonable to expect that 
this is due to their presence in organic phases. The feeding of bentho-pelagic or-
ganisms and the aggregation of fine particles in the deep water may result in deep 
water additions of these elements to the large particle flux . The C/ Al ratio of 0.1 
in the "resuspended" flux is similar to that of bottom sediments in the Bermuda 
Rise area with about 8% Al and 0.8% C (J. Farrington, personal communication.) 

These considerations suggest that a substantial amount of the material in the traps 
results from the resuspension of bottom sediments. 

Fluxes of calcium and strontium in carbonates, carbon and iodine in organic 
phases, an Fe-Mn hydroxide component together with small amounts of atmospheri-
cally derived aluminosilicates appear to be the principal primary fluxes from the 
upper water column. 

Similar calculations for the radioisotopes cannot be made because of the lack of 
data on the particulate standing crop of radioisotopes in the nepheloid layer. The 
fluxes of radionuclides for Cones 1 and 2 and their mean are given in Table 7. For 
discussions below and later in the paper, the mean fluxes of radionuclides given in 
Table 7 are assumed to be representative. 

The effect of trapping resuspended material is relatively more significant for 
long-lived isotopes like 230Th since the concentration of these nuclides in the top 
several centimeters of the sediment is expected to be comparable to that in a freshly 
depositing particle. For short-lived nuclides (234Th, 210Po, 228Th and 210Pb) their 
concentrations in sediments near the sediment-water interface are likely to be con-
siderably lower than that in freshly depositing particles due to post-depositional 
mixing processes operative near the interface. Hence a direct addition of resus-
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pended material to the trap is not expected to alter their measured fluxes to any ap-
preciable extent. However, the resuspended particles could pick up different nuclides 
from the bottom waters prior to their collection in the traps. The contribution from 
this source can be satisfactorily estimated from available data on their deficiencies 
relative to their parents in the bottom waters. In the following, an attempt has been 
made to estimate the contributions of nuclides from these two sources to their 
measured flux in the trap. 

(i) 230Th: The measured mean deposition flux of 2 30Th is 1.19 X 10-2 dpm cm-2 

yr- 1 • The fact that this is 14% less than that expected from its production rate in 
the overlying water column puts an upper limit of 86 % on the trapping efficiency 
for particles involved in the primary flux of 230Th. This calculation assumes a value 
of 2.8 dpm 234U kg-1 of seawater (Turekian and Chan, 1971; Koide and Goldberg, 
1965), and that all the 230Th produced is quickly removed from the water. How-
ever, if, as is argued above, there is a significant contribution of 230Th by resus-
pended material, then the trapping efficiency may be considerably less. This reason-
ing, if correct, implies that a significant fraction of the 230Th in sea water resides on 
fine particles which are not efficiently collected in the trap or that the principal re-
moval mechanism for 230Th in the deep ocean, producing the observed 230Th-234U 
disequilibrium is not one of adsorption on settling particles. 

(ii) 210Pb: The 210Pb contained in the trapped material may be contributed from 
atmospheric input, continuous scavenging from the water column above the trap, 
from resuspended sediments and 210Pb scavenged by resuspended particles from the 
bottom water, between the trap and sediment surface. The average concentration of 
210Pb in the trap material is 351 dpm g- 1 , compared to about 40 dpm g-1 210Pb 
excess measured in the 0-1 cm section of carefully collected box-cores from the 
Atlantic and the Pacific (Nozaki et al., 1977; Cochran and Krishnaswami, 1977; 
DeMaster, 1977). The 210Pb excess in the near surface regions of the open ocean 
sediments is mainly controlled by particle reworking processes, and is not expected 
to differ significantly from 40 dpm g- 1

• The 210Pb flux due to its scavenging by re-
suspended particles from the bottom waters between the trap and sediment surface 
is also quite small, <0.05 dpm cm- 2 yr- 1, based on available data on 210Pb/ 226Ra 
ratios from nearby regions (Craig, et al., 1973; Bacon, et al., 1976). Thus, at least 
80% of the measured mean deposition 210Pb flux, 0.47 dpm cm-2 yr- 1, may be 
attributed to atmospheric supply and scavenging from the water column above. The 
value of 0.47 dpm cm-2 yr- 1 was derived after correcting the measured mean flux, 
0.59 dpm cm-2 yr- 1 for contributions from resuspended matter, ~0.07 dpm cm-2 

yr- 1 and from bottom water, < 0.05 dpm cm-2 yr- 1• The estimated supply of 
210Pb in this region is 1.4 dpm cm- 2 yr- 1

, based on an atmospheric input of 1 dpm 
cm- 2 yr - 1 (Turekian et al., 1977) and a deep-water removal rate of 0.4 dpm cm-2 

yr-1, calculated from the observed 210Pb-226Ra deficiency in the water column (Craig 
et al., 1973; Bacon et al. , 1976). Both these contributions should be considered as 
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upper limits since (a) the atmospheric source could be in the range of 0.5-1.0 dpm 
cm-2 yr- 1 (Turekian et al., 1977) and (b) part of the 210Pb deficiency in the water 
column could be brought about by processes other than vertical scavenging, e.g., 
advective transport and removal at interfaces (Bacon et al., 1976). The measured 
mean deposition flux of 0.47 dpm cm-2 yr- 1 is therefore > 32% of the estimated 
value, suggesting that the overall collecting efficiency of the trap for 210Pb contain-
ing particles is at least 32%. However, it must be realized that this overall limit 
probably consists of a range of efficiencies for particles of different sizes. 

(iii) 228Tb, 210Po and 284Th: Most of the 228Th excess present in the trapped 
material must originate from the water column above since (a) its contributions 
from resuspended sediments should be small as can be deduced from the observed 
228Th/ 282Th activity ratios of < 2 in surface sediments of even carefully collected 
box cores. Similar to 210Pb, the concentration of 228Th excess in the sediments would 
be largely governed by bioturbation effects and in typical sediments the 228Th excess 
is not expected to be more than about 5 dpm/ g and (b) the contribution from bot-
tom waters also should be small, as evident from the near secular equilibrium ob-
served between 228Th-228Ra in the water. The recent GEOSECS 228Th-228Ra bottom 
water profiles (Li, personal communication) in the Atlantic show that of the five 
stations sampled, only one exhibited measurable deficiency of 228Th compared to 
its parent 228Ra. These arguments suggest that most of the 228Th flux measured is 
derived from the water column above. Similar arguments suggest that even for the 
other short-lived nuclides, 2 10Po and 234Tb, the contribution from resuspended ma-
terial should be negligible. The contribution of these nuclides by scavenging from 
the water layer between the trap and sediment surface by resuspended particles 
should be small, if any, as evidenced from their near equilibrium concentrations 
with their parent. Unfortunately, a satisfactory estimate of this contribution cannot 
be made due to the large analytical uncertainties involved in the measurement of 
the daughter-parent activity ratios. The effect of this contribution on the measured 
fluxes would be maximum for 284Th, because of its high production rate and rela-
tively small radioactive half-life. Even a one percent deficiency of 234Tb in the bot-
tom 200m water column, (the distance between the trap and sediment surface) 
would correspond to a flux of ~5 dpm cm-2 yr- 1

, comparable to the measured 
values in the trap. For 228Th, even a 10% deficiency would not add significantly to 
the measured flux. 

(iv) 227Th: 227Th is the granddaughter of 231Pa and a measure of this isotope can 
be used as an index of the concentration of its parents. 231Pa decays to 221Th, 
through 221 Ac, which has a 20-yr half-life. Hence, in samples which are > 100 yrs. of 
age, and which are closed systems for 227 Ac, 221Th should be a measure of 231Pa. In 
freshly depositing sediments, the expected 230Tb/ 221Tb ratio would be the same as 
the 230Tb/ 231Pa production ratio in the water column (10.6), if 221Ac has grown in 
secular equilibrium with 281Pa. However, if the removal rate of 231Pa is quite fast 
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compared to the production rate of 2 21 Ac, then 280Th/221Th ratios much greater than 
10.6 can be expected. Thus, a measure 221Ac/ 231Pa ratios in the sample should pro-
vide a direct estimate of the residence time of the isotope bearing particles in sea 
water. In both the trap samples 2 2 7Th was present below detection limits, largely 
due to corrections arising from 228Th daughters. 

The low concentration of 221Th, indicated by our data, suggests that either the 
particles are relatively young (tens of year) or relatively old (hundreds of thousands 
of years). If all the excess radionuclides are derived from scavenging from sea water, 
then low 227Th values may result from the fact the 227 Ac daughter has not had time 
to grow to equilibrium with the expected 281Pa; alternatively, low 2 21Th values may 
result from the majority presence of old resuspended sediment with 221Th in equilib-
rium with 231Pa and a very high 230Th/ 231Pa ratio characteristic of aged sediment. 
The amount of bottom sediment reworking and erosion required by the latter is so 
large that we favor the hypothesis that the particles are relatively young. 

All of the above arguments, based on chemical and radioisotope data, suggest 
that the trapped material at 5367m consists of a primary flux, derived by rapidly 
settling particles from the ocean surface and a major flux of materials that are re-
suspended from the ocean bottom, but are still relatively young. Scanning electron 
and light microscope studies by Honjo (1978) reveal that the trapped material con-
sists of identifiable calcareous and siliceous organisms, clay minerals and quartz 
and fecal material of various kinds. 

Using the data of Table 2 and assuming that the clay minerals in the trap have 
Si, Al and Ca concentrations that average about 20%, 10% and 2 % , respectively, 
we may calculate that the fluxes of clay, calcium carbonate and silica are respectively 
930 µ,g cm-2 yr- 1

, 310 µ,g cm-2 yr- 1 and 410 µ,g cm-2 yr- 1 • If the organic matter 
flux is twice that of organic carbon flux then the organic matter flux is 90 µ,g cm-2 

yr- 1
• The total flux of these calculated constituents is 1740 µ,g cm-2 yr-1, which 

compares with the total mean measured flux of 1680 µ,g cm-2 yr- 1• 

Honjo (1978), by direct particle count has estimated the flux of calcium carbonate 
to be about 300 µ,g cm-2 yr- 1 and suggests that this is principally a primary flux . 

If our assumptions concerning the Al flux as stated above are correct, and if we 
assume that resuspended bottom sediment has an organic carbon content of about 
0.8% , then we may divide the total fluxes of clay, carbonate, and organic matter 
into primary fluxes of about 50 µ,g cm-2 yr- 1, 310 µ,g cm-2 yr- 1 and 82 µ,g cm-2 

yr- 1 with the fluxes of resuspended material being 880 µ,g cm-2 yr-1, 0 and 8 µ,g 
cm-2 yr- 1 for clay, carbonate and organic matter, respectively. These fluxes may 
be compared with those given by Turekian (1965) who has presented data on post-
glacial sediment accumulation rates in the North Atlantic. Total sediment accumula-
tion rates vary from 3 to <.5 g cm-2 1000 yr- 1, which are much higher than our 
estimates of the primary flux . However, Turekian's data show that, on the Bermuda 
Rise, both the clay and carbonate accumulation rates are low, each being only 
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about twice the values reported by us for the primary flux . Li et al., (1969) give a 
global average flux of CaCO3 to the sediments of 2 g CaCO3 cm-2 1000 yr- 1 • Our 
result is only 15-20% of this value which is reasonable considering the oligotrophic 
nature of the surface ocean above the trap and the likelihood of some dissolution 
during settling. The discrepancy in our estimates of the primary flux, and the esti-
mates of total sediment accumulation rates may be due to the fact that our short 
term estimate may be quite unrepresentative of the larger time scale (several years) 
mean, that our assumptions have led us to overestimate the resuspended flux or 
that current estimates of sediment accumulation rates may be reflecting an average 
of major influxes of sediment into the deep ocean during lowered sea level stands 
in the last glacial period and substantial deep sea bottom erosion and redeposition 
since that time. 

b. Settling velocities of the trapped material. The mean residence time of particles 
in the water column can be estimated from their standing crop in the water column 
and their deposition rates measured by the trap. A calculation of this type, using a 
mean particulate concentration of 22 µ,g kg-1 and settling mass flux of 1680 µ,g cm-2 

yr- 1, yields a mean residence time of 7.4 yrs corresponding to a velocity of 725 m 
yr- 1, almost identical to the value which Krishnaswami and Sarin (1976b) calcu-
lated using the particulate aluminum standing crop in the Atlantic. Calculations of 
this kind imply that the trap samples material identical to that in the water column, 
without any size fractionation, and that the vertical flux is constant at all depths. 
Simple assumptions of this type are unrealistic since the standing crop of particles 
is expected to be composed mainly of small size particles because of their slower 
settling rates, whereas the settling flux is composed mainly of fast sinking particles. 
Additionally, the observed predominance of fecal pellets of recent surface origin in 
trap material and their rapid settling rates (Smayda, 1969, 1970, 1971) negates 
this simplistic assumption. 

Hence, derivation of the mean settling velocities of the particles have been at-
tempted from the radioisotope data. 

A scavenging and settling model 
The attempts described above to resolve the question of the primary versus the 

resuspended flux lead to the question of scavenging and sinking rates. Sinking rates 
of the various particles are likely to have a wide spectrum of velocities. The quest 
for a single parametric velocity to describe the mass flu x may, therefore, be un-
reasonable. Nonetheless, model calculations yield such information and the results 
are of interest so long as their complex nature is recognized. 

Bhat et al. , (1969) proposed a simple particle settling model to explain the 23 4Th/ 
238U disequilibria in surface waters, by assuming that all the 23 4Th exists in particu-
late form in seawater. Later work revealed that only a fraction of 234Tb produced 
is in particulate phases and Krishnaswami et al. , (1976), suitably modified the model 
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to take into consideration this observation. The model we describe below is analo-
gous to that of Krishnaswami et al., (1976), with the modification that in the pres-
ent model, the ocean is considered as a two-box reservoir, unlike the single box 
treatment in the earlier work. The observation that the scavenging residence time 
of 210Pb in surface waters (~ 1 yr) is considerably lower than that in the deep water 
(~ 100 yr) suggests that the scavenging constants operative in the two layers must 
be distinctly different (Nozaki et al. , 1976). The ocean is, therefore, treated as a 
two-box reservoir, the surface box of 0-300m and the deep box 300m to ocean 
floor. The arbitrary division at 300m separates a region of relatively high produc-
tivity and high radioactive disequilibria among the members of U-Th series nuclides, 
from a zone of low biological and chemical reactivity. In this one-dimensional 
model applicable to the deep ocean below 300m, we assume that the removal of 
radionuclides from the water column occurs through unidirectional first-order 
scavenging. Then by taking depth z, positively downward from 300m (normalized 
to zero in this model) the distributions of the radionuclides (atoms kg-1 sea water) 
in particulate phases (x) and in solution phase (C) are given by the following equa-
tions (Craig et al. , 1973): 

ax iPx ax --=D-- -(S+ w)--+ lJ,C->..x at az2 az (1) 

(2) 

where D is the diffusion coefficient (cm-2 sec-1) , w is the advection velocity (cm 
sec- 1

) , Sis the mean settling velocity of the particle (cm sec- 1), iJ, is the first order 
scavenging rate constant (sec-1), A is the decay constant (sec- 1) and the subscript p 

refers to the parent. In equation (1) the effects of diffusion and advection can be 
neglected compared to settling (McCave, 1975). In equation (2) the roles of diffu-
sion and advection are hard to evaluate. For short-lived nuclides, 234Tb, 210Po and 
228Tb, whose concentration in seawater is almost in secular equilibrium with their 
parents, the effects of advection and diffusion are expected to be small compared 
to their production, decay and removal. Hence in these cases, the source function 
of nuclides in particles can be approximated to the depth distribution of their parents 
in the water column. Assuming steady state, we have: 

and 

-S~+ CiJ,-x>.. = 0 az 
Combining equations (3) and (4) we have: 

(3) 

(4) 
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-S_!x_ + If, Cl ' 0 az (J\. + If,) P''P - xi\ = (5) 

Thus, once the depth distributions of the parent nuclides are known, equation (5) 
can be solved for the particulate phase activity, X, assuming S and If, are constant 
with depth (Krishnaswami et al., 1976). 

Since in the present experiment, the measured quantity is the settling flux of 
radionuclides (Fm, dpm cm-2 yr- 1

) , the solution for equation (5) in terms of flux 
can be deduced using the following relations: 

Fm=SJ\.x (6) 

Fo =SAXo (7) 
and 

1 
(8) 7,i,=--

If, 

where Fo is the initial settling flux on particles which will be collected by the trap, 
Xo its particulate phase activity (atom/ kg sea water) and 7,i, is the scavenging resi-
dence time. The value of Fo can be calculated as F0 = EF't, where Ft is the total re-
moval flux of the nuclide at 300 m (Table 7, Column 4) and E is the fraction of the 
flux contained in the particles which are collected by the trap. The total removal 
flux for 228Th, 280Th and 210Pb have been calculated based on their material balance 
between input (for 210Pb only) in situ production, decay and removal. For 234Tb, the 
value F0 was deduced assuming the same removal constant as 228Tb and for 210Po 
the removal flux was estimated assuming a 210Po/210Pb activity ratio of 1.9 (Bacon, 
1976) in the particulate phase. The numerical value for E is not well known and 
hence we have made calculations for two cases: upper limit of E = 1 i.e. F0 = Ft 
and another case of E = 0.32, F0 = 0.32Ft. The upper limit of E = 1, though 
higher than the value of 0.86 deduced from 280Tb data has been used as an ex-
treme case. The lower case of E = 0.32 is based on the 210Pb data. Values of E < 1 
imply that a definite fraction of the flux is carried either by particles which are not 
interrupted by the trap or by some other removal mechanism. 

The 7 ,i, for the various nu elides are given by the following equations calculated 
using available data for depth distributions of the parent nuclides (2 28Ra, Trier et al., 
1972). In the case of 21 0Pb we have used its own depth distribution for calculations 
(Bacon et al. , 1976). 

7,i,=[ ( Az )](+-)[ 1 -exp ( - -¥-)J-Tx 
Fm - Fa exp - -S-

(9) 
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Table 8. Numerical values of various constants used in calculations. 

Reference 
Nuclide Constant dpmcm-<J Constant cm-1 

""'U C1 2.45 X 10__., 

C, 1.7 X 10-o a 1.1 X 10--,. 

22•Ra c, 8 X 10"__., {3 1.8 X 10--,. 

c. X 10-<1 

21opb c. 4 X 10-<1 4.3 X IO--,. 

c. 7 X 10--,. 

TtJJ=[ ( Az )][cs;~>-.){ exp ( - ~z)-exp(-az)} + 
Fm-Foexp - -S-

(S;~>-.) { exp [/3(Z-Zb)] - exp [ - ( i + /3Zb ) ]} + 

(10) 

c) For 2 10Pb, using its known distribution of the dissolved phase in seawater, C = 
C5 exp (--yz) + Cs (and equation 4 rather than 5) 

,, = [F. -F, exp ( - --¥--) I (S~-\) { exp ( - ~z )-exp (-yz)} + 

(11) 

+{I-exp( - --¥--)}] 
d) For 21 0Po, >-.PCP= C5 exp (--yz) + Cs 

where C, (i = 1, 2 ... 6) and a, /3 and -y are parametric constants derived to fit 
the observed depth distribution of parent nuclides in sea water. The numerical 
values of these constants are given in Table 8. 
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Figure 5. Variation of scavenging residence time in deep waters (r~) as a function of settling 
velocity of the particles (S). The mean measured radionuclide fluxes (Table 7) and 1: = 0.32 
have been used for the calculations. Note that the "'' Th/"'"Th curves intersect at two points, 
at r,; = 0.7 at 70 yrs. Two curves each are drawn for both "'0Pb and :nopo, curve a is for 
:nopb atmospheric input = 0.5 dpm cm-' yr-1 and b = 1 dpm cm-" yr-1 • 

Equations (9-12) contain two unknowns, 'T,µ and S. For isotopes of the same ele-
ment, e.g. 284Th and 228Th, since r,µ is expected to be the same, simultaneous solu-
tion of their equations should provide a value for the settling velocity of particles 
collected by the trap. Using the value of S, determined from 234Th-228Th equations, 
the scavenging residence time, 'T,µ of other elements can be numerically calculated. 
Examples of graphical solutions of these equations are presented in Figures 5 and 
6 which show the variation of r,µ as a function of settling velocity for the various 
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Figure 6. Variation of scavenging residence time in deep waters (-r.,) as a function of settling 
velocity of the particle (S). The calculations are based on the mean measured radionuclide 
fluxes and e = 1.0. Note that the - Th/"" 'Th curves intersect at only one point corresponding 
to the lower value of -r.,. 

nuclides. The curves in Figures 5 and 6 are calculated using the mean radionuclide 
flux (Table 7) and for€= 0.32 (Fig. 5) and € = 1.0 (Fig. 6). 

The T.,,-S curves for 234Th and 228Th, in general intersect at two points (e.g. at 
'Tt/J = 0.7 and 70 yrs in Figure 5), the points of intersection being governed by the 
values of € and Fm (Eqs. 9 and 10). The calculated ranges in the values of the 
scavenging residence time and settling velocity for Th, as deduced from the 234Th-
228Th curves for limiting cases of€ and deposition fluxes CFm) are given in Table 9. 
These calculations show that the lower solution of 'Tt/J and S is virtually indepen-
dent of € and is relatively more influenced by variations in Fm• This would be 
expected since for such low settling velocities (130 ± 70 m yr- 1, Table 9) the 
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Table 9. Ranges in the lower and upper solutions of deep water scavenging residence time 
(T~) for Th and their corresponding settling velocities for limiting values of (e). 

Radionuclide flux Lower solution Upper solution 
F .. (dpm cm_. yr') T~ (yr)* S (m yr-1

) T~ (yr)* * S X 10' (m yr-1
) 

Cone 1 0.6 60 90-oo 1 -5.0 
Cone2 0.8 200 50-160 1.2-2.7 

Mean (Cones 1+2) 0.7 120 70-oo 1.1-4.5 

• Lower solution corresponds to the lower intersection of the T w-S curves. Ranges are not given, 
since for the lower intersection T is virtually independent of e. 

** This corresponds to the higher intercept of the Tw-S curves. Two values are given, governed by the 
limiting values in e; the lower limit E (= 0.32) is determined from 210Pb data and upper limit E = 1.0. 

contribution of initial flux (F0 = e F1) to the measured flux would be negligibly small 
due to radioactive decay of nuclides during transit. If this is the case, almost all of 
the measured flux for 23 4Tb and 228Th originates from regions just above the trap. 
The range in the settling velocity (130 ± 70 m yr- 1

) is similar to that deduced by 
Krishnaswami et al., (1976a) based on vertical particulate 230Th distribution in sea 
water. If the scavenging residence time, T.i,, is indeed as low as 0.7 yr, then it im-
plies that: a) most of the 228Tb and all the 230Th should exist in particulate form in 
deep waters and; b) the overall removal residence time of Tb isotopes from sea 
water is limited by the settling rates of particles, rather than the time for their trans-
fer from soluble to suspended phases (Tsunogai et al., 1974). The canonical Stoke's 
diameter corresponding to a settling velocity of 120 m yr- 1 (for T.i, = 0.7 yr) is only 
about 5 µm, assuming a density of 1.5 g cm-3 for the particle. Although this cal-
culated particle size is relatively small for efficient collection by the sediment trap 
(Honjo and Connell, 1978), the presently available data are inadequate to reject 
this solution. 

The second intercept in the curves (Fig. 5) at r.i, > 50 yr and S (3 ± 2) X 10~ m 
yr- 1 (Table 9, Fig. 7) sensitively depends one and Fm. In this case the upper solu-
tion on T.i, and S, (corresponding to the second intersection of the r.i,-S curves) in-
creases as e increases and Fm decreases, until a critical value of Eis reached (Fig. 7). 
Above this critical value of e, the r .i,-S curves of 228Th/ 23 'Th do not have an upper 
intersection (Fig. 6). The critical values of E depend on Fm and are 0.6 for the flux 
of cone 1 and 0.95 for the mean flux. This trend of increasing T.i, with e would be 
expected from equations (9-12) since as E increases, Fo also increases (since Fo = 
e F1) resulting in a decrease in the denominator terms of equations 9-12. The de-
pendence of r.i, and S on e for the three limiting values of deposition fluxes (corre-
sponding to cones 1 and 2 and their mean, Table 7) are given in Figure 7. It is in-
teresting to note that in this case, the range in settling velocity is restricted to (1-5) 
X 10• m yr- 1 (Table 9), suggesting that the surface material can reach sea floor in 
a few months time. Such a rapid transport of material from surface waters to sea 
floor can be brought about by fecal pellets or other large particles. 
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Figure 7. Variation of the upper solution of T h deep water scavenging residence time and the 
settling velocity of trapped particles as a function of E. These solutions correspond to the 
upper intersection of ""Th/ """Th curves (Figure 5). Three curves are given for three values of 
measured nuclide fluxes (Fm), that in cones 1 and 2 and their means (Table 7) given in the 
text. The bars in the curves are the lower limits of E based on "10Pb data (E = 0.21 for Cone 1, 
E = 0.56 for Cone 2 and E = 0.32 for their mean flux , see text). 

The relatively high values of Tw (> 50 yr) for Th, corresponding to the higher 
settling velocity requires that almost all 234Th and 228Th fl ux measured using the trap 
must originate from surface 300 m; i.e., the contribution of 234Th and 228Th from 
deep waters is negligible. If the 7w for Th is indeed > SO yr, it is evident that the rate 
determining step for the overall removal of Th isotopes from the water column is 
then the transfer rate from soluble phase to settling particles, analogous to the model 
of Craig et al., (1973). 

An extreme of this case of the model would be to assume that tf! < < A (or 'iw 
co) in equations (3) and (4) for all nuclides, i.e., the pick-up from deep waters 
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is ignored. This model, called the Large Particle Model, and its implications are 
discussed in more detail below. 

A large particle model 
In this case, we assume a model where material in the upper 300 m is actively 

transformed by biological mechanisms into large particles which then sink intact. 
We further assume that adsorption of radioisotopes, produced by decay in the deep 
water, is negligible. This is equivalent to setting 1/J in equation (4) to a negligibly 
small value so that, for the large particle and assuming steady state we may state 
that: 

-s~->..xz=o Dz 
the solution of this equation may be given as: 

->..z 
S = ln (F' / Fa1) 

(13) 

(14) 

where P is the large particle flux of the nuclide caught in the trap and F0
1 is the 

large particle flux from 300 m. If the data in the Table 7 represent large particie 
fluxes, then we can calculate the settling velocities of the particles that are assumed 
to carry the short-lived nuclides. For 234Th, we calculate S as 5.5 x 104 m yr- 1

; 

for 228Th, S = 2 X 104 m yr- 1
; for 210Po, S = 1.6 x 104 m yr- 1

; for 210Pb, S = 
363 m yr- 1

• 

The discrepancy in the 2 10Pb settling rate may be due to the fact that we have, 
as stated earlier, over-estimated the atmospheric flux of 210Pb. For a large particle 
flux of 2 10Pb from the upper 300 m of 0.592 dpm cm-2 yr- 1 and a 210Po/210Pb 
ratio of ~2 in these particles the settling velocities calculated by equation (14) would 
be 210Pb, S = 5 x 104 m yr- 1

; 
210Po, S = 4.7 x 10• m yr- 1

• 

An atmospheric flux of 21 0Pb of about 0.6 dpm cm-2 yr- 1 as calculated by Bacon 
et al., (1976) would be consistent with these calculations. 

The settling velocities calculated by equation (14) should be considered as maxi-
mum values for possible contributions from the resuspended material and disequilib-
ria in the deep water are ignored. This is particularly true for the short-lived 234Th. 

In a previous section, we have argued that a substantial fraction of the total flux 
to the trap at 5367 m is resuspended bottom sedimeat. If half of the Si02 flux is 
resuspended quartz then the flux of resuspended sediment will be about 1.1 g cm - 2 

yr- 1 • If the major fr action of the flux of the long-lived radionuclides in Table 7, is 
contributed by resuspended particles, then we may calculate their concentrations as 
232Tb, 4.2 dpm g-1 ; 230Th, 10.8 dpm g-1

; 
2380 1.9 dpm g-1

; and 226Ra, 6.1 dpm 
g-1 . These are not unreasonable values for bottom sediments. A further point of 
interest is that the ratio of 230Th, produced in the upper 300 m, to the mean mea-
sured flux of ~30Th is 0.074 which is quite close to the value of 0.054 that can be 
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calculated, from Table 6, for the ratio of the primary flux of Al to the mean mea-
sured flux at 5367 m. 

These arguments indicate that our data, as they stand, are not inconsistent with 
a model in which adsorption onto the particles is negligible; the short-lived nuclides 
could have resulted primarily from the upper layers of the ocean in rapidly settling 
large particles while the long-lived nuclides may be derived principally from the flux 
of resuspended bottom sediments aggregated in the deep water (as indicated by the 
presence of red fecal pellets). The transit time of the surface derived large particles 
would be about 40-100 days for 5300 meters which is in reasonable accord with 
Wiebe et al., (1976) who suggest that fecal pellets in the Tongue of the Ocean, 
Bahamas, sank 2050 m in 9 to 40 days. 

5. Conclusions 

In a sediment trap set at 5367 m in the Sargasso Sea, the mass flux to the deep 
ocean floor was measured at 1.68 ± 0.79 mg cm-2 yr- 1

• This material consists of 
about 50% clay, 20% calcium carbonate, 20% silica and 5% organic matter. We 
suggest that, of the total flux, only 5% of the clay, most of the calcium carbonate 
and 90% of the organic matter are contributed by rapidly settling large particles, 
derived recently from the surface ocean. The larger part of the total flux is from 
resuspended bottom sediments that may be aggregated and sedimented from the 
nepheloid layer. The flux of resuspended bottom sediment complicates the interpre-
tation of the U-Th series radioisotope data. In particular, the measured mean flux 
of 2 80Th is 14 % less than the flux expected from production of 280Tb in the over-
lying water column. However, the existence of a major flux of 230Tb from resus-
pended sediment means either that the trap is inefficient for fine particles ,that may 
contain the major portion of the flux of 230Th, or that adsorption onto settling par-
ticles may not be the major removal mechanism for the 230Tb produced in the deep 
ocean. The measured fluxes of the long-lived nuclides 28 2Tb, 230Th, 2380 and 226Ra 
are consistent with the suggestion that about 65 % of the total mass flux is derived 
from resuspended bottom sediment, but the absence of measurable quantities of 
221Th suggests that the resuspended material may still be sufficiently young that its 
parent, 221Ac, with a half-life of 21.2 yr, has not grown into equilibrium with 231Pa. 

Most of the measured flux of the shorter lived nuclides 234Th, 238Th, 210Pb, and 
210Po must be derived from the water column above the trap. We have derived a 
model which relates the settling velocity of particles containing these nuclides to a 
first-order adsorption coefficient for their adsorption onto particles throughout the 
water column. On the assumption that this coefficient is the same for the 234Th and 
238Tb the model suggests that the residence time for the adsorption of Th onto the 
trapped particles may be from 70 yrs to infinity , depending upon the efficiency with 
which the total flux of particles containing Th are intercepted by the trap, and that 
the settling velocity is about 1.1 x 104 to 4.5 X 104 m yr- 1 • For this range of veloc-
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ities, the residence time with respect to adsorption of 210Pb is predicted to be 
longer, greater than 100 years, while that of 210Po appears shorter, about 30 years. 

However, the short-lived radioisotope data are also consistent with a model that 
allows no adsorption onto particles during their transit of the water column below 
300 m. In this model we assume that the trap has efficiently collected large particles 
that originate by biological scavenging mechanisms in the upper 300 m. Settling 
velocities calculated by this model are in the range of 2 x 104 to 5 x 104 m yr- 1 • 

While the isotopic data do provide powerful evidence for the estimation of settling 
velocities and trap efficiency, there are sufficient ambiguities that we do not feel it 
advisable to apply these concepts to the trace metal data. Future work should permit 
a more detailed description of these fluxes. 
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